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On behalf of all the editors, I welcome you to the seventh 
edition of Nathan and Oski’s Hematology of Infancy and 
Childhood. For more than 30 years this textbook has 
served as the premier resource for students, clinical 
fellows, investigators, and practitioners in the fi eld of 
pediatric hematology. From its inception, David Nathan 
and Frank Oski sought to relate pathophysiology to the 
hematologic diseases affl icting children. Their goal was 
to stimulate bench-to-bedside and bedside-to-bench 
activities to understand and then treat pediatric hemato-
logical disorders. What was not envisioned in those early 
days was how rapidly the basic biology and genetics 
underlying the fi eld would develop. With each new 
edition, the text and the roster of editors have grown. We 
take this as a healthy sign. So much has been learned in 
this timeframe that has contributed to improved care of 
children with hematologic disorders.

The seventh edition of Hematology of Infancy and 
Childhood represents a further evolution of the life of this 
organic textbook. We have recruited Sam Lux to join us 
as an editor in order to incorporate his remarkable insights 
and vision to the current edition. In prior editions we 
drew the boundary for the scope of the textbook to 
encompass hematology per se, both nonmalignant and 
malignant, despite the reality that we, and others, train 
clinical fellows in pediatric hematology and oncology. For 
several editions we provided superfi cial coverage of pedi-
atric oncology with a single chapter on solid tumors. In 
the sixth edition, on the urging of Tom Look, an insight-
ful investigator of childhood malignancies, we eliminated 
this chapter. Though beautifully done by Arnold Altman, 
it could never fully capture the increasing knowledge base 
and breadth of pediatric oncology. Refl ecting on this 
history and the extraordinary progress in cancer biology 
and genetics, we chose to create an entirely new volume 
devoted to pediatric oncology. Going forward, we present 
our readers with parallel textbooks: Hematology of Infancy 
and Childhood and Oncology of Infancy and Childhood.

Preface

To meet the daunting challenge of bringing forward 
a new oncology volume, we invited David Fisher, an 
extraordinary cancer biologist, physician, and cellist, to 
join Tom Look as editors for this venture. The goal, as 
before, has been to join basic pathophysiology and clini-
cal medicine at the hip. The creation of the Oncology 
volume necessitated moving the chapters on malignant 
hematology, including the leukemias, from Hematology of 
Infancy and Childhood. We hope that readers fi nd the new 
volume as useful and perhaps as inspiring as prior edi-
tions of Nathan and Oski. Launching a new venture is 
never without some missteps. We welcome feedback from 
our readers on the extent to which these new develop-
ments meet the needs of students, investigators, and cli-
nicians in the fi eld. After all, the success of Hematology of 
Infancy and Childhood and Oncology of Infancy and Child-
hood cannot be measured in numbers of pages or volumes 
sold. We will be pleased only if these textbooks provide 
students, fellows, and faculty with the knowledge and 
inspiration to move the frontier of pediatric hematology 
and oncology forward and reduce the burden of disease 
on children.

This seventh edition of Hematology of Infancy and 
Childhood has truly been a team effort. I thank the other 
editors for their dedication to this project. We are grateful 
to the authors of each chapter for their contributions. 
Our efforts, however, would be futile if it were not for 
the hard work, patience, and guidance of our editors at 
Elsevier, Dolores Meloni and Ann Ruzycka Anderson, 
and our managing editor, Cathy Lantigua. We appreciate 
everything they have done.

Finally, we want to express our deep gratitude to 
those who trained us in academic medicine. This is a 
glorious fi eld that we have mightily enjoyed. In many 
ways, this book is our expression of appreciation to 
them.

 Stuart H. Orkin, MD
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A
A2, annexin 2
AABB, American Association of Blood Banks
AAE, acquired angioedema
AAV, adeno-associated virus
ABC, ATP-binding cassette transporter superfamily
ABO, ABO(H) blood group system
ABP, actin-binding protein
ACS, acute chest syndrome
ACE, angiotensin-converting enzyme
ACTH, adrenocorticotropic hormone, 

adrenocorticotropin
AD, anauxetic dysplasia, autosomal dominant
ADA, adenosine deaminase
ADAD, ADA defi ciency
ADC, apparent diffusion coeffi cient
ADCC, antibody-dependent cellular toxicity
AdoCbl, adenosylcobalamin, 

5′-deoxyadenosylcobalamin
AdoHcy, S-adenosylhomocysteine
AdoMet, S-adenosylmethionine
ADP, adenosine diphosphate, ALA-D defi ciency 

porphyria
ADPase, adenosine diphosphatase
AE1, anion exchange protein 1 (band 3 protein of the 

red cell membrane)
AFP, α-fetoprotein
AGLT, acidifi ed glycerol lysis test
AGM, aorta-gonad-mesonephros
aGVHD, acute graft-versus-host disease
AHA, acute hemolytic anemia
AHSP, α-hemoglobin–stabilizing protein
AICAR, amino-4-imidazolecarboxamide 

ribonucleotide
AICD, activation-induced cell death
AID, activation-induced cytidine deaminase, 

activation-induced deaminase
AIDS, acquired immunodefi ciency virus
AIHA, autoimmune hemolytic anemia
AIN, autoimmune neutropenia
AIP, acute intermittent porphyria
AIRE, autoimmune regulator
AK, adenylate kinase
ALA, δ-aminolevulinic acid
ALA-D, δ-aminolevulinic acid dehydratase
ALA-S, δ-aminolevulinic acid synthase
ALD, adrenoleukodystrophy
ALG, antilymphocyte globulin
ALL, acute lymphoblastic leukemia, acute lymphocytic 

leukemia
ALPS, autoimmune lymphoproliferative syndrome

AMKL, acute megakaryoblastic leukemia
AML, acute myelogenous leukemia, acute myeloid 

leukemia
AMT, amegakaryocytic thrombocytopenia
ANC, absolute neutrophil count
ANCA, antineutrophil cytoplasmic antibody
a2-AP, α2-antiplasmin
APA, antiphospholipid antibody
APC, activated protein C, adenomatous polyposis coli, 

antigen-presenting cell
APECED, autoimmune polyendocrinopathy–

candidiasis–ectodermal dystrophy
APRCA, acquired pure red cell aplasia
APRIL, α-proliferation–inducing ligand
APS-1, autoimmune polyglandular syndrome type 1
APTT, activated partial thromboplastin time
AQP1, aquaporin-1
AR, autosomal recessive
Ara-C, cytosine arabinoside
ARSB, arylsulfatase B
ARTUS, amegakaryocytic thrombocytopenia with 

radioulnar synostosis
ASBMT, American Society for Blood and Marrow 

transplantation
ASCO, American Society of Clinical Oncology
ASH, American Society of Hematology
ASM, acid sphingomyelinase
AT, antithrombin, ataxia-telangiectasia
ATG, antithymocyte globulin
ATIII, antithrombin III
ATP, adenosine triphosphate
ATPase, adenosine triphosphatase
ATRUS, amegakaryocytic thrombocytopenia with 

radioulnar synostosis
AVN, avascular necrosis
AVWS, acquired von Willebrand’s syndrome

B
BACT, BCNU (carmustine), Ara-C (cytarabine), 

cyclophosphamide, 6-thioguanine
BAEP, brainstem auditory evoked potential
BAFF, B-cell–activating factor
BAL, bronchoalveolar lavage
BCAM, basal cell adhesion molecule
BCG, bacille Calmette-Guérin
BCNU, carmustine
BCR, B-cell receptor
BEAM, BCNU (carmustine), etoposide, Ara-C 

(cytarabine), melphalan
BFU-E, burst-forming unit–erythrocyte
BFU-Meg, burst-forming unit–megakaryocyte
bHLH, basic helix-loop-helix

Acronyms

xvii



xviii Acronyms

BLNK, B-cell linker protein
BM, bone marrow
BMD, bone mineral density
BMF, bone marrow failure
BMP, bone morphogenetic protein
BMT, bone marrow transplantation
BPGM, 2,3-bisphosphoglycerate mutase
BPI, bactericidal/permeability-increasing protein
BrdU, bromodeoxyuridine
BrOb, bronchiolitis obliterans
BSP, bromsulfophthalein
BSS, Bernard-Soulier syndrome
BT, bleeding time
Btk, Bruton’s tyrosine kinase
BU, Bethesda units, busulfan
BUGT, bilirubin UDP-glucuronyltransferase
bZIP, basic region–leucine zipper domain

C
CADP, collagen/adenosine diphosphate
CAFC, cobblestone area–forming cell
CAIV, carbonic anhydrase IV
CaM, calmodulin
cAMP, cyclic adenosine monophosphate
CAMT, congenital amegakaryocytic thrombocytopenia
CAR, Central African Republic
CAT, calibrated automated thrombography
CBB, cord blood bank
C4bBP, C4b-binding protein
CBF, core-binding factor
CBP, cyclophosphamide, BCNU (carmustine), 

cisplatin
CBV, cyclophosphamide, BCNU (carmustine), VP-16 

(etoposide)
CCG, Children’s Cancer Study Group
CCI, corrected count increment
CDA, congenital dyserythropoietic anemia
CDP, CCAAT displacement protein, cytidine 

diphosphate
CDR3, complementarity-determining region 3
C/EBPa, CCAAT/enhancer-binding protein α
CEP, congenital erythropoietic porphyria
CEPI, collagen/epinephrine
CFC, colony-forming cell
CFC-Eo, eosinophil colony-forming cell
CFU-C, colony-forming unit in culture
CFU-E, colony-forming unit–erythrocyte
CFU-Eo, colony-forming unit–eosinophil
CFU-GEMM, colony-forming unit–multipotent 

(granulocyte, erythrocyte, macrophage, 
megakaryocyte)

CFU-GM, colony-forming 
unit–granulocyte-macrophage

CFU-Meg, colony-forming unit–megakaryocyte
CFU-S, colony-forming unit–spleen
CGD, chronic granulomatous disease
cGMP, current good manufacturing practice, cyclic 

guanosine monophosphate

CGP, circulatory granulocyte pool
cGVHD, chronic graft-versus-disease
CH, calponin homology domain
CHH, cartilage-hair hypoplasia
CHO, Chinese hamster ovary
CHr, reticulocyte hemoglobin content
CHS, Chédiak-Higashi syndrome
CIITA, class II trans-activator
C1-INH, C1 esterase inhibitor
CIS, cytokine-inducible SH2-containing protein
CLC, Charcot-Leyden crystal
CLIA, Clinical Laboratory Improvement Amendment
CLL, chronic lymphocytic leukemia
CLN-1, neuronal ceroid lipofuscinosis type 1
CLP, common lymphoid progenitor
CMC, chronic mucocutaneous candidiasis
CML, chronic myelocytic leukemia
cMOAT, canalicular multispecifi c organic anion 

transporter
CMP, common myeloid progenitor, cytidine 

monophosphate
CMV, cytomegalovirus
CN, Crigler-Najjar syndrome, type I (CNI) or type II 

(CNII)
CNCbl, cyanocobalamin
CNS, central nervous system
CNSHA, congenital nonspherocytic hemolytic 

anemia
CNTF, ciliary neurotrophic factor
CO, carbon monoxide
CoA, coenzyme A
COG, Children’s Oncology Group
COX-2, cyclooxygenase-2
CPD, citrate-phosphate-dextrose
CPDA-1, citrate-phosphate-dextrose-adenosine
CPO, coproporphyrinogen oxidase
CR, complete remission
CR2, complement receptor 2
CRAC, calcium release–activated calcium
CREG, cross-reactive group
CRF, chronic renal failure
CRIg, complement receptor of the immunoglobulin 

superfamily
CRM, cross-reacting material
CRT, catheter-related thrombosis
CSF, cerebrospinal fl uid, colony-stimulating factor
c-SMAC, central supramolecular activation cluster
CSSCD, Cooperative Study of Sickle Cell Disease
CSVT, cerebral sinovenous thrombosis
CT, closure time, computed tomography
CT-1, cardiotropin-1
CTD, C-terminal domain
CTLA-4, cytotoxic T-lymphocyte antigen 4
CTP, cytidine triphosphate
CVID, common variable immunodefi ciency
CVS, chorionic villus sampling
CXCR4, CXC chemokine receptor 4
CY, cyclophosphamide
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D
DAF, decay accelerating factor
DAG, diacylglycerol
DAT, direct antibody test, direct antiglobulin test
dATP, deoxyadenosine triphosphatase
DBA, Diamond-Blackfan anemia
DC, dyskeratosis congenita
DCE, downstream core element
DCLRE1C, DNA cross-link repair enzyme 1C
DDAVP, 1-deamino-8-d-arginine vasopressin
DEB, diepoxybutane
DFS, disease-free survival
DGS, DiGeorge’s syndrome
dGTP, deoxyguanosine triphosphatase
DHAP, dihydroxyacetone phosphate
DHF, dengue hemorrhagic fever, 7,8-dihydrofolate
DHR 123, dihydroxyrhodamine 123
DIC, disseminated intravascular coagulation
DIDMOAD, diabetes insipidus, diabetes mellitus, 

optic atrophy, and deafness
DIDS, 4,4′-diisothiocyanostilbene-2,2′-disulfonate 

(anion channel inhibitor)
DJS, Dubin-Johnson syndrome
DLI, donor lymphocyte infusion
DMS, demarcation membrane system
DMSO, dimethyl sulfoxide
DMT1, divalent metal transporter 1
2,3-DPG, 2,3-diphosphoglycerate
DPT, diphtheria and tetanus toxoids and pertussis
DRESS, drug rash with eosinophilia and systemic 

symptoms (syndrome)
dRTA, distal renal tubular acidosis
DRVVT, dilute Russell viper venom time
DS, Down syndrome
DS-AMKL, Down syndrome–acute megakaryoblastic 

leukemia
DSS, dengue shock syndrome
DS-TMD, Down syndrome–transient 

myeloproliferative disorder
DTB, ditaurobilirubin
dTMP, thymidylate (deoxythymidine monophosphate)
DTS, dense tubular system
DVT, deep venous thrombosis
DWI, diffusion-weighted magnetic resonance (MR) 

imaging

E
EA, early antigen
EBA140, Plasmodium falciparum erythrocyte binding 

antigen 140
EBMT, European Group for Blood and Marrow 

Transplantation
EBP, elastin-binding protein
EBV, Epstein-Barr virus
EC, Enzyme Commission
ECLT, euglobulin clot lysis time
ECMO, extracorporeal membrane oxygenation

EDA-ID, anhidrotic ectodermal dysplasia with 
immunodefi ciency

EDAMS, encephaloduroarteriomyosynangiosis
EDTA, ethylenediaminetetraacetic acid
EFS, event-free survival
EGA, estimated gestational age
EGF, epidermal growth factor
EGFR, epidermal growth factor receptor
EHEC, enterohemorrhagic Escherichia coli
EKLF, erythroid Krüppel-like factor
EM, extramedullary
eNOS, endothelial nitric oxide synthase
EPCR, endothelial cell protein C receptor
EPEC, enteropathogenic Escherichia coli
EPO, erythropoietin
EpoR, erythropoietin receptor
EPP, erythropoietic protoporphyria
ER, endoplasmic reticulum
ERGIC-53, endoplasmic reticulum–Golgi 

intermediate compartment, 53 kilodalton protein
ERT, enzyme replacement therapy
ES, embryonic stem
ESC, embryonic stem cell
ESL-1, E-selectin ligand-1

F
FA, Fanconi’s anemia
FAAP, Fanconi’s anemia–associated protein
FAB, French-American-British (staging)
FACS, fl uorescence-activated cell sorting
FACT, Foundation for the Accreditation of Cell 

Therapy
FAD, fl avin adenine dinucleotide
FAH, fumarylacetoacetate hydrolase
FAICAR, formamido-4-imidazolecarboxamide 

ribonucleotide
FBN, fi bronectin
FCP, F-cell production (locus)
FcR, Fc receptor
FDA, Food and Drug Administration
FDC, follicular dendritic cell
FDP, familial platelet defi ciency, fi brin(ogen) 

degradation product, fructose 6-diphosphate
FECH, ferrochelatase
FEIBA, factor eight inhibitor–bypassing activity
Fe-SIH, ferric salicylaldehyde-isonicotinyl-hydrazone
FFP, fresh frozen plasma
FGAR, formylglycinamide ribonucleotide
FGF, fi broblast growth factor
fH, factor H
fI, factor I
FIGlu, formiminoglutamic acid
FISH, fl uorescence in situ hybridization
FL, ligand for the Flks/Flt3 receptor
FLAER, fl uorescent aerolysin
FLAIR, fl uid-attenuated inversion recovery
FOG-1, friend of GATA-1
FPA, fi brinopeptide A
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FPB, fi brinopeptide A
F-PCT, familial porphyria cutanea tarda
FRAP, fl uorescence recovery after photobleaching
FSGS, focal sclerosing glomerulosclerosis
FTCD, formiminotransferase-cyclodeaminase
5-FU, 5-fl uorouracil

G
GABA, γ-aminobutyric acid
GAG, glycosaminoglycan
b-gal, β-d-galactosidase
GalNAc-T, N-acetylgalactosaminyltransferase
GALNS, N-acetylgalactosamine-6-sulfatase
GAP, GTPase-activating protein
GAR, glycinamide ribonucleotide
GAS, IFN-γ–activated sequence
GAT, granulocyte agglutination test
GBS, Guillain-Barré syndrome
GC, germinal center
G-CSF, granulocyte colony-stimulating factor
G-CSFR, granulocyte colony-stimulating factor 

receptor
GDF, growth and differentiation factor
GDP, guanosine diphosphate
GFR, glomerular fi ltration rate
GH, growth hormone
GI, gastrointestinal
GIF, gastric intrinsic factor
GIFT, granulocyte immunofl uorescence test
GITMO, Gruppo Italiano Trapianti di Midollo 

Osseo
GlcNAc, N-acetylglucosamine
Glu-Plg, glutamic acid plasminogen
GluR1, glutamate receptor type 1
GM2A, GM2 activator protein
GM-CSF, granulocyte-macrophage colony-stimulating 

factor
GMP, granulocyte/monocyte precursor, guanosine 

monophosphate
GNPT, UDP-N-acetylglucosamine:lysosomal-enzyme 

N-acetylglucosamine-1-phosphotransferase
GnRH, gonadotropin-releasing hormone
GPA, glycophorin A
GPB, glycophorin B
GPC, glycophorin C
GPCR, G protein–coupled receptor
GPD, glycophorin D
G3PD, glyceraldehyde-3-phosphate dehydrogenase
G6PD, glucose-6-phosphate dehydrogenase
GPE, glycophorin E
GPI, glucose phosphate isomerase, 

glycosylphosphatidylinositol
GPIb, glycoprotein Ib
GPS, gray platelet syndrome
GRF, guanine nucleotide–releasing factor
GS, Gilbert’s syndrome, Griscelli’s syndrome
GSCbl, glutathionylcobalamin
GSH, reduced glutathione

GSK3, glycogen synthase kinase 3
GSL, glycosphingolipid
GSSG, oxidized glutathione
GSHPX, glutathione peroxidase
GST, glutathione-S-transferase
GT, Glanzmann’s thrombasthenia
GTP, guanosine triphosphate
GTPase, guanosine triphosphatase
GVHD, graft-versus-host disease
GVL, graft versus leukemia

H
HAART, highly active antiretroviral therapy
HABA, 2(4′-hydroxyazobenzene) benzoic acid
HAE, hereditary angioedema
Hb, hemoglobin
HB, Heinz body
HbF, fetal hemoglobin
HBV, hepatitis B virus
HC, homocysteine
4-HC, 4-hydroperoxycyclophosphamide
HCP, hereditary coproporphyria, hematopoietic cell 

phosphatase
HCV, hepatitis C virus
HD, Hodgkin’s disease
HDN, hemolytic disease of the fetus and newborn, 

hemorrhagic disease of the newborn
HDW, hemoglobin distribution width
HE, hereditary elliptocytosis
HELLP, hemolytic anemia, elevated liver enzymes, low 

platelet count
HEMPAS, hereditary erythroblastic multinuclearity 

with a positive acidifi ed serum lysis test
HEP, hepatoerythropoietic porphyria
HES, Hairy and Enhancer of Split, hypereosinophilic 

syndrome
HETE, 15(S)-hydroxyeicosatetraenoic acid
Hex-A, hexosaminidase A
Hex-B, hexosaminidase B
HGF, hematopoietic growth factor, hepatocyte growth 

factor
HGFR, hematopoietic growth factor receptor
HHS, Hoyeraal-Hreidarsson syndrome
HHV-6, human herpesvirus 6
HiB, H. infl uenzae type B
HIDA, hepatobiliary iminodiacetic acid
HIES, hyper-IgE syndrome, hyperimmunoglobulin E 

syndrome
HIF-1, hypoxia-inducible factor 1
HIT, heparin-induced thrombocytopenia
HITTS, HIT with thrombosis syndrome
HIV, human immunodefi ciency virus
HK, hexokinase
HLA, human leukocyte antigen
HLH, hemophagocytic lymphohistiocytosis
HMB, hydroxymethylbilane
HMGB1, high–molecular group box 1 protein
HMP, hexose monophosphate
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HMS, hyperreactive malarial splenomegaly
HMWK, high-molecular-weight kininogen
HNE, hydroxynonenal
hnRNA, heterogeneous nuclear RNA
HO, heme oxygenase
H2O2, hydrogen peroxide
H2OCbl, aquocobalamin
holo-HC, holohaptocorrin
holo-TC, holotranscobalamin
HOX, homeobox transcription factor
HPA-1a, human platelet antigen 1a
HPC, hematopoietic progenitor cell
HPCHA, high-phosphatidylcholine hemolytic 

anemia
HPFH, hereditary persistence of fetal hemoglobin
HPLC, high-performance liquid chromatography, 

high-pressure liquid chromatography
HPP, hereditary pyropoikilocytosis
HPP-CFCs, high–proliferative potential colony-

forming cells
HPRT, hypoxanthine phosphoribosyltransferase
HPS, Hermansky-Pudlak syndrome
HPV, human papillomavirus
HR, homologous recombination
HRE, hypoxia response element
HRI, heme-regulated inhibitor kinase
HRM, heme regulatory motif
HS, hereditary spherocytosis, hypersensitivity site
HSC, hematopoietic stem cell
HSCT, hematopoietic stem cell transplantation
HSP, heat shock protein, Henoch-Schönlein purpura
5-HT, 5′-hydroxytryptamine (serotonin)
HTLV, human T-cell leukemia/lymphoma virus, human 

T-cell lymphotropic virus
HUS, hemolytic-uremic syndrome
HUVEC, human umbilical vein endothelial cell

I
IAP, integrin-associated protein or CD47
IAS, ischemic arterial stroke
IBMFS, inherited bone marrow failure syndrome
IBMTR, International Bone Marrow Transplant 

Registry
ICAM, intercellular adhesion molecule
ICD-9, International Classifi cation of Diseases, 9th 

revision
ICG, indocyanine green
ICH, intracranial hemorrhage
ICN, intracellular domain of Notch
ICOS, inducible costimulator, inducible T-cell 

costimulator
ICOSL, inducible costimulator ligand
IDO, indolamine 2,3-dioxygenase
IDS, iduronate 2-sulfatase
IDUA, α-l-iduronidase
IFAR, International Fanconi Anemia Registry
IFN-g, interferon-γ
IGAD, IgA defi ciency

IGF-I, insulin-like growth factor I
IgG, immunoglobulin G
IkB, inhibitor of NF-κB
IKK, IκB kinase
IL-1RA, IL-1 receptor antagonist
IL-2, interleukin-2
IL-6R, interleukin-6 receptor
IMP, inosine 5′-monophosphate, intramembrane 

particle
iNOS, inducible nitric oxide synthase
INR, international normalized ratio
IP, isoprostenoid
IP3, inositol 1,4,5-triphosphate
IPEX, immune dysregulation, polyendocrinopathy, 

enteropathy, X-linked (syndrome)
IPH, idiopathic pulmonary hemosiderosis
IPT, intraperitoneal fetal transfusion
IRAG, IP3 receptor–associated cGMP
IRAK-4, interleukin-1 receptor–associated kinase 4
IRE, iron response element, iron responsive element
IRF, interferon regulatory factor
IRIDA, iron-refractory iron defi ciency anemia
IRP, IRE-binding protein, iron regulatory protein
ISBT, International Society for Blood Transfusion
ISC, irreversibly sickled cell
ISHAGE, International Society for Hematotherapy 

and Graft Engineering
ISI, International Sensitivity Index
ISP, intermediate single positive
ISRE, interferon-stimulated response element
IST, immunosuppressive therapy
ISTH, International Society on Thrombosis and 

Hemostasis
ITAM, immunoreceptor tyrosine–based activation 

motif, immunoreceptor tyrosine activation motif
ITIM, immunoreceptor tyrosine–based inhibitory 

motif, immunoreceptor tyrosine activation motif
ITP, immune thrombocytopenia purpura
IVIG, intravenous immune serum globulin, 

intravenous immunoglobulin
IVS, intervening sequence (intron)
IVT, intravascular transfusion

J
JAK, Janus kinase
JAM-1, junctional adhesion molecule 1
JMML, juvenile myelomonocytic leukemia

K
KCC, K+-Cl− cotransporter
Kd, dissociation constant
KD, Kostmann’s disease, kyphomelic dysplasia
KEYY, lysine–glutamic acid–tyrosine-tyrosine
KIR, killer cell immunoglobulin-like receptor
KL, Klotho (gene)
Km, Michaelis constant
KTLS, c-Kit+, Thy-1lo, Lin−, Sca-1+ cell
KSS, Kearns-Sayre syndrome
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L
LA, lupus anticoagulant
LAD I, leukocyte adhesion defi ciency (type I)
LAMP-3, lysosome-associated membrane protein 3
LAT, linker for activation of T cells
LCAT, lecithin-cholesterol acyltransferase
LCL, large cell lymphoma
LCR, locus control region
LDH, lactate dehydrogenase
LDL, low-density lipoprotein
LEF-1, lymphoid enhancer–binding factor 1
LELY, low-expression allele Lyon
LEPRA, low-expression allele Prague
LFA-3, lymphocyte function antigen 3
LGL, large granular lymphocyte leukemia
LHRF, luteinizing hormone–releasing factor
LIF, leukemia inhibitory factor
LIFR, leukemia inhibitory factor receptor
LIR, leukocyte immunoglobulin-like receptor
LJP, localized juvenile periodontitis
LMWH, low-molecular-weight heparin
LMWK, low-molecular-weight kininogen
LPS, lipopolysaccharide
LRP, lipoprotein receptor–related protein
LRRC8, leucine-rich repeat–containing 8
LSD, lysosomal storage disease
LSP1, lymphocyte-specifi c protein 1
LTB4, leukotriene B4

LTC-IC, long-term culture–initiating cell
LTR-HSCs, long-term–reconstituting hematopoietic 

stem cells
LW, Landsteiner-Weiner glycoprotein
Lyso-PC, lysophosphatidylcholine
Lys-Plg, lysine plasminogen
LYST, lysosomal traffi cking regulator

M
MAGUK, membrane-associated guanylate kinase
MAP, mitogen-activated protein
MAPK, mitogen-activated protein kinase
MARCKS, myristoylated alanine-rich C kinase 

substrate
MASP, MBL-associated serine protease
MBD, membrane binding domain
MBL, mannose-binding lectin
MBP, major basic protein
MCH, mean corpuscular hemoglobin
MCHC, mean corpuscular hemoglobin 

concentration
MCP, membrane cofactor protein
MCP-1, monocyte chemotactic protein 1
MCV, mean cell volume, mean corpuscular volume
MCV4, meningococcal conjugate vaccine
MDCK, Madin-Darby canine kidney (cells)
MDS, myelodysplastic syndrome
MDWH, metaphyseal dysplasia without hypotrichosis
MeCbl, methylcobalamin
MEK, MAPK kinase

MELAS, mitochondrial myopathy, encephalopathy, 
lactic acidosis, and stroke-like episodes

MEP, megakaryocyte, erythroid, and basophil 
(lineage); megakaryocyte/erythroid precursor

Met-Hb, methemoglobin
5-methyl-THF, 5-methyltetrahydrofolate
a2-MG, α2-macroglobulin
MGF, myelomonocytic growth factor
MGP, marginating granulocyte pool
MGSA, melanoma growth stimulatory activity
mHA, minor histocompatibility antigen
MHA, May-Hegglin anomaly
MHC, major histocompatibility complex
MIBG, metaiodobenzylguanidine
micro-PET, micro–positron emission tomography
MIDAS, metal ion–dependent adhesion site
MIM, Mendelian Inheritance in Man
MIP-1a, macrophage infl ammatory protein 1α
MLASA, mitochondrial myopathy with lactic acidosis 

and sideroblastic anemia
MLL, mixed-lineage leukemia
MMC, mitomycin C
MMF, mycophenolate mofetil
MMP-25, the membrane-associated metalloproteinase 

leukolysin
MoAb, monoclonal antibody
M6P, mannose 6-phosphate
MPGM, monophosphoglycerate mutase
Mpl, ligand for the myeloproliferative ligand 

receptor
MPO, myeloperoxidase
MPS, Montreal platelet syndrome, 

mucopolysaccharidosis
MPSV4, meningococcal polysaccharide vaccine
MPV, mean platelet volume
Mr, molecular weight
MRA, magnetic resonance angiography
MRI, magnetic resonance imaging
MRC, Medical Research Council
mRNP, messenger ribonucleoprotein
MRP2, multidrug resistance–associated protein 2 

(a.k.a. ABCC2, cMOAT)
MSCV, murine stem cell virus
MSMD, mendelian susceptibility to mycobacterial 

diseases
MSP1, Plasmodium falciparum merozoite surface 

protein 1
MTD, maximum tolerated dose
mtDNA, mitochondrial DNA
mTEC, medullary thymic epithelial cell
MTHFR, methylenetetrahydrofolate reductase, 

methylene-THF reductase
mTOR, mammalian target of rapamycin
MTP, microsomal triglyceride transfer protein
MVB, multivesicular body
MWC, Monod, Wyman, and Changeaux (model of 

cooperativity)
MYHIIA, myosin heavy chain IIA
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N
NAD, nicotinamide adenine dinucleotide
NAD 47/89, neutrophil actin dysfunction with 47- and 

89-kd protein abnormalities
NADH, reduced nicotinamide adenine dinucleotide
NADP, nicotinamide adenine dinucleotide phosphate
NADPH, reduced nicotinamide adenine dinucleotide 

phosphate
NAIT, neonatal alloimmune thrombocytopenia
NAT, nucleic acid testing
NATP, neonatal alloimmune thrombocytopenic 

purpura
NB-DGJ, N-butyldeoxygalactonojirimycin
NBS, Nijmegen’s breakage syndrome
NBT, nitroblue tetrazolium
NDPase, nucleoside diphosphatase
NE, neutrophil elastase
NEMO, NF-κB essential modulator
NET, neutrophil extracellular trap
NF-1, neurofi bromatosis type 1
NF-AT, nuclear factor of activated T cells
NF-kB, nuclear factor κB
NGAL, neutrophil gelatinase–associated lipocalin
NH, neonatal hemochromatosis
NHANES, National Health and Nutrition 

Examination Survey
NHEJ, nonhomologous end joining
NHL, non-Hodgkin’s lymphoma
NHLBI, National Heart, Lung, and Blood Institute
NICU, neonatal intensive care unit
NIH, National Institutes of Health
NK, natural killer (cell)
NMDP, National Marrow Donor Program
NMR, nuclear magnetic resonance
NNJ, neonatal jaundice
NPD-C, Niemann-Pick disease type C
Nrf-1, nuclear regulatory factor 1
NRTI, nucleoside reverse transcriptase inhibitors
NS, Noonan’s syndrome
NTD, neural tube defect
NO, nitric oxide
NOD, nonobese diabetic
NOS, nitric oxide synthase
NOX, NAD(P)H oxidase
NSAID, nonsteroidal anti-infl ammatory drug
NuMA, nuclear mitotic apparatus (protein)

O
OATP, organic acid–transporting polypeptide
OCA, oral contraceptive agent
OCS, open canalicular system
OF, osmotic fragility
OHCbl, hydroxycobalamin
OMIM, Online Mendelian Inheritance in Man
OPSI, overwhelming postsplenectomy infection
OS, Omenn’s syndrome
OSM, oncostatin M
OSMR, oncostatin M receptor

P

PA, phosphatidic acid
PAF, platelet-activating factor
PAGE, polyacrylamide gel electrophoresis
PAI-1, plasminogen activator inhibitor 1
PAIgG, platelet-associated IgG
PALS, periarterial (or periarteriolar) lymphoid sheath
PAMP, pathogen-associated molecular pattern
PANDAS, pediatric autoimmune neuropsychiatric 

disorders associated with streptococcal infections
PAR, protease-activated receptor
PAS, periodic acid–Schiff
PBG, porphobilinogen
PBG-D, porphobilinogen deaminase
PBREM, phenobarbital-responsive enhancer module
PBSC, peripheral blood stem cell
PC, phosphatidylcholine
PCC, prothrombin complex concentrate
PCFT, proton-coupled folate transporter
PCH, paroxysmal cold hemoglobinuria
PCP, Pneumocystis carinii pneumonia
PCR, polymerase chain reaction
PCT, porphyria cutanea tarda
PCV, polycythemia vera
PCV7, 7-valent pneumococcal polysaccharide vaccine
PCV23, 23-valent pneumococcal polysaccharide 

vaccine
PD-1, programmed death 1
PDGF, platelet-derived growth factor
PE, phosphatidylethanolamine, pulmonary embolism
PEBP2, polyomavirus enhancer–binding protein 2
PECAM-1, platelet–endothelial cell adhesion 

molecule 1
PEG, polyethylene glycol
PEG-MGDF, pegylated megakaryocyte growth and 

development factor
PF4, platelet factor 4
PFA-100, Platelet Functional Analyzer 100
PFK, phosphofructokinase
PFT, pulmonary function test
PGC-1a, peroxisomal proliferator–activated cofactor 

1α
PGD, preimplantation genetic diagnosis
6-PGD, 6-phosphogluconate dehydrogenase
PGI2, prostaglandin I2 (prostacyclin)
PGK, phosphoglycerate kinase
PH, Pleckstrin homology
PHA, phytohemagglutinin
PHT, primary hypertension
Pi, inorganic phosphate
PI, phosphatidylinositol
PIG-A, phosphatidylinositol glycan class A (gene: 

PIGA)
PI3K, phosphatidylinositol 3′-kinase
PIP, phosphatidylinositol 4-phosphate
PIP2, phosphatidylinositol 4,5-bisphosphate
PIP3, phosphatidylinositol 3,4,5-triphosphate
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PIT, plasma iron turnover
PIVKA, protein induced by vitamin K antagonists
PK, pyruvate kinase
PKA, protein kinase A
PKB, protein kinase B
PKC, protein kinase C
PKG, protein kinase G
PKR, protein kinase regulated by RNA
PLCg2, phospholipase Cγ2
PLP, pyridoxal 5-phosphate
PLTP, phospholipid transfer protein
PMN, polymorphonuclear neutrophil
PMPS, Pearson’s marrow-pancreas syndrome
PN, parenteral nutrition
P-5′-N, pyrimidine-5′-nucleotidase
PN2/APP, protease nexin-2/amyloid β-protein 

precursor
PNET, primary neuroectodermal tumor
PNH, paroxysmal nocturnal hemoglobinuria
PNP, purine nucleoside phosphorylase
PNPD, purine nucleoside phosphorylase defi ciency
PPCA, protective protein cathepsin A
PPO, protoporphyrinogen oxidase
PPP, platelet-poor plasma
PR, partial remission
PRCA, pure red cell aplasia
PROWESS, Protein C Worldwide Evaluation in 

Severe Sepsis (trial)
PRP, platelet-rich plasma
PRPP, 5-phosphoribosylpyrophosphate
PRR, pattern recognition receptor
PS, Pearson’s marrow-pancreas syndrome, 

phosphatidylserine
PSD95, postsynaptic density protein of 95 kd
PSGL-1, P-selectin glycoprotein ligand-1
p-SMAC, peripheral central supramolecular activation 

cluster
PT, prothrombin time
PTH, parathyroid hormone
PTK, phosphotyrosine kinase
PTP, post-transfusion purpura
PTS, post-thrombotic syndrome
PTT, partial thromboplastin time

R
RA, refractory anemia
RAD, recombinase-activating gene
RAEB, refractory anemia with an excess of blasts
RAEBIT (RAEB-T), RAEB in transformation
RAG, recombination-activating gene
RANTES, regulated on activation, normal T cell 

expressed and secreted
RARS, refractory anemia with ringed sideroblasts
RBC, red blood cell
RDA, recommended dietary allowance
RDS, respiratory distress syndrome
RDW, red cell distribution width, red cell volume 

distribution width

RFC, reduced folate carrier
RFLP, restriction fragment length polymorphism
rFVIIa, recombinant activated factor VII
RGD, arginine, glycine, aspartic acid
Rh, rhesus
RhAG, Rh-associated glycoprotein
rhG-CSF, recombinant human granulocyte colony-

stimulating factor
r-HuEPO, rhEPO, rHuEPO, recombinant human 

erythropoietin
RIAM, Rap1GTP-interacting adaptor molecule
RMRP, RNase mitochondrial RNA processing
rNAPc2, recombinant nematode anticoagulant protein 

c2
RNP, ribonucleoprotein
RPA, replication protein A
RPL, ribosomal protein of the large ribosomal subunit
RPS, ribosomal protein of the small ribosomal subunit
RPS19, ribosomal protein S19
rRNA, ribosomal RNA
RS, Rotor’s syndrome
RSC, reversibly sickled cell
RSP-2, ring surface protein 2
RTA, renal tubular acidosis
RTK, receptor tyrosine kinase
rVIIa, recombinant factor VIIa
RVT, renal vein thrombosis

S
SAA, severe aplastic anemia
SABD, spectrin-actin binding domain
SAGE, serial analysis of gene expression
SAO, Southeast Asian ovalocytosis
SAP, SLAM-associated protein
SBDS, Shwachman-Bodian-Diamond syndrome
Sca-1, stem cell antigen 1
SCD, sickle cell disease
SCDSC, subacute combined degeneration of the 

spinal cord
SCF, stem cell factor
SCID, severe combined immunodefi ciency
SCN, severe congenital neutropenia
SCNIR, Severe Chronic Neutropenia International 

Registry
SCT, stem cell transplantation
SDF-1, stromal cell–derived factor 1
SDS, Shwachman-Diamond syndrome, sodium 

dodecyl sulfate
SDS-PAGE, sodium dodecyl sulfate–polyacrylamide 

gel electrophoresis
SERCA, sarcoplasmic/endoplasmic reticulum 

Ca2+-ATPase
SGD, specifi c (secondary) granule defi ciency
SH2, Src homology domain 2
SHD, sex hormone–binding domain
SH2D1A, SH2-containing protein 1A, Src homology 

2 domain–containing protein
Shh, Sonic hedgehog
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SHIP1, SH2 domain–containing inositol 5′-
phosphatase 1

SHP-2, SH2 domain–containing protein tyrosine 
phosphatase-2

sIgM, surface IgM
SIV, simian immunodefi ciency virus
SLAM, signaling lymphocyte activation molecule
SLC4A, solute carrier family 4A
SLE, systemic lupus erythematosus
SLP3, stomatin-like protein 3
SLP76, SH2 domain–containing leukocyte protein of 

76 kd
SM, sphingomyelin
SMD, spondylometaphyseal dysplasia
Smo, Smoothened receptor
SNARE, soluble N-ethylmaleimide–sensitive 

attachment protein receptor
snoRNA, small nucleolar RNA
SNP, single nucleotide polymorphism
SOCbl, sulfi tocobalamin
SOCS, suppressor of cytokine signaling
SOS, sinusoidal obstruction syndrome, son of 

sevenless (protein)
S-PCT, sporadic porphyria cutanea tarda
SPD, storage pool defi ciency
sPLA2, secretory phospholipase A2

SQUID, superconducting quantum interference device
SRC, SCID-reconstituting cell
SRT, substrate reduction therapy
SSCP, single-strand conformation polymorphism
SSP, stage-selector protein
STAT, signal transducer and activator of transcription
sTfR, serum transferrin receptor
STOP, Stroke Prevention Trial in Sickle Cell Anemia
STR-HSC, short-term–reconstituting hematopoietic 

stem cell
Stx, Shiga-like toxin
SUMF1, sulfatase-modifying factor
SVC, superior vena cava

T
TACI, transmembrane activator and calcium 

modulator and cyclophilin ligand interactor
TAFI, thrombin-activatable fi brinolysis inhibitor
T-ALL, T-cell acute lymphoblastic leukemia
T antigen, Thomsen-Friedenreich cryptoantigen
TAP1 or TAP2, transporter associated with antigen 

processing 1 or 2
TAR, thrombocytopenia with absent radii
TAT, thrombin-antithrombin complex
TBI, total body irradiation
TBP, TATA-binding protein
TCD, transcranial Doppler
TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin
TCR, T-cell antigen receptor, T-cell receptor
TCT, thrombin clotting time
TD, thymus dependent (antigen)
TdT, terminal deoxyribonucleotidyl transferase

TE, thromboembolism
TEC, transient erythroblastopenia of childhood
TEG, thromboelastography
TERT, telomerase reverse transcriptase
TF, tissue factor
TFPI, tissue factor pathway inhibitor
TGA, thrombin generation assay
TGF-b, transforming growth factor β
THF, 5,6,7,8-tetrahydrofolate
THI, transient hypogammaglobulinemia of infancy
TI, thymus independent (antigen)
TIA, transient ischemic attack
TIBC, total iron-binding capacity
TIPS, intrahepatic portosystemic shunting
TKI, tyrosine kinase inhibitor
TLR2, Toll-like receptor 2
TLS, translesion synthesis
TLT-1, TREM cells–like transcript-1
TM, tropomyosin
TM8, transmembrane domain 8
TMD, transient myeloproliferative disorder
TOF, time-of-fl ight (imaging)
TMod, tropomodulin
7-TMS, seven-transmembrane–spanning domain
TNF-a, tumor necrosis factor-α
tPA, tissue plasminogen activator
TPH, transplacental hemorrhage
TPI, triose phosphate isomerase
TPN, total parenteral nutrition
TPO, thrombopoietin
TPOR, thrombopoietin receptor
TPR, tetratricopeptide repeat
TQM, total quality management
TRAF, TNF receptor–associated factor
TRALI, transfusion-related acute lung injury
TRAP, Trial to Reduce Alloimmunization to Platelets
TREC, T-cell receptor excision circle, T-cell receptor 

gene excision circle
TREM, triggering receptor expressed on myeloid cells
TfR, transferrin receptor
TRMA, thiamine-responsive megaloblastic anemia
tRNA, transfer RNA
TSB, total serum bilirubin
TSH, thyroid-stimulating hormone
TSLP, thymic stromal thymopoietin
TT, thrombin time
TTP, thrombotic thrombocytopenic purpura
TTTS, twin-to-twin transfusion syndrome
TXA2, thromboxane A2

U
UCB, umbilical cord blood
UDP, uridine diphosphate
UDPG, uridine diphosphate glucose
UDPGA, uridine diphosphate glucuronic acid
UDPNAG, uridine diphosphate N-acetylglucosamine
UGT1A1, UDP glucuronosyltransferase 1A1 gene
ULVWF, unusually large VWF
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UMP, uridine monophosphate
UNG, uracil nucleoside glycosylase
uPA, urokinase plasminogen activator
uPAR, uPA receptor
UPR, unfolded protein response
URO-D, uroporphyrinogen decarboxylase
URO3-S, uroporphyrinogen III synthase
UTP, uridine triphosphate
UV, ultraviolet

V
VACTERL, vertebral abnormalities, anal atresia, 

cardiac abnormalities, tracheoesophageal fi stula, and/
or esophageal atresia, renal agenesis and dysplasia, 
and limb defects

VASP, vasodilator-stimulated phosphoprotein
VATER, vertebral defects, imperforate anus, 

tracheoesophageal fi stula, and radial and renal 
dysplasia

VCA, viral capsid antigen
VCAM-1, vascular cell adhesion molecule 1
VDRL, Venereal Disease Research Laboratory
VEGF, vascular endothelial growth factor
VHL, von Hippel-Lindau (protein)
VK, vitamin K
VK1, phylloquinone
VK2, menaquinone
VKDB, vitamin K–dependent bleeding
VKDP, vitamin K–dependent protein
VKOR, vitamin K 2,3-epoxide reductase
VLA-4, very late antigen 4
VLDL, very-low-density lipoproteins
VOD, veno-occlusive disease
VP, variegate porphyria
VP-16, etoposide
VTE, venous thromboembolism
V/Q, ventilation-perfusion

VWD, von Willebrand disease
VWF, von Willebrand factor
VWF:Ag, von Willebrand factor antigen
VWF:CB, collagen-binding assay for von Willebrand 

factor
VWFpp, von Willebrand factor propeptide
VWF:RCo, VWF activity by ristocetin cofactor assay

W
WAS, Wiskott-Aldrich syndrome
WASP, Wiskott-Aldrich syndrome protein
WBC, white blood cell
WHIM, warts, hypogammaglobulinemia, infections, 

myelokathexis (syndrome)
WIP, WASP-interacting protein
WNV, West Nile virus
WRK, Woodward’s reagent K
WSXWS, Trp-Ser-Xaa-Trp-Ser

X
X-CGD, X-linked chronic granulomatous disease
XHIM, X-linked immunodefi ciency with normal or 

elevated IgM
XLA, X-linked agammaglobulinemia
XLPD, X-linked lymphoproliferative disease
XLSA, X-linked sideroblastic anemia
XLSA/A, X-linked sideroblastic anemia with ataxia
XPD, xeroderma pigmentosum disease
XRT, x-ray therapy
XSCID, X-linked severe combined immunodefi ciency

Y
YTRF, tyrosine-threonine-arginine-phenylalanine 

(sequence)

Z
ZAP-70, TCR{zeta}–associated protein of 70 kd
ZPI, protein Z–dependent protease inhibitor







1
Pediatric Hematology in 
Historical Perspective
Wolf W. Zuelzer and David G. Nathan

3

Wolf W. Zuelzer, who died on March 19, 1987, at the age of 
77, wrote the history of pediatric hematology for the fi rst 
edition of this book. We reprint it here in his memory.

As a subspecialty of pediatrics and a sine qua non of the 
modern teaching institution, pediatric hematology is a 
latecomer, naturally enough, for diseases of the blood 
were a minor problem—one is tempted to say a mere 
hobby of a few inquisitive and farseeing minds—
compared with the great challenges of infectious and 
nutritional disorders that faced the pioneers of pediatrics. 
As a serious concern of investigators, however, pediatric 
hematology is as old as scientifi c pediatrics as a whole, 
though its early history is too closely interwoven with that 
of general hematology to be traced separately. Its tools as 
well as its basic concepts came largely from internal 
medicine and from the experimental sciences, and 
one needs only to mention such names as Ehrlich, 
Metchnikoff, Landsteiner, Chauffard, Downey, Minot, 
Castle, Whipple, and Wintrobe to appreciate the magni-
tude of this debt.

The discoveries of these and many other men were 
applied to the special problems of infancy and childhood 
by investigators who, with few exceptions, were pediatri-
cians with diverse interests rather than hematologists with 
a specialized background. This is true even of those whose 
names are familiar through eponymic usage, such as von 
Jaksch, Lederer, Cooley, Blackfan, and Fanconi. Those 
who labored patiently in the vineyards without stumbling 
on a buried syndrome are mostly forgotten, though it is 
among them that one fi nds the fi rst true pediatric hema-
tologists. A case in point is that of Heinrich Lehndorff, 
who grew up in the Vienna of von Pirquet and Escherich 
and devoted his life to the study of both normal and 
abnormal hematologic conditions in childhood, publish-
ing his fi rst paper at the age of 29 in 1906 and his last at 

the age of 86 in 1963. His interest was in the blood of the 
newborn, in the anemias of infancy, and in leukemia. Like 
that of most of his contemporaries, his work was almost 
entirely descriptive, but he was a good morphologist and 
clinical observer. Lehndorff was forced to leave Vienna in 
1939 at the age of 63, found temporary shelter in Bir-
mingham with Leonard Parsons (then the leading fi gure 
in pediatric hematology in England), came to the United 
States during World War II, and ended his career as an 
octogenarian with an honorary appointment at the New 
York Medical College. Sic transit gloria mundi.

From the very beginning, the unique blood picture 
of the newborn received special attention. In one of the 
oldest hematologic texts, Du Sang et de ses Altérations 
Anatomiques, published in Paris in 1889, Hayem—known 
to this day as the inventor of Hayem’s solution but 
deserving to be remembered for more important 
contributions—discussed the blood at birth in great 
detail, giving the number of red and white corpuscles and 
platelets on the basis of his own counts; describing mac-
rocytosis, anisocytosis, and a tendency toward spherocy-
tosis; and attributing the high hemoglobin level of the 
newborn to hyperactivity of the bone marrow. The title 
of a paper by E. Schiff in the Jahrbuch für Kinderheilkunde 
in 1892, “Newer contributions to the hematology of the 
neonate, with special reference to the time of ligation of 
the umbilical cord,” implies the existence of earlier studies 
and anticipates those of Windle and his associates some 
50 years later.

The hematology of the neonate remained a cardinal 
concern of investigators for many decades. Progress was 
slow, perhaps in part because of the tediousness of the 
methods used and in part because of variables in obstet-
ric and pediatric practice and differences in the timing of 
observations. Schiff himself, working successively in 
Prague and Budapest, found hemoglobin levels on the 
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fi rst day after birth to average 104 per cent in one city 
and 144 per cent in the other. Much controversy arose 
over normal values because the early workers did not 
come to grips with the problems of individual variation 
and frequency distribution. A German author, H. Flesch,1 
wrote despairingly in 1909, “The differences in the 
hemoglobin values of different observers according to the 
ages of the children are so considerable that one is really 
in no position to give defi nite normal fi gures.” It was 
diffi cult, moreover, to draw a line between normal and 
abnormal conditions. ABO hemolytic disease, for 
example, was unknown until 1944, when Halbrecht2 in 
Hadera recognized the relationship between “icterus 
praecox” and incompatibility of the major blood groups 
of mother and child. Prior to the studies of Lippman3 in 
1924, on the other hand, the transient normoblastemia 
of normal full-term infants was considered pathologic, 
although Neumann4 had observed it in 1871 and König5 
had written about it in 1910. Supravital staining, intro-
duced by Ehrlich in 1880, was not used until 1925, when 
Friedländer and Wiedemer,6 writing in the American 
Journal of Diseases of Children—then the only major 
pediatric journal in the United States—reported 
reticulocytosis as a regular feature of neonatal blood. 
Although it was known by then that reticulocytes were 
young cell forms, the belief still prevailed that the high 
hemoglobin level at birth was due solely to hemoconcen-
tration rather than to active erythropoiesis, as postulated 
by Hayem.

Conversely, the postnatal drop in hemoglobin con-
centration was taken as evidence of accelerated hemoly-
sis, which in turn was held by some to be the cause of 
physiologic jaundice. That puzzling phenomenon was 
long thought to signify the entry of bile into the blood as 
a result of temporary mechanical obstruction by a mucous 
plug in the common bile duct or a “desquamative catarrh” 
of the small radicles, or liver damage from bacterial toxins 
from the recently colonized intestine of the newborn. The 
noted Finnish neonatologist Ylppö,7 however, had dem-
onstrated increased bilirubin levels in the cord blood as 
early as 1913 and had concluded that icterus neonato-
rum was due to a “functional inferiority” of the liver. All 
theories involving the regurgitation of bile became unten-
able in 1922, when Erwin Schiff and E. Färber,8 pupils 
of the renowned Adalbert Czerny, showed that “during 
the period of bilirubinemia only the indirect van den 
Bergh reaction is positive.” The alternative that the jaun-
dice was due to increased blood destruction, however, 
could not be proved. Summarizing the argument in 1928, 
the Viennese pediatric hematologist Eugene Stransky9 
wrote, “Although the morphologic stigmata of a hemo-
lytic icterus (i.e., spherocytosis) are lacking and the red 
blood counts do not permit a fi rm explanation, a hema-
togenous origin of icterus neonatorum nevertheless 
seems likely. Why destruction of red corpuscles takes 
place is still an unsolved question.”

One must sympathize with these early investigators 
who formulated the alternatives clearly enough but could 

not solve the riddle of neonatal jaundice with the means 
at their disposal. To them icterus meant either regurgita-
tion of bile or increased destruction of blood. Hemolysis 
seemed indeed a plausible explanation for the combina-
tion of bilirubinemia of the indirect variety with a falling 
hemoglobin level and a regenerative blood picture, all the 
more because mild forms of hemolytic disease were 
undoubtedly included in studies of infants presumed to 
be normal. The life span of fetal—or, for that matter, 
adult—red cells remained an unknown quantity, even 
after Winifred Ashby in 1919 had measured it in adults, 
using the differential agglutination technique, as the 
range of 30 to 100 days reported by her was too great to 
be of practical value. This was also true of the blood 
volume of the newborn, which William Palmer Lucas and 
B. F. Dearing10 of San Francisco had actually attempted 
to measure in the same year, using the brilliant vital red 
dilution method. They obtained a range of values from 
107 to 195 mL per kg of body weight, almost twice that 
found in 1950 by Mollison and his associates11 with a 
method combining isotope and dye dilution. The mere 
fact that they concerned themselves with such questions 
in 1919 puts them ahead of their pediatric contempo-
raries. Neither of the fi rst two books devoted specifi cally 
to pediatric hematology, that of Ferruccio Zibordi of 
Modena, Ematologia Infantile Normale e Patologica,12 
which appeared in 1925, and that of Baar and Stransky 
of Vienna, Die Klinische Hämatologie des Kindesalters,1 
published in 1928, mentioned blood volume or red cell 
survival. The name of Lucas deserves recognition in any 
survey of pediatric hematology, for, apart from looking 
after patients with blood diseases in the Children’s 
Department of the University of California before such 
specialization had become accepted elsewhere, he was an 
enterprising and thoughtful investigator. His chapters on 
blood in Abt’s Pediatrics of 1924, written with E. C. Fleis-
chner,13 are outstanding in their emphasis on physiologic 
processes, clarity of thought, and absence of semantic 
claptrap, and in these respects are superior to the two 
works just cited.

As for the solution to the puzzle of neonatal jaundice, 
the functional inferiority of the liver postulated so long 
ago by Ylppö could not be defi ned, of course, until 
Hijmans van den Bergh’s two pigments had been identi-
fi ed as free and glucuronide-conjugated bilirubin by the 
independent studies of Billing and Lathe,14 Schmid,15 
and Talafant16 in 1956. The results of the preceding dem-
onstration of the role of uridine diphosphate glucuronic 
acid (UDPGA) as a glucuronide donor by Dutton17 and 
others could be applied to bilirubin, and the enzymatic 
reactions involved in the conjugation process could be 
investigated as a function of hepatic maturation by Brown 
and co-workers.18

Traditionally, the history of pediatric hematology 
begins in 1889 with von Jaksch’s report19 on the condi-
tion that bears his name, which he designated anemia 
pseudoleucaemica infantum. By an irony of fate, not only 
the term but the very syndrome has long since vanished 
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from the horizon, although in its day it had an enormous 
vogue and was considered by some to be the anemia of 
infancy par excellence. In 1891, the condition was described 
independently by Hayem20 and his compatriot Luzet,21 
so that their names were also attached to it. The clinical 
picture was overshadowed by severe nutritional distur-
bances, wasting, diarrhea, rickets, and, as a rule, chronic 
infections of the respiratory tract, otitis media, pyoderma, 
and the like. The fi ndings suggestive of leukemia were 
marked splenomegaly, anemia, and that which later 
hematologists would call a leukemoid reaction, charac-
terized by leukocytosis and immature granulocytes. It 
was Luzet who noted the normoblastemia that led to the 
use of the term “erythroblastic anemia,” until that term 
was temporarily pre-empted by Cooley for the anemia 
that he described. At that time, the combination of sple-
nomegaly and leukocytosis meant leukemia, and von 
Jaksch’s paper was therefore a distinct step forward, 
though its essence was the simple observation that some 
of the patients survived, a remarkable fact in itself given 
their general condition and the paucity of therapeutic 
means then available.

Von Jaksch was not a hematologist, and except for a 
follow-up report in 1890, he made no further contribu-
tions to the understanding of the disease that made him 
famous. He practiced pediatrics in Prague, then the 
capital of the Austrian province of Bohemia, and held an 
appointment at the Charles University, where, as a leg-
endary octogenarian, he was pointed out to this writer in 
1934, a tall aristocratic fi gure with a massive white head 
who bore his fame with a casual elegance reminiscent of 
the old Hapsburg Empire. The riddle of von Jaksch’s 
anemia was never properly solved. It was at one time 
common in central Europe and in France, less so in 
England, and still less so in the United States. Its disap-
pearance paralleled the gradual improvement in child 
health and care. As Lehndorff22 wrote many years after-
ward in an almost nostalgic epitaph on the extinct entity, 
it had been “a poor people’s disease.” In truth, it was not 
an entity at all but a convenient diagnostic wastebasket, 
though an interesting one. The contemporaries fi nally 
agreed that it was a nonspecifi c response of the infantile 
organism to the horrendous combinations of infectious 
and nutritional insults that were so common at the time 
and so diffi cult to sort out.

More lasting and far more important, of course, was 
the contribution made to pediatric hematology—and 
indeed to medical science as a whole—by Thomas B. 
Cooley of Detroit in 1925,23 when he salvaged from this 
wastebasket the distinct entity now known as thalasse-
mia. He soon abandoned his original designation of 
“erythroblastic anemia,” for he realized that the con-
spicuous normoblastemia that had fi rst attracted his 
attention was neither a specifi c nor a central feature of 
the disorder, and in his later publications he emphasized 
the fragmentation and shape anomalies of the red cells 
and the paucity and uneven distribution of the hemoglo-
bin. He did not know, of course, that the ultimate distur-

bance was one of hemoglobin, let alone β chain synthesis, 
but he came to conceive of the disease as a fundamental 
disorder of hematopoiesis and was fully aware of its 
genetic nature from the beginning. He himself had origi-
nally proposed a recessive mode of inheritance, anticipat-
ing the classic study of Valentine and Neel of 1944.24 
Strangely enough, he failed to investigate the seemingly 
normal parents and siblings of the propositi. Later, 
unverifi ed reports of hereditary transmission of the dis-
order by a single affected parent seemed to militate 
against a recessive mode and left him uncertain.

Cooley was, in any case, profoundly interested in the 
genetic aspects of the anemias and was in this respect far 
ahead of most contemporary hematologists. He corre-
sponded with geneticists, used such terms as “heterozy-
gote” for humans at a time when their use was still largely 
restricted to plants and Drosophila, and for years pon-
dered the then wholly puzzling relationship between 
“sicklemia” and sickle cell anemia. He reported the fi rst 
instance of sickle cell disease (which this writer later had 
occasion to identify as a case of sickle-thalassemia) in a 
Greek family.25 He also proposed an X-linked mode of 
inheritance, backed by pedigree studies over fi ve genera-
tions, for a familial hypochromic anemia in a kindred fi rst 
described by him26 and later restudied by Rundles and 
Falls27 at Ann Arbor, Michigan. In accepting the term 
“Mediterranean anemia,” which Whipple had suggested 
at a time when the known cases were restricted to Italian 
and Greek families, Cooley28 made an interesting and 
prophetic reservation: “We are not inclined,” he wrote in 
1932, “to lay great stress on the limitation of this or any 
similar disease to a particular race. We have found that 
sickle cell anemia, formerly supposed to be peculiar to 
Negroes, occurs in Greeks, and it seems likely to us that 
any disease in which there is a hereditary element, as 
presumably there is in this disease, is limited more by 
locality and association than by race.”

The style is as characteristic of the man as the 
thought. Cooley was articulate, well educated—he spoke 
or at least read four languages and maintained a global 
correspondence—and highly intelligent. He came from a 
family of distinguished jurists, the only one to eschew the 
law and enter the medical profession. Born in Ann Arbor, 
the son of a future justice of the Michigan Supreme 
Court, he obtained his degree in medicine at the Univer-
sity of Michigan, worked for 3 years in “clinical chemis-
try,” interned at Boston City Hospital, spent a year 
visiting clinics in Germany, returned to Boston for pro-
longed training in contagious diseases, and then was 
appointed Assistant Professor of Hygiene at his alma 
mater. Except for a stint with the Children’s Bureau of 
the American Red Cross during World War I, he remained 
in Michigan for the rest of his life, fi rst as a practicing 
pediatrician and, after the death of Raymond Hoobler in 
1936, as a professor of pediatrics in Detroit. Throughout 
these years he was closely associated with The Children’s 
Hospital of Michigan, whose pediatrician-in-chief he 
ultimately became.
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As mentioned, Cooley had no formal training in 
hematology and very little technical help. He and his 
faithful associate of many years, Pearl Lee, examined 
blood smears, roentgenograms, and, of course, the 
patients themselves, making sketchy notes on index cards 
and keeping the bulk of their observations in their heads. 
His equipment consisted of a monocular microscope of 
ancient vintage, a staining rack, a rather small card fi le, 
and—in an otherwise vacant room upstairs intended for 
the affairs of the Child Research Council of the American 
Academy of Pediatrics—a couch on which he took siestas 
and did much of his thinking. His daughter Emily, a 
gifted and artistic young woman, made the beautiful 
camera lucida and freehand drawings with which he illus-
trated his papers. She also chauffeured him about town, 
went to the library for him, and accompanied him to 
meetings. His home in Detroit’s “Indian Village” and his 
garden, professionally landscaped by Emily, were oases 
of good taste. He owned a cottage on the coast of Maine 
where he spent his summers. He loved music, knew his 
wines, enjoyed good food, and was an excellent conver-
sationalist. He knew how to live.

At times, his penchant for conversation got him into 
trouble. Old-time Detroiters recall the story of his house 
call to a well-to-do family whose child had contracted an 
undiagnosed illness. As a social acquaintance Dr. Cooley 
was led into the living room, offered refreshments, and 
asked his opinion on some topic of current interest. A 
lively discussion ensued, at the end of which the doctor, 
having forgotten the original purpose of his visit, grabbed 
his hat and coat and was out of the house before the 
astonished parents could remind him of the patient 
upstairs.

Cooley’s infl uence extended well beyond the fi eld of 
hematology. His was the conception behind a series of 
studies on the chemical composition of the red cell stroma 
carried out in the 1930s by Erickson and associates in 
the laboratories of Icie Macy Hoobler of the Children’s 
Fund of Michigan, which earned high praise from Eric 
Ponder. He was one of the founders of the Academy of 
Pediatrics and, long before the time was ripe, saw the role 
of pediatrics in terms of preventive medicine. Politically 
he was a liberal, scientifi cally a radical, personally a patri-
cian. Combined with a rather haughty expression, an 
irrepressible wit, and an utter lack of reverence for estab-
lished authority, these traits were bound to earn him 
enmities on the part of town and gown alike, but his 
enemies respected and his friends admired him. He was 
well ahead of his time, a lucid thinker and a giant in the 
history of pediatric hematology.

An entirely different personality was George Guest, 
for many years one of the mainstays of the Children’s 
Hospital Research Foundation in Cincinnati, whose con-
tributions were equally important, if less spectacular. 
Guest was as much a physiologist as a hematologist, 
interested in the basic aspects of blood during growth, a 
stickler for precise measurements, a patient investigator 
who set himself longterm goals and took a systematic 

approach to reaching them. The meticulous studies he 
conducted between 1932 and 1942 on the hemoglobin 
levels, red blood counts, and packed cell volumes of a 
large group of infants and young children of widely dif-
ferent social and economic backgrounds are a model of 
intelligent and purposeful data-gathering, the purpose 
being both physiologic and clinical. In the face of the 
rather arbitrary defi nitions and therapeutic practices then 
prevailing, Guest set out to ascertain the range of normal 
variation and to delineate optimal values against hypofer-
ric states. Such data were badly needed then and have 
remained valid to this day. In serial studies29 involving, 
among other things, intrafamily and twin comparisons, 
he showed convincingly that a fall of the mean corpus-
cular volume (MCV) and mean corpuscular hemoglobin 
(MCH) in the presence of seemingly adequate hemoglo-
bin levels could be reversed or altogether prevented by 
the administration of iron and is therefore a sensitive 
indicator of an incipient defi ciency state rather than a 
physiologic phenomenon. He concluded that iron defi -
ciency anemia was far more common among infants than 
had been previously thought, and advocated the general 
use of prophylactic measures. His earlier observations on 
glycolysis and the rise of inorganic phosphorus levels 
in stored blood30 and his joint observations with Sam 
Rapoport31 on the role of the pH in the breakdown of 
diphosphoglycerate were milestones in the understand-
ing of red cell metabolism. He also made signifi cant 
contributions to the knowledge of the osmometric prop-
erties of erythrocytes,32 both normal and abnormal, 
devising a method that was, typically, both practical and 
precise and permitted simultaneous determinations of 
hemolysis and red cell volume at each stage of the 
procedure.

Apart from these accomplishments, George Guest 
was a delightful friend and, with the help of his wife, 
a perfect host, so that the house on Dana Avenue in 
Cincinnati became a kind of unoffi cial headquarters for 
the entertainment of the many visitors to the Children’s 
Hospital. Here they were offered the vin d’honneur from 
a well-stocked wine cellar decorated with frescoes by an 
artist friend—the owners’ pride and the fi rst and last stop 
for the visitor—and here they would fi nd good conversa-
tion, interesting people, and exquisite cuisine. The Guests 
were passionate Francophiles, and the cooking was 
French, unless a keg of oysters had just arrived from the 
East to be prepared in endless variations, or unless Jesse, 
the houseman, more friend than butler, just happened to 
have shot—illegally, of course—a fat squirrel from one of 
the magnifi cent old trees in the garden. George, a short, 
stocky, quiet-spoken man, understood the art of good 
fellowship, but the soul of the house and its social genius 
was his wife “M.L.,” a handsome woman with red hair 
who had a passion for poetry and a gift for conversation. 
They had met in Europe after World War I as young and 
idealistic members of the Hoover Relief team, were drawn 
together by their love for all things French, and remained 
deeply devoted to one another. A large part of every 
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summer was spent in France visiting friends, traveling 
through the countryside, and sampling wines. George 
Guest was the only American member of the French 
Pediatric Society, a fact in which he took greater pride 
than in all his other achievements, and though his French 
accent left much to be desired, he liked to attend meet-
ings and even present papers in such delightful places as 
Bordeaux, Lyon, and Paris. When M.L. died about 1964, 
the house was sold and an era passed.

It would be instructive to trace in detail the thinking 
of earlier observers concerning the iron defi ciency anemia 
of infancy, to whose defi nition Guest made such a solid 
contribution, but which remained an object of contro-
versy, confusion, and neglect for generations of pediatri-
cians. Although Bunge had proposed an essentially 
correct explanation as early as 1889, the nature of the 
most common anemia of infancy eluded investigators for 
many years. The reasons for this paradox are enlighten-
ing. One was the belief that not only mild anemia but 
also hypochromasia was a physiologic phenomenon. 
“That the hemoglobin content suffers more than the red 
blood count,” Heinrich Baar wrote in 1928,33 “is surely 
a purposeful mechanism, for the same quantity of hemo-
globin can serve its function better when it is distributed 
over a larger number of red corpuscles.” More important, 
no doubt, is the fact that among the clinic patients on 
whom most studies were conducted, pure iron defi ciency 
anemia was rare. In the face of the multiple ailments to 
which such patients were prone, failure to respond to iron 
alone was common, and it was easy to draw erroneous 
conclusions from therapeutic trials. Conversely, of course, 
a rise of the hemoglobin level following the administra-
tion of iron was just as uncritically taken as proof of its 
effi cacy on the principle of post hoc propter hoc, though it 
was believed that iron was a bone marrow “stimulant” 
rather than a specifi c substance effective only when cor-
recting or preventing a defi ciency.

Much of the problem was semantic in nature. Whereas 
French pediatricians described iron-responsive hypo-
chromic anemia in infants as “chlorose du jeune âge” 
or “chlorose alimentaire,” most German and Austrian 
authors rejected this concept, if only because “chlorosis 
occurs only during puberty and only in females.” The 
highly infl uential Czerny, in particular, set the clock back 
by stating categorically that an entire group of alimentary 
anemias existed that could be infl uenced by diet but in 
which iron was utterly ineffective. Baar wrote: “If it 
appears, a priori, unjustifi ed to group together, and attri-
bute to direct or indirect lack of iron, anemias of the most 
diverse origin solely because they are all hypochromic, 
fail to show nucleated red cells in the peripheral blood 
and lack splenomegaly, the notion of chlorosis of alimen-
tary origin was defi nitely refuted by Czerny’s fi ndings.” 
If this was to pour the baby out with the bathwater, Baar 
retreated from his a prioristic position to the extent of 
recognizing a “pseudochlorosis infantum,” or infantile 
iron defi ciency anemia, as an “etiologically uniform type 
to be separated from the rest of the alimentary anemias 

of infancy.” This was rare, however, he asserted, in com-
parison with “the overwhelming majority [which] remains 
uninfl uenced by iron administration, though nevertheless 
improved or cured by appropriate changes in diet.” In 
reading such statements, one must remember that even 
fresh air and sunshine were still considered essential 
adjuncts to the treatment of anemia. Moreover, no less 
an authority than Haldane34 had asserted earlier that 
“recovery affords no ground for assuming that iron is 
built up into hemoglobin,” and that “in typical cases [of 
chlorosis] the curative factor of iron salts must be exer-
cised otherwise than simply in building up the hemoglo-
bin.” Haldane went on to say that “The essential process 
in the cure of chlorosis is the reduction in the volume of 
the plasma [sic].” In addition, the notion of toxic hemol-
ysis due to the fatty acids in cow’s milk and especially 
in goat’s milk had a prolonged vogue on the Continent, 
where “cow’s milk anemia” and “goat’s milk anemia” 
were accepted entities.

Related to the semantic diffi culties was the problem 
of classifi cation. Ever since Hayem had introduced the 
color index in 1877, hypochromasia had been used to 
characterize certain anemias. It was soon apparent that 
most anemias of older infants were of this type, but the 
diffi culty of relating morphologic criteria to pathogenetic 
mechanisms and of recognizing in turn that different 
etiologic factors could operate through identical path-
ways proved too much. Not until the work of Minot and 
Castle established the characteristic response of hemo-
globin and reticulocytes to specifi c hematinics, and 
Wintrobe put the morphologic classifi cation on the fi rm 
basis of red cell measurements, did pediatric hematolo-
gists gradually abandon terms such as “alimentary-infec-
tious” anemia. In 1936, Hugh Josephs35 still used this 
term as a common denominator that, to him, included 
defi cient hemoglobin formation, defi cient erythropoiesis 
and defi cient stimulation of erythropoiesis, defi cient mat-
uration (the “erythroblastoses”), and blood destruction. 
Such usage, apart from the vagueness of the etiologic 
concept, was bound to delay both the understanding of 
the pathogenesis and the development of a workable clas-
sifi cation of the anemias. It was an internist who said that 
“the infant bleeds into its own increasing blood volume,” 
and the importance of the hemoglobin mass at birth was 
not appreciated until later. When Blackfan and Diamond’s 
Atlas of the Blood in Children fi nally appeared in 1944,36 
it used Wintrobe’s classifi cation and described the prin-
cipal anemia of infancy under the title “iron defi ciency 
anemia.”

One cannot leave the subject of iron defi ciency 
without reference to Hugh Josephs, a strange fi gure, and 
in his day an authority in the fi eld of American pediatric 
hematology. It is remarkable that this should have been 
the case, for he published little and confi ned his work 
primarily to the relationship between iron metabolism 
and anemia in infancy. His chapters on diseases of the 
blood in Holt and McIntosh’s textbook were excellent, 
but his mind had a somewhat pedantic cast and a ten-
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dency to look for profound meanings underneath simple 
facts. His forte was a thorough knowledge of the litera-
ture, which he analyzed in erudite but unconscionably 
lengthy reviews, complete with foreword, statement of 
scope and purpose, introduction, presentation of funda-
mental concepts, summary, table of contents, and a 
bibliography that in one instance exceeded 750 titles. He 
was Associate Professor of Pediatrics in Dr. Park’s depart-
ment at Johns Hopkins University and published mostly 
in the Johns Hopkins Bulletin. His manner and appearance 
were those of a college professor or a don—mild, pleas-
ant, serious, single-minded, a slight, gray-haired man 
who smoked a pipe, wore soft collars and a velvet jacket 
with elbow patches, and received his visitors in a drab 
offi ce in the old Harriet Lane Home cluttered with books, 
magazines, and reprints.

By means of a curious logic, Josephs came to the 
unshakable conclusion that the hypochromic iron defi -
ciency anemia of infants was not due to depletion of iron 
but to its diversion to unknown sites by unknown mecha-
nisms.37 He based this hypothesis on theoretical calcula-
tions that proved that an anemic baby of 18 months 
should have an excess of 200 mg of unused iron—other 
than the necessary tissue iron—somewhere in his body; 
ergo the baby suffered from “iron defi ciency without 
depletion.” This hypothetical baby, Josephs said, “is starv-
ing in the midst of plenty. Give this baby a small amount 
of iron by mouth and he will utilize it avidly for hemo-
globin formation, and may as a result use even more than 
he was given.” In the absence of infection, the unavail-
ability of iron might be due, he thought, to hormonal, 
histotrophic, or even emotional factors. But in 1956, 3 
years after these speculations, Philip Sturgeon38 calcu-
lated on the basis of the same data that had been available 
to Josephs that a seemingly normal newborn could easily 
have a hemoglobin mass low enough to account for severe 
anemia in later infancy, refl ecting the expansion of the 
blood volume with growth. Earlier, Bruce Chown39 of 
Winnipeg had documented the occurrence of massive 
transplacental hemorrhage. Soon afterward, Kleihauer 
and Betke40 devised their ingenious method for demon-
strating fetal cells in maternal blood by the acid elution 
technique. Subsequent studies by Cohen, Zuelzer, and 
associates41 and others showed that moderate and 
repeated fetal bleeds were not at all rare. A mechanism 
for depriving the fetus of hemoglobin iron without neces-
sarily causing overt anemia at birth but capable of 
explaining the later development of iron defi ciency in the 
absence of further blood loss seemed to offer a simpler 
solution than the tortuous hypothesis of “iron defi ciency 
without depletion.” The modern age had arrived.

Their semantic diffi culties did not keep the earlier 
pediatricians from devising eminently practical methods 
of treatment, as exemplifi ed by the story of pediatric 
transfusion therapy. The technical problems of transfus-
ing infants were overcome in various ways. In 1915, 
Helmholz of the Mayo Clinic advocated the use of the 
superior sagittal sinus, and in 1925 Hart of the Sick 

Children’s Hospital of Toronto used this route for the 
fi rst exchange transfusion ever given for “icterus gravis.”42 
Though his patient recovered, exchange transfusion was 
not again used for this indication until Wallerstein revived 
it in 1946 on the grounds that “the removal of most of 
the Rh-positive cells and of the circulating antibody 
shortly after birth prevents the incidence of the more 
severe pathological and physiological changes.” Waller-
stein,43 then Director of the Erythroblastosis Fetalis 
Clinic of the Jewish Memorial Hospital in New York, had 
used the sagittal sinus for most of his cases, but stated 
that “the umbilical vessels should be an excellent route 
for both the withdrawal and replacement procedures,” 
with the strange proviso that they could be used “only if 
the decision to perform the substitution is made before 
birth.  .  .  .” J. B. Sidbury,44 a pediatrician at the Babies’ 
Hospital in Wrightsville, North Carolina, in a little-
noticed report had described a simple transfusion via the 
umbilical vein in the case of a bleeding newborn in 1923. 
It was Diamond45 who later established the umbilical 
route as the safest and simplest for exchange transfusion 
in hemolytic disease and who, with Allen and Vaughan,46 
was the fi rst to recognize that the prevention of kernic-
terus was the main rationale of the procedure. It is inter-
esting to recall that exsanguination transfusion through 
the fontanelle or the femoral vein was used on a large 
scale at the Sick Children’s Hospital in Toronto for the 
treatment of burns, erysipelas, and other conditions 
since 1921. This procedure was introduced by Bruce 
Robertson, who in 1916 during the campaign in France 
had observed two soldiers recover from severe carbon 
monoxide poisoning after venesections followed by trans-
fusions. By March of 1924, when Robertson was already 
dead, 501 exsanguination transfusions had been per-
formed at the Sick Children’s Hospital.47

In the late 1950s there was a small fl urry of papers 
reporting successful transfusions by the intraperitoneal 
route. This subject had been thoroughly explored in two 
studies, one experimental,48 the other clinical,49 in 1923 
by a young pediatric resident in Minneapolis, David 
Siperstein, whose concise and accurate summary read as 
follows: “1. The intraperitoneal transfusion of citrated 
blood is a therapeutic procedure of possible merit. 2. It 
can apparently be utilized in cases in which transfusion 
is indicated, when other routes are unavailable.” The 
author documented the effective reabsorption of the 
transfused cells not only with serial red counts and hemo-
globin determinations but also with photomicrographs 
showing the dual population of hypochromic recipient 
and normochromic donor cells. In his review of the lit-
erature, he found that intraperitoneal transfusion was 
fi rst used by Ponfi ck of Berlin in 1875, and that Hayem 
in 1884 had performed ingenious experiments involving 
cross transfusions of dog and rabbit blood in order to 
prove absorption from the peritoneal cavity. Although 
technical progress has since made the procedure obso-
lete, Siperstein’s work deserves to be rescued from obliv-
ion, if only to show that there is nothing new under the 
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sun. He recognized a potential need, defi ned the problem, 
and solved it with an enviable economy of means (and 
words).

Passing mention should also be made of the use of 
bone marrow transfusions as a means of side-stepping 
technical diffi culties in transfusing infants, especially for 
the general pediatrician with little practice in “needle-
work.” The method had its day in England and particu-
larly in Denmark, where Heinild50 in 1947 described the 
experience of 4 years, during which 686 blood transfu-
sions were given via the bone marrow without a single 
mishap. He stated that the risk of osteomyelitis was 
limited to patients receiving continuous infusions. One 
hesitates to argue with success and realizes that, in places 
and under conditions in which the required skills or sup-
plies are lacking, it is better to apply unorthodox methods 
than to let a baby die for lack of blood.

A less desirable development that took place in the 
late 1920s and continued until the early 1940s was the 
practice of giving newborn infants intramuscular injec-
tions of adult blood as a prophylactic measure against 
hemorrhagic disease of the newborn. During those years, 
according to recollections provided by James L. Wilson, 
who for many years was Dr. Blackfan’s right arm at The 
Children’s Hospital in Boston, hemorrhagic disease was 
becoming so great a problem that this practice seemed 
justifi ed. The blood was given without typing or cross-
matching, and the procedure undoubtedly was responsi-
ble for a signifi cant number of sensitizations against the 
Rh factor that did not come to light until these infants 
had grown up (and the Rh factor had meanwhile been 
discovered). The subsequent decline in hemorrhagic 
disease of the newborn coincided with both the introduc-
tion of vitamin K and a signifi cant improvement in 
obstetric practices. Since the condition has now become 
rare and its defi nition was always vague and without clear 
distinction between traumatic hemorrhages and those 
primarily attributable to a coagulation diffi culty, the 
mystery of its upsurge and the reasons for its virtual dis-
appearance have never become quite clear.

If pediatricians proved resourceful in the matter of 
blood transfusions, it must be said that they showed little 
innovative spirit in certain other respects. It is a curious 
fact that the study of the bone marrow in children was 
neglected, especially in the United States, long after its 
usefulness had been amply demonstrated in adults. Thus 
Cooley, for example, never looked at anything but the 
peripheral blood, and Blackfan and Diamond’s otherwise 
exhaustive Atlas of 1944 appeared without a single illus-
tration of bone marrow. This writer remembers visiting a 
major pediatric center on the East Coast about 1946 and 
being shown half a dozen patients on the wards suspected 
of having leukemia and awaiting surgical biopsies—to be 
performed when and if they stopped bleeding. His own 
interest in the cytology of the bone marrow, which led to 
the recognition of megaloblastic anemia of infancy and 
its reversal by folic acid,51 had been stimulated by many 
“curb-stone” discussions with Lawrence Berman, a 

student of Downey and himself an outstanding mor-
phologist. It should be noted that Amato of Naples, 
Italy,52 gave an excellent description of infantile megalo-
blastic anemia independently in the same year as Zuelzer 
and Ogden,51 though he did not have folic acid at his 
disposal and concluded from the response to potent liver 
extract that he was dealing with true pernicious anemia 
or at least with a temporary defi ciency of intrinsic factor. 
An even earlier report by Veeneklaas of Holland53 had the 
misfortune of being prevented from reaching readers 
abroad because of World War II.

This is the place to pay tribute to the memory of 
Katsuji Kato, pupil and associate of Downey, a superb 
morphologist and illustrator, who was the fi rst student of 
the infantile bone marrow in the United States. In 1937, 
Kato54 published a defi nitive study based on bone marrow 
aspirations in 51 normal infants and children. He com-
mented on the lymphocytosis in the younger subjects and 
gave the myeloid-erythroid ratios for the various ages. He 
also illustrated the diagnostic value of the procedure by 
citing a case of leukemia and one of Niemann-Pick 
disease. Kato was on the staff of Bobs Roberts Memorial 
Hospital in Chicago and often made the long trek to the 
North Side to participate in Dr. Brennemann’s grand 
rounds at the Children’s Memorial Hospital. One remem-
bers him, a jolly, round-faced, smiling fi gure reminiscent 
of the Hotei-Sama statuettes of his native Japan, a rapid 
speaker with an atrocious accent but interesting ideas, 
showing off his delicate colored drawings with as much 
aesthetic pleasure as scientifi c pride and at the same time 
implying by his self-deprecating manner that it was all 
quite simple and hardly worth the honorable listener’s 
attention. World War II put an end to his career. He 
returned to Japan and was lost from sight.

Perhaps it was Kato’s unfortunate choice of the 
sternum as the site for diagnostic punctures, making the 
procedure unnecessarily diffi cult and unpleasant in pedi-
atric practice, that kept others from emulating him. 
American authors virtually ignored Kato’s work, except 
for the enterprising Peter Vogel at Mount Sinai Hospital 
in New York, whose study with Frank Bassen55 in 1939 
covered 113 examples of diverse conditions, including 
leukemia, Gaucher’s disease, and metastatic neuroblas-
toma, illustrated with excellent photomicrographs. In 
Europe, and especially in Switzerland under the infl u-
ence of Rohr and Moeschlin, pediatric hematologists 
were more curious. Zürich, where Naegeli had created a 
strong tradition, had already become a mecca of Conti-
nental hematology. Writing in 1937, Guido Fanconi56 
declared: “The painstaking exploration of every case [of 
unexplained anemia] with old and new methods, which 
include bone marrow puncture, handled at the Zürich 
[Children’s] Clinic with consummate skill by my 
Oberarzt, Dozent Willi, promises to uncover new, sharply 
defi ned entities.” In the short span between 1935 and 
1938, H. Willi57 published four excellent studies on the 
bone marrow in thrombocytopenic purpura, leukemia, 
and various anemias of childhood. Fanconi had the sat-
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isfaction of seeing his prophecy fulfi lled, in part by his 
next Oberarzt, Conrad Gasser. In addition to megalo-
blastic anemia of infancy, a whole series of conditions 
came to light or were clarifi ed by bone marrow studies, 
among them the acute erythroblastopenia described in 
1949 by Gasser58; chronic benign neutropenia, also 
studied by Gasser59 and later by Zuelzer and Bajoghli60; 
Kostmann’s infantile genetic agranulocytosis61; “myelo-
kathexis”62 or “ineffective granulopoiesis”63; and the 
aplastic and hypoplastic anemias.

Hematology occupied a special place among 
Fanconi’s far-fl ung interests, and in giving encourage-
ment and support to his associates—in this respect not 
unlike Blackfan—he contributed as much to progress in 
this fi eld as he had done earlier with the recognition of the 
anemia that bears his name.64 A tall, handsome man, 
every inch the professor yet gracious and outgoing, capable 
of charming an audience in six languages, a lively and 
eclectic spirit, Fanconi was a superb clinician and an 
excellent organizer to whom pediatric hematology owes 
much. With Fanconi one must rank his colleague in Bern, 
Glanzmann,65 whose report in 1918 on “hereditary hem-
orrhagic thrombasthenia” as a condition characterized by 
prolonged bleeding time and poor clot retraction in the 
presence of a normal platelet count opened the era of 
platelet function studies. Glanzmann postulated the exis-
tence of a platelet factor specifi cally involved in clot retrac-
tion. He contributed greatly to the knowledge of the 
various purpuras. The term “anaphylactoid purpura” 
stems from his studies66 and was based partly on clinical 
observations and similarities with human serum sickness 
and partly on his interpretation of Hayem’s fi ndings in 
dogs injected intravenously with bovine serum.

Conrad Gasser, one of the ablest and most produc-
tive pediatric hematologists in Europe, deserves more 
than passing mention in this narrative. Apart from his 
discovery of acute erythroblastopenia—known until then 
only from the report of Owren67 as a complication of 
congenital spherocytosis—and his study of chronic neu-
tropenia, he added greatly to our knowledge of hemolytic 
anemias in childhood. His monograph Die Hämolytischen 
Syndrome des Kindesalters,68 which appeared in 1951, 
ranks in quality if not in scope with Dacie’s well-known 
book. In 1948, in a paper with Grumbach,69 Gasser 
described spherocytosis as a feature of ABO hemolytic 
disease. In the same year he gave a detailed report of 
anemia with spontaneous Heinz body formation in a 
premature infant,70 a condition then unknown except for 
a brief note by Willi. In his book, and in subsequent 
publications, he added a large compilation of case mate-
rial, described the detailed morphologic picture of the 
abnormal red cells—which were identical with the “pyk-
nocytes” later observed in full-term infants by Tuffy, 
Brown, and Zuelzer,71 but which he called more graphi-
cally “ruptured eggshells”—and determined their inci-
dence in the blood of normal premature infants. He 
coined the term “hemolytic-uremic syndrome,” being 
among the fi rst to recognize that condition.

One reports with regret that so fruitful a career was 
disrupted by the exigencies of an academic system that, 
at the time at least, provided insuffi cient “room at the 
top” and effectively eliminated key people upon the 
retirement of their chief (unless they happened to be 
chosen to succeed him). Such a system was, and to a 
large extent still is, in force in Switzerland and elsewhere 
on the Continent. Fanconi’s retirement from the Kinder-
spital in Zürich almost automatically entailed that of his 
Oberarzt Gasser. The latter, a modest man with a quiet 
sense of humor and a gemütlich Alemannic tempera-
ment, maintained his interest in hematology, which came 
to include the treatment of childhood leukemia, but he 
did so as a practicing pediatrician in a private offi ce. 
Similar reasons prematurely ended the academic career 
of Sansone in Genoa, author of a book on favism and 
one of the most promising pediatric hematologists in 
Italy.

It is manifestly impossible in the allotted space to do 
justice to, or even name, all those who contributed to the 
evolution of pediatric hematology. Among European 
workers one would like to dwell on the achievements of 
Sir Leonard Parsons of Birmingham, England, the Grand 
Old Man of British pediatric hematology, founder of a 
veritable school that attracted students from many coun-
tries, including the United States. Parsons was an original 
thinker who refused to accept the confused semantics of 
childhood anemias and created his own system along 
pathophysiologic lines. He was the fi rst to recognize, in 
1933, the hemolytic nature of erythroblastosis fetalis and 
to defend that concept72 even against the authority of 
Castle and Minot. These men, along with Diamond, 
Blackfan and Baty, Josephs, and others, regarded eryth-
roblastosis fetalis as a defect of hematopoiesis in a class 
with Cooley’s anemia and other “erythroblastoses.” One 
would like to describe the achievements of Parson’s asso-
ciates, Hawksley and Lightwood; of Cathie, Gairdner, 
Walker, Hardisty, and so many other British colleagues 
of Lichtenstein in Sweden—an early student of the 
anemia of prematurity, which he was the fi rst to call 
physiologic and to separate from the later phase of iron 
defi ciency; of his compatriots Wallgren and Vahlquist; 
of Plum in Copenhagen, the discoverer of vitamin K 
and originator of the thesis of a temporary defi ciency 
of this substance as the cause of hemorrhagic disease of 
the newborn; of van Crefeld of Amsterdam, a pioneer 
in the study of coagulation factors in the newborn; of 
Betke, then in Tübingen, who with Kleihauer developed 
the acid elution technique for the demonstration of fetal 
hemoglobin in individual cells and who later, in Munich, 
made his department into a strong base of pediatric 
hematology; of Jonxis in Leyden, an imaginative investi-
gator, who among other things organized a comparative 
study of the incidence of sickling in Curaçao and Dutch 
Guiana (now Surinam) to test Allison’s hypothesis of the 
selective effect of malaria on two genetically similar 
populations exposed for centuries to different risks of the 
infection.



 Chapter 1 • Pediatric Hematology in Historical Perspective 11

To return closer to home, credit must be given to 
James M. Baty as a member, with Blackfan and Diamond, 
of the triumvirate at Children’s Hospital, Boston, that set 
the pattern for the development of pediatric hematology 
in the United States. Their collaborative effort resulted 
in, among other things, the recognition that hydrops 
fetalis, icterus gravis, and hemolytic anemia of the 
newborn, in spite of the differences in their clinical mani-
festations, were etiologically related conditions.73 This 
was truly a breakthrough in the understanding of hemo-
lytic disease. After Baty moved to the Floating Hospital 
and Blackfan died an untimely death, Diamond emerged 
as the American pediatric hematologist par excellence. His 
role cannot be described solely in terms of his publica-
tions, which are too numerous to be listed here. He 
became the mentor of a whole generation of pediatric 
hematologists who later held, and in most instances still 
hold, key positions in teaching institutions throughout 
the United States. Directly or indirectly we all owe him 
a debt of gratitude, even those of us who from time to 
time disagreed with some of his ideas. This writer vividly 
remembers his fi rst meeting with Dr. Diamond, when as 
a lowly intern in 1935 he consulted him in connection 
with a case of Cooley’s anemia, then an unheard-of rarity 
in the small New England hospital where he served. This 
writer made the pilgrimage to Children’s Hospital—
which under Blackfan was forbidden territory to those 
who were not graduates of Harvard, Yale, Columbia, or 
Johns Hopkins—with some trepidation. His fears were 
not allayed when he laid eyes on Dr. Diamond, rather 
fi erce-looking in a dark, Assyrian sort of way. But 
Diamond proved to be a gracious consultant, willing to 
discuss the case at hand without condescension or conceit 
with an insignifi cant beginner, to listen to the history and 
examine the blood fi lms, and above all to confi rm the 
beginner’s diagnosis. Over the years, hundreds of col-
leagues and young would-be hematologists came to 
appreciate “L.K.’s” kindness and unfailing courtesy. Of 
his numerous contributions one need mention here only 
the “Diamond-Blackfan” syndrome of hypoplastic 
anemia74; the studies on the nature, diagnostics, and 
treatment of hemolytic disease; and the Atlas, an out-
standing achievement for its day, which was his work 
rather than Blackfan’s. But perhaps even more important 
was the guidance and encouragement he provided for 
pediatric hematologists of the next generation, of whom—
at the risk of being selective—we can name here only a 
few: Fred (“Hal”) Allen, Park Gerald, Frank Oski, N. T. 
Shahidi, Victor Vaughan, and William Zinkham.

Less infl uential, though no less respected, was the 
late Carl Smith of New York. His book, Blood Diseases of 
Infancy and Childhood,75 was the fi rst of its kind in the 
United States and for many years served as the major 
reference work in the fi eld. Smith’s most important con-
tribution was the description of infectious lymphocytosis, 
an essentially asymptomatic condition associated with a 
blood picture reminiscent of that of whooping cough (or 
chronic lymphocytic leukemia), endemic and probably of 

viral origin. He took a great interest in thalassemia and 
established a model outpatient transfusion service at The 
New York Hospital. Carl Smith was a modest and gener-
ous man, always willing to praise and give credit, even 
when credit was not due. Through his untiring efforts, 
Cornell became one of the important centers of pediatric 
hematology on the East Coast.

The prime mover in the fi eld on the West Coast was 
Philip Sturgeon, who created the hematology service at 
the Children’s Hospital of Los Angeles. He emerged 
about 1950 as an independent investigator interested in 
the study of the infantile bone marrow. His research 
provided quantitative measurements, then badly needed,76 
and stimulated the diagnostic use of bone marrow aspira-
tion. A great traveller and sportsman in private life, 
Sturgeon combined in his work the elements of common 
sense and scientifi c curiosity, establishing the outstand-
ing hematology clinic that was later carried on by his 
successor, Dennis Hammond. In the midst of a produc-
tive career, Sturgeon surprised his friends and colleagues 
by retiring to Zermatt in Switzerland, but skiing and 
hiking even in the most glorious of landscapes was not 
enough to fi ll his existence, and after a few years he 
returned to his work, and California.

The fact that a major pediatric teaching institution 
in the United States (or in many European countries, for 
that matter) today is almost unthinkable without a pedi-
atric hematologist refl ects the infl uence of a few model 
institutions in the post–World War II era. We have noted 
the importance of a Diamond “school” of pediatric 
hematology. During this same critical era, the only other 
center of comparable importance was the Hematology 
Service at the Children’s Hospital of Michigan in Detroit, 
which this writer was privileged to direct, and which over 
a quarter of a century turned out well over 100 fellows, 
many of them today directing services of their own in the 
United States and abroad, among them Audrey Brown, 
Flossie Cohen, Eugene Kaplan, Sanford Leikin, Jeanne 
Lusher, and William A. Newton. The work of this group 
includes contributions to the knowledge of ABO hemo-
lytic disease, fetal-maternal hemorrhage, immune hemo-
lytic anemia, the hemoglobinopathies, purpura and other 
bleeding disorders, and the therapy of childhood leuke-
mia. The creation some time ago of a subspecialty board 
in pediatric hematology, whether or not it serves a practi-
cal purpose, is a sure indication that among Boston, 
Detroit, Los Angeles and San Francisco, New York, and 
more recently New Haven, Cincinnati and Syracuse, 
Minneapolis and Memphis, and Seattle and Houston, a 
suffi ciency of man- (and woman-) power exists to provide 
service, teaching, and research at a high level of excel-
lence today and in the future.

Throughout its history, pediatric hematology has 
benefi ted from the advances of adult hematology, and in 
fact some of its major achievements rest on contributions 
made by scientists in other fi elds (e.g., immunology, 
chemistry, genetics, and physiology). A striking example 
is the history of hemolytic disease of the newborn. In 
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1938, Ruth Darrow, a pathologist who had a deep per-
sonal interest in the subject, having experienced a series 
of stillbirths, refl ected on the pathogenesis of what was 
then called erythroblastosis fetalis.77 Assembling all of the 
then known facts, notably the sparing of the fi rst child, 
the involvement of all or most children born after the fi rst 
affl icted baby, and the range of clinical and hematologic 
manifestations, she discarded all the current theories and 
concluded that the disease could be explained only as the 
result of maternal sensitization to an as yet unknown fetal 
antigen—a splendid example of the value of intelligent 
speculation.

Within 3 years Darrow’s hypothesis was confi rmed, 
and the Rh factor, described in a brief communication 
by Landsteiner and Wiener78 in 1940, was identifi ed as 
the offending antigen. Wiener,79 and independently 
Levine,80 observed transfusion reactions after administra-
tion of ABO-compatible blood that could be attributed 
to Rh antibodies. It was Levine, observing such a reaction 
in a woman who had received no prior transfusions81 but 
had received blood from her husband after delivering a 
stillborn fetus, who recognized the relationship between 
the Rh factor and hemolytic disease of the newborn.82 
He showed that mothers of affected infants possessed 
antibodies that reacted with most random blood samples 
and with blood samples of their husbands and children 
but not with each other’s. Gentle, unassertive, and schol-
arly, Levine characteristically sought the opinions of 
those experienced in neonatal pathology before publish-
ing his revolutionary conclusion. This writer remembers 
Levine’s visit to his laboratory in Detroit in this connec-
tion, which took place sometime in 1941. Bubbling with 
excitement yet reluctant to overturn established dogma 
and aware that he was venturing into uncharted seas, 
Levine was visibly reassured when his attention was 
called to Ruth Darrow’s paper in the Archives of Pathol-
ogy. But the serologic evidence was conclusive in itself, 
and the paper Levine and his associates published the 
same year bore the title “The role of isoimmunization in 
the pathogenesis of erythroblastosis.” Levine had been an 
associate of Landsteiner at the Rockefeller Institute, but 
by this time he had withdrawn from that prestigious 
institution and was working at a hospital in Elizabeth, 
New Jersey, a modest, unpretentious man, content to 
pursue his research in any setting. When this writer fi rst 
knew him, he was a devoted paterfamilias, amateur 
pianist, and bridge player. After the death of his wife he 
moved to New York City and continued his work at the 
Sloan-Kettering Institute, where he remains active to this 
day. The scope and the fruitfulness of his investigations, 
which extend from fetal-maternal isoimmunization to the 
relationship between blood group and cancer antibodies, 
have made him one of the most creative scientists of our 
time.

The names of Levine and Alexander Wiener were 
antithetically linked for the generation that witnessed 
their ascent, largely because both had been associates of 
Landsteiner and both contributed enormously to the 

knowledge of immunohematology and of human genet-
ics, but above all because their views often clashed. This 
was confusing for the bystanders but in no way detracts 
from the achievements of each man. Wiener’s role in the 
technical and conceptual understanding of hemolytic 
disease, both Rh and ABO, cannot be underestimated, 
but his obsession with nomenclature, his tendency to pile 
hypothesis upon hypothesis, usually without bothering to 
inform the reader that he was discarding pieces from the 
bottom without toppling the edifi ce, and most of all his 
imperviousness to the needs of clinicians unfamiliar with 
the mysteries of blood group immunology isolated him 
from the mainstream of clinical investigation. Of Wiener’s 
enormous output—by 1954, when the theory of Rh iso-
immunization was essentially complete, he had published 
more than 333 papers, and a typical Wiener bibliography 
might contain 60 references by A. S. Wiener (with or 
without et al.)—the contributions relevant to pediatric 
and obstetric practice were above all those dealing with 
the “blocking” Rh antibodies,83 which he discovered and 
named “univalent,” recognizing that they alone could 
pass the placental barrier and cause disease in the fetus.84 
He was one of the pioneers of exchange transfusion85 and 
personally performed the procedure countless times at 
the Brooklyn Jewish Hospital, but his technique involving 
transection of the radial artery and the use of heparinized 
blood did not gain general acceptance. Less reticent to 
invade the domain of the clinician and the clinical pathol-
ogist than his rival Levine, he proposed ingenious but 
purely speculative theories of the pathophysiology of 
hemolytic disease that did not stand the test of time and 
tended to detract from his brilliant achievements in his 
proper fi eld of blood group immunology. Personally a 
likable, friendly, unassuming man, he was always in the 
thick of a battle in which he was his own worst enemy.

Rh hemolytic disease has become a rarity. Within the 
life span of one generation the condition was defi ned, its 
etiology and pathogenesis identifi ed, effective treatment 
devised, and a program of prophylaxis instituted that 
prevents maternal sensitization and has virtually elimi-
nated the disease. This crowning achievement rests on 
the work of two teams of investigators working indepen-
dently in Britain and the United States: Clarke and Finn 
in Liverpool,86 and Freda, Gorman, Pollack, and their 
associates in New York.87 Starting from different theoreti-
cal premises, both groups, by 1967, had demonstrated 
the effectiveness of passive isoimmunization of previously 
unsensitized mothers by means of a potent anti-Rh 
gamma globulin. The story of the conquest of hemolytic 
disease of the newborn is matched by few other chapters 
in the history of medicine.

The modern era of leukemia therapy begins in the 
1940s with the work of Sidney Farber,88 then pathologist 
at Children’s Hospital of Boston and the leading pediat-
ric pathologist in the United States and indeed the world, 
who in 1948 developed the concept of cancer chemo-
therapy. Farber had the good fortune of fi nding, in 
Subarov of Lederle Laboratories, a chemist able to give 



 Chapter 1 • Pediatric Hematology in Historical Perspective 13

him the “antifol” compounds he needed, but the idea of 
disrupting the growth of malignant cells with antimetab-
olites was his, and he pursued and promoted it with 
single-minded energy. It led him to the creation of the 
Children’s Cancer Research Foundation and to the orga-
nization of a vast program of clinical and fundamental 
research that in turn gave rise to the nationwide collab-
orative studies sponsored by the National Cancer Insti-
tute and to the efforts of countless institutions and 
individuals the world over. Although married to a charm-
ing woman of great artistic talent, and the father of gifted 
and lively children, Farber was a man of almost monastic 
dedication to his work, a magnifi cent hermit who spent 
day and night in his rather resplendent cell in the Jimmy 
Fund building planning new approaches, an indefatiga-
ble optimist who was convinced from the beginning that 
a cure for leukemia would come forth and who did much 
to bring it nearer.

It is a little known irony of fate that Farber’s concept 
of antimetabolite therapy evolved as the result of a 
faulty—or at least doubtful—observation, namely the 
impression that the administration of folic acid acceler-
ated the growth of leukemic cells in the bone marrow. 
This writer became privy to this information because it 
was he who, during a visit to Boston in 1946, showed his 
former chief slides of aspirated bone marrow from leu-
kemic children. Farber, hitherto strictly a “tissue patholo-
gist,” became very interested in the cytologic method and 
switched from surgical biopsies to needle aspirations. At 
that time folic acid had just become available, and in view 
of its striking effects on the bone marrow in megaloblas-
tic anemia, Farber decided to investigate its effects on 
leukemia. From sequential examinations he gained the—
probably erroneous—impression that the administration 
of folic acid per os led to more rapid growth of the leu-
kemic cell population. It seems unlikely that the differ-
ence, if any, between treated and untreated patients was 
real, given the pitfalls of quantitating the cellular ele-
ments of aspirated bone marrow, but correct or not, 
the observation gave rise to the idea of using folic 
acid antagonists, of which aminopterin was the fi rst, and 
the era of cancer chemotherapy had begun.

Shortly afterward, in 1949, new ground was broken 
in another fi eld. In that year, by coincidence, two papers 
bearing on the same subject from different angles 
appeared within a few months of each other; they were 
destined to revolutionize the study of what became known 
as the “hemoglobinopathies.” One was the report of 
Linus Pauling, Harvey Itano, and their co-workers89 
identifying sickle hemoglobin as a discrete protein sepa-
rable by electrophoresis from normal hemoglobin, and 
characterizing sickle cell anemia as a “molecular disease.” 
The other was James V. Neel’s study of the genetics of 
sickle cell anemia and the sickle trait, establishing the 
former as the homozygous and the latter as the hetero-
zygous state for the sickling gene.90 The fi ndings of the 
two reports meshed and became the fountainhead of a 
veritable fl ood of investigations leading to the discovery 

of other hemoglobinopathies and enormously widening 
the scope of human genetics. The next major achieve-
ment was Vernon Ingram’s demonstration, by means of 
the “fi ngerprinting” of hemoglobin fragments obtained 
by tryptic digestion, that sickle hemoglobin differs from 
normal adult hemoglobin (HbA) only in the replacement 
of a single amino acid among the more than 300 com-
ponents of the half-molecule, and his subsequent identi-
fi cation of the abnormality as the substitution of a valine 
for a glutamic acid residue.91,92 Since then, abnormalities 
in the amino acid sequence of the hemoglobin molecule 
(for the most part involving β chain mutations) have been 
found in hundreds of variants, and amino acid sequenc-
ing has become a basic tool of molecular genetics.

Following the identifi cation of point mutations affect-
ing the amino acid skeleton of globin molecules as the 
basis of sickling and other hemoglobinopathies, it seemed 
logical to search for similar structural anomalies of hemo-
globin in thalassemia and, when none were found, to 
postulate “silent” mutations (i.e., amino acid substitu-
tions that did not alter the electrophoretic behavior of the 
hemoglobin, but inhibited the rate of its synthesis).93 
While this hypothesis proved to be incorrect, it implied 
the valid assumption that, in analogy to the known struc-
tural mutants, the abnormality would be specifi c for 
either the α or β chain synthesis. This assumption was 
made explicit in 1959 by Ingram and Stretton,94 when 
they postulated two classes of thalassemia, α- and β-
thalassemias, corresponding to the α and β chain vari-
ants, respectively, of the hemoglobinopathies proper. This 
concept proved to be extraordinarily fruitful. It soon 
became apparent that the thalassemias constitute a highly 
heterogeneous group of disorders, and that these disor-
ders generally can be classifi ed as either α- or β-
thalassemias. Following the development of a method 
for separating α and β (as well as γ and δ) chains by 
Weatherall and co-workers,95 it became possible—by 
means of incorporating radioactive amino acids into 
the hemoglobin of reticulocytes in vitro—to determine 
the rate of synthesis of these chains directly and to iden-
tify α- and β-thalassemias as disorders of globin chain 
production of one or the other type. A new explosion of 
knowledge began with the demonstrations by Nienhuis 
and Anderson,96 and Benz and Forget97 of reduced β 
chain synthesis by β messenger RNA from β-thalassemic 
patients, measured in a cell-free heterologous system. 
The emphasis now shifted to the investigation of quanti-
tative and qualitative defects of mRNA. As additional 
new techniques became available—e.g., the use of DNA 
polymerase (reverse transcriptase) to make complemen-
tary DNA from mRNA templates, the mapping of DNA 
sequences by means of restriction endonucleases, and the 
cloning of DNA fragments—it was possible to identify 
coding, transcription, translation, and many other defects 
in the genetic machinery of both α- and β-thalassemic 
cells. This writer cannot trace the ramifi cations of this 
work, which is still ongoing and is discussed elsewhere in 
this book, nor would I presume to select the names of 
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the investigators from among the many—in the United 
States, Great Britain, Greece, Thailand, and many other 
countries—who deserve special recognition. Suffi ce it to 
say that the elucidation of the defects in the various forms 
of thalassemia constitutes one of the great triumphs of 
biomedical and genetic research. The hoped-for conquest 
of these disorders surely will come from the application 
of this knowledge.

In yet another fi eld, that of the enzymopathies, the 
red cell proved to be an almost inexhaustible source of 
information of equal interest to the hematologist and the 
geneticist. The point of departure was the 1956 report of 
Carson and associates98 of a defi ciency of glucose-6-
phosphate dehydrogenase (G-6-PD) in primaquine-
sensitive erythrocytes. Not only did this prove to be the 
explanation for the acute severe hemolytic anemia seen 
in certain adults who had received the antimalarial drug 
but, as shown within 2 years by Zinkham and Childs,99 
it also accounted for the then common hemolytic anemia 
associated with naphthalene poisoning in infants and 
young children (described in 1949 by this writer and 
Leonard Apt100), as well as for the previously mysterious 
hemolysis associated with favism, elucidated by Sansone 
in Genoa.101 Through the investigations of Kirkman and 
co-workers102 and those of Marks and associates,103 it was 
soon apparent that G-6-PD defi ciency is genetically as 
heterogeneous (and geographically as widespread) as are 
the thalassemias. Of special interest to the pediatric 
hematologist and to the neonatologist are the numerous 
reports of an association of G-6-PD defi ciency and neo-
natal hyperbilirubinemia in certain Mediterranean and 
African countries, as well as in China. In addition to the 
many mutants of G-6-PD, all under the control of genes 
located on the X chromosome, other defects of the 
pentose pathway inherited as autosomal recessives were 
found, but these proved to be rare and chiefl y of theoreti-
cal interest. Of greater importance for the understanding 
of the hereditary nonspherocytic hemolytic anemias was 
the discovery of a whole series of defects in the glycolytic 
pathway, beginning with pyruvate kinase defi ciency, by 
Tanaka and Valentine and their co-workers.104 Here too, 
an association with severe neonatal hyperbilirubinemia 
was observed. Here too, a high degree of genetic poly-
morphism soon became apparent. Today, when the well-
equipped pediatric hematology laboratory must be able 
to perform a whole range of red cell enzyme studies as a 
matter of course, it seems strange that less than a genera-
tion ago the entire fi eld of the enzymopathies was terra 
incognita.

The same can be said for several other areas of hema-
tology that are today considered essential, but that were 
hardly dreamed of a few decades ago. One example is 
cellular immunity. During much of this writer’s early 
career the thymus was a wholly mysterious organ, “status 
thymico-lymphaticus” was a widely accepted entity (and 
an indication for the ill-founded practice of “prophylac-
tic” irradiation), and the different classes and functions 
of lymphocytes, T and B cells, and helper, suppressor, 

and killer cells were unknown. Similarly, immunologic 
tolerance, self-recognition and graft-versus-host disease, 
the HLA system, and the importance of these observa-
tions for bone marrow transplantation (and transplanta-
tion in general) are now such well-established concepts 
that it is easy to forget how recently they were elaborated. 
Still another example involves the origin of the various 
lines of blood cells. The existence of a common ancestral 
cell in the bone marrow, which earlier generations of 
hematologists so heatedly debated for so many years, was 
not established until the 1960s, when morphologic argu-
ments suddenly became irrelevant in the face of Till and 
McCulloch’s105 demonstration of pluripotential colony-
forming cells, and the subsequent studies of these and 
many other workers elucidating the conditions of ampli-
fi cation and differentiation of these precursors. A com-
parable quantum jump occurred in the fi eld of blood 
coagulation. Only those who had to deal with the hor-
rendous problems of hemophiliacs in the days before 
cryoprecipitates and factor VIII (and IX) concentrates 
made replacement therapy and home care possible can 
truly appreciate the magnitude of this progress.

It cannot be our purpose here to give a complete 
overview of our subject. To do so would require a book 
of its own and duplicate much of the information con-
tained in the following chapters. From what has been said 
it is clear that pediatric hematology has come into its 
own. After a prolonged infancy beset by semantic and 
morphologic woes, it has moved out of the descriptive 
and empirical phase into an era of functional and physi-
ologic concepts well beyond the fondest dreams of the 
pioneers. In the process, it has again become part of the 
mainstream of hematology, yet preserved its identity and 
its impetus. It seems fi tting that this text, which repre-
sents the sum of current knowledge, should begin with 
an account of this evolution and a tribute to those who 
brought it about, the men and women who did the best 
they could with the tools available to them and on whose 
work the new generation is building.

ADDENDUM

Wolf Zeulzer’s history of pediatric hematology has graced 
the pages of this textbook since its inception, and the 
editors of this, the seventh edition, see no reason to alter 
it in any way. Zeulzer knew many of the individuals who 
began our fi eld, and he described them and their contri-
butions with consummate skill. Since Zeulzer’s exposi-
tion, Howard Pearson, who also knew many of the main 
actors, has provided a more up-to-date history from the 
perspective of an active clinical investigator and teacher 
of the discipline.106

However, neither Zeulzer nor Pearson were given 
enough space to describe the impact of the genetics revo-
lution of the 1960s and 1970s on all of pediatrics and 
particularly on pediatric hematology and oncology. The 
tools that made the enormous recent advances in our 
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fi eld possible were fashioned 40 years ago by basic sci-
entists and fi rst applied in globin genetics. Our burgeon-
ing fi eld has its present roots in the remarkable tumor 
virus program at Indiana University, where Luria, 
Dulbecco, and students such as Watson and Temin probed 
the human genome. The discovery of reverse transcrip-
tase by Temin and Baltimore and of restriction enzymes 
by Nathans and Smith gave clinical investigators their 
fi rst ability to attack the globin genes, discover the molec-
ular basis of the disorders of hemoglobin, and develop 
prenatal diagnostics that could reduce disease incidence. 
Shortly thereafter and particularly after the discovery of 
polymerase chain reaction by Kary Mullis in the mid-
1980s, the mysteries of the leukemias and the sarcomas 
began to be resolved and the complexities of the coagu-
lopathies and disorders of immunity clarifi ed. Pediatric 
hematology/oncology is now a discipline in full spate. 
However, its depth measurements have largely been made 
possible by basic molecular genetics laboratories.

All of this discovery and application through the 
science of clinical trial and outcome analysis has been of 
huge benefi t to pediatrics and to patients and families, 
but the rate of change in our fi eld has necessitated a 
marked alteration in our approach to training. In Pear-
son’s history, attention is paid to the development of 
clinical board examinations, which are new creations of 
the past 25 years, but training programs that have as their 
primary goal achievement of a passing score on a long 
quiz make very little contribution to the growth and 
development of pediatric hematology and oncology. The 
real task is to create a clinically strong physician who has 
equally strong skills in biology, epidemiology, behavioral 
science, or biostatistics. These multiple demands strain 
trainees and trainers alike. The stress on trainees has been 
the subject of in-depth analysis by the National Institutes 
of Health (NIH), the agency most responsible for bio-
medical research training in the United States.107 Although 
the NIH has made inroads on the problem,108 the fact 
remains that the length of time necessary to train a fully 
qualifi ed pediatric hematologist/oncologist who can make 
an intellectual contribution to the fi eld is dauntingly 
long, and the training can never stop because the biologic 
rules of the road are ever changing. As Pearson empha-
sizes the complexity forces specialists to become sub-
specialists and even sub-sub-specialists.

All this growth of knowledge demands that pediatric 
hematologists/oncologists learn to work in teams and 
value each others’ contributions. Training programs must 
instill a cooperative attitude while still retaining that nec-
essary drive on the part of investigators and full-time 
clinicians to be considered the very best in their fi elds. 
That competitive spirit drives any intellectual effort, but 
it must be tempered with the realization that the skills of 
others may be sorely needed in the clinic or in wet and 
dry laboratories.

Zeulzer and Pearson give us reason to be very proud 
of the history of pediatric hematology and oncology. This 
textbook is written to help others to contribute to that 

fascinating history. The editors take satisfaction from 
knowing that some of the readers of this edition will do 
exactly that.
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THE NEONATAL ERYTHROCYTE

At no other time in the life of a patient is the physician 
confronted with as many diagnostic considerations in the 
interpretation of apparent disturbances in the erythrocyte 
as during the neonatal period.

The erythrocytes produced by the human fetus are 
fundamentally different from those produced by older 
infants and children. These cells possess different mem-
brane properties, different hemoglobins, a unique meta-
bolic profi le, and a much shorter red cell life span. In a 
variety of pathologic conditions, erythrocytes bearing 
some of the properties of fetal erythrocytes again appear 
in the circulation. A better understanding of the factors 
that regulate fetal erythropoiesis and a precise defi nition 
of the fetal erythrocyte may eventually result in the devel-
opment of a unifying hypothesis that explains these 
acquired disorders of erythropoiesis. Interpretation of 
hematologic abnormalities in neonates is confounded by 
the interactions of genetics, acquired disease in the 
neonate, and maternal factors with the gestationally 
related peculiarities of the fetal erythrocyte.

Development of Erythropoiesis

Hematopoiesis in the embryo and fetus can be divided 
into three periods conceptually: mesoblastic, hepatic, and 
myeloid (see also Chapter 6).1-3 All blood cells are derived 
from embryonic connective tissue—the mesenchyme—
and blood formation can fi rst be detected by the 14th 
day of gestation. Isolated foci of erythropoiesis can be 
observed throughout the extraembryonic mesoblastic 
tissue in the area vasculosa of the yolk sac at 3 to 4 weeks 
after conception. Blood islands in the yolk sac differenti-
ate in two directions. Peripheral cells in the islands form 
the walls of the fi rst blood vessels, whereas the centrally 
located cells become the primitive blood cells, or hema-
tocytoblasts.4,5 The hemangioblast has been shown to be 
a common precursor for both blood and endothelial 
cells.6,7 This three-stage migration of hematopoietic pre-
cursors from an initial vascular-mesoblastic area to a 
defi nitive erythropoietic organ via an intermediate stage 
seems to be conserved ontogenically, even between 
mammals and zebra fi sh.8

The fi rst blood cells produced by the embryo belong 
to the red cell series. Two distinct generations of erythro-
cytes can be observed in the developing embryo. Red cells 
arise as a result of either primitive megaloblastic erythro-
poiesis or defi nitive normoblastic erythropoiesis. Both 
megaloblasts and normoblasts apparently derive from 
similar-appearing hematocytoblasts and develop through 
roughly similar but morphologically distinct series of 
erythroblasts. In the very early embryo, red cells arise 
from primitive erythroblasts. These cells were termed 
“megaloblasts” by Ehrlich because of their resemblance 
to the erythroid precursors found in patients with perni-
cious anemia.9 Megaloblasts are large cells with abundant 
polychromatophilic cytoplasm, and they possess a nucleus 

in which fi ne chromatin is widely dispersed. Megaloblasts 
give rise to large, irregularly shaped, somewhat hypochro-
mic erythrocytes that can be seen in circulating blood 4 
to 5 weeks after conception. The primitive erythroblasts 
arise primarily from intravascular sites; as development 
continues, these cells are gradually replaced by smaller 
cells of the defi nitive or normoblastic series.

Normoblastic erythropoiesis begins at about the 6th 
gestational week, and enucleated macrocytes enter the 
circulation by the 8th week; by the 10th week of develop-
ment, normoblastic erythropoiesis accounts for more 
than 90% of the circulating erythrocytic cells. Maturation 
of normoblastic erythroid cells resembles that seen in 
postnatal life, and these cells give rise to enucleated 
erythrocytes and are primarily extravascular.

By about the fi fth to sixth week of gestation, blood 
formation begins in the liver. In the period between the 
5th and 10th weeks, the liver undergoes a substantial 
increase in size, with an associated increase in the total 
nucleated cell count from 2.3 × 106 to 1.7 × 108 cells.10 
The fetal liver appears to be a site of pure erythropoiesis, 
and during the third to fi fth months of gestation, ery-
throid precursors represent approximately 50% of the 
total nucleated cells of this organ.11 Migration of pluripo-
tent cells and early progenitors via the bloodstream is 
probably responsible for the transition from yolk sac to 
liver.10 However, more recently it has been proposed that 
circulating stem cells and progenitors do not derive from 
the yolk sac but from an intraembryonic site, the so-
called aorta-gonad-mesonephros (AGM) region.12,13 This 
is supported by the fact that stem cells derived from the 
yolk sac can produce transient primitive hematopoiesis 
but cannot reconstitute defi nitive hematopoiesis14,15 
(Fig. 2-1).

The liver is the chief organ of hematopoiesis from 
the third to the sixth fetal month and continues to 
produce formed elements into the fi rst postnatal week 
(Fig. 2-2). During the third fetal month, hematopoiesis 
can also be detected in the spleen and thymus and, 
shortly afterward, in the lymph nodes. Blood cell forma-
tion can still be observed in the spleen during the fi rst 
week of postnatal life.

Fukuda used electron microscopy to examine the 
characteristics of hepatic hematopoiesis in 26 human 
embryos and fetuses from 26 days after conception to 30 
weeks of gestation.16 The development of hepatic hema-
topoiesis appeared to correlate closely with histologic 
development of the liver. In the earliest stages of hepatic 
hematopoiesis, undifferentiated mononuclear cells, pre-
sumably stem cells, were present in the intercellular 
spaces of hepatocytes. With maturation of the fetus, the 
number of erythroid cells in the hepatic parenchyma 
increased, and stem cells diminished in number and 
eventually disappeared. These stem cells were exclusively 
observed in the extravascular spaces and were thought to 
derive from the septum transversum.

Erythropoietic progenitors from the livers of fetuses 
studied between 13 and 23 weeks of gestation appear to 
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be more sensitive to humoral stimuli—colony-forming 
units–erythrocyte (CFU-E) for erythropoietin (EPO) 
and burst-forming units–erythrocyte (BFU-E) for burst-
promoting activity—than progenitors from adult bone 
marrow do.17 Large numbers of multipotent and com-
mitted (erythroid and granulocytic-monocytic) progeni-
tor cells have been found in blood obtained by fetoscopy 
at 12 to 19 weeks of gestation.12,18 These fetal progenitor 
cells are more sensitive than adult progenitor cells grown 
under the same conditions to appropriate stimuli, pre-
sumably as a consequence of intrinsic differences in the 
progenitor cells of fetal origin.19,20 Functional and genetic 
differences between fetal and adult stem cells indicate 
that the hematopoietic stem cell is not an invariable cell 
type.21

The myeloid period of hematopoiesis commences 
during the fourth to fi fth fetal month and becomes quan-
titatively important by the sixth fetal month. During the 
last 3 months of gestation, the bone marrow is the chief 
site of blood cell formation. Marrow cellularity becomes 
maximal at about the 30th gestational week, although the 
volume of marrow occupied by hematopoietic tissue con-
tinues to increase until term.21 A summary of the time of 

fi rst appearance of the different blood cells in the various 
fetal hematopoietic organs, based on the observations of 
Kelemen and associates from an analysis of 190 fetuses 
and embryos, is provided in Table 2-1.22

Cord blood is rich in bone marrow progenitor 
cells and contains multipotential cell lines: granulo -
cyte-erythroid-monocyte-macrophage (CFU-GEMM), 
erythroid (BFU-E), and granulocyte-macrophage (CFU-
GM).23 The frequency of circulating CFU-GM from the 
23rd week of gestation to full term is consistently high and 
provides evidence that CFU-GM is produced in the yolk 
sac, as well as at other hematopoietic sites.24 The fre-
quency of BFU-E is highest at midgestation, with values 
being 3-fold greater than those for cord blood and 10-fold 
greater than those for adult bone marrow.25 CD34+ circu-
lating progenitors also peak at the second trimester and 
fall thereafter, with an inverse relationship with gesta-
tional age noted between 24 and 40 weeks.26,27 Table 2-2 
shows a comparison of circulating hematopoietic progeni-
tors at different gestational ages.18

The in vitro behavior of progenitor cells obtained 
from umbilical cord blood is substantially different from 
that of progenitor cells in the bone marrow of adults. In 
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FIGURE 2-1. Establishment of defi nitive hematopoietic stem cell (HSC) pools in mouse and human embryos. A, Hematopoietic development 
starts as specifi cation of primitive streak mesoderm (yellow) into hematopoietic and vascular fates. Nascent HSCs undergo a maturation process 
(blue) that allows them to engraft, survive, and self-renew in future hematopoietic niches. Subsequently, fetal HSCs expand rapidly, after which a 
steady state is established in which HSCs reside in a relatively quiescent state in the bone marrow. B, Ages at which mouse and human hemato-
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adult-type HSCs. Broken orange bars for the yolk sac and placenta indicate that de novo HSC genesis has not been experimentally proven. AGM, 
aorta-gonad-mesonephros. (Redrawn from Mikkola HKA, Orkin SH. The journey of developing hematopoietic stem cells. Development. 2006;
133:3733-3744.)
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FIGURE 2-2. A, Hematopoietic sites and develop-
ment of different globin chains during fetal life and 
early infancy. B, Globin gene switching in the human 
β-globin gene cluster. Some of the postulated interac-
tions at each developmental stage of the human are 
indicated. Arcs ending in oblique lines are meant to 
depict competitive interactions. In the fetal liver stage, 
interaction of the β-globin genes with the locus control 
region (LCR) prevents β-globin expression despite the 
presence of EKLF, a β-globin gene–specifi c activator. 
In adult bone marrow erythroid cells, interaction of the 
β-globin gene with the LCR may facilitate shutoff of the 
β-globin gene (as indicated by ?). Though not estab-
lished, EKLF is shown bound to the β-globin promoter 
at the fetal stage to emphasize that transcription of β-
globin genes prevails even in its presence. The status of 
the stage-selector protein (SSP) complex, as well as the 
postulated embryonic/fetal-specifi c subunit in adult 
cells, is unknown (as shown at the bottom). It is likely 
that SSP is present at the yolk sac stage. If such is 
the case, interactions between the β-globin gene and 
the LCR presumably are dominant for β-globin 
expression. (A, After Knoll W, Pingel E. Der Gang 
der Erythropoese beim menschlichen Embryo. Acta Haema-
tol. 1949;2:369-380, with permission of Karger, Basel; 
and Huehns ER, Dance N, Beaven GH, et al. Human 
embryonic hemoglobins. Symp Quant Biol. 1964;29:
327-331. B, Redrawn from Orkin SH. Regulation of globin 
gene expression in erythroid cells. Eur J Biochem. 
1995;231:271-281.)

TABLE 2-1  First Appearance of Different Blood Cell Types in Hematopoietic Organs and in Circulating Blood, 
Given by Fertilization Age in Weeks

From Kelemen E, Calvo W, Filedner TM. Atlas of Human Hemopoietic Development. Berlin, Springer-Verlag, 1979.
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contrast to adult progenitors, which require the presence 
of multiple growth factors, fetal progenitors can mature 
in vitro with no growth factors present or with the addi-
tion of only one. Recombinant human erythropoietin 
(r-HuEPO),28,29 interleukin-6,30 interleukin-9,31 and 
interleukin-1132 are active as single agents in fetal but not 
adult progenitors. It has been shown that in vitro cultures 
of CD34+ fetal hematopoietic progenitors produce hema-
topoietic factors such as granulocyte-macrophage colony-
stimulating factor (GM-CSF) and interleukin-3, which 
can sustain their growth factor–independent prolifera-
tion.33 Exit from the G0/G1 phase of the cell cycle in 
response to stem cell factor is also accelerated in umbili-
cal cord blood CD34+ cells.34

Adult hematopoietic stem cells are mostly quiescent, 
whereas fetal ones cycle at a higher rate.35 An intrinsically 
regulated master switch takes place 3 to 4 weeks after 
birth (in mice) and facilitates the change from “fetal” to 
the “adult” type of hematopoietic stem cells.36-38

The number of hematopoietic progenitors in cord 
blood is in the range of the requirements for successful 
engraftment by bone marrow cells.23 Although the average 
cord blood collection contains only 14% of the nucleated 
cells present in an autologous bone marrow collection, it 
contains 91.6% of the CFU-GM colonies, 24% of the 
CFU-GEMM colonies, and 29% of the BFU-E colo-
nies.23 Studies of long-term culture–initiating cells have 
indicated that the number of putative stem cells in cord 
blood is comparable to that of allogeneic bone marrow 
or peripheral stem cell collections.39

Human umbilical cord blood has been used success-
fully for hematopoietic reconstitution in patients with 
Fanconi’s anemia,40 aplastic anemia, X-linked lympho-
proliferative disease, sickle cell anemia, leukemia, immune 
defi ciency, genetic and metabolic diseases (e.g., Hunter’s 
syndrome),41,42 and severe hemoglobin E–β-thalassemia 
disease.43-46 For recent reviews, see Ballen and Symthe 
and colleagues.47,48 The clinical use of umbilical cord 
blood may be expanded based on evidence of the pres-
ence of vascular/endothelial progenitor cells.49

After birth, the amount of marrow tissue continues 
to grow, with no apparent increase in cellular concentra-
tion. The only way for an infant to increase cell produc-
tion is to effect a more rapid turnover of cells or to 

increase the volume of hematopoietic tissue. This increase 
in tissue produces the marrow expansion that is most 
readily observed in the calvaria.

An increasing role for EPO is observed during the 
hepatic and myeloid phases of erythropoiesis. EPO is 
detectable in the cord blood of nonanemic premature 
infants in quantities that are comparable to or greater 
than those in the blood of normal adults.50 Fetal eryth-
ropoiesis is only partially infl uenced by maternal factors 
and is primarily under control of the fetus. In the mouse, 
suppression of maternal erythropoiesis by hypertransfu-
sion does not suppress fetal erythropoiesis,51 nor does 
stimulation of maternal EPO production result in stimu-
lation of fetal red cell production; these fi ndings indicate 
that EPO is incapable of crossing the placenta.52 The 
exact site of EPO production in the fetus is unknown, 
but the liver is a probable candidate. In other animal 
species, nephrectomy of the fetus does not infl uence EPO 
production or the erythropoietic response to stress such 
as bleeding.53

The development of hematopoiesis is controlled by 
the effect of growth factors on cell proliferation and acti-
vation of lineage-specifi c genes by transcription factors 
(nuclear regulators).2,54 Some genes, such as Scl/Tal1 
(stem cell leukemia protein) and Klf6, are crucial for the 
embryonal development of both endothelial and hema-
topoietic cells.55-57 The divergence of hematopoietic stem 
cells from their hemangioblastic precursor is accompa-
nied fi rst by the expression of CD41 (GBIIb, a mega-
karyocytic/platelet marker in adult hematopoiesis) and 
c-kit and then by the panhematopoietic marker CD45.58 
Some other genes, such as Notch1, and growth factors, 
such as hepatocyte growth factor (HGF) and bone mor-
phogenic protein (BMP), are essential for early hemato-
poietic development but may not be required for defi nitive 
hematopoiesis.59-63 Others, such as Runx1, AML1/EVI1, 
and other members of the AML1-CBFβ transcription 
factor complex, and genes crucial for the erythropoietic 
microenvironment, such as paladin, are essential for the 
establishment of defi nitive erythropoiesis.64-66

For each cell lineage, cell-specifi c transcription 
depends on critical DNA-binding motifs in promoters or 
enhancers. Differentiation in the erythroid series depends 
on the presence of GATA- and AP-1/NFE2-binding 

TABLE 2-2 Hematopoietic Progenitors Circulating in Fetal Blood

From Campagnoli C, Fisk NM, Overton T, et al. Circulating hematopoietic progenitor cells in fi rst trimester fetal blood. Blood. 2000;95:1967-1972.
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proteins, as well as the transcription factors TAL1/SCL, 
EKLF, RBTN2, GATA-1, and GATA-2.54,67-70

A GATA1 mutation has been shown to be responsible 
for a form of familial dyserythropoietic anemia and 
thrombocytopenia.71 Other mutations have been described 
in newborns with Down syndrome and in a case of con-
genital erythropoietic porphyria.72,73

STAT5 is a latent cytoplasmic transcription factor, 
which after activation of the EPO receptor, binds to 
phosphorylated tyrosines on the receptor and itself 
becomes tyrosine-phosphorylated.74,75 This process 
results in STAT5 dimerization and translocation to the 
nucleus, where it initiates transcription of target genes. 
STAT5 is critical during fetal erythropoiesis.75 Mice 
mutant for both isoforms of STAT5 (STAT5A and 
STAT5B) show a profound alteration in fetal (defi nitive) 
erythropoiesis.76 Fetal liver cells give rise to fewer ery-
throid colonies, and a marked increase in apoptosis is 
seen in vitro. 76 The fetal anemia of STAT5a−/−5b−/− mice 
seems to resolve in 50% of adults, but adult mice are 
defi cient in generating high erythropoietic rates in 
response to stress.77 STAT5a−/−5b−/− hematopoietic tissue 
shows a dramatic increase in early erythroblast numbers, 
but these cells fail to progress in differentiation.77 The 
effects seen in the STAT5a−/−5b−/− mice are mostly medi-
ated by decreased expression of bcl-xL, which is a crucial 
determinant of early erythroblast survival and plays a 
major role in fetal erythroid development and response 
to stress.78 Thus, both STAT5 and bcl-xL seem to be 
crucial not only for fetal hematopoietic development but 
also for response to erythropoietic stress in adulthood.

Erythroid progenitors found in the liver, bone 
marrow, or peripheral blood of the fetus appear to 
produce identical quantities of fetal hemoglobin (HbF).79 
Fetal erythropoiesis results in the orderly evolution of a 
series of different hemoglobins. Developmentally, there 
is embryonic, fetal, and adult hemoglobin (Table 2-3). 
Globin genes are arranged in order of expression in the 
α- and β-globin clusters and are selectively activated and 
silenced at the various stages of erythroid development. 
Distal, cis-regulatory elements in the β-globin–like cluster 
are contained in the locus control region (LCR), which 
consists of four hypersensitivity sites80; additional cis-

regulatory downstream core elements (DCEs) have also 
been described.81 Figure 2-1 presents some of the postu-
lated interactions involved in gene switching for the 
human β-globin gene cluster.

The fi rst globin chains to be produced are the ε 
chains, which appear to be similar to β chains in certain 
aspects of their structural sequences.82 Before other 
chains begin to form, these unpaired globin chains may 
form tetramers (ε4) that result in the presence of hemo-
globin Gower-1 (Hb Gower-1). Almost immediately 
thereafter, α- and ζ-chain production begins, and Hb 
Gower-2 (α2ε2) and Hb Portland (ζ2γ2) are formed. Early 
γ-chain formation also results in the presence of HbF 
(α2γ2). By the time that the fetus has a crown-rump 
length of about 16 mm (about 37 days of gestation), Hb 
Gower-1 and Gower-2 constitute 42% and 24% of the 
total hemoglobin, respectively, with HbF accounting for 
the remainder.83 At a crown-rump length of about 30 mm, 
HbF represents 50% of the total hemoglobin, and at a 
length of 50 mm it is responsible for more than 90% of 
the hemoglobin. Very small quantities of HbA begin to 
be found at 6 to 8 weeks of gestation.

Although Hb Portland may constitute as much as 
20% of the hemoglobin at 10 weeks of gestation, only 
trace amounts are normally present at birth. The ζ chain 
is quite similar to the α chain in its amino acid sequences.84 
Studies of steady-state liver messenger ribonucleic acid 
(mRNA) globin levels in human embryos (gestational 
age, 10 to 25 weeks) indicate that levels of globin proteins 
are regulated by the relative amount of each globin 
mRNA.85 Studies on the physiologic properties of embry-
onal hemoglobin will be facilitated by their recent expres-
sion in a transgenic mouse model.86

The absolute rate of synthesis of hemoglobin or for-
mation of red cells during fetal life is diffi cult to estimate 
because neither the absolute increase in circulating hemo-
globin or red cells nor the absolute rate of destruction is 
known. The absolute rate of production of red cells at 
birth, however, can be estimated fairly well. A value of 
2.5% to 3.0% per day of the circulating red cell mass, or 
about 4.5 mL/day in a 3.5-kg infant, can be calculated 
by determining the relative number of circulating reticu-
locytes and the in vitro mean life span of reticulocytes 
obtained from cord blood.87 A very similar fi gure was 
obtained by analysis of the distribution kinetics of radio-
iron in plasma and red cells (Fig. 2-3).88

The intrinsic stability of embryonic, fetal, and 
adult hemoglobin differs by 3 orders of magnitude, with 
subunit interface strength increasing from the embryonic 
to the fetal to the adult types. These differences may play 
a role in determining the life span of the three cell 
types.89

Measurement of circulating red cell volume in 
newborn infants at various gestational ages, as shown in 
Figure 2-4, demonstrated an increase in red cell mass of 
about 1.5% per day.90 Assuming a mean life span of these 
cells of 45 to 70 days (discussed later in this chapter), 
these data show a production rate of 3.6% to 4.2% per 

TABLE 2-3 Globin Chain Development

Stage Hemoglobin Composition

Embryo Gower 1 ε4 or ζ2ε2

Embryo Gower 2 α2ε2

Embryo Portland ζ2γ2

Embryo Fetal α2γ2

Fetus Fetal α2γ2

Fetus A α2β2

Adult A α2β2

Adult A2 α2δ2

Adult F α2γ2
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day of red cell volume 2 months before term and a rate 
of 2.5% to 3.5% per day of red cell volume at term. The 
combined data therefore indicate very strongly that the 
rate of red cell production during the latter part of fetal 
life is quite high—about threefold to fi vefold that of a 
normal adult subject. This fi nding is in agreement with 
the well-established facts that at the same period of devel-
opment, all the bones are fi lled with red marrow, the 
concentration of red cell precursors per unit volume of 
marrow is markedly increased,91-93 and the number of 
erythroid and granulocyte-monocyte progenitors in cord 
blood is greater than that in normal adult blood.94

Erythropoiesis after Birth

The rate of hemoglobin synthesis and red cell production 
decreases dramatically during the fi rst few days after 
delivery. Production of red cells (or hemoglobin) decreases 
by a factor of 2 to 3 during the fi rst few days after birth 
and by a factor of about 10 during the fi rst week of life. 
This sudden and marked decrease in red cell production 
is undoubtedly initiated by the equally sudden increase 
in tissue oxygen level that takes place at birth, as refl ected 
by the virtual disappearance of EPO in plasma.95 At the 
time of birth, between 55% and 65% of total hemoglobin 
synthesis consists of HbF.96 Thereafter, synthesis of HbF 
decreases much more rapidly than that of HbA; the time 
course is shown in Figure 2-5. The switch from HbF to 
HbA is delayed in infants of diabetic mothers,97 in those 
with metabolic diseases characterized by an inability to 
metabolize propionic acid,98 and in infants with chronic 
bronchopulmonary dysplasia.99 Synthesis of HbF can 
also be “reactivated” in severe cases of anemia of prema-
turity.100 The rate of production of red cells (and of 
hemoglobin), which reaches a minimum during the 
second week of life, increases during the following months 
and reaches a maximum, at about 3 months of age, of 
approximately 2 mL of packed red cells per day, or about 
2% of the circulating red cell mass per day.

Life Span of the Erythrocyte

The life span of erythrocytes obtained from term infants 
is somewhat shorter than that of red cells from adults, 
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whereas the life span of red cells obtained from prema-
ture infants is considerably shorter. The more immature 
the infant, the greater the degree of reduction in life 
span.

Because of their relative simplicity, studies using 51Cr 
have been performed most extensively. The results of 
numerous investigators are summarized in Table 2-4.101 
These data indicate that the mean 51Cr half-life of eryth-
rocytes from term infants is 23.3 days (range, 13 to 35 
days), whereas the mean value for red cells from prema-
ture infants is 16.6 days (range, 9 to 26 days). Conversion 
of these fetal red cell life spans for term infants from 51Cr 
half-life to true red cell survival indicates an actual life 
span of approximately 60 to 70 days. Similar calculations 
for the red cells of premature infants yield values of 35 
to 50 days.

Wranne, using the carbon monoxide technique, 
found that 1.5% of term infants’ red cell mass was broken 
down daily during the fi rst week of life.96 Wranne con-
cluded that the life span of most erythrocytes formed 
during the late fetal and early neonatal period is only 90 
days. Equations derived from accumulated data led Brat-
teby and Garby to the conclusion that the mean life span 
of cells produced during the last 60 days of fetal life was 
between 45 and 70 days and that the life span frequency 
was skewed, with a majority of the cells dying before the 
mean life span was achieved.102

No unifying hypothesis has been presented to explain 
why the red cells produced in fetal life have a shortened 
life span. Landaw and Guancial demonstrated a similar 
shortening of the life span of erythrocytes obtained from 
the fetal rat.103 In their studies, the decrease in life span 
correlated with red cell rigidity, as refl ected by red cell 
fi ltration studies.104 These observations suggest that alter-
ations in membrane function and increased susceptibility 
to mechanical damage may ultimately be responsible for 
the decreased life span of fetal erythrocytes.105

Unique Characteristics of the 
Neonatal Erythrocyte

The Red Cell Membrane

Simple clinical laboratory studies, as well as sophisticated 
biochemical procedures, have provided evidence that the 
red cell membrane of fetal erythrocytes differs from that 
of its adult counterpart.

The red cells from normal newborns are slightly 
more resistant to osmotic lysis than those of adults are.106 
A minor population of cells with increased osmotic fragil-
ity is also present; however, these cells appear to be 
selectively destroyed within the fi rst several days after 
birth.101 The mechanical fragility of cord blood red cells 
is likewise increased. Neonatal reticulocytes are com-
posed of mostly motile R1 reticulocytes,107 which have 
been shown to be capable of performing receptor-
mediated endocytosis.108 Neonatal red cells have greater 
total and membrane-associated myosin content than 
adult red cells do109; possibly, this increased content is a 
remnant of these cells’ motile machinery.

Figure 2-6 presents fl ow cytometric measurements 
of cell volume and hemoglobin concentration in neonatal 
red cells versus adult red cells. Measurements of reticu-
locyte indices in neonatal and adult blood are also pre-
sented. Neonatal red cells have a larger volume and lower 
hemoglobin concentration than adult cells do.110 Neona-
tal reticulocytes also have a larger volume and lower 
hemoglobin concentration than adult reticulocytes do. 
Macrocytosis is more prominent in premature newborns 
and appears to decrease with gestational age, probably as 
spleen function matures and assumes a greater role in red 
cell membrane remodeling. Spleen function and remod-
eling are major determinants of the decrease in cell 
volume observed when reticulocytes become mature 
erythrocytes. The difference in volume between reticulo-

TABLE 2-4 Reported 51Cr Survival Data

Authors No. of Cases Range (Days) Average (Days)

TERM INFANTS
Hollingsworth  6 13-23 18.2
Giblett 10 — 20.0
Foconi and Sjölin 10 17-25 22.8
Vest  8 20-27 23.5
Gilardi and Miescher  3 21-26 23.5
Kaplan and Hsu 14 21-35 26.8
Total 51 13-35 23.3

PREMATURE INFANTS
Foconi and Sjölin  6 10-18 15.8
Kaplan and Hsu 11  9-26 17.8
Vest  7 15-19 16.0
Gilardi and Miescher  7 15-19 16.1
Total 31  9-26 16.6

From Pearson HA. Life-span of the fetal red blood cell. J Pediatr. 1967;70:166-171.
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cytes and erythrocytes is greatly reduced in blood from 
premature newborns, another indication of reduced 
spleen function.110

The red cells of normal newborns also appear differ-
ent by conventional light microscopy, interference phase 
microscopy, and electron microscopy. Zipursky and co-
workers, via careful analysis of wet preparations sus-
pended in 0.2% glutaraldehyde, observed that 78% of 
erythrocytes from adults appeared as biconcave discs and 
18% as “bowl” forms; in contrast, only 43% of cells from 
term infants appeared as discs and 40% as bowl forms.111 
In addition, only up to 3% of cells from normal adults 

appeared as assorted spherocytes and poikilocytes of 
various types, whereas up to 14% of cells from term 
infants showed these morphologic distortions.

In premature infants, the departure from normal 
adult cells was even more marked. In these infants, 40% 
of the cells were discs, 30% were bowls, and 27% dis-
played a variety of morphologic disturbances (Fig. 2-7). 
The high frequency of dysmorphology in hematologically 
normal neonates creates great diffi culty in diagnosing 
specifi c disorders of the red cell at birth. When the dys-
morphology is severe, the condition is sometimes called 
“infantile pyknocytosis.” In this usually transient disor-
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der, red cell life span is even shorter than normal,112 and 
the disorder may represent a neonatal form of hereditary 
ovalocytosis (see Chapter 15). Using interference phase 
microscopy, Holroyde and associates113 observed that the 
red cells from both premature and term infants displayed 
the “pocked” appearance that was fi rst noted by Nathan 
and Gunn in splenectomized patients with thalassemia.114 
These surface alterations are believed to refl ect the pres-
ence of vacuoles and internal structures just below the 
red cell membrane. They were observed in greatest 
number among the most immature infants. Similar 
surface abnormalities are seen in patients without spleens 
and in those with sickle cell hemoglobinopathies with 

reduced splenic function.113,115 The presence of these red 
cell “pocks” is presumed to refl ect impaired splenic func-
tion in the immature infant but may also be a refl ection 
of the tendency of fetal erythrocytes for increased vesicle 
formation, which overwhelms the clearance capacity of 
the spleen.116,117

Examination of fetal red cells by electron microscopy 
also reveals the presence of vacuoles and internal struc-
tures just below the cell membrane.118,119 Freeze-etching 
and transmission electron microscopy of fetal erythrocyte 
membranes indicate that the protoplasmic fracture 
faces have 24% more intramembrane particles than do 
those of adult cells and that the number of particles on 

FIGURE 2-7. Variety of morphologic 
erythrocyte abnormalities observed in pre-
mature infants, term infants, and normal 
adults. (Photomicrographs courtesy of 
Zipursky, Brown, and Brown. Adapted 
from Zipursky A, Brown E, Palko J, Brown EJ. 
The erythrocyte differential count in newborn 
infants. Am J Pediatr Hematol Oncol. 
1983;5:45-51.)
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exoplasmic fracture faces exceeds that of the adult by 
45%.120

The membrane of fetal erythrocytes also appears to 
be more fl uid than that of adult cells. Both ferritin-
labeled anti-A antibodies119 and concanavalin A121 are 
taken up by endocytosis in the mature erythrocytes of 
newborn infants but not by cells from normal adults. This 
unique phenomenon does not appear to be the result of 
differences in lipid viscosity of the membrane.122

When compared with adult cells, the erythrocyte 
membrane of the newborn has more binding sites for 
insulin,123 more insulin-like growth factor,124 and more 
prolactin125; however, it has fewer digoxin receptor sites126 
and reduced membrane acetylcholinesterase.127,128 Mem-
brane proteins from both premature and term infants are 
indistinguishable from those of normal adults when solu-
bilized in sodium dodecyl sulfate and analyzed with poly-
acrylamide gel electrophoresis.121,126

The red cells of the cord blood of full-term infants 
contain increased quantities of total lipid, lipid phospho-
rus, and cholesterol per cell, although the percentage of 
total lipid composed of lipid phosphorus and cholesterol 
is similar to that found in adults.129 These erythrocytes 
have a greater percentage of their phospholipid as sphin-
gomyelin and a lesser proportion as lecithin. Phospho-
lipid fatty acid patterns in cord blood erythrocytes show 
a greater percentage of palmitic, stearic, arachidonic, and 
combined 22- and 24-carbon fatty acids and a lesser 
proportion of oleic and linoleic acid. The cells are much 
more prone to lipid peroxidation on oxidant chal-
lenge,130,131 which may contribute to their removal from 
the circulation after birth. It is likely that the relative 
hyposplenism of the neonate contributes to these mem-
brane alterations. Erythrocytes of babies born to mothers 
with gestational diabetes have reduced choline phospho-
glycerides and reduced total ω-6 and ω-3 fatty acids.132

From an immunologic perspective, the erythrocyte 
membrane of the newborn is also different from that of 
the adult. At birth, the Lewis system of absorbed serum 
antigens is incompletely expressed, partly because the 
receptor sites of the membrane are weak or absent. In the 
ABO system, the A antigen, particularly the A1 antigen, 
and the B antigen sites are weakly expressed, and in the 
Ii system, the I antigen is either weak or absent. Other 
weakly expressed antigens are Sda, P1, Lua, Lub, Yta, Xg, 
and Vel.133

The cells are less permeable to the nonelectrolytes 
glycerol and thiourea134; they display reduced potassium 
infl ux via the Na+,K+-adenosine triphosphatase (ATPase) 
and Na+,K+,Cl− cotransport systems135 and altered kinet-
ics of glucose transfer136; and they are prone to acid 
lysis.137 The number of Na+-K+ pumps, estimated from 
ouabain binding, is greater in premature infants than in 
term infants.138 The chloride and bicarbonate transport 
systems of fetal and adult red cells are similar.139

The fi ltration rate of red blood cells from preterm 
and term infants is lower than that of adults.140-142 This 
decreased fi lterability may be a manifestation of the larger 

size of erythrocytes from newborns rather than their dif-
ferent lipid composition.

Metabolism of Erythrocytes of the Newborn 
Infant (Box 2-1)

Enzymes of the Embden-Meyerhof Pathway

Numerous investigators are in agreement that the activity 
of the enzymes phosphoglycerate kinase and enolase 
in the red cells of newborn infants is much more 
intense than would be anticipated from their young cell 
age.128,143-147 The activity of the enzymes glyceraldehyde-
3-phosphate dehydrogenase and glucose phosphate 
isomerase is also probably signifi cantly greater than 
would be anticipated from cell age.145

The activity of phosphofructokinase (PFK), a rate-
controlling enzyme in glycolysis, has repeatedly been 
found to be lower than normal in the red cells of newborn 
infants.144,145,148 The decreased PFK activity may refl ect 
the accelerated decay of an unstable enzyme. Travis and 
Garvin fractionated cord blood red cells into cohorts of 
varying cell age and compared them with adult red cells 
fractionated in similar fashion.149 The rate of decline in 
pyruvate kinase activity was essentially the same in neo-
nates and adults, whereas PFK activity in cord erythro-
cytes decreased at a signifi cantly greater rate than it did 
in adult erythrocytes.

Studies of Vora and Piomelli have provided a clear 
understanding of the nature of PFK in fetal erythro-
cytes.150 They found that human muscle PFK and liver 
PFK are homotetramers, each of which is composed of 
identical subunits, which they termed “M4” and “L4.” 
Study of adult erythrocytes revealed the presence of three 
heterotetramers—M3L, M2L2, and ML3. Analysis of cord 
blood erythrocytes revealed the presence of the three 
heterotetramers in adult erythrocytes; the L4 isoenzyme 
was also identifi ed. The presence of the liver homotetra-
mer in fetal erythrocytes may be responsible for the 
decreased PFK stability observed by Travis and 
Garvin.149

Differences in the distribution of other red cell iso-
enzymes have also been described. Hemolysates normally 
contain two isoenzymes of hexokinase, types I and III. 
Holmes and co-workers found that in the cells of a 
newborn infant, type II hexokinase was the predominant 
isoenzyme.151 Schröter and Tillman, in contrast, observed 
that type I predominated, although the predominance of 
type I was not characteristic of young cells in general but 
was a unique feature of the red cells of newborn infants.152 
Chen and associates also observed differences in the dis-
tribution of hexokinase isoenzymes obtained from fi rst-
trimester and midtrimester fetuses.153

Enolase exists as multiple isoenzymes in erythrocytes 
as well, and the distribution of enolase isoenzymes 
appears to be a unique characteristic of fetal 
erythrocytes.154

Chen and associates studied a total of 26 enzyme 
patterns in hemolysates prepared from 11 fetuses ranging 
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Box 2-1 Metabolic Characteristics of the Erythrocytes of Newborns

CARBOHYDRATE METABOLISM

Glucose consumption increased
Galactose more completely used as substrate both under 

normal circumstances and for reduction of 
methemoglobin*

Decreased activity of the sorbitol pathway*
Decreased triokinase activity*

GLYCOLYTIC ENZYMES

Increased activity of hexokinase, phosphoglucose 
isomerase,* aldolase, glyceraldehyde 3-phosphate,* 
phosphoglycerate kinase,* phosphoglycerate mutase, 
enolase,* pyruvate kinase, lactate dehydrogenase, 
glucose-6-phosphate dehydrogenase, 
6-phosphogluconate dehydrogenase, galactokinase, 
and galactose 1-phosphate uridyltransferase

Decreased activity of phosphofructokinase*
Different distribution of hexokinase isoenzymes*

NONGLYCOLYTIC ENZYMES

Increased activity of aspartate transaminase and 
glutathione reductase

Decreased activity of NADP-dependent methemoglobin 
reductase,* catalase,* glutathione peroxidase, 
superoxide dismutase, carbonic anhydrase,* adenylate 
kinase,* and glutathione synthetase*

Presence of α-glycerol-3-phosphate dehydrogenase*

ATP AND PHOSPHATE METABOLISM

Decreased phosphate uptake,* slower incorporation into 
ATP and 2,3-diphosphoglycerate*

Accelerated decline of 2,3-diphosphoglycerate on red 
blood cell incubation*

Increased ATP and 2,3-diphosphoglycerate levels
Accelerated decline of ATP during brief incubation

STORAGE CHARACTERISTICS

Increased potassium effl ux and greater degrees of hemolysis 
during short periods of storage

More rapid assumption of altered morphologic forms on 
storage or incubation*

MEMBRANE

Decreased ouabain-sensitive Na+,K+-ATPase*; decreased 
ouabain-resistant potassium infl ux*

Decreased permeability to glycerol and thiourea*
Decreased membrane deformability*
Increased sphingomyelin, decreased lecithin content of 

stromal phospholipids
Decreased content of linoleic acid*
Increased lipid phosphorus and cholesterol per cell
Greater affi nity for glucose*
Increased number of insulin, insulin-like growth factor, and 

prolactin binding sites
Increased membrane-associated myosin
Reduced membrane acetylcholinesterase activity

OTHER

Increased methemoglobin content*
Increased affi nity of hemoglobin for oxygen*
Glutathione instability*
Increased tendency for Heinz body formation in the 

presence of oxidant compounds*

*Appears to be a unique characteristic of the newborn’s erythrocytes and not merely a function of the presence of young red blood cells.
ATP, adenosine triphosphate; ATPase, adenosine triphosphatase; NADP, nicotinamide adenine dinucleotide phosphate.

in gestational age from 65 to 138 days.153 Six enzymes—
enolase, guanylate kinase, lactate dehydrogenase, nucleo-
side phosphorylase, PFK, and the previously mentioned 
hexokinase—showed differences in the staining intensity 
of certain isoenzyme zones as compared with adult con-
trols. The fetal red cell zymograms contained the mito-
chondrial forms of isocitric dehydrogenase and aspartate 
transaminase, as well as more defi nite zones of phospho-
glucomutase type 3.

Glucose Consumption

Glucose consumption by the erythrocytes of both term 
and premature infants has generally been found to be 
greater than that observed in the cells of normal 
adults.155,156 This would be anticipated in view of the fact 
that young red cells consume more glucose. However, 
when the cells from infants are compared with adult cell 
populations of similar young age, their rate of glucose 

consumption appears to be less than would be 
expected.155

Circumstantial evidence suggests that the relative 
defi ciency of PFK may be responsible for this relative 
impairment in glycolysis. All strategies designed to maxi-
mize PFK activity produce far greater augmentation of 
glucose consumption in the cells of neonates. Incubation 
of cells at high phosphate concentration causes the cells 
of both premature and term infants to consume glucose 
at rates commensurate with their age.157 Increasing the 
pH of the incubation medium produces a much greater 
increase in red cell glucose consumption in cells from 
newborn infants.155 Analysis of glycolytic intermediates 
reveals that as pH increases, there is a decrease in levels 
of glucose 6-phosphate and fructose 6-phosphate and an 
increase in the concentration of fructose 1,6-diphosphate, 
glyceraldehyde 3-phosphate, dihydroxyacetone phos-
phate, and 2,3-diphosphoglycerate (2,3,-DPG). All these 
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changes are consistent with activation of PFK. It would 
appear that this pH-induced augmentation of PFK 
obscures the relative defi ciency that is manifested as 
lower than expected glucose consumption at pH 7.4.

Further evidence that the relative defi ciency of PFK 
may play the major role in depressing glucose consump-
tion in the newborn comes from the incubation of neo-
natal red cells with methylene blue, 10−6 mol. At this 
concentration of methylene blue, 90% of glucose con-
sumption proceeds via the pentose phosphate pathway, 
which bypasses the PFK step. Incubation of red cells 
from newborn infants in the presence of methylene blue 
produces a far greater acceleration of glycolysis than 
observed either in the red cells of normal adults or in 
those of subjects with reticulocytosis.158

Finally, when one examines the oldest cells from the 
cord blood of newborn infants, the profound PFK defi -
ciency that was previously described is found to be asso-
ciated with a marked decrease in glucose consumption 
and a pattern of glycolytic intermediates that suggests a 
relative block in glycolysis at this step.

2,3-Diphosphoglycerate Metabolism

When the red cells of infants and adults are incubated 
under identical conditions, the concentration of 2,3-
DPG declines far more rapidly in the erythrocytes of 
newborns than in those of adults.133-134 Various postulates 
have been advanced to explain this 2,3-DPG instability. 
Zipursky and co-workers presented evidence to suggest 
that a relative block in glycolysis, proximal to the forma-
tion of glyceraldehyde 3-phosphate, was responsible 
for the failure to maintain 2,3-DPG levels.159 Trueworthy 
and Lowman proposed that the instability of 2,3-DPG 
was the result of an accelerated rate of hydrolysis as a 
consequence of increased 2,3-DPG phosphatase activ-
ity.160 The 2,3-DPG content of normal fetal red cells is 
greater than that of adult cells and is further increased in 
anemic fetuses, possibly as a consequence of the relative 
pre ponderance of PFK activity over pyruvate kinase 
activity.161

The Pentose Phosphate Pathway and Response to 
Oxidant-Induced Injury

Oxidative stress induced by the formation of O2, H2O2, 
or related species is handled within the red cell by the 
combined activities of the hexose monophosphate shunt 
(in which reduced nicotinamide adenine dinucleotide 
phosphate [NADPH] is generated), glutathione peroxi-
dase, catalase, and superoxide dismutase. There is general 
agreement that the red cells from newborn infants are 
more susceptible to oxidant-induced injury than adult 
cells are and that this susceptibility is greater in very-low-
birth-weight infants 128,162-164

Fetal hemoglobin is more prone than adult hemoglo-
bin to denaturation; however, there is no relationship 
between the fetal hemoglobin content of the cell and the 
tendency to form Heinz bodies. The pentose phosphate 

pathway in the cells of both term and premature infants 
is intact and responds appropriately to oxidant-induced 
stimulation.158,165 The cell content of glutathione is normal 
in neonatal erythrocytes.166 The activity of glutathione 
peroxidase is decreased in comparison to that of adult 
cells167,168; however, metabolic studies have failed to dem-
onstrate a convincing direct relationship between this 
relative defi ciency and vulnerability to oxidant.140,144 
Decreased levels of reduced glutathione and increased 
levels of oxidized glutathione have been found in patients 
with retinopathy of prematurity.169 Erythrocytes from 
extremely-low-birth-weight infants exhibit a marked 
reduction in the 6-phosphogluconate dehydrogenase 
(6PGD)/glucose-6-phosphate dehydrogenase (G6PD) 
ratio, glutathione peroxidase, methemoglobin (Met-Hb) 
reductase, and catalase.128 A slight decrease in superoxide 
dismutase activity has been observed in fetal red cells.170 
The relative defi ciencies of glutathione peroxidase and 
catalase may act in concert with plasma factors to produce 
this metabolic handicap.171,172 Vitamin E plays a crucial 
role in limiting membrane lipid auto-oxidation. Vitamin 
E defi ciency has been observed in the plasma of full-term 
and premature newborns.173

G6PD activity is increased in cord/neonatal 
blood,144,148,158,174 whereas 6PGD activity is similar in 
neonatal and adult blood.144,175 In fetal and extremely-
low-birth-weight infant cells, 6PGD activity is markedly 
reduced128,176; the associated reduction in the 6PGD/
G6PD ratio has been proposed as a marker of develop-
mental immaturity of erythrocytes.128,147

Suggestions that other factors are implicated come 
from observations that the red cells of newborn infants, 
when compared with those of adults, have a decreased 
number of membrane SH groups,177 that the membranes 
isolated from them contain more residual hemoglobin 
and form Heinz bodies faster,178 and that after the trans-
fusion of adult cells into newborn infants, these cells also 
appear to be more prone to the development of Heinz 
bodies.179,180

The red cells from newborn infants, like other young 
red cells, consume more oxygen and produce more 
hydrogen peroxide than the red cells of adults do.181,182

HEMATOLOGIC VALUES AT BIRTH

Several variables infl uence the interpretation of what 
might be considered normal values for hemoglobin, 
hematocrit, red cell indices, and reticulocyte count at the 
time of birth and during the early weeks of life. These 
variables include the gestational age of the infant, the 
conduct of labor and treatment of the umbilical vessels, 
the site of sampling, and the time of sampling. The 
Appendix of this text contains a series of tables describ-
ing representative norms that have appeared in the litera-
ture. A few of these norms are highlighted in the following 
discussion to illustrate pertinent points.
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Site of Sampling

Capillary samples obtained by skin prick, generally from 
the heel or toe, have a higher hemoglobin concentration 
than simultaneously collected venous samples do. During 
the fi rst hours of life, this difference averages approxi-
mately 3.5 g/dL, as is illustrated in Figure 2-8.183 In some 
instances the capillary hemoglobin–venous hemoglobin 
difference may exceed 10 g/dL.184

The clinical importance of the site of sampling was 
illustrated by Moe in a study of 54 infants with erythro-
blastosis fetalis.184 Simultaneously obtained cord blood 
and capillary samples were compared. In this study, 41 
infants eventually required exchange transfusion for 
hyperbilirubinemia. Of these 41 infants, 25 were found 
to be anemic based on determinations performed on cord 
blood samples, whereas only 14 could be considered 
anemic on the basis of the results of capillary sample 
analysis.

In virtually all infants, the capillary-to-venous hema-
tocrit ratio is greater than 1.00. The greatest ratios, often 
in excess of 1.20, are observed in infants born before 30 
weeks of gestation, infants with arterial blood pH values 
below 7.20, infants with hypotension, and infants with a 
red cell mass of less than 35 mL/kg.185 In other words, 
capillary hemoglobin values are falsely elevated in the 
sickest infants. These are the same infants in whom accu-
rate determination of the hemoglobin concentration is 
most important for clinical management. The capillary-
to-venous hematocrit ratio gradually decreases with 
increasing gestational age.185 Infants born between 26 
and 30 weeks of gestation have a mean ratio of 1.21; 
infants born at 31 to 32 weeks, 1.12; infants born at 33 
to 35 weeks, 1.16; and infants born between 36 and 41 
weeks, 1.12. By the fi fth day of life, the capillary-to-
venous difference has decreased in healthy infants, and 
capillary samples may have a hematocrit that is only 
2.5% higher when blood is obtained by deep stick from 
a well-warmed heel.

Several studies have shown that venipuncture is as 
effective and less painful than heel blood collections.186 

The use of automated incision devices for heel sticks 
should be encouraged because they reduce the number 
of sticks needed and induce less bruising and infl amma-
tion.187 Pain and stress are associated with the heel prick 
procedure,188,189 as well as some rare but severe perma-
nent sequelae.190 The use of topical anesthetics reduces 
the pain associated with drawing blood in infants,191,192 
although Met-Hb levels may be transiently increased if 
prilocaine is used.193

Treatment of the Umbilical Vessels

At birth, the volume of blood of the infant may be 
increased by as much as 61% if the placental vessels are 
allowed to empty completely before the cord is 
clamped.194,195 It has been estimated that the placental 
vessels contain 75 to 125 mL of blood at birth—
or a quarter to a third of the fetal blood volume. 
Under normal circumstances, about a quarter of 
placental transfusion takes place within 15 seconds 
of birth and half by the end of the fi rst minute. The 
ratio of blood in the neonatal and placental circulations 
has been found to average 67 : 33 at birth, 80 : 20 at 
1 minute, and 87 : 13 at the end of placental 
transfusion.195

The umbilical arteries generally constrict shortly 
after birth, so no blood fl ows from the infant to the 
mother; however, the umbilical vein remains dilated and 
permits blood to fl ow in the direction of gravity. Infants 
held below the level of the placenta continue to gain 
blood; infants held above the placenta may bleed into 
it.196 Yao and co-workers demonstrated that hydrostatic 
pressure, produced by placing the infant 40 cm below the 
mother’s introitus, hastened placental transfusion to 
virtual completion in 30 seconds.195 In infants delivered 
at term by cesarean section, maximal placental transfu-
sion is achieved within 40 seconds after birth; however, 
net blood fl ow reverses, with blood traveling from the 
infant back to the placenta, if clamping is delayed for 
longer than 40 seconds.197 A recent controlled study has 
shown that delayed cord clamping signifi cantly increases 
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the hematocrit and reduces the incidence of neonatal 
anemia with no harmful effects.198

The effects of placental transfusion on the total blood 
volume of the infant show wide variability, partially 
because of the techniques used and the time at which the 
samples were taken. During the fi rst hours after birth, 
plasma apparently leaves the circulation. It seems that the 
greater the placental transfusion, the greater the plasma 
loss. Thus, by the third day of life, there are only small 
differences in total blood volume, regardless of the 
method of cord clamping. Usher and associates found 
that infants with delayed cord clamping had an average 
blood volume of 93 mL/kg at an age of 72 hours; infants 
with immediate cord clamping had a blood volume of 
82 mL/kg.194 Although the total blood volume may be 
only slightly altered by the timing of cord clamping, more 
signifi cant differences can be observed in red cell mass 
or hemoglobin concentration. In the study of Usher and 
colleagues, infants with delayed cord clamping had an 
average red cell mass of 49 mL/kg at 72 hours of age as 
compared with only 31 mL/kg in infants with immediate 
cord clamping.194 The results of other investigators are 
listed in Table 2-5.199-201

Infants with delayed cord clamping tend to have 
higher hemoglobin values during the fi rst week of life 
than do those whose clamping was not delayed. A reduced 
volume of red blood cells is associated with increased 
mortality in premature infants with respiratory distress 
syndrome.202 Thus, delayed cord clamping could be par-
ticularly indicated for premature births. Studies have 
shown that delayed cord clamping in premature infants 
is associated with a signifi cant reduction in transfusion 
requirements and improved outcome, but not with a 
reduced incidence of periventricular/intraventricular 
hemorrhage.201,203-205

There have been reports of circulatory overload and 
congestive cardiac failure in the setting of delayed cord 

clamping. “Symptomatic neonatal plethora” was observed 
in eight premature and three full-term infants.206 Radio-
logic fi ndings of volume overload and reduced left ven-
tricular performance have been reported in infants with 
delayed cord clamping.207,208 For cesarean section, a delay 
of 3 minutes in cord clamping has been associated with 
signs of respiratory and metabolic acidosis (reduced 
oxygen tension and pH and elevated plasma lactate 
levels), thus indicating that earlier clamping may be pref-
erable in this setting.209

Blood Volume

Both blood volume and red cell mass are infl uenced by 
the treatment of the cord vessels and by the clinical con-
dition of the infant. Shortly after birth, the blood volume 
of term infants may range from 50 to 100 mL/kg, with 
the mean value being 85 mL/kg.194,210,211 As previously 
discussed, blood volume in infants with early cord clamp-
ing averages 78 mL/kg at 30 minutes of age, in contrast 
to a value of 98.6 mL/kg in infants with cords that were 
clamped late. By 72 hours of age, these differences are 
not as great; infants with early clamping have an average 
blood volume of 82 mL/kg, whereas those with late 
clamping have an average of 93 mL/kg.

The blood volume of premature infants ranges from 
89 to 105 mL/kg during the fi rst few days of life.212,213 
This increased blood volume is primarily the result of an 
increase in plasma volume, with the total red cell volume 
per kilogram of body weight being quite similar to that 
of term infants. Plasma volume decreases with increasing 
gestational age, except in infants with intrauterine growth 
retardation.214

For infants born at term, blood volumes are approxi-
mately 73 to 77 mL/kg by 1 month of life.215,216

Reduced blood volume and decreased red cell mass 
are frequently observed in infants with hyaline mem-

TABLE 2-5  Effect of Cord Clamping on Hematocrit and Hemoglobin Concentration at Various Times 
after Delivery

Reference

EARLY CLAMPING DELAYED CLAMPING

Time of StudyHb (g/dL) Hct (%) Hb (g/dL) Hct (%)

Phillips (1941) 15.6 — 19.3 — 20-30 hr
Marsh et al. (1948) 17.4 — 20.8 — 3rd day
Colozzi (1954) 14.7 — 17.3 — 72 hr
Lanzkowsky (1960) 18.1 — 19.7 — 72-96 hr

11.1 — 11.1 — 3 mo
Linderkamp et al. (1992)199 — 48 ± 4 — 50 ± 4 At birth

— 47 ± 5 — 63 ± 5 2 hr
— 43 ± 6 — 59 ± 5 24 hr
— 44 ± 5 — 59 ± 6 120 hr

Nelle and Zilow (1993)200 — 48 ± 6 — 58 ± 6 2 hr
— 44 ± 5 — 56 ± 7 24 hr
— 44 ± 5 — 54 ± 8 5 days

Kinmond et al. (1993)201 — 50.9 ± 4.5 — 56.4 ± 4.8 Not standardized

Hb, hemoglobin; Hct, hematocrit.
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brane disease and in newborns delivered with a tight 
nuchal cord.217,218 Approximately 16% of infants born 
with a nuchal cord are anemic in the neonatal period.219 
Infants born after late intrauterine asphyxia tend to have 
a greater blood volume and red cell mass.218

Hemoglobin, Hematocrit, Red Cell Count, 
and Red Cell and Reticulocyte Indices

Representative values for these hematologic measure-
ments are presented in Tables 2-6 to 2-9. Hemoglobin 

values increase gradually until approximately 32 to 33 
weeks of gestation and remain relatively constant until 
term. Mean corpuscular volume (MCV) and the mean 
reticulocyte count decline continuously during the course 
of gestation. Hematologic values from normal fetuses 
with gestational ages between 18 to 30 weeks refl ect this 
trend.220

In healthy term infants, no measurable decrease in 
hemoglobin values occurs during the fi rst week of life 
(see Fig. 2-9); in contrast, in infants born weighing less 
than 1500 g but of appropriate weight for gestational age, 
the hemoglobin concentration may decrease by as much 
as 1.0 to 1.5 g/dL during this interval (Fig. 2-10).

Considerable differences are seen in the peripheral 
blood cell counts and indices of infants born in develop-
ing countries. A study carried out by Tchernia’s group in 
199 newborns in Bamako (Mali) indicated that 32% were 
anemic (hemoglobin level <13 g/dL).221 When compared 
with a control group of French newborns, the Bamako 
group had lower hemoglobin levels (13.9 ± 2.0 g/dL 
versus 15.1 ± 1.4 g/dL), lower mean corpuscular hemo-
globin (MCH) levels (32.9 ± 3.0 pg versus 35 ± 1.9 pg), 
lower serum ferritin levels (97.5 μg/L versus 135 μg/L, 
geometric means), and lower erythrocyte ferritin levels 
(244.7 attogram [ag] per cell versus 348 ag per cell, geo-
metric means). These differences cannot be explained by 
hemoglobinopathies, malaria, or folate defi ciency, and 
they are probably due to iron defi ciency. However, in 
developed countries, there seems to be very little differ-
ence in neonatal hemoglobin, erythrocyte zinc protopor-
phyrin, and cord blood serum ferritin levels between 
neonates born to iron-defi cient and iron-replete 
mothers.222

FETAL ANEMIA

Improved diagnostic and therapeutic techniques have 
made early identifi cation and treatment of anemia in the 
fetus possible. The experience gained in the in utero 
treatment of hemolytic diseases of the fetus has been 
applied to a wide spectrum of pathologic conditions.223 
Normal fetal hematologic values are also available 

TABLE 2-6  Hematologic Values for Normal 
Cord Blood

Parameter Mean SD n

Hb (g/dL) 15.9 1.86 28
Hct (%) 50.2 6.9 18
RBC count (×106/mm3) 4.64 0.68 18
MCV (fL) 110 5.05 28
MCH (pg) 34.6 1.5 18
MCHC (g/dL) 31.9 1.13 18
CHCM (g/dL) 30.9 1.78 26
% Hypochromic (MCHC 
<28 g/dL)

12.7 12.9 18

% Hyperchromic (MCHC 
>41 g/dL)

0.97 0.74 28

% Microcytic (MCV 
<61 fL)

0.73 0.3 18

% Macrocytic (MCV 
>120 fL)

22.5 8.41 18

RETICULOCYTES
% 3.69 0.95 27
MCVr (fL) 125 8.6 25
CHCMr (g/dL) 27.1 1.95 17
CHr (pg) 32.9 3.1 17

CHCM, cell hemoglobin concentration, mean; CHCMr, reticulocyte 
CHCM; CHr, reticulocyte cell hemoglobin content; Hb, hemoglobin; Hct, hema-
tocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemo-
globin concentration; MCV, mean corpuscular volume; MCVr, reticulocyte 
MCV; RBC, red blood cell.

Values obtained with an ADVIA 120 hematology analyzer (Bayer Diagnos-
tics, Tarrytown, NY) in neonates delivered at term with weight greater than 
2500 g. These data were kindly provided by Drs. Gil Tchernia and Therese 
Cynober, Laboratoire d’Hematologie, Centre Hospitalier de Bicetre, Bicetre, 
France.

TABLE 2-7 Normal Hematologic Values during the First 2 Weeks of Life in Term Infant

Cord Blood Day 1 Day 3 Day 7 Day 14

Hb (g/dL) 16.8 18.4 17.8 17.0 16.8
Hct (%) 53.0 58.0 55.0 54.0 52.0
RBC count (×106/mm3) 5.25 5.8 5.6 5.2 5.1
MCV (fL) 107.0 108.0 99.0 98.0 96.0
MCH (pg) 34.0 35.0 33.0 32.5 31.5
MCHC (g/dL) 31.7 32.5 33.0 33.0 33.0
Reticulocytes (%) 3-7 3-7 1-3 0-1 0-1
Nucleated RBCs/(mm3) 500.0 200.0 0-5 0 0
Platelets (1000/mm3) 290.0 192.0 213.0 248.0 252.0

Hb, hemoglobin; Hct, hematocrit; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; 
RBC, red blood cell.
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TABLE 2-9 Normal Hematologic Values during the First 12 Weeks of Life in Term Infants

Age
No. of 
Cases

Hb (g/dL) 
± 1 SD

RBC (×106/mm3) 
± 1 SD

Hct (%) 
± 1 SD

MCV (fL) 
± 1 SD

MCHC (g/dL) 
± 1 SD

Reticulocytes 
(%) ± 1 SD

DAYS
1 19 19.0 ± 2.2 5.14 ± 0.7 61 ± 7.4 119 ± 9.4 31.6 ± 1.9 3.2 ± 1.4
2 19 19.0 ± 1.9 5.15 ± 0.8 60 ± 6.4 115 ± 7.0 31.6 ± 1.4 3.2 ± 1.3
3 19 18.7 ± 3.4 5.11 ± 0.7 62 ± 9.3 116 ± 5.3 31.1 ± 2.8 2.8 ± 1.7
4 10 18.6 ± 2.1 5.00 ± 0.6 57 ± 8.1 114 ± 7.5 32.6 ± 1.5 1.8 ± 1.1
5 12 17.6 ± 1.1 4.97 ± 0.4 57 ± 7.3 114 ± 8.9 30.9 ± 2.2 1.2 ± 0.2
6 15 17.4 ± 2.2 5.00 ± 0.7 54 ± 7.2 113 ± 10.0 32.2 ± 1.6 0.6 ± 0.2
7 12 17.9 ± 2.5 4.86 ± 0.6 56 ± 9.4 118 ± 11.2 32.0 ± 1.6 0.5 ± 0.4

WEEKS
1-2 32 17.3 ± 2.3 4.80 ± 0.8 54 ± 8.3 112 ± 19.0 32.1 ± 2.9 0.5 ± 0.3
2-3 11 15.6 ± 2.6 4.20 ± 0.6 46 ± 7.3 111 ± 8.2 33.9 ± 1.9 0.8 ± 0.6
3-4 17 14.2 ± 2.1 4.00 ± 0.6 43 ± 5.7 105 ± 7.5 33.5 ± 1.6 0.6 ± 0.3
4-5 15 12.7 ± 1.6 3.60 ± 0.4 36 ± 4.8 101 ± 8.1 34.9 ± 1.6 0.9 ± 0.8
5-6 10 11.9 ± 1.5 3.55 ± 0.2 36 ± 6.2 102 ± 10.2 34.1 ± 2.9 1.0 ± 0.7
6-7 10 12.0 ± 1.5 3.40 ± 0.4 36 ± 4.8 105 ± 12.0 33.8 ± 2.3 1.2 ± 0.7
7-8 17 11.1 ± 1.1 3.40 ± 0.4 33 ± 3.7 100 ± 13.0 33.7 ± 2.6 1.5 ± 0.7
8-9 13 10.7 ± 0.9 3.40 ± 0.5 31 ± 2.5  93 ± 12.0 34.1 ± 2.2 1.8 ± 1.0
9-10 12 11.2 ± 0.9 3.60 ± 0.3 32 ± 2.7  91 ± 9.3 34.3 ± 2.9 1.2 ± 0.6
10-11 11 11.4 ± 0.9 3.70 ± 0.4 34 ± 2.1  91 ± 7.7 33.2 ± 2.4 1.2 ± 0.7
11-12 13 11.3 ± 0.9 3.70 ± 0.3 33 ± 3.3  88 ± 7.9 34.8 ± 2.2 0.7 ± 0.3

Hb, hemoglobin; Hct, hematocrit; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; RBC, red blood cell; SD, standard 
deviation.

From Matoth Y, Zaizov R, Varsano I. Postnatal changes in some red cell parameters. Acta Paediatr Scand. 1971;60:317-323.

*Number of infants listed in parentheses.
†Mean values ± SD.
Hb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume; RBC, red blood cell.
From Zaizov R, Matoth Y. Red cell values on the fi rst postnatal day during the last 16 weeks of gestation. Am J Hematol. 1976;1:275-278. Copyright © 1976 Wiley-Liss. 

Reprinted by permission of Wiley-Liss, A Division of John Wiley and Sons, Inc.

TABLE 2-8 Red Blood Cell Values on the First Postnatal Day

GESTATIONAL AGE (WEEKS)

24-25 (7)* 26-27 (11) 28-29 (7) 30-31 (25) 32-33 (23) 34-35 (23) 36-37 (20) Term (19)

RBC count 
(×106/mm3)

4.65 ± 0.43† 4.73 ± 0.45 4.62 ± 0.75 4.79 ± 0.74 5.0 ± 0.76 5.09 ± 0.5 5.27 ± 0.68 5.14 ± 0.7

Hb (g/dL) 19.4 ± 1.5 19.0 ± 2.5 19.3 ± 1.8 19.1 ± 2.2 18.5 ± 2.0 19.6 ± 2.1 19.2 ± 1.7 19.3 ± 2.2
Hct (%) 63 ± 4 62 ± 8 60 ± 7 60 ± 8 60 ± 8 61 ± 7 64 ± 7 61 ± 7.4
MCV (fL) 135 ± 0.2 132 ± 14.4 131 ± 13.5 127 ± 12.7 123 ± 15.7 122 ± 10.0 121 ± 12.5 119 ± 9.4
Reticulocytes 
(%)

6.0 ± 0.5 9.6 ± 3.2 7.5 ± 2.5 5.8 ± 2.0 5.0 ± 1.9 3.9 ± 1.6 4.2 ± 1.8 3.2 ± 1.4

Weight (g) 725 ± 185 993 ± 194 1174 ± 128 1450 ± 232 1816 ± 192 1957 ± 291 2245 ± 213 —

as a consequence of the development of percutaneous 
umbilical blood sampling and prenatal diagnosis (see 
Table 2-10).220 There is evidence that intravascular trans-
fusion to treat anemia in fetuses with immune hydrops 
results in high survival rates and favorable long-term 
neuropsychological outcomes.224

A substantial proportion of cases of nonimmune fetal 
hydrops are due to chromosomal abnormalities and thus 
are not treatable presently.225,226 Fetuses with hydrops 
fetalis and anemia have characteristic sonographic abnor-
malities (thickened placenta, less pleural effusion, less 
marked edema); these abnormalities aid in the distinction 
of infants with hydrops fetalis but without anemia from 
those with anemia.227 In growth-restricted fetuses, 

Doppler studies of the middle cerebral artery and umbili-
cal artery showed signifi cant anemia-related changes, 
although their predictive accuracy was not high enough 
to justify clinical use.228-230 In Rh-alloimmunized preg-
nancies, Doppler ultrasonography is more sensitive and 
accurate than amniocentesis in predicting severe fetal 
anemia.231,232

The major causes of treatable fetal anemia are listed 
in Box 2-2. Most of them are related to hemolytic disease 
of the fetus, hemoglobinopathies, or severe red cell 
enzyme defects.233

Cases of severe fetal anemia caused by acquired 
maternal chronic pure red cell aplasia234 or congenital 
type I dyserythropoietic anemia235 have been described. 
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However, other pathologic conditions have been associ-
ated with anemia during the fetal period, such as hydrops 
fetalis in combination with either cystic hygroma236 
or placental chorioangioma,237 parvovirus B19 infec-
tion,238-243 cytomegalovirus infection,244 and malaria.245 
Rarely, congenital mesoblastic nephroma can induce 
marked prenatal hematuria and hemorrhagic shock.246 
For a more comprehensive list of causes, management, 
and outcome of nonimmune hydrops fetalis, see 
elsewhere.247-250

Drug-induced cases of fetal anemia have also been 
described, such as after antiretroviral therapy during 
pregnancy251,252 and in association with mycophenolate 
therapy.253

Severe chronic anemia in the prenatal period may 
result in cutaneous manifestations called “blueberry 
muffi n baby”254; these expressions of cutaneous hemato-
poiesis need to be distinguished from neoplastic diseases 
and from the angioedema seen in neonates with parvo-
virus B19 maternal infection.255,256
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TABLE 2-10 Evolution of Hematologic Values of 163 Fetuses during Pregnancy*

Week of 
Gestation Hb (g/dL) Hct (%) RBC (×109/L) MCV (fL) RDW (%) MCH (pg)

18-20 (n = 25) 11.47 ± 0.78 35.86 ± 3.29 2.66 ± 0.29 133.92 ± 8.83 20.64 ± 2.28 43.14 ± 2.71
21-22 (n = 55) 12.28 ± 0.89 38.53 ± 3.21 2.96 ± 0.26 130.06 ± 6.17 20.15 ± 1.92 41.39 ± 3.32
23-25 (n = 61) 12.40 ± 0.77 38.59 ± 2.41 3.06 ± 0.26 126.19 ± 6.23 19.29 ± 1.62 40.48 ± 2.88
26-30 (n = 22) 13.35 ± 1.17 41.54 ± 3.31 3.52 ± 0.32 118.17 ± 5.75 18.35 ± 1.67 37.94 ± 3.67

*Data ± SD. Studies performed with a Coulter Hematology Analyzer, model S-PLUS II.
Hb, hemoglobin; Hct, hematocrit; MCH, mean corpuscular hemoglobin; MCV, mean corpuscular volume; RBC, red blood cell; RDW, RBC distribution width; 

SD, standard deviation.
Modifi ed from Forestier F, Daffos F, Galacteros F, et al. Hematological values of 163 normal fetuses between 18 and 30 weeks of gestation. Pediatr Res. 

1986;20:342-346.

Box 2-2  Fetal Anemia Treatable by Intrauterine 
Transfusion

IMMUNE

Hemolytic disease of the fetus

NONIMMUNE

Hemolytic: hemoglobinopathies (e.g., α-thalassemia 
[four-gene deletion]), G6PD defi ciency

Nonhemolytic: acquired chronic pure red cell aplasia

OTHER

Severe antepartum fetomaternal hemorrhage
Twin-to-twin transfusion syndrome
Cystic hygroma with hydrops fetalis
Placenta chorioangioma
Intrauterine parvovirus B19 infection
Malaria

G6PD, glucose-6-phosphate dehydrogenase.
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ANEMIA IN THE NEONATE

Anemia present at birth or appearing during the fi rst 
week of life can be broadly classifi ed into three major 
categories: anemia as a result of blood loss, anemia as a 
result of a hemolytic process, or anemia secondary to less 
than normal red cell production. Many of the disorders 
producing a hemolytic process are discussed in greater 
detail in other sections of this text (see Chapters 3, 15, 
16, and 17 and Section VI).

Anemias that are unique to the newborn and not the 
result of isoimmunization are the focus of the following 
discussion. The reader is encouraged to consult other 
monographs in which the primary focus is anemia in the 
newborn period.257-268

BLOOD LOSS AS A CAUSE OF ANEMIA

Blood loss resulting in anemia may occur prenatally, at 
the time of delivery, or in the fi rst few days of life. Blood 
loss may be the result of occult hemorrhage before birth, 
obstetric accidents, internal hemorrhage, or excessive 
blood sampling by physicians.

The multiple causes of blood loss in the newborn 
period are listed in Box 2-3. Faxelius and associates esti-
mated the red cell volume in 259 infants admitted to a 
high-risk unit in an attempt to determine which clinical 
events were frequently associated with a reduction in red 
cell mass.218 Low red cell volume was frequently associ-
ated with a maternal history of vaginal bleeding, with 
placenta previa or abruptio placentae, with nonelective 
cesarean section, and with deliveries complicated by cord 
compression. Asphyxiated infants (Apgar score of 6 or 
less at 1 minute) often had low red cell volume. An early 
central venous hematocrit below 45% correlated with low 
red cell volume, but a normal or even high early hema-
tocrit did not exclude the possibility that the infant was 
hypovolemic. Infants with a mean arterial pressure of less 
than 30 mm Hg and infants in whom the hematocrit fell 
by more than 10% during the fi rst 6 hours of life were 
also frequently found to have reduced red cell mass. 
These fi ndings serve to underscore the fact that much of 
the anemia in early life is the result of obstetric factors 
that produce blood loss in the infant.

Occult Hemorrhage before Birth

Occult hemorrhage before birth may be caused by bleed-
ing of the fetus into the maternal circulation or by bleed-
ing of one fetus into another when multiple fetuses are 
present.

Fetal-to-Maternal Hemorrhage

In approximately 50% of all pregnancies, some fetal cells 
can be demonstrated in the maternal circulation.269 
Nucleated fetal erythrocytes can be detected in the 
maternal circulation as early as the fi fth gestational 

Box 2-3 Types of Hemorrhage in the Newborn

OCCULT HEMORRHAGE BEFORE BIRTH

Fetomaternal
Abdominal or multiple trauma
Amniocentesis in the third trimester
After external cephalic version
Placental tumors
Spontaneous

Twin to Twin
Velamentous cord insertion
“Stuck twin” phenomenon

OBSTETRIC ACCIDENTS, MALFORMATION OF THE 
PLACENTA AND CORD

Rupture of a normal umbilical cord (precipitous delivery, 
entanglement)

Hematoma of the cord or placenta
Rupture of an abnormal umbilical cord (varices, 

aneurysm)
Rupture of anomalous vessels (aberrant vessels, 

velamentous insertion; communicating vessels in a 
multilobed placenta)

Intrauterine manipulation*
Manual removal of the placenta*
Cesarean section*
Incision of the placenta during cesarean section
Placenta previa*
Abruptio placentae*

INTERNAL HEMORRHAGE

Intracranial
Giant cephalohematoma, caput succedaneum
Retroperitoneal
Ruptured liver
Ruptured spleen

*Defi ned by the American College of Obstetrics and Gynecology 
as conditions associated with high risk for the development of 
fetomaternal hemorrhage of 30 mL or greater. Additional 
high-risk conditions are antepartum fetal death and 
antepartum bleeding.

week,270 and substantial progress has been made in recent 
years to isolate these cells for prenatal diagnosis of genetic 
disease.271-273 Fetal DNA is also present in maternal 
plasma and is another possible source of fetal genetic 
material for diagnostic testing.274-276

The estimated volume of fetal blood present in the 
maternal circulation is less than 2 mL in 98% of preg-
nancies.277 Fetal-to-maternal hemorrhage of 30 mL or 
greater is observed in 3 in 1000 women, and it is most 
common after traumatic diagnostic amniocentesis or 
external cephalic version before delivery. A study of 
30,944 Rh-negative mothers showed that 1 in 1146 had 
fetal bleeding of at least 80 mL whereas 1 in 2813 had 
bleeding of 150 mL or greater.278 Risk factors for fetal-
to-maternal bleeding are summarized in Box 2-3. Trau-
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matic injury to the mother during pregnancy (e.g., injury 
secondary to motor vehicle accidents, falls, abdominal 
trauma),279 third-trimester amniocentesis, placental 
abnormalities (abruptio placentae and placental 
tumors),280 and manual removal of the placenta have also 
been associated with fetal-to-maternal hemorrhage.277

The clinical manifestations of fetal-to-maternal hem-
orrhage depend on the volume of hemorrhage and the 
rapidity with which it has occurred. If the hemorrhage 
has been prolonged or repeated during the course of the 
pregnancy, the anemia develops slowly and the fetus has 
an opportunity for hemodynamic compensation. Such an 
infant may manifest only pallor at birth. After acute hem-
orrhage, just before delivery, the infant may be pale and 
sluggish, have gasping respirations, and exhibit signs of 
circulatory shock. The typical physical fi ndings and labo-
ratory data that are useful in distinguishing the acute and 
chronic forms of fetal-to-maternal blood loss are described 
in Table 2-11.

The degree of anemia is quite variable. Usually, the 
hemoglobin value is less than 12 g/dL before signs and 
symptoms of anemia can be recognized by the physician. 
Hemoglobin values as low as 3 to 4 g/dL have been 
recorded in infants who were born alive and survived. If 
the hemorrhage has been acute, particularly when hypo-
volemic shock is present, the hemoglobin value may not 
refl ect the magnitude of the blood loss. In such instances, 
several hours may elapse before hemodilution occurs and 
the magnitude of the hemorrhage is appreciated. In 
general, acute loss of 20% of blood volume is suffi cient 
to produce signs of shock and is refl ected in a decrease 
in hemoglobin levels within 3 hours of the event.

Examination of a peripheral blood smear provides 
useful diagnostic information. In acute hemorrhage, the 
red cells appear normochromic and normocytic, whereas 
in chronic hemorrhage, the cells are generally hypochro-
mic and microcytic.

In anemia that is a direct result of fetal-to-maternal 
hemorrhage, the Coombs test yields a negative result, 
and the infants are not jaundiced. Infants with anemia 
secondary to blood loss generally have much lower bili-
rubin values throughout the neonatal period as a conse-
quence of their reduced red cell mass.

The diagnosis of fetomaternal hemorrhage of suffi -
cient magnitude to result in anemia at birth can be made 
with certainty only through demonstration of the pres-
ence of fetal cells in the maternal circulation. Techniques 
for demonstrating these cells include differential aggluti-
nation, mixed agglutination, fl uorescent antibody tech-
niques, and the acid elution method of staining for cells 
containing fetal hemoglobin.

The Kleihauer-Betke technique of acid elution is the 
simplest of these methods and the one most commonly 
used for detection of fetal cells,281,282 although its value 
in monitoring patients at risk has been questioned.283 The 
test is based on the resistance of fetal hemoglobin to 
elution from the intact cell in an acid medium. The acid 
elution technique can be relied on with certainty for 
diagnosis only when other conditions capable of produc-
ing elevations in maternal fetal hemoglobin levels are 
absent. Interpretation of this visual test shows consider-
able interobserver and interhospital variation, with up to 
500% differences284 for certain conditions, including 
maternal thalassemia minor, sickle cell anemia, heredi-
tary persistence of fetal hemoglobin, and in some normal 
women, pregnancy-induced increase in fetal hemoglobin 
production. In such circumstances, other techniques 
based on differential agglutination should be used.285 In 
addition, fl ow cytometry has been shown to be an accept-
able alternative to the acid elution test for detection of 
fetomaternal hemorrhage.286 However, most of the fl ow 
cytometry tests are designed to quantify D-positive fetal 
cells in D-negative mothers and are not applicable to D-
positive mothers.287,288

TABLE 2-11 Characteristics of Acute and Chronic Blood Loss in the Newborn

Characteristics Acute Blood Loss Chronic Blood Loss

Clinical Acute distress; pallor; shallow, rapid, and often 
irregular respiration; tachycardia; weak or absent 
peripheral pulses; low or absent blood pressure; 
no hepatosplenomegaly

Marked pallor disproportionate to evidence 
of distress; on occasion, signs of congestive 
heart failure may be present, including 
hepatomegaly

Venous pressure Low Normal or elevated

LABORATORY VALUES
Hb concentration May be normal initially, then drops quickly during 

fi rst 24 hr of life
Low at birth

RBC morphology Normochromic and macrocytic Hypochromic and microcytic; anisocytosis 
and poikilocytosis

Serum iron level Normal at birth Low at birth
Course Prompt treatment of anemia and shock necessary 

to prevent death
Generally uneventful

Treatment Intravenous fl uids and whole blood; iron therapy 
later

Iron therapy; packed RBCs may be necessary 
on occasion

Hb, hemoglobin; RBC, red blood cell.
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The diagnosis of fetomaternal hemorrhage may be 
missed in situations in which the mother and infant 
are incompatible for the ABO blood group system. 
In such instances, the infant’s A or B cells are rapidly 
cleared from the maternal circulation by maternal 
anti-A or anti-B antibodies and are not available 
for staining. A presumptive diagnosis may be made by 
demonstration of either marked erythrophagocytosis 
in smears of the maternal buffy coat or an increase in 
maternal immune anti-A or anti-B titer in the weeks after 
delivery.

Twin-to-Twin Transfusion Syndrome

This form of hemorrhage is observed only in monozy-
gotic multiple births with monochorial placentas. In 
approximately 70% of monozygotic twin pregnancies, a 
monochorial placenta exists.289 The incidence of twin-to-
twin transfusion syndrome (TTTS) in pregnancies in 
which a monochorial placenta is present has been esti-
mated to be 13% to 33% in one study290 and 6.2% in 
another.291 Velamentous cord insertion is associated with 
an increased risk for TTTS, possibly as a result of com-
pression force, which reduces blood fl ow to one twin.292 
This blood exchange can produce anemia in the donor 
and polycythemia in the recipient and is associated with 
a characteristic twin oligohydramnios-polyhydramnios 
sequence except in rare cases.293 When signifi cant transfer 
of blood has occurred, the difference in hemoglobin con-
centration between the twins exceeds 5.0 g/dL. This is in 
contrast to a maximal discrepancy of 3.3 g/dL in cord 
blood hemoglobin in dizygotic twins. The survival rate of 
fetuses with TTTS diagnosed before the 28th week of 
gestation varies between 21% and 50%.290,294,295 Clinical 
characteristics, diagnostic modalities, and the possible 
therapeutic role of amniocentesis and cordocentesis 
with fetal transfusion in reducing the high perinatal 
mortality associated with this syndrome have been 
reviewed.291,295-298 Laser ablation of the chorionic plate 
vessels at the intertwin membrane has been shown to 
improve the survival of at least one of the two fetuses and 
reduce neurologic complication when compared with 
serial removal of a large volume of amniotic fl uid.299-301

Congestive heart failure may develop in the anemic 
infant, whereas the plethoric twin may have symptoms 
and signs of hyperviscosity syndrome, disseminated intra-
vascular coagulation, and hyperbilirubinemia.302 Rarely, 
hydrops fetalis may develop if TTTS occurs early in the 
pregnancy.303

The hemorrhage may be acute or chronic. In a review 
of 482 twin pairs by Tan and associates, 35 pairs were 
found to have TTTS.304 They pointed out how the dif-
ference in weight of the twins could be used to establish 
the timing of the hemorrhage. When the weight differ-
ence exceeded 20% of the weight of the larger twin, the 
transfusion was chronic and the smaller infant was invari-
ably the donor. The anemic smaller twin displayed reticu-
locytosis. When the difference in the weight of the twins 
did not exceed 20% of the weight of the larger twin, the 

larger twin was the donor in almost 50% of all instances. 
In these presumably acute transfusions, signifi cant retic-
ulocytosis was not observed in the anemic donor. 
Although hemoglobin values of the recipient were 
increased equally with both acute and chronic transfu-
sion, the donor twin in the chronic transfusion group was 
found to be more anemic than the donor in the acute 
transfusion group. These fi ndings support and extend the 
original proposal of Klebe and Ingomar, who suggested 
these two types of transfusion on the basis of a review of 
previously documented cases.305

Obstetric Accidents and Malformations of 
the Placenta and Cord

The normal umbilical cord may rupture during precipi-
tous deliveries. The cord may also rupture during a 
normal delivery when it is unusually short or entangled 
around the fetus or when traction is applied to the infant 
with forceps.306

Other abnormalities of the umbilical cord that pre-
dispose to hemorrhage and the development of anemia 
in the infant include vascular abnormalities such as 
umbilical venous tortuosity and arterial aneurysm. 
Infl ammation of the cord can weaken vessels and predis-
pose them to rupture.

Velamentous insertion of the umbilical cord is 
observed in approximately 1% of all pregnancies. It 
appears to be most common in twin pregnancies and in 
pregnancies accompanied by low-lying placentas. It is 
estimated that 1% to 2% of pregnancies associated with 
velamentous insertion of the cord result in fetal blood 
loss.306 The perinatal death rate in such circumstances 
ranges from 58% to 80%, with many of the infants being 
stillborn. Approximately 12% of these infants who are 
born alive will be anemic.

The placenta may be inadvertently incised during 
cesarean section, with the incision producing fetal hem-
orrhage.307 As previously mentioned, placenta previa or 
abruptio placentae often results in fetal hemorrhage.308 
In women with late third-trimester bleeding, the physi-
cian may anticipate the birth of an anemic infant by 
examining vaginal blood for the presence of fetal eryth-
rocytes with the acid elution technique of Kleihauer and 
Betke.309

Internal Hemorrhage

When internal hemorrhage takes place in the newborn, 
it may not be recognized until shock has occurred.

Anemia that appears in the fi rst 24 to 72 hours after 
birth and is not associated with jaundice is commonly 
due to internal hemorrhage. It is well recognized that 
traumatic deliveries may result in subdural or subarach-
noid hemorrhage of suffi cient magnitude to result in 
anemia. Cephalohematomas may be of giant size and 
result in anemia.310
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Blood loss into the subaponeurotic area of the scalp 
tends to be greater than that observed with cephalohe-
matomas. The bleeding is not confi ned by periosteal 
attachments and thus is not limited to an area overlying 
a single skull bone. A subaponeurotic hemorrhage usually 
extends through the soft tissue of the scalp and covers 
the entire calvaria. Blood loss in this area can result in 
exsanguination.311 Pachman observed a hemoglobin value 
of 2.2 g/dL in an infant 48 hours of age in whom massive 
hemorrhage into the scalp had occurred.312 This form of 
hemorrhage most commonly occurs after diffi cult deliv-
eries or vacuum extraction.313 It also appears with vitamin 
K defi ciency and may be more frequent in African Amer-
ican infants than in those of other ethnicity. Examination 
of the infant reveals a boggy edema of the head extending 
into the frontal region and to the nape of the neck. The 
edema, which may have bluish coloration, obscures the 
fontanelles and swells the eyelids. The infant may be in 
shock. Robinson and Rossiter have developed a formula 
for predicting the volume of blood loss in this condi-
tion.311 For each centimeter of increase in head circum-
ference above that expected, a 38-mL loss of blood has 
occurred. When the products of red cell breakdown are 
absorbed from these entrapped hemorrhages, hyperbili-
rubinemia may develop.314

Breech deliveries may be associated with hemorrhage 
into the adrenal glands, kidneys, spleen, or retroperito-
neal area. Blood loss of this type should be suspected in 
infants found to be anemic during the fi rst few days of 
life after a traumatic delivery. Hemorrhage into the 
adrenal glands may also be observed after any diffi cult 
delivery or after the birth of a large infant. In adrenal 
hemorrhage, the clinical picture may include sudden col-
lapse, cyanosis, limpness, jaundice, irregular respirations, 
elevated or subnormal temperatures, and the presence of 
a fl ank mass accompanied by bluish discoloration of the 
overlying skin.

Rupture of the liver, with resultant anemia, appears 
to occur more frequently than clinically appreciated. In 
stillbirths and neonatal deaths, the incidence of hepatic 
hemorrhage found at autopsy ranges from 1.2% to 
5.6%.315 In approximately half of the cases reviewed by 
Henderson, the hemorrhage was subcapsular only; in the 
remainder, the capsule had ruptured, and free blood was 
present in the peritoneal cavity.316

An infant with a ruptured liver generally appears to 
be well for 24 to 48 hours and then suddenly goes into 
shock. The moment of onset of shock appears to coincide 
with the time when the gradually increasing hematoma 
fi nally ruptures the hepatic capsule and causes hemoperi-
toneum. At this time the upper part of the abdomen may 
appear distended, and often a mass contiguous with the 
liver is palpable. Shifting dullness can be demonstrated 
on abdominal percussion. Flat fi lms of the abdomen 
taken with the patient in both the erect and supine posi-
tions frequently confi rm the presence of free fl uid in the 
abdomen. Paracentesis, performed with the infant in 
the lateral position, reveals free blood in the abdomen. 

The prognosis is poor, but infants have been saved after 
multiple blood transfusions and prompt surgical repair 
of the laceration.

Splenic rupture may also occur after a diffi cult deliv-
ery or as a result of the extreme distention of the spleen 
that often accompanies severe erythroblastosis fetalis.317,318 
The physician should always suspect rupture of the spleen 
with associated hemorrhage when at the time of exchange 
transfusion, an anemic and hydropic infant with erythro-
blastosis fetalis is found to have decreased rather than 
increased venous pressure. Rupture of the spleen may 
also occur during the exchange transfusion.

Splenic rupture occurs, though uncommonly, in 
healthy infants born after seemingly normal deliveries.319 
Many of these infants are of large size. Pallor, abdominal 
distention, scrotal swelling, and radiographic evidence of 
peritoneal effusion without free air should alert the physi-
cian to the presence of splenic rupture.

Other less common causes of neonatal bleeding 
include maternal treatment with antiepileptic drugs 
during pregnancy associated with vitamin K defi ciency,320 
neonatal adenovirus infection,321 fetal cytomegalovirus 
infection,322 hemangiomas of the gastrointestinal tract, 
and hemangioendotheliomas of the skin.323,324

Bleeding into the ventricles and subarachnoid space 
can also produce signifi cant anemia. Intraventricular 
hemorrhage may occur in half of all infants with birth 
weights of less than 1500 g and with even greater fre-
quency when the mother has ingested aspirin in the week 
before birth of the infant.325 In many of these infants, no 
neurologic symptoms are present, and the hemorrhage is 
recognized on computed tomography of the head.326

Anemia Caused by Drawing Blood for 
Laboratory Analysis

A major cause of anemia in critically ill neonates treated 
in neonatal intensive care units (NICUs) is frequent 
blood drawing for laboratory analysis. In very-low-birth-
weight infants (<1500 g), a 1-mL blood draw represents 
1% or more of the total blood volume (Fig. 2-11). In 
neonates weighing less than 1500 g, blood drawings 
during the fi rst 4 weeks of hospitalization may range from 
5% to 45% of the calculated total blood volume.327 A 
study of 60 very-low-birth-weight infants (560 to 1450 g) 
showed an average of 4.8 punctures per day per infant, 
with a mean blood loss for diagnostic sampling of 
50.3 mL/kg per 28-day period (range, 7 to 142 mL).328 
Increased blood loss was associated with increased 
number of transfusions. There is also evidence that the 
volume of blood drawn for laboratory tests may exceed 
the actual laboratory requirement for the tests ordered 
by almost 20%.329 Another study showed lower blood loss 
(13.6 mL/kg), with the most frequently ordered tests 
being glucose, sodium, and potassium.330

Various approaches for limiting the amount of blood 
drawn for laboratory tests include the following:
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1. Reducing the amount of blood discarded from central 
venous lines before blood is obtained for culture. It 
has been shown that discarding only 0.3 mL in infants 
and 1.0 mL in children does not affect the accuracy 
of central venous line cultures.331

2. Use of micromethods that reduce blood loss from 
peripheral arterial catheters during sampling.332

3. Use of a closed method that allows return of the initial 
sample drawn to clear a line to the patient. This tech-
nique has been shown to reduce blood loss as a result 
of diagnostic sampling, even in adult patients.333,334

4. Reducing the amount of blood drawn in excess of that 
needed for the analytic procedure (25% of the blood 
removed in NICU settings is in excess of the analytic 
need).327 Phlebotomy overdraw is more prominent in 
the most critically ill infants and is greater when 
syringes are used.329

5. Reducing the need for blood drawing through the use 
of transcutaneous monitoring techniques (40% of the 
blood drawn in an NICU setting is for analysis of 
blood gases and electrolytes).327

Recognition of Infants with Blood Loss

The clinical manifestations of hemorrhage are dependent 
on the site of bleeding, the extent of the hemorrhage, and 
whether the blood loss is acute or chronic. Features useful 
in distinguishing infants with acute and chronic blood 
loss at the time of delivery are described in Table 2-11. 
Asphyxiated infants may also display pallor. Features that 
aid in distinguishing an infant with asphyxia from an 
infant with acute blood loss are presented in Box 2-4. In 
all circumstances associated with late third-trimester 
bleeding, multiple births, cesarean section, a nuchal cord, 
any form of cord compression, or a diffi cult delivery, a 
hemoglobin determination should be obtained promptly 

in the infant. Even when the fi rst value is normal, a repeat 
hemoglobin determination should be performed 6 to 12 
hours after birth.

ANEMIA AS A RESULT OF A 
HEMOLYTIC PROCESS

A hemolytic process is generally defi ned as a pathologic 
process that results in shortening of the normal red cell 
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Average blood volume
per kilogram of body weight

Premature babies ....... 115 mL/kg
Newborns .............. 80-100 mL/kg
Infants .................... 75-100 mL/kg

Gestational age/weeks Age/months

Weight (kg)

26 28 30 33 34 36 38 Birth 3 6 9 12 15 18 24 

0.9 1.1 1.3 1.6 2.1 2.6 3.0 3.4 5.7 7.6 9.1 10.1 10.8 11.4 12.6

FIGURE 2-11. Average blood volume per kilogram of 
body weight. (Redrawn from Werner M. Microtechniques for 
the Clinical Laboratory. New York, John Wiley & Sons, 1976, 
p 2. Reprinted by permission of John Wiley & Sons, Inc.)

Box 2-4  Differential Diagnosis of Pallor in the 
Newborn

ASPHYXIA

Respiratory fi ndings: retractions, response to oxygen, 
cyanosis

Moribund appearance
Bradycardia
Stable hemoglobin

ACUTE SEVERE BLOOD LOSS

Decrease in venous and arterial pressure
Rapid shallow respirations
Acyanotic
Tachycardia
Drop in hemoglobin

HEMOLYTIC DISEASE

Hepatosplenomegaly, jaundice
Positive result on the Coombs test
Anemia

Adapted from Kirkman HN, Riley HD Jr. Posthemorrhagic 
anemia and shock in the newborn due to hemorrhage during 
delivery: Report of 8 cases. Pediatrics. 1959;24:97-105. 
Copyright American Academy of Pediatrics, 1959.
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life span of 120 days. For neonates, a different defi nition 
that recognizes that the normal red cell life span of term 
infants is only 60 to 80 days (and may be as short as 20 
to 30 days in infants born at 30 to 32 weeks of gestation) 
must be used. A hemolytic process during the neonatal 
period is usually manifested by one of the following com-
binations of clinical and laboratory fi ndings:

1. A persistent increase in the reticulocyte count, with 
or without an abnormally low hemoglobin concen-
tration in the absence of current or previous 
hemorrhage

2. A rapidly declining hemoglobin concentration without 
an increase in the reticulocyte count in the absence of 
hemorrhage

Most infants with hemolytic anemia have accompa-
nying hyperbilirubinemia; however, in the majority of 
infants in whom the bilirubin level exceeds 12 mg/dL, an 
increase in red cell destruction, as refl ected by an increase 
in blood carboxyhemoglobin levels, cannot be demon-
strated.335 Approximately 30% of infants with an increase 
in carboxyhemoglobin levels have maximum bilirubin 
values of less than 8 mg/dL. The major causes of a short-
ened red cell life span in the neonatal period are listed in 
Box 2-5. Only the most salient features of the hereditary 
hemolytic anemias that are manifested in the neonatal 
period are discussed in this section. Extensive descrip-
tions of these disorders appear in other portions of the 
text.

Hemoglobinopathies

Clinically signifi cant hemoglobinopathies in the newborn 
may be categorized, as in older children, as defects in 
structure or defects in synthesis (thalassemic syndromes). 
Because of the rapid evolutionary changes that occur in 
the fetus and newborn with respect to globin chain syn-
thesis, a unique situation exists. Certain hereditary defects 
of hemoglobin may be seen at this age; some of these 
defects spontaneously resolve (e.g., γ-chain defects), 
whereas other defects, clinically inapparent at birth, 
produce problems at a later age (e.g., β-chain disorders). 
Other defects that might be thought to be similar in their 
clinical manifestations throughout life, such as α-chain 
defects, may in fact act differently in the newborn period 
when paired with a γ chain rather than with a β chain.

Defects in Hemoglobin Structure

a-Chain Structural Defects

When α-chain variants of hemoglobin occur, they are 
present in signifi cant concentration at birth because the 
α chain is common to all forms of hemoglobin present 
at birth. In contrast, β-chain variants such as HbS become 
quantitatively signifi cant only as β-chain synthesis 
replaces γ-chain production during the fi rst months after 
birth. When the amino acid alteration is in the α chain, 
the concentration of abnormal hemoglobin will remain 

Box 2-5  Causes of a Hemolytic Process in the 
Neonatal Period

Immune
Rh incompatibility
ABO incompatibility
Minor blood group incompatibility
Maternal autoimmune hemolytic anemia
Drug-induced hemolytic anemia

Infection
Bacterial sepsis
Congenital infections
Syphilis
Malaria
Cytomegalovirus
Adenovirus
Rubella
Toxoplasmosis
Disseminated herpes

Disseminated intravascular coagulation
Macroangiopathic and microangiopathic anemia

Cavernous hemangioma or hemangioendothelioma
Large vessel thrombi
Renal artery stenosis
Severe coarctation of the aorta

Galactosemia
Prolonged or recurrent metabolic or respiratory acidosis
Hereditary disorders of the red cell membrane

Hereditary spherocytosis
Hereditary elliptocytosis
Hereditary stomatocytosis
Hereditary xerocytosis
Other rare membrane disorders

Pyknocytosis
Red cell enzyme defi ciencies
G6PD defi ciency, pyruvate kinase defi ciency, 5′-

nucleotidase defi ciency, glucose phosphate isomerase 
defi ciency

α-Thalassemia syndromes
α-Chain structural abnormalities
γ-Thalassemia syndromes
γ-Chain structural abnormalities

G6PD, glucose-6-phosphate dehydrogenase.

fairly constant during infancy and adulthood; however, 
during infancy, the abnormal hemoglobin will be present 
primarily in a fetal form (αx

2γ2), with a lesser amount in 
the adult form (αx

2β2). An example of this is the HbD St. 
Louis trait (α2

Asn68→Lysβ2), in which the total concentration 
of abnormal hemoglobin (αx

2γ2 + αx
2β2) was found to be 

27% in neonates, as opposed to an average of 28% HbD 
in the heterozygous state in adults.336

Fortunately, most α-chain mutations do not cause 
clinically signifi cant disorders in adults, and the same 
situation appears to exist in newborns. Most infants with 
α-chain mutations are detected only as part of routine 
neonatal screening programs. Occasionally, the fetal form 
of an α-chain mutation is clinically more signifi cant than 
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the adult form of the mutation. Neonates with Hb Hasha-
ron (α2

Asp14→Hisβ2) are an example of this phenomenon. Hb 
Hasharon is mildly unstable; unstable mutant hemoglo-
bins have a greater tendency to dissociate into subunits, 
and this increased dissociation leads to hemolysis. HbF 
is less stable than HbA, presumably as a result of a 10-
fold greater affi nity between α and β chains than between 
α and γ chains. As a mildly unstable hemoglobin, 
the interaction between Hasharon α chains and normal 
β chains must be minimally decreased, but the interac-
tion between Hasharon α chains and γ chains in the fetal 
form of Hb Hasharon would be expected to be consider-
ably less and result in an even more unstable form of the 
α-chain variant. Levine and co-workers described a 965-
g newborn who was heterozygous for Hb Hasharon.337 
This infant manifested a hemolytic anemia that resolved 
coincidentally with the transition from the fetal to the 
adult form of Hb Hasharon trait at several months of 
age.

b-Chain Structural Defects

β-Chain mutations generally produce no clinical symp-
tomatology in the newborn period. This does not mean 
that chain variants are never a problem in the neonate, 
nor does it mean that these variants cannot be easily 
detected in the laboratory.

Although HbA usually constitutes less than 30% of 
the normal hemoglobin at birth, it is possible that the 
amount may, under certain circumstances, be far greater. 
Because the γ- to β-chain switchover begins at about 32 
weeks’ gestation, any disorder that causes the fetus to 
destroy its existing red cell population will result in 
replacement with red cells that have a markedly different 
HbF/HbA ratio at the time of delivery. Fetomaternal 
blood group incompatibility and intrauterine blood loss 
may, for example, unmask a β-chain defect earlier than 
it might otherwise be detected.

Sickle cell hemoglobinopathies are the most com-
monly encountered β-chain variants in the newborn 
period. Several cases of homozygous sickle cell disease 
have been seen clinically in neonates. In patients with 
homozygous sickle cell disease, the HbS concentration at 
birth is usually about 20%.

In infants in whom sickle cell anemia has been diag-
nosed in the fi rst 30 days of life because of some specifi c 
symptomatology, the most frequent fi ndings are jaundice, 
fever, pallor, respiratory distress, and abdominal disten-
tion. Hyperbilirubinemia appears to be more common in 
newborns with sickle cell anemia.338 Hegyi and co-
workers described a full-term newborn in whom abdomi-
nal distention developed during the fi rst day of life.339 
The cord bilirubin value was 3.1 mg/dL, the hemoglobin 
level was 12.7 g/dL, and the reticulocyte count was 
13.3%. No evidence of G6PD defi ciency or blood group 
incompatibility was found, but hemoglobin electropho-
resis demonstrated 20% HbS and 80% HbF. The child 
rapidly improved but was later found dead in her crib on 
the fi fth day of life. Postmortem examination revealed 

sickle cells in multiple organs and histopathologic fi nd-
ings consistent with widespread vaso-occlusion, includ-
ing multifocal enterocolitis.

Of special concern is the problem of “iatrogenic” 
sickle cell crisis—exchange transfusion of neonates with 
respiratory distress syndrome with the use of blood from 
apparently healthy donors who happen to have sickle cell 
trait.340 Such transfusions can produce death in hypoxic 
infants.

g-Chain Structural Defects

Table 2-12 lists the most commonly observed γ-chain 
structural hemoglobinopathies. These variants are quite 
interesting because they represent disorders that sponta-
neously resolve as γ-chain production diminishes. Con-
centrations of these hemoglobin variants in cord blood 
average 10% to 20% of the total hemoglobin and appear 
to represent the heterozygous state of these γ-chain 
hemoglobinopathies.336 The structural γ-chain defects are 
not generally associated with any hematologic distur-
bances and are usually found during newborn screening 
programs. HbF Poole is an exception to this rule. HbF 
Poole is an unstable hemoglobin that is manifested as a 
Heinz body hemolytic anemia during the fi rst weeks of 
life.341

Defects in Hemoglobin Synthesis

In newborn infants, defects in hemoglobin synthesis 
create a greater variety of thalassemia syndromes than 
may occur at any other time of life. Newborns may dem-
onstrate all varieties of α-thalassemia, β-thalassemia, γ-
thalassemia, or δ-thalassemia, or any combination of 
these types.

a-Thalassemia Syndromes in the Neonate

In the newborn period, hemolytic disease secondary to 
thalassemia has invariably been associated with homozy-
gous α-thalassemia. A large spectrum of α-thalassemia 
syndromes may be observed in the newborn period.

Silent Carrier (One-Gene Defect). Thus far, no obser-
vations have been made of this disorder in the neonatal 
period. This entity would be suspected only if a parent 
were known to be a silent carrier.

a-Thalassemia Trait (Two-Gene Defect). Although the 
α-thalassemia syndromes have been described for more 
than 20 years, the heterozygous state (trait) has been 
diffi cult to identify because of the mild hematologic 
changes that accompany this disorder. Older children 
and adults may demonstrate a very mild anemia and 
microcytosis in the presence of normal hemoglobin elec-
trophoresis. The diagnosis is more easily made in the 
neonatal period than at any other time of life because of 
two unique occurrences. First, microcytosis is observed 
in the cord blood of newborns with α-thalassemia trait. 
Because other causes of microcytosis are rare at this age, 
infants who are born with a low MCV are more likely to 
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have α-thalassemia trait than any other disease. Second, 
α-thalassemia in newborns is associated with the pres-
ence of Hb Bart’s (γ4), which is easily identifi ed.

Hemoglobin values in neonates with thalassemia trait 
are no different from those of normal neonates (range, 
15.2 to 18.5 g/dL).342 MCV is signifi cantly lower 
(≈94 μm3) than that in normal term infants (106.4 ± 
5.7 μm3). In addition, patients with the trait syndrome 
usually have an MCH of less than 29.3 pg. Determina-
tion of MCV and MCH appears to be an adequate 
screening test. The presence of Hb Bart’s is the confi rma-
tory fi nding.

Hemoglobin H Disease. This disorder appears to 
caused by the inheritance of a three-gene deletion that 
results in suffi cient α/β + γ-chain imbalance to result in 

the presence of large quantities of Hb Bart’s (γ4) and 
some HbH (β4) in the newborn period. After the fi rst few 
months of life, the Hb Bart’s disappears, and the only 
remaining abnormal hemoglobin is HbH.

Infants born with HbH disease have higher levels of 
Hb Bart’s in their cord blood than do normal infants or 
individuals with α-thalassemia trait; however, they have 
lower levels than homozygous infants with hydrops fetalis 
do. Unlike infants with α-thalassemia trait, infants with 
HbH disease are born with signifi cant anemia. Microcy-
tosis is present.343 The hemolytic process may contribute 
to a somewhat increased incidence of neonatal 
jaundice.

Hydrops Fetalis. This four-gene deletion disease 
results in death of the affected fetus. Because of the 

TABLE 2-12 g-Chain Hemoglobinopathies: Gg or Ag

Hb Name Residue/Substitution % Total Hb % Total HbF Notes
Gγ
F-Malaysia 1 Gly → Cys 12.8 18.8
F-Meinohama 5 Glu → Gly 10.0
F-Aukland 7 Asp → Asn 19 22.5
F-Albaicin 8 Lys → Glu or Gln 29
F-Catalonia 15 Trp → Arg 45.5 51.5
F-Melbourne 16 Gly → Arg 26 29
F-Saskatoon 21 Glu → Lys 16.2 23.3
F-Urumqi 22 Asp → Gly 21.5
F-Granada 22 Asp → Val 22
F-Cosenza 25 Gly → Glu 22.4
F-Oakland 26 Glu → Lys 32
F-Austell 40 Arg → Lys 27
F-Lodz 44 Ser → Arg 37.1
F-Kingston 55 Met → Arg 21
F-Sacromonte 59 Lys → Gln 25
F-Emirates 59 Lys → Glu 37
F-M-Osaka 63 His → Tyr Decreased O2 affi nity, methemoglobinemia
F-Brooklyn 66 Lys → Gln 23
F-Kennestone 77 His → Arg 25.3 30.7
F-Marietta 80 Asp → Asn 12.4 16.2
F-Columbus-GA 94 Asp → Asn 30.5
F-La Grange 101 Glu → Lys 14.0 Increased O2 affi nity, mildly unstable
F-Malta-I 117 His → Arg
F-Carlton 121 Glu → Lys 26
F-Port Royal 125 Glu → Ala 14-16
F-Onoda 146 His → Tyr 26.4 35 Increased O2 affi nity
Aγ
F-Macedonia-I 2 His → Gln 15
F-Texas-I 5 Glu → Lys 12 Increased acetylation (3-fold)
F-Pordenone 6 Glu → Gln 5.7 8.6
F-Calluna 12 Thr → Arg 8.7 10.8
F-Kuala Lumpur 22 Asp → Gly 11
F-Pendergrass 36 Pro → Arg 6.7 8.5
F-Bonaire-GA 39 Gln → Arg 8.3 9.8
F-Beech Island 53 Ala → Asp 15-16
F-Jamaica 61 Lys → Glu 11-15
F-Iawata 72 Gly → Arg 11
F-Sardinia 75 Ile → Thr 15
F-Damman 79 Asp → Asn 6.9 13.1
F-Victoria Jubilee 80 Asp → Tyr 7.0
F-Hull 121 Glu → Lys 7-9
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virtual absence of α-chain synthesis, affected infants are 
born with Hb Bart’s only (occasionally, however, some 
Hb Portland may be found). The peripheral blood smear 
demonstrates marked hypochromia, poikilocytosis, and 
target cells. This disorder must be distinguished from 
other causes of hydrops fetalis with severe anemia. A 
negative result on the Coombs test and the demonstra-
tion of intracellular crystals of Hb Bart’s with supravital 
staining rapidly confi rm the high probability of the homo-
zygous state as the correct diagnosis. If death does not 
occur in utero, it occurs within minutes after birth. 
Although infants with hydrops fetalis have been reported 
to have cord hemoglobin values as high as 11 g/dL, the 
usual levels are much lower.344 Oxygen delivery is severely 
impaired even when hemoglobin levels are greater because 
of the profound leftward shift of the oxyhemoglobin 
dissociation curve for Hb Bart’s. There is a possible asso-
ciation between homozygous α-thalassemia and hypo-
spadias.345,346 When this disorder is detected in utero, the 
fetus may be salvaged with intrauterine transfusion and 
maintained by a postdelivery transfusion program.347,348 
Prevention of severe forms of α-thalassemia and hydrops 
fetalis can be achieved with prenatal testing and 
counseling.349

b-Thalassemias

In the β-thalassemia syndromes (both trait and homozy-
gous states), the disorders become apparent only after 
2 or 3 months of age. In β-thalassemia minor, hemato-
logic fi ndings at birth are entirely normal, with microcy-
tosis being noted later in the fi rst 6 months of life. 
Similarly, in β-thalassemia major, no clinical fi ndings are 
present initially; the fi rst sign of any abnormality is the 
presence of nucleated red cells on smears or maintenance 
of high HbF concentrations. Any disorder that signifi -
cantly alters the survival of fetal red cells (e.g., intrauter-
ine blood loss or blood group incompatibility) could 
make the β-thalassemia syndromes clinically obvious at 
an earlier age.

Erlandson and Hilgartner recorded their observa-
tions of infants in whom thalassemia major was diag-
nosed during the fi rst 3 months of life.350 In four infants 
in whom the disease was diagnosed between 1 and 2 
months of age, hemoglobin concentrations were abnor-
mally low. Morphologic erythrocyte abnormalities were 
already present at 3 days of age in one infant who was 
also mildly anemic (hemoglobin level, 12.7 g/dL). The 
earliest morphologic abnormalities were similar to those 
found in the heterozygous state; however, by 2 months 
of age, the presence of marked numbers of normoblasts, 
consistent with homozygous thalassemia, was noted in all 
infants. Splenomegaly was not present in the one infant 
who was examined at birth but was apparent in all infants 
between 1 and 3 months of age. Fetal hemoglobin levels 
were elevated at 1 to 2 months of age. It would seem then 
that at least some manifestations of thalassemia major 
may be present at birth.

g-Thalassemias

Theoretically, a decrease in γ-chain synthesis (γ-thalas-
semia) would produce symptoms in utero. Because there 
are multiple structural genes for γ-chain synthesis, the 
severity of γ-thalassemia would depend on the extent to 
which these genes are involved. The condition would be 
lethal if no γ chains were formed; if only one or two genes 
were involved, only slight hypochromia or, at most, a mild 
anemia would ensue. If the diagnosis were not estab-
lished in the neonatal period, it would be missed because 
as β-chain synthesis replaces γ-chain synthesis, the red 
cell changes would disappear.351

Combinations of Thalassemia Syndromes

Kan and co-workers described a full-term infant who had 
hemolytic hypochromic anemia at birth associated with 
microcytosis and nucleated red cells on smear.352 Neither 
HbH nor Hb Bart’s was detected. Studies of globin chain 
synthesis in peripheral blood revealed a defi ciency in the 
synthesis of γ and β chains. As the infant matured, 
the peripheral smear morphology improved and be -
came identical to that of the subject’s father, who had β-
thalassemia trait. Since then, several such cases have been 
reported (see Chapter 20).

Methemoglobinemia in Neonates Treated 
with Nitric Oxide

Methemoglobinemia is discussed in detail in Chapter 18. 
A new form of drug-induced Met-Hb has special rele-
vance for oxygen transport in neonates. Pulmonary vaso-
constriction is characteristic of persistent pulmonary 
hypertension of the newborn and is frequently seen in 
neonatal respiratory distress syndromes. Inhaled nitric 
oxide (NO) acts as a potent vasodilator on the pulmonary 
vasculature, improves oxygenation, and lowers pulmo-
nary vascular resistance.353-358 A potentially serious side 
effect of the administration of NO is the oxidation of Fe2+ 
of hemoglobin to form Fe3+ and Met-Hb. This is usually 
transient but has been reported to be as high as 40%.359 
Detection of Met-Hb formation is particularly problem-
atic in neonates because of the interference of HbF on 
determination of Met-Hb. Multiwavelength hemoglobin 
co-oximeters can provide reliable estimates of Met-Hb in 
samples with high HbF, although their reliability differs 
in different models.360-362 It is advisable to monitor Met-
Hb levels in all neonates treated with NO.

Methemoglobinemia in Neonates 
with Diarrhea

Diarrhea in neonates can be associated with methemo-
globinemia, in some cases requiring infusion of methyl-
ene blue. Affected patients are usually seen in the fi rst 1 
to 3 months of life, frequently with failure to thrive, 
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weight on admission below the 10th percentile, and 
formula-feeding.363-365

Hereditary Disorders of the 
Red Cell Membrane

Hereditary spherocytosis, hereditary elliptocytosis, 
hereditary stomatocytosis, and hereditary xerocytosis all 
may be manifested in the newborn period.366 If hemolytic 
anemia is detected during evaluation for hyperbilirubine-
mia, a precise diagnosis is not generally established in 
most patients until they are older. It should also be kept 
in mind that genetic defects in bilirubin metabolism 
may be associated with hereditary disorders of the red 
cell membrane and lead to marked neonatal 
hyperbilirubinemia.367

In hereditary spherocytosis, the condition is diag-
nosed in only a third of patients during the fi rst year of 
life. Neonates with hereditary spherocytosis have dehy-
drated erythrocytes with decreased membrane surface 
area and exhibit a sharp fall in hemoglobin (near-normal 
at birth) and reticulocyte counts during the fi rst 20 days 
of life, with transfusion required in 75% of cases.368 The 
reticulocyte response to the anemia is also blunted in 
the fi rst year of life.368 Two cases of severe neonatal 
anemia caused by hereditary spherocytosis and absence 
of the anion exchange protein band 3 have been 
reported.369,370

The classic morphologic abnormalities of patients 
with hereditary elliptocytosis may not be present during 
the fi rst few weeks of life. Patients with the hemolytic 
form of hereditary elliptocytosis may display pyknocytes 
rather than elliptocytes early in life, and only after several 
months are the typical elliptocytes observed. These mem-
brane disorders are described in detail in Chapter 15.

Hereditary xerocytosis (or dehydrated hereditary 
spherocytosis) is associated in some families with perina-
tal edema that resolves in a few weeks after birth. In other 
families it is associated with pseudohyperkalemia. Eryth-
rocyte MCV and MCH are both increased, and the 
defect has been localized to 16q23-q24.371,372

Red Cell Enzyme Defi ciencies

Inherited disorders of red cell metabolism may also be 
anticipated to produce hemolytic anemia early in life. The 
most common of these abnormalities are G6PD defi -
ciency and pyruvate kinase defi ciency.266,373 These and 
other disorders of red cell metabolism are described in 
Chapters 16 and 17. G6PD defi ciency may be associated 
with Gilbert’s syndrome and lead to marked hyper -
bilirubinemia and jaundice.374,375 Severe transfusion-
dependent neonatal anemia accompanied at birth by 
jaundice, by pyropoikilocytosis, and in the fi rst 3 to 4 
years of life by rhabdomyolysis and hyperkalemia has 
been described in a patient with compound mutations 
for the erythrocyte/muscle enzyme aldolase A.376

Malaria

Although the pathophysiology of malaria-associated 
anemia is not fully understood,377 it has been shown that 
congenital malaria and the presence of parasitemia at 
birth are strongly associated with neonatal anemia (hemo-
globin <14 g/dL).378-381

Infantile Pyknocytosis

Infantile pyknocytosis, with pyknocytes defi ned as “dis-
torted, irregular, densely stained erythrocytes, presenting 
with several to many spiny projections,” has been shown 
to account for up to 10% of cases of otherwise unex-
plained neonatal hemolytic anemia and jaundice.382 The 
proportion of pyknocytes varied from 4% to 23% in this 
series, whereas lower numbers have been described in 
full-term or premature infants.

Neonatal Cobalamin and Folate Defi ciency

Both severe maternal dietary defi ciency of cobalamin and 
folate and inherited errors in the absorption, transport, 
and metabolism of these two key metabolites have been 
associated with neonatal anemia.383 In a normal preg-
nancy, plasma and red cell folate decrease and total 
plasma homocysteine levels increase without producing 
folate defi ciency in the newborn.384

IMPAIRED RED BLOOD CELL PRODUCTION

Diamond-Blackfan syndrome (pure red cell anemia, 
erythrogenesis imperfecta, or chronic aregenerative 
anemia) is an uncommon condition characterized by 
failure of erythropoiesis but normal production of white 
blood cells and platelets (see Chapter 8).385 The disease 
may affect more than red cell production because it is 
associated with pancytopenia, hypoplasia of the bone 
marrow, and reduced in vitro clonogenic potential.386

Two reviews of the subject suggest that as many as 
25% of affected patients may be anemic at birth.387,388 
Hemoglobin values as low as 9.4 g/dL, accompanied by 
reticulocytopenia, have been observed during the fi rst 
days of life.389 There is no correlation between the various 
types of gene mutations described in this disease and 
clinical expression and severity.390,391 However, the sever-
ity of the disease is greater in patients affected at a young 
age and born prematurely.392 Congenital Diamond-
Blackfan anemia may be missed if associated with other 
more common causes of fetal anemia, such as 
hemorrhage.393

Low birth weight occurs in approximately 10% of all 
affected patients, with about half of this group being 
small for gestational age. There appears to be a slight 
increase in the incidence of miscarriage, stillbirth, and 
complications of pregnancy in mothers who have given 
birth to infants with this syndrome.
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Abnormalities that have been described include 
microcephaly, cleft palate, anomalies of the eye, web 
neck, and thumb deformity. A triphalangeal thumb, 
duplications of the thumb, and a bifi d thumb have been 
reported in association with this syndrome.394-396

Another cause of impaired red cell production in the 
neonatal period is Pearson’s syndrome.397 This syndrome 
is characterized by vacuolization of bone marrow precur-
sors, sideroblastic anemia, and exocrine pancreatic dys-
function.398 It may be associated with Leigh’s disease 
(subacute necrotizing encephalopathy)399 or with Kearns-
Sayre syndrome (bilateral ptosis and atypical retinitis 
pigmentosa).400 A deletion in mitochondrial DNA has 
been found in Pearson’s syndrome.401-403 A case of pyri-
doxine-refractory congenital sideroblastic anemia with 
autosomal recessive inheritance has also been described.404 
Neonatal anemia with macrocytosis has been reported in 
some cases of cartilage-hair hypoplasia.405

Cases of congenital dyserythropoietic anemia (CDA) 
resulting in severe fetal and neonatal anemia have been 
described.235,406 Anemia and early jaundice, with or 
without splenomegaly/hepatomegaly, accompany the 
bone abnormalities in almost all cases described thus 
far.407,408 The reticulocyte count is characteristically lower 
than expected based on the degree of anemia. Pulmonary 
hypertension of the newborn has been shown to accom-
pany CDA in neonates.409

Association with Gilbert’s syndrome increases neo-
natal hyperbilirubinemia in CDA type II.410

Impaired red cell production resulting in anemia 
during the neonatal period may also be observed as a 
result of congenital infections such as rubella, cytomega-
lovirus, adenovirus, and human parvovirus.411-413 Con-
genital leukemia, Down syndrome, and osteoporosis may 
likewise produce anemia during the early days of life as 
a result of inadequate erythropoiesis.

A DIAGNOSTIC APPROACH TO THE 
ANEMIC NEWBORN

In view of the great number of entities that may be 
responsible for anemia in the newborn period, a disci-
plined approach to diagnosis is essential. A detailed 
family and obstetric history should be obtained. The 
placenta should be examined whenever possible.

During physical examination of the infant, particular 
attention should be devoted to detection of congenital 
anomalies, stigmata of intrauterine infection, internal 
hemorrhage, and the presence of hepatosplenomegaly.

Initial laboratory studies should include a complete 
blood count, red cell indices, reticulocyte count, direct 
Coombs test, and examination of a well-prepared periph-
eral blood smear. Other useful simple procedures include 
a Heinz body preparation and performance of a “wet 
prep” of the infant’s erythrocytes.

One approach that relies on the reticulocyte count 
and cellular indices in arriving at a diagnosis is illustrated 

in Figure 2-12. This approach can be supplemented with 
specifi c diagnostic tests as indicated.

PHYSIOLOGIC ANEMIA OF PREMATURITY

The hemoglobin concentration of term infants normally 
decreases over the fi rst weeks of life, and this is known 
as the “physiologic anemia of infancy.” Infants who are 
born prematurely but are otherwise healthy experience a 
more exaggerated decrease in hemoglobin concentration 
(see the following paragraph), which has been termed the 
“physiologic anemia of prematurity.”414 Factors that 
infl uence the magnitude of this physiologic anemia 
include the nutritional status of the infant and a variety 
of complex adaptations to changes in oxygen 
availability.415

Cord hemoglobin values do not change signifi cantly 
during the last trimester of pregnancy. After birth, the 
rapidity with which the hemoglobin level declines and the 
magnitude of the actual decrease vary directly with the 
degree of immaturity of the newborn. Although the nadir 
in hemoglobin concentration for normal full-term infants 
may be as low as 11.4 ± 0.9 g/dL by the age of 8 to 12 
weeks, the average hemoglobin value observed by Schul-
man in premature infants weighing less than 1500 g was 
8.0 g/dL at the age of 4 to 8 weeks.414 These data are 
consistent with the normal data found by others.416

It is generally agreed that this fall in hemoglobin 
concentration results in greatest part from a decrease in 
red cell mass rather than a hemodilutional effect of an 
expanding plasma volume.90 These changes occur at a 
time when the red cell survival of both term and prema-
ture infants is known to be shortened and when a striking 
decrease occurs in hematopoietic activity, as evidenced 
by a fall in the reticulocyte count and a decrease in 
marrow erythroid elements.

Cord blood analysis generally demonstrates elevated 
levels of EPO; these elevated levels are increased further 
in infants who experience transient hypoxemia at the 
time of delivery.417,418 One notable exception is seen in 
neonates with severe isoimmunization treated by intra-
uterine transfusion, in whom severe anemia typically 
develops postnatally. The anemia is due to a combination 
of continued immune-mediated hemolysis and sup-
pressed erythropoiesis. Serum EPO in these neonates 
surged transiently at birth but did not reach “appropri-
ate” levels until the hemoglobin level decreased to below 
5 g/dL.419 Otherwise, infants born anemic demonstrate 
reticulocytosis. Increased erythropoiesis is generally seen 
in small-for-gestational-age infants who have experienced 
intrauterine hypoxia.420 The anemia of prematurity rarely 
occurs in association with cyanotic congenital heart 
disease or respiratory insuffi ciency, which indicates that 
infants in the fi rst few weeks of life can maintain higher 
oxygen-carrying capacity if the need arises. In premature 
infants, early neonatal anemia is an important predictor 
of mortality and neurologic sequelae.421
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An important insight into the ability of preterm 
infants to adjust the hemoglobin level adequately to their 
own specifi c requirements may be noted if the hemato-
logic status of infants who are born with widely varying 
hemoglobin concentrations is compared in the fi rst few 
months of life. Differences in initial hemoglobin levels 
greatly affect the hemoglobin concentration in the weeks 
after birth. Infants with lower hemoglobin levels at birth 
achieve minimum hemoglobin values more rapidly, and 
their recovery phase occurs earlier than in infants born 
with higher hemoglobin levels.415 It is interesting to note, 
however, that the minimum hemoglobin levels achieved 
are similar in infants born with widely discrepant hemo-
globin values, thus suggesting that the signal for return 
of active erythropoiesis is roughly equivalent among 
infants.

Until recently it was not clear how infants, particu-
larly premature infants, could tolerate large declines in 
hemoglobin concentration while at the same time provide 
suffi cient supplies of oxygen to tissues. Adequate tissue 
oxygenation in the face of diminished oxygen-carrying 
capacity (lower hemoglobin concentration) can be accom-

plished only if oxygen demands are reduced or if one or 
more compensatory changes that are known to accom-
pany anemia are observed. These responses include, in 
part, higher cardiac output, improved oxygen-unloading 
capacity, redistribution of blood fl ow, and greater oxygen 
extraction (a decrease in oxygen tension in mixed central 
venous blood). Apparently, only some of these responses 
occur.

Cardiac output does not change signifi cantly between 
the end of the fi rst week of life and 3 months of age. 
Although the oxygen content of blood (milliliters of 
oxygen carried per 100 mL of blood) decreases to its 
lowest level in the fi rst 2 to 3 months of life, this refl ects 
nothing more than the overall decline in hemoglobin 
concentration. The oxygen-unloading capacity of blood—
that is, the actual quantity of oxygen that is theoretically 
capable of being delivered to tissues—is constantly 
increasing from the moment of birth, even as the hemo-
globin level falls.422 This increase in oxygen unloading 
results from a gradual rightward shift in the oxyhemoglo-
bin dissociation curve as fetal hemoglobin levels decrease 
and the red cell 2,3-DPG level increases. The magnitude 
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of this shift may have profound physiologic signifi cance 
for both term and premature infants.

Recombinant Human Erythropoietin and 
the Anemia of Prematurity

In 1977, Stockman and associates observed EPO con-
centrations within or below the normal adult range 
in infants with the anemia of prematurity.423 Very low 
levels for the degree of anemia have subsequently been 
observed and reported by others.424,425 EPO levels in 
neonates of different weight at birth vary over a wide 
range, but they seem to reach a nadir between days 7 and 
50 independent of weight at birth; this is followed by the 
nadir in hemoglobin concentration (between day 51 and 
150).426 These and other data indicate that the increase 
in EPO levels is insuffi cient for the degree of anemia 
when the neonates are compared with matched 
adults.50,427

Investigation of in vitro erythroid colony growth has 
demonstrated normal numbers of both circulating BFU-
E428 and bone marrow CFU-E429 in the anemia of pre-
maturity. Both classes of erythroid progenitors show 
normal EPO dose-response curves. Taken together, the 
fi ndings of low serum EPO concentrations, relative bone 
marrow erythroid hypoplasia, and a normal EPO dose-
response curve suggest that inadequate EPO production 
is a major factor in the genesis of anemia of 
prematurity.

The blunted EPO response to decreasing hemoglo-
bin levels312 may be a consequence of the incomplete 
switch from liver to kidney as the major source of EPO 
production in premature infants and the relative insensi-
tivity of liver-controlled EPO production to hypoxia.424 
An additional factor may be related to a different clear-
ance and volume of distribution of EPO in neonates that 
results in lower EPO levels.430,431 The anemia of prema-
turity is also due to blood loss related to the shorter life 
span of neonatal erythrocytes and to the rapid growth 
observed in the fi rst weeks of life, which is not accompa-
nied by a parallel increase in red cell mass. Detailed 
reviews of the pathophysiology and treatment of anemia 
of prematurity have been published.262-264,431,432

The use of r-HuEPO reduces the need for transfu-
sions in premature infants weighing more than 1000 g, 
a group that rarely undergoes transfusion.432 r-HuEPO 
may not be as effective in reducing transfusion require-
ments when it is used in infants weighing less than 1000 g 
or in neonates requiring artifi cial ventilation.433-435 In a 
large, double-blind, placebo-controlled trial, r-HuEPO 
was shown to reduce blood transfusion requirements in 
preterm infants (weight at birth, 924 ± 183 g).436 Although 
the reduction in blood transfusions was statistically sig-
nifi cant, use of r-HuEPO resulted in only a small increase 
in the number of untransfused infants (from 31% to 
43%). This disappointing result could have been due to 
poor EPO responsiveness, variability in the r-HuEPO 

dosages used, or inconsistency in providing supplemental 
iron for sustaining the enhanced erythropoiesis induced 
by r-HuEPO. A detailed cost analysis of the use of r-
HuEPO for the anemia of prematurity has been pub-
lished.437 A meta-analysis of 21 clinical trials in which 
r-HuEPO was administered to premature neonates 
showed an average reduction of 11 mL/kg in red cell 
transfusion in neonates weighing less than 1000 g.438 
However, the large variability in published results does 
not permit r-HuEPO to be recommended as standard of 
care in this setting.438 Early (fi rst 2 weeks of life) use of 
r-HuEPO does not seem to reduce the number of trans-
fusion in infants with birth weight less than 1250 g.439 
However, it lowers transfusion requirements in infants 
with birth weight lower than 800 g and phlebotomy losses 
of greater than 30 mL/kg.439

A potential advantage of the use of r-HuEPO in the 
anemia of prematurity is the associated right shift in the 
oxyhemoglobin dissociation curve, most likely secondary 
to the increased erythrocyte 2,3-DPG content.440 The 
incidence of necrotizing enterocolitis is lower in very-
low-birth-weight infants treated with r-HuEPO,441 
whereas neurodevelopmental outcomes are unaffected by 
r-HuEPO therapy.442

Studies in adult subjects have identifi ed a functional 
iron defi ciency in normal iron-replete subjects treated 
with r-HuEPO and oral iron.443 Oral iron administra -
tion is insuffi cient for sustaining the increased marrow 
activity in the presence of r-HuEPO, and intravenous 
iron supplementation should always be considered 
for premature infants, possibly in association with vita -
min E supplementation. In very-low-birth-weight prema-
ture infants, no measurable detriment in antioxidant 
defense could be shown in conjunction with oral iron 
supplementation therapy.444 Use of intravenous iron 
together with r-HuEPO was associated with a greater 
hemoglobin and reticulocyte response in premature 
infants.445

Studies in adult patients have indicated that autolo-
gous donation is not cost-effective when compared with 
allogeneic blood transfusion, mostly as a consequence of 
the high cost of collecting and discarding units that are 
not used.446 However, reduction of allogeneic blood use 
by means of autologous blood donation (and the use of 
r-HuEPO) may be a prudent practice to follow despite 
the associated additional cost.447 Cost-benefi t analysis 
does not indicate cost-effectiveness for the use of EPO 
in the neonatal setting,448 but this conclusion is based on 
the high cost of the product (to reach a break-even point 
would require a 54% reduction in product cost) and the 
way it is currently packaged: a 2000-unit vial cannot be 
used more than once for the same patient, although it 
can be used for multiple patients on the same day. 
However, any vial-sharing practice should be carefully 
scrutinized, given the reports of Serratia liquefaciens sepsis 
from multiple use of single-use vials in adult dialysis 
centers.449 Changes in r-HuEPO price and packaging 
could make r-HuEPO therapy more similar in cost to 
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allogeneic blood transfusion. r-HuEPO is a remarkably 
safe drug. No signifi cant side effects have been reported 
with its use, with the exception of the occurrence of sei-
zures and blood pressure elevation when the circulating 
red cell mass is increased too rapidly. r-HuEPO has been 
shown to increase total bilirubin production in premature 
infants without inducing clinically signifi cant jaundice.450 
Use of r-HuEPO in preterm infants does not affect the 
ratio of HbF to HbA.451

NEONATAL HYPERVISCOSITY

Neonates with hematocrit values in excess of 65% are at 
some risk for hyperviscosity syndrome, a condition that 
consists of hypoglycemia, central nervous system injury,452 
and hypocalcemia with elevated plasma calcitonin gene–
related peptide levels.453 Infants with polycythemic hyper-
viscosity should undergo careful isovolumic partial 
plasma exchange transfusion, especially when abnormal 
results are obtained on cerebral blood fl ow velocity 
studies.454 Although there is good correlation between 
polycythemia and hyperviscosity, several infants with 
hyperviscosity syndrome have normal hematocrit values 
and can be identifi ed only with the use of viscosity mea-
surements.455 Several risk factors for neonatal polycythe-
mia and hyperviscosity have been identifi ed, such as 
maternal insulin-dependent diabetes,456,457 intrauterine 
growth retardation, perinatal asphyxia, twin-to-twin 
transfusion (recipient), delayed cord clamping, and 
Beckwith’s syndrome.458

TRANSFUSIONS IN PREMATURE INFANTS

Red cell transfusion is discussed in Chapter 35; however, 
some of the problems unique to the neonatal setting are 
discussed in this section. For a more detailed discussion 
of issues related to neonatal red cell transfusion, consult 
recent publications.263,459-463

Decisions regarding the need for transfusion in low-
birth-weight infants cannot be based on hemoglobin con-
centration or hematocrit alone. Wardrop and co-workers 
have demonstrated that “available oxygen” and not the 
absolute hemoglobin level most closely correlates with 
the presence of symptoms and signs of hypoxemia such 
as tachycardia, tachypnea, easy fatigability, and poor 
feeding in low-birth-weight infants.464 Available oxygen 
is a refl ection of the position of the oxyhemoglobin dis-
sociation curve, the hemoglobin concentration, and arte-
rial oxygen saturation. Nomograms that illustrate the 
importance of these factors in making decisions regard-
ing transfusion have been prepared.465 These nomograms 
are based on assumptions regarding cardiac output and 
oxygen consumption that have been derived from serial 
measurements in low-birth-weight infants.466 An example 
of the importance of P50 and arterial oxygen saturation 
in making decisions regarding the hemoglobin required 

for maintaining central venous oxygen tension at 
30 mm Hg is illustrated in Table 2-13.

As a general rule, hemoglobin values in otherwise 
healthy low-birth-weight infants should be maintained 
above 12 g/dL during the fi rst 2 weeks of life. After that 
period, decisions regarding transfusion when determina-
tions of “available oxygen” cannot be performed should 
be based on the infant’s clinical condition. Factors to 
evaluate include the infant’s weight gain, evidence of 
fatigue during feeding, tachycardia, tachypnea, and evi-
dence of hypoxemia as refl ected by an increase in blood 
lactic acid concentrations.467 Although a study in prema-
ture infants has shown no relationship between hemato-
crit (values from 19% to 64%) and either heart or 
respiratory rates or the occurrence of bradycardia,468 
hematocrit still seems to be the best indicator of red cell 
mass in low-birth-weight infants.469 Capillary whole 
blood lactate has been shown to have little value in trans-
fusion decisions,440,470 although plasma lactate levels 
decrease after transfusion.440 In a study comparing 
“liberal” and “restrictive” hematocrit transfusion thresh-
olds (46% versus 34% for tracheal incubation, 38% 
versus 28% for nasal continuous positive airway pressure 
or supplemental oxygen, and 30% versus 22% for 
neither), the “liberal” group received more transfusions 
without being exposed to more donors, whereas infants 
in the “restrictive” groups experienced more frequent 
major neurologic adverse events.462 However, a recent 
study comparing two hemoglobin thresholds for transfu-
sion (7 versus 9.5 g/dL, with target ranges of 8.5 to 
9.5 g/dL versus 11 to 12 g/dL, respectively) showed that 
the 7.0-g/dL threshold was associated with decreased 
transfusion requirements and no worse adverse 
outcomes.471,472

Infants with cardiac or pulmonary disease that 
reduces arterial oxygen saturation may require hemoglo-
bin concentrations of at least 16 to 17 g/dL for their 
oxygen requirements to be met adequately. No guidelines 
for neonatal transfusion have been clearly defi ned. It is 
common practice to transfuse neonates for the following 
reasons473:

TABLE 2-13  Hemoglobin Levels Required in 
Low-Birth-Weight Infants* to Maintain 
Central Venous Oxygen Tension of 
30 mm Hg

P50 (mm Hg)

ARTERIAL OXYGEN 
SATURATION (%)

95 90 85 80

20 10.0 13.0 20.0 >25.0
23  7.3  9.0 11.0 15.5
25  6.2  7.3  8.8 11.0
27  5.3  6.3  7.3 8.9

*Assumes a cardiac output of 250 mL/kg/min and an oxygen consumption 
of 6.5 mL/kg/min.
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1. Replacement of blood drawn for testing when cumu-
lative blood loss reaches 5% or 10% of total blood 
volume

2. Maintenance of hematocrit greater than 40% in 
patients with severe respiratory distress or symptom-
atic heart disease

3. Maintenance of hematocrit greater than 30% in neo-
nates with cardiopulmonary problems or growth 
failure

It has been estimated that more than 300,000 red 
blood cell transfusions are given annually to 38,000 pre-
mature neonates in the United States.473 Most infants 
who weigh more than 1000 g do not receive transfusions 
in this country.474 There has been a signifi cant reduction 
in the prevalence of transfusions because of improved 
treatment and prevention of neonatal lung disease with 
surfactants, better ventilation, inhalation of NO, reduc-
tion in blood loss for analytic purposes, and less aggres-
sive transfusion regimens. Neonatal transfusion practices 
in the United States have been studied in a national 
survey,475,476 which indicated that a large number of insti-
tutions in the United States still perform unnecessary 
major antiglobulin crossmatches for neonatal transfu-
sions. This practice leads to a greater amount of blood 
being drawn and thus more transfusions.

Standards issued by the American Association of 
Blood Banks require testing for ABO group and Rh type, 
as well as red cell antibody screening before the fi rst 
transfusion. If the red cell antibody screen is negative, it 
is unnecessary to crossmatch red cells for the initial or 
subsequent transfusions. Repeat testing may be omitted 
for the remainder of the neonate’s hospital admission. If 
a non–group O neonate is to receive non–group O red 
blood cells that are not compatible with the maternal 
ABO group, the initial sample should also be tested for 
passively acquired anti-A or anti-B immunoglobulin.477

Infants do not usually produce red cell–specifi c 
antibodies. Production of antibodies against white cells 
has been described, but its clinical signifi cance is 
unclear.478,479

Traditionally, blood used for neonatal transfusion is 
less than 7 to 10 days old and is collected in anticoagu-
lant citrate-phosphate-dextrose-adenine (CPDA) rather 
than in additive solutions, even though there is no good 
scientifi c evidence to support this practice with small-
volume (10 mL/kg) red cell transfusions.475,480,481 When 
transfused in small volumes (15 mL/kg), up to 42-day-
old red cells in additive solutions are equivalent to fresh 
red cells in CPDA.482 Use of specifi cally assigned units 
less than 14 days old and sterile connecting devices allows 
a reduction in donor exposure and has no adverse 
effects.483 Exposure to different donors can be drastically 
reduced by the multiple use of a single unit of blood for 
a patient over a period of 35 to 42 days without affecting 
cost.484-486

Blood products with a low risk for cytomegalovirus 
(cytomegalovirus negative or leukodepleted red cells) 

should be used only for neonates with weight at birth of 
less than 1200 g who are cytomegalovirus negative or of 
unknown cytomegalovirus status.487,488 Universal leu-
kodepletion is now applied to all red cells collected in 
the United States.489 Early immunostimulatory (increase 
in lymphocyte count) and late (day 14) immunosup-
pressive effects (increase in lymphocytes expressing 
CD45RA, CD3−/CD16+CD56, CD80, and CD3−/DR) 
have been described in transfused very-low-birth-weight 
infants.490

Packed red cells should be adjusted to the desired 
hematocrit (60% to 79%) with normal saline or 5% 
albumin solution. However, a signifi cant number of insti-
tutions still use fresh frozen plasma from the same donor 
or from a different donor for this purpose.475 This prac-
tice is particularly widespread for exchange transfusions 
in which red cells reconstituted in fresh frozen plasma 
from different donors are used—that is, each neonate is 
exposed to two different donors. In some settings, partial 
exchange transfusion may be preferable to simple trans-
fusion.491 Use of a small-bore central venous line (1.90-
French NeoPICC) may not be associated with signifi cant 
hemolysis, at least based on in vitro data.492

A signifi cant factor in determining different blood 
use in the neonatal setting is related to existing institu-
tional practice. Comparison of blood use in two NICUs 
has revealed major differences in the percentage of 
patients transfused and the number of transfusions that 
cannot be accounted for by differences in disease sever-
ity.493-495 Because no differences can be demonstrated in 
clinical outcome between high-transfusion and low-
transfusion NICUs, implementation of guidelines on 
blood drawing, use of arterial catheters, and transfusion 
should result in a reduction in transfusion rates and 
associated complications and cost.
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HISTORICAL ASPECTS

Whereas many serious complications of pregnancy were 
well known in antiquity, maternofetal blood group incom-
patibility was recognized more recently. Much of the 
understanding of the disease developed between the 
1930s and 1970s, although since the late 1980s, 
the molecular basis of both Rh and other blood group 
genotypes and phenotypes has been revealed. Despite the 
spectacular appearance of a hydropic fetus and placenta 
and the drastic effect of recurrent perinatal death on 
family size and structure, only about 1 in 200 pregnan-
cies in Occidental societies is vulnerable to complication 
by antibodies. Even without any effective treatment only 
about half the babies would die. Against the high perina-
tal mortality prevailing until the mid-20th century, deaths 
from hemolytic disease were of little statistical signifi -
cance. Louyse Bourgeois, midwife to Marie de Medici, 
may have been the fi rst (in 1609) to give an account of 
hemolytic disease of the fetus and newborn (HDN).1 She 
described twins: the fi rst was hydropic and died shortly 
after birth; the second initially appeared well but rapidly 
became jaundiced, then opisthotonic, and subsequently 
died.

The connection between “congenital anemia,” icterus 
gravis, and hydrops fetalis was not recognized until 1932 
despite detailed descriptions of each condition by pathol-
ogists. Diamond and co-workers2 deduced that these 
conditions were variations on a common theme and 
coined the term erythroblastosis fetalis for disease charac-
terized by hemolytic anemia, intramedullary and extra-
medullary erythropoiesis, and hepatosplenomegaly. 
Darrow, who had lost a baby of her own to kernicterus, 
correctly speculated in 1938 that the disease was caused 
by maternal antibodies to fetal antigens developed as a 
result of transplacental fetomaternal hemorrhage.3 
However, because she incorrectly concluded that the 
antibody was to fetal hemoglobin (HbF), much of the 
recognition for this remarkable insight was given to those 
who provided the evidence.

In 1939, Levine and Stetson linked a woman’s severe 
transfusion reaction to her husband’s blood with her 
recent delivery of a hydropic stillborn infant.4 She was 
found to have an antibody that agglutinated her hus-
band’s red blood cells (RBCs). Levine postulated that she 
had become sensitized to an antigen that the fetus had 
inherited from its father.

In 1940, Landsteiner and Wiener5 proposed the iden-
tity of the antigen by generating antibodies to rhesus 
monkey RBCs in guinea pigs and rabbits. The antisera 
agglutinated RBCs from 85% of whites. These people 
were designated rhesus (Rh) positive. The 15% whose 
RBCs did not agglutinate were Rh negative.

Levine and associates then used Landsteiner and 
Wiener’s antiserum to show that Levine and Stetson’s 
patient was Rh negative and her husband was Rh posi-
tive. Furthermore, her serum agglutinated the RBCs 
from Wiener and Landsteiner’s Rh-positive but not their 

Rh-negative individuals.6 The monkey RBC antigen and 
antibody (LW and anti-LW) are not the same as the 
human RhD antigen and antibody, but reactivity was 
linked to Rh status because LW is more strongly expressed 
on Rh-positive RBCs. Subsequent years saw rapid and 
dramatic progress, including recognition that immuno-
globulin G (IgG) crossed the placenta and development 
of the Coombs test.7 This test uses anti-human IgG anti-
bodies to agglutinate IgG-labeled RBCs and remains 
important in the detection and management of HDN. 
Chown reported in 1954 that mothers could be sensi-
tized by transplacental hemorrhage of fetal blood,8 
although until crossmatching for Rh groups became 
routine, transfusion for postpartum hemorrhage and 
other indications also contributed to the incidence of the 
disease. Chown’s observation plus subsequent recogni-
tion that most sensitizing fetomaternal hemorrhages 
occurred at delivery, thus explaining why Rh HDN was 
mainly a disease of multipara, paved the way for the 
development of immunoprophylaxis. Since the late 1960s, 
RhD immunoglobulin has been available to treat 
Rh-negative mothers of Rh-positive infants at delivery to 
prevent Rh HDN.

These discoveries all contributed to understanding 
of the delicate balance in the immunology of pregnancy; 
the maternal immune system generally remains in a state 
of armed neutrality toward the fetus and its foreign anti-
gens, which remain shielded by the trophoblast. Mean-
while, the advantages of maternal immunologic memory 
are conferred on the fetus and newborn via active trans-
placental passage of antibodies, thereby creating optimal 
conditions for awakening of the newborn’s own adaptive 
immune system. However, if a maternal antibody devel-
ops to a self-antigen or a fetal antigen, fetal disease can 
result. Thus, when an Rh-negative woman exposed to 
Rh-positive RBCs develops anti-D IgG, the antibody 
traverses the placenta and can bind fetal D-positive RBCs 
and lead to their destruction. The subsequent fetal hemo-
lysis can lead to icterus gravis, kernicterus, and hydrops 
fetalis.

For many problems of pregnancy, obscurity of the 
pathophysiology until recently often led to management 
that at best was symptomatic. In contrast, with hemolytic 
disease the genetic predilection, molecular mechanism, 
and rationale for treatment were rapidly deduced, which 
led to remarkable success in preventing the disease and 
mitigating its effects. Indeed, the history of prevention 
and management of Rh HDN includes a number of 
pivotal discoveries that have infl uenced the management 
of other diseases. These breakthroughs include exchange 
transfusion for neonatal treatment, development of 
screening programs for maternal blood group antibodies, 
strategies for managing early delivery to optimize neona-
tal outcomes, the use of amniocentesis for fetal diagnosis, 
the fi rst example of intrauterine fetal treatment, and the 
development of one of the earliest and most successful 
forms of immunoprophylaxis using human antibodies. 
Subsequently, many of the successes of fetal and neonatal 
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treatment of Rh HDN have been extrapolated to HDN 
caused by other blood group antibodies and other prob-
lems of pregnancy.

Advances in molecular biology and biochemistry 
allowed identifi cation of the Rh polypeptides in 1982 and 
Rh genes in 1991. Until these discoveries, controversy 
existed between two models to explain Rh genotype and 
phenotype relationships. Wiener and Wexler9 proposed 
the existence of a single gene with multiple epitopic sites, 
whereas Fisher and Race10,11 postulated that there were 
two closely linked genes encoding three pairs of Rh anti-
gens: Dd, Cc, and Ee inherited in two sets of three (one 
set from each parent) (Table 3-1).12 Both models have 
been shown to be partly correct, although like many dis-
orders that were once thought to have been genetically 
simple and phenotypically diverse, the diversity of Rh 
genotype/phenotype relationships is much greater than 
previously envisaged.

THE Rh BLOOD GROUP SYSTEM

Biochemistry and Molecular Genetics

Although the incidence of Rh HDN has declined and the 
incidence of HDN secondary to other alloantibodies has 
increased, the Rh blood group system remains the most 
common cause of HDN (particularly severe HDN), 
especially in whites, for whom about one in seven con-
ceptions involves an Rh-negative mother and an Rh-
positive father. Individuals are classed as Rh positive or 
negative based on expression of the major D antigen on 
their RBCs; however, more than 50 other Rh antigens 
have been identifi ed, the most commonly recognized of 
which in clinical practice are those designated D, C, c, 
E, and e. The Rh blood group system is the most complex 
blood group system in humans.13,14

After the landmark descriptions of the RhD pro -
tein in 1982,15,16 non-D17,18 and D complementary DNA 

(cDNA) and genes were cloned in the early 1990s.19,20 In 
most individuals the Rh blood group loci are the prod-
ucts of two very similar genes, one of which encodes 
CD240CE, the polypeptide that carries the Cc/Ee epi-
topes in combinations (Ce, ce, cE, or CE), and the other 
of which encodes CD240D, the D antigen polypep-
tide14,21,22 (Table 3-2).23 The two genes are separated by 
only 30 kilobases (kb) and are organized in opposite ori-
entation on chromosome bands 1p36.2-p34. The small 
SMP1 gene (a “small membrane protein” family member) 
lies between them. They share a very similar 10-exon 
structure, and their intronic sequences are also highly 
conserved. Their sequence identity strongly suggests that 
they evolved by duplication of an ancestral gene about 8 
million years ago.24 Worldwide, the Rh blood group 
system displays considerable polymorphism. A wide 
variety of both small and large mutations (including gene 
deletion and recombination to form hybrid RHD-RHCE 
products) and the effects of other modifying genes 
account for the diverse common and rare Rh pheno-
types25,26 (Table 3-3). Although some genotypic and phe-
notypic variants are confi ned to a single family, for others 
the incidence in various gene pools is much higher or 
unknown. This diversity mandates caution in the use of 
DNA-based clinical diagnostic approaches, especially 
when these approaches are applied to populations other 
than the ones in which they were piloted, but it may open 
the door for future individualization of prevention and 
therapy.27,28

The predicted product of the RhD messenger RNA 
is a 417–amino acid polypeptide with a molecular mass 
of 45,100. The D and Cc/Ee polypeptides have greater 
than 90% amino acid identity. Of the 32 to 37 amino 
acid substitutions that usually differ between the D and 
CE polypeptides, about a quarter are located in extracel-
lular domains of the protein. Within RhCE, E/e specifi c-
ity is conferred by a single amino acid substitution 
(P226A) encoded by exon 5 of the RHCE gene and 
found in the fourth extracellular loop. C/c specifi city is 

TABLE 3-1 Incidence of Rh Allelic Combinations Expressed by the Fisher-Race and Wiener Nomenclature

NOMENCLATURE
Expressed 
Alleles

FREQUENCY12

Fisher-Race Wiener Whites Blacks Asians*

RhD positive CDe R1 RHD RHCe 0.42 0.17 0.70
cDE R2 RHD RHcE 0.14 0.11 0.21
cDe R0 RHD RHce 0.04 0.44 0.03
CDE Rz RHD RHCE 0.00 0.00 0.01

TOTAL 0.6 0.72 0.95
RhD negative† cde R RHce 0.37 0.26 0.03

Cde r′ RHCe 0.02 0.02 0.02
cdE r″ RHcE 0.01 <0.01 <0.01
CdE Ry RHCE <0.01 <0.01 <0.01

TOTAL 0.4 0.28 0.05
Ratio of RhD-positive to RhD-negative phenotypes 0.84 : 0.16 0.92 : 0.08 0.99:<0.01

*The predominant reasons for failure to express RHD vary by racial group. RHD deletions predominate in whites, but other variants, such as partial deletions 
and RHD-RHCE recombinations, are more common in other populations.

†Rh negativity is more common in Indo-Asians.
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associated with four amino acid differences: C16W 
encoded by exon 1 and I60L, S68N, and S103P all 
encoded by exon 2 of the RHCE gene.29 Of these, the 
S103P substitution is the only extracellular substitu -
tion and is most important in determining antigenic 
reactivity.14,29,30

It has been well established for decades that no d 
antigen exists. RhD negativity is defi ned as the absence 
of RhD antigen, and its incidence is highest in the Basque 
population.31 It has been suggested that peripatetic 
Basque traders and fi shermen (or their ancestors) may 
have spread this genotype to other populations. In these 
European-descended populations in which Rh negativity 
is relatively common, most RhD-negative individuals are 
homozygous for an RHD gene deletion.19,20 This muta-
tion appears to have arisen because two highly homolo-
gous sequences (1463-bp “rhesus boxes”) fl ank the RHD 
gene and provide the opportunity for unequal crossing 
over.32 However, although Rh negativity is less common 
among them, other mechanisms for D negativity appear 
more commonly in other populations, such as individuals 
of African, Chinese, or Japanese ancestry.33-35 These alter-
native mechanisms include partial deletion, recombina-
tion between RHD and RHCE genes, and point mutation. 
An Rh allele that comprises a pseudogene (RHDΨ) is 
prevalent among RhD-negative people of African ances-

try, including approximately 66% in South Africa and 
about one in fi ve RhD-seronegative African Ameri-
cans.35,36 RHDΨ is not expressed because of two inacti-
vating mutations, a 37-bp duplication in exon 4 that 
causes a premature stop codon and a nonsense mutation 
(Y269X) in exon 6. Four characteristic single-nucleotide 
polymorphisms also occur in exons 4 and 5. Singleton 
and colleagues found that 15% of RhD-negative black 
South Africans carry a hybrid RHD-CE-D that also 
encodes an altered C antigen.35

The molecular basis of the D-positive phenotype is 
also intricate. Studies using site-directed mutagenesis, 
naturally occurring variants of RHD, and monoclonal 
antibodies or molecular modeling indicate that the D 
antigen is composed of at least 37 different, but overlap-
ping epitopes,25,37-41 some of which are missing in indi-
viduals who express partial D antigenicity. Most of the 
epitope clusters are located in exofacial loops 3, 4, and 
6 of the D protein. RhD variants are discussed in more 
detail later.

The RHD and RHCE gene products are unique 
among blood group antigens in being nonglycosylated, 
palmitoylated integral membrane proteins (Fig. 3-1). 
Their 12 predicted helical transmembrane domains are 
connected by small extracellular and cytoplasmic loops. 
Their expression is confi ned to erythroid cells, whereas 

TABLE 3-2 Incidence of Common Rh Haplotypes

From Huang CH. Blood Group Antigen Gene Mutation Database: Rh Blood Group System. HUGO Mutation Database Initiative, 2001. Available at http://www.
bioc.aecom.yu.edu/bgmut/index.htm (accessed 2004).

TABLE 3-3  Examples of Variant Rh Phenotypes for Which a Corresponding Genotype Has Been Described to 
Illustrate the Diversity of the RHD Genotype

Category Phenotype Typical Mutations

Partial D DII to DVII and others Variety of point mutations and RHD-RHCE hybrids
Weak D Weak D (Du) types 1-16 Variety of point mutations leading to amino acid 

substitutions in the transmembrane or cytoplasmic domains
D negative (silent D or d) D negative Variety of mechanisms: RHD complete or partial deletion, 

CE hybrids, point mutations; some prevent transcription, 
but all prevent expression at the cell surface

CE variants RN, EI-III, VN, CX, CW, 
etc.

Variety of hybrids and point mutations

CE silent D.., D– and various others Mostly RHD-RHCE hybrids
Rh defi ciency states (no D 
or CE expression)

Rhnull amorph RHCE silent genes plus RHD deletion

Rhnull reg, Rhnullmod RHAG mutations that prevent expression
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many other blood group antigens are present in many 
tissues. They are found in hetero-oligomeric complexes, 
the structure and function of which are still under inves-
tigation. In these oligomers, Rh antigens are found in 
association with a glycosylated membrane component 
that migrates diffusely on sodium dodecyl sulfate–
polyacrylamide gel electrophoresis at approximately 
45 to 75 kd.15,16 This 409–amino acid glycoprotein, for-
merly known as Rh50 glycoprotein, is now designated 
Rh-associated glycoprotein (RhAG). It is about a third 
identical to RhD and RhCE and, putatively, has a similar 
confi guration involving 12 helical membrane-spanning 
domains. Its gene has an exon-intron organization similar 
to that of RHD and CE; however, it maps to chromosome 
bands 6p21.1-p11. Its expression is also confi ned to ery-
throid cells.42 Nonerythroid homologues (RhBG and 
RhCG) have been found in other tissues.43 The Rh 

complex was thought to comprise a tetramer of two RhD 
and/or CE subunits and two RhAG subunits44; however, 
more recently a model consisting of trimers of two RhAG 
subunits and either an RhD or CE or possibly two RhD 
or CE subunits with one RhAG has been supported by 
hydrophobic cluster analysis.45

Cartron13 and Cartron and Colin22 have reviewed the 
Rh defi ciency states. Rare individuals with the Rh defi -
ciency syndrome (Rhnull) lack expression of all or virtually 
all RhD, C/c, and E/e antigens. This recessive condition 
can result (in RhD-negative individuals) from homozy-
gous silent mutations in the RHCE gene that appear to 
reduce cell surface expression of RhAG (“amorph type”). 
Homozygotes for mutations that prevent expression of 
RhAG have the more common “regulator type” or the 
Rhnullmod phenotype. Despite normal transcription of Rh 
genes, the proteins are not found at the cell surface.46

The functional signifi cance of the Rh complex is 
indicated by the fact that Rh-defi cient individuals have 
spherocytosis, stomatocytosis, and chronic hemolysis of 
varying severity. Their RBCs have altered ion transport 
and membrane composition and are partly or completely 
defi cient in certain other membrane proteins, including 
RhAG, CD47, LW (Landsteiner-Wiener glycoprotein, or 
intercellular adhesion molecule 4 [ICAM-4]), GPB (gly-
cophorin B, which confers the Ss blood group), and 
Duffy Fy5 (Duffy antigen receptor for chemokines). 
These defi ciencies suggest that Rh proteins form com-
plexes with RhAG and other proteins and that the com-
plexes fail to form if components are missing.13,47 There 
is also strong evidence for an interaction with the anion 
exchange protein (band 3) and linkage of the Rh complex 
to the spectrin-based RBC membrane skeleton, thus 
indicating a role in maintaining the biconcave disc shape 
of RBCs (Fig. 3-2).47 Failure of this association may 
explain some of the dysfunction of Rh-defi cient cells. 

However, many details of when, how, and why the Rh 
complexes form remain to be explained.

An additional functional role for components of the 
Rh complex is also suggested by their evolutionary con-
servation, particularly in regard to molecules similar to 
RhAG.13,24,43 The probable function of these glycopro-
teins was suspected because of sequence identity between 
them and the yeast Mep proteins. This led to the discov-
ery that RhAG and a second Rh-related glycoprotein, 
RhGK (normally expressed in kidney cells), rescue Mep-
defi cient mutant cells grown on media with low ammo-
nium. These and related experiments suggested a role for 
Rh glycoproteins in ammonia or ammonium ion import 
and export across cell membranes.48-51 However, more 
recent studies indicate that RhCE and RhD proteins lack 
the key residues essential for ammonium transport, and 
it has been proposed instead that Rh complexes in RBCs 
form CO2 channels.25,52,53 The diversity of abnormalities 
in Rh-defi cient RBCs raises the possibility of ancillary 
functions.

In contrast to the common Rh-negative and very rare 
Rh defi ciency states, weak and partial D phenotypes are 
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FIGURE 3-1. Diagram of the Rh peptides RhD (top) and RhCE 
(bottom) inserted in the cell membrane (parallel horizontal lines). The 
amino acid sequence of both proteins predicts 12 transmembrane 
domains. Neither is glycosylated, but RhD has two sites of palmi-
toylation (zigzag lines) and RhCE has three. D-specifi c amino acids are 
marked with open circles. The predicted position of most is in the trans-
membrane and cytoplasmic domains. E/e specifi city appears to be 
conferred by a single proline-to-alanine amino acid substitution at 
residue 226 (P226A) encoded by exon 5 of the RHCE gene and C/c 
specifi city by the S103P (serine 103 to proline) substitution encoded 
by exon 2. Four other amino acid differences are also associated with 
C/c polymorphism but do not appear to affect antigen characteristics: 
C16W encoded by exon 1 and I60L, S68N, and S103P all encoded by 
exon 2 of the RHCE gene.29
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fairly common (e.g., 0.2% to 1% of populations of 
European ancestry) and are caused by RHD coding 
region alterations that affect the number and antibody-
binding characteristics of RhD sites per cell. The term 
“partial D” has been used to describe RBCs that react 
with some monoclonal anti-D antibodies and not others, 
and their RhD proteins typically have one or more amino 
acid substitutions on or near the RBC surface or consist 
of RhD-RhCE hybrids. In contrast, “weak D” has been 
used for RBCs with a markedly reduced number of anti-
genic sites and in which one or more amino acid substitu-
tions are found in regions that are presumed to be in or 
below the membrane and may interfere with the assem-
bly of Rh complexes.25,54 Most weak D individuals, espe-
cially those with types 1, 2, and 3, do not make anti-D. 
However, it has been recognized that there is overlap and 
some imprecision in allocation of these phenotypes, and 
the terms “aberrant D” or “D variant” have been pro-
posed as collective terms for these plus the (very weak) 
D-elute phenotype26,54-56 (see Table 3-3).

Because of variable antigenic potential and the poten-
tial to form antibodies to RhD, certain weak and partial 
D phenotypes are signifi cant in transfusion therapy and 
pregnancy. Some individuals need to be regarded as RhD 
negative in pregnancy and as transfusion recipients (eli-
gible for anti-D immunoprophylaxis and Rh-negative 
blood) but Rh positive as blood donors.54,56,57 For 
example, if some blood donors with aberrant/variant D 
are regarded as D negative, their blood can cause alloim-
munization of D-negative recipients. On some occasions, 
women with partial D (especially partial DIV) form anti-
D antibodies capable of causing severe HDN if they carry 
a D-positive child,58 or D-negative women can form anti-
bodies if their babies have some types of aberrant/variant 
D. Some partial D phenotypes are also associated with 
distinct antigens.

The C antigen is most common in Southeast Asia, 
parts of South America, and the southern tip of Green-
land, whereas the E antigen occurs most often in popula-
tions indigenous to parts of South America and Alaska.31 

The genetics underlying the RhCc/Ee phenotypes also 
display more subtle variation than was once envisaged, 
and weak, partial, and variant antigen phenotypes have 
also been recognized. Internet databases are a good 
source of up-to-date information about the phenotype-
genotype relationships for RhD and RhCE.23,59

RhD ALLOIMMUNIZATION

HDN is a disease of the fetus caused by a maternal 
response to pregnancy. As such, the pathogenesis can be 
considered in three stages: maternal alloimmunization, 
antibody transfer to the fetus, and fetal response.

Maternal Rh Sensitization

Maternal sensitization to Rh antigens can occur as a 
result of exposure to antigenically dissimilar fetal RBCs 
during pregnancy, as a result of therapeutic transfusion, 
or occasionally as a result of needle sharing.60,61 Transfu-
sion has become a rare cause of RhD sensitization because 
compatibility testing for RhD antigen has been routine 
practice for several decades. However, it accounts for a 
high proportion of sensitization to other blood group 
antigens, including RhCE, and among those with RhD 
and RhCE variants. Furthermore, the need for emer-
gency transfusion of Rh-positive blood to Rh-negative 
women is likely to remain an occasional cause of sensiti-
zation to RhD in locations where the Rh-negative phe-
notype is rare and Rh-negative blood is scarce.

Exposure to fetal antigens remains the most common 
cause of maternal antibodies to RhD. Although Chown 
fi rst described maternal Rh immunization occurring as a 
result of fetal transplacental hemorrhage (TPH), the test 
of Kleihauer and associates62 in 1957 was needed to show 
the incidence, size, and timing of these events and to 
show that most maternal Rh sensitization occurs this 
way.63 The test depends on the resistance of HbF to acid 
elution (Fig. 3-3) and can detect 1 fetal RBC in 200,000 
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Band 3 FIGURE 3-2. Diagram of the 

proposed Rh complex and its 
interactions. The trimer, composed 
of RhAG molecules and either 
RhCE molecules or RhD, interacts 
with other membrane proteins and 
with the cytoskeleton.
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adult RBCs, which corresponds to a fraction of a milli-
liter in the circulating maternal blood volume. Bowman 
and colleagues64 used this technique for two weekly tests 
in a group of 33 women and concluded that 76% had 
had experienced TPH. The incidence increased as preg-
nancy progressed: 3% had TPH in the fi rst trimester, 
12% in the second trimester, 45% in the third trimester, 
and 64% immediately after birth. However, acid elution 
studies must be interpreted with some caution because 
of rapid destruction of fetal cells when ABO incompati-
bility exists and because of natural variation and preg-
nancy-induced increases in expression of HbF among 
adults. Subsequently, using fl ow cytometric techniques 
and DNA amplifi cation of fetal sequences, researchers 
have confi rmed that some fetal cells can be detected in 
maternal blood during all trimesters of most pregnan-
cies.65,66 Because strategies for detection vary among 
studies and because of uncertainties about the persis-
tence of various types of fetal cells in the maternal circu-
lation, the volume and timing of this transplacental 
passage of fetal cells remain unclear. However, most of 
these “hemorrhages” are likely to be tiny. Delivery is the 
time of greatest risk for fetomaternal hemorrhage and for 
larger hemorrhages, especially when complications of 
delivery of the fetus or placenta occur.66

Larger TPHs are uncommon; the amount of fetal 
blood exceeds 2.5 mL in less than 1% of gestations and 
is greater than 30 mL in less than 0.25%.66 However, 
certain obstetric situations increase the risk for signifi cant 
TPH, including antepartum hemorrhage, pre-eclampsia, 
external version,67 cesarean section,68,69 and manual 
removal of the placenta.70 Abdominal trauma and placen-
tal vascular malformations are additional, but uncom-
mon causes. TPH occurs in about 2.5% to 8.4% of 
patients after amniocentesis,71,72 but the risk after early-
gestation chorionic villus sampling (CVS) is uncertain.73 

The level of risk for sensitization as a result of fi rst-tri-
mester pregnancy loss is also uncertain and, in the case 
of spontaneous miscarriage, will depend on whether an 
embryo with circulating blood ever formed, but surgical 
evacuation of the uterus is thought to present a greater 
risk for TPH than medically induced or spontaneous 
evacuation is.74 The Rh antigen may be expressed by 
about 38 days after conception,75 early enough in gesta-
tion for early CVS or pregnancy loss to present a risk.

All studies have focused on fetal cells in the maternal 
bloodstream, which may have gained access across the 
placenta but in some situations could have been absorbed 
from the maternal peritoneum, but the responses to sub-
mucosal, subcutaneous, or intramuscular antigen presen-
tation differ from those to intravascular presentation. 
Therefore, deposition of fetal RBCs in these sites could 
be more immunogenic than deposition via the intravas-
cular route and could account for some of the propensity 
for Rh sensitization after invasive procedures. If this is 
the case, techniques such as those recommended to mini-
mize exposure of the fetus to maternal blood76 might 
be effective in reducing the risk for blood group 
sensitization.

The Nature of Rh Sensitization

Primary and Secondary Immune Responses
In most Rh-negative individuals, the primary immune 
response develops slowly. In experimental Rh immuniza-
tion of male volunteers, antibody responses are typically 
detected at 8 to 9 weeks, although they can occur at any 
time from 4 weeks to 6 months. Hemolytic anemia caused 
by anti-D has been detected as early as 10 days after a 
massive Rh-incompatible transfusion in a previously 
unsensitized patient.77 A primary, often weak IgM 
response will not affect the fetus, even if it occurs before 

FIGURE 3-3. Acid elution technique of 
Kleihauer. Fetal red blood cells (RBCs) stain 
with eosin and appear dark. Adult RBCs do 
not stain and appear as ghosts. This maternal 
blood smear contained 11.2% fetal RBCs 
and represents transplacental hemorrhage of 
about 450 mL of blood. (From Bowman JM. 
Hemolytic disease of the newborn. In Conn HF, 
Conn RB [eds]. Current Diagnosis 5. Philadel-
phia, WB Saunders, 1977, p 1103.)
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delivery in a sensitizing pregnancy, because IgM anti-D 
does not cross the placenta. However, IgG anti-D pro-
duction usually ensues, and if sensitization occurs early 
in pregnancy, there is the potential for continued anti-
genic challenge, which can account for the rare occur-
rence of HDN in the progeny of women during their fi rst 
Rh-positive pregnancy.

After a primary response has been invoked, subse-
quent exposure to Rh-positive RBCs induces a rapid 
increase in anti-D IgG, which can cross the placenta and 
affect the fetus. Repeated exposure can progressively 
increase the titer and change the characteristics (includ-
ing IgG subclass distribution) of the Rh antibody, thus 
increasing the severity of Rh hemolytic disease in succes-
sive pregnancies.

Dose of Rh Antigen Necessary to 
Produce Rh Sensitization

Experiments involving injection of Rh-positive blood into 
Rh-negative males show, not unexpectedly, that the likeli-
hood of Rh sensitization depends on both the dose and 
repetition of exposure to the antigen.78,79 A proportion of 
individuals are anergic to RhD, regardless of the dose and 
repetition of exposure (“nonresponders”).80 Secondary 
immune responses may occur after exposure to very 
small amounts of RhD-positive RBCs (as little as 
0.03 mL).

Studies performed during and immediately after 
pregnancy using the Kleihauer technique indicated that 
if the volume of TPH was always less than 0.1 mL of 
RBCs, the prevalence of Rh sensitization detectable up 
to 6 months after delivery was 3%, whereas when volumes 
exceeded 0.4 mL, the prevalence was 22%.78,79 Neverthe-
less, because in 75% to 80% of pregnancies the amount 
of TPH is always less than 0.1 mL, it is likely that either 
small or undetectable TPH or fetal cells deposited in 
other sites account for the majority of sensitization.

Incidence of Rh Sensitization

Rh sensitization has decreased markedly with the intro-
duction of Rh immunoprophylaxis. In its absence, about 
16% of Rh-negative women become sensitized in their 
fi rst ABO-compatible Rh-positive pregnancy. Of these, 
about half have detectable anti-D 6 months after delivery, 
and in half a rapid secondary response is seen in the next 
susceptible pregnancy, thus indicating that primary sen-
sitization had occurred previously.78,81 If sensitization 
does not occur, the risk in a second D-positive, ABO-
compatible pregnancy is similar. By the time that an 
Rh-negative woman has completed her fi fth ABO-
compatible, Rh-positive pregnancy, the probability that 
she will be Rh sensitized is about 50%.

As parity increases and the number of women capable 
of an Rh immune response diminishes because they have 
already become immunized, the proportion of the remain-
der whose systems mount a primary immune response 
decreases because of a greater residual number of “non-
responders.” About 25% to 30% of D-negative women 

are nonresponders in that they do not become Rh sensi-
tized despite having many D-positive pregnancies; 
however, some may yet become Rh sensitized if they are 
exposed to a very large amount of Rh-positive blood. 
Immunologic tolerance can be induced by several differ-
ent mechanisms and can depend on the context of antigen 
presentation to the immune system. It is not known 
which mechanisms of tolerance predominate in nonre-
sponding Rh-negative women.

ABO incompatibility provides partial protection 
against Rh sensitization. Without anti-D immunoprophy-
laxis, it has been estimated that in whites, blood group A 
incompatibility between the mother and fetus reduces the 
risk for Rh sensitization by 90% and group B incompat-
ibility by 55%.82 Bowman81 suggested that this partial 
protection is due to rapid intravascular hemolysis of the 
ABO-incompatible, D-positive RBCs, with sequestration 
of D-positive cells in the stroma of the liver (an organ 
with poor antibody-forming potential) rather than the 
spleen (the site of RBC sequestration when extravascular 
RBC destruction occurs). However, it is not clear whether 
the immune system remains naïve with respect to the Rh 
antigens or whether tolerance is induced in these 
instances. Although ABO incompatibility provides sub-
stantial protection against the primary Rh immune 
response, it provides no protection against the secondary 
Rh immune response83,84 and should not infl uence the 
management of an already affected pregnancy. Maternal 
HLA type does not have any consistent effect on the risk 
for sensitization, although it may affect antibody titer and 
the severity of HDN.85,86

Other factors that infl uence the likelihood and sever-
ity of sensitization include fetal gender and fetal red cell 
phenotype, which affects the number and antigenicity of 
D antigen sites on fetal RBCs. For example, R1r (CDe/
cde) cells, with only 9900 to 14,400 D antigen sites per 
cell, are less immunogenic than R2r (cDE/cde) cells, 
which have 14,000 to 16,000 sites.87,88 The possibility 
that Rh-negative women were exposed to RhD during 
their own fetal life (the so-called “grandmother theory”) 
has been considered, but the evidence from a case-control 
study is against it.89 Nevertheless, convincing evidence of 
maternal-to-fetal hemorrhage has been found in other 
circumstances, and these events could explain the 
occasional presence of Rh antibodies in Rh-negative men 
and nulliparous women who have never had a 
transfusion.

Rh sensitization during pregnancy, once considered 
to be rare, occurred in about 1.8% of susceptible 
pregnancies in one study.90 The proportion of all 
occurrences of Rh sensitization that are attributable 
to antenatal sensitization now varies among studies, 
depending on the application of antenatal 
immunoprophylaxis.

In summary, some general rules apply to Rh HDN. 
The probability of incompatible pregnancies is predict-
able from the Hardy-Weinberg genetic principles, but the 
impact of HDN on a population will also depend on 
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typical family size and on careful management of obstet-
ric complications.91 The risk should be low when good 
blood bank procedures, parsimonious approaches to 
blood transfusion, effective screening of pregnant women, 
and evidence-based administration of Rh immunopro-
phylaxis are applied. The disease should be uncommon 
or mild in a woman’s fi rst incompatible pregnancy, and 
50% of the infants of heterozygous fathers and sensitized 
mothers should be safe. However, as pointed out by 
Kinnock and Liley,84 the striking feature of pregnancies 
in severely isoimmunized women is their clinical vari-
ability. Because these women have often become sensi-
tized despite the predictions of conventional wisdom, 
their care requires astute and conscientiousness manage-
ment to ensure satisfactory outcomes.

Prevention of Rh Sensitization

The background to prevention of Rh sensitization lies in 
the experiments of Von Dungern at the beginning of the 
20th century.92 He showed that serum from rabbits that 
had previously been injected with ox cells prevented the 
development of antibodies to ox cells in a second group 
of rabbits. The partial protective effect of ABO incompat-
ibility also suggested that antibody-mediated destruction 
of fetal RBCs could prevent maternal Rh sensitization. 
Finn and co-workers93 suggested a strategy of administer-
ing anti-D immunoprophylaxis, and it was put to the test 
almost simultaneously in New York94 and Liverpool95 and 
shortly thereafter in Winnipeg.96 Because anti-RhD 
immunoglobulin was strikingly successful in preventing 
sensitization in males, clinical trials were then under-
taken in which Rh-negative, unsensitized women were 
given anti-D intramuscularly after delivery of an Rh-
positive infant.96-98 The licensing of Rh immune globulin 
in 1968 profoundly infl uenced the prevalence of Rh 
sensitization. Despite its success, the exact mechanism of 
action of anti-D remains elusive.99,100

The level of evidence for the postpartum use of anti-
D immunoprophylaxis is high. A recent systematic review 
collated data from six eligible trials involving more than 
10,000 women in which postpartum anti-D prophylaxis 
was compared with no treatment or placebo.101 The con-
clusion was that anti-D prophylaxis strikingly lowered the 
incidence of RhD alloimmunization 6 months after birth 
(relative risk, 0.04; 95% confi dence interval, 0.02 to 
0.06) and in a subsequent pregnancy (relative risk, 0.12; 
95% confi dence interval, 0.07 to 0.23). These benefi ts 
were seen regardless of the ABO status of the mother and 
baby when anti-D was given within 72 hours of birth. 
Higher doses (up to 200 μg) were more effective than 
lower doses (up to 50 μg) in preventing RhD alloimmu-
nization in a subsequent pregnancy. The usual dose after 
full-term delivery in the United States and Canada is 
300 μg (1500 IU), which will effectively suppress the 
immunizing potential of approximately 17 mL of RhD 
RBCs,102 although lower doses are administered else-
where with almost equivalent effectiveness. Postpartum 
prophylaxis is recommended whenever a D-positive 

infant is born to an unsensitized D-negative mother.103 
Some guidelines also recommend anti-D if the infant is 
weak D positive 57,103

After postnatal immunoprophylaxis, the risk for RhD 
alloimmunization is between 1% and 2%. Administration 
of 100 μg (500 IU) of anti-D at 28 and 34 weeks’ gesta-
tion to women in their fi rst pregnancy can reduce this 
risk to about 0.2%.104,105 Most current guidelines57,106-109 
therefore recommend routine administration of Rh 
immunoglobulin to all D-negative pregnant women in 
the early and mid third trimester unless the father of the 
fetus is known and can be shown conclusively to be Rh 
negative. This combined antenatal and postnatal prophy-
laxis will prevent 96% of cases of RhD isoimmuniza-
tion.103 Most guidelines are silent on the issue, but many 
transfusion services also recommend prophylaxis for 
weak D-positive women,110 although more extensive 
serologic or genetic characterization can obviate the need 
for such prophylaxis in many cases.54 Additional or earlier 
doses (depending on the timing and circumstances) for 
D-negative women who are not already sensitized and 
who abort, experience abdominal trauma, or are under-
going amniocentesis, CVS, or other relevant procedures 
may further reduce the risk for sensitization.107,111,112 
Small amounts of anti-D cross the placenta and cause a 
weakly positive antiglobulin test, but there are no appar-
ent adverse effects on the infant.113 It is important to note 
that the results of maternal antibody screening tests per-
formed near term may be positive (albeit usually at low 
titer) after anti-D administration during pregnancy, but 
under the current guidelines these results should not 
preclude the postnatal administration of anti-D.

About 1 in 400 woman will have fetal-to-maternal 
TPH of greater than 30 mL of fetal blood at the time of 
delivery. Prevention of Rh sensitization in the presence 
of such a large dose of antigen requires prompt assess-
ment (by the Kleihauer-Betke test or fl ow cytometry) and 
administration of a titrated dose of anti-D.109 Pediatri-
cians must be aware of this possibility and promptly 
notify their obstetric colleagues of any suspected anemia 
or blood loss in the newborn infant of an Rh-negative 
mother. Assessment of the magnitude of TPH is also 
recommended after pregnancy complications such as 
abdominal trauma.

Certain knowledge of Rh negativity in the biologic 
father of the fetus can obviate the need for antenatal 
immunoprophylaxis. However, this information should 
be established with a very high degree of certainty because 
of the potential for severe consequences in a future preg-
nancy in case of error.109

Reports from numerous countries have documented 
a reduction in RhD HDN as a result of anti-D immuno-
globulin. Nevertheless, there is no room for complacency 
because 30% to 40% of the reduction in incidence of 
HDN over recent decades has been attributed to 
decreased family size rather than administration of anti-
D.114 Chavez and colleagues115 noted that the incidence 
of Rh sensitization in the United States is three times the 
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rate predicted if anti-D were always applied according to 
guidelines issued by the American College of Obstetri-
cians and Gynecologists. Failure of the anti-D program 
to completely abolish RhD HDN can be partly attributed 
to noncompliance with guidelines. In addition, recom-
mendations for additional doses during pregnancy have 
led to a scarcity of anti-D in some locations. These prob-
lems are even greater in poorer countries.116 Giving 
donors booster doses consisting of carefully screened 
RhD-positive RBCs has been a necessity as the number 
of suitable sensitized donors decreases, but this practice 
requires extreme care to protect both the donor and 
eventual recipients. Distribution of the Rh-negative phe-
notype may increase as a result of migration. As with the 
use of any blood product, issues of safety cannot be dis-
regarded.117 All these forces threaten the supply of anti-D. 
Recombinant monoclonal or polyclonal preparations, 
which could in principle replace the current polyclonal 
anti-D and thereby resolve problems of availability and 
safety, have been under development in recent years. 
However, although monoclonal antibodies have signifi -
cant diagnostic and research applications, they are not 
yet available for prophylaxis against sensitization.118,119

Overall, it is unlikely that the incidence of Rh HDN 
will ever return to the levels seen in previous generations, 
but it is also not likely to be abolished altogether.

Pathogenesis of Rh Hemolytic Disease

Erythropoiesis begins in the yolk sac by the third week 
of gestation, and Rh antigen is expressed by the sixth 
week. By 6 to 8 weeks’ gestation, the liver replaces the 
yolk sac as the main site of RBC production. Normally, 
erythropoiesis then diminishes in the liver and takes place 
nearly entirely in the bone marrow by the late third tri-
mester of pregnancy.120

Erythroblastosis is caused by coating of fetal RBCs 
with maternal IgG, which leads to their destruction. The 

subsequent fetal anemia stimulates erythropoiesis via the 
production of erythropoietin and other erythroid growth 
factors. When fetal marrow RBC production cannot keep 
up with RBC destruction, marked extramedullary eryth-
ropoiesis can be found in other organs, including the liver 
and in more severe cases also in the spleen, kidneys, skin, 
intestine, and adrenal glands. Hepatosplenomegaly is a 
hallmark of erythroblastosis fetalis. In the presence of 
erythroblastosis, immature nucleated RBCs, from nor-
moblasts to early erythroblasts (Fig. 3-4), are poured into 
the circulation.

SEVERITY OF Rh HEMOLYTIC DISEASE

Degrees of Severity

For purposes of audit, research, and planning of treat-
ment, degrees of severity of HDN have been used since 
the 1950s.

In general, fetuses and infants with mild HDN have 
had antibody-coated RBCs that yield positive results on 
a direct antiglobulin (Coombs) test, but they have no 
anemia or anemia that is well compensated for in utero 
and after birth and do not require exchange transfusion 
to prevent bilirubin toxicity. This group historically 
accounted for about half of affected fetuses. Nearly all 
survive and do well without invasive treatment.

Moderately affected fetuses are at risk for neural 
toxicity from bilirubin if they do not receive treatment. 
Historically, they are a group who routinely underwent 
exchange transfusion after birth. They are likely to have 
some signs of anemia in utero and ex utero but are not 
signifi cantly acidotic or hydropic. Their peripheral blood 
typically shows polychromasia, anisocytosis, and reticu-
locytosis, although these conditions can be suppressed by 
intrauterine treatment. Maternal clearance copes with 
the products of hemolysis, and the fetus is usually born 

FIGURE 3-4. Cord blood from a baby with 
severe Rh erythroblastosis fetalis who required 
multiple fetal transfusions and exchange 
transfusions. The smear was treated by 
Kleihauer’s technique with Wright staining. 
Note the adult donor ghost red blood cells 
(RBCs), dark fetal RBCs, and early fetal ery-
throid series consisting of erythroblasts 
through normoblasts. (From Bowman JM. The 
management of Rh-isoimmunization. Obstet 
Gynecol. 1978;52:1. Reprinted with permission 
from The American College of Obstetricians and 
Gynecologists.)
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in good condition at or near term. This category histori-
cally represented about a third of fetuses. Moderately 
affected neonates do require vigilant neonatal manage-
ment, including intensive phototherapy or exchange 
transfusion, to manage jaundice.

Severely affected fetuses have hydrops or hydrops is 
impending, and they would die before, during, or after 
birth unless managed intensively. Untreated, hydrops 
develops in half between 18 and 34 weeks’ gestation and 
in the other half between 34 and 40 weeks’ gestation. 
Polyhydramnios usually occurs early in the course or 
precedes the development of hydrops. Ascites and pleural 
and pericardial effusions develop. In infants with the 
most extreme conditions, compression hypoplasia of the 
lungs makes gas exchange after birth precarious.

When these categories of disease were fi rst devised, 
severe fetal disease predicted severe neonatal disease. 
However, as fetal and neonatal management has been 
refi ned, the predictions must be updated, and the pro-
portion of mildly and moderately affected neonates has 
risen. For example, some mildly anemic but not hydropic 
neonates who met previous criteria for exchange transfu-
sion are now managed effectively with intensive photo-
therapy and would therefore be regarded as having mild 
rather than moderate disease. Similarly, a fetus with the 
early development of hydrops (severe fetal HDN) may 
respond well to one or more intrauterine transfusions and 
would therefore be born with mild neonatal disease and 
yet still have severe late anemia that is as much a conse-
quence of hematopoietic suppression caused by effective 
intrauterine treatment as of hemolysis caused by the 
underlying disease. A suggested update to the working 
defi nitions that separates the criteria into epochs and 
includes a summary of implications for practice is given 
in Table 3-4.121

Pathogenesis of Hydrops

Hydrops in HDN was originally attributed to fetal heart 
failure, but other factors probably play a role (Fig. 3-5).122 
With severe hemolysis and progressively greater extra-

FIGURE 3-5. Radiograph of a hydropic 
newborn at birth and 6 hours later after 
exchange transfusion. Note the small size of the 
heart at the time of birth and the very marked 
increase in heart size and evidence of pulmo-
nary congestion denoting heart failure 6 hours 
later. The fetus has extreme ascites. (From 
Bowman JM. Blood-group incompatibilities. In 
Iffy L, Kaminetzky HA [eds]. Principles and Prac-
tice of Obstetrics and Perinatology. New York, John 
Wiley & Sons, 1981, p 1203. © Leslie Iffy, MD, 
Newark, NJ.)

medullary erythropoiesis, the hepatic architecture and 
circulation are distorted by the islets of erythropoiesis. It 
has been suggested that this alteration results in portal 
and umbilical venous obstruction and portal hyperten-
sion. Impairment of umbilical venous return would exac-
erbate the fetal tissue hypoxia caused by anemia and 
explain the placental edema that is usually seen in severe 
hydrops. The placental edema, by increasing the placental 
barrier to gas exchange, could then impair oxygen deliv-
ery even more. The theory that liver distortion and dys-
function are at least as important as heart failure in the 
pathogenesis of hydrops fetalis could explain why hydrops 
is not always accompanied by hypervolemia or even 
anemia.122 Support for the suggestion that portal hyper-
tension is present is provided by ultrasound assessment of 
waveforms in the portal venous system.123

Hypoalbuminemia is a common feature, but the 
mechanism has not been explained. It could be caused 
by a greater volume of distribution for albumin or rever-
sion to α-fetoprotein expression rather than failure of 
hepatic synthesis.

The mechanisms that lead to hydrops remain poorly 
understood, both in anemic fetuses and in nonanemic 
fetuses with “nonimmune” hydrops. Various infl amma-
tory mediators could play a role but have not been exam-
ined. Genes that are regulated by hypoxia include those 
for vascular endothelial growth factor and other mole-
cules involved in capillary morphogenesis. Depending on 
the pattern of expression, these molecules can markedly 
affect capillary permeability and could also play a role.

Factors Affecting the Severity of Fetal/
Neonatal Hemolytic Disease

If a sensitized mother is pregnant with an Rh-
incompatible fetus, a number of factors infl uence the 
severity of disease in the fetus, including placental trans-
fer of antibody, antibody characteristics, antigen charac-
teristics, state of maturation of the fetal spleen, and 
resilience of fetal erythropoiesis.
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TABLE 3-4 Degrees of Severity of Rh Hemolytic Disease of the Fetus and Newborn

Mild Moderate Severe

IN THE FETUS
Historical proportion 
of Rh HDN before 
intrauterine therapy 
was available

≈50% 25-30% 20-25%

Probable history in 
previous siblings

No exchange Exchange unless in utero 
treatment performed

Severe unless in utero 
treatment performed

Probable maternal 
anti-D titer

<1 : 64 >1 : 64 >1 : 64

Ultrasound 
abnormalities

None Altered patterns of fl ow in fetal 
vessels

Signs of severe anemia 
(see Table 3-5), hydrops, 
portal hypertension, 
ascites and other 
effusions, 
polyhydramnios

IN THE NEONATE
Clinical condition at 
birth

Normal Mildly or moderately ill Hydrops

Hemoglobin at birth No anemia Mild or moderate anemia; 
HgB >0.6 MoM for gestation

Severe, symptomatic 
anemia, HgB <0.6 MoM

Hemoglobin nadir Transfusion not needed At risk for symptomatic 
anemia

Risk of death unless 
transfusion performed

Bilirubin cord <3.5 mg/dL (≈70 μmol/L) >3.5 mg/dL (≈70 μmol/L) >3.5 mg/dL (≈70 μmol/L)
Bilirubin peak Term: <20 mg/dL 

(≈380 μmol/L)
Premature: lower levels, 
depending on prematurity

Term: >20 mg/dL 
(≈380 μmol/L)

Premature: lower levels, 
depending on prematurity

Rate of RBC destruction 
depends on (low) HgB; 
peak bilirubin is variable, 
toxicity increased

Phototherapy If bilirubin increases faster 
than 0.4-0.5 mg/dL/hr; lower 
threshold for premature 
infants

If bilirubin increases faster 
than 0.4-0.5 mg/dL/hr; lower 
threshold for premature 
infants

Immediate, intensive, 
pending measurement of 
bilirubin increase

“Early” exchange No If rate of increase in bilirubin 
>0.8-1 mg/dL/hr; lower 
threshold for premature 
infants

Yes

“Late” exchange If bilirubin > exchange level If bilirubin ≥ exchange level If bilirubin approaches 
exchange level

Heme oxygenase 
inhibition

Unnecessary—number 
needed to treat to avoid 
exchange will be high

In the context of well-designed 
clinical trials

In clinical trial to avert 
late exchange; unlikely to 
allow avoidance of early 
exchange

Intravenous 
immunoglobulin

Unnecessary—number 
needed to treat to avoid 
exchange will be high

In the context of well-designed 
clinical trials

In clinical trial to avert 
late exchange; unlikely to 
allow avoidance of early 
exchange

Phenobarbital No No No clear benefi t if optimal 
phototherapy performed

Erythropoietin for late 
anemia

No In the context of well-designed 
clinical trials

In the context of well-
designed clinical trials

HDN, hemolytic disease of the fetus and newborn; MoM, multiples of mean; RBC, red blood cell.
Modifi ed from Peterec SM. Management of neonatal Rh disease. Clin Perinatol. 1995;22:561-592.

Transfer of Antibody to the Fetus

All four IgG subclasses are transported across the pla-
centa via FcRn-mediated endocytosis and then exocyto-
sis.124-126 The fetal-to-maternal ratio for total IgG is 
approximately 0.4 at 28 weeks’ gestation and increases 
to 1.4 at term,127 but fetal levels of IgG1 are close to 
maternal levels by 17 to 20 weeks’ gestation.128 The effi -
ciency of placental transport of antibody may be an 
important factor in the severity of Rh HDN, and reduced 

IgG transport can result in unexpectedly mild 
disease.129

Mechanism of Red Blood Cell Hemolysis

When anti-RBC antibodies bind complement and are 
present in high concentration (as with transfusion reac-
tions to ABO-incompatible blood in adults), extravascu-
lar RBC destruction occurs and may cause a clinically 
severe reaction that includes hemoglobinemia, shock, 
and disseminated intravascular coagulopathy. Products of 
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RBC destruction are cleared predominantly by the 
liver.

When antibodies do not fi x complement, as is typical 
with anti-D in the fetus and neonate,130,131 the mecha-
nisms of hemolysis are more subtle but, in the end, 
equally destructive. Three Fc receptor–mediated path-
ways have been implicated in the destruction of opso-
nized RBCs: direct phagocytosis, phagocytic damage 
leading to later lysis, and killer cell–mediated damage. 
When anti-D becomes concentrated on the membrane 
of RhD-positive RBCs, the RBCs adhere to macrophages 
and form rosettes, particularly in the red pulp of the 
spleen, where RBCs and macrophages come into close 
apposition. The phagocytic cell can then destroy the RBC 
or damage and deplete the membrane, thereby causing 
loss of RBC deformability. If the RBC escapes being 
consumed by the macrophage, its membrane is damaged 
and its osmotic fragility and likelihood of lysis are greater 
(Fig. 3-6).

Antibody-dependent cellular cytotoxicity (ADCC) 
probably also accounts for the destruction of some 
RBCs.132 Large granular “K cells” (natural killer lympho-
cytes) or myeloid cells (polymorphonuclear leukocytes 
and monocytes) bind antibody-labeled cells and release 
lysosomal enzymes and perforin, which causes lysis.

Hemolysis also requires a competent system of 
phagocytic cells in the fetus. The clinical manifestations 
of the disease suggest that maturation is suffi cient as early 
as the mid second trimester.

Antibody Specifi city and Severity of 
Hemolytic Disease

Antigen characteristics, including details of antibody dis-
tribution, density, and structure, all affect the risk for 

HDN and have been reviewed by Hadley.133 Antibodies 
with the potential to cause HDN generally recognize 
antigens restricted to erythroid cells (such as Rh anti-
gens) rather than those with wider tissue distribution 
(such as A and B antigens, found on many cell types). 
The antigens must be expressed in the fetus and neonate. 
Thus, antibodies to Kell and Rh antigens, which are 
expressed early in fetal life, cause severe HDN, whereas 
antibodies to Lewis antigens, which are not synthesized 
in erythrocyte progenitors, never cause HDN. The circu-
lating glycosphingolipids carrying the antigenic Lea or 
Leb epitopes generally adsorb to the erythrocyte mem-
brane only during postnatal life. Lewis antibodies are also 
usually IgM. Lewis is the only human blood group system 
that has never been reported to cause HDN of any 
severity.

Antigen density is also an important factor. Within 
the Rh system, even in the presence of high maternal 
anti-D titer, fetuses with aberrant D phenotypes are 
unlikely to be severely affected. As might be expected, 
homozygotes for RHD appear to have higher D antigen 
density than heterozygotes do,88 although this is not 
usually clinically relevant in Rh HDN because RhD-
positive infants of RhD-negative mothers are obligate 
heterozygotes. The RHCE genotype also affects RhD 
antigen density, and in particular there seems to be higher 
expression of D when CE is deleted or underex-
pressed.134,135 The density of several other antigens, 
including A and B and the Lutheran antigens,136 is devel-
opmentally regulated, and antigen density on immature 
RBCs limits the severity of hemolysis.

Antigen structure may also play a role, with some 
antigens being more capable of promoting recognition of 
RBCs by phagocytic cells.

FIGURE 3-6. A Rebuck skin window prepa-
ration in which anti-D–sensitized erythrocytes 
have been ingested by macrophages. Note 
that neutrophil erythrophagocytosis is not 
seen. (From Zipursky A, Bowman JM. Isoim-
mune hemolytic disease. In Nathan DG, Oski FA 
[eds]. Hematology of Infancy and Childhood, 4th 
ed. Philadelphia, WB Saunders, 1993, p 53.)
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Antibody characteristics likewise play a role in deter-
mining the severity of HDN. IgG subclasses bind differ-
ent classes of Fc receptors, although it has not yet been 
established conclusively which receptors are involved in 
RBC destruction in vivo. Fc receptor polymorphisms 
(analogous to an FcRII allele found in whites, which 
binds IgG2 very avidly and may play a role in ABO 
HDN) may yet be found to account for some of the het-
erogeneity of Rh HDN.133

Whereas anti-A and anti-B antibodies are predomi-
nantly IgG2, IgG1 and IgG3 anti-D antibodies tend to 
predominate in Rh-sensitized women.137-140 They are 
often present in combination.

The capacity of RBC-bound IgG3 antibodies to bind 
to the Fc receptors of monocytes is greater than that of 
IgG1 antibodies. Threshold levels of antibody binding for 
rosette formation in vitro are approximately 1000 IgG3 
or 2000 IgG1 molecules per RBC.141 Both can promote 
phagocytosis, but their relative potencies depend on cir-
cumstances. IgG3 usually causes more effi cient lysis by 
monocytes than IgG1 does.142-144 Clearance of Rh-
positive RBCs is caused by fewer molecules of IgG3 
anti-D than of IgG1 anti-D.145 However, the relationship 
of these factors to HDN is still unclear. Studies of mater-
nal IgG subclasses do not indicate a clear relationship 
between subclass distribution and disease severity.146

HLA antibodies have been found in the sera of some 
women who have infants with mild HDN despite high 
anti-D antibody levels. The HLA antibodies may block 
antibody-antigen interactions on the macrophage 
membrane.133

ANTIBODY DETECTION

ABO and RhD typing plus antibody screening is recom-
mended at the fi rst prenatal visit in all pregnancies, 
including visits for elective abortion. A history of previous 
pregnancies and blood transfusions should also be elic-
ited. If the blood group is D negative or weak D, another 
antibody screening is recommended at 24 to 28 weeks’ 
gestation, before the administration of anti-D immuno-
prophylaxis. If an alloantibody is detected at low titer, 
screening is usually repeated at regular intervals to detect 
any increase. There are a variety of methods for assessing 
maternal antibodies, some that are better suited for 
screening methods and some that are more useful for 
predicting the severity of disease.133

Manual Methods

Rh-positive RBCs suspended in isotonic saline are agglu-
tinated only by IgM anti-D because although IgG anti-D 
can bind to antigen, it cannot bridge the gap between 
RBCs suspended in saline. Therefore, a maternal serum 
sample containing only IgG anti-D does not agglutinate 
Rh-positive RBCs suspended in saline. The addition of 
albumin lowers the negative electrical potential of the 

RBC membrane, and IgG anti-D can then bridge the 
smaller gaps between the RBCs.147 Because IgM anti-D 
also agglutinates Rh-positive RBCs suspended in albumin, 
if saline and albumin titers are similar, the albumin titer 
does not accurately assess IgG anti-D. Addition of dithio-
threitol disrupts IgM sulfhydryl bonds and reveals the 
true IgG anti-D titer. Albumin methods have been sur-
passed but are described to clarify the earlier literature 
that refers to them.

Coombs’ serum is an anti-human globulin produced 
by immunizing another species.7 Rh-positive RBCs 
are incubated with the serum sample that is being tested 
for the presence of anti-D. If anti-D is present in the 
sample, it adheres to the Rh-positive RBC membrane. 
The RBCs are then washed to remove nonadherent 
human protein and suspended in Coombs’ serum. If the 
RBCs are coated with anti-D, they are agglutinated by 
the antibodies to human immunoglobulin (positive test 
result). The reciprocal of the highest dilution of maternal 
serum that produces agglutination is the indirect anti-
globulin titer.

Incubation of RBCs with enzymes such as papain, 
trypsin, and bromelin reduces the electrical potential of 
the RBC membrane and thus allows agglutination of Rh-
positive cells by IgG anti-D, even in saline. Enzyme 
screening methods are the most sensitive manual tech-
niques available for detecting Rh sensitization, but 
they detect many antibodies that have no clinical 
signifi cance.148

These manual methods have the advantages of sen-
sitivity and fl exibility, but the correlation between anti-
body titer and disease severity is poor.

Automated Analysis

Autoanalyzer methods have been developed and refi ned 
for more effi cient and reproducible detection and quan-
titation of Rh and other antibodies.149-151 Autoanalyzer 
techniques are very sensitive, and the fi nding of an Rh 
antibody detected only by an autoanalyzer method does 
not necessarily indicate the presence of HDN or even 
true sensitization, especially if the titer is very low and 
stable. Gel and solid-phase assays have also been devel-
oped.152-156 Rising titers indicate worsening disease and 
suggest the need for assessment of the fetus.

PREDICTION OF FETAL HEMOLYTIC DISEASE

Once sensitization is detected, subsequent investigative 
measures are required. To refi ne the estimation of 
risk, one or more of the following may need to be 
considered.

Determination of fetal blood type by

• Paternal blood typing
• Fetal blood typing

Prediction of the severity of disease by
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• A history indicating the severity of HDN in previous 
infants

• Maternal antibody titers
• Cell-mediated maternal antibody functional assays
• Fetal ultrasound
• Amniotic fl uid spectrophotometry
• Percutaneous fetal blood sampling

Determination of Fetal Blood Type

Paternal Blood Typing
In some instances, paternal blood typing can indicate 
that the baby has no risk for HDN. This situation occurs 
if the father is Rh negative and the mother was sensitized 
not by his offspring but by those of a previous partner or 
by transfusion. If the father is predicted to be Rh negative 
or heterozygous, the fetus may be completely unaffected 
regardless of the maternal antibody titer. In predomi-
nantly white populations, about 56% of Rh-positive indi-
viduals are heterozygous. It is important, however, to 
not place too much weight on heterozygosity when it is 
present. Half the offspring of a heterozygous father should 
be Rh negative, but to come reliably (P = .95) within 20% 
of this ideal state, it can be deduced statistically that each 
mother would have to have about 30 pregnancies.84

Historically, paternal genotype was estimated by 
determination of the father’s RhCE type, in combination 
with information about the distribution of Rh pheno-
types in different racial groups. Molecular genetic tech-
niques now allow more direct determination of genotype 
and correlation with phenotype.

Fetal Blood Typing

Fetal Rh typing, either by traditional antigen typing or 
by genotyping via DNA amplifi cation techniques, is 
becoming increasingly feasible and widespread. Although 
the need for it can be obviated if paternal homozygosity 
is certain, it can be an especially important technique if 
paternity is uncertain or the father is heterozygous.

Molecular methods are now used routinely and with 
high accuracy in many locations to detect fetal RHD, 
RHCE, KEL, FY, and JK genes in fetal DNA obtained 
by amniocentesis or from fetal cells or free DNA in 
maternal blood.157-164 Cell-free fetal DNA, presumed to 
be from apoptotic syncytiotrophoblasts, is now most 
commonly used for amplifi cation because unlike some 
fetal cells, it is cleared rapidly after delivery and therefore 
refl ects only the current pregnancy.165 These tests have 
the potential to reduce the need for assessment through-
out the pregnancy, including the need for invasive tests, 
and to avert the need for administration of anti-D during 
some pregnancies. Single-cell preimplantation diagnosis 
has also been described.166

The genetic diversity of the Rh blood group system 
outlined in an earlier section of this chapter provides an 
important reminder to use caution in choosing primers 
that minimize false-positive and false-negative test results 
and to keep in mind the fact that genotype does not 

always obviously predict phenotype. The prevalence of 
RHD-RHCE hybrids and partially intact but functionally 
inert RH genes in certain populations can invalidate 
some tests designed for application in whites. The use of 
appropriate controls, amplifi cation of several diagnostic 
sites, preferably checking the correlation between the 
parents’ genotype and phenotype in parallel, and using 
the tests with a good understanding of the typical geno-
types in the populations for which they were developed 
and to which they are being applied should minimize 
errors.167,168 The need to have a good positive control for 
fetal DNA to identify false-negative results is critical. The 
SRY sequence can be used if the fetus is male, but more 
complicated comparison of multiple fetal and parental 
polymorphisms in other genes may be necessary if the 
fetus is female. Differential methylation of the maspin 
gene in fetal and maternal tissues recommends it as a 
universal positive control.164,169

Because RHD genotyping of amniotic and chorionic 
cells agrees with serologic and tissue typing,157 CVS or 
amniocentesis can be used for typing of the fetus. 
However, the need to use these procedures should dimin-
ish as procedures involving fetal DNA from maternal 
blood become more widely available. If maternal blood 
samples are used for diagnosis, advantages include the 
fact that typing can be done early in pregnancy and that 
sample acquisition neither risks harming the fetus nor 
increases maternal exposure to fetal antigens.

Prediction of Severity of Disease

The relative roles of methods for assessing the severity of 
hemolytic disease in the fetus have changed in recent 
years.

Pregnancy History

Although it is usually true that the severity of HDN 
remains the same or increases during subsequent affected 
pregnancies, the disease sometimes becomes less severe. 
If a previous baby was hydropic, a subsequent affected 
fetus has a 90%, not a 100% chance of the development 
of hydrops. If hydrops is going to develop, it usually does 
so at the same gestation or earlier, but occasionally it 
develops later. In a fi rst D-sensitized pregnancy with no 
previous history of HDN, there is an 8% to 10% proba-
bility that hydrops will develop. If a mother has had a 
previous fetus with hydrops and the father is heterozy-
gous for the offending antigen, the fetus may be negative 
and completely unaffected or be positive and very severely 
affected, a dilemma that requires resolution, usually by 
fetal typing. Thus, though worth noting, there are a 
variety of situations in which a history of previous preg-
nancies is unreliable.

Maternal Antibody Titers

Although antibody titrations carried out in the same 
laboratory by the same experienced personnel using the 
same methods and test cells are reproducible and do give 
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the physician some indication of risk, their predictive 
value is inadequate to guide invasive fetal treatment. 
The autoanalyzer technique provides somewhat better 
prediction of the severity of HDN than manual methods 
do, but the two approaches have not been compared 
rigorously. Hadley133 has stated that although many labo-
ratories can and should undertake screening for alloan-
tibodies, antibody quantitation is best limited to regional 
centers with proven reliability. Ideally, these laboratories 
will also have programs auditing the outcomes of preg-
nancies in which antibodies have been detected. This can 
lead over time to the recognition of a critical titer, below 
which no cases of severe disease have occurred, and allow 
targeting of more extensive and invasive tests to those 
with titers above the threshold. However, the follow-up 
needed is laborious, is prone to ascertainment bias, and 
can threaten patient privacy. Generally, if the obstetric 
history is good, low titers (≤1 : 16 by manual methods or 
<5 IU/mL [1 μg/mL] by autoanalyzer) that increase 
slowly or not at all are reassuring and an indication 
for continued surveillance with antibody titers and 
ultrasound.

Although rising titers suggest increasing risk to the 
fetus, it has not been possible, even with autoanalyzer 
methods, to establish a titer above which the fetus must 
be sensitized,170,171 and sometimes antibody levels increase 
signifi cantly (but presumably nonspecifi cally) despite the 
presence of a compatible and therefore unaffected fetus. 
Nevertheless, in the presence of very high or rising titers, 
fetal assessment becomes urgent.

Maternal Antibody Functional Assays

Various functional assays that measure the ability of 
maternal antibody to promote interactions between 
RBCs and monocytes or K cells have been developed.172 
These assays include the monocyte monolayer assay,173,174 
the ADCC assay using lymphocytes175 or monocytes,176 
and monocyte chemiluminescence.141

Each assay has its proponents, and their advantages 
and limitations have been reviewed.133,174 Hadley and 
associates153 compared monocyte chemiluminescence, 
K-cell lymphocyte ADCC, monocyte-macrophage 
ADCC, and a rosette assay using U937 cells. They found 
that monocyte chemiluminescence and monocyte ADCC 
functional assays predicted severity of disease better than 
rosette assay with U937 cells and K-lymphocyte ADCC 
did. Similarly, Zupanska and colleagues140 found that the 
results of a monocyte-based assay (monocyte monolayer 
assay) correlated better with the clinical severity of hemo-
lytic disease than did the results of rosette assays with 
lymphocytes. A survey of nine European laboratories that 
carried out functional assays on sera from mothers deliv-
ering babies with varying degrees of HDN revealed 
correct results as follows: ADCC (monocytes), 60%; 
ADCC (lymphocytes), 57%; chemiluminescence, 51%; 
and rosetting and phagocytosis with peripheral mono-
cytes, 41% (with U937 cells or cultured macrophages, 
32%).177 However, a more recent report has cast doubt 

on the ability of the monocyte-macrophage assay to 
predict the severity of HDN.178

Overall, when taken in conjunction with ultrasonog-
raphy, consideration of the outcomes of previous preg-
nancies, and antibody quantitation, bioassays are 
somewhat useful in helping weigh the risks associated 
with invasive procedures in women with borderline levels 
of alloantibodies because they seem to be better in pre-
dicting mild rather than severe disease. However, there is 
no consensus that bioassays reduce the need for other 
forms of fetal assessment, and most published reports 
involve relatively small numbers of participants. These 
tests should be carried out in reference laboratories that 
perform them regularly and validate them carefully. 
Because they are measuring characteristics of the anti-
body, not the fetal antigen, bioassays are of no use in 
excluding an antigen-negative, unaffected fetus.

Amniotic Fluid Spectrophotometry

Bevis179 showed that bilirubin could be found in the 
amniotic fl uid of infants with HDN, and in 1961, Liley180 
plotted fetal outcomes by gestation and the results of 
amniotic fl uid spectrophotometry, thus devising a prena-
tal test of the severity of fetal hemolytic disease that has 
only recently been surpassed as the standard method of 
assessing fetuses with hemolytic disease. Liley used the 
ΔOD450 reading (the deviation from linearity at 450 nm 
caused by the absorption spectrum of bilirubin) as a 
measurement of the amniotic fl uid bilirubin level. Three 
zones of predicted severity of disease were defi ned (Fig 
3-7). Readings in zone I indicated either no disease or 
no anemia at the time of testing but refl ected a 10% 
chance that exchange transfusion would be needed. 
Readings in zone II indicated moderate disease that 
becomes more severe as readings approach the zone III 
boundary. Readings falling into very high zone II or zone 
III indicated severe disease. Hydrops was present or 
would develop within 7 to 10 days. When serial ΔOD450 
measurements are taken, the overall accuracy of predic-
tion of hemolytic disease with the amniotic fl uid tech-
nique is 95%. Accuracy is higher in the third trimester 
than in the second trimester. Because the graphs were 
developed before intervention at earlier than 27 weeks’ 
gestation was contemplated, zone boundaries in the 
second trimester were not defi ned. The Liley zone bound-
aries were subsequently modifi ed by inclining them 
downward before 24 weeks’ gestation because of the 
observation that ΔOD450 readings peak at 23 to 24 weeks’ 
gestation in pregnancies unaffected by HDN.181 The divi-
sion lines for Queenan’s chart are lower at all gestations 
than those of Liley’s system. Although it was suggested 
that Queenan’s modifi cation could overestimate severity 
and lead to too many interventions,182 others concluded 
that a more conservative approach was appropriate as 
safer and more effective intervention became available.183 
Monitoring with ultrasound and selective direct fetal 
blood sampling has markedly reduced the need for assess-
ment by amniocentesis. Amniocentesis may be useful as 
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an adjunct to ultrasound to assess severity when factors 
such as fetal and placental position complicate fetal 
umbilical blood sampling.

Amniocentesis has risks, although ultrasound guid-
ance has improved its safety and reliability considerably. 
Blood in amniotic fl uid can obscure the 450-nm peak 
and thus make the fl uid worthless for predicting the 
severity of hemolytic disease and complicate the deter-
mination of fetal genotype. Ultrasound guidance has 
reduced this risk from about 10% to 2.5%. Increases in 
antibody titer occur after some amniocenteses, although 
the risk is reported to be lower than that after umbilical 
blood sampling.71,184

Ultrasound Assessment

The development of obstetric ultrasonography in the late 
1970s was a major advance in the management of mater-
nal blood group isoimmunization. Ultrasound allows 
estimation of placental and hepatic size and determina-
tion of the presence or absence of polyhydramnios, 
edema, ascites, and other effusions. It has increased the 
safety of amniocentesis and intraperitoneal transfusion 

and is essential for umbilical blood sampling and intra-
vascular fetal transfusions.

Although ultrasound was previously said to be of 
little use in assessing the severity of disease until hydrops 
had developed, assessment of fl ow velocity in major fetal 
vessels has now been shown by several groups to be very 
reliable in detecting signifi cant fetal anemia. Middle cere-
bral artery velocimetry is the most extensively used 
assessment.185-191 As with any critical test, responsible 
practitioners should audit outcomes and refi ne their 
judgments according to them, but when skills to perform 
it are available, ultrasound velocimetry has become the 
method of choice for monitoring women with blood 
group–sensitized pregnancies and for planning and timing 
invasive fetal sampling, fetal treatment, and delivery 
(Table 3-5).192

Percutaneous Fetal Blood Sampling

With the development of sophisticated ultrasound equip-
ment and the availability of perinatologists skilled in its 
use, percutaneous fetal umbilical blood sampling became 
feasible in the mid-1980s.193 This procedure allows direct 
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FIGURE 3-7. Superimposed Queenan and 
Liley charts of the deviation of absorbance 
at a wavelength of 450 nm (ΔOD450) versus 
gestation. Liley’s lines began at 27 weeks, 
and they were rectilinear when shown on a 
log-linear plot.150 They were subsequently 
extrapolated back to 20 weeks.151 Queenan’s 
chart demonstrates that the lines should 
defl ect downward in the early second tri-
mester.154 However, the division lines for 
Queenan’s chart are lower at all gestations 
and may overestimate the risk in some 
fetuses. Current practice is to use fetal cere-
bral velicometry instead of or sometimes in 
addition to amniotic fl uid results in deter-
mining the need and timing for intrauterine 
treatment. (Redrawn from Scott F, Chan FY. 
Assessment of the clinical usefulness of the 
‘Queenan’ chart versus the ‘Liley’ chart in pre-
dicting severity of rhesus iso-immunization. 
Prenat Diagn. 1998;18:1143-1148.)

TABLE 3-5  Comparison of Test Characteristics for Peak Systolic Velocity in the MCA Measured via Doppler 
Ultrasonography and Amniotic Fluid ΔOD450 in Predicting Severe Fetal Anemia*

Test Sensitivity† Specifi city† Accuracy†

MCA blood fl ow >1.5 MoM189 88 (78-94) 82 (73-89) 85 (79-90)
Amniotic fl uid ΔOD450

 Modifi ed Liley chart—upper third of zone II or zone III182 76 (65-84) 77 (67-84) 76 (69-82)
 Queenan chart—zone IV181 81 (71-88) 81 (72-88) 81 (75-86)

*Severe fetal anemia is defi ned as a hemoglobin level 5 SD or more below the mean for gestation.192

†Values are percentages (95% confi dence interval).
MCA, middle cerebral artery; MoM, multiples of the median.
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diagnosis of fetal blood type, anemia, and acidosis and 
therefore provided the “gold standard” for diagnosis of 
fetal anemia against which the accuracy of other assess-
ment techniques has been assessed. The procedure does 
carry with it a likelihood of fetal-to-maternal hemorrhage 
and a small risk of mortality.193,194 Generally, it should be 
reserved for use when ultrasound (or amniocentesis) 
indicates moderately severe or severe disease with a prob-
able need for intrauterine treatment. It is not usually 
indicated unless fetal treatment of severe anemia appears 
to be justifi ed for continuation of the pregnancy and 
safe delivery. Fetal blood sampling may be possible 
as early as 18 weeks’ gestation; it is generally feasible 
by 20 to 21 weeks’ gestation. The preferred sampling 
site is the umbilical vein at its insertion into the placenta. 
For this reason, the procedure is technically easier to 
perform if the placenta is implanted on the anterior 
uterine wall.

MANAGEMENT OF MATERNAL 
ALLOIMMUNIZATION

Suppression of Alloimmunization

Since the mid-1940s, efforts have been made to suppress 
the strength of already developed maternal immune 
responses against fetal RBCs. Administration of Rh 
immune globulin, of great value in preventing Rh sensi-
tization, has been shown to be ineffective in suppressing 
an established antibody response, no matter how weak, 
once it has begun.195,196

Two measures that have potential to reduce maternal 
antibody levels and ameliorate hemolytic disease are (1) 
intensive plasma exchange197,198 and (2) the administra-
tion of nonspecifi c intravenous immune serum globulin 
(IVIG).199-201 With intensive plasma exchange, alloanti-
body levels can be lowered by as much as 75% but tend 
to rebound, at times to levels higher than they were 
before.202 Vascular access becomes diffi cult and IgG and 
albumin administration is needed. Plasma exchange is 
tedious, costly, and uncomfortable.203 It may have a role 
in a mother with a fetus known to be susceptible to the 
antigen to which she is immunized and who has a 
previous history of hydrops at or before 24 to 26 weeks’ 
gestation. However, the risk-to-benefi t ratio remains 
insuffi ciently high to recommend it for routine 
management.

High-dose IVIG administration can also be effective 
in a severely alloimmunized pregnant woman, but its use 
should likewise be the subject of clinical audit and 
research. The mechanism of action has not been defi ned, 
but it could include inhibition of antibody synthesis or 
competitive blockade of receptor-mediated transfer across 
the placenta or binding sites on fetal immune cells. If 
IVIG therapy is considered, it should be used in the same 
situation as intensive plasma exchange, beginning at 
10 to 12 weeks’ gestation. Ongoing assessment of fetal 

disease remains essential because not all fetuses respond 
adequately. As a result of its cost, inconvenience, and side 
effects,204 its use, like that of plasmapheresis, is reserved 
for fetal disease that is expected to be refractory to other 
therapy.205

Fetal Treatment

Induced Early Delivery
Premature delivery of fetuses with Rh HDN has been 
important in prevention of mortality since the late 1940s. 
With the introduction of amniotic fl uid assessment in 
1961, it became possible for the fi rst time to predict 
which fetuses should be considered candidates for early 
delivery. Subsequent advances in perinatal and neonatal 
management of premature infants have had a major 
impact on survival. However, HDN is different from 
many other pregnancy complications in that intrauterine 
treatment has been effective in prolonging many gesta-
tions. As the effectiveness of fetal treatment has improved, 
particularly after the introduction of intravascular intra-
uterine transfusion, the need for premature delivery of 
infants with HDN has diminished. If premature delivery 
is required, antenatal betamethasone therapy should be 
given to the mother according to consensus guidelines. 
It is probable that infants with HDN have as much or 
more to gain from the use of this important preparation 
for extrauterine life than their gestation-matched peers 
with other fetal conditions do. A possible role for ante-
natal phenobarbital treatment to reduce the need for 
exchange transfusion of the neonate may warrant inves-
tigation in randomized controlled trials.206

Intrauterine Transfusion for 
Fetal Hemolytic Disease

In 1961, induced early delivery could not be undertaken 
before 31 to 32 weeks’ gestation without the risk of pro-
hibitive mortality from prematurity and severe Rh disease. 
Hydrops develops in 8% of fetuses before 32 weeks’ 
gestation. In 1963, the introduction of intraperitoneal 
fetal transfusion (IPT) by Liley207 completely altered the 
prognosis for these most severely affected of all fetuses 
(Fig. 3-8).

Since the beginning of the 20th century it was known 
that RBCs placed in the peritoneal cavity are absorbed 
and function normally. At one time, IPT was a preferred 
method for giving transfusions to children with thalasse-
mia. It was abandoned in favor of vascular transfusions 
because of the severe discomfort that it caused. Absorp-
tion is via the subdiaphragmatic lymphatic lacunae, up 
the right lymphatic duct, and into the venous circulation. 
In the fetus, breathing movements are necessary for 
absorption to occur.208 In the absence of hydrops, 10% 
to 12% of infused RBCs are absorbed daily. Ascites does 
not prevent absorption per se, although the rate of absorp-
tion in its presence is less predictable and the procedure 
is more risky. Rupture of membranes and spontaneous 
labor after IPT are also risks.
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Although IPT was a major advance in the manage-
ment of severe erythroblastosis fetalis, intravascular 
transfusion (IVT) has proved to be even more successful 
for most fetuses. The earliest attempts at direct IVT, 
either into a fetal or into a placental blood vessel 
approached via a hysterotomy incision, were made in the 
mid-1960s, but outcomes were poor because complica-
tions, including premature labor, almost invariably 
ensued.209,210

In 1981, Rodeck and co-workers211 reported direct 
fetal transfusions through a fetoscope. Intracardiac trans-
fusion has also been described,212 but this method was 
soon superseded by percutaneous transfusion into umbil-
ical vessels.213-217 Under ultrasound guidance and local 
anesthesia, the tip of a 22- or 20-gauge spinal needle is 
introduced into an umbilical blood vessel, preferably the 
vein at its insertion into the placenta (Fig. 3-9). Fetal 
blood sampling usually precedes and follows the transfu-
sion, and confi rmation that the needle tip remains in 
the correct position can be obtained throughout the 
procedure by observing altered echoes in the vessel via 
ultrasonography.

There are a number of advantages of IVT over IPT. 
IVT allows direct diagnostic sampling at the onset and 
completion of the procedure. For skilled practitioners, 
the failure rate and procedure-related mortality are lower, 
especially in hydropic fetuses.218,219 IVT allows larger 
transfusions and administration of platelets if needed.216,220 
It is effective in correcting anemia and its immediate 
physiologic consequences221,222 and in reversing hydrops.215 
Survival and the neonatal condition were improved so 
rapidly by the introduction of IVT that just as with IPT 
before it, its merits have been determined by comparison 
with historical control data rather than prospective ran-
domized studies. Comparison with historical control data 
may fail to take into account numerous other improve-
ments in perinatal and neonatal care since the 1970s. 
However, babies with more severe disease respond to 
IVT, and they need less invasive and intensive neonatal 

care afterward. Undoubtedly, if an intrauterine proce-
dure is necessary and IVT is feasible, it is the procedure 
of choice. Because of the rarity of severe disease, follow-
up studies are limited, but they indicate that most survi-
vors of both IPT and IVT have a good prognosis for 
neurologic development and general health.223-228 Umbil-
ical and inguinal hernias are reported to occur often after 
IPT.227

Despite the great advantages of IVT, there remain 
some situations in which IPT is necessary, including a 
fetus that is severely affl icted early in pregnancy, at a time 
when the cord vein is too small for successful venipunc-
ture. In late pregnancy or with twin gestation, fetal size 
and position may preclude access to the umbilical vessels. 
IPT may also be necessary to “top up” an incomplete 
IVT if needle dislodgement or other immediate compli-
cations occur.

IVT and IPT can expose the mother to fetal cells, 
thereby raising her antibody titer and potentially worsen-
ing disease. As stated earlier, there is no benefi t to giving 
anti-D antibody to already sensitized mothers. In the 
future, other methods of immunomodulation might 
prove benefi cial to improve the safety of this aspect of 
treatment.

It has been recommended that both IPT and IVT be 
done in centers that perform at least 20 to 30 cordocen-
teses and 10 to 15 transfusions annually to maintain 
competence and allow adequate surveillance of out-
comes.229,230 Some perinatologists advocate the use of 
pancuronium before IVT to prevent fetal movement,218 
but others use it selectively or rarely. Transfusion volume 
should be optimized.231,232 Complications include 
fetal bradycardia, cord hematoma, thrombosis or bleed-
ing, rupture of membranes, infection, and premature 
labor.

Blood for Intrauterine Transfusion

No general guidelines have been published recently for 
many aspects of intrauterine transfusion. Although there 

FIGURE 3-8. Hydrops fetalis at intraperitoneal 
fetal transfusion (IPT). Note the gross ascites at 
both the fi rst and second IPTs. The fetus, 
hydropic at birth with a cord hemoglobin level 
of 9 g/100 mL (all donor RBCs), survived. (From 
Bowman JM. Maternal blood group immunization. 
In Creasy RK, Resnik R [eds]. Maternal-Fetal 
Medicine: Principles and Practice, 2nd ed. Philadel-
phia, WB Saunders, 1989, p 636.)
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have undoubtedly been advances in equipment design 
and blood banking techniques, reports of their applica-
tion to intrauterine transfusion have not been published 
in peer-reviewed literature. By extrapolation from the 
results of neonatal transfusion therapy, it seems reason-
able to propose that cytomegalovirus-negative packed 
RBCs be used for intrauterine transfusion. Cells should 
be as fresh as is compatible with careful screening and 
crossmatch against maternal blood and should be leuko-
cyte depleted and irradiated. The risk for graft-versus-
host disease is very low but not zero.233,234 The use of Kell 
antigen–negative blood is optimal, if it is available.

Treatment of Neonates with 
Hemolytic Disease

General Measures
As a result of advances in antenatal assessment and treat-
ment, the pediatrician often has the benefi t of treating an 
infant with HDN whose condition is better and whose 
disease course is more predictable than those of infants 
with HDN in previous decades. Management of an infant 

with severe hydrops fetalis remains diffi cult, and because 
the disease is now very uncommon, there is little oppor-
tunity for well-designed trials to test various approaches 
to management. Uncertainties include the role of ante-
natal drainage of pleural effusions and ascites, which 
resuscitation fl uids and drugs to use, and when to perform 
top-up or exchange transfusion. Surfactant therapy may 
be necessary because of prematurity or surfactant inac-
tivation.235,236 Top-up transfusion may be useful for sta-
bilization122,237 because nearly all hydropic infants are 
severely anemic and some have low central venous 
pressure.

Even in a mildly affected infant, careful assessment 
and anticipatory management are required. A fetus that 
has coped well in the intrauterine environment and has 
not needed or has responded well to intrauterine treat-
ment can still have signifi cant problems with the transi-
tion to independent extrauterine life. Problems attributable 
to HDN, such as hyperinsulinemic hypoglycemia,238 may 
be compounded by the problems of prematurity. The 
baby should be assessed promptly at birth and resusci-
tated if necessary. Physical examination may reveal 
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FIGURE 3-9. Real-time ultrasound view of intravascular 
transfusion via insertion of the umbilicus into the anterior 
surface of the placenta. The bottom panel shows a needle 
inserted (in this case through the placenta) into the umbilical 
vein. The intravascular transfusion in progress is shown by 
the echogenicity of the transfused blood in the umbilical 
vein.
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hepatic and splenic enlargement and signs of anemia. 
Occasionally, stigmata resulting from accidents of intra-
uterine therapy are found.

Laboratory assessment should include a complete 
blood count, assessment of blood group and relevant 
antibodies, and baseline measurement of the bilirubin 
level so that the rate of increase in bilirubin can be cal-
culated. In severely affected infants, liver function, acid-
base balance, and coagulation profi le should also be 
assessed. Cord blood can be useful for these tests but 
may provide misleading results unless the sample is 
obtained promptly. Many blood banks will not accept 
cord blood for crossmatch. In infants who have received 
multiple transfusions, assessment of iron status should 
be considered, especially if there is evidence of liver 
dysfunction.239-241

In regard to general care, breast-feeding should com-
mence early in infants who are not deemed to be in 
imminent need of exchange transfusion. If mature and in 
good condition, the infant can be breast-fed while receiv-
ing phototherapy via a suitable fi beroptic blanket or spot-
light. Although Rh antibodies are present in breast milk, 
particularly in colostrum, very little antibody is 
absorbed.242 There is no evidence that forced fl uid admin-
istration (beyond requirements for nutrition and com-
pensation for any increased insensible loss) improves the 
outcome of the disease, and it is hazardous in premature 
infants and those with heart failure.

Folate is normally stored in the liver in late gestation, 
but reserves may be defi cient in premature infants and 
depleted by ineffective erythropoiesis or by exchange 
transfusion, which replaces the infant’s blood with adult 
blood that has a lower folate level.243,244 Supplemental 
folic acid at a dose of 100 to 200 μg/day is recommended 
for several weeks. Vitamin B12 will usually be supplied in 
adequate amounts in breast milk (unless the mother has 
a defi ciency), and supplemental iron is not only unneces-
sary but potentially hazardous.239 Drugs that interfere 
with binding of bilirubin to albumin or with bilirubin 
metabolism should be avoided.

The use of phototherapy and other measures for 
hyperbilirubinemia is discussed in Chapter 4 and has 
been reviewed elsewhere.245,246 The principles that we 
now apply in deciding when to begin and end photo-
therapy are little more than traditional rules of thumb. 
However, it seems clear that phototherapy is effective in 
preventing many exchange transfusions in infants with 
hemolysis.247,248 Most guidelines still recommend lower 
thresholds for beginning phototherapy for HDN than for 
nonhemolytic jaundice, despite the improved condition 
of most of the infants with HDN whom we now treat. 
Intensive phototherapy is justifi ed for infants with high 
or rapidly rising bilirubin levels. The risks and resource 
implications of phototherapy are low in comparison to 
those of exchange transfusion.

Phototherapy can be discontinued when serum bili-
rubin levels decrease or if the conjugated fraction of bili-
rubin increases substantially. Commonly, well near-term 

infants who have received intrauterine transfusions can 
be discharged at about a week of age. Conversely, many 
weeks of tertiary-level neonatal intensive care may be 
needed for premature, very anemic prehydropic or 
hydropic infants.

Administration of IVIG to prevent the need for 
exchange transfusion in HDN has been the subject 
of limited investigation.249-252 These small studies used 
different IVIG preparations for different thresholds.253 
IVIG therapy deserves further investigation in selected 
infants, but there is not suffi cient published evidence to 
recommend it outside of carefully conducted clinical 
trials.

Exchange Transfusion

Exchange transfusion originated in the 1920s in a proce-
dure done via the anterior fontanelle. Refi nements to the 
technique of “exsanguination transfusion” were intro-
duced by Wallerstein and Wiener in 1946.254,255 Genera-
tions of infants and pediatric residents should be grateful 
that Diamond pioneered the use of umbilical catheters256 
because Wiener’s technique involved infusion of blood 
through a saphenous vein cutdown and drainage (after 
heparinization of the baby) via an incision in the radial 
artery at the wrist. A randomized controlled trial in 1952 
confi rmed that the technique could save lives and prevent 
kernicterus.257

During exchange transfusion, RBCs coated with 
antibody are replaced with RBCs negative for the antigen 
to which the mother is alloimmunized. Exchange transfu-
sion corrects the anemia of a severely affected newborn, 
mitigates hyperbilirubinemia by removing the infant’s 
hemolyzing erythrocytes and suppressing erythropoiesis, 
removes some of the already formed bilirubin, and 
depletes unbound anti-D antibody. Only modest amounts 
of the offending antibody are removed by exchange trans-
fusion because unbound antibody is widely distributed 
in extracellular fl uid, both within and outside the vascular 
compartment.

Exchange transfusion produces a signifi cant drop in 
neutrophil levels, the functional signifi cance of which is 
uncertain, but the initial neutropenia and subsequent 
“left shift” during rebound from it can certainly compli-
cate the diagnosis of sepsis in the hours and days after 
exchange. A similar decrease in platelets is generally well 
tolerated, provided that the baby does not have throm-
bocytopenia or other coagulopathy before the exchange 
transfusion. Because a variety of coagulation defects 
increase the risk for intraventricular hemorrhage,258 plate-
let therapy should be considered in sick and premature 
infants with thrombocytopenia.

Indications for Exchange Transfusion

Exchange transfusion is generally performed early for 
severe anemia or later when phototherapy and other con-
servative measures fail to control the bilirubin level. 
However, the exact thresholds at which it should be 
applied are controversial and warrant the development of 
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contemporary guidelines. Traditional criteria for early 
exchange transfusion included a cord hemoglobin level 
less than 13 to 15 g/dL (130 to 150 g/L) and a cord 
serum bilirubin level greater than 60 to 130 μmol/L 
(3 to 7 mg/dL). However, Wennberg and colleagues259 
showed in 1978 that neither cord hematocrit nor biliru-
bin level had much value in predicting a postnatal increase 
in bilirubin level. They suggested using the criterion of 
rate of increase in bilirubin. Rates of increase of 8 to 
13 μmol/L/hr, despite intensive phototherapy, indicate 
that exchange transfusion is likely to be needed. Improved 
antenatal treatment, phototherapy, and other supportive 
care has cast even these guidelines into doubt. Many 
neonatal intensive care units that have prompt blood 
bank support and the ability to perform exchange trans-
fusion at short notice will delay exchange transfusion 
in babies who do not have symptomatic anemia until 
the risk associated with exchange transfusion is thought 
to approximate that of kernicterus. The decision pro -
cess is clearly hampered by imprecise knowledge of 
where these risk boundaries lie. Jackson260 recently esti-
mated the risk of serious complications of exchange 
transfusion to be less than 1% in previously well infants 
and about 12% in ill infants. In a recent audit of 141 
exchange transfusions over a period of 21 years in one 
center (69% of which were for immune hemolytic 
disease), there were no exchange transfusion–related 
deaths and only 14% had any transfusion-related com-
plication.261 In severely anemic hydropic babies, early 
exchange transfusion still seems warranted to improve 
oxygen transport. Peterec has suggested working 
guidelines.121

Free Bilirubin and Reserve Albumin 
Binding Studies

It appears that the level of free unconjugated bilirubin is 
the determining factor in the pathogenesis of bilirubin 
encephalopathy (kernicterus; see Chapter 4). Measure-
ments of free bilirubin have not routinely infl uenced 
clinical practice in most centers, but some take the 
bilirubin-to-albumin ratio into account.262

Technique of Exchange Transfusion

The specifi c technical details of exchange transfusion 
are clearly set out elsewhere263 and are discussed only 
briefl y here. The safest location for catheter tips and 
whether it is better to use a single-catheter “push-pull” 
technique or a double-catheter continuous technique 
have not been determined conclusively. In practice, 
these decisions are often based on local tradition and on 
the number and type of catheters that can be inserted 
easily. The procedure should be conducted precisely 
and with meticulous attention to precautions against 
infection.

The blood should be ABO compatible and, for anti-
D HDN, Rh negative. If the mother is alloimmunized to 
an antigen other than D, the blood should be missing 
that antigen. It should be crossmatch compatible with the 

mother’s serum. Ideally, the blood should also be nega-
tive for Kell antigen (to avoid sensitizing the infant) and 
hemoglobin S (to avoid problems with fi ltration). If the 
initial exchange transfusion is carried out with group O 
blood, any further exchange transfusions should use 
group O blood. Otherwise, brisk hemolysis and jaundice 
secondary to ABO incompatibility may become a further 
complication. Graft-versus-host disease occurs rarely 
after exchange transfusion, but blood should be irradi-
ated if possible, especially for premature infants. 
The question of whether to use whole blood or packed 
RBCs partially reconstituted with plasma or saline 
plus or minus platelets has not been subjected to rigorous 
study, but component therapy is widely used. Compo-
nent therapy potentially exposes the infant to more 
donors and more risk of handling errors, but less risk 
of white blood cell–related complications. For very 
unusual antibodies or combinations of antibodies, RBCs 
may need to be transported over long distances. Occa-
sionally, stored washed maternal RBCs must be used. In 
these circumstances, whole blood is unlikely to be 
available.

Depending on the local strategy for neonatal screen-
ing for metabolic and other diseases, it is strongly recom-
mended that some of the blood from the fi rst drawback 
be applied to a neonatal screening card. Otherwise, the 
diagnosis of some disorders such as galactosemia may be 
masked for some time to come. If any blood for serologic 
analysis or a DNA sample is needed for other diagnostic 
purposes such as congenital infection, it should also be 
collected at this time.

Aliquots of the infant’s blood are removed and 
replaced with antigen-negative donor blood. In choosing 
a technique for transfusion, the practitioner should take 
into account the following considerations: the infant’s 
tolerance of the metabolic, hemodynamic, and hemato-
logic demands; the effectiveness of the procedure in treat-
ing anemia and preventing an increase in bilirubin level; 
and safe handling of the blood for transfusion. The size 
of aliquot should be chosen to take into account the tol-
erance of the infant and, if a single catheter is used, its 
dead space. Principles of calculus make it clear that the 
largest aliquots that the infant can tolerate will correct 
anemia most rapidly, but very rapid correction of anemia 
is not usually the prime objective. Allowing suffi cient 
time for equilibration of bilirubin and antibody between 
the vascular and extravascular compartments is another 
concern, but with very long procedures there is the risk 
of clotted catheters and degradation of the donor blood. 
Generally, between 1.5 and 2 infant blood volumes are 
exchanged (130 to 170 mL/kg of body weight) over a 1- 
to 2-hour period.264 A two–blood volume exchange trans-
fusion removes approximately 90% of the affected RBCs 
of the infant, but the response is asymptotic rather than 
linear, and 70% removal occurs after the fi rst blood 
volume has been exchanged. Only about 25% to 30% of 
total bilirubin is removed because it is sequestered in the 
extravascular and cellular compartments. A decrease of 
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about 50% in the serum bilirubin level can be expected, 
but rapid rebound to about 75% of the pre-exchange 
level is typically seen.

Administration of albumin, 1 g/kg of body weight, 
before the exchange transfusion or addition of albumin, 
4 to 6 g, to the blood used for exchange transfusion 
modestly increases the amount of bilirubin removed to 
about 35% of the total body bilirubin by drawing biliru-
bin into the vascular compartment. Caution is advised in 
administering albumin to a severely anemic infant because 
it may precipitate heart failure.

Many previous guidelines suggested routine admin-
istration of calcium gluconate. However, contemporary 
anticoagulants affect ionized calcium much less than the 
citrate-phosphate-dextrose used in years gone by does. 
Furthermore, most neonatal units now have immediate 
access to blood gas analyzers that also measure ionized 
calcium, electrolytes, and glucose in tiny samples. 
Periodic measurement of ionized calcium, electrolytes, 
glucose, and blood gas is therefore a reasonable alterna-
tive (e.g., every 30 minutes or earlier if the infant mani-
fests any instability).

Complications of Exchange Transfusion

Complications of exchange transfusion include all those 
of simple transfusion plus a variety of others related to 
the large size of the transfusion, the catheters, and the 
technique.260,261 As fewer procedures are being performed, 
experience with the procedure among neonatal and pedi-
atric medical and nursing staff is declining. Furthermore, 
well infants who were previously given exchange transfu-
sions are now being managed conservatively, whereas the 
sickest and most premature infants still require exchange 
transfusion. Thus, paradoxically, at a time when most 
transfusion therapy has never been safer, exchange trans-
fusion has the potential become more hazardous, although 
improved monitoring and supervision may be compen-
sating for these trends.261

Necrotizing enterocolitis is a potentially life-
threatening hazard. The occurrence of necrotizing entero-
colitis may be related to the technique. In the absence of 
evidence-based guidelines, effort should be made to 
prevent wide pressure and volume variations during 
exchange transfusion. Blood injection and withdrawal 
should be carried out smoothly, without undue haste. 
The use of blood products that are anti–T cryptantigen 
negative, prolongation of the interval until oral feeding is 
restarted, and the use of prophylactic antibiotics might 
also infl uence the risk for necrotizing enterocolitis, but 
there is no clear evidence for any of these practices in 
relation to exchange transfusion.

As discussed earlier for intrauterine transfusions, 
performance of exchange transfusions in neonatal inten-
sive care units with experienced staff and with blood 
banks familiar with supplying neonates is likely to yield 
the best results for infants and the best hope of accumu-
lating evidence to guide practice.

OTHER MATERNAL ALLOANTIBODIES 
CAUSING FETAL/NEONATAL 
HEMOLYTIC DISEASE

Alloantibodies Other Than A and B
Although reports from numerous geographic areas dem-
onstrate the effectiveness of administration of anti-D IgG 
to prevent RhD alloimmunization, most fi nd that Rh is 
still the blood group system causing most cases of HDN 
and that anti-D is still the most common single antibody 
causing severe HDN. Of non-D Rh antigens, anti-c is the 
next most important in causing clinically signifi cant 
HDN. About half of anti-c antibodies are attributable to 
transfusion, and they are often present at low titer or the 
fetus is c negative. However, because anti-c can cause 
severe HDN or fetal death, careful assessment is war-
ranted.66 Anti-E is relatively common but seldom causes 
HDN. A variety of other non-D Rh antigens, such as 
anti-C, anti-e, and anti-Rh17, have also been reported to 
very occasionally cause moderate or severe HDN.66 Rh 
antigens are not infrequently found in combination, such 
as anti-D plus -C, anti-D plus -E, or anti-c plus -ce. 
Often, one of the antibodies (e.g., anti-c) is present in 
higher titer and has the predominant infl uence on disease 
severity, but the combination adds to the complexity of 
fi nding suitable donors for intrauterine exchange or top-
up transfusion.

There are at least 26 blood group systems with more 
than 900 alleles of 39 genes, and the molecules carrying 
these antigens are very diverse in structure, function, and 
tendency to cause HDN. The molecules include trans-
porters and channels (e.g., Diego, Kidd, Colton, and 
Rh), receptors for pathogens (Duffy, P, and others) and 
for adhesion to other cells (e.g., Landsteiner-Wiener), 
enzymes (ABO, H, Lewis, P, and Kell), structural pro-
teins (Ge), and complement receptors (Ch/Rg).22

As the incidence of RhD HDN has been decreasing, 
other blood group antibodies have assumed greater 
importance. Bowman265 found that in Manitoba (popula-
tion, 1 million), the mean annual occurrence of D alloim-
munization in pregnant women dropped from 194 in 
1962 through 1967 to 23 in 1989 through 1994. In the 
same two periods, the mean annual occurrence of 
detected non-D alloimmunization in pregnant women, 
excluding ABO alloimmunization, increased from 14 to 
108. This rise was partially the result of increased screen-
ing of pregnant D-positive women. It also refl ected a real 
increase in the occurrence of non-D alloimmunization 
because of the increased incidence of blood transfusion 
(transfused blood is generally crossmatched only for 
ABO and D). A summary of results of seven studies from 
the 1960s to 2000 is presented in Table 3-6.

There is marked international variation in the fre-
quency and distribution of alloantibodies. For example, 
in Asian countries where RhD negativity is rare, so is 
anti-D. Lee and associates identifi ed one case in 28,303 
women in Hong Kong over a 5-year period, and Rh 
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antibodies accounted for only 27.3% overall. Anti-Mi, 
which recognizes an antigen in the MNS blood group 
system, was about twice as common, and although it 
caused no cases of severe HDN in this series, its potential 
to do so has been reported.271

The alloantibodies listed by Mollison and co-workers 
and Bowman as having been reported to cause HDN are 
listed in Table 3-7.66,272 Of the multitude of antibodies 
implicated as causes of HDN, most are fortunately rare 
or rarely cause severe disease (Table 3-8). Some are the 
subject of single case reports.

There are various reasons why the incidence and 
severity of HDN differ from one blood group antigen 
system to another. In some cases it is because of the rarity 
of the offending antigen or the lack of it and the likeli-
hood of incompatibility between parents being low. An 
example is the Colton blood group system, which com-
prises the high-incidence antigens Coa and Co3 found on 
aquaporin-1. Rare individuals lacking this aquaporin can 
produce antibodies that lead to severe HDN. In others, 
it is because of low levels of expression on the RBC 
surface. For this reason, maternal anti-I and anti-Lutheran 

antibodies, even when present at high titer, usually do 
not cause HDN because of low cell surface expression of 
these antigens on fetal RBCs. Lutheran antigens are also 
widely distributed in endothelial cells.

Disease attributable to anti-Kell antibodies can be 
very severe. Maternal antibodies to KEL1 causing neo-
natal anemia were fi rst described in 1945,7 and the blood 
group system was named for the woman in whom the 
antibodies were found. Kell glycoprotein is an endopep-
tidase involved in the activation of endothelin,273 and it 
is more properly regarded as a subunit of a larger protein 
because it is linked via a disulfi de bond to the XK protein. 
Absence of XK can cause weak Kell expression and dys-
function of other organs (McLeod’s syndrome). Null 
Kell alleles also occur. Redman and associates273,274 
reviewed the Kell blood group and summarized the low- 
and high-incidence antigens, about 25 of which have 
been described. They occur as variants of several epi-
topes. The most immunogenic antigen, KEL1, is second 
to RhD in its immunizing potential and occurs in about 
9% of whites and 2% of blacks. It results from a point 
mutation causing a Thr193 (KEL2) to Met193 (KEL1) 

TABLE 3-6 Antibody Occurrence in Seven Series

Antibody*
Polesky 
(1967)298

Queenan 
et al. 
(1969)266

Pepperell 
et al. 
(1977)267

Filbey 
et al. 
(1995)268

Geifman-
Holtzman 
et al. 
(1997)159

Howard 
et al. 
(1998)269

Jovanovic-
Szentic 
et al 
(2003)270

D 1864 (63.1) 304 (48.3) 958 (65.3) 159 (19.0) 101 (18.4) 100† (40.9) 200† (35)
E 80 (2.7) 34 (5.3) 69 (4.7) 51 (6.1) 77 (14. 0) 29 (11.9) 67 (11.6)
C 448 (15.2) 34 (5.3) 9 (0.6) 36 (4.3) 26 (4.7) 15 (6.1) 145 (25.2)
c 68 (2.3) 12 (1.9) 59 (4.0) 38 (4.5) 32 (5.8) 28 (8.6) 17 (3.0)
Cw 4 (0.14) — — 10 (1.2) 1 (0.2) — 2 (0.3)
e 2 (0.07) 3 (0.4) 6 (0.04) 1 (0.1) — — —
Kell 93 (3. 1) 30 (4.7) 34 (2.3) 48 (5.7) 121 (22) 42 (17.2) —
Duffy 17 (0.6) 12 (1.9) 8 (0.5) 26 (3.1) 31 (5.6) 9 (3.6) 6 (0.9)
MNS 45 (1.5) 20 (3.1) 18 (1.2) 35 (4.2) 26 (4.7) 10 (4.1) 27 (4.7)
Kidd 7 (0.2) 7 (1.1) 2 (0.14) 10 (1.2) 8 (1.5) 10 (4.1) 4 (0.6)
Lutheran — 3 (0.4) — 13 (1.6) 7 (1.3) — —
P1 27 (0.9) 15 (2.3) 129 (8.8) 48 (5.7) 1 (0.2) — 9 (1.6)
Lea, Leb 94 (3.2) 51 (8.1) 174 (11.9) 241 (28.8) 113 (20.5) NR 50 (8.7)
I 13 (0.4) 15 (2.3) — — 5 (0.9) NR —
Others 194 (6.6) 90 (14.3) 1 (0.07) 120 (14.4) 1 (0.2) NR 49 (8.5)
Total 
antibodies

2956 630 1467 836 550 244† 576†

Blood samples 43,000 18,378 72,138 110,765 37,506 22,264 21,730
Time period 1960-1966 

(7 yr)
1960-1967 
(8 yr)

1965-1975 
(10 yr)

1980-1991 
(12 yr)

1993-1995 
(2.5 yr)

1993-1994 
(1 yr)

1995-2000 
(4.5 yr)

Place Minnesota New York Australia Sweden Central 
New York

Liverpool, 
UK

Croatia

D‡ 43.3 16.5 1.3 1.4 2.6 4.5 9.2
E‡  1.9  1.9 1.0 0.5 2.0 1.3 3.1
C‡ 11.3  1.9 0.1 0.3 0.7 0.7 6.7
c‡  1.6  0.7 0.8 0.3 0.8 1.3 0.8
Kell‡  2.2  1.6 0.5 0.4 3.2 1.9 0
Lea, Leb‡  2.2  2.8 2.4 2.2 3.2 NR 2.3

*Values are given as numbers (percentage of positive samples) of antibodies.
†Excludes women given anti-D during pregnancy.
‡Values are given as numbers of antibodies per 1000 samples.
NR, not reported.
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substitution, which in turn leads to loss of a glycosylation 
site. The other Kell phenotypes are also generally due to 
single-base substitutions, so genotyping is more straight-
forward than that in the Rh system.

Sensitization occurs most commonly as a result of 
unmatched blood transfusion but can arise during preg-
nancy. Although the number of incompatible pregnancies 
is lower for Kell than for RhD, the proportion of anti-
KEL1–affected fetuses that are severely affected is 
thought to be 20% or greater.275-278

Kell antibodies, which recognize antigens expressed 
in early erythroid progenitors and at an early stage of 
erythropoiesis in fetal liver, appear to be capable of sup-
pressing erythropoiesis.279 This is the putative reason for 
the tendency for hydrops early in pregnancy seen in anti-
Kell HDN. It has also been proposed as the reason why 
amniotic fl uid spectrophotometry is not as reliable as in 
Rh hemolytic disease, although not all studies agree on 
this point.275,280,281 Paternal typing followed, when neces-
sary, by fetal genotyping and early, close monitoring by 
ultrasound is recommended in pregnancies complicated 
by anti-Kell antibodies.

Rarely, anti-Kpa, -k, -Fya, -s, -S, -U, and occasionally 
other antibodies (see Table 3-8) have caused hemolytic 
disease severe enough to require intrauterine or postnatal 
treatment.66,265 Bowman also reported that 34 pregnant 
non–D-alloimmunized women referred from outside 
Manitoba (a highly selected group with very severely 
affected fetuses drawn from a much greater population 
base) showed the following distribution of antibodies that 
produced HDN so severe that intrauterine treatment was 
required: anti-K (18 fetuses), -c (9 fetuses), -cE (2 
fetuses), -k34 (1 fetus), -Jka (1 fetus), -Fya (1 fetus), -CCW 
(1 fetus), and -E (1 fetus). There are rare instances of 
other alloantibodies, usually benign ones, causing severe 
hemolytic disease (e.g., anti-Kpb, anti-Di, and anti-M).

ABO Hemolytic Disease

ABO HDN behaves differently from HDN caused by 
either anti-D or other blood group antibodies. Anti-A 
and anti-B, which bind complement in adults, cause 
violent, life-threatening intravascular hemolysis after the 
transfusion of ABO-incompatible blood. Fetal ABO 

TABLE 3-7 Non-ABO Alloantibodies Reported to Cause Hemolytic Disease

Any HDN Moderate or Severe HDN

Within the Rh system Anti-D, -c, -C, -Cw, -Cx, -e, -E, -Ew, -ce, -Ces, 
-Rh32, -Goa, -Bea, -Evans, -Rh17

Anti-D, -c, -C, -Cw, -Cx, -e, -E, -Ew, 
-ce, -Ces, -Rh32, -Goa, -Bea, 
-Evans, -Rh17

Outside the Rh system Anti-LW, -K, -k, -Ku, -Kpa, -Kpb, -Jsa, -Jsb, -Fya, 
-Fy3, -Jka, -Jkb, -M, -N, -S, -s, -U, -Vw, -Far, -Mv, 
-Mit, -Mta, -Mur, -Hil, -Hut, -Ena, -PP1Pk, -Lua, 
-Lub, -Lu9, -Dia, -Dib, -Yta, -Ytb, -Doa, -Coa, -Wra

Anti-LW, -K, -k, -Kpa, -Jka, -Jsa, -Jsb, 
-Ku, -Fya, -M, -N, -S, -s, -U, 
-PP1Pk, -Dib, -Far

Antibodies to low-incidence 
antigens

Anti-Bi, -By, -Fra, -Good, -Sc2, -Rd, -Rea, -Zd Anti-Good, -Zd

Antibodies to high-incidence 
antigens

Anti-Ata, -Jra, -Lan, -Ge Anti-Lan

HDN, hemolytic disease of the fetus and newborn.
Data from Klein HG, Anstee DJ. Haemolytic disease of the fetus and newborn. In Klein HG (ed). Mollison’s Blood Transfusion in Clinical Medicine. Malden, 

MA, Blackwell, 2006, pp 496-545; and Bowman JM. Immune hemolytic disease. In Nathan DG, Orkin SH (eds). Nathan and Oski’s Hematology of Infancy and 
Childhood, 5th ed. Philadelphia, WB Saunders, 1998.

TABLE 3-8 Severity of Hemolytic Disease in Manitoba over a 32-Year Period*

Alloantibody 
Specifi city

No. of 
Patients

Affected 
Patients (%)

No Treatment 
Required (%)

Phototherapy and/or Exchange 
Transfusion Required (%)

Hydropic or Hb 
<60 g/L (%)

D (19 yr) 566 257 (47) 51  30 19
E 633 162 (26) 89  11 —
c, cE 302 164 (54) 70  23  7
C, Ce, Cw, e 193 50 (36) 86  14 —
Kell 478 16 (3.3) 50  37 13
Kpa  7 3 (43) 67  33 —
k  1 1 (100) — 100 —
Fya  35 6 (17) 67  16 16
S  20 11 (55) 64  36 —

Hb, hemoglobin.
*From November 1, 1962, to October 31, 1994, except for anti-D (November 1, 1975, to October 31, 1994).
From Bowman JM. Immune hemolytic disease. In Nathan DG, Orkin SH (eds). Nathan and Oski’s Hematology of Infancy and Childhood, 5th ed. Philadelphia, 

WB Saunders, 1998.
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HDN is usually much milder than HDN caused by D, 
c, K, and E. Although kernicterus may develop if a baby 
with ABO HDN is left untreated, hydrops rarely occurs, 
anemia is usually absent or moderate at birth, and late 
anemia is rare. There are rare reports of hydrops fetalis 
being due to ABO erythroblastosis.282 It is possible that 
some of these involve other causes of increased ineffective 
erythropoiesis (such as RBC enzyme defi ciency or α-
thalassemia trait) or nonimmune hydrops superimposed 
on ABO HDN. Some but not all series have found that 
ABO antibodies are a more common cause of HDN (and 
severe HDN) in Southeast Asia, Africa, and Latin America 
for reasons that have yet to be determined.66

Several reasons have been proposed for the mildness 
of ABO HDN in comparison to HDN caused by other 
antibodies and to adult ABO hemolysis.283 First, there are 
fewer A and B antigenic sites on the fetal RBC mem-
brane,284 and anti-A and anti-B do not bind complement 
on the fetal RBC membrane.285 Second, anti-A and anti-
B are often IgM, which does not cross the placenta, or 
IgG2, which plays a minor role in HDN.286 Third, the 
small amounts of IgG anti-A and anti-B that do traverse 
the placenta have myriad antigenic sites both on tissues 
other than on RBCs and on secretions to which they may 
bind. Because there is very little antibody on the RBC, 
the result of the cord blood direct antiglobulin test in 
ABO hemolytic disease is usually only weakly positive 
and may be negative unless a sensitive test is used. Capil-
lary blood taken at 2 or 3 days of age often yields a nega-
tive direct antiglobulin test result regardless of test 
sensitivity. In at least 25% of ABO-incompatible babies, 
cord blood RBCs give weakly positive results on the 
direct antiglobulin test at delivery, and an excess of babies 
with blood types A and B from mothers with blood 
type O become severely jaundiced.287,288 The A- or B-
incompatible infants of mothers with blood type A or 
B do not appear to be at increased risk for hemolysis or 
jaundice.289

In only a small fraction of A- or B-incompatible 
infants of O mothers does clinical evidence of HDN 
develop (early and severe jaundice).288,290,291 One study 
found that only 0.07% of more than 88,000 infants 
required exchange transfusion for anti-A or -B HDN.290 
Nevertheless, ABO HDN continues to account for a 
signifi cant proportion of infants with troublesome jaun-
dice that necessitates prolongation of the hospital stay, 
readmission to the hospital, or home therapy. The same 
large study found that ABO incompatibility accounted 
for 5.5% of infants with jaundice.

Although anemia is rarely severe, mild hemolysis 
appears to be common. In a series of 1704 infants of 
blood group O mothers, infants with blood group A or 
B had signifi cantly higher cord bilirubin and lower cord 
hemoglobin concentrations than did the babies with 
blood group O.292 Blood fi lms may show polychromasia, 
reticulocytosis, and prominent spherocytosis, which 
can be diffi cult at times to differentiate from hereditary 
spherocytosis.

Control of hyperbilirubinemia is usually the major 
issue in infants with ABO HDN, and thresholds for pho-
totherapy and exchange transfusion are generally regarded 
as similar to those for Rh HDN. The risk for symptomatic 
late anemia in ABO HDN is very low. The risk for recur-
rence of jaundice attributable to anti-A or -B in future 
incompatible siblings is high, and mothers should be 
counseled accordingly.293

MANAGEMENT OF SPECIAL PROBLEMS

Syndrome of Hepatocellular Damage

Most infants with severe anemia and erythroblastosis, 
particularly those who are hydropic or prehydropic, 
show signs of obstructive jaundice. They have extreme 
hepatomegaly and evidence of biliary canalicular 
obstruction. Extreme or prolonged jaundice may develop 
in these infants, but with half or more of the total biliru-
bin being direct-acting conjugated bilirubin. The thresh-
old for exchange transfusion in such infants is unclear 
and should be individualized. If hepatic damage is so 
severe that symptomatic coagulopathy has ensued, 
exchange transfusion (with appropriate components) 
may be necessary to remove activated clotting factors and 
degradation products and to replenish clotting factor 
levels.

Infants Who Have Undergone 
Fetal Transfusions

Assessment of infants who have undergone IVT or IPT 
does not differ from that of other babies with HDN. 
Because these infants are often delivered with few resid-
ual Rh-positive hemolyzing RBCs, their postdelivery 
management may be simple. Nevertheless, some require 
one or more exchange transfusions. When compared with 
those who received IPT, relatively few babies born after 
undergoing IVT require exchange transfusion. However, 
careful individual assessment is still required, and deliv-
ery in or near a center that can perform exchange transfu-
sion is still advisable.

Follow-up Care of Infants with 
Hemolytic Disease

Regardless of whether an affected infant has required 
fetal transfusions or exchange transfusions, anemia is 
commonly seen in the fi rst few weeks of life.294 Hemo-
globin levels should be checked at 7- to 14-day intervals 
until the infant is 8 to 12 weeks of age. The anemia is 
due to gradual loss of transfused Rh-negative RBCs and 
to failure of the infant’s Rh-positive RBCs to replace 
them. This failure is initially due to hemolysis of any 
RBCs produced and to transient erythroblastopenia, 
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which usually resolves spontaneously at about 6 to 8 
weeks of age.

In the interim, if symptomatic anemia develops or if 
hemoglobin levels are falling rapidly toward symptomatic 
levels, a simple transfusion of 20 mL/kg of body weight 
of crossmatched, packed RBCs compatible with the 
infant’s serum is administered. Iron supplementation is 
not indicated, but folic acid and, in some circumstances, 
vitamin B12 should be given.

Recombinant erythropoietin has been used with 
some success in the treatment of anemia of prematurity. 
Erythropoietin treatment for prevention of “late” anemia 
in infants with HDN has been tested in small trials.295-297 
A larger trial is needed to evaluate the role of erythropoi-
etin in preventing the late anemia of HDN.

CONCLUSIONS

Advances in prevention of Rh sensitization and the 
management of immune HDN in the past 30 years have 
been dramatic. Statistics from all over the developed 
world have indicated that the prevalence of Rh sensitiza-
tion in pregnant women has been reduced by more than 
90%. The number of exchange transfusions has also 
decreased by more than 100-fold. In addition, the number 
of perinatal deaths caused by HDN has plummeted. 
However, for those still affected by anti-D or other 
signifi cant antibodies, the disease burden remains 
signifi cant.

Despite a recent explosion in knowledge about 
antigen presentation and provocation of the immune 
response in general, little detail at the molecular and cel-
lular level is known about maternal sensitization to RhD. 
Better understanding of these events, together with the 
recent elucidation of the molecular genetics of RhD and 
other blood groups, is likely to provide new tools for 
prevention, diagnosis, and treatment.
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Elevation of serum bilirubin level is a common, if not 
universal fi nding during the fi rst week of life and has been 
reviewed elsewhere.1-3 It can be a transient phenomenon 
that will resolve spontaneously or can signify a serious or 
even potentially life-threatening condition. There are 
many causes of hyperbilirubinemia and related therapeu-
tic and prognostic implications. Independent of the cause, 
elevated serum bilirubin levels can potentially be toxic to 
newborn infants. This chapter reviews perinatal bilirubin 
metabolism and addresses assessment, etiology, toxicity, 
and treatment of neonatal jaundice. Diseases in which 
there is a primary disorder in the metabolism of bilirubin 
are reviewed with regard to their clinical fi ndings, patho-
physiology, diagnosis, and treatment.

BILIRUBIN METABOLISM

Bilirubin Production and Transport

In 1864 Städeler used the term “bilirubin,” derived from 
Latin (bilis, bile; ruber, red), for the red-colored bile 
pigment.4 Bilirubin is formed from the degradation of 
heme-containing compounds (Fig. 4-1). The largest 
source for the production of bilirubin is hemoglobin. 
However, other heme-containing proteins are also 
degraded to bilirubin, including the cytochromes, cata-
lases, tryptophan pyrrolase, and muscle myoglobin.5

Formation of bilirubin is initiated by cleavage of the 
tetrapyrrole ring of protoheme (protoporphyrin IX), 
which results in a linear tetrapyrrole (biliverdin). The fi rst 
enzyme system and rate-limiting step in bilirubin synthe-
sis is microsomal heme oxygenase (HO).6 HO can be 
up-regulated threefold to fi vefold in response to hemoly-
sis. Two major forms of HO have been identifi ed. HO1, 
the inducible form, is located in the spleen, liver, and 
bone marrow. HO2, the constitutive form, is located in 
the testes, central nervous system (CNS), vasculature, 
liver, kidney, and gut. HO results in the reduction of 
porphyrin iron (FeIII to FeII) and hydroxylation of the α-
methine (=C—) carbon. This α carbon is then oxida-
tively excised from the tetrapyrrole ring to yield carbon 
monoxide (CO). Such excision opens the ring structure 
and is associated with oxygenation of the two carbons 
adjacent to the site of cleavage. The cleaved α carbon is 
excreted as CO, which has numerous biologic effects, 
including neurotransmission, vasodilation, and media-
tion of apoptosis and anti-infl ammatory processes. The 
iron released by HO can be reused by the body. The ste-
reospecifi city of the enzyme produces cleavage almost 
exclusively at the α carbon of the tetrapyrrole. This is 
unlike in vitro chemical oxidation, which results in cleav-
age at any of the four carbons (α, β, γ, and δ; see Fig. 4-1, 
structure 1) linking the four pyrrole rings and produces 
equimolar amount of the α, β, γ, and δ isomers.7 HO 
produces a linear tetrapyrrole, biliverdin IXα. The IX 
designation is a result of Fischer and Orth’s grouping of 
the protoporphyrin isomers, with group IX being the 

physiologic source of bilirubin.8 In utero, bilirubin IXβ 
is the fi rst bile pigment seen and can be found in bile or 
meconium by 15 weeks’ gestation.9 Small amounts of 
bilirubin IXβ are also found in adult human bile.10 The 
central (C-10) carbon on biliverdin IXα is then reduced 
from a methine to a methylene group (—CH2—), thereby 
forming bilirubin IXα. This reaction is accomplished by 
the cytosolic enzyme biliverdin reductase.11 The proxim-
ity of this enzyme results in very little biliverdin ever 
being present in the circulation. Bilirubin formation can 
be assessed by measurement of CO production.12 Such 
assessments indicate that the daily rate of production of 
bilirubin is 6 to 8 mg/kg/24 hr in healthy term infants and 
3 to 4 mg/kg/24 hr in healthy adults.13,14 In mammals, 
80% to 85% of the bilirubin produced daily originates 
from hemoglobin.15 Degradation of hepatic and renal 
heme appears to account for most of the remainder and 
refl ects the very rapid turnover of certain of these heme 
proteins. Although the precise fate of myoglobin heme 
is unknown, its turnover appears to be so slow that it 
is relatively insignifi cant.16 Catabolism of hemoglobin 
occurs largely from the sequestration of erythrocytes at 
the end of their life span (120 days in adult humans, 90 
days in newborns, 50 to 60 days in rats). A small fraction 
of newly synthesized hemoglobin is degraded in bone 
marrow. This process, termed “ineffective erythropoie-
sis,” normally represents less than 3% of daily bilirubin 
production but may be substantially increased in persons 
with hemoglobinopathies, vitamin defi ciencies, and heavy 
metal intoxication.17-19 Infants produce more bilirubin 
per unit body weight because of their greater red blood 
cell (RBC) mass and shorter RBC life span. Additionally, 
hepatic heme proteins represent a larger fraction of total 
body weight in infants.

Although bilirubin has long been thought of solely 
as a waste product, data suggest that some mild degree 
of hyperbilirubinemia may be helpful because of the anti-
oxidant capacity of bilirubin and its potential role as a 
free radical scavenger and cytoprotectant.20 Although 
bilirubin crosses the placenta more easily than biliverdin 
does,21 it is not clear what biologic advantage this 
offers.

Bilirubin is poorly soluble in aqueous solvents and 
thus requires biotransformation to more water-soluble 
derivatives for excretion from the body. This poor solubil-
ity is related to the structure of bilirubin.22 Rather than 
being linear (structure 5, Fig. 4-1), bilirubin undergoes 
extensive internal hydrogen bonding (structure 4, Fig. 
4-1). This extensive bonding occurs because the satu-
rated middle carbon (C-10) permits the two halves of the 
bilirubin molecule to rotate such that the pyrrole nitro-
gens and lactam oxygen of one half form hydrogen bonds 
with the carboxyl groups of the propionic acid side chain 
on the other half. This shields the polar propionic acid 
side chains and makes bilirubin very nonpolar and lipo-
philic. The carbon-carbon double bonds at positions 4-5 
and 15-16 can assume two different confi gurations 
(similar to “cis” and “trans”), depending on whether the 
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higher-priority atoms or groups (based on atomic 
number) are on the same (German: Z, zusammen, 
“together”) or opposite (E, entgegen, “opposite”) sides of 
the double bond. The naturally occurring form of biliru-
bin, 4Z,15Z-bilirubin IXα, can be represented by any of 
the three structures (3-5) depicted at the bottom of 
Figure 4-1. Knowledge of this stereochemistry is impor-
tant in understanding phototherapy, which is discussed 
later.

Bilirubin’s poor aqueous solubility necessitates a 
carrier molecule, albumin, for transport from sites of 
production in the reticuloendothelial system to the liver 
for excretion (Fig. 4-2).23 Each albumin molecule pos-
sesses a single high-affi nity (Ka = 7 × 107 M−1) binding 
site for one molecule of bilirubin.24 A binding affi nity of 
this magnitude implies that at normal serum bilirubin 
levels, all bilirubin will be transported to the liver bound 
to albumin, with negligible amounts free to diffuse into 
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other tissues. Secondary binding sites of lesser affi nity 
also exist on albumin. Albumin additionally serves as a 
carrier for other compounds such as xenobiotics and fatty 
acids. It is important to remember that albumin from 
each animal species has different binding characteristics 
for various ligands.25

Hepatic Uptake of Bilirubin

The structure of the liver is well suited for uptake of bili-
rubin by individual hepatocytes. Cords of hepatocytes are 
arranged radially such that adjacent sinusoids border all 
hepatocytes. Flow of blood through the sinusoids is 
slower than that through other capillary beds because it 
is generated by portal venous pressure rather than arterial 
pressure. Albumin-bound bilirubin easily passes from 
plasma into the tissue fl uid space (space of Disse) between 
the endothelium and the hepatocyte because the sinusoi-
dal endothelium of the liver lacks the basal laminae found 
in other organ capillary systems.26 The pores of the endo-
thelium allow direct contact with the plasma membrane 
of the hepatocyte.

A hepatocyte with a schematic illustration of biliru-
bin metabolism is shown in Figure 4-2. In the fi rst step, 
bilirubin dissociates from its albumin carrier27 and enters 
the hepatocyte via a membrane receptor-carrier that 
facilitates entry into the hepatocyte. Carrier-mediated 
transport into the hepatocyte has been demonstrated for 
several organic anions, including bilirubin, bromsulfoph-
thalein (BSP), and indocyanine green (ICG),28 although 
bilirubin has been shown to be able to pass through 
membranes by simple passive diffusion.29 Evidence sug-
gests that bilirubin, BSP, and ICG share the same hepa-
tocyte receptor-carrier because they exhibit competitive 
inhibition when injected simultaneously. This fi nding 
cannot be explained by subsequent intrahepatic metabo-
lism inasmuch as these anions are handled differently by 
the hepatocyte: bilirubin is conjugated with glucuronic 
acid in the endoplasmic reticulum (ER), BSP is conju-
gated with glutathione in the cytosol, and ICG is excreted 
directly without biotransformation. Data from rat hepa-
tocytes suggest that the anion-binding receptor-carrier is 
a dimeric protein with a subunit molecular weight of 
55,000.30-32 Antibody studies confi rm the expected loca-
tion in the plasma membrane31 and demonstrate block-
age of uptake.32 Organic anion–transporting polypeptide 
2 (OATP2, recently named OATP1B1 under new nomen-
clature33) has shown high-affi nity uptake of bilirubin in 
the presence of albumin and is a member of the OATP 
family, transporter symbol SLC21A.

Carrier-mediated transport of bilirubin into the 
hepatocyte is necessary because of differences in protein 
binding inside and outside the hepatocyte. Outside the 
hepatocyte, bilirubin is bound to albumin (affi nity con-
stant, ≈108; concentration, 0.6 mM).24 Inside the hepa-
tocyte, bilirubin is bound to glutathione-S-transferase B 
(GST), historically known as ligandin or Y protein (affi n-
ity constant, ≈106; concentration, 0.04 mM).34,35 GST 

constitutes a family of proteins that exhibit important 
functions both as enzymes and as intracellular binding 
proteins for nonsubstrate ligands such as bilirubin.36 
Carrier-mediated uptake helps generate a concentration 
gradient for bilirubin uptake despite the difference in 
affi nity between albumin and GST. GST is important in 
the intracellular storage of bilirubin and bilirubin conju-
gates and reduces effl ux from the hepatocyte back into 
plasma.35

Bilirubin Conjugation

Inside the hepatocyte, bilirubin is conjugated with glu-
curonic acid37 within the ER (microsomes). The glu-
curonic acid donor is uridine diphosphate glucuronic 
acid (UDPGA). Conjugation results in an ester linkage 
formed with either or both of the propionic acid side 
chains on the B and C pyrrole rings of bilirubin (Fig. 4-
3). The enzyme responsible for this esterifi cation is bili-
rubin UDP-glucuronosyltransferase (BUGT; Online 
Mendelian Inheritance in Man* [OMIM] 191740). 
BUGT is distinct from the other glucuronosyltransferase 
isoforms that catalyze the conjugation of thyroxine, ste-
roids, bile acids, and xenobiotics.38 BUGT is embedded 
in the lipid environment of the microsomal membrane, 
and perturbations of this environment greatly affect in 
vitro measurements of BUGT activity. Because BUGT 

*Available at http://www.ncbi.nlm.nih.gov/Omim/.

COOH

OH OH

OH OH

OH

OH

CH3

CH3

CH3

CH3

CH2

CH2

O
O

O O

O O O

O

CC

H H

H H

H

N N

N N

H

COOH

5

7

4

3

2

8 10 12

13

15

17

16

18

A D

CB

FIGURE 4-3. Bilirubin diglucuronide. In bilirubin monoglucuronide, 
only one propionic acid side chain (C-8 or C-12) is glucuro-
nidated. (Redrawn from Gourley GR. Neonatal jaundice and disorders of 
bilirubin metabolism. In Suchy FJ, Sokol RJ, Balistreri WF [eds]. Liver 
Disease in Children, 3rd ed. New York, Cambridge University Press, 2007. 
Used with permission.)



108 NEONATAL HEMATOLOGY

Promoters

5’

Uridine diphosphate
glucuronic acid

Binding site

Membrane
spanning

region

3’

Shared or
common exons

Selective splicing of variable exon
1’s impart substrate specificity

A13 A12 A2 A(TA)6TAA UGT1A1 2 3 4 5

FIGURE 4-4. Human uridine diphos-
phate glucuronosyltransferase-1 gene 
(UGT1). UDPGA, uridine diphosphate 
glucuronic acid. (Redrawn from Gourley 
GR. Neonatal jaundice and disorders of 
bilirubin metabolism. In Suchy FJ, Sokol 
RJ, Balistreri WF [eds]. Liver Disease in 
Children, 3rd ed. New York, Cambridge 
University Press, 2007. Used with 
permission.)

is located on the interior of the ER, the existence of a 
permease has been hypothesized to facilitate transport of 
UDPGA from the cytosol across the lipid layers of the 
ER. The permease has been proposed because uridine 
diphosphate glucose (UDPG) is present in the cytosol in 
higher concentrations yet UDPGA serves as the pre-
ferred donor for bilirubin conjugation.39 Uridine diphos-
phate N-acetylglucosamine (UDPNAG) is considered to 
be a natural regulator of BUGT40 because UDPNAG 
increases in vitro BUGT activity threefold. The mecha-
nism for such regulation is unknown and could possibly 
involve facilitation of the permease UDPGA trans-
porter.41 After providing glucuronic acid for conjugation, 
UDP is converted to uridine and inorganic pyrophos-
phate by a nucleoside diphosphatase that is also located 
on the interior of the ER42 and prevents the reverse 
reaction.

The specifi c isoform responsible for bilirubin conju-
gation is UGT1A1 (trivial name, HUG-Br1, EC 
2.4.1.17).38 It is part of the UDP-glycosyltransferase 
superfamily of enzymes encoded by the UGT gene 
complex on chromosome 2 that is involved in the metab-
olism of many xenobiotic and endogenous substances. 
The UGT1 gene encodes several isoforms and has a 
complex structure consisting of four common exons 
(2 to 5) and 13 variable exons encoding different iso-
forms (Fig. 4-4).43,44 At least 30 different UGT1 mutant 
alleles have been described that cause Gilbert’s syndrome 
and Crigler-Najjar syndromes I and II.45 UGT1A1 cata-
lyzes the formation of both bilirubin monoglucuronides 
and diglucuronides46 but also metabolizes other hor-
mones and drugs, so mutations could be involved in 
carcinogenesis and adverse drug reactions.47 In normal 
adult humans the majority of bilirubin conjugates are 
excreted in bile as bilirubin diglucuronides (≈80%)48-53 
(Fig. 4-5, middle panel). Lesser amounts of bilirubin 
monoglucuronides (≈15%) are also excreted along with 
very small amounts of unconjugated bilirubin and other 
bilirubin conjugates (e.g., glucose, xylose, and mixed 
diesters). Because UGT1A1 activity is lower in infants 
than adults, the bile of infants contains less bilirubin 
diglucuronide and more bilirubin monoglucuronide (Fig. 
4-6, middle panel).

Bilirubin Excretion

After conjugation, bilirubin conjugates are excreted 
against a concentration gradient from the hepatocyte 
through the canalicular membrane into bile. Data from 
purifi ed canalicular membrane vesicles of rat liver suggest 
that transport of bilirubin diglucuronide through the 
canalicular membrane is carrier mediated, electrogenic, 
and stimulated by HCO3

−.54 Similar data also suggest that 
bilirubin glucuronides are transported across the cana-
licular membrane by both adenosine triphosphate (ATP)-
dependent and membrane potential–dependent transport 
systems and that these systems are additive in normal 
rats.55 The ATP-dependent transporter responsible for 
passage of bilirubin glucuronide from the hepatocyte 
through the canalicular membrane is the canalicular mul-
tispecifi c organic anion transporter (cMOAT). cMOAT 
is a member of the ATP-binding cassette (ABC) trans-
porter superfamily; it is homologous to the multidrug 
resistance–associated protein (MRP2)56,57 and is also 
known as ABCC2 because it is encoded by the ABCC2 
gene.58 cMOAT/MRP2/ABCC2 is involved in ATP-
dependent transport across the apical canalicular mem-
brane of a variety of endogenous compounds and 
xenobiotics,59 including both bilirubin monoglucuronide 
and diglucuronide.60 cMOAT has previously been 
described as the non–bile acid organic anion transporter, 
the glutathione S-conjugate export pump, and the leu-
kotriene export pump.61 Genetic mutations in which 
these ABC transporters are altered cause diseases that 
include cystic fi brosis, hyperinsulinemia, adrenoleuko-
dystrophy, multidrug resistance,62 and as discussed later 
in this chapter, Dubin-Johnson syndrome. This mecha-
nism can be saturated with increasing amounts of biliru-
bin or bilirubin conjugates.63-65 Many other organic 
anions (e.g., BSP, ICG) share this same canalicular mem-
brane excretion mechanism.66 Simultaneous infusion of 
BSP and ICG will decrease the maximal canalicular 
excretion of bilirubin and vice versa.67,68 The canalicular 
excretion mechanism for bilirubin and BSP is different 
from that for bile salts. Biliary excretion of conjugated 
bilirubin and BSP is decreased in individuals with Dubin-
Johnson syndrome,69 although bile salt excretion is not 
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impaired. However, excretion of bile salts and bilirubin 
conjugates by the canalicular membrane is not com-
pletely independent because infusion of bile salts does 
increase the maximal excretion of bilirubin conjugates.70 
A similar effect in seen with phenobarbital.71 Conversely, 
the maximal excretion of bilirubin conjugates can be 
decreased by cholestatic agents such as estrogens and 
anabolic steroids.72,73

Under normal conditions, there is evidence that bili-
rubin conjugates equilibrate across the sinusoidal mem-

brane of hepatocytes, thereby resulting in small amounts 
of bilirubin conjugates being present in the systemic cir-
culation.74-76 If hepatic glucuronidation of bilirubin is 
diminished (e.g., in the neonate), a decreased amount of 
bilirubin conjugates will be present in serum.74,75,77 Data 
show that in full-term newborns there is an increase in 
the serum level of bilirubin diconjugates (0.55% ± 0.25% 
on days 2 to 4 increasing to 1.62% ± 0.99% on days 
9 to 13), consistent with the maturation of bilirubin 
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glucuronidation.78 In contrast, in premature infants 
younger than 33 weeks’ gestation, bilirubin diconjugates 
were very low and remained so, thus suggesting more 
severe immaturity of the glucuronidation process.

In many pathologic circumstances, bilirubin mono-
glucuronides and diglucuronides are not excreted from 
the hepatocyte fast enough to prevent signifi cant refl ux 
back into the circulation. The ensuing elevation in serum 
bilirubin conjugate levels results in transesterifi cation of 
bilirubin glucuronide with an amino group on albumin 
and creation of a covalent bond between albumin and 
bilirubin.79 This product is formed spontaneously and is 
known as delta bilirubin or bilirubin-albumin.80 Similar 
nonenzymatic reactions have been demonstrated between 
albumin and various drugs.79,81-83 Delta bilirubin is not 
formed in hyperbilirubinemic conditions unless the con-
jugated bilirubin fraction is elevated. Both delta bilirubin 
and bilirubin conjugates are direct reacting, which 
explains a situation that has long confounded clinicians. 
Direct bilirubin may continue to be elevated in patients 
who are otherwise recovering from a hepatic insult 
because the delta bilirubin formed lingers as a result of 
the long (≈20 days84) half-life of albumin.

Enterohepatic Circulation of Bilirubin

When bilirubin conjugates enter the intestinal lumen (see 
Fig. 4-2), several possibilities for further metabolism 
arise. In adults, the normal bacterial fl ora hydrogenate 
various carbon double bonds in bilirubin to produce 
assorted urobilinogens (Fig. 4-7). Subsequent oxidation 
of the middle (C-10) carbon produces the related urobi-
lins. Because there are a large number of unsaturated 
bonds in bilirubin, many compounds are formed by 
reduction and oxidation of these bonds. This large family 
of related reduction-oxidation products of bilirubin is 
known as urobilinoids,85 and they are excreted in feces 
and urine. Bacteria capable of producing urobilinoids 
include Clostridium ramosum,86 Escherichia coli, Bacteroides 
fragilis,87 Clostridium perfringens, and Clostridium diffi cile.88 
Conversion of bilirubin conjugates to urobilinoids is 
important because it blocks the intestinal absorption of 
bilirubin known as the enterohepatic circulation.89,90 
Neonates lack intestinal bacterial fl ora and are more 
likely to absorb bilirubin from the intestine. This differ-
ence in bile pigment excretion between adults and neo-
nates is demonstrated by comparing Figures 4-5 and 4-6 
(lower panels).

Bilirubin conjugates in the intestine can also act as 
substrate for either bacterial91-93 or endogenous tissue94 
β-glucuronidase. This enzyme hydrolyzes glucuronic acid 
from bilirubin glucuronides. The unconjugated bilirubin 
produced is more rapidly absorbed from the intestine.95 
In the fetus, tissue β-glucuronidase is detectable by 12 
weeks’ gestation and is believed to play an important role 
in facilitating the intestinal absorption of bilirubin that 
enables it to be cleared via the placenta. After birth, 
increased intestinal β-glucuronidase can increase the 

neonate’s likelihood of experiencing higher serum 
bilirubin levels.96 The ability of endogenous tissue β-
glucuronidase to deconjugate bilirubin glucuronides has 
been demonstrated in germ-free animals.97 Breast milk 
can contain high levels of β-glucuronidase, and it has 
been suggested that this is one factor related to the higher 
jaundice levels seen in breast-fed infants.98 Feeding spe-
cifi c nutritional ingredients that inhibit β-glucuronidase, 
such as hydrolyzed casein or L-aspartic acid,99 has been 
shown to result in increased fecal bilirubin excretion and 
lower levels of jaundice.100

DIAGNOSIS OF HYPERBILIRUBINEMIA

Jaundice and icterus both refer to the yellow discoloration 
of tissues (skin, sclerae, etc.) caused by the deposition of 
bilirubin. “Jaundice,” from the French jaune, means 
yellow. “Icterus” is derived from the Greek word for jaun-
dice (ikteros). Jaundice is a sign that hyperbilirubinemia 
exists (i.e., total serum bilirubin greater than ≈1.4 mg/dL 
after 6 months of age; 1 mg/dL = 17 μmol/L). The degree 
of jaundice is directly related to the level of serum biliru-
bin and the amount of bilirubin deposited in extravascular 
tissues. Hypercarotenemia, occasionally mistaken for 
jaundice, can impart a yellow hue to the skin, but the 
sclerae remain white. There are many conditions associ-
ated with neonatal jaundice, some of which are so com-
monly recognized that they are termed “physiologic.” 
Alternatively, jaundice can be a sign of severe disease.

Total Serum Bilirubin Measurements

Measurement of the total serum bilirubin concentration 
allows quantitation of jaundice. Such measurements 
are very common in the newborn nursery and in one 
study were made at least once in 61% of term newborn 
infants.101 Two components of total serum bilirubin can 
be routinely measured in the clinical laboratory: conju-
gated bilirubin (“direct” reacting because in the Van den 
Bergh test, color development takes place directly without 
adding methanol) and unconjugated bilirubin (“indirect” 
fraction). Although the terms “direct” and “indirect” are 
often used equivalently with conjugated and unconju-
gated bilirubin, this is not quantitatively correct because 
the direct fraction includes both conjugated bilirubin and 
albumin-bound delta bilirubin.102 Elevation of either of 
these fractions can result in jaundice. There is a long 
history of undesirable variability in the measurement of 
serum bilirubin fractions.103,104 One problem is the ditau-
robilirubin (DTB) content of standards sent by the 
College of American Pathologists.104 DTB infl uences the 
result variably because of protein matrix differences 
related to the specifi c bilirubin measurement used. This 
has prompted the suggestion that standards should 
consist of human serum enriched solely with unconju-
gated bilirubin rather than bovine serum containing a 
mixture of unconjugated bilirubin and DTB.105 The auto-
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FIGURE 4-7. Reduction and oxidation of bilirubin to a family of related compounds known collectively as urobilinoids. Only several examples 
are given of this much larger family. (Redrawn from Gourley GR. Neonatal jaundice and disorders of bilirubin metabolism. In Suchy FJ, Sokol RJ, Balistreri 
WF [eds]. Liver Disease in Children, 3rd ed. New York, Cambridge University Press, 2007. Used with permission.)

mated laboratory methods now used to measure serum 
bilirubin have been reviewed elsewhere.102,106-108 The Jen-
drassik-Grof procedure is the method of choice for mea-
surement of total bilirubin, although this method also has 
problems.109 When the total serum bilirubin level is high, 
factitious elevation of the direct fraction has been 
reported.110 Three newer methods have been developed 
that can more accurately determine the various bilirubin 

fractions (unconjugated, monoconjugated, diconjugated, 
and albumin bound or delta): high-pressure liquid chro-
matography (HPLC),111 multilayered slides,112,113 and use 
of bilirubin oxidase.114 HPLC analysis is superior and is 
used as the “gold standard,”115,116 but it is too expensive 
and time consuming for the clinical laboratory.102 HPLC 
analysis of serum from normal human neonates in the 
fi rst 4 days of life117 showed that unconjugated and con-
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jugated bilirubin levels rose in parallel, with the conju-
gated fraction making up only 1.2% to 1.6% of the total 
pigment (3.6% in adults). Although the absolute concen-
tration of conjugates was two to six times higher in 
neonates, only 20% were diconjugates (54% in adults). 
These sensitive HPLC data are consistent with the 
increased bilirubin production and relatively defi cient 
glucuronidation seen in neonates. Analysis with auto-
mated multilayered slide technology (Johnson & 
Johnson—Vitros), used in many clinical laboratories, 
allows measurement of specifi c conjugated and unconju-
gated bilirubin fractions without the inclusion of delta 
bilirubin. Measurement of conjugated bilirubin provides 
an earlier indicator of relief from biliary cholestasis than 
measurement of direct bilirubin does because of the long 
half-life of delta bilirubin.118 In a comparison of the bili-
rubin oxidase method it was concluded that determina-
tions of total bilirubin in neonatal serum were not 
advanced by this method.119

Newer methods of total bilirubin measurement 
(Twin Beam, Ginevri, Rome; ABL 735, Radiometer, 
Copenhagen; Roche OMNI S, Roche Diagnostics, Graz, 
Austria) using nonenzymatic photochemical analysis 
offer the convenience of bilirubin quantitation outside a 
core laboratory setting (i.e., blood gas analyzer in the 
nursery) with a smaller blood sample than needed for 
traditional serum analysis. However, these measurements 
must be interpreted with caution because the instru-
ments tend to underestimate the total bilirubin concen-
tration when greater than 15 mg/dL.120

There are confl icting data regarding the accuracy of 
capillary versus venous serum bilirubin levels.121,122 
However, as Maisels has pointed out, the literature 
regarding kernicterus, phototherapy, and exchange trans-
fusion is based on bilirubin measurements in capillary 
samples.123

Transcutaneous Bilirubinometry

Noninvasive methods of measuring jaundice levels have 
been shown to be useful in neonates. Current commer-
cially available methods include the BiliCheck (Respiron-
ics, Pittsburgh)115 and the Minolta/Hill-Rom Air-Shields 
Transcutaneous Jaundice Meter 103 (Air-Shields, 
Hatboro, PA).124 The technique uses principles of refl ec-
tance spectrophotometry, has been validated against both 
HPLC and clinical laboratory measures,115,116 and is 
advocated by the American Academy of Pediatrics.125 
Touching the skin with the device in a painless manner 
results immediately in point-of-care measurement of 
transcutaneous bilirubin. Signifi cant transcutaneous bili-
rubin levels (e.g., >13 mg/dL) should prompt measure-
ment of a serum or plasma bilirubin level. Some suggest 
that the yellow color of the skin is a better indicator of 
the risk for bilirubin-dependent brain damage than the 
serum bilirubin level is.126 A less expensive127 method 
useful in assessing jaundice128,129 involves pressing a 
Plexiglas color chart against the baby’s nose (Ingram 

icterometer, Thos. A. Ingram and Co., Ltd, Birmingham, 
England).

TOXICITY OF UNCONJUGATED 
HYPERBILIRUBINEMIA

Kernicterus

Reviews of neonatal bilirubin toxicity have been published 
elsewhere.1,130,131 Kernicterus (German: kern = nucleus; 
Latin: icterus = yellow) is the neuropathologic fi nding 
associated with severe unconjugated hyperbilirubinemia 
and is named for the yellow staining of certain regions of 
the brain, particularly the basal ganglia, hippocampus, 
cerebellum, and nuclei of the fl oor of the fourth ventri-
cle.130,132 Acute clinical fi ndings associated with kernic-
terus, termed acute bilirubin encephalopathy, include a 
sluggish Moro refl ex, opisthotonos, retrocollis, hypotonia, 
vomiting, high-pitched cry, hyperpyrexia, seizures, gaze 
paresis (“setting sun sign”), oculogyric crisis, and death. 
Long-term fi ndings (chronic bilirubin encephalopathy) 
include spasticity, choreoathetosis, dental enamel dyspla-
sia of the deciduous teeth, and sensorineural hearing 
loss. Milder forms of bilirubin encephalopathy include 
cognitive dysfunction and learning disabilities.133,134 In 
17-year-old males, the risk of having an IQ score lower 
than 85 was found to be signifi cantly higher in full-
term subjects with neonatal serum bilirubin levels above 
20 mg/dL.135 The mechanisms of bilirubin cytotoxicity are 
complex and have been reviewed elsewhere.130,131,136-138 
Although the neonatal period is the most common time 
for bilirubin-related brain damage, the neurotoxicity of 
bilirubin has also been documented in older children and 
adults with Crigler-Najjar syndrome type I.139,140

The absolute level of serum bilirubin has not been a 
good predictor of the risk for bilirubin encephalopathy. 
However, it has long been known that kernicterus is 
likely with serum unconjugated bilirubin levels greater 
than 30 mg/dL and unlikely with levels less than 
20 mg/dL.141-143 In one study, 90% of patients with a 
bilirubin level higher than 35 mg/dL either died or had 
cerebral palsy or physical retardation.143 Alternatively, no 
developmental retardation was found in 129 infants with 
bilirubin levels less than 20 mg/dL. The albumin concen-
tration is an important variable because of its high-affi nity 
binding with bilirubin and because the ratio of bilirubin 
to albumin is a risk factor that has been included in the 
most recent American Academy of Pediatrics guide-
lines.125 Drugs and organic anions also bind to albumin 
and can displace bilirubin, thereby increasing free biliru-
bin, which can diffuse into cells and cause toxicity.144,145 
The most notable example of this is kernicterus, which 
occurred with low bilirubin levels when sulfi soxazole was 
given to premature infants.146 Walker has reviewed neona-
tal bilirubin toxicity and drug-induced bilirubin displace-
ment.136 In recent years there has been a re-emergence of 
kernicterus.131 Although it has been acknowledged that 
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total serum bilirubin may not be the most important 
factor related to risk, there are, at present, no other gener-
ally accepted tests (e.g., albumin saturation, reserve bili-
rubin binding capacity, or free bilirubin concentration) 
that are more helpful in identifying infants at risk for bili-
rubin encephalopathy. Recently, the basics of bilirubin-
albumin binding and neonatal jaundice have been reviewed 
by Ahlfors and Wennberg.147 Additionally, Ahlfors and 
colleagues have recently described how to use zone fl uid-
ics to measure free bilirubin and overcome some of the 
existing problems with measurement of unbound (free) 
bilirubin.148 Wennberg and co-workers speculate that the 
enhanced sensitivity and specifi city of newer methods of 
measurement of free bilirubin will establish an improved 
risk threshold for kernicterus and therefore reduce unnec-
essary aggressive intervention (i.e., exchange transfusion) 
and its associated cost and morbidity.149

Another approach aimed at measuring early changes 
in the CNS caused by bilirubin has assessed the use of 
brainstem auditory evoked potentials (BAEPs).150,151 
Abnormalities in BAEP have been demonstrated in jaun-
diced infants and were shown to improve after exchange 
transfusion.152,153 Data have shown that even moderate 
hyperbilirubinemia (mean ± SD: 14.3 ± 2.8 mg/dL) 
affects the BAEP, specifi c components of the Brazelton 
Neonatal Behavioral Assessment Scale,154 and cry 
characteristics.155

Another reported adverse effect of neonatal jaundice 
relates not to the CNS of a jaundiced infant but rather 
to the attitude of the infant’s parents. Mothers of jaun-
diced infants more frequently exhibit behavior suggesting 
the “vulnerable child syndrome,”156,157 including inap-
propriate visits to the physician because of unrealistic 
perceptions of illness, separation diffi culty, and early ter-
mination of breast-feeding. Another study, however, 
showed that hyperbilirubinemia, phototherapy, or both 
during the neonatal period is not associated with impaired 
mother-child attachment after the fi rst year of life.158

Nonpathologic Unconjugated 
Hyperbilirubinemia

Physiologic Jaundice
The term “physiologic jaundice” has been used to 
describe the frequently observed jaundice in otherwise 
completely normal neonates. However, physiologic jaun-
dice is merely the result of a number of factors involving 
increased bilirubin production and decreased excretion.

Jaundice should always be considered a sign of pos-
sible disease and not routinely explained as physiologic. 
Specifi c characteristics of neonatal jaundice to be con-
sidered abnormal until proved otherwise include (1) the 
development of jaundice before 36 hours of age, (2) 
persistence beyond 10 days of age, (3) serum bilirubin 
greater than 12 mg/dL at any time, and (4) elevation of 
direct bilirubin (direct bilirubin >1.0 mg/dL if total bili-
rubin is less than 5 mg/dL or direct bilirubin >20% of 
total bilirubin if total bilirubin is greater than 5 mg/dL159). 

The physiologic immaturity of premature infants is asso-
ciated with both higher peak serum bilirubin levels and 
pathologic conditions.160

In general, infants are not jaundiced at the moment 
of birth because of the impressive ability of the placenta 
to clear bilirubin from the fetal circulation. However, 
within the next few days, elevated serum bilirubin levels 
(>1.4 mg/dL) will develop in most if not all infants, with 
clinical jaundice becoming evident when the total biliru-
bin level exceeds 2 to 5 mg/dL. As serum bilirubin rises, 
the skin becomes more jaundiced in a cephalocaudad 
manner.161 Icterus is fi rst observed in the face and pro-
gresses caudally to the palms and soles. Kramer found 
the following serum indirect bilirubin levels as jaundice 
progressed: head and neck—4 to 8 mg/dL; upper part of 
the trunk—5 to 12 mg/dL; lower part of the trunk and 
thighs—8 to 16 mg/dL; arms and lower part of the legs—
11 to 18 mg/dL; and palms and soles—greater than 
15 mg/dL.162 Hence, when the bilirubin level was higher 
than 15 mg/dL, the entire body was icteric. However, 
darker skin tones can make jaundice diffi cult to estimate 
visually.125 Jaundice is best observed by blanching the 
skin with gentle digital pressure under well-illuminated 
(white light) conditions. Visible jaundice develops in at 
least a third of infants. A combined analysis of several 
large studies involving thousands of infants during the 
fi rst week of life showed that moderate jaundice (biliru-
bin >12 mg/dL) occurs in at least 12% of breast-fed 
infants and 4 percent of formula-fed infants whereas 
severe jaundice (>15 mg/dL) occurs in 2% and 0.3% of 
these respective feeding groups.163

There are a number of epidemiologic risk factors 
related to neonatal jaundice that have been reviewed 
elsewhere.125,164-166 Risk factors include male gender, low 
birth weight, prematurity, polycythemia, certain ethnici-
ties (Asian, Native American, Greek), maternal medica-
tions (e.g., oxytocin, promethazine hydrochloride), 
premature rupture of membranes, increased weight loss 
after birth, delayed passage of meconium, breast-feeding, 
and neonatal infection. Delivery with a vacuum extractor 
increases the risk for cephalohematoma and neonatal 
jaundice.167 Data suggest that pancuronium is associated 
with an increased risk for hyperbilirubinemia.168 A sig-
nifi cant correlation has been found between the umbilical 
cord serum bilirubin level and subsequent hyperbilirubi-
nemia.169,170 The maternal serum bilirubin level at the 
time of delivery and the transplacental bilirubin gradient 
also correlate positively with neonatal serum bilirubin 
concentrations.170 Factors associated with decreased neo-
natal bilirubin levels125,171 include African race, exclusive 
formula feeding, gestational age of 41 weeks or older, 
maternal smoking, and certain drugs given to the mother 
(e.g., phenobarbital).

Breast-Feeding and Jaundice

Breast-feeding has clearly been identifi ed as a factor 
related to neonatal jaundice,163 and this subject has been 
reviewed elsewhere.172,173 Breast-fed infants have been 
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shown to have signifi cantly higher serum bilirubin levels 
than formula-fed infants on each of the fi rst 5 days of 
life,174 and this unconjugated hyperbilirubinemia can 
persist for weeks175 to months.176,177 Jaundice during the 
fi rst week of life is sometimes described as “breast-feeding 
jaundice” to differentiate it from “breast milk jaundice 
syndrome,” which occurs after the fi rst week of life.178-180 
The former is frequently associated with inadequate 
breast milk intake, whereas the latter generally occurs in 
otherwise thriving infants. There is probably overlap 
between these conditions and physiologic jaundice. Early 
reports linking breast milk and neonatal jaundice with a 
steroid (pregnane-3α,20β-diol) in some milk samples181 
have not been confi rmed by more recent larger studies 
using more sensitive methods.182 There are also confl ict-
ing data regarding efforts to attribute this jaundice to 
increased lipase activity in breast milk with resultant 
elevated levels of free fatty acids, which could inhibit 
hepatic glucuronosyltransferase.183 It has been suggested 
that the enterohepatic circulation of bilirubin can be 
facilitated by the presence of β-glucuronidase96,184 or 
some other substance in human milk.185 Other factors 
possibly related to jaundice in breast-fed infants include 
caloric intake, fl uid intake, weight loss, delayed passage 
of meconium, intestinal bacterial fl ora, and inhibition of 
bilirubin glucuronosyltransferase by an unidentifi ed 
factor in the milk.98 Lascari suggested that a healthy 
breast-fed infant with unconjugated hyperbilirubinemia, 
a normal hemoglobin concentration, reticulocyte count, 
and blood smear, no blood group incompatibility, and no 
other abnormalities on physical examination may be pre-
sumed to have early breast-feeding jaundice.179 Because 
there is no specifi c laboratory test to confi rm a diagnosis 
of breast milk jaundice, it is important to rule out treat-
able causes of jaundice before ascribing the hyperbiliru-
binemia to breast milk. Some infants with presumed 
breast milk jaundice exhibit elevated serum bile acid 
levels suggesting mild hepatic dysfunction or cholesta-
sis,186 although in general this is not the case. Breast-fed 
infants who are fed specifi c nutritional ingredients that 
inhibit β-glucuronidase,99 such as L-aspartic acid, excrete 
more fecal bilirubin and have lower levels of jaundice100 
than do breast-fed infants who receive no supplements. 
No commercial preparations of these specifi c ingredients 
are presently available.

DISORDERS OF PATHOLOGIC 
UNCONJUGATED HYPERBILIRUBINEMIA

Disorders of Production

Isoimmunization
The most common cause of severe early jaundice is fetal-
maternal blood group incompatibility with resulting iso-
immunization. Maternal immunization develops when 
erythrocytes leak from the fetal to the maternal circula-
tion. Fetal erythrocytes carrying different antigens are 

recognized as foreign by the maternal immune system, 
which forms antibodies against them (maternal sensitiza-
tion). These antibodies (IgG immunoglobulins) cross the 
placental barrier into the fetal circulation and bind to fetal 
erythrocytes. In Rh incompatibility, sequestration plus 
destruction of the antibody-coated erythrocytes takes 
place in the reticuloendothelial system of the fetus. In 
ABO incompatibility, hemolysis is intravascular, comple-
ment mediated, and not usually as severe as in Rh disease.187 
Signifi cant hemolysis can also result from incompatibili-
ties between minor blood group antigens (e.g., Kell).188 
Although hemolysis is predominantly associated with ele-
vation of unconjugated bilirubin, the conjugated fraction 
can also be elevated.189 Any type of isoimmune hemolytic 
disease is a risk factor for kernicterus.125

Rh incompatibility problems do not usually develop 
until the second pregnancy; thus, prenatal blood typing 
and serial testing of Rh-negative mothers for the develop-
ment of Rh antibodies provide important information to 
guide possible intrauterine care. If maternal Rh antibod-
ies develop during pregnancy, potentially helpful mea-
sures include serial amniocentesis (with bilirubin 
measurement),190,191 ultrasound assessment of the 
fetus,192,193 intrauterine transfusion,194,195 and premature 
delivery. The prophylactic administration of anti-D 
gamma globulin196 has been most helpful in preventing 
Rh sensitization. A newborn infant with Rh incompatibil-
ity exhibits pallor, hepatosplenomegaly, and rapidly 
developing jaundice in the fi rst hours of life. In severe 
cases the infant may be born with generalized edema 
(fetal hydrops). Laboratory fi ndings in the neonate’s 
blood include reticulocytosis, anemia, a positive direct 
Coombs test, and a rapidly rising serum bilirubin level. 
Conjugated hyperbilirubinemia is occasionally observed 
in Rh erythroblastosis, particularly when intrauterine 
transfusions have been administered.117 It may be the 
result of exceeding the hepatic excretory capacity. Alter-
natively, cholestasis may also be caused by hepatic con-
gestion from extramedullary erythropoiesis and heart 
failure or by tissue hypoxia from reduced hepatic blood 
fl ow and anemia.197 In addition, cholestasis in infants 
with erythroblastosis fetalis may be exacerbated by sec-
ondary complications, including biliary obstruction, 
sepsis, and hepatic failure.198

Therapeutic intervention consisting of phototherapy 
and consideration of exchange transfusion should be ini-
tiated at lower serum bilirubin concentrations in infants 
with isoimmune hemolysis, and intravenous gamma 
globulin has been shown to reduce the need for exchange 
transfusions in infants with Rh and ABO hemolytic 
disease.125 Serum bilirubin should be measured as fre-
quently as every 4 hours to establish the rate of increase 
and to assess the effect of therapy. Exchange transfusions 
may be performed as emergency procedures in severe 
cases almost immediately after delivery to treat anemia 
and heart failure.

In contrast to Rh incompatibility, ABO incompatibil-
ity is usually clinically apparent with the fi rst pregnancy. 
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ABO hemolytic disease is largely limited to blood group 
A or B infants born to group O mothers.199 ABO hemo-
lytic disease is relatively rare in type A or B mothers. 
Development of jaundice is not as rapid as with 
Rh disease, and a serum bilirubin level greater than 
12 mg/dL on day 3 of life would be typical. Laboratory 
abnormalities include reticulocytosis (>10%) and a 
weakly positive direct Coombs test, although it is some-
times negative. Anti-A or anti-B antibodies may be seen 
in the serum of the newborn if examined within the fi rst 
few days of life before they rapidly disappear. Sphero-
cytes are the most prominent feature seen in a peripheral 
blood smear with ABO incompatibility.

Erythrocyte Enzymatic and Structural Defects

A number of specifi c abnormalities of RBCs can result 
in neonatal jaundice, including hemoglobinopathies and 
RBC membrane and enzyme defects. Hereditary sphero-
cytosis is not usually a neonatal problem, but hemolytic 
crises can occur and be manifested as a rising bilirubin 
level and a falling hematocrit.200 A family history of sphe-
rocytosis, anemia, or early gallstone disease (before 40 
years of age) is helpful in suggesting this diagnosis. The 
characteristic spherocytes seen in the peripheral blood 
smear may be impossible to distinguish from those seen 
with ABO hemolytic disease. Other erythrocyte condi-
tions associated with neonatal jaundice include drug-
induced hemolysis, defi ciencies of erythrocyte enzymes 
(glucose-6-phosphate dehydrogenase [G6PD] defi -
ciency,201,202 pyruvate kinase defi ciency, and others), and 
hemolysis induced by vitamin K or bacteria. Recent 
studies of G6PD activity in African American neonates 
suggest that hemolysis is neither the predominate factor 
in the pathogenesis of hyperbilirubinemia nor predictive 
of hyperbilirubinemia by itself,203 although African Amer-
ican male neonates may be at higher risk for hyperbiliru-
binemia, particularly if breast-fed and premature.204 This 
emphasizes the important relationship between bilirubin 
excretion and serum bilirubin concentration.205 α-
Thalassemia can result in severe hemolysis and lethal 
hydrops fetalis.206 β-Thalassemia may also be accompa-
nied by hemolysis and severe neonatal hyperbilirubine-
mia.207 A wide variety of clinical fi ndings are associated 
with the thalassemias, from profound intrauterine hydrops 
and death, to mild neonatal jaundice and anemia, to no 
jaundice or anemia. Southeast Asian ovalocytosis has 
been associated with severe hyperbilirubinemia.208 These 
RBC abnormalities are more likely to result in hyperbili-
rubinemia in the presence of Gilbert’s syndrome, as 
described later in this chapter.

Drugs or other substances responsible for hemolysis 
can be passed to the fetus across the placenta or to the 
neonate via breast milk. Induction of labor with oxytocin 
has been shown to be associated with neonatal jaundice. 
There is a signifi cant association between hyponatremia 
and jaundice in infants of mothers who received oxytocin 
to induce labor.209,210 The vasopressin-like action of oxy-
tocin prompts electrolyte and water transport such that 

erythrocytes swell and increased osmotic fragility and 
hyperbilirubinemia can result. Steroid administration at 
the initiation of oxytocin and 4 hours later may be helpful 
in preventing this hyperbilirubinemia.211

Infection

Bacterial sepsis increases bilirubin production through 
initiation of erythrocyte hemolysis or via endotoxin-
mediated reduction of canalicular bile secretion resulting 
in a combination of conjugated and unconjugated hyper-
bilirubinemia. However, hyperbilirubinemia is rarely the 
only manifestation of bacteremia or sepsis,212 and some 
data suggest that sepsis may result in lower peak levels of 
unconjugated bilirubin through consumption of bilirubin 
as an antioxidant in response to oxidant production by 
phagocytic cells.213

Sequestration

Extravascular blood within the body can be rapidly 
metabolized to bilirubin by tissue macrophages. Exam-
ples of this increased bilirubin production include cepha-
lohematoma, ecchymoses, petechiae, and hemorrhage. 
Although the diagnosis can often be made on physical 
examination, occult intracranial, intestinal, or pulmonary 
hemorrhage can also produce hyperbilirubinemia. Simi-
larly, swallowed blood can be converted to bilirubin by 
the HO of intestinal epithelium. From a red sample of 
bloody gastric contents, meconium, or stool, the Apt test 
can be used to distinguish blood of maternal or infant 
origin because of differences in alkali resistance between 
fetal and adult hemoglobin214,215; however, this test has 
low sensitivity and poor reproducibility, and an HPLC 
method has been shown to be superior.216

Polycythemia

Polycythemia can cause hyperbilirubinemia because the 
absolute increase in RBC mass results in elevated biliru-
bin production through normal rates of erythrocyte 
breakdown. A number of mechanisms may result in neo-
natal polycythemia (usually defi ned by a venipuncture 
hematocrit >65%), as reviewed by Werner.217 Maternal-
fetal transfusion during peripartum placental separation, 
a delay in umbilical cord clamping at birth, and twin-twin 
transfusion syndrome are all commonly encountered 
causes of polycythemia. Similarly, intrauterine hypoxia 
and maternal diseases such as diabetes mellitus can result 
in neonatal polycythemia. Therapy for symptomatic 
polycythemia is partial exchange transfusion, although 
therapy for asymptomatic polycythemia remains 
controversial.218

Disorders of Conjugation

The disorders described in this section, summarized in 
Tables 4-1 and 4-2, are those in which there is a primary 
abnormality in bilirubin metabolism without other liver 
disease.219 The disorders can best be understood in the 
context of the normal pathway in which bilirubin is 
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TABLE 4-1 Comparison of Disorders of Unconjugated Hyperbilirubinemia

Gilbert’s Syndrome
Crigler-Najjar 
Syndrome Type 1

Crigler-Najjar Syndrome 
Type 2

Prevalence 3% Rare Rare
Inheritance Autosomal dominant or 

recessive
Autosomal recessive Autosomal recessive, rarely 

dominant
Genetic defect UGT1A1 gene UGT1A1 gene UGT1A1 gene
Hepatocyte defect site Microsomes ± plasma 

membrane
Microsomes Microsomes

Defi cient hepatocyte function Glucuronidation ± uptake Glucuronidation Glucuronidation
BUGT activity 5-53% of controls Severely decreased 2-23% of controls
Hepatocyte uptake Decreased in 20-30% Normal Normal
Serum total bilirubin level (mg/dL) 0.8-4.3 15-45 8-25
Serum bilirubin decrease with 
phenobarbital (%)

70 0 77

HPLC SERUM BILIRUBIN COMPOSITION
Normal (%)

Unconjugated 92.6 98.8 ≈100 99.1
Diglucuronide  6.2  1.1 0  0.6
Monoglucuronide  0.5  0 0  0

BILE BILIRUBIN CONJUGATES
Normal (%)

Diglucuronide ≈80 60 0 to trace 5-10
Monoglucuronide ≈15 30 Predominant if 

measurable
90-95

Other routine liver function tests Normal Normal Normal
Prognosis Benign Kernicterus 

common
Occasional kernicterus

BUTG, bilirubin UDP-glucuronyltransferase; HPLC, high-pressure liquid chromatography.
From Suchy FJ, Sokol RJ, Balistreri WF (eds). Liver Disease in Children, 3rd ed. New York, Cambridge University Press, 2007. Used with permission.

TABLE 4-2 Comparison of Disorders of Conjugated Hyperbilirubinemia

Rotor’s Syndrome Dubin-Johnson Syndrome

Prevalence Rare Rare
Inheritance Autosomal recessive Autosomal recessive
Genetic defect Unknown cMOAT/MRP2/ABCC2 gene
Hepatocyte defect site GST Apical canalicular membrane
Defi cient hepatocyte function Intracellular binding of bilirubin and 

conjugates
Canalicular secretion of bilirubin 
conjugates

Brown-black liver No Yes
Serum total bilirubin level (mg/dL) 2-7 1.5-6.0
Serum conjugated bilirubin (%) >50 >50
Other routine liver function tests Normal Normal
Oral cholecystogram Usually visualizes Usually does not visualize
99mTc-HIDA cholescintigraphy
 Liver Poor to no visualization Intense, prolonged visualization
 Gallbladder Poor to no visualization Delayed or nonvisualization
BSP clearance test Serum BSP levels elevated (delayed 

clearance)
Serum BSP levels normal at 45 min 
but elevated at 90-120 min

ICG clearance test Delayed clearance Normal
Response to estrogens or pregnancy No change Increased jaundice
Total urinary coproporphyrin 
excretion (isomers I + III)

2.5-5.0 times increased Normal

Urinary coproporphyrin isomer I 
composition (normal = 25%)

Usually <80% of total >80% of total

Prognosis Benign (asymptomatic) Benign (occasional abdominal 
complaints—probably incidental)

BSP, bromsulfophthalein; GST, glutathione-S-transferase; HIDA, hepatobiliary iminodiacetic acid; ICG, indocyanine green.
From Suchy FJ, Sokol RJ, Balistreri WF (eds). Liver Disease in Children, 3rd ed. New York, Cambridge University Press, 2007. Used with permission.
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cleared from the circulation (see Fig. 4-2). Defects in 
these metabolic steps are responsible for the disorders to 
be described in the fi nal section of this chapter.

Gilbert’s Syndrome

Clinical Findings

Gilbert’s syndrome (GS, OMIM 143500) was fi rst 
described in 1901 by Gilbert and Lereboullet.220 It is 
characterized by a hereditary chronic or recurrent, mild 
unconjugated hyperbilirubinemia with otherwise normal 
liver function test results (for reviews see elsewhere221-223). 
The elevation in serum unconjugated bilirubin is vari -
able and usually ranges from 1 to 4 mg/dL (1 mg/dL = 
17 μmol/L). Frequently, patients are fi rst identifi ed when 
an elevated serum bilirubin level is found on screening 
blood chemistry or mild jaundice (perhaps only scleral 
icterus) is noted during a period of fasting associated 
with a nonspecifi c viral illness or religious activities.224 
Icteric plasma from a blood donor may suggest GS.225 
Alternatively, hyperbilirubinemia after liver transplanta-
tion may be a sign that the donor had GS.226-229 GS is 
generally associated with no negative implications for 
health or longevity; however, a large variety of common 
symptoms have been reported by patients with GS,230,231 
including vertigo, headache, fatigue, abdominal pain, 
nausea, diarrhea, constipation, and loss of appetite. The 
possible relationship of these symptoms to GS was evalu-
ated in a group of 2395 Swedish subjects.232 The only 
symptom that was more common in GS was diarrhea in 
men aged 57 to 67 years. The authors suggested that this 
was most likely a type I error because of the large number 
of comparisons made and concluded that there was no 
higher prevalence of symptoms associated with GS. There 
are limited reports suggesting that GS is a risk factor for 
chronic fatigue syndrome.233,234

In two large surveys of normal individuals, ap -
proximately 3% had serum bilirubin levels greater than 
1.0 mg/dL.235,236 If the normal upper limit of serum bili-
rubin is defi ned as 1.4 mg/dL, there is a strong male 
preponderance (≈4 : 1). This fi nding might be related to 
the observation that females clear bilirubin better than 
males do.237 GS may be inherited in either an autosomal 
dominant238-241 or recessive242 fashion.

Although GS is a congenital disorder, it rarely 
becomes clinically apparent until after puberty. The 
reasons for this are unknown but have been suggested to 
be related to the hormonal changes of puberty. Steroid 
hormones can suppress hepatic bilirubin clearance.73 
During pregnancy, increased estrogen levels are associ-
ated with impaired clearance of exogenous bilirubin.243 
Gonadectomy has been shown to alter BUGT activity.244 
Odell speculated that some infants with nonhemolytic 
neonatal jaundice are manifesting GS.245 Use of genetic 
markers (see later) has allowed investigation of the role 
that GS plays in neonatal jaundice. Individuals carrying 
such markers have been shown to have a more rapid rise 
in their jaundice levels during the fi rst 2 days of life,246 a 

predisposition to prolonged or severe neonatal hyperbili-
rubinemia,247-249 and variably increased jaundice when 
the GS polymorphism occurs with pyloric stenosis250,251 
or is coinherited with hematologic abnormalities such as 
G6PD defi ciency,205,252 β-thalassemia,252-255 or hereditary 
spherocytosis.256 Thus, studies from several different 
parts of the world indicate that GS, as detected by 
UGT1A1 analysis, does play some role in neonatal jaun-
dice. Kaplan and colleagues205 noted in their study that 
neither G6PD defi ciency nor the GS type UDPGT1 
promoter polymorphism (also known as UGT1A1*28) 
alone increased the incidence of hyperbilirubinemia but 
that both in combination did (Fig. 4-8). They speculated 
that this gene interaction may serve as a paradigm of the 
interaction of benign genetic polymorphisms in the cau-
sation of disease; that is, it may take two genetic abnor-
malities to produce disease symptoms.

Pathophysiology

GS consists of a heterogeneous group of disorders, all of 
which share at least a 50% decrease in hepatic BUGT 
activity.257-260 Based on plasma clearance of other organic 
anions (BSP and ICG) that share the same hepatocyte 
uptake receptor-carrier, there appear to be at least four 
subtypes of GS.261,262 In GS type I, clearance of BSP and 
ICG is normal. In GS type II, BSP clearance is delayed 
but ICG clearance is normal. Because BSP uptake is 
normal in type II, the delayed clearance must be related 
to subsequent intrahepatic metabolism or canalicular 
excretion.263 In GS type III, clearance of both BSP and 
ICG is delayed. The delay in the initial rate of disappear-
ance from plasma suggests a defect in uptake at the 
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FIGURE 4-8. Incidence (percentage) of hyperbilirubinemia (serum 
total bilirubin ≥257 μmol/L = 15.1 mg/dL) in glucose-6-phosphate 
dehydrogenase (G6PD)-defi cient neonates and normal controls, strati-
fi ed for the three genotypes of the UGT1A1 promoter. (Redrawn from 
Kaplan M, Renbaum P, Levy-Lahad E, et al. Gilbert syndrome and glucose-
6-phosphate dehydrogenase defi ciency: a dose-dependent genetic interaction 
crucial to neonatal hyperbilirubinemia. Proc Natl Acad Sci U S A 
1997;94:12128-12132. Copyright © 1997, with permission from the 
National Academy of Sciences, U.S.A.)
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hepatocyte plasma membrane.263 Those with GS type IV 
have delayed uptake of ICG but not BSP. Thus, some 
individuals with GS have delayed uptake of bilirubin into 
the hepatocyte, others have delayed biotransformation, 
and others demonstrate both abnormalities.53,264-266 
Immunohistochemical staining for UDP-glucuronosyl-
transferase shows a clear reduction throughout the hepatic 
lobule in specimens from individuals with GS when com-
pared with normal individualss.267

Elucidation of the structure of the UGT1 gene, which 
encodes human bilirubin, phenol, and other UDP-
glucuronosyltransferase isozymes,268,269 led to the discov-
ery of UGT1A1 mutations or polymorphisms associated 
with GS. In white populations, the homozygous fi nding 
of an additional TA repeat in the promoter region of the 
so-called TATA box (i.e., [TA]7TAA rather than 
[TA]6TAA) of the UGT1A1 gene has been shown to be 
a necessary, though not suffi cient condition for GS.270-272 
Individuals who are heterozygous for seven TA repeats 
have signifi cantly higher serum bilirubin levels than do 
those with the homozygous wild-type six repeats.270 In 
Asian populations, the (TA)7TAA mutation is relatively 
rare,273 but several different UGT1A1 mutations have 
been associated with GS.241,274,275 These Asian mutations 
involve exon 1 of the UGT1A1 gene rather than the 
TATA promoter region. One of the most common muta-
tions in Asians, a Gly71Arg mutation in exon 1, has also 
linked GS and severe neonatal hyperbilirubinemia.248 It 
has been reported that although the promoter TA repeat 
number and bilirubin level in whites have a strong posi-
tive correlation, in other ethnic groups (e.g., Africans, 
where two other variants, [TA]5 and [TA]8, have been 
identifi ed) there is a negative correlation.276 Rarely, the 
(TA)8 variant has been reported in white individuals,277 
so the ethnic implications of these genetic polymorphisms 
of the UGT1A1 gene require further analysis.

Although decreased hepatic BUGT activity is uni-
versal in GS, there is poor correlation between measured 
enzyme activity in the liver and the serum bilirubin 
level.278 This may be explained by the increased bilirubin 
production associated with the decreased RBC half-life 
seen in as many as 40% of patients with GS.240,266 
Although early authors258,260 concluded that there was 
little or no induction of BUGT after the administration 
of phenobarbital, more recent work has revealed that in 
fact, phenobarbital does increase UGT1A1 activity via a 
phenobarbital-responsive enhancer module (PBREM) of 
the UGT1A1 promoter region279 and that such polymor-
phisms could represent an additional risk factor for 
GS.280

Related to the decreased BUGT activity is the obser-
vation that duodenal bile from individuals with GS con-
tains a decreased amount of bilirubin diglucuronides and 
an increased amount of bilirubin monoglucuronides in 
comparison to normal persons50,53,260,281 (Fig. 4-9). This 
distribution is similar to that seen in infants.282 Adminis-
tration of phenobarbital has been shown to normalize the 
bile pigment profi le in duodenal fl uid,53 lower plasma 

bilirubin levels, and increase hepatic clearance of biliru-
bin.283,284 Clofi brate and glutethimide also normalize 
serum bilirubin concentrations but do not normalize the 
duodenal bile pigment profi le.285 In animals, clofi brate is 
an inducer of BUGT but does not affect BSP uptake or 
GST.286 An additional unexplained phenomenon in GS 
is the exaggerated rise in serum bilirubin associated with 
fasting.287-290 Even though normal individuals can double 
their serum bilirubin level in response to fasting, in GS 
a more pronounced rise occurs. This increase is not 
related to decreased hepatic blood fl ow because ICG 
clearance is not affected.288 Although fasting can reduce 
BUGT activity290 and increase HO (the enzyme respon-
sible for bilirubin production) activity,291 neither of these 
effects are believed to explain the fasting hyperbilirubi-
nemia of GS.283,292 The enhanced enterohepatic circula-
tion of bilirubin is suggested to be a major factor in the 
pathogenesis of fasting-induced hyperbilirubinemia.293 
Intraluminal noncalorie food bulk can blunt the bilirubin 
rise.294

Diagnosis and Treatment

Generally, a diagnosis of GS can be made when there is 
mild, fl uctuating unconjugated hyperbilirubinemia, the 
results of the other liver function tests are normal, and 
there is no hemolysis. Hemolysis can add confusion 
because it can result in similar fi ndings and is not unusual 
in GS. Hence, other tests are sometimes used to aid in 
diagnosis.

One test frequently used to aid in diagnosing GS 
involves the intravenous administration of nicotinic acid 
(niacin) with assessment of the subsequent rise in serum 
bilirubin concentration.295 Nicotinic acid is usually 
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administered to adults in a dose of 50 mg296-298 over a 
period of 30 seconds, although results were similar with 
300-mg injections in one study.299 Nonconjugated serum 
bilirubin is then measured every 30 to 60 minutes for the 
next 4 to 5 hours. Nicotinic acid produces a rise in serum 
unconjugated bilirubin in normal individuals and in 
those with GS. However, in GS the rise in bilirubin is 
higher and clearance is delayed longer than in normal 
people.295,299-302 Nicotinic acid causes increased osmotic 
fragility and hemolysis of RBCs with sequestration in the 
spleen. Splenic HO is also induced, with rapid conversion 
of heme to bilirubin.301 Nicotinic acid–induced hemolysis 
produces a rise in serum iron that is similar in healthy 
controls and those with GS.302 Hence, the prolonged 
serum bilirubin levels are related to delayed hepatic clear-
ance of bilirubin. Nicotinic acid infusion has been sug-
gested to be a better method to diagnose GS than a 
400-kcal fast because delayed bilirubin clearance was 
seen after the administration of nicotinic acid to GS 
subjects who otherwise had normal serum bilirubin 
levels.296 The nicotinic acid test is not useful in differen-
tiating GS from chronic liver disease because both groups 
showed positive tests.303

Rifampin, given to fasting or nonfasting adults in one 
oral dose of 900 mg, increases total serum bilirubin levels 
in normal individuals and those with GS, although there 
is an exaggerated rise in patients with GS (fasting: 
>1.9-mg/dL rise in bilirubin concentration 2 to 6 hours 
after rifampin; nonfasting: >1.5-mg/dL rise 4 to 6 hours 
after rifampin).304 This exaggerated rise in serum biliru-
bin enabled differentiation of 10 normal individuals and 
15 GS patients with high sensitivity and specifi city. This 
fi nding could not be explained by hemolysis, although 
haptoglobin levels were signifi cantly lower in GS patients, 
compatible with baseline hemolysis.

Another test suggested to aid in the diagnosis of GS 
involves fractionation of total serum bilirubin by alkaline 
methanolysis and thin-layer chromatography.77,189 This 
test allows precise measurement of conjugated and 
unconjugated bilirubin levels. This approach has shown 
that in GS, approximately 6% of the total serum bilirubin 
is conjugated, as opposed to about 17% in normal persons 
and those with chronic hemolysis. Individuals with 
chronic persistent hepatitis had 28% of their total biliru-
bin present as conjugates. Fasting did not change the 
percentage of conjugates in GS despite the rise in total 
serum bilirubin concentration. An overlap of only three 
individuals was seen among the 77 with GS and 60 
normal subjects.189 Other studies support these fi nd-
ings.305 In patients with GS, fractionation of total serum 
bilirubin by HPLC showed signifi cantly decreased bili-
rubin monoglucuronides (1.1% versus 6.2% in normal 
individuals) and increased unconjugated bilirubin (98.8% 
versus 92.6% in normal individuals).306

Monaghan and associates247 have suggested GS 
genetic screening for the UGT1A1 TA repeat as a simple, 
useful additional test in the investigation of very pro-
longed neonatal jaundice in North American, African, 

and European populations and for the Gly71Arg muta-
tion in Asians. However, the value of such a genetic test 
cannot be fully determined until accurate data regarding 
the prevalence and penetrance of the GS genotype are 
known.307 Thus, genetic testing for GS cannot be rou-
tinely recommended.307

GS has no signifi cant negative implications regarding 
morbidity or mortality. In general, drug metabolism 
studies have revealed no major dangers,305,308 although 
there appears to be an increased incidence of slow acety-
lators309,310 and clearance of lorazepam is decreased 20% 
to 40%.311 Concurrent genetic defi ciencies in other xeno-
biotic pathways may put individuals with GS at increased 
risk for drug toxicity with compounds such as acetamino-
phen,312,313 the cancer chemotherapeutic agents CPT-11 
(irinotecan)314 and TAS-103,315 or the viral protease 
inhibitor indinavir.219,316 For this reason, Bosma suggests 
that screening for GS is of clinical importance.219 No 
specifi c treatment is necessary for GS, although pheno-
barbital has been shown to lower serum bilirubin levels 
in these patients.317 If the well-documented antioxidant 
effect of bilirubin318 provides a biologic advantage,319 the 
mild hyperbilirubinemia of GS might actually be a sig-
nifi cant benefi t in patients with conditions such as vas-
cular disease,320,321 in which free radicals are involved in 
the pathogenesis. However, Bosma concluded that a 
selective advantage in GS because of the antioxidant 
capacity of bilirubin seems unlikely.219

Crigler-Najjar Syndrome Types I and II

In 1952, Crigler and Najjar described seven infants with 
congenital familial nonhemolytic jaundice in whom 
severe unconjugated hyperbilirubinemia developed 
shortly after birth, with death from kernicterus ensuing 
within months.322 These infants were from three related 
families. The serum bilirubin concentration reached 
25 to 35 mg/dL despite a lack of hemolytic disease. 
Other liver function test results were normal. Liver histol-
ogy was normal except for the deposition of bile 
pigments. Subsequent reports documented that the 
main risk in patients with Crigler-Najjar syndrome 
(CN) is kernicterus.1 An excellent review of the 
neurologic perspectives of CN has been published.323 
Although some patients survive into the second decade 
with normal development,324 the possibility of kernic-
terus developing late is always a concern, even in adult-
hood.325-328 Serum bilirubin levels vary from approximately 
15 to 45 mg/dL.

In 1969, Arias and co-authors described a second, 
more frequent type of severe nonhemolytic hyperbiliru-
binemia.329 The previous syndrome was termed Crigler-
Najjar syndrome type I (CNI, OMIM 218800), whereas 
the new fi ndings were termed Crigler-Najjar syndrome 
type II (CNII, OMIM 606785) or Arias’ syndrome.329 
Hyperbilirubinemia is less severe in type II patients and 
varies from approximately 8 to 25 mg/dL. Hence, these 
individuals have a much lower incidence of kernicterus, 
but such damage does occur.330,331
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Pathophysiology

Both CNI and CNII are generally inherited in an auto-
somal recessive manner, although one case of autosomal 
dominant inheritance of CNII has been reported.332 CNI 
and CNII result from mutations in the UGT gene 
complex.43 Patients with one normal allele demonstrate 
normal metabolism of bilirubin.333 The genetic details 
determine the severity of clinical disease. In CNI there 
is complete absence of functional UGT1A1, whereas in 
CNII, UGT1A1 activity is markedly reduced.334 In CNI, 
18 of 23 mutations described in the UGT1 gene are 
found in the common exons 2 to 5 (see Fig. 4-4) and 
thus affect many UGT1 enzymes.43,335 Intronic mutations 
causing CNI have also been reported.336 However, in 
CNII, four of nine known mutations are found in exon 
1A1. There is some overlap in classifi cation of mild CNII 
and GS (e.g., Gly71Arg) that relates to differences in 
defi nitions based on serum bilirubin levels.43 The TATA 
box (TA)7 repeat mutation found in GS can be seen 
along with other mutations resulting in either CNI or 
CNII.337 In both CNI and CNII, assays of liver tissue 
from affected patients demonstrate negligible or very low 
BUGT activity.50,51,260,326,329,338,339 Therefore, patients with 
these disorders experience a profound block in bilirubin 
excretion because they lack the ability to conjugate bili-
rubin with UDPGA. Thus, liver biopsy is not helpful in 
differentiating CNI and CNII. Study of resected livers 
from four patients with CNI after liver transplantation 
showed that there was heterogeneous glucuronidation of 
various substrates other than bilirubin.340 Hence, several 
of the family of glucuronosyltransferase isoenzymes can 
be affected in the same patient. There is considerable 
overlap of hepatic BUGT activity between CNII and 
GS260 (see Table 4-2).

In family studies of CNI patients,341,342 partial defi -
ciencies in the glucuronidation of salicylate and menthol 
have been found in siblings, parents, and grandparents. 
As a result, it has generally been accepted that this condi-
tion is inherited in an autosomal recessive manner.341 In 
family studies of CNII patients, the original report by 
Arias and colleagues found abnormalities in glucuronida-
tion (menthol) in only one parent, thus suggesting auto-
somal dominant inheritance. Subsequent studies of 
siblings or parents often found elevated serum bilirubin 
levels (1.2 to 4 mg/dL), delayed bilirubin clearance, and 
decreased hepatic BUGT activity, as would be seen in 
GS.284,326,329,331,343,344 These fi ndings in both parents284,343 
suggested that CNII may represent homozygous GS. 
However, if CNII were truly the homozygous form of 
GS, one would expect many more affected individuals 
because GS occurs in at least 3% of the population. 
Pertinent genetic data have been reviewed337 and support 
the inheritance mode of CNII as autosomal recessive.

The major differentiating characteristic between 
CNI and CNII is the response to drugs that stimulate 
hyperplasia of the ER. When CNII patients received phe-
nobarbital or diphenylhydantoin, there was a signifi cant 

decline in the serum bilirubin level, increased hepatic 
clearance of radiolabeled bilirubin,284,329,330,345-348 and 
increased biliary levels of bilirubin diglucuronides50,331 
(see Fig. 4-9). In a study of fi ve CNII patients, the mag-
nitude of the phenobarbital-induced decrease in serum 
bilirubin ranged from 2.1 to 12.1 mg/dL (27% to 72%), 
with prephenobarbital and postphenobarbital serum 
bilirubin levels ranging from 7.8 to 16.9 and 4.7 to 
10.1 mg/dL, respectively.50 Data from seven earlier 
studies284,329,330,345-348 regarding the response of CNII 
patients to oral phenobarbital revealed that 11 females 
and 13 males had a total serum bilirubin level of 15.7 
± 13.8 mg/dL (mean ± SD) before the administration 
of phenobarbital. After doses ranging from 90 to 
390 mg/day or, alternatively, 4 mg/kg/day, serum biliru-
bin decreased 12.0 ± 4.0 mg/dL (77% ± 13%). The lowest 
total serum bilirubin after phenobarbital therapy was 
5.9 mg/dL. In contrast, CNI patients show neither a 
decrease in serum bilirubin nor signifi cantly increased 
biliary bilirubin conjugates in response to drugs50,325 (see 
Fig. 4-9). The response to phenobarbital is the criterion 
used to differentiate between these two disorders.349 Bile 
analysis has also been suggested as another method to 
differentiate CNI and CNII.50 In CNI, bile contains 
insignifi cant bilirubin conjugates (<10%), and unconju-
gated bilirubin predominates. In CNII, bile contains 
small amounts of bilirubin conjugates, and those pres -
ent are predominantly bilirubin monoglucuronides 
(>60%).260

Two cousins with CN have been described with 
unique features that raise the possibility of a new variant 
of this syndrome (type III).350 This new variant resembled 
CNI in that there was no biliary excretion of bilirubin 
diglucuronide or monoglucuronide. However, the type 
III patients did excrete monoglucoside and diglucoside 
conjugates of bilirubin. It has been speculated that type 
III patients lack the long proposed permease41 that has 
been hypothesized to transport UDPGA to the luminal 
side of the ER where glucuronosyltransferase is located. 
This absence is suggested to force utilization of a very 
ineffi cient substrate for conjugation to bilirubin, 
UDPG.

Diagnosis and Treatment

Although CN can be diagnosed during the prenatal 
period,351,352 evaluation of infants with CN more typically 
begins during the fi rst days of life when serum bilirubin 
levels exceed 20 mg/dL. The conjugated fraction will not 
be elevated except possibly for the factitious elevation 
sometimes seen when the total serum bilirubin level is 
very high.110 Evaluation of such infants will eliminate 
hemolysis, hypothyroidism, infection, and other more 
common causes of jaundice. Formula feedings will help 
identify infants with jaundice related to human milk. 
During this period of testing, the magnitude of the eleva-
tion in serum bilirubin will prompt the use of photo-
therapy to avoid kernicterus.130 Exchange transfusion 
may be necessary. Yet despite these efforts, CN patients 
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will have persistent jaundice. There is currently no widely 
available, simple clinical test to confi rm a diagnosis of 
CN. CN can be excluded by fi nding signifi cant amounts 
of bilirubin conjugates in neonatal stool if collected 
before the establishment of suffi cient intestinal bacteria 
to convert bilirubin conjugates to urobilinoids.1 HPLC 
analysis of duodenal bile will show that in CNI there are 
negligible bilirubin diglucuronides or monoglucuronides 
whereas in CNII these conjugates are present but in low 
concentration.43,50 An easy method to collect such fl uid 
for analysis involves use of the pediatric Enterotest 
capsule.281 This approach to diagnosis is much less inva-
sive than performing a liver biopsy to confi rm negligible 
BUGT activity in an in vitro assay. The ratio of serum 
bilirubin conjugates (as determined by alkaline metha-
nolysis with thin-layer chromatography) to total biliru-
bin, though abnormally low, does not allow differentiation 
of CN patients from those with GS.189 Similar overlap 
occurs with HPLC fractionation of serum bilirubin con-
jugates.306 DNA analysis can be very helpful in establish-
ing the correct diagnosis,353 and in the future it is expected 
that DNA array technology will allow rapid screening for 
known mutations.

A world registry of patients with CNI aimed at devel-
oping management guidelines has been published.354 
Phenobarbital (4 mg/kg/day in infants) should be used 
when there is concern about defi ciency of BUGT. Within 
48 hours, CNII patients can demonstrate a signifi cant 
decrease in serum bilirubin levels (as detailed earlier) and 
increased biliary excretion of bilirubin diglucuronide and 
monoglucuronide,51,331 whereas CNI patients will show 
no signifi cant response. Occasionally, CNII patients do 
not respond to the fi rst trial of phenobarbital therapy, but 
subsequent trials months later will demonstrate a signifi -
cant decrease in serum bilirubin levels.349 However, 
despite the decrease in serum bilirubin in response to 
phenobarbital, CNII patients will usually continue to 
manifest signifi cant hyperbilirubinemia (approximately 5 
to 15 mg/dL). Phototherapy for 6 to 12 hours daily has 
been the primary modality to keep serum bilirubin levels 
below 20 mg/dL during the fi rst several months of life355 
because CNI patients can excrete all bilirubin photoiso-
mers.356 CNI patients will require lifelong treatment with 
phototherapy until more defi nitive therapy such as liver 
transplantation is available. Phototherapy has been found 
to be least intrusive when given at night, and improve-
ments have been made in effectiveness and comfort.357,358 
Although phototherapy is very helpful in infancy, in ado-
lescence, social inconvenience and compliance problems 
can increase the risk for kernicterus.354

Other therapeutic considerations involve the oral 
administration of binding agents such as agar, cholesty-
ramine, or calcium phosphate.359-362 These agents bind to 
bilirubin in the intestinal lumen as a result of photother-
apy or through direct intestinal permeation.363 They 
prevent the enterohepatic circulation of bilirubin. Prob-
lems associated with the use of cholestyramine include 
cost, taste, and concern about bile salt depletion and fat 

malabsorption. Problems regarding agar include signifi -
cant variation in bilirubin binding affi nity among various 
preparations and batches.326,359,364 During acute episodes 
of severe hyperbilirubinemia after the fi rst year of life, 
plasmapheresis has been shown to rapidly decrease serum 
bilirubin levels.326,365 Peritoneal dialysis and exchange 
transfusion have not been helpful in this setting.325 
Repeated intramuscular injections of tin-protoporphyrin, 
an HO inhibitor that blocks bilirubin formation, have 
been used in one CNI patient, with data suggesting a 
decreased need for phototherapy.366 Two patients with 
CNI were treated with tin-mesoporphyrin to block biliru-
bin formation and also underwent daily phototherapy and 
intermittent plasmapheresis over a 400-day period.367 
Iron defi ciency anemia believed to be due to the porphy-
rin therapy developed in these patients,368 but tin-
mesoporphyrin (stannsoporfi n) (6  μmol/kg or 4.5  mg/kg)369 
is suggested to be a promising, though still experimental 
additional therapy for controlling episodes of acute, severe 
jaundice.370 Drugs that bind to albumin and can poten-
tially displace bilirubin should be avoided at all times.371

Because patients with CN have good hepatic func-
tion other than conjugating bilirubin, they are ideal can-
didates for auxiliary liver transplantation. This option has 
recently become clinically available.372-374 More com-
monly, orthotopic liver transplantation has been per-
formed,375-382 and this represents the only true cure for 
the hyperbilirubinemia of CNI. Ideally, transplantation 
would be timed so that it precedes irreversible neurologic 
injury.383,384 Transplantation of other BUGT-containing 
tissues (e.g., segments of the small intestine,385,386 
kidneys,387 or hepatocytes388) remains experimental. Suc-
cessful cloning of the gene responsible for bilirubin glu-
curonosyltransferase activity offers the hope of future 
gene therapy to correct this defi ciency based on studies 
in Gunn rats, the congenitally jaundiced model for 
CNI.383,389-391

Disorders of Enterohepatic Circulation

Increased enterohepatic circulation of bilirubin is believed 
to be an important factor in neonatal jaundice. As previ-
ously reviewed, neonates are at risk for intestinal absorp-
tion of bilirubin because (1) their bile contains increased 
levels of bilirubin monoglucuronide, which allows easier 
conversion to bilirubin; (2) they have signifi cant amounts 
of β-glucuronidase within the intestinal lumen that 
hydrolyzes bilirubin conjugates to bilirubin, which is then 
more easily absorbed from the intestine; (3) they lack the 
intestinal fl ora to convert bilirubin conjugates to urobili-
noids; and (4) meconium, the intestinal contents accu-
mulated during gestation, contains signifi cant amounts 
of bilirubin.392 Conditions that prolong passage of meco-
nium (e.g., Hirschsprung’s disease, meconium ileus, 
meconium plug syndrome) are associated with hyperbili-
rubinemia.393,394 Earlier passage of meconium has been 
shown to be associated with lower serum bilirubin 
levels.395,396 This may be facilitated by rectal temperature 
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measurement during the neonatal period.397 The 
enterohepatic circulation of bilirubin can be blocked 
by the enteral administration of compounds that 
bind bilirubin, such as agar,89,359,364,398 charcoal,399 and 
cholestyramine.360

Other Causes of Unconjugated 
Hyperbilirubinemia

Various hormones may cause the development of neona-
tal unconjugated hyperbilirubinemia. Congenital hypo-
thyroidism can be accompanied by serum bilirubin levels 
higher than 12 mg/dL before the development of other 
clinical fi ndings.400 Prolonged jaundice is seen in a third 
of infants with congenital hypothyroidism.401 Similarly, 
hypopituitarism and anencephaly may be associated with 
jaundice as a result of inadequate thyroxine, which is 
necessary for hepatic clearance of bilirubin.

Certain drugs may affect the metabolism of bilirubin 
and result in hyperbilirubinemia or displacement of bili-
rubin from albumin. Such displacement increases the 
risk for kernicterus and can be caused by sulfonamides,402 
moxalactam,403 and ceftriaxone404 (independent of its 
sludge-producing effect405). The popular Chinese herb 
Chuen-Lin, given to 28% to 51% of Chinese newborn 
infants, has been shown to have a signifi cant effect in 
displacing bilirubin from albumin.406 Pancuronium 
bromide168 and chloral hydrate407 have been suggested as 
causes of neonatal hyperbilirubinemia.

Infants of diabetic mothers have higher peak biliru-
bin levels and a greater frequency of hyperbilirubinemia 
than normal neonates do.408 These patients have shown 
a positive correlation between total bilirubin and hema-
tocrit, thus implicating polycythemia as a possible mech-
anism.408 Other potential causes of this hyperbilirubinemia 
include prematurity, defi ciency of substrate for glucuron-
idation (secondary to hypoglycemia), and poor hepatic 
perfusion (secondary to either respiratory distress, per-
sistent fetal circulation, or cardiomyopathy).

The Lucey-Driscoll syndrome409 consists of neonatal 
hyperbilirubinemia within families in whom there is in 
vitro inhibition of glucuronosyltransferase by both mater-
nal and infant serum. It is presumed to be caused by 
gestational hormones.

Prematurity is frequently associated with unconju-
gated hyperbilirubinemia in the neonatal period. Hepatic 
UDP-glucuronosyltransferase activity is markedly de -
creased in premature infants and rises steadily from 30 
weeks’ gestation until reaching adult levels 14 weeks after 
birth.410 In addition, there may be defi ciencies in both 
uptake411 and secretion.412 Bilirubin clearance improves 
rapidly after birth.413

Hepatic hypoperfusion can result in neonatal jaun-
dice. Inadequate perfusion of the hepatic sinusoids may 
not allow suffi cient hepatocyte uptake and metabolism of 
bilirubin. Causes might include patent ductus venosus,414 
congestive heart failure, and portal vein thrombosis. 

Other specifi c liver diseases, as listed in Box 4-1 and 
described elsewhere in this text, can result in neonatal 
jaundice.

MANAGEMENT AND TREATMENT OF 
UNCONJUGATED HYPERBILIRUBINEMIA

Phototherapy

In recent years, changes in perinatal care have made 
severe neonatal jaundice a larger problem, and there 
has been a re-emergence of kernicterus.415-417 Possible 
reasons417,418 include (1) early hospital discharge (before 
the extent of jaundice is known and signs of impending 
brain damage have appeared)419; (2) lack of adequate 
concern for the risks associated with severe jaundice in 
healthy term and near-term newborns416; (3) an increase 
in the incidence of breast-feeding173; (4) medical care 
cost constraints; (5) a paucity of educational materials to 
enable parents to participate in safeguarding their new-
borns; (6) limitations within health care systems in moni-
toring the outpatient progression of jaundice420; (7) 
diffi culty estimating the degree of jaundice, particularly 
in dark-skinned infants421; and (8) demonstration of 
bilirubin being an antioxidant.20 There are case reports 
of newborn infants who, following early hospital dis-

Box 4-1 Causes of Neonatal Hyperbilirubinemia

INCREASED PRODUCTION OF BILIRUBIN

Fetal-maternal blood group incompatibilities
Extravascular blood in body tissues
Polycythemia
Red blood cell abnormalities (hemoglobinopathies, 

membrane and enzyme defects)
Induction of labor

DECREASED EXCRETION OF BILIRUBIN

Increased enterohepatic circulation of bilirubin
Breast-feeding
Inborn errors of metabolism
Hormones and drugs
Prematurity
Hepatic hypoperfusion
Cholestatic syndromes
Obstruction of the biliary tree

COMBINED INCREASED PRODUCTION 
AND DECREASED EXCRETION OF BILIRUBIN

Sepsis
Intrauterine infection
Congenital cirrhosis

From Suchy FJ, Sokol RJ, Balistreri WF (eds). Liver Disease in 
Children, 3rd ed. New York, Cambridge University Press, 
2007. Used with permission.
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charge, develop severe hyperbilirubinemia (30-40  mg/
dL) at home and present with classic signs of kernic-
terus.1,125,416,422-425 This has been reported in otherwise 
healthy breast-fed infants with no other identifi ed cause 
of their jaundice.426-428 Although early postpartum dis-
charge has advantages, one disadvantage is the risk 
associated with the delayed diagnosis of severe hyperbili-
rubinemia. The American Academy of Pediatrics has 
recommended that infants discharged at younger than 
48 hours of age be seen in follow-up within 48 hours 
of discharge.429 Many physicians do not follow these 
recommendations125,430 despite the serious impact that a 
short hospital stay has on a jaundiced newborn.431 The 
Academy updated its 1994 guideline432 for the manage-
ment of hyperbilirubinemia in newborn infants in 
2004.125

Jaundice can be caused by increased bilirubin pro-
duction, decreased bilirubin excretion, or a combination 
of these mechanisms (see Box 4-1 for specifi c examples). 
An approach to the management of jaundice in the 
newborn nursery has been published elsewhere.125 
Although Newman and associates found that obtaining 
a direct bilirubin measurement was seldom helpful 
because of low yield and poor specifi city,433 others advo-
cate early measurement of conjugated bilirubin as a pop-
ulation screening test that could lead to earlier diagnosis 
of neonatal liver disease.434 Bhutani and colleagues advo-
cated universal bilirubin measurement before hospital 
discharge to identify infants at risk for severe neonatal 
hyperbilirubinemia on the basis of a predischarge hour-
specifi c total serum bilirubin measurement435,436 (Fig. 
4-10). Such universal predischarge screening is now rec-
ommended by the American Academy of Pediatrics125 
and has been shown in a recent study to reduce the inci-
dence of signifi cant hyperbilirubinemia and the rate of 
hospital readmission of infants for the treatment of jaun-
dice.437 Despite the large number of causes of neonatal 
jaundice, no cause of jaundice could be identifi ed in 

nearly half of the infants evaluated during one study of 
447 infants101 and in a third of the infants in a kernicterus 
registry.428

Hyperbilirubinemia is the most frequent reason that 
infants are readmitted to the hospital in the fi rst weeks 
of life.419,438,439 Management of neonatal jaundice has 
been reviewed elsewhere125 (Figs. 4-11 and 4-12). The 
most important step in treatment of jaundice is determi-
nation of the primary cause. However, independent of 
the cause of the jaundice, elevation of the serum uncon-
jugated bilirubin fraction prompts concern about possi-
ble kernicterus. As previously reviewed,136,145 when the 
unconjugated bilirubin fraction is elevated, care must be 
taken to avoid the administration of agents that bind to 
albumin and displace bilirubin, thereby promoting ker-
nicterus. Although sulfonamides are historically the most 
well known bilirubin-displacing agents, drugs such as 
ceftriaxone and ibuprofen are also strong bilirubin dis-
placers with a potential for inducing bilirubin encepha-
lopathy.404,440 Therapeutic options to lower unconjugated 
bilirubin levels include phototherapy, exchange transfu-
sion, interruption of the enterohepatic circulation, enzyme 
induction, and alteration of breast-feeding. Research into 
these and other modalities continues actively. The 
outcome of rational therapeutic guidelines for unconju-
gated hyperbilirubinemia during the fi rst 7 days of life 
has been published elsewhere.441

Phototherapy consists of irradiation of the jaundiced 
infant with light and has been reviewed.442,443 Photon 
energy derived from light changes the structure of the 
bilirubin molecule in two ways (Fig. 4-13) that allow 
bilirubin to be excreted into bile or urine without the 
usual requirement for hepatic glucuronidation. One 
change involves a 180-degree rotation around the double 
bonds between either the A and B or the C and D rings444 
to convert the normal Z confi guration to the E confi gura-
tion. 4Z,15E-bilirubin is formed preferentially and can 
spontaneously reisomerize to native bilirubin. More 
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FIGURE 4-10. Risk designation of term and near-term well 
newborns based on their hour-specifi c serum bilirubin 
values. (Redrawn from Bhutani VK, Johnson L, Sivieri EM. Pre-
dictive ability of a predischarge hour-specifi c serum bilirubin for 
subsequent signifi cant hyperbilirubinemia in healthy term and near-
term newborns. Pediatrics 1999;103:6-14. Reproduced with permis-
sion from Pediatrics 2004;114:297-316; Copyright © 2004 by the 
American Academy of Pediatrics.)
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FIGURE 4-11. Guidelines for phototherapy in hospitalized infants of 35 or more weeks’ gestation. These guidelines are based on limited evidence 
and the levels shown are approximations. The guidelines refer to the use of intensive phototherapy, which should be used when total serum bilirubin 
(TSB) exceeds the line indicated for each category. “Intensive phototherapy” implies irradiance in the blue-green spectrum (wavelengths of approxi-
mately 430 to 490 nm) of at least 30 μW/cm2/nm (measured at the infant’s skin directly below the center of the phototherapy unit) and delivered 
to as much of the infant’s surface area as possible. If TSB does not decrease or continues to rise in an infant who is undergoing intensive photo-
therapy, the presence of hemolysis is strongly suggested. In infants who receive phototherapy and have an elevated direct-reacting or conjugated 
bilirubin levels (cholestatic jaundice), the bronze-baby syndrome may develop. Total bilirubin should be used without subtracting direct-reacting 
or conjugated bilirubin. Risk factors include isoimmune hemolytic disease, glucose-6-phosphate dehydrogenase defi ciency, asphyxia, signifi cant 
lethargy, temperature instability, sepsis, acidosis, or albumin less than 3.0 g/dL. For well infants 35 to 376/7 weeks, TSB levels can be adjusted for 
intervention around the medium-risk line. It is an option to intervene at lower TSB levels for infants closer to 35 weeks and at higher TSB levels 
for those closer to 376/7 weeks. It is also an option to provide conventional phototherapy in the hospital or at home with TSB levels of 2 to 3 mg/dL 
(35 to 50 μmol/L) below those shown, but home phototherapy should not be used in any infant with risk factors. (Reproduced with permission from 
Pediatrics 2004;114:297-316; Copyright © 2004 by the American Academy of Pediatrics.)

importantly, a new seven-membered ring structure can 
be formed between rings A and B and result in “lumiru-
bin”445 or “cyclobilirubin”446 via the 4E,15Z-isomer 
intermediate.447 This isomerization interferes with the 
internal hydrogen bonding of native bilirubin and, by 
exposing the propionic acid groups, results in a more 
polar compound. Thus, the lumirubin and E-isomers can 
be excreted directly into bile. Lumirubin appears to be 
the major route by which bilirubin is eliminated via pho-
totherapy.448,449 The choice of light for phototherapy is a 
subject about which there are much confl icting data.442 
Special Blue light (or Super Blue, but not regular blue) 
appears to be better than white or green light, although 
white is less disturbing to nursery personnel.450 New 
phototherapy devices using woven fi beroptic pads are 
currently available,451 are effective (comparable to con-
ventional phototherapy) and safe, eliminate the need for 
eye patches, and permit greater time for maternal-infant 
bonding.452-454 Proposed guidelines for phototherapy have 
been published elsewhere.455-457 In general, phototherapy 
is used to prevent serum bilirubin concentrations from 
reaching levels necessitating exchange transfusion (see 

Fig. 4-12). Phototherapy is now frequently performed at 
home,458,459 a practice accepted and recommended by the 
American Academy of Pediatrics.125 Despite documented 
complications,460-462 phototherapy is widely used and 
generally safe.463 Although phototherapy does affect 
cardiac output and blood fl ow to other organs (e.g., 
increased cerebral blood fl ow) and may be associated 
with opening of the ductus arteriosus, these effects are 
not generally problematic.464,465 In extremely premature 
infants (<800-g birth weight), prolonged phototherapy 
and low peak serum bilirubin levels (<9.4 mg/dL) were 
shown in one study to be independently associated with 
blindness.466 This could possibly be related to the direct 
effects of light on the unshielded immature eye or 
decreased antioxidant protection by low serum bilirubin 
levels. Phototherapy should not be used without previous 
diagnostic evaluation of the cause of the jaundice. The 
shielding of phototherapy units should never be removed 
because of the ultraviolet radiation hazards that can 
result.467 Although it has been recommended that infant 
position be changed every 6 hours during photother-
apy,468 data from one study showed that position change 
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FIGURE 4-12. Guidelines for exchange transfusion in infants 35 or more weeks’ gestation. These suggested levels are based on limited evidence, 
and the levels shown are approximations. During birth hospitalization, exchange transfusion is recommended if total serum bilirubin (TSB) rises 
to these levels despite intensive phototherapy. For readmitted infants, if the TSB level is above the exchange level, TSB measurement should be 
repeated every 2 to 3 hours and exchange transfusion considered if TSB remains above the levels indicated after intensive phototherapy for 6 hours. 
The dashed lines for the fi rst 24 hours indicate uncertainty because of a wide range of clinical circumstances and a range of responses to photo-
therapy. Immediate exchange transfusion is recommended if the infant shows signs of acute bilirubin encephalopathy (hypertonia, arching, retro-
collis, opisthotonos, fever, high-pitched cry) or if TSB is 5 mg/dL (85 μmol/L) or greater above these lines. Risk factors include isoimmune hemolytic 
disease, glucose-6-phosphate dehydrogenase defi ciency, asphyxia, signifi cant lethargy, temperature instability, sepsis, and acidosis. Total bilirubin 
should be used without subtracting direct-reacting or conjugated bilirubin. If the infant is well and 35 to 376/7 weeks (median risk), TSB levels can 
be individualized for exchange based on actual gestational age. (Reproduced with permission from Pediatrics 2004;114:297-316; Copyright © 2004 by 
the American Academy of Pediatrics.)

made no difference in serum bilirubin levels.469 One 
study of 264 neonates (some with hemolytic jaundice) 
who completed an average of 121 hours of phototherapy 
indicated that signifi cant rebound hyperbilirubinemia did 
not occur.470 Similarly, no signifi cant rebound hyperbili-
rubinemia occurred in 163 healthy full-term infants with 
nonhemolytic jaundice (including breast-feeding and 
formula and mixed feeding) who underwent an average 
of 54 to 65 hours of phototherapy.471 In term, healthy 
newborns, phototherapy may be stopped when the serum 
bilirubin level falls below 14 to 15 mg/dL, and hospi -
tal discharge need not be delayed to observe for 
rebound.432

Exchange Transfusion

Exchange transfusion is the most rapid method to acutely 
lower the serum bilirubin concentration. Indications for 
exchange transfusion vary, have been published else-
where,125,456,460,472,473 and can be related to either anemia or 
elevated serum bilirubin levels. The American Academy of 
Pediatrics has published guidelines that represent the 
most widely accepted indications for initiation of exchange 
transfusion based on risk factors, including the hour-spe-
cifi c total bilirubin level, response to intensive photother-

apy, serum bilirubin-to-albumin ratio, and the presence of 
hemolytic disease, sepsis, acidosis, or other acute condi-
tions (see Fig. 4-12). Additionally, exchange transfusion 
should be initiated if the infant displays signs of acute bili-
rubin encephalopathy (see the section “Kernicterus”). In 
neonatal hemolytic disease, suggested indications for 
transfusion include (1) anemia (hematocrit <45%), posi-
tive direct Coombs test, and bilirubin greater than 4 mg/
dL in cord blood; (2) postnatal rise in serum bilirubin 
concentration that exceeds 1 mg/dL/hr for more than 6 
hours; (3) progressive anemia and rate of increase in 
serum bilirubin greater than 0.5 mg/dL/hr; and (4) 
continuing progression of anemia despite control of hyper-
bilirubinemia. Sometimes, exchange transfusion for 
hemolytic disease can be avoided through the use of high-
dose intravenous immunoglobulin therapy.474 Suggested 
indications for exchange transfusion because of hyperbili-
rubinemia alone include (1) bilirubin concentration higher 
than 15 mg/dL for more than 48 hours, (2) salicylate satu-
ration index higher than 8.0 or 2(4′-hydroxyazobenzene) 
benzoic acid (HABA) binding less than 50% on two suc-
cessive determinations 4 hours apart, (3) ratio of total 
serum bilirubin (mg/dL) to total serum protein (g/dL) 
greater than 3.7, and (4) molar concentration ratio of 
serum bilirubin to serum albumin of greater than 0.7.460 
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Although there are many well-described risks with 
exchange transfusion, mortality should be low (<0.6%) if 
it is performed properly.413,475,476

Pharmacotherapy

A number of pharmacologic approaches to the prevention 
and treatment of neonatal hyperbilirubinemia have been 
reviewed.477 The enterohepatic circulation can be inter-
rupted by the enteral administration of agents that bind 

bilirubin in the intestine and prevent reabsorption. Such 
agents include agar,89,359,364 cholestyramine,360 activated 
charcoal,399 and calcium phosphate.362,478,479 Increased 
intestinal peristalsis would be expected to allow less time 
for bilirubin absorption. Frequent feedings480 and rectal 
stimulation397 are associated with lower serum bilirubin 
levels. Enteral feeding of bilirubin oxidase, an enzyme that 
degrades bilirubin to biliverdin, dipyrrols, and other 
unidentifi ed products,481 is an additional method to block 
the enterohepatic circulation but remains experimental at 
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present.482 Another experimental approach involves the 
use of intravenous bilirubin oxidase.483,484

Because neonatal hepatic BUGT activity has been 
shown to be low in neonates,410 it is not surprising that 
induction of hepatic BUGT results in lower serum bili-
rubin levels. Such induction in neonates can be accom-
plished with the prenatal maternal use of phenobarbital 
or diphenylhydantoin.485,486 Even very low–birth weight 
infants (<2000 g) have been shown to respond to in utero 
phenobarbital therapy with signifi cantly increased serum 
levels of conjugated bilirubin and decreased need for 
phototherapy.487 In the postnatal period, use of pheno-
barbital by the neonate has the same bilirubin-lowering 
effect.488 Clofi brate is advocated by French workers as a 
simple, nontoxic pharmacologic treatment that induces 
BUGT and is being used increasingly in France to prevent 
and treat neonatal jaundice.489 An alternative approach 
to treat neonatal hyperbilirubinemia is to block the fi rst 
enzyme responsible for the production of bilirubin, HO. 
This can be accomplished by several different metallo-
porphyrins.490,491 Sn-protoporphyrin has been used suc-
cessfully in the experimental management of jaundice in 
neonates with ABO incompatibility.492 Treatment of neo-
natal jaundice by inhibition of HO remains experimental 
at this time, although clinical trials appear promising. 
Two studies showed that phototherapy could be abol-
ished by using tin-mesoporphyrin.493,494 In addition to 
inhibiting bilirubin production, metalloporphyrins are 
photosensitizers that can accelerate the destruction of 
bilirubin by light but also cause other unwanted side 
effects.495 Because CO is now suggested to be a signifi -
cant neurotransmitter, blocking HO activity early in life 
may not be a completely benign process. Thus, a major 
concern about metalloporphyrins is the lack of detailed 
long-term follow-up studies addressing safety issues.496 
At the present time, phototherapy and exchange transfu-
sion remain the primary modalities to control neonatal 
unconjugated hyperbilirubinemia, and pharmacologic 
interventions remain largely adjunctive or experimental.

Feeding Strategies

Optimization of breast-feeding in the perinatal period is 
important.497 If the bilirubin level is rising, published 
recommendations support encouraging mothers to 
breast-feed more frequently,432,498,499 with an average sug-
gested interval between feeding of 2 hours and no feeding 
supplements500 or at least 8 to 10 feedings per 24 hours.432 
A strong dose-response relationship has been shown 
between feeding frequency and decreased incidence of 
hyperbilirubinemia.501 More frequent nursing may not 
increase intake but has been suggested to increase peri-
stalsis and stool frequency, thus promoting excretion of 
bilirubin.456 The frequency of breast-feeding during the 
fi rst 24 hours of life has been shown to be signifi cantly 
correlated with the frequency of meconium passage.501 
The serum bilirubin level at which breast-feeding should 
be discontinued is controversial, and recommendations 

include 14,502 15,179 16 to 17,499 and 18 to 20 mg/dL.500 
When breast-feeding is interrupted, formula feeding may 
be initiated for 24 to 48 hours, or breast-feeding and 
formula feeding can be alternated with each feeding.432 
No studies have addressed the cost-effectiveness of 
various formulas in their jaundice-lowering effects, 
although two independent studies have shown that infants 
exclusively fed Nutramigen (a casein hydrolysate formula, 
Mead Johnson) have lower jaundice levels than do in -
fants fed routine formula.503,504 Supplementing breast-fed 
infants with small volumes of specifi c nutritional ingre-
dients has been shown to result in increased fecal biliru-
bin excretion and lower transcutaneous bilirubin levels,100 
but no commercial preparations of these ingredients are 
currently available. Feeding heated expressed breast milk 
is also said to reduce serum bilirubin levels.500 A fall in 
the serum bilirubin level of 2 to 5 mg/dL456 is consistent 
with a diagnosis of breast milk jaundice. Breast-feeding 
may then be resumed with the acknowledgment that 
serum bilirubin levels may rise for several days but will 
gradually level off and decline.179,498 If breast-feeding is 
to be resumed after the interruption, it is important to 
preserve lactation with the use of a breast pump. In one 
study, interruption of breast-feeding for approximately 
50 hours (during which time formula was given) was 
shown to have the same bilirubin-lowering effect as a 
similar duration of phototherapy.505 Interruption of 
breast-feeding for 24 to 48 hours has been shown to be 
successful in lowering serum bilirubin levels and avoiding 
the need for phototherapy in 81 of 87 jaundiced infants.502 
Formula feedings in Asian neonates undergoing photo-
therapy resulted in a greater decrease in serum bilirubin 
levels than in infants who were exclusively breast-fed.471 
Careful counseling and support can prevent the interrup-
tion in breast-feeding from becoming a permanent dis-
continuance of nursing.502

DISORDERS OF CONJUGATED 
HYPERBILIRUBINEMIA

Rotor’s Syndrome

Rotor’s syndrome (RS, OMIM 237450), fi rst described in 
1948, is a familial disorder that involves chronic elevation 
of both the conjugated and unconjugated serum bilirubin 
fractions.506,507 Half or more of the total serum bilirubin is 
conjugated, and total bilirubin levels usually range from 2 
to 7 mg/dL but may occasionally reach 20 mg/dL.508 Liver 
functions test results are otherwise normal, and there is 
no evidence of hemolysis. Liver histology is normal 
when examined with both light and electron microscopy. 
Oral cholecystograms reveal normal gallbladder opacifi -
cation. This disorder can occur in early childhood509 
or possibly the fi rst months of life if coinherited with 
G6PD defi ciency or heterozygous β-thalassemia510 and 
has no gender predisposition. Family studies suggest an 
autosomal recessive mode of inheritance.506,507,511
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Pathophysiology

The primary abnormality in RS is listed in the OMIM 
as unknown but appears to be a defi ciency in the intracel-
lular storage capacity of the liver for binding anions,512,513 
which can be demonstrated by constant infusion of BSP 
and ICG.514 Patients with RS demonstrate delayed plasma 
clearance of both BSP and ICG, and heterozygotes show 
delayed BSP clearance with values intermediate between 
normal individuals and those with homozygous RS.512 
GST serves as an intracellular carrier protein for certain 
organic molecules and acts as an intracellular equivalent 
to albumin in blood plasma.515 A patient with RS has 
been shown to have a defi ciency of hepatic GST,516 and 
this would be consistent with observations regarding the 
pathogenesis of this disorder. Defi ciency of GST would 
result in impaired uptake of bilirubin within the cytosol. 
In addition, because bilirubin conjugates are bound to 
GST while awaiting excretion from the hepatocyte 
via the canalicular membrane,517 defi cient intracellular 
storage would result in leakage of bilirubin conjugates 
back into the circulation. Serum elevations of both con-
jugated and nonconjugated bilirubin result.

Another important observation in RS relates to 
the urinary excretion of coproporphyrin. In normal 
healthy individuals, only the I and III isomers of copro-
porphyrin are excreted in urine. In RS there is a marked 
increase in urinary coproporphyrin excretion, and usually, 
less than 80% of the total (I + III) is isomer I. Heterozy-
gotes demonstrate urinary coproporphyrin values 
that are intermediate between those of normal indiv -
iduals and homozygotes.518 Urinary excretion of copro-
porphyrin is believed to be increased because biliary 
excretion is impaired, similar to fi ndings in other liver 
diseases.519

Diagnosis and Treatment

A diagnosis of RS should be considered in all individuals 
with elevation of both conjugated and nonconjugated 
serum bilirubin fractions, along with otherwise normal 
liver function test results. The diagnosis can be confi rmed 
by the presence of urinary coproporphyrin levels that are 
2.5 to 5 times higher than normal.518 Of the total urinary 
coproporphyrin isomers I plus III, isomer I constitutes 
less than 80% of the total in RS.520 99mTc-labeled hepa-
tobiliary iminodiacetic acid (HIDA) cholescintigraphy 
has also been shown to be useful in diagnosing RS but 
provides poor to no visualization of the liver.521,522 Patients 
with RS require no specifi c therapy and are asymptom-
atic. Although jaundice is a lifelong fi nding, it is associ-
ated with no morbidity or mortality.

Dubin-Johnson Syndrome

Dubin-Johnson syndrome (DJS, OMIM 237500), fi rst 
described in 1954,523 involves elevation of both the con-
jugated and unconjugated serum bilirubin fractions.524 
More than half of the total serum bilirubin is conjugated 

and total bilirubin levels usually range from 1.5 to 
6 mg/dL, although levels as high as 25 mg/dL have been 
reported during intercurrent illness.525 It is not unusual 
for patients with DJS to report vague abdominal com-
plaints, but this is not believed to refl ect serious pathol-
ogy. Even though hepatomegaly is sometime seen, liver 
functions test results are otherwise normal, including bile 
acids,526 and there is no evidence of hemolysis.523,524,527 
Although this syndrome occurs in both sexes, males pre-
dominate and are affected at an earlier age. DJS occurs 
in all races, but Iranian Jews have an increased inci-
dence.528,529 It is usually diagnosed after puberty, although 
cases have also been reported in neonates,530 at which 
time cholestasis can be signifi cant.531-535 DJS is inherited 
as an autosomal recessive trait with heterozygotes mani-
festing normal serum bilirubin levels.528,536,537 This syn-
drome is far more common than RS, and the jaundice 
can be worsened by pregnancy and oral contraceptives.538 
Frequently, the gallbladder is not visualized in patients 
with DJS when undergoing oral cholecystography.524

A striking characteristic of DJS is brown to black 
discoloration of the liver. There is still debate about the 
identity of this pigment, which is located in lysosomes.539 
Though originally thought to be lipofuscin, more recent 
data provide confl icting evidence for a relationship to 
melanin,540-542 polymerized epinephrine, or other metab-
olites543,544 that accumulate in lysosomes. It is hypothe-
sized that these pigments accumulate in the liver because 
of impaired secretion of various metabolites from the 
hepatocyte into bile.544 This pigment disappears from the 
liver during acute viral hepatitis, with subsequent reap-
pearance.545 Other than this striking pigmentation, the 
liver is histologically normal. Recently, a black liver was 
reported in an individual who did not have DJS.546

Pathophysiology

The primary defect in DJS is defi cient hepatic excretion 
of non–bile salt organic anions at the apical canalicular 
membrane by the ABC transport system known variously 
as cMOAT, MRP2, or ABCC2 (OMIM 601107 ).547,548 
cMOAT is encoded by a single-copy gene located on 
chromosome 10q24.549 Mutations in this gene have been 
shown to produce a highly defective cMOAT that is 
associated with DJS.62,547,548,550-553 Similar fi ndings made 
in the homologous cMOAT gene of two rat models of 
hyperbilirubinemia (TR− and Eisai) have been very 
helpful in understanding DJS in humans.62

Although hepatic BSP clearance tests are no longer 
performed, they nicely demonstrate the effect of defi cient 
transport via the canalicular membrane, characteristic of 
DJS.554 Initially, the clearance rate of intravenously 
administered BSP from the circulation is rapid and results 
in BSP retention that is often normal at 45 minutes. 
However, a subsequent rise in serum BSP concentration 
occurs at 90 and 120 minutes because the conjugated 
BSP cannot be excreted and thus refl uxes out of the 
hepatocyte back into the circulation.554-557 Data suggest 
that BSP hepatic storage is normal, but there is a 90% 
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decrease in the BSP excretory transport maximum.538,556 
Other substances (e.g., ICG, rose bengal, and dibromo-
sulfophthalein) have also been shown to have a decreased 
excretory transport maximum, although these substances 
do not require hepatic biotransformation and do not 
show the late rise in plasma levels during clearance 
tests.558 Hence, in DJS, defi cient excretion of bilirubin 
glucuronides at the canalicular membrane in the 
presence of otherwise normal intrahepatic metabolism 
results in refl ux of conjugated bilirubin back into the 
circulation.

An important observation in DJS patients relates to 
the urinary excretion of coproporphyrins.559,560 Patients 
with this disorder have an increase in the urinary excre-
tion of coproporphyrin I with a concomitant decrease in 
the excretion of coproporphyrin III. This results in total 
coproporphyrin excretion (I + III) that is normal or only 
slightly increased but consists of greater than 80% cop-
roporphyrin I (normal, 25%).560-563 In heterozygotes, the 
coproporphyrin I/III ratio is intermediate between that 
of normal individuals and homozygotes,560,562,563 although 
there is some overlap between heterozygotes and normal 
individuals. The explanation for these fi ndings regarding 
urinary coproporphyrin excretion is unclear. Several 
pathogenetic mechanisms have been suggested.560 Fecal 
coproporphyrin levels are normal.560 Healthy neonates 
have been shown to have impressive elevations in urinary 
coproporphyrin levels, with more than 80% isomer I on 
the fi rst 2 days of life.564 By day 10, levels fell to overlap 
normal adult values.

Diagnosis and Treatment

A diagnosis of DJS should be considered in all individu-
als with elevated serum conjugated bilirubin levels along 
with otherwise normal liver function test results. The 
diagnosis can be confi rmed by measuring urinary copro-
porphyrin levels of isomers I and III. Although the total 
coproporphyrin level will be approximately normal, more 
than 80% will be isomer I. This fi nding is pathognomonic 
for DJS when congenital erythropoietic porphyria565 or 
arsenic poisoning566 have been excluded. Even though 
oral cholecystography may fail to visualize the gallblad-
der, ultrasound examination will show a normal biliary 
tree. Cholescintigraphy demonstrates prolonged intense 
visualization of the liver with delayed appearance of the 
gallbladder and only faint visualization or nonvisualiza-
tion of the biliary ducts.522,567,568 Computed tomography 
of the liver has shown increased attenuation in one 
report.569 Because cMOAT transport of leukotrienes into 
bile is defective in DJS, there is increased excretion of 
leukotriene metabolites into urine, and this has been sug-
gested to be a new approach to the noninvasive diagnosis 
of this disease.570 Another proposed diagnostic tool for 
DJS involves micro–positron emission tomography 
(micro-PET) of a copper complex studied in normal and 
cMOAT-defi cient (TR−) rats.571 In normal rats, the radio-
active copper complex was cleared quickly from the liver 
into the intestine, whereas radioactivity accumulated 

continuously in the liver of TR− rats and was not ex -
creted into the small intestine.

Patients with DJS require no specifi c therapy. 
Although jaundice is a lifelong fi nding, it is associated 
with no morbidity or mortality, as demonstrated in a 30-
year follow-up of 10 Japanese individuals.553 Avoidance 
of oral contraceptives has been recommended572 because 
they can increase jaundice. Anticipatory guidance regard-
ing pregnancy538 is appropriate. Increased fetal wastage 
has been reported in one study.573 In one case report of 
neonatal DJS with severe cholestasis, phenobarbital sig-
nifi cantly decreased serum levels of bilirubin and bile 
acids,531 although chronic phenobarbital therapy is not 
recommended.574 Drugs such as rifampin and ursode-
oxycholic acid should be used with caution if cMOAT 
expression is decreased, as in DJS.575
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Development of the human hemostatic system begins in 
utero and continues until well after birth. As a result, 
functional levels of many of the procoagulants, coagula-
tion inhibitors, fi brinolytic components, and platelet-
associated factors differ from those of older children and 
adults, with “adult” values often not reached until about 
6 months of age. These unique aspects of fetal and neo-
natal coagulation were fi rst fully documented in the pio-
neering work of Dr. Maureen Andrew in the 1980s and 
have been termed “developmental hemostasis.” A fi rm 
understanding of these differences, as well as access to 
tables listing the “normal” ranges of various hemostatic 
factors in infants at different gestational and postnatal 
ages, is critical to proper interpretation of laboratory tests 
performed on newborns and infants. Despite broad dif-
ferences from adults in functional levels of hemostatic 
factors, healthy newborns rarely have diffi culties with 
hemorrhage or thrombosis. Thus, these differences in 
prothrombotic and antithrombotic factors are uniquely 
balanced in the neonate and fetus and represent a normal 
physiologic state. However, this system provides little 
reserve, which often contributes to signifi cant morbidity 
in sick and preterm infants. In addition to these devel-
opmental aspects of hemostasis, many inherited bleeding 
and clotting disorders can present in the newborn period. 
This chapter reviews the normal development of the 
hemostatic system, presents data tables for normal ranges 
at different developmental ages, and briefl y reviews inher-
ited disorders of hemostasis and thrombosis that can 
occur in the newborn period. For additional discussion 

of the investigation and management of neonatal 
hemostasis and thrombosis, see recent evidence-based 
guidelines published by the British Haemostasis and 
Thrombosis Task Force.1

ONTOGENY OF THE HUMAN 
HEMOSTATIC SYSTEM

Coagulation Factors

The biochemistry and function of the individual coagula-
tion factors are reviewed in detail in Chapter 26. Coagu-
lation proteins do not effectively cross the placental 
barrier and are independently synthesized by the fetus.2-14 
mRNA transcripts for coagulation factors VII, VIII, IX, 
and X and fi brinogen are detectable at about 5 weeks of 
gestation in hepatocytes of the embryo (Fig. 5-1).15 By 
10 weeks of gestation, plasma protein levels of most 
factors are measurable but range from 10% of the normal 
adult level for factor IX to about 30% for most of the 
other coagulation factors.16 In general, these levels con-
tinue to increase gradually in parallel with gestational age 
(Table 5-1). However, with the exception of fi brinogen 
and factors V, VIII, and XIII, these levels remain consid-
erably below the normal adult range, even at the time of 
birth for full-term infants.16-18 They then continue to 
gradually increase and near the normal adult range by 
about 6 months of age (Tables 5-2 and 5-3). Premature 
infants have an accelerated increase in levels after birth 

TABLE 5-1 Coagulation Screening Tests and Coagulation Factor Levels in Fetuses, Full-Term Infants, and Adults

, 

From Reverdiau-Moalic P, Delahousse B, Body G, et al: Evolution of blood coagulation activators and inhibitors in the healthy human fetus. Blood. 
1996;88:900-906.
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and, in general, “catch up” to the full-term infant range 
by 3 months’ postnatal age (Table 5-4).19 True reference 
ranges for extremely premature infants (<30 weeks’ 
gestation) are not available because the majority of 
these infants have postnatal complications. Table 5-5 pro-
vides reference ranges for older children.20 The nearly 
normal “adult” levels of fi brinogen and factors V and 
VIII in neonates make them useful markers for the inves-
tigation of possible consumptive coagulopathy or hemo-
philia A.

Regulation of fetal coagulation protein levels occurs 
by both transcriptional and translational mechanisms.15,21 
In addition, ratios of hepatocyte to plasma levels of many 
factors are relatively high in comparison to adults, thus 
suggesting that delayed hepatocyte release may also con-
tribute to the relatively low coagulation factor levels in 
fetuses and newborns.22

Natural Inhibitors of Coagulation

Like many of the procoagulant factors, functional levels 
of most coagulation inhibitors in fetuses and neonates are 

signifi cantly lower than those in adults (Tables 5-6 and 
5-7; also see Table 5-3).16,18,23 Awareness of these differ-
ences is critical to proper interpretation of laboratory 
studies obtained during evaluation of neonatal thrombo-
sis. Most coagulation inhibitors reach the adult range of 
activity by 6 months of age.

As reviewed in Chapter 26, at least three mecha-
nisms/pathways exist for inhibition of procoagulant activ-
ity: (1) cleavage of factors V and VIII by the protein C/S 
system; (2) direct inhibition of thrombin by antithrombin 
III (ATIII), heparin cofactor, and α2-macroglobulin; and 
(3) inhibition of factor VIIa by the tissue factor pathway 
inhibitor (TFPI)/factor Xa complex. When thrombin 
binds to thrombomodulin on endothelial surfaces, it no 
longer cleaves fi brinogen but activates protein C. Acti-
vated protein C, in complex with protein S, proteolyti-
cally inactivates factors V and VIII. At birth, plasma 
concentrations of protein C are quite low and remain 
decreased during the fi rst 6 months of life.17,19,23 Neo-
nates also have about a twofold higher amount of the 
single-chain form of protein C than adults do and may 

Fibrinolytic
system

Anticoagulant
factors

Procoagulant
factors

von Willebrand
factor

Platelets

0 5 10 15 20 25 30 35 40 6 mo
post birth

Gestational age (wk)

Megakaryocytes
first detectable

in liver and spleen
(10 wk)

vWF synthesis
first detectable

in placenta
(4 wk)

Factors VII, VIII, IX, X,
fibrinogen expression
detectable in fetal liver

(5 wk)

Protein C expression
detectable in fetal liver

(5 wk)

Plasma levels of
all anti-coagulant

proteins detectable
(by 19–23 wk)

Most anti-coagulant
proteins reach normal
adult ranges of activity

(6 mo)

Fibrinolytic activity
of plasma
detectable

(11 wk)

Unique fetal
glycoform of
plasminogen

present

D-dimers markedly
elevated (at least
3 days after birth)

Plasma fibrinogen
(unique fetal glycoform)

reach 100 mg/mL
(11–12 wk)

Measurable levels
of all coagulation
factors in plasma

(by 21 wk)

Most coagulation
factors reach normal

adult ranges of activity
(6 mo)

vWF synthesis
first detectable
in bone marrow

(4–8 wk)

ULvWF multimer
forms found
in circulation

vWF multimers
decrease to normal

adult size range
(by 8 wk post birth)

Circulating
platelets first
detectable

(11 wk)

Platelet count
reaches adult range
(150–450 × 109/L)

(18 wk)

Mild platelet
hyporesponsiveness

resolves
(2–9 days post birth)

FIGURE 5-1. Development of the hemostasis system in human embryos and newborns. Reported detection or other key developmental changes 
that occur in the different components of the hemostatic system during gestation and the fi rst 6 months of postnatal life are presented in this 
schematic timeline. ULVWF, ultralarge von Willebrand factor multimers. (Adapted from Manco-Johnson MJ. Development of hemostasis in the fetus. 
Thromb Res. 2005;115[Suppl 1]:55-63.)

Text continues on p. 155.
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TABLE 5-2 Reference Values for Coagulation Tests in Healthy Full-Term Infants during the First 6 Months of Life with the ACL Analyzer

From Andrew M, Paes B, Milner R, et al: Development of the human coagulation system in the full-term infant. Blood. 1987;70:165-172.
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TABLE 5-3 Reference Values for Coagulation Tests in Healthy Full-Term Infants and Children with the STA Analyzer

Day 1 Day 3 1 Month-1 Year 1-5 Years 6-10 Years 11-16 Years Adults

COAGULATION TESTS
APTT (sec)*  38.7 (34.3-44.8)†  36.3 (29.5-42.2)†  39.3 (35.1-46.3)†  37.7 (33.6-43.8)†  37.3 (31.8-43.7)†  39.5 (33.9-46.1)†  33.2 (28.6-38.2)
PT (sec)‡  15.6 (14.4-16.4)†  14.9 (13.5-16.4)†  13.1 (11.5-15.3)  13.3 (12.1-14.5)†  13.4 (11.7-15.1)†  13.8 (12.7-16.1)†  13.0 (11.5-14.5)
INR  1.26 (1.15-1.35)†  1.20 (1.05-1.35)†  1.00 (0.86-1.22)  1.03 (0.92-1.14)†  1.04 (0.87-1.20)†  1.08 (0.97-1.30)†  1.00 (0.80-1.20)
Fibrinogen (g/L)  2.80 (1.92-3.74)  3.30 (2.83-4.01)  2.42 (0.82-3.83)†  2.82 (1.62-4.01)†  3.04 (1.99-4.09)  3.15 (2.12-4.33)  3.10 (1.9-4.3)

COAGULATION FACTORS
Factor II (%)  54 (41-69)†  62 (50-73)†  90 (62-103)†  89 (70-109)†  89 (67-110)†  90 (61-107)† 110 (78-138)
Factor V (%)  81 (64-103)† 122 (92-154) 113 (94-141)  97 (67-127)†  99 (56-141)†  89 (67-141)† 118 (78-152)
Factor VII (%)  70 (52-88)†  86 (67-107)† 128 (83-160) 111 (72-150)† 113 (70-156)† 118 (69-200) 129 (61-199)
Factor VIII (%) 182 (105-329) 159 (83-274)  94 (54-145)† 110 (36-185)† 117 (52-182)† 120 (59-200)† 160 (52-290)
Factor IX (%)  48 (35-56)†  72 (44-97)†  71 (43-121)†  85 (44-127)†  96 (48-145)† 111 (64-216)† 130 (59-254)
Factor X (%)  55 (46-67)†  60 (46-75)†  95 (77-122)†  98 (72-125)†  97 (68-125)†  91 (53-122)† 124 (96-171)
Factor XI (%)  30 (7-41)†  57 (24-79)†  89 (62-125)† 113 (65-162) 113 (65-162) 111 (65-139) 112 (67-196)
Factor XII (%)  58 (43-80)†  53 (14-80)†  79 (20-135)†  85 (36-135)†  81 (26-137)†  75 (14-117)† 115 (35-207)

COAGULATION INHIBITORS
ATIII (%)  76 (58-90)†  74 (60-89)† 109 (72-134)† 116 (101-131)† 114 (95-134)† 111 (96-126)†  96 (66-124)
Protein C, 
chromogenic 
(%)

 36 (24-44)†  44 (28-54)†  71 (31-112)†  96 (65-127)† 100 (71-129)  94 (66-118)† 104 (74-164)

Protein C, 
clotting (%)

 32 (24-40)†  33 (24-51)†  77 (28-124)†  94 (50-134)†  94 (64-125)†  88 (59-112)† 103 (54-166)

Protein S, 
clotting (%)

 36 (28-47)†  49 (33-67)† 102 (29-162)† 101 (67-136)† 109 (64-154)† 103 (65-140)†  75 (54-103)

Values represent means. Boundaries including 95% of the population are shown in parentheses. All infants received 1 mg vitamin K intramuscularly at the time of birth.
*STA-PTT-A reagent used.
†Denotes values that are signifi cantly different from adult values (P < .05).
‡Neoplastine Cl reagent used.
APTT, activated partial thromboplastin time; ATIII, antithrombin III; INR, international normalized ratio; PT, prothrombin time.
Reproduced with permission from Monagle P, Barnes C, Ignjatovic V, et al. Developmental haemostasis. Impact for clinical haemostasis laboratories. Thromb Haemost. 2006;95:362-372.
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TABLE 5-4 Reference Values for Coagulation Tests in Healthy Premature Infants (30 to 36 Weeks’ Gestation) during the First 6 Months of Life

From Andrew M, Paes B, Milner R, et al: Development of the human coagulation system in the healthy premature infant. Blood. 1988;72:1651-1657.



 Chapter 5 • Developmental Hemostasis: Relevance to Newborns and Infants 153

TABLE 5-5 Reference Values for Coagulation Tests in Healthy Children (Aged 1 to 16 Years) and Adults

From Andrew M, Vegh P, Johnston M, et al: Maturation of the hemostatic system during childhood. Blood. 1992;80:1998-2005.

TABLE 5-6 Blood Coagulation Inhibitor Levels in Fetuses, Full-Term Infants, and Adults

From Reverdiau-Moalic P, Delahousse B, Body G, et al: Evolution of blood coagulation activators and inhibitors in the healthy human fetus. Blood. 
1996;88:900-906.
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TABLE 5-7 Reference Values for Inhibitors of Coagulation in Infants during the First 6 Months of Life

Inhibitor Levels Day 1 Day 5 Day 30 Day 90 Day 180 Adult

HEALTHY FULL-TERM INFANTS
AT (U/mL) 0.63 (0.39-0.87) 0.67 (0.41-0.93) 0.78 (0.48-1.08) 0.97 (0.73-1.21)* 1.04 (0.84-1.24)* 1.05 (0.79-1.31)
α2M (U/mL) 1.39 (0.95-1.83) 1.48 (0.98-1.98) 1.50 (1.06-1.94) 1.76 (1.26-2.26) 1.91 (1.49-2.33) 0.86 (0.52-1.20)
C1E-INH (U/mL) 0.72 (0.36-1.08) 0.90 (0.60-1.20)* 0.89 (0.47-1.31) 1.15 (0.71-1.59) 1.41 (0.89-1.93) 1.01 (0.71-1.31)
α1AT (U/mL) 0.93 (0.49-1.37)* 0.89 (0.49-1.29)* 0.62 (0.36-0.88) 0.72 (0.42-1.02) 0.77 (0.47-1.07) 0.93 (0.55-1.31)
HCII (U/mL) 0.43 (0.10-0.93) 0.48 (0.00-0.96) 0.47 (0.10-0.87) 0.72 (0.10-1.46) 1.20 (0.50-1.90) 0.96 (0.66-1.26)
Protein C (U/mL) 0.35 (0.17-0.53) 0.42 (0.20-0.64) 0.43 (0.21-0.65) 0.54 (0.28-0.80) 0.59 (0.37-0.81) 0.96 (0.64-1.28)
Protein S (U/mL) 0.36 (0.12-0.60) 0.50 (0.22-0.78) 0.63 (0.33-0.93) 0.86 (0.54-1.18)* 0.87 (0.55-1.19)* 0.92 (0.60-1.24)

HEALTHY PREMATURE INFANTS (30-36 WEEKS’ GESTATION)
AT (U/mL) 0.38 (0.14-0.62)† 0.56 (0.30-0.82) 0.59 (0.37-0.81)† 0.83 (0.45-1.21)† 0.90 (0.52-1.28)† 1.05 (0.79-1.31)
α2M (U/mL) 1.10 (0.56-1.82)† 1.25 (0.71-1.77) 1.38 (0.72-2.04) 1.80 (1.20-2.66) 2.09 (1.10-3.21) 0.86 (0.52-1.20)
C1E-NH (U/mL) 0.65 (0.31-0.99) 0.83 (0.45-1.21) 0.74 (0.40-1.24)† 1.14 (0.60-1.68)* 1.40 (0.96-2.04) 1.01 (0.71-1.31)
α1AT (U/mL) 0.90 (0.36-1.44)* 0.94 (0.42-1.46)* 0.76 (0.38-1.12)† 0.81 (0.49-1.13)*† 0.82 (0.48-1.16)* 0.93 (0.55-1.31)
HCII (U/mL) 0.32 (0.10-0.60)† 0.34 (0.10-0.69) 0.43 (0.15-0.71) 0.61 (0.20-1.11) 0.89 (0.45-1.40)*† 0.96 (0.66-1.26)
Protein C (U/mL) 0.28 (0.12-0.44)† 0.31 (0.11-0.51) 0.37 (0.15-0.59)† 0.45 (0.23-0.67)† 0.57 (0.31-0.83) 0.96 (0.64-1.28)
Protein S (U/mL) 0.26 (0.14-0.38)† 0.37 (0.13-0.61) 0.56 (0.22-0.90) 0.76 (0.40-1.12)† 0.82 (0.44-1.20) 0.92 (0.60-1.24)

All values are expressed in units per milliliter, with pooled plasma containing 1.0 U/mL. All values are given as means followed by the lower and upper boundary encompassing 95% of the population. Between 40 and 75 
samples were assayed for each value in newborns. Some measurements were skewed because of a disproportionate number of high values. The lower limits exclude the lower 2.5% of the population.

α1AT, α1-antitrypsin; α2M, α2-macroglobulin; AT, antithrombin; C1E-INH, C1 esterase inhibitor; HCII, heparin cofactor II.
*Values indistinguishable from those of adults.
†Values different from those of full-term infants.
From Andrew M, Paes B, Johnston M: Development of the hemostatic system in the neonate and young infant. Am J Pediatr Hematol Oncol. 1990;12:95-104.
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exhibit increased protein C glycosylation. Despite these 
alterations, there is no evidence that protein C from 
neonates differs functionally from that of adults when 
compared at equivalent concentrations.24,25

In adults, protein S circulates in either a free form 
or bound to the carrier protein C4b binding protein. In 
fetuses and neonates, circulating protein S is almost 
entirely of the free type because levels of C4b binding 
protein are extremely low.26,27 Thus, the protein S activ-
ity-to-antigen ratio is greater for fetuses and neonates 
than for adults. Nonetheless, both total and free protein 
S levels are lower in fetuses and neonates. They rise 
gradually after birth, with the adult range of free protein 
S reached by 4 months and total protein S by about 10 
months.1 The interaction of protein S with activated 
protein C in the plasma of newborns may be modulated 
by increased levels of α2-macroglobulin.28

Healthy full-term newborns have lower func -
tional ATIII levels than adults do, with an average of 
0.55 U/mL based on several studies.12,13,18,29-32 This is 
most likely due to a reduced amount of absolute ATIII 
protein inasmuch as most studies have found no signifi -
cant difference in the antigen-to–functional activity ratio, 
immunoelectrophoresis, or chromatographic properties 
of purifi ed ATIII from neonates and adults.12,29,32,33 
The reduced ATIII levels in neonates probably account, 
at least in part, for the relative heparin resistance seen 
in this age group. ATIII levels typically reach the 
adult range by 3 months of age in full-term healthy 
infants. Preterm infants with respiratory distress syn-
drome (RDS) have signifi cantly lower levels of ATIII, 
typically less than 0.2 U/mL, and the ATIII present often 
has additional dysfunctional properties.29,34-37 Lower 
ATIII levels correlate with increased catheter-related 
thrombosis, intracranial hemorrhage (ICH), and 
mortality.

Like ATIII, levels of heparin cofactor II are also 
substantially lower in infants than adults.38 A circulating 
fetal dermatan sulfate proteoglycan has been described 
that has natural anticoagulant properties mediated 
through heparin cofactor II.39 This fetal anticoagulant is 
also present in the plasma of pregnant women and is 
produced by the placenta. The length of time that it cir-
culates in newborns is not known; however, it is still 
present during the fi rst week of life in sick premature 
infants with RDS.

α2-Macroglobulin is a more important inhibitor of 
thrombin in plasma from newborns than in adults.40 It 
compensates, in part, for the low levels of ATIII and 
heparin cofactor in newborns, even in the presence of 
endothelial cell surfaces.40,41 However, the overall rate of 
thrombin inhibition is still lower in newborns than 
adults.40

TFPI binds to factor VIIa/tissue factor complexes in 
a factor Xa calcium-dependent reaction that results in 
the inhibition of factor VIIa. After generation of small 
amounts of thrombin, TFPI prevents further generation 
of thrombin via tissue factor/factor VIIa. TFPI levels in 

cord plasma have been reported to be approximately 
50% of adult values.42

Vitamin K–Dependent Factors

Factors II, VII, IX, and X and proteins C, S, and Z 
undergo vitamin K (VK)-dependent post-translational 
γ-carboxylation of certain glutamic acid residues (see 
Chapter 26). Typically, 9 to 12 glutamic acid residues, 
often clustered within a 45–amino acid region referred 
to as a “Gla” domain, are modifi ed.22,43 γ-Carboxylation 
of glutamic acids enhances calcium-dependent phospho-
lipid interactions of the coagulation factors and helps 
catalyze the coagulation cascade. Because of the associa-
tion of relative VK defi ciency and hemorrhagic disease of 
the newborn (HDN; see detailed description later), 
development of these VK-dependent factors in utero has 
been the focus of considerable research. During gesta-
tion, a steep gradient of VK concentration is maintained 
across the placenta, with fetal levels being 10% or less of 
maternal levels.22,44-49 This gradient is even further 
enhanced during the third trimester.45 Consequently, VK 
stores in newborns are low, as shown by low levels of VK 
in the cord blood and liver of aborted fetuses.44,47,50 The 
teleologic explanation for maintenance of low fetal VK 
levels is not known. However, VK has been shown to 
promote DNA mutagenesis in vivo. For this reason, 
several investigators have suggested that maintenance of 
low fetal VK levels might be a mechanism to prevent 
chromosomal damage during the rapid cellular prolifera-
tion of embryogenesis.51-53 In addition to these low VK 
levels, defi ciency of VK reductase activity (a rate-limiting 
step in the reaction) as a result of immaturity of the 
hepatocyte may contribute to ineffi cient γ-carboxylation 
of coagulation factors.22 In fact, undercarboxylated pro-
thrombin and protein C have been detected in up to 7% 
and 27% of the cord and peripheral blood of healthy 
term infants, respectively, and these levels correlate with 
gestational age.54,55 Even when corrected for this relative 
VK defi ciency, levels of VK-dependent factors are still 
considerably lower than the normal adult range because 
the values presented in Tables 5-1 to 5-4, 5-6, and 5-7 
were measured in infants who received VK prophylaxis 
at birth.

VK-dependent glutamic acid carboxylation also 
occurs on proteins outside the coagulation system, many 
of which play roles in development. Such proteins include 
Gas-6, the ligand for the receptor kinases Sky and Axl; 
the bone growth– and calcifi cation-related factors osteo-
calcin and matrix Gla protein; the urine calcium binding 
protein nephrocalcin; and PRPG1 and PRPG2, two 
proline-rich predicted signaling proteins expressed in 
the central nervous system (CNS) and endocrine 
tissues.43,55,56,57 Thus, VK is predicted to have pleiotropic 
effects on development.

Although VK is maintained at low levels in the fetus, 
further defi ciency of VK during gestation can reduce 
functional levels of the VK-dependent coagulation factors 
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to an even greater extent. Maternal use of certain anti-
convulsant medications, including phenytoin, phenobar-
bital, valproic acid, and carbamazepine, is associated with 
an increased risk of VK defi ciency in the fetus and 
neonate.22,58 Fetal or neonatal bleeding has been linked 
to maternal use of these medications on rare occasion. 
Fetal VK defi ciency can be prevented in such cases by 
antenatal oral administration of 10 mg of VK1 daily to 
the mother beginning at 36 weeks’ gestation.59

Warfarin is a potent VK antagonist commonly used 
for long-term anticoagulation. It crosses the placenta and 
inhibits VK-dependent carboxylation in the fetus. Its use 
during pregnancy at 6 to 12 weeks of gestation is associ-
ated with an embryopathy syndrome consisting of limb 
deformities, nasal hypoplasia, ophthalmologic malforma-
tions, mental retardation, hypotonia, and ear abnormali-
ties.60 Warfarin exposure during the second or third 
trimester is associated with fetal wastage and CNS anom-
alies. The developmental defects related to warfarin use 
during pregnancy are thought to be due to bleeding into 
the developing limb buds or effects on bone and cartilage 
growth from inhibition of bone-associated Gla proteins, 
or both.

The Fetal and Neonatal Fibrinolytic System

The enzyme plasmin degrades polymerized fi brin and is 
responsible for clot dissolution. It is generated from its 
precursor plasminogen by two known activators, tissue 
plasminogen activator (tPA) and urokinase plasminogen 
activator (uPA). These activators, in turn, are inhibited 

by the plasminogen activator inhibitors PAI-1 and PAI-2. 
In addition, plasmin itself is inhibited by the circulating 
blood protein α2-antiplasmin. See Chapter 27 for more 
detailed description of the fi brinolytic system. In new-
borns, plasminogen levels are only 50% of adult values, 
α2-antiplasmin levels are 80% of adult values, and plasma 
concentrations of PAI-1 and tPA are signifi cantly greater 
than adult values (Table 5-8).17,19,23,61-64 The increased 
levels of tPA and PAI-1 found on day 1 of life contrast 
markedly with values obtained from cord blood, which 
are signifi cantly lower than adult levels. The discrepancy 
between newborn and cord plasma concentrations of tPA 
and PAI-1 may be explained by the enhanced release of 
both proteins from the endothelium shortly after birth. 
PAI-2 levels are detectable in cord blood but are signifi -
cantly lower than they are in pregnant women.65 Unique 
glycoforms of plasminogen with an increased content of 
mannose and sialic acid exist in the fetus.66-68 This fetal 
form of plasminogen is less effi ciently converted to 
plasmin by tPA than adult plasminogen is.66 No signifi -
cant differences exist in activation kinetics by uPA.66

D-Dimers

D-dimers are the breakdown product of fi brin mesh 
cross-linked by factor XIII. Neonates have markedly 
elevated D-dimer levels in comparison to older children 
and adults that persist for at least 3 days after birth (Table 
5-9).18 These high levels suggest activation of the coagu-
lation system at birth, decreased clearance of D-dimers 
in neonates, or both.

TABLE 5-8 Reference Values for Components of the Fibrinolytic System during the First 6 Months of Life

Fibrinolytic 
System Day 1 Day 5 Day 30 Day 90 Day 180 Adult

HEALTHY FULL-TERM INFANTS
Plasminogen 
(U/mL)

1.95 (1.25-2.65) 2.17 (1.41-2.93) 1.98 (1.26-2.70) 2.48 (1.74-3.22) 3.01 (2.21-3.81) 3.36 (2.48-4.24)

tPA 
(ng/mL)

9.6 (5.0-18.9) 5.6 (4.0-10.0)* 4.1 (1.0-6.0)* 2.1 (1.0-5.0)* 2.8 (1.0-6.0)* 4.9 (1.4-8.4)

α2AP 
(U/mL)

0.85 (0.55-1.15) 1.00 (0.70-1.30)* 1.00 (0.76-1.24)* 1.08 (0.76-1.40)* 1.11 (0.83-1.39)* 1.02 (0.68-1.36)

PAI-1 
(U/mL)

6.4 (2.0-15.1) 2.3 (0.0-8.1)* 3.4 (0.0-8.8)* 7.2 (1.0-15.3) 8.1 (6.0-13.0) 3.6 (0.0-11.0)

HEALTHY PREMATURE INFANTS (30-36 WEEKS’ GESTATION)
Plasminogen 
(U/mL)

1.70 (1.12-2.48)† 1.91 (1.21-2.61)† 1.81 (1.09-2.53) 2.38 (1.58-3.18) 2.75 (1.91-3.59)† 3.36 (2.48-4.24)

tPA 
(ng/mL)

8.48 (3.00-16.70) 3.97 (2.00-6.93)* 4.13 (2.00-7.79)* 3.31 (2.00-5.07)* 3.48 (2.00-5.85)* 4.96 (1.46-8.46)

α2AP 
(U/mL)

0.78 (0.40-1.16) 0.81 (0.49-1.13)† 0.89 (0.55-1.23)† 1.06 (0.64-1.48)* 1.15 (0.77-1.53) 1.02 (0.68-1.36)

PAI-1 
(U/mL)

5.4 (0.0-12.2)*† 2.5 (0.0-7.1)* 4.3 (0.0-10.9)* 4.8 (1.0-11.8)*† 4.9 (1.0-10.2)*† 3.6 (0.0-11.0)

Plasminogen units are those recommended by the Committee on Thrombolytic Agents. Values for tPA are given as nanograms per milliliter. For α2AP, values are expressed 
as units per milliliter, with pooled plasma containing 1.0 U/mL. Values for PAI-1 are given as units per milliliter, with 1 unit of PAI-1 activity being defi ned as the amount of PAI-1 
that inhibits the 1 IU of human single-chain tPA. All values are given as means followed by the lower and upper boundaries encompassing 95% of the population.

*Values indistinguishable from those of adults.
†Values different from those of full-term infants.
α2AP, α2-antiplasmin; PAI-1, plasminogen activator inhibitor 1; tPA, tissue plasminogen activator.
From Andrew M, Paes B, Johnston M: Development of the hemostatic system in the neonate and young infant. Am J Pediatr Hematol Oncol. 1990;12:95-104.
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von Willebrand Factor

von Willebrand factor (VWF) is a large protein that medi-
ates adhesion of platelets to exposed subendothelium and 
is involved in platelet aggregation (see Chapter 30). Its 
synthesis can fi rst be detected as early as 4 weeks of ges-
tation in placental endothelial cells and by 4 to 8 weeks 
in bone marrow.22,69,70 In contrast to other coagulation 
factors, VWF functional levels are considerably elevated 
in neonates in comparison to the normal adult range (see 
Tables 5-2 and 5-5). They gradually decline to the normal 
adult range by about 3 to 6 months. It is important to 
keep these physiologically elevated levels in mind when 
using VWF as a marker of infl ammation in infants.

VWF is released from endothelial cells and mega-
karyocytes as large multimers with molecular weights in 
the millions-of-dalton range. They are then cleaved into 
smaller multimers by the metalloproteinase ADAMTS-
13. Unusually large VWF (ULVWF) multimers are VWF 
multimer forms larger than those found in normal plasma. 
These ULVWF multimers are 10 to 20 times more active 
in shear stress–induced platelet aggregation and bind 
more avidly to the extracellular matrix of fi broblasts than 
do the VWF multimer forms found in normal plasma.71,72 
In older children and adults, the presence of ULVWF 
plasma forms is the hallmark of thrombotic thrombocy-
topenic purpura, a microangiopathic disorder. It is due 
to defi ciency, acquired or congenital, of ADAMTS-13. 
ULVWF forms are consistently found in platelet-poor 
plasma (PPP) from fetuses less than 35 weeks’ estimated 
gestational age (EGA) and most fetuses older than 35 
weeks’ EGA, as well as in umbilical cord blood.73,74 These 
forms are not seen in simultaneously sampled maternal 
PPP, thus indicating that the ULVWF forms are fetal 
specifi c. The ULVWF in fetal PPP is similar to the VWF 
directly released from endothelial cells. This similarity 
may be explained by the recent fi nding of low VWF cleav-
ing protease (ADAMTS-13) activity in many neo-
nates.75,76 Serial monitoring of PPP from neonates shows 
a gradual reduction in ULVWF to the normal size range 
within 8 weeks after birth.74 The presence of ULVWF 
during fetal development is probably physiologically rel-
evant because plasma derived from umbilical cord blood 
shows increased shear stress– and ristocetin-induced 

VWF platelet-binding activity in comparison to plasma 
derived from adults, even when adult platelets are used 
in the assay.77 The enhanced hemostatic effi cacy of 
ULVWF may therefore balance the low functional levels 
of other coagulation factors to achieve reliable hemostasis 
in the fetus and newborn.

Platelets

Megakaryocytes during Fetal Development

In humans, megakaryocytes are fi rst detectable in the 
liver and spleen by 10 weeks of gestation.78 By 30 weeks, 
megakaryocytes are present in bone marrow and actively 
contributing to thrombopoiesis. Circulating megakaryo-
cyte progenitors are detectable in the blood of neonates, 
and their number decreases as a function of postconcep-
tional age (gestational age + days of life).79

Several pieces of evidence suggest that fetal liver 
megakaryocytes have unique features when compared 
with adult bone marrow–derived megakaryocytes. Mega-
karyocytes that develop from murine neonatal liver pro-
genitors after transplantation into myeloablated mouse 
recipients are smaller and have lower ploidy levels than 
do those derived from transplanted adult bone marrow.80 
These differences disappear by 1 month after transplan-
tation. In addition, several congenital disorders of mega-
karyopoiesis in humans, such as Down syndrome–transient 
myeloproliferative disorder (DS-TMD) and thrombocy-
topenia with absent radii (TAR), resolve spontaneously 
after the newborn period, thus suggesting specifi c effects 
on fetal megakaryopoiesis. In support of this hypothesis, 
experiments in mice show stage-specifi c effects of a muta-
tion in the transcription factor GATA-1 associated with 
DS-TMD and Down syndrome–acute megakaryoblastic 
leukemia (DS-AMKL) that affect fetal liver megakaryo-
poiesis but not adult bone marrow megakaryopoiesis.81 
It has been proposed that stage-specifi c differences in 
megakaryopoiesis may account for the delayed platelet 
engraftment in humans often observed when umbilical 
cord blood is used as a source of hematopoietic stem cells 
rather than bone marrow or peripheral blood mobilized 
stem cells.80 The potential differences between fetal liver 
and adult bone marrow megakaryocytes could be due to 

TABLE 5-9 D-Dimer Reference Values for Neonates and Children

AGE

Day 1 Day 3 1 Month-1 Year 1-5 Years 6-10 Years 11-16 Years Adults

D-dimers 
(μg/mL)

1.47 (0.41-2.47)* 1.34 (0.58-2.74)* 0.22 (0.11-0.42) 0.25 (0.09-0.53)* 0.26 (0.10-0.56)* 0.27 (0.16-0.39)* 0.18 (0.05-0.42)

n = 20
(10F/10M)

n = 23
(12F/11M)

n = 20
(7F/13M)

n = 40
(19F/21M)

n = 39
(12F/27M)

n = 21
(6F/15M)

n = 32
(19F/13M)

Mean and boundaries including 95% of the population of D-dimer (mg/mL) concentrations are shown. Measurements were made with the Liatest D-Di test kit (Diagnostica Stago, France).
*Denotes values that are signifi cantly different from adult values (P < .05).
Reproduced with permission from Monagle P, Barnes C, Ignjatovic V, et al. Developmental haemostasis. Impact for clinical haemostasis laboratories. Thromb Haemost. 2006;95:362-372.
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intrinsic differences in the progenitors themselves or their 
interactions with different microenvironments, or both.

Platelet Number, Size, and Survival 
during Development

In humans, circulating platelets are fi rst detected by 11 
weeks’ gestational age.78 Thereafter, the plasma platelet 
concentration rises rapidly and reaches the adult range 
of 150 to 450 × 109/L by about 18 weeks of gesta-
tion.22,23,62,78,82-88 During the earliest phase of platelet pro-
duction, mean platelet volume (MPV) is larger than the 
adult range.22 However, platelet volume “normalizes” 
soon thereafter and reaches the adult range of 7 to 
9 fL.89,90 It is possible that the larger platelets arise from 
a unique wave of “primitive” megakaryopoiesis that 
occurs early in gestation, as demonstrated in several 
mouse studies,91,92 but this mechanism remains to be 
determined in humans. Platelet survival has not been 
measured in healthy infants. In rabbits, survival of 111In 
oxine–labeled platelets is similar in adult and newborn 
rabbits.93 However, in humans, levels of reticulated plate-
lets, which represent those recently released from mega-
karyocytes, are elevated about 20-fold in comparison to 
adults.94 Concentrations of thrombopoietin (TPO), the 
major cytokine for megakaryocyte progenitor prolifera-
tion and development, are increased about twofold in 
fetal versus adult plasma.95 These fi ndings suggest possi-

ble increased platelet turnover in human fetuses versus 
adults.

Platelet Structure

Peripheral blood platelets from newborns contain similar 
numbers of platelet-specifi c granules as platelets from 
older children and adults; however, serotonin and ade-
nosine diphosphate (ADP), which are stored in dense 
granules, are present at concentrations less than 50% of 
adult values.96 Newborn platelets contain normal levels 
of the receptors glycoprotein Ib (GPIb) (part of the VWF 
binding complex), GPIa/IIa, P-selectin, and PlA1. Variable 
levels of GPIIb/IIIa have been reported, with some studies 
indicating signifi cantly reduced expression.97-99 Func-
tional epinephrine receptors are signifi cantly diminished 
in newborn platelets.100

Platelet Function

Platelet aggregometry studies of neonatal and cord blood 
platelets have shown variable results, but most demon-
strate a modest hyporesponsiveness to ADP, epinephrine, 
collagen, and thrombin when compared with platelets 
from older children and adults (Fig. 5-2).101-104 The hypo-
responsiveness spontaneously resolves by 2 to 9 days after 
birth in full-term infants.105 Several explanations have 
been proposed to account for this hyporesponsiveness, 
including impaired calcium channel transport and signal 
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FIGURE 5-2. Effect of thrombin on the surface expression of P-selectin, the glycoprotein (GP) IIb/IIIa complex, and the GPIb/IX complex on 
neonatal and adult platelets in whole blood. Results were similar for cord and neonatal day 1 values. Expression of P-selectin and GPIIb/IIIa com-
plexes was decreased in newborns, whereas GPIb/IX expression was relatively preserved in newborns in comparison to adults after stimulation 
with thrombin. Data are expressed as means ± SEM; N = 20. Asterisks indicate P > .05 for both cord blood and day 1 neonatal platelets in com-
parison to adult platelets. (Redrawn from Rajasekhar D, Kestin AS, Bednarek FJ, et al: Neonatal platelets are less reactive than adult platelets to physiological 
agonists in whole blood. Thromb Haemost 1994;72:957-963.)
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transduction,22,106-108 decreased availability of α-
adrenergic receptors because of either delayed receptor 
maturation or occupation by catecholamines released 
during birth,96,101,102,104,106,109-112 and the presence of inhib-
itory placenta-derived prostaglandins.113

In contrast to the agonists just described, agglutina-
tion in response to low concentrations of ristocetin is 
signifi cantly enhanced in fetal and newborn platelet-rich 
plasma in comparison to that of adults,96 probably partly 
because of high VWF levels and the presence of ULVWF 
forms in newborn plasma.73,74,106,114-116 In the end, the 
hyporesponsiveness to certain platelet agonists and the 
hyperresponsiveness to VWF appear to balance each 
other out inasmuch as most healthy term infants do not 
experience bleeding or thrombotic complications in the 
newborn period.

Platelet Activation during the Birth Process

There is strong evidence that platelets are activated 
during the birth process. Cord plasma levels of throm-
boxane B2, β-thromboglobulin, and platelet factor 4 are 
increased; the granular content of cord platelets is 
decreased; and epinephrine receptor availability is 
reduced, perhaps as a result of occupation.117-120 The 
mechanisms of activation are probably multifactorial and 
include thermal changes, hypoxia, acidosis, adrenergic 
stimulation, and the thrombogenic effects of amniotic 
fl uid.

Blood Vessel Wall: Age and 
Anticoagulant Properties

The endothelium fulfi lls a complex role in hemostasis in 
that it prevents thrombotic complications under physio-
logic conditions and promotes fi brin formation when 
injured. One of the anticoagulant properties of endothe-
lial cell surfaces is mediated by lipoxygenase and cyclo-
oxygenase metabolites of unsaturated fatty acids. 
Prostacyclin (prostaglandin I2 [PGI2]) production by 
cord vessels exceeds that by blood vessels in adults.121 A 
second endothelial cell–mediated antithrombotic prop-
erty is promotion of antithrombin (AT) neutralization of 
thrombin by cell surface proteoglycans. Structurally, 
there is evidence that the vessel wall glycosaminoglycans 
of the young differ from those of adults.122,123 In a rabbit 
venous model, increased amounts of glycosaminoglycans 
are seen in the inferior venae cavae of rabbit pups as 
compared with adults. Similarly, in the rabbit arterial 
model, greater glycosaminoglycan-mediated AT activity 
is seen in rabbit pups than in adult rabbits.124,125

Maternal Preeclampsia and 
Fetal Hemostasis

Preeclampsia is a pregnancy-associated syndrome con-
sisting of maternal hypertension and proteinuria. Altera-

tions in maternal coagulation and fi brinolysis, including 
reduced ATIII and PAI-2 levels and increased tPA 
antigen, PAI-1 antigen, and fi brin degradation product 
levels, have been described in women with preterm pre-
eclampsia.126-130 This suggests a state of enhanced throm-
bin generation and fi brinolysis in the maternal circulation. 
Analysis of cord blood from infants born to mothers with 
preeclampsia shows no statistical difference in the levels 
of these factors versus those of age-matched controls 
born to mothers without preeclampsia, thus indicating a 
probable protective effect of the placenta on the fetal 
circulation.126,131

Summary of Hemostatic Differences 
between Neonates and Older Children 
and Adults

In summary, the salient differences in the hemostatic 
system of neonates and older children or adults are (1) 
decreased plasma concentrations of many of the proco-
agulant proteins, including factors II, VII, IX, X, XI, and 
XII, prekallikrein, and high-molecular weight kininogens; 
(2) a unique fetal glycoform of fi brinogen; (3) decreased 
plasma concentrations of the coagulation inhibitors 
ATIII, heparin cofactor II, TFPI, protein C, and protein 
S, with a concomitant slower rate of thrombin inhibition; 
(4) a unique glycoform of plasminogen that is less effi -
ciently converted to plasmin by tPA; (5) markedly ele-
vated D-dimer levels until at least 3 days after birth; (6) 
increased plasma VWF concentration and elevated levels 
of circulating ULVWF multimers; and (7) modest, tran-
sient hyporesponsiveness of platelets to certain agonists 
such as collagen and epinephrine, but increased aggluti-
nation with low-dose ristocetin. In general, most of these 
differences resolve within the fi rst 6 months of life.

CLINICAL ASPECTS OF DEVELOPMENTAL 
HEMOSTASIS

Hemorrhagic Disorders

Although acquired disorders are more commonly seen, 
severe forms of congenital factor defi ciencies or platelet 
disorders can present in early infancy and should be seri-
ously considered in otherwise healthy infants who are 
bleeding.22,34,62,132-136 Recent studies estimate that about 
15% to 30% of children with inherited bleeding disorders 
have hemorrhage in the neonatal period.137,138 In addi-
tion, a third of new cases of severe hemophilia represent 
new mutations and are therefore not accompanied by any 
antecedent family history.138

Clinical Findings

The clinical manifestations of bleeding disorders are dif-
ferent in newborns than in older children and adults. 
Bleeding may appear as oozing from the umbilicus, 
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bleeding into the scalp, large cephalohematomas, bleed-
ing after circumcision, bleeding from peripheral phle-
botomy sites, and bleeding into the skin. A small but 
important proportion of infants are seen with ICH as the 
fi rst manifestation of their bleeding tendency.136,139-145 
Sick infants can bleed from mucous membranes, the 
bladder, and sites of invasive procedures. Joint bleeding 
is rare. The most common causes of bleeding in healthy 
infants are thrombocytopenia secondary to transplacen-
tal passage of a maternal antiplatelet antibody, sepsis, 
VK defi ciency, and congenital coagulation factor 
defi ciencies.

Laboratory Evaluation

In addition to a workup for sepsis, laboratory evaluation 
of infants with bleeding complications should include 
determination of the prothrombin time (PT), activated 
partial thromboplastin time (APTT), thrombin clotting 
time (TCT), fi brinogen level, and platelet count. As dis-
cussed earlier, results need to be compared with the 
expected range of values for neonates because some may 
not refl ect the normal adult range (see later). Abnormali-
ties in test results usually prompt additional tests, such 
as specifi c factor assays. For a male child in whom hemo-
philia A or B is suspected, specifi c factor assays should 
be performed regardless of the APTT value. The PT, 
APTT, and TCT are not prolonged in those with factor 
XIII and α2-antiplasmin defi ciency. Therefore, levels of 
these factors must be measured directly if defi ciencies are 
suspected.

Sample Collection

Collection of samples for laboratory investigation of 
hemostatic defects in neonates, especially premature 
infants, presents particular challenges because of the 
patient’s small size and increased hematocrit. Specialized 
microcollection tubes (1 mL) should be available in the 
neonatal unit. Blood sampling techniques should avoid 
contamination with intravenous fl uids and heparin and 
should also avoid activating the coagulation system. Slow 
transit time and contact with plastic tubing are most 
likely to cause activation. All neonatal samples should be 
inspected for the presence of fi brin clumps before pro-
cessing, and those containing clumps should not be used 
for analysis. Ideally, the volume of anticoagulant in the 
sample should be based on the volume of plasma, not the 
total volume of blood, because the increased hematocrit 
of neonates causes accentuated dilution of the coagula-
tion factors if not taken into account.1 This is particularly 
important for neonates with very high hematocrit values, 
such as those with cyanotic congenital cardiac disease. 
Overfi lled or underfi lled samples should not be 
analyzed.

Screening Coagulation Tests in Neonates

Screening tests of plasma clotting activity, including the 
PT, APTT, and TCT, are all prolonged during fetal 
development and in neonates when compared with the 

normal adult range (see Tables 5-1 to 5-3), probably 
because of physiologic “defi ciencies” of the VK-
dependent factors, contact factors, and the presence of 
fetal glycoforms of fi brinogen.1 The absolute values for 
these tests, as well as specifi c coagulation factor tests, 
depend on the reagents and analyzer used. Table 5-3 
provides reference ranges recently generated by Monagle 
and co-workers using the STA Compact analyzer and 
Diagnostica Stago reagents, a system currently used in 
many clinical laboratories.18 In contrast to some earlier 
systems, such as the ACL system, the STA Compact 
analyzer is not affected by plasma bilirubin levels. The 
differences observed underscore the need for each clini-
cal laboratory to establish its own normal age-related 
reference ranges.18

Bleeding Time

The bleeding time has traditionally been used as an in 
vivo test of platelet function, particularly for testing adhe-
sion to injured vasculature.114 However, it is subject to 
considerable operator-dependent variability and is not 
routinely used in newborns. Automated devices modifi ed 
for newborns and children are available and have been 
standardized.146 In contrast to the prolonged coagulation 
screening tests, multiple studies have shown that bleeding 
times in infants during the fi rst week of life are signifi -
cantly shorter than those in adults.106,114-116,146 This some-
what paradoxical fi nding can be explained by several 
mechanisms, including higher plasma concentrations of 
VWF,17,19,23 enhanced function of VWF because of a dis-
proportional increase in ULVWF multimers,73,74 large 
red cells,147 and high hematocrits.148

Platelet Functional Analyzer

The Platelet Functional Analyzer 100 (PFA-100) system 
provides an in vitro method of assessing primary platelet-
related hemostasis by measuring the time (closure time) 
required for a platelet plug to occlude a microscopic 
aperture cut into a membrane coated with collagen and 
either epinephrine or ADP. It uses the patient’s own 
platelets and plasma. The PFA-100 system is attractive 
for use in neonates because of the small volume required, 
rapidity of testing, and standardization of testing car-
tridges. Like the bleeding time, most studies of neonates’ 
peripheral or cord blood report PFA-100 closure times, 
for both epinephrine and ADP, that are shorter than 
those for older children and adults (Table 5-10).1,149-152 
This is probably due to similar mechanisms as described 
earlier for the shortened bleeding time.150 Normal 
ranges for premature infants of different postconcep-
tional ages have not been reported. Although the PFA-
100 system may eventually become a standard screening 
test for platelet function in neonates, older children, and 
adults, its clinical utility has not yet been clearly 
established.153 Thus, further studies will be required to 
determine the optimal method of assessing primary 
hemostasis in newborns and children, particularly pre-
mature infants.
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Hereditary Coagulation Factor Defi ciencies

For most hemostatic components, both severe and mild 
forms of defi ciency can occur, with severe defi ciencies 
often characterized by signifi cant bleeding in newborns. 
Chapter 30 and 31 discuss hereditary factor defi ciencies 
in detail.

Inheritance

Defi ciencies of factors II, V, VII, XI, and XII, prekalli-
krein, and high-molecular-weight kininogen are rare 
autosomally inherited disorders, with consanguinity 
present in many families. Defi ciencies of factor XII, 
prekallikrein, and high-molecular-weight kininogen do 
not result in hemorrhagic complications and thus are not 
considered further here. Defi ciencies of factors VIII and 
IX are sex linked and the most common congenital 
bleeding disorders in newborns. Rarely, combined defi -
ciencies of factors II, VII, and IX and/or factors V and 
VIII occur in the neonatal period.154,155 The latter is due 
to mutations in LMAN1 (also called ERGIC-53), a 
mannose-binding type I transmembrane protein, or its 
binding partner MCFD2, which together form a specifi c 
cargo receptor complex in the endoplasmic reticu-
lum.155,156 It is typically inherited in an autosomal 
recessive manner. Tests are available to diagnose most 
congenital factor defi ciencies prenatally so that either 
termination of pregnancy or management of affected 
infants can be planned (see Chapters 30 and 31).

Clinical Findings

In the majority of newborns with congenital coagulation 
factor defi ciencies, bleeding does not occur in the peri-
natal period unless a hemostatic challenge is present. On 
the other hand, unexplained bleeding in an otherwise 
healthy newborn should be carefully investigated because 
it may be due to a congenital coagulation factor 
defi ciency.

ICH is rare in full-term newborns and usually occurs 
either spontaneously or after insults such as birth asphyxia 
or trauma, VK defi ciency, or severe congenital factor 
defi ciencies. Other risk factors include small birth weight, 
young gestational age, and ethnic background.157-165 The 

risk for ICH in children with severe hemophilia A or B 
ranges from 2% to 8%. The location of the ICH is most 
commonly the subarachnoid area, but subdural and 
parenchymal bleeding also occurs. Head ultrasound may 
not detect small parafalcine bleeding, so computed 
tomography (CT) is the preferred modality when defi -
ciency of a coagulation factor is suspected. Some infants 
require surgical intervention, and many have long-term 
neurologic defi cits.

Full-term infants with unexplained ICH should be 
carefully evaluated for congenital or acquired hemostatic 
defects.139,157-165 Unfortunately, the diagnosis of ICH 
may be delayed because of the nonspecifi c nature of the 
early clinical fi ndings, including poor feeding, lethargy, 
apnea, vomiting, and irritability. Further delays can result 
when secondary coagulopathies such as disseminated 
intravascular coagulation (DIC) occur or because of con-
fusion related to the physiologically low levels of some 
coagulation factors in newborns.166,167 The more extreme 
clinical manifestations of ICH are usually recognized 
early and include seizures, meningismus, and a tense 
fontanelle.

Although severe defi ciency of factor VIII is the 
most common cause of ICH from a coagulation factor 
defi ciency, severe congenital defi ciencies of fi brinogen 
and factors II, V, VII, VIII, IX, X, XI, and XIII can 
also cause ICH at birth.168 The incidence of ICH 
in newborns is unknown and is probably changing 
because of improvements in perinatal care. The wide-
spread use of ultrasound, a safe modality for monitoring 
fetuses at risk, has resulted in the detection of ICH in 
utero. In utero factor replacement has also been accom-
plished in several infants.10 Though less common than 
ICH, subgaleal bleeding with concurrent shock and DIC 
may be the initial manifestation of a congenital factor 
defi ciency.169

Diagnosis

In newborns, the diagnosis of many congenital factor 
defi ciencies based on plasma concentrations can be dif-
fi cult because of neonates’ physiologically low levels 
at birth (see Tables 5-2 and 5-3). Mild to moderate 

TABLE 5-10 PFA-100 Closure Time Values from Healthy Cord Blood Samples and Adults

Study CT-Epi (sec): Neonate CT-Epi (sec): Adult CT-ADP (sec): Neonate CT-ADP (sec): Adult

Boudewijns et al.149 108 ± 30 (49-168) 85-65 66 ± 13 (40-92) 72-120
(n = 80) (n = 20) (n = 80) (n = 20)

Roschitz et al.150 75 (50-112) 106 (84-150) 58 (43-98) 83 (64-98)
(n = 70) (n = 25) (n = 70) (n = 25)

Carcao et al.151 81 ± 17 (61-108) 106 ± 21 (82-142) 56 ± 6 (48-65) 85 ± 16 (67-111)
(n = 17) (n = 31) (n = 17) (n = 31)

Israels et al.152 82 ± 27 111 ± 22 60 ± 16 91 ± 17
(n = 31) (n = 21) (n = 31) (n = 21)

ADP, adenosine triphosphate; CT, closure time; Epi, epinephrine.
Adapted from Saxonhouse MA, Sola MC. Platelet function in term and preterm neonates. Clin Perinatol. 2004;31:15-28.
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hereditary defi ciencies of factors II, VII, IX, X, and XI 
result in plasma concentrations that may overlap with the 
normal neonatal range. In contrast, plasma concentra-
tions resulting from either mild to moderate factor VIII 
defi ciency or severe defi ciency of factors V, VII, VIII, IX, 
X, and XIII can easily be distinguished from physiologic 
values. Prenatal diagnosis of most hereditary factor defi -
ciencies is performed by amniocentesis or chorionic villus 
biopsy and is largely confi ned to severe hemophilia A and 
B, although defi ciencies of factors V, VII, and XIII and 
VWF have also been diagnosed prenatally.9,10,170-172

Treatment

In the presence of active bleeding or a planned hemo-
static challenge, the fundamental principle of manage-
ment is to increase the plasma concentration of the 
defi cient coagulation protein to a minimal hemostatic 
level. This target level varies, depending on the protein 
and nature of the hemostatic challenge (see Chapters 30 
and 31). When possible, recombinant protein products 
or detergent-treated pooled donor preparations should 
be used to reduce the risk of infectious complications. 
Most products available for the treatment of older chil-
dren and adults can be used in neonates. Although it has 
not been well studied, the half-lives and volumes of dis-
tribution of recombinant factor VIII (rFVIII) and rFIX 
appear to be similar in full-term newborns and older 
children, so standard initial dosing regimens can be used. 
However, it is critical to monitor trough levels closely and 
make appropriate dose modifi cations to ensure achieve-
ment of the proper target level. There are a few case 
reports of extremely premature infants (<1500 g or <30 
weeks’ EGA) having a slightly shortened half-life of factor 
VIII (about 6 hours versus 8 to 12 hours in full-term 
infants and older children).173,174

Fresh frozen plasma (FFP) should be given for bleed-
ing emergencies in neonates in whom a coagulation 
defect is suspected but a specifi c factor defi ciency has 
not yet been documented. There are case reports 
of a small number of infants (<4 months) treated suc-
cessfully with rFVIIa for catastrophic bleeding of varying 
causes.175 However, rFVIIa treatment of patients without 
congenital factor VII defi ciency or hemophilia with 
high-titer inhibitors should be considered investiga -
tional at this time. Infants with known or suspected 
defi ciencies in coagulation factors should receive vacci-
nations by subcutaneous rather than intramuscular 
route, and arterial puncture should be avoided when 
possible.

Mode of Delivery

The optimal mode of delivery for infants of hemophilia 
carrier mothers has yet to be determined.138 However, 
normal vaginal delivery appears to be generally safe for 
many babies with hemophilia.176 Use of vacuum assis-
tance is associated with an increased risk for signifi cant 
cranial hematomas in newborns with hemophilia and 
should be avoided if possible.138,176

Specifi c Coagulation Factor Defi ciencies

Fibrinogen Defi ciency. Defi ciency of fi brinogen is 
rare. Bleeding secondary to afi brinogenemia has been 
reported in newborns after circumcision or as umbilical 
stump bleeding and soft tissue hemorrhage, with some 
cases being fatal. Reported replacement therapies have 
included whole blood, cryoprecipitate, FFP, and fi brino-
gen concentrates.177-180 One fi brinogen concentrate (Hae-
mocomplettan HS, Centeon/Aventis Behring) is available 
in Europe and North America.

Factor II Defi ciency. Defi ciency of prothrombin is 
very rare. Reported bleeding complications in newborns 
include gastrointestinal bleeding and ICH.181,182 Reviews 
of adult patients have reported bleeding after invasive 
events such as circumcision and venipuncture or as soft 
tissue hematomas.178 Although FFP can be used as initial 
therapy, factor II concentrate or prothrombin com -
plex concentrate (PCC) is the preferred replacement 
product.

Factor V Defi ciency. Bleeding as a result of severe 
factor V defi ciency has been reported in newborns. Clini-
cal manifestation include ICH, subdural hematoma, 
bleeding from the umbilical stump, gastric hemorrhage, 
and soft tissue hemorrhage.183,184 Antenatal intraventricu-
lar hemorrhage was reported in two newborns.185 Replace-
ment therapy included whole blood, FFP, and the local 
application of pressure on sites of bleeding. Although 
thrombotic complications occur in some patients with 
factor V defi ciency, they have not been reported in 
newborns.183-187

Factor VII Defi ciency. Severe factor VII defi ciency 
(factor VII level <1%) usually causes signifi cant bleeding 
equivalent to that seen in patients with severe hemo-
philia. Patients with factor VII levels greater than 5% 
generally have mild hemorrhagic episodes. The most 
commonly reported bleeding complication in newborns 
with congenital factor VII defi ciency is ICH.188-190 In a 
review of 75 patients with factor VII defi ciency, ICH was 
observed in 12 (16%). In 5 (42%) of these 12 patients, 
ICH occurred in the fi rst week of life with a fatal outcome. 
Congenital factor VII defi ciency may occur in infants 
with Dubin-Johnson syndrome189,191 or Gilbert’s syn-
drome192 in certain populations. Bleeding episodes sec-
ondary to factor VII defi ciency can be treated with FFP, 
PCC, purifi ed factor VIIa concentrates, or preferably, 
rFVIIa.175,188-190,193,194 Lower doses of rFVIIa (15 to 
20 μg/kg) than those used for patients with severe hemo-
philia A or B and high-titer inhibitors (90 μg/kg) are 
often suffi cient to control bleeding in patients with factor 
VII defi ciency.195,196 However, this has not been carefully 
defi ned in prospective clinical trials, and the Food and 
Drug Administration (FDA) has not yet approved rFVIIa 
for the treatment of congenital factor VII defi ciency. 
Moreover, dosing has not been optimized for neonates 
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and infants. Caution should be used in combining treat-
ment with rFVIIa and PPC because thrombotic compli-
cations have been reported.

Factor VIII Defi ciency. The severity of factor VIII defi -
ciency is determined by the plasma concentration of 
factor VIII, with a level of less than 1% being severe, 1% 
to 5% being moderate, and 5% to 50% being mild. 
Severe factor VIII defi ciency is the most common inher-
ited bleeding disorder of the neonatal period. In addition, 
a small number of neonates with moderate and mild 
hemophilia are seen after a hemostatic challenge.141,143,197-

199 Large cohort studies have revealed that approximately 
10% of children with hemophilia have clinical symptoms 
in the neonatal period.168 In approximately 50% of factor 
VIII–defi cient children with bleeding in the neonatal 
period, it occurred after circumcision. Almost 20% had 
intracranial bleeding. Death may occur from neonatal 
bleeding. In contrast to older infants and children, bleed-
ing into joints is extremely rare in neonates.200 Severe 
factor VIII defi ciency can, on rare occasion, occur in 
female infants as a result of skewed lyonization and be 
clinically manifested in the neonatal period.201,202 Man-
agement of bleeding secondary to factor VIII defi ciency 
is discussed in detail in Chapter 30.

Factor IX Defi ciency. Classifi cation of the severity of 
factor IX defi ciency is identical to that used for factor 
VIII defi ciency. Diagnosis of milder forms of factor IX 
defi ciency is complicated by physiologic levels of factor 
IX that can be as low as 0.15 U/mL and, in rare infants, 
by the potential for concurrent VK defi ciency. Bleeding 
after circumcision and ICH can occur in neonates with 
factor IX defi ciency.141,143,197,203,204 Management of bleed-
ing secondary to factor IX defi ciency is discussed in 
detail in Chapter 30.

Factor X Defi ciency. Severe factor X defi ciency can 
be manifested as bleeding in the newborn period.205-209 
ICH was present in a high proportion of reported cases, 
several of which were fatal. Additional sites of bleeding 
that have been noted include umbilical, gastrointestinal, 
and intra-abdominal. Whole blood, FFP, factor X con-
centrate, and PCC have been used as replacement 
therapy.

Factor XI Defi ciency. Severe defi ciency of factor XI is 
rare. It is different from other coagulation protein defi -
ciencies in that bleeding symptoms are not necessarily 
tightly correlated with factor plasma concentrations. 
Bleeding complications as a result of severe factor XI 
defi ciency were reported in two newborns. One bled after 
circumcision at the age of 3 days and had a factor XI 
level of 0.07 U/mL. In another newborn, factor XI defi -
ciency with bilateral subdural hemorrhage was diagnosed 
prenatally.210-212 Either FFP or cryoprecipitate can be 
used for the treatment of factor XI–defi cient patients if 
factor XI concentrate is not available.

Factor XIII Defi ciency. Severe factor XIII defi ciency is 
typically manifested at birth as bleeding from the umbili-
cal stump or ICH.142,213-222 Other clinical manifestations 
of homozygous factor XIII defi ciency include delayed 
wound healing, abnormal scar formation, and recurrent 
soft tissue hemorrhage with a tendency to form hemor-
rhagic cysts. ICH occurs even in the absence of trauma 
in approximately a third of all affected patients.138 New-
borns with heterozygous factor XIII defi ciency are not 
clinically affected.

FFP, cryoprecipitate, or factor XIII concentrates can 
be used for the treatment of factor XIII–defi cient patients. 
Newborns with known factor XIII defi ciency should 
receive a prophylactic regimen of factor XIII because of 
the high incidence of ICH. Plasma concentrations of 
factor XIII greater than 1% are effective, and the very 
long half-life of factor XIII permits once-per-month 
therapy. Therefore, prophylactic replacement therapy 
consists of either small doses of FFP (2 to 3 mL/kg) 
administered every 4 to 6 weeks, cryoprecipitate at a dose 
of 1 bag/10 to 20 kg of weight every 3 to 6 weeks, or 
preferably, factor XIII concentrate at a dose of 10 to 
20 U/kg every 4 to 6 weeks, depending on the clinical 
situation and the preinfusion plasma concentration of 
factor XIII.142,213-224

Hereditary Defi ciencies of Multiple Coagulation 
Factors. Hereditary defi ciencies of two or more coagula-
tion proteins have been reported for 16 different combi-
nations of coagulation factors.225 Combined defi ciency of 
factors V and VIII has been described in patients with 
mutations in the genes encoding LMAN1 (also called 
ERGIC-53) and MCFD2.154,156,226,227 Administration of 
FFP is usually the initial therapy. Subsequent treatment 
varies, depending on the specifi c factors affected.

Hemorrhagic Disease of the Newborn

Historical Background

HDN, as fi rst described by Townsend in 1894, consists 
of hemorrhage on days 1 through 5 of life from multiple 
sites in otherwise healthy infants.228 Subsequently, a 
causal link between HDN and abnormal blood coagula-
tion was established.62,229,230 Initial treatment of infants 
with HDN consisted of intravenous, intramuscular, or 
subcutaneous injection of blood or serum. Even at this 
very early time, the diffi culty of separating treatment 
response from spontaneous improvement was recognized. 
Later, a randomized, controlled trial showed that intra-
muscular injection of blood was not helpful in preventing 
the abnormalities in blood coagulation that occurred 
during the fi rst week of life.229 The link between VK defi -
ciency and spontaneous hemorrhage was fi rst recognized 
in chicks in 1929.231 The association between VK defi -
ciency and HDN quickly followed, as subsequently did 
treatment of infants with HDN.62,232-234

The next historical step was recognition of the link 
between decreased prothrombin activity and increased 
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PT on days 2 to 4 of life in the absence of prophylactic 
VK. Prothrombin activity was observed to return to 
normal by days 5 to 7 of life.62,235-238 These observations 
led to the hypothesis that VK administered prophylacti-
cally could prevent HDN.235,236,239-241 There was uniform 
agreement that the prophylactic administration of VK to 
mothers or infants prevented the decrease in prothrom-
bin activity during the fi rst 3 to 4 days of life.62,234,235,239 
On the basis of these studies, VK prophylaxis was widely 
recommended. Subsequently, the scientifi c basis for this 
policy became less clear for several reasons. First, plasma 
concentrations of other coagulation proteins in addition 
to prothrombin were shown to be low in newborns. 
Second, there was increasing recognition that bleeding in 
neonates was often not due to VK defi ciency.62,230,242-244 
Third, administration of high amounts (50 to 70 mg) of 
a water-soluble form of VK resulted in hemolytic anemia 
with kernicterus in some infants.62,245,246 Fourth, many 
clinicians suggested that VK prophylaxis was not needed 
for all healthy full-term infants.244,247-249 Consequently, 
VK prophylaxis was suspended in some countries, and 
recurrence of HDN ensued.62,236,250-261 Most of the con-
troversy concerning prophylactic use of VK can be 
explained by the design of the trials and subsequent 
interpretation of their results. The best evidence comes 
from large randomized, placebo-controlled trials. Such 
trials have consistently shown a statistically signifi cant 
benefi t from VK prophylaxis in terms of clinical bleed-
ing.262-264 No randomized, controlled trials with large 
enough sample size have shown that prophylactic VK 
does not prevent bleeding.

Prophylactic Vitamin K Administration

VK exists in three forms: VK1 (phytonadione), which is 
present in leafy green vegetables; VK2 (menaquinone), 
which is synthesized by intestinal bacterial fl ora; and VK3 
(menadione), which is a synthetic, water-soluble form. 
VK3 is rarely used in newborns because at high doses it 
causes hemolytic anemia, which results in jaundice and 
potential morbidity.62,245,246 The recommendations for VK 
prophylaxis in many countries are reasonably similar.46 
Daily requirements of VK are approximately 1 to 5 μg/kg 
of body weight for newborns.46 Most groups recommend 
a single dose of 0.5 to 1 mg intramuscularly or an oral 
dose of 2 to 4 mg at birth, with subsequent dosing for 
breast-fed infants. Oral VK prophylaxis is preferable to 
parenteral prophylaxis; studies have shown that oral 
administration of VK is as effective, less expensive, and 
less traumatic than intramuscular administration in pre-
venting the classic signs and symptoms of VK defi ciency.46 
However, orally administered VK1 or VK3 is not as effec-
tive as intramuscularly injected VK in the prevention of 
late VK defi ciency. In a 1991 randomized, controlled trial 
in Thailand, infants were given a single 2-mg dose of VK 
orally, 5 mg orally, or 1 mg intramuscularly.265 Although 
mean levels of VK1 were not signifi cantly different in the 
treated infants given the various dosage forms, a trend 
toward higher levels was observed in intramuscularly 

treated infants. Strategies for preventing late VK defi -
ciency include repeat administration of oral VK260,266 or 
continuous low-dose VK supplementation.260 A mixed 
micelle oral VK1 preparation that is readily absorbed has 
been tested in children.46 However, optimal dosing of this 
preparation to prevent late VK defi ciency bleeding 
remains to be determined.267

In addition to general prophylaxis at birth, patients 
in certain risk groups require additional VK prophylaxis 
(e.g., infants with α1-antitrypsin defi ciency, chronic diar-
rhea, cystic fi brosis, or celiac disease). Pregnant women 
receiving oral anticonvulsant therapy should take 10  mg 
of oral VK1 daily beginning at 36 weeks’ gestation for the 
prevention of overt VK defi ciency in their infants at 
birth.59

In 1990, a cohort study aimed at determining peri-
natal risk factors for childhood cancer reported an asso-
ciation between drugs administered in the peripartum 
period (maternal pethidine or neonatal VK) and child-
hood cancer (odds ratio, 2.6).268 A subsequent case-
control study by the same group found no association 
between maternal pethidine and childhood cancer; 
however, they again reported an increased risk of child-
hood cancer after neonatal intramuscular VK administra-
tion (odds ratio, 1.97).269 In contrast, a later large 
case-control study of 2530 children with cancer, one 
ecologic study, and one meta-analysis have shown no 
association between VK administration and childhood 
cancer.270,271 The current consensus of the American 
Academy of Pediatrics Committee on Fetus and Newborn 
is that the risk for increased childhood cancer is probably 
minimal, if any, and the benefi ts of VK prophylaxis in 
terms of reduced bleeding are substantial.272

Bleeding Caused by Vitamin K Defi ciency 
in the Newborn

In the absence of prophylactic VK, the incidence of 
vitamin K–dependent bleeding (VKDB) ranges from 
0.25% to 1.7%.62,262 Infants are at greater risk for hemor-
rhagic complications from VK defi ciency than similarly 
affected adults are because their plasma concentrations 
of VK-dependent factors are physiologically de -
creased.17,19,23,62,261,273 The clinical manifestation of VKDB 
can be classifi ed as classic, early, or late on the basis of 
the timing and type of complications (Table 5-11). Classic 
VKDB initially occurs on days 2 to 7 of life in breast-fed, 
healthy full-term infants.54,62,256,273-276 Causes include 
poor placental transfer of VK,45,47-49 marginal VK content 
in breast milk (<20 μg/L), inadequate milk intake, and a 
sterile gut.62 VKDB rarely occurs in formula-fed infants 
because commercially available formulas are supple-
mented with VK.277,278 How often classic VKDB occurs 
in the absence of VK prophylaxis depends on the popula-
tion studied, the supplemental formula, and the number 
of mothers breast-feeding. Early VKDB develops in the 
fi rst 24 hours of life and is linked to maternal use of 
specifi c medications that interfere with VK stores or func-
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tion, such as some anticonvulsants.279-281 Late VKDB 
occurs between weeks 2 and 8 of life and is linked to 
disorders that compromise ongoing VK supply.282,283

Laboratory Diagnosis of Vitamin K Defi ciency 
in the Newborn

Laboratory tests used to detect VK defi ciency include 
screening coagulation tests, specifi c factor assays, mea-
surement of decarboxylated forms of VK-dependent 
factors, PIVKA (protein induced by VK antagonists) 
assays, and direct measurements of VK levels. The results 
of these tests must always be compared with values for 
age-matched, healthy, non–VK-defi cient infants to dis-
tinguish physiologic and pathologic defi ciencies.55,284

Treatment

An infant suspected of having VK defi ciency should be 
treated immediately with VK while laboratory confi rma-
tion is awaited. All infants with VKDB should be given 
VK either subcutaneously or intravenously, depending on 
the clinical problem. VK should not be given intramus-
cularly to infants with VKDB because large hematomas 
may form at the site of the injection. Absorption of sub-
cutaneously administered VK is rapid, and its effect 
occurs only slightly slower than that of systemically 
administered VK. Intravenous VK should be given slowly 
and with a test dose because it may induce an anaphy-
lactoid reaction. Infants with major bleeding because of 

VK defi ciency should also be treated with plasma prod-
ucts to rapidly increase levels of VK-dependent proteins. 
Plasma is the product of choice for treatment of a non–
life-threatening hemorrhagic event, whereas PCCs should 
be considered for the management of life-threatening 
bleeding.

Liver Disease

The coagulopathies associated with liver disease in 
newborns are similar to those of adults and refl ect 
the failure of hepatic synthetic function. However, in 
newborns this problem may be superimposed on the 
already “physiologic” immaturity of the coagulation 
system, activation of the coagulation and fi brinolytic 
systems, poor clearance of activated coagulation factors, 
and loss of hemostatic proteins into ascitic fl uid.285 
Secondary effects of liver disease on platelet number 
and function also occur in newborns.286,287 Common 
causes of hepatic dysfunction in newborns include 
viral hepatitis, hypoxia, total parenteral nutrition, shock, 
and fetal hydrops. Rare causes include genetic diseases 
such as α1-antitrypsin defi ciency,288 galactosemia,289 and 
tyrosinemia.290

Laboratory abnormalities induced by acute liver 
disease include prolongation of the PT and low plasma 
concentrations of several coagulation proteins, including 
fi brinogen.291,292 However, it is important to compare 
these levels with those of normal age-matched controls 

TABLE 5-11 Forms of Vitamin K Defi ciency Bleeding in Infancy

Parameter Early Form Classic Form Late Form

Age <24 hr 2-7 days 0.5-6 mo
Causes and risk factors Medications during pregnancy Breast-feeding Marginal VK content in 

breast milk resulting from 
low VK intake and 
absorption

 Anticonvulsants Inadequate VK intake Cystic fi brosis
Diarrhea
α1AT defi ciency
Hepatitis
Celiac disease

  Oral anticoagulants (rifampin,
 isoniazid)

  Antibiotics (rarely, idiopathic or
 hereditary)

Localization in order 
of occurrence

ICH
GI
Umbilicus
Intra-abdominal
Cephalhematoma

ICH
GI
Umbilicus
ENT region
Injection sites
Circumcision

ICH (>50%)
GI
Skin
ENT region
Injection sites
Urogenital tract
Intrathoracic

Occurrence without 
VK prophylaxis

Very rare 1.5% (1/10,000 births) 4-10/10,000 births*

Prophylaxis Discontinue or replace offending 
medications

Adequate VK supply
Early and adequate 
breast-feeding

Formula
VK prophylaxis

Adequate VK supply
Adequate breast-feeding
Formula
VK prophylaxis†

Maternal VK prophylaxis

α1AT, α1-antitrypsin; ENT, ear, nose, and throat region; GI, gastrointestinal bleeding; VK, vitamin K.
*More common in Southeast Asia.
†A single intramuscular injection is better than a single oral dose; repeated small doses are closer to physiologic conditions.
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(see Tables 5-1 to 5-3) because some of these factors are 
considerably lower than the adult range. Fibrinogen is 
present at adult levels in newborns and may be a useful 
marker. Chronic liver failure with cirrhosis is also char-
acterized by a coagulopathy and mild thrombocytope-
nia.288-290,293 Secondary VK defi ciency may occur as a 
result of impaired absorption from the small intestine, 
particularly in those with intrahepatic and extrahepatic 
biliary atresia.294 Patients with clinical bleeding may 
benefi t temporarily from replacement of coagulation pro-
teins with FFP, cryoprecipitate, or exchange transfusion. 
However, without recovery of hepatic function, replace-
ment therapy is futile. VK should be administered to 
infants in whom cholestatic liver disease is suspected.

von Willebrand Disease

Although von Willebrand disease (VWD) is the most 
common inherited bleeding disorder, patients with the 
disease are rarely seen in the neonatal period. Plasma 
concentrations of VWF are increased in neonates, as is 
the proportion of ULVWF multimers.73,74 Nonetheless, 
severe defi ciency (type 3) and some qualitative VWF 
disorders (type 2) have been reported in the newborn 
period.295-298 Management of VWD is discussed in detail 
in Chapter 30. Use of arginine vasopressin (DDAVP) in 
the newborn period is contraindicated because of associ-
ated excess free water retention.

Platelet Disorders

Quantitative Platelet Disorders

Healthy full-term infants have platelet counts within the 
normal adult range (150 to 450 × 109/L).62,86 Healthy 
premature infants typically have platelet counts in the low 
end of the normal adult range.62,83,84 The defi nition of 
thrombocytopenia in newborns is the same as that in 
adults: a platelet count less than 150 × 109/L. Studies of 
fetuses between 18 and 30 weeks’ gestation show a stable 
platelet count of approximately 250 × 109/L.2 Conse-
quently, platelet counts less than 150 × 109/L are abnor-
mal and indicate the need for investigation and, sometimes, 
treatment. Mean volumes of platelets in newborns are 
similar to those of adults (range, 7 to 9 fL).86-88 Postna-
tally, MPV increases slightly over the fi rst 2 weeks of life, 
concomitantly with an increase in platelet count.89,90

Epidemiology. Thrombocytopenia is the most 
common hemostatic abnormality in newborns admitted 
to neonatal intensive care units (NICUs).83,85,87,88,299 A 
single prospective cohort study87 and six retrospective 
reviews88,300-304 have provided the most reliable informa-
tion on the occurrence, natural history, mechanisms, and 
clinical impact of thrombocytopenia in newborns. There 
is general agreement that thrombocytopenia indicates the 
presence of an underlying pathologic process; however, 
the clinical relevance of mild thrombocytopenia is 
unknown. Thrombocytopenia develops in approximately 
22% of infants admitted to the NICUs of tertiary hospi-

tals.87 In some infants the thrombocytopenia is trivial, 
with platelet counts between 100 and 150 × 109/L. 
However, in 50% of affected infants, platelet counts 
decrease to less than 100 × 109/L, and in 20% of infants, 
platelet counts are lower than 50 × 109/L.87 What consti-
tutes a safe platelet count in a neonate remains to be 
rigorously determined, but many neonatal units attempt 
to keep the platelet count higher than 50 × 109/L, although 
this fi gure may vary, depending on the postconceptional 
age of the infant and comorbid conditions.

Pathogenesis. Causes of thrombocytopenia in neo-
nates, like those in older children and adults, can be 
divided into disorders involving increased platelet 
destruction, decreased platelet production, or sequestra-
tion (Box 5-1). Although many of these causes overlap 
with those seen in older children and adults, several enti-
ties are unique to neonates or may occur in the newborn 
period and are considered in more detail later. Increased 
platelet destruction is the mechanism responsible for 
thrombocytopenia in most infants.87,305 Characterization 
of mechanisms responsible for thrombocytopenia is 
important because they have practical implications 
in assessing the risk for bleeding and in guiding 
management.

Increased Platelet Destruction. Thrombocytopenia sec-
ondary to increased platelet destruction can be divided 
into immune and nonimmune causes.

IMMUNE THROMBOCYTOPENIA. Immune thrombocy-
topenia is defi ned as an increased rate of platelet clear-
ance caused by platelet-associated immunoglobulin G 
(IgG) or complement. It is the most common form of 
increased platelet destruction in newborns and should 
always be suspected in otherwise healthy infants with 
isolated severe thrombocytopenia. Neonatal immune 
thrombocytopenia can be further broken down into one 
of three processes: transplacental passage of a maternal 
antibody directed against a nonshared platelet antigen 
(termed “alloimmune thrombocytopenia” or sometimes 
“isoimmune thrombocytopenia”), transplacental passage 
of a cross-reactive maternal autoimmune-derived anti-
platelet antibody, or generation of an autoreactive anti-
platelet antibody by the newborn itself (termed 
“autoimmune thrombocytopenia”). The second can be 
distinguished from the other two by examining the mother 
for a low platelet count. Differentiation of autoimmune 
thrombocytopenia from alloimmune thrombocytopenia 
in neonates is critical because the management and sever-
ity of these disorders are quite different. Chapter 33 dis-
cusses these two forms of immune thrombocytopenia 
and their management in detail.

Neonatal Alloimmune Thrombocytopenia. Neonatal 
alloimmune thrombocytopenia (NAIT) is the most 
common cause of immune-mediated thrombocytopenia 
in the newborn period, with an estimated incidence of 
about 1 in 1000 to 5000 live births in white popula-
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Box 5-1 Causes of Thrombocytopenia in Newborns

INCREASED DESTRUCTION OF PLATELETS

Immune Mediated
Neonatal alloimmune thrombocytopenia
Maternal idiopathic thrombocytopenic purpura
Drug-dependent antibody (could be from maternal 

medication use)
Autoimmune thrombocytopenic purpura

Non–Immune Mediated
Pseudothrombocytopenia (platelet clumping) in vitro
Disseminated intravascular coagulation
Asphyxia
Perinatal aspiration
Necrotizing enterocolitis
Hemangiomas (Kasabach-Merritt syndrome)
Neonatal thrombosis
Respiratory distress syndrome
Maternal preeclampsia
Cardiopulmonary bypass (including ECMO)
Familial thrombotic thrombocytopenic purpura

Other
Hyperbilirubinemia
Phototherapy
Polycythemia
Rh hemolytic disease
Total parenteral nutrition

DECREASED PRODUCTION OF PLATELETS

Acquired
Viral infection (e.g., HIV, CMV, Rubella, HHV-6)
Congenital leukemia
Down syndrome–transient myeloproliferative disorder 

(DS-TMD)
Neuroblastoma

Histiocytosis
Osteopetrosis

Inherited
Disorders associated with small platelets
 Wiskott-Aldrich syndrome (WAS)
 X-linked thrombocytopenia (associated with WASP)
Disorders associated with normal-sized platelets
 Thrombocyopenia with absent radii (TAR)
 Amegakaryocytic thrombocytopenia with radioulnar

 synostosis
 Congenital amegakaryocytic thrombocytopenia

 (CAMT)
 Familial platelet disorder with a propensity for the

 development of AML (FPD/AML)
Disorders associated with large platelets
 X-linked macrothrombocytopenia with or without

 anemia (GATA-1 mutations)
 MYH9-related disorders (May-Hegglin anomaly;

 Sebastian’s, Fechtner’s, and Epstein’s syndromes)
 Bernard-Soulier syndrome
 Paris-Trousseau/Jacobsen syndrome
 Velocardiofacial syndrome
 Montreal platelet syndrome
 Gray platelet syndrome
 Platelet-type or pseudo–von Willebrand disease
Other
 Fanconi’s anemia
 Metabolic disorders (methylmalonic academia, ketotic

 glycinemia, isovaleric academia, etc.)
 Drug-mediated suppression

SEQUESTRATION

Hypersplenism

AML, acute myelogenous leukemia; CMV, cytomegalovirus; ECMO, extracorporeal membrane oxygenation; HHV-6, human herpesvirus 6; 
HIV, human immunodefi ciency virus; WASP, Wiskott-Aldrich syndrome protein.

tions.306-309 It arises when the mother, who lacks a common 
platelet antigen, is exposed to the antigen (inherited from 
the father) on neonatal platelets and generates a neutral-
izing IgG. This crosses the placenta and mediates prema-
ture clearance of fetal and newborn platelets. First-born 
infants can be affected. Frequently, the thrombocytope-
nia is severe. It is critical to make the diagnosis because 
the risk of life-threatening bleeding and CNS morbidity 
is high, estimated at up to 10% to 15% of cases. A useful 
diagnostic test is to assay the reactivity of the mother’s 
serum with the father’s platelets. If such samples are not 
available, it is possible to look for reaction of the mother’s 
serum with the newborn’s platelets or the presence of 
antiplatelet antibodies in the newborn’s serum. The most 
common antigen is PlA1, although other antigens, such as 
Baka, Pena (more common in Asian populations), Brb, 

and Bra, have been described.310 However, not all cases 
in which the pregnant mother generates allosensi -
tive antiplatelet antibodies result in neonatal 
thrombocytopenia.

Treatment of NAIT includes transfusion with washed 
platelets donated by the mother. Because the mother’s 
platelets lack the offending antigen, they should have a 
normal life span. Many blood banks also maintain regis-
tries of PlA1-negative donors who can be contacted for 
platelet donation in cases involving antibodies against 
PlA1. If antigen-negative platelets are not available, treat-
ment with intravenous immunoglobulin (IVIG), 1 g/kg 
as a single daily bolus for 1 or 2 consecutive days, along 
with random donor platelets if the patient is bleeding, is 
effective in reducing the rate of platelet destruction. 
Endogenous platelet counts typically rise by 36 to 48 
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hours. There is no role for corticosteroids because all of 
the antibody production occurs in the mother. All infants 
with NAIT should undergo head ultrasonography or CT 
to rule out ICH. The natural history of NAIT is gradual 
resolution of the thrombocytopenia over the fi rst few 
months of life as the offending antibody is cleared. Close 
monitoring of the platelet count is indicated for at least 
the fi rst month of life until the platelet count normalizes. 
The safety of breast-feeding in the setting of NAIT has 
not been rigorously studied. One case report suggested 
that breast-feeding did not signifi cantly worsen the clini-
cal course, even though the breast milk contained anti-
platelet IgG.311

Immune Thrombocytopenia Caused by Maternal 
Antiplatelet Autoantibodies. Maternal autoimmune anti-
platelet IgG can cross the placenta and result in increased 
platelet destruction in the fetus. A common cause is 
maternal systemic lupus erythematosus. Like NAIT, the 
thrombocytopenia gradually resolves over the fi rst few 
months of life as the maternal antibodies are cleared. In 
severe cases, use of IVIG in the neonate may help reduce 
the rate of platelet destruction. Corticosteroids are of no 
utility. Drug-dependent antibodies can result in both 
maternal and neonatal thrombocytopenia.109

Autoimmune Thrombocytopenia. True autoimmune 
thrombocytopenia, in which neonates generate an anti-
body against their own platelets, is very rare in the 
newborn period. If present, it typically signals an under-
lying immune dysregulatory disorder. If heparin-induced 
thrombocytopenia is suspected, heparin therapy should 
be discontinued immediately and alternative forms 
of anticoagulation considered if necessary (see 
Chapter 33).

NONIMMUNE THROMBOCYTOPENIA

Sepsis and Disseminated Intravascular Coagulation. A 
common nonimmune cause of thrombocytopenia in the 
newborn period is sepsis, with or without DIC. Viral 
(rubella, herpesvirus, echovirus, cytomegalovirus, human 
herpesvirus 6 [HHV-6], and human immunodefi ciency 
virus [HIV]), protozoal (Toxoplasma), and bacterial 
infections cause severe thrombocytopenia.312 Mechanisms 
responsible for bacterial sepsis–induced thrombocytopenia 
are multifactorial and include consumption resulting 
from DIC, endothelial damage, platelet aggregation 
caused by binding of bacterial products to platelet 
membranes, and decreased produc tion as a result of 
marrow infection.313 Mechanisms responsible for virus-
induced thrombocytopenia include loss of sialic acid 
from platelet membranes because of viral neuraminidase, 
intravascular platelet aggregation, and impaired 
megakaryopoiesis (see later). Congenital rubella causes 
thrombocytopenia in three quarters of infants, with 
platelet counts ranging from 20 to 60 × 109/L for the fi rst 
4 to 8 weeks of life.

In premature infants, thrombocytopenia often com-
plicates other disorders such as RDS, persistent pulmo-

nary hypertension, necrotizing enterocolitis, and 
hyperbilirubinemia treated by phototherapy. Activation 
of coagulation with platelet consumption occurs in RDS, 
and mechanical ventilation may be an independent factor 
contributing to thrombocytopenia.314 It has been sug-
gested that persistent pulmonary hypertension in new-
borns may be due in part to intrapulmonary platelet 
aggregation and the release of platelet-derived vasoactive 
substances such as thromboxane A2.315 Approximately 
half of infants with necrotizing enterocolitis are throm-
bocytopenic, with about 20% having laboratory evidence 
of DIC.

Exchange Transfusion, Hyperbilirubinemia, and 
Phototherapy. Intrauterine and exchange transfusions 
cause thrombocytopenia by a dilutional effect that 
depends on the amount of blood transfused.301 After 
exchange transfusion, platelet counts increase within 3 
days and reach pre-exchange levels by about 7 days.34 
Both hyperbilirubinemia and phototherapy are associ-
ated with mild thrombocytopenia in newborn humans 
and shortened platelet survival in rabbits.305

Hypoxia and Placental Insuffi ciency. Acute asphyxia 
is a consistent cause of DIC and thrombocytopenia.93 
Chronic hypoxia is associated with placental dysfunction, 
intrauterine growth retardation, and signifi cant 
thrombocytopenia.

Vascular Malformations. Certain types of large vas-
cular malformations are associated with Kasabach-
Merritt syndrome, in which a local consumptive 
coagulopathy occurs as a result of abnormal endothe-
lium. This causes hypofi brinogenemia, elevated levels of 
fi brinogen-fi brin degradation products, microangiopathic 
fragmentation of red cells, and thrombocytopenia (see 
Chapter 33).316-320 The thrombocytopenia can be severe, 
with platelet counts lower than 50 × 109/L. Approxi-
mately 50% of affected infants experience systemic 
bleeding during the fi rst month of life. Sometimes 
the vascular malformations are not apparent on 
physical examination and may require imaging studies 
to detect.

Thrombosis and Familial Thrombotic Thrombocyto-
penic Purpura. Thrombocytopenia is loosely associated 
with thromboembolic complications and polycythemia in 
infants with hematocrit values greater than 70%. However, 
thrombocytopenia may also indicate the presence of 
other concurrent disease processes. Infants with a famil-
ial form of hemolytic-uremic syndrome or thrombotic 
thrombocytopenic purpura have a microangiopathic 
hemolytic anemia in association with transient neuro-
logic or renal abnormalities.

Decreased Platelet Production. Thrombocytopenia sec-
ondary to decreased platelet production is rare and 
accounts for less than 5% of thrombocytopenic in -
fants.34,83-85 Causes include viral infections, drug-induced 
thrombocytopenia, congenital leukemia, DS-TMD, 
neuroblastoma, histiocytosis, osteopetrosis, congenital 
amegakaryocytic thrombocytopenia (CAMT), TAR, 
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other inherited genetic platelet disorders, and bone 
marrow failure syndromes.

CONGENITAL VIRAL INFECTION. Congenital viral 
infections with rubella, herpesvirus, echovirus, cytomeg-
alovirus, HHV-6, and HIV have been associated with 
thrombocytopenia in the newborn period, in part through 
deleterious effects on megakaryopoiesis and thrombopoi-
esis. It may occur via direct infection of megakaryocytes 
in the case of HIV because the HIV coreceptor CXCR4 
is expressed on the surface of human megakaryocytes 
and their precursor cells.321

DRUG-INDUCED THROMBOCYTOPENIA. Transplacental 
passage of drugs or the use of drugs in neonates can 
cause thrombocytopenia via bone marrow suppression or 
the development of drug-dependent antibodies, or 
both.109 However, these causes are rare, and evidence for 
them is weak.322-325 Agents implicated are salicylates, 
quinine, hydralazine, tolbutamide, and thiazide 
diuretics.

CONGENITAL LEUKEMIA AND OTHER MALIG-

NANCIES. Infantile leukemia, as well as other neonatal 
malignancies characterized by bone marrow infi ltration 
such as neuroblastoma, can be accompanied by throm-
bocytopenia in the newborn period. Typically, other 
hematopoietic lineages are affected and other clinical 
signs are apparent. An infantile form of myelofi brosis 
has been described is several families in Saudi 
Arabia.326,327

DOWN SYNDROME–TRANSIENT MYELOPROLIFERATIVE 
DISORDER. Some children with Down syndrome (trisomy 
21) are born with a transient myeloproliferative disorder 
(DS-TMD) characterized by leukocytosis, predominance 
of circulating early erythromegakaryocytic precursor 
cells, pancytopenia, and in some cases, severe liver fi bro-
sis. Remarkably, this myeloproliferation resolves sponta-
neously over the fi rst few months of life. In about 20% 
of symptomatic cases, acute megakaryocytic leukemia 
(DS-AMKL) develops within a few years, sometimes 
preceded by a myelodysplastic phase.328 The DS-TMD 
and DS-AMKL cells harbor acquired mutations in the 
gene encoding GATA-1, a zinc fi nger transcription factor 
essential for normal megakaryocyte and erythroid devel-
opment.329-335 Although a wide spectrum of mutations 
have been identifi ed, including missense, deletion, inser-
tion, and splice site mutations, they essentially all result 
in the same outcome: exclusive production of a short 
isoform of GATA-1 that lacks the amino-terminal 83 
amino acids of the full-length protein (Fig. 5-3). These 
mutations are highly specifi c for DS-TMD and DS-
AMKL. There has been only one reported case of such 
a mutation in AMKL without trisomy 21.336 Why these 
mutations are so highly selected for in a Down syndrome 
genetic background and how they may participate in the 
pathogenesis of DS-TMD and DS-AMKL are not known. 

Knock-in mice that recapitulate the truncating GATA-1 
mutation show unexpected stage-specifi c effects on 
megakaryopoiesis.81 During fetal liver hematopoiesis, 
the mutant megakaryocytes markedly hyperproliferate, 
similar to what is observed for GATA-1–defi cient mega-
karyocytes. However, during adult-stage bone marrow 
hematopoiesis, megakaryopoiesis and thrombopoiesis 
appear to be normal. This suggests that the fetal liver and 
bone marrow cellular contexts interact differentially with 
the GATA-1–truncated molecule, which may explain 
restriction of TMD to the neonatal period and infers that 
additional genetic events occur and lead to clonal evolu-
tion of a rare TMD cell to full DS-AMKL.337

INHERITED PLATELET DISORDERS

Though considerably less common than consump-
tive processes or viral suppression, inherited platelet dis-
orders can occur in the newborn period and should be 
considered in the differential diagnosis of thrombocyto-
penia in a neonate. They are discussed in more detail in 
Chapter 29. Several classifi cations, diagnostic algorithms, 
and management recommendations have recently been 
published.338,339 Brief descriptions, with particular focus 
on neonatal manifestations, are given here. Infants with 
aplastic disorders have the greatest risk of serious bleed-
ing in the form of ICH in the fi rst months of life.

DISORDERS WITH SMALL PLATELETS. Wiskott-Aldrich 
Syndrome. Wiskott-Aldrich syndrome (WAS; OMIM 
301000) is an X-linked disorder caused by defi ciency of 
the Wiskott-Aldrich syndrome protein (WASP), which 
functions in actin dynamics in megakaryocytes and T 
lymphocytes. It is one of the few disorders characterized 
by small platelets. The small size of the platelets is not 
always apparent by standard automated blood cell MPV 
measurements. Therefore, if the diagnosis is being con-
sidered, it is imperative to evaluate platelet size by exami-
nation of the peripheral smear and to confi rm small 
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FIGURE 5-3. Acquired mutations of GATA-1 in Down syndrome–
transient myeloproliferative disorder and acute megakaryoblastic leu-
kemia. In this schematic diagram of full-length GATA-1, mutations are 
represented by asterisks. Introduction of premature stop codons, or 
splicing around exon 2, results in exclusive generation of a shorter 
isoform of GATA-1 (GATA-1s) because of initiation of translation from 
a downstream in-frame ATG at codon 84. AD, classic transcriptional 
activation domain; C, C-terminal zinc fi nger; N, N-terminal zinc 
fi nger.
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platelet volume with cytometer devices calibrated for 
platelets. The other clinical hallmarks of WAS are immu-
nodefi ciency (usually severe) and eczema. Bloody 
diarrhea is often seen and can be an initial sign. The 
immunodefi ciency is frequently the most signifi cant clin-
ical problem associated with this disease. It is important 
to recognize the syndrome early so that appropriate inter-
ventions can be instituted, including prophylactic treat-
ment against opportunistic infections such as Pneumocystis 
carinii. A destructive component of the thrombocytope-
nia in WAS is also likely because splenectomy increases 
platelet counts in a large number of patients. In addition, 
the thrombocytopenia can be exacerbated by develop-
ment of immune thrombocytopenic purpura secondary 
to the immune dysregulation. Bone marrow transplanta-
tion is curative for WAS, and early diagnosis is helpful in 
initiating listing for transplantation before signifi cant 
complications arise.

X-Linked Thrombocytopenia. X-linked thrombocy-
topenia (OMIM 313900) is a less severe form of WAS 
that is manifested predominantly as thrombocytopenia. 
Typically, there is no or minimal immunologic dysfunc-
tion. However, more severe immunologic disturbances 
may develop in some patients over time. This clinical 
entity is distinct from X-linked macrothrombocytopenia, 
which is associated with mutations in GATA-1 (see 
later).

DISORDERS WITH NORMAL-SIZE PLATELETS. Congen-
ital Amegakaryocytic Thrombocytopenia. CAMT 
(OMIM 604498) is characterized by severe thrombocy-
topenia with a markedly reduced number or absence of 
megakaryocytes. Patients are typically seen shortly after 
birth with petechiae, bruising, or bleeding. Biallelic inac-
tivating mutations in the gene for c-mpl, the receptor for 
the major megakaryocyte cytokine TPO, have been iden-
tifi ed in a large number of patients. Interestingly, no 
patients have been reported to date with mutations in the 
TPO gene itself. Patients with severe CAMT are at high 
risk for the development of complete bone marrow 
failure, usually within the fi rst few years of life.340 Such 
failure is most likely due to a role of TPO signaling in 
hematopoietic stem cell function.341,342 Bone marrow 
transplantation has been used successfully to treat patients 
with severe CAMT.

Thrombocytopenia with Absent Radii. TAR syndrome 
(OMIM 274000) is characterized by hypomegakaryocytic 
thrombocytopenia and bilateral radial hypoplasia with 
the presence of thumbs.343 Other hematopoietic lineages 
are not affected. Additional skeletal features may include 
shortening or, rarely, aplasia of the humerus and ulna. 
The lower limbs are frequently affected, but to a lesser 
extent. Congenital cardiac disease and cow’s milk 
intolerance have also been associated in some cases. The 
genetic basis of TAR is unknown. The inheritance pattern 
is unclear, but some have suggested an autosomal 
recessive pattern. Recently, Klopocki and colleagues 

identifi ed a common interstitial microdeletion of 200 
kilobases (kb) on chromosome 1q21.1 in several families 
with TAR.344 However, the incomplete penetrance of the 
phenotype suggests that additional genetic loci may be 
involved. Patients with TAR have elevated circulating 
TPO levels, and their platelets exhibit defective TPO 
receptor (c-mpl) signaling, which suggests a possible role 
for downstream cytokine signaling in this disorder.345

Neither splenectomy nor steroids are benefi cial for 
infants with TAR.346,347 Platelet transfusions are highly 
effective but should be reserved for symptomatic infants 
because prophylactic platelet transfusions could result in 
refractoriness as a result of allosensitization.347 By several 
months of age, increased numbers of megakaryocytes 
usually appear in the bone marrow, and platelet counts 
increase.346,347 A functional platelet defect may be present 
in some children with TAR.348

Amegakaryocytic Thrombocytopenia with Radioul-
nar Synostosis. Amegakaryocytic thrombocytopenia with 
radioulnar synostosis (ATRUS, OMIM 605432) is a rare 
disorder characterized by reduced or absent megakaryo-
cytes, severe thrombocytopenia, possible aplastic anemia, 
and proximal radioulnar synostosis leading to diffi culty 
with forearm pronation. Sensorineural hearing loss may 
also be present. Mutations in the gene encoding the 
homeobox containing transcription factor HOXA11 have 
been found in some familial cases of ATRUS.349,350

Familial Platelet Disorder with a Propensity for the 
Development of Acute Myelogenous Leukemia. Familial 
platelet disorder with a propensity for the development 
of acute myelogenous leukemia (AML) (OMIM 601399) 
is a rare autosomal dominant disorder characterized by 
thrombocytopenia, an aspirin-like functional platelet 
defect, and increased risk for the development of myelo-
dysplastic syndrome (MDS) and AML.351-353 It is caused 
by constitutional haploinsuffi cieny of RUNX-1, a tran-
scription factor involved in multiple stages of hematopoi-
esis, including megakaryopoiesis, and a frequent target of 
chromosomal translocations in human leukemias.351,354 
Bone marrow or peripheral blood from these patients has 
reduced ability to form megakaryocyte colonies, thus 
indicating a role for RUNX-1 dosage in megakaryopoie-
sis. A family history of MDS or AML should raise sus-
picion for this disorder in a newborn with thrombocytopenia 
and bleeding out of proportion to the platelet count.

DISORDERS WITH LARGE PLATELETS. Paris-Trousseau 
or Jacobsen’s Syndrome. Paris-Trousseau syndrome 
(OMIM 188925) (also called Jacobsen’s syndrome; 
OMIM 147791) is a constitutional contiguous gene dele-
tion disorder involving the long arm of chromosome 11 
(11q23).355,356 The constellation of fi ndings in these syn-
dromes includes severe congenital cardiac abnormalities, 
trigonocephaly, mental retardation, dsymorphogenesis of 
the hands and face, and macrothrombocytopenia.357 The 
cause of the thrombocytopenia appears to be related to 
impaired platelet production because platelet survival 
time is normal.358 These patients can also exhibit a pre-
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disposition to thrombosis, thus suggesting possible quali-
tative defects in platelet production. Examination of bone 
marrow reveals signifi cant dysmegakaryopoiesis with an 
abundance of micromegakaryocytes and death of large 
numbers of megakaryocytes during the late stages of 
maturation.359 Peripheral blood platelets contain giant 
alpha granules, which are thought to arise from aberrant 
alpha granule fusion during prolonged residence in bone 
marrow.360 The minimal chromosome regions deleted in 
Paris-Trousseau and Jacobsen’s syndromes associated 
with thrombocytopenia include genes for the Ets family 
transcription factors FLI-1 and ETS-1, both of which 
play roles in megakaryocyte development.361 Lentiviral 
expression of FLI-1 in CD34+ cells from patients with 
Paris-Trousseau thrombocytopenia rescues megakaryo-
cyte differentiation in vitro, thereby providing strong evi-
dence that defi ciency of FLI-1 is the cause of impaired 
thrombopoiesis in these patients.

X-linked Macrothromboctyopenia with and without 
Anemia. Germline missense mutations in the gene encod-
ing GATA-1 have recently been identifi ed in several fami-
lies with X-linked macrothrombocytopenia.362 Some of 
the mutations impair binding of GATA-1 to its essential 
cofactor Friend of GATA-1.362-366 Although all the muta-
tions described produce thrombocytopenia to varying 
degrees, the more severe mutations also result in dys-
erythropoietic anemia. In the most severe cases, infants 
have required in utero red blood cell transfusions and 
bone marrow transplantation after birth.362 Mutations in 
the N-terminal zinc fi nger of GATA-1 that impair binding 
to double GATA consensus DNA sites are associated with 
X-linked thrombocytopenia with β-thalassemia,367-369 
congenital erythropoietic prophyria,370 X-linked gray 
platelet syndrome, or any combination of these 
conditions.371

Bernard-Soulier Disorder. Bernard-Soulier disorder 
(OMIM 231200) is caused by defi ciency of the GPIb/IX/V 
complex on platelets, which binds VWF. Most reported 
mutations have been in the gene encoding the GPIb 
subunit, but mutations have also been found in GPIX.372,373 
Homozygous defi ciency is associated with severe throm-
bocytopenia, giant platelets, defective ristocetin-induced 
platelet aggregation, and clinical bleeding. Heterozygous 
defi ciency typically leads to mild thrombocytopenia 
with normal ristocetin-induced platelet aggregation in 
vitro and is now thought to be the underlying cause of 
benign Mediterranean macrothrombocytopenia.374

Velocardiofacial Syndrome. Velocardiofacial syn-
drome (OMIM 192430) is a contiguous gene deletion 
disorder involving chromosome 22q11.2. Clinical mani-
festations include cleft palate, cardiac anomalies, typical 
facies, learning disabilities, and defective GPIb/IX/V 
function. The platelet effects are due to heterozygous loss 
of the GPIbα gene, which resides in this region, and the 
condition should be considered a mild form of Bernard-
Soulier disorder.375

MYH9-Related Disorders. MYH9-related disorders 
include May-Hegglin anomaly (OMIM 155100), 

Sebastian’s syndrome (OMIM 605249), Fechtner’s syn-
drome (OMIM 153640), and Epstein’s syndrome 
(OMIM 153650). All four disorders involve mutations in 
the gene encoding nonmuscle myosin heavy-chain type 
IIA (MYH9) and are inherited in an autosomal domi-
nant fashion.376 They are all associated with giant plate-
lets but differ in the presence of neutrophil inclusions 
(Döhle bodies), sensorineural hearing loss, cataracts, and 
renal defects.338

Hypersplenism. As in adults, thrombocytopenia result-
ing from hypersplenism is usually mild to moderate, with 
platelet counts ranging from 50 to 100 × 109/L in 
newborns.

Clinical Impact of Neonatal Thrombocytopenia. Clini-
cally important bleeding is less likely to occur in patients 
with consumptive platelet disorders than in those with 
production defects. The bleeding risk is increased in 
patients who have both thrombocytopenia and a defect in 
platelet function. Selection of a platelet count at which 
one should intervene, though a simplistic response, pro-
vides a guideline for therapy. A platelet count less than 50 
× 109/L places some otherwise healthy full-term new-
borns at risk for serious ICH.377 The importance of “mod-
erate” thrombocytopenia (platelet counts between 50 and 
100 × 109/L) in sick premature infants has been a subject 
of controversy. A randomized, controlled trial assessed the 
potential benefi ts of platelet concentrate transfusions in 
154 premature thrombocytopenic infants during the fi rst 
72 hours of life.378 Treated infants received platelet con-
centrates to maintain platelet counts higher than 150 × 
109/L. No benefi cial effect on the incidence or extension 
of ICH was shown in this study, which was designed to 
detect an effect of 25% or greater. However, infants who 
received transfusions had shortened bleeding times and 
required signifi cantly less blood product support. A more 
recent retrospective study of 53 neonates with severe 
thrombocytopenia treated at a single NICU showed no 
signifi cant difference in major hemorrhage in those trans-
fused to maintain a platelet count greater than 30 × 109/L 
versus greater than 50 × 109/L.304

Treatment. Management of thrombocytopenic 
infants depends in part on the underlying disorder. If an 
infant is bleeding, a trial of platelet concentrates (10 to 
20 mL/kg) is indicated. The increased platelet count 
usually shortens the bleeding time and is frequently clini-
cally effective.116 Autoimmune and alloimmune throm-
bocytopenia typically does not respond to random donor 
platelet concentrates and requires specifi c forms of 
therapy.

Thrombocytosis in the Newborn. Elevated platelet 
counts are frequently observed in premature infants at 
approximately 4 to 6 weeks after birth.379 There are no 
clinical manifestations of neonatal thrombocytosis, and 
therapeutic intervention is not indicated.
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Qualitative Platelet Disorders

Despite the physiologic hyporeactivity of neonatal plate-
lets in response to exposure to some agents, healthy 
infants do not have an increased risk of bleeding. Patho-
logic impairment of platelet function may occur, to a 
variable extent, as a result of the use of certain drugs or 
the presence of pathologic states in either mothers or 
infants. In mothers, causative factors include the use of 
some drugs, diabetes,380-383 dietary abnormalities,384-389 
smoking,390-392 and ethanol abuse393; in infants, they 
include the use of some drugs, perinatal aspiration syn-
drome,301,394-397 hyperbilirubinemia,398,399 photother-
apy,399,400 renal failure,401 and hepatic failure.

Phototherapy. When platelets are exposed to a broad-
spectrum blue fl uorescent light in vitro, aggregation is 
decreased and microscopic alterations in granules and 
external membranes occur.402

Medications

Aspirin. Salicylate crosses the placenta and can be 
detected in fetuses after maternal ingestion.322-325,403-407 
Clearance of salicylate is slower in newborns than in 
adults, and thus infants have a potential risk of bleeding 
for a prolonged time.323 However, in vitro studies have 
not demonstrated increased sensitivity of newborn plate-
lets to salicylates as compared with adult platelets,118,405 
and the evidence linking maternal aspirin ingestion to 
clinically important bleeding in newborns is weak.325 
There is little reason to have serious concerns about 
maternal ingestion of aspirin, but it is reasonable to 
advise mothers to not ingest aspirin unless specifi cally 
indicated by their physician.

Indomethacin. Indomethacin is used for nonsurgical 
closure of a patent ductus arteriosus in premature infants, 
but it also has antiplatelet activities. Indomethacin, like 
salicylate, has a longer half-life in newborns than in adults 
(21 to 24 hours in newborns versus 2 to 3 hours in 
adults).408 This extended half-life is probably due to 
underdevelopment of hepatic drug metabolism or renal 
excretory function or to altered protein binding.409,410 
Indomethacin inhibits platelet function in newborns, as 
shown by prolongation of bleeding times.411,412 Random-
ized, controlled trials have provided confl icting conclu-
sions on the effect of indomethacin on intraventricular 
hemorrhage in premature infants.413

Maternal Diabetes. The reactivity of platelets from 
diabetic mothers and their infants is increased, as dem-
onstrated by enhanced thromboxane B2 production, 
enhanced platelet aggregation,382,414 and a lower thresh-
old to many aggregating agents.414 The enhanced platelet 
function in diabetes is associated with increased synthesis 
of a prostaglandin E–like substance that crosses the pla-
centa and affects the fetus.415 Despite these in vitro fi nd-

ings, the evidence linking enhanced platelet reactivity to 
clinically signifi cant thromboembolism in newborns of 
diabetic mothers is weak.416,417

Diet. Alterations in the diet of mothers or infants 
during the postnatal period can affect newborn platelet 
function. Increases in the ratio of polyunsaturated fatty 
acids to saturated fatty acids in the diet of mothers who 
breast-feed their infants result in increases in the concen-
tration of linoleic acid and enhanced thromboxane B2 
production.384 Infants receiving a diet defi cient in essen-
tial fatty acids may exhibit arachidonic acid depletion and 
platelet dysfunction.385,387 Vitamin E functions as an anti-
oxidant and as an inhibitor of platelet aggregation/release 
in humans.388,389,418,419 Instances of vitamin E–defi cient 
infants with increased platelet aggregation that re -
versed after vitamin E supplementation have been 
reported.389,420

Amniotic Fluid. Amniotic fl uid contains procoagulant 
activity that enhances the generation of thromboxane A2 
by platelets.394-397 Infants in whom perinatal aspiration 
syndrome develops have pulmonary hypertension with 
platelet thrombi in the pulmonary microcirculation. The 
exact mechanism or mechanisms leading to persistent 
pulmonary hypertension in these infants is unknown.

Nitric Oxide. Nitric oxide prevents adhesion of plate-
lets to endothelial cells and inhibits ADP-induced aggre-
gation of cord platelets in a manner similar to that in 
adults.421-424

Extracorporeal Membrane Oxygenation. Extracorpo-
real membrane oxygenation (ECMO) permits transfer of 
oxygen into blood across a semipermeable membrane 
and is currently used for infants with life-threatening 
severe respiratory insuffi ciency. Underlying respiratory 
disorders include meconium aspiration syndrome, severe 
RDS, congenital diaphragmatic hernia, persistent pulmo-
nary hypertension, and sepsis. Hemorrhage, particularly 
ICH, is one of the most serious complications of this 
technique. Hardart and Fackler reported an overall inci-
dence of new ICH of about 10% in infants included in 
the Extracorporeal Life Support Organization Registry 
(N = 4550) from 1992 through 1995.425 Of 1398 evalu-
able premature infants (born at <37 weeks’ EGA) 
reported to the registry between 1992 and 2000, ICH 
developed in 13%.426 Similar to that found with cardio-
pulmonary bypass, the increased risk of bleeding during 
ECMO is due mostly to the use of heparin in combina-
tion with other hemostatic defects, including signifi cantly 
decreased plasma concentrations of coagulation factors 
and platelet dysfunction secondary to chronic activa-
tion.427-429 Other recognized contributing factors include 
prolonged hypoxia, ischemia, general anesthesia, acido-
sis, sepsis, and treatment with epinephrine.425,427,430-435 In 
premature infants, the risk for ICH with ECMO corre-
lates inversely with postconceptional age.426 Although 
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anticoagulation is required for ECMO, the optimal use 
of heparin has never been tested in clinical trials. Whether 
lower doses of heparin or the use of low-molecular-weight 
heparin (LMWH) has a role in ECMO remains to be 
determined.

Thrombotic Disorders in the Neonate

Congenital Prothrombotic Disorders
Patients with heterozygous defects for recognized inher-
ited prothrombotic disorders are rarely seen with their 
fi rst thromboembolic complication during childhood 
unless another pathologic event unmasks the problem. In 
contrast, patients who are homozygotes or double 
heterozygotes for a congenital prothrombotic disorder 
are often initially encountered in the newborn period or 
during early childhood. The following discussion is 
limited to the unique aspects of these inherited defi cien-
cies in newborns. Chapter 32 discusses congenital pro-
thrombotic disorders in detail.

Homozygous Prothrombotic Disorders

Though rare, the most commonly reported homozygous 
prothrombotic disorder encountered during the newborn 
period is protein C defi ciency. Homozygous protein S 
defi ciency is even less common.436-458 All patients seen in 
the newborn period had undetectable levels of protein C 
(or protein S), whereas children with a delayed manifes-
tation had detectable levels ranging between 0.05 and 
0.20 U/mL.

Clinical Findings. The classic clinical manifestation of 
homozygous protein C/protein S defi ciency consists of 
cerebral or ophthalmic damage (or both) in utero, purpura 
fulminans within hours or days of birth, and on rare 
occasion, large vessel thrombosis. Purpura fulminans is 
an acute, lethal syndrome of DIC characterized by rapidly 
progressive hemorrhagic necrosis of the skin secondary 
to dermal vascular thrombosis.459-461 The skin lesions 
start as small, ecchymotic sites that increase in radial 
fashion, become purplish black with bullae, and then 
turn necrotic and gangrenous.459,461 The lesions develop 
mainly on the extremities but can occur on the buttocks, 
abdomen, scrotum, and scalp. They also occur at pressure 
points, at sites of previous puncture, and at previously 
affected sites. Moreover, affected infants have severe DIC 
with hemorrhagic complications.

Diagnosis. The diagnosis of homozygous protein 
C/protein S defi ciency in infants is based on the appro-
priate clinical picture, a protein C/protein S level that is 
usually undetectable, a heterozygous state in the parents, 
and ideally, identifi cation of the molecular defect. The 
presence of very low levels of protein C/protein S in the 
absence of clinical manifestations and a family history 
cannot be considered diagnostic because physiologic 
plasma levels can be as low as 0.12 U/mL. Homozygous 
forms of ATIII (or heparin cofactor II) defi ciency have 

not been confi rmed in newborns, but one would antici-
pate that affected infants might have life-threatening 
thromboembolic complications. Molecular diagnosis is 
available for identifi ed families (see Chapter 32).

Initial Treatment. The diagnosis of homozygous 
protein C/protein S defi ciency is usually unanticipated 
and made at the time of clinical evaluation. Although 
numerous forms of initial therapy have been used, 10 to 
20 mL/kg of FFP every 6 to 12 hours is usually the form 
of therapy that is most readily available.462 Plasma levels 
of protein C achieved with these doses of FFP vary from 
15% to 32% 30 minutes after the infusion and from 4% 
to 10% at 12 hours.447 Plasma levels of protein S (which 
was entirely bound to C4b) were 23% at 2 hours and 14% 
at 24 hours, with an approximate half-life of 36 hours.463

A protein C concentrate (Ceprotin) has recently 
received FDA approval for use in treating congenital 
protein C defi ciency. Recommended initial doses for 
acute thrombotic episodes and short-term prophylaxis in 
patients with severe protein C defi ciency are 100 to 
120 IU/kg in neonates, with subsequent doses of 60 to 
80 IU/kg every 6 hours and maintenance doses of 45 
to 60 IU/kg thereafter every 6 to 12 hours. However, 
dosing should be adjusted to maintain peak protein C 
activity of 100%. After resolution of the acute event, the 
patient should continue on a dose to maintain the trough 
protein C activity level above 25% for the duration of 
treatment. Replacement therapy should be continued 
until all the clinical lesions resolve, which usually takes 
place at 6 to 8 weeks. In addition to the clinical course, 
plasma D-dimer concentrations may be useful for moni-
toring the effectiveness of protein C replacement.26

Long-Term Therapy. Modalities used for the long-
term management of infants with homozygous protein 
C/protein S defi ciency include oral anticoagulation 
therapy, replacement therapy with either FFP or protein 
C concentrate, or liver transplantation.455 When oral anti-
coagulation therapy is initiated, replacement therapy 
should be continued until the international normalized 
ratio (INR) is at a therapeutic value so that skin necrosis 
can be avoided. The therapeutic range for the INR can 
be individualized to some extent but is usually between 
2.5 and 4.5. Risks associated with oral anticoagulation 
therapy include bleeding with high INR values and recur-
rent purpuric lesions with low INR values. Frequent 
monitoring of INR values is required if these complica-
tions are to be avoided. Bone development should also 
be monitored because the long-term effect of warfarin 
use on the bones of young infants is unknown. Long-
term use of LMWH could be considered, but it also has 
the potential for osteopenia. Moreover, it is expensive 
and requires twice-daily subcutaneous injections.

Heterozygous Prothrombotic Disorders

Thromboembolic events related to heterozygous genetic 
prothrombotic disorders rarely occur in infants. When 
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they do, a secondary, acquired insult is usually present. 
The few case reports in the literature describe a diversity 
of clinical manifestations that usually refl ect the site of 
the thrombus. Purpura fulminans did not occur in any 
case.464-470

Treatment. Treatment consists of supportive therapy 
alone, anticoagulation with heparin, thrombolytic therapy, 
and replacement with specifi c factor concentrates.471-473 
Removal or treatment of the secondary acquired insult is 
important. For ATIII defi ciency, ATIII concentrates were 
administered to four infants as either boluses or continu-
ous infusions. Boluses of 52 and 104 U/kg of ATIII con-
centrate increased ATIII levels from 0.10 U/mL to 0.75 
and 1.48 U/mL, respectively, at 1 hour.473 At 24 hours, 
levels of ATIII had decreased to approximately 
0.20 U/mL. A continuous infusion of ATIII concentrate 
at a rate of 2.1 U/kg/hr maintained a plasma level of 0.40 
to 0.50 U/mL.

Acquired Prothrombotic Disorders

Symptomatic secondary thromboembolic complica -
tions occur more frequently in sick newborns than 
in children of any other age, with an incidence of ap -
proximately 2.4 per 1000 hospital admissions to the 
NICU.474 Intravascular catheters are responsible for more 
than 80% of venous and 90% of arterial thrombotic 
complications.474 Their contribution to thrombosis is 
probably multifactorial, including the presence of a 
foreign surface, endothelial cell damage, impairment 
of fl ow, and infusion of noxious substances. Renal 
vein thrombosis (RVT) is the most common form 
of non–catheter-related thrombosis. Other risk factors 
include increased blood viscosity because of a high 
hematocrit, poor deformability of physiologically 
large red cells, dehydration, and activation of the coagula-
tion and fi brinolytic systems secondary to a variety of 
medical problems. Very low ATIII levels have been 
observed in preterm infants with RDS, which probably 
contributed to their increased risk for thromboembolic 
complications.29

Venous Catheter–Related Thrombosis

The use of umbilical venous catheters and other forms 
of central venous catheters is associated with a signifi cant 
risk for thrombosis.474-476 According to autopsy studies, 
20% to 65% of infants who die with an umbilical venous 
catheter in place have an associated thrombus. Appropri-
ate placement of umbilical venous catheters is critical to 
prevention of serious organ impairment, such as portal 
vein thrombosis and hepatic necrosis. Long-term sequelae 
of umbilical venous catheters have not been rigorously 
studied but include portal vein thrombosis with portal 
hypertension, splenomegaly, gastric and esophageal 
varices, and hypertension. Until recently, pulmonary 
embolism was rarely diagnosed in sick newborns 
because its clinical signs were easily confused with 
those of RDS. The use of ventilation lung scintigraphy 

in newborns has facilitated the diagnosis of pulmonary 
embolism.477

Arterial Catheter–Related Thrombosis

Seriously ill infants require indwelling arterial catheters, 
which are associated with a risk of thrombosis regardless 
of the vessel or catheter type chosen.478-482 Catheter-
related thrombosis not only occludes catheters but may 
also obstruct major arterial vessels. In a retrospective 
examination of approximately 4000 infants who under-
went umbilical artery catheterization, 1% had severe 
symptomatic vessel obstruction. Asymptomatic catheter-
related thrombi occur more frequently, as evidenced by 
postmortem (3% to 59% of cases) and angiographic 
(10% to 90% of cases) studies.

Diagnosis. Contrast-enhanced angiography is con-
sidered the reference test for the diagnosis of arterial 
thrombosis. Noninvasive techniques such as Doppler 
ultrasound offer advantages, but their sensitivity and 
specifi city are unknown. A review of 20 neonates with 
aortic thrombosis treated in one institution revealed that 
ultrasound failed to identify thrombi in 4 patients, 3 of 
whom had complete aortic obstruction.483

Sequelae. The sequelae of catheter-related thrombo-
sis can be immediate or long term. Acute symptoms 
refl ect the location of the catheter and include renal 
hypertension, intestinal necrosis, and peripheral gan-
grene.484 The long-term side effects of symptomatic and 
asymptomatic thrombosis of major vessels have not been 
studied but are probably signifi cant.

Prophylaxis with Heparin. A low-dose continuous 
heparin infusion (3 to 5 U/hr) is commonly used to 
maintain catheter patency. The effectiveness of heparin 
was assessed in seven studies focusing on three outcomes: 
patency, local thrombus, and ICH.479-482,485,486 Patency, 
which is probably linked to the presence of local throm-
bus, is prolonged with the use of low-dose heparin. Local 
thrombosis was assessed by ultrasound in two random-
ized studies. The evidence linking low-dose heparin pro-
phylaxis to ICH in newborns is weak.482,487 One study 
had a sample size of only 15 per arm,482 and another 
case-control study had a broad odds ratio that ranged 
from 1.4 to 11.0.487 Thus, the magnitude of risk for ICH 
is uncertain. Heparin is used in at least three quarters of 
American nurseries.484

Renal Vein Thrombosis

RVT occurs primarily in newborns and young infants. 
Approximately 80% of cases occur within the fi rst month 
and usually within the fi rst week of life. In some infants 
RVT develops in utero. The incidence in male and female 
infants is similar, and the left and right sides are affected 
equally. Bilateral RVT occurs in 24% of pediatric 
patients.
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Clinical Findings and Etiology

The initial symptoms and clinical fi ndings are different 
in neonates and older patients and are infl uenced by the 
extent and rapidity of thrombus formation. Neonates 
generally have a fl ank mass, hematuria, proteinuria, 
thrombocytopenia, and impaired function of the involved 
kidney. Clinical fi ndings suggesting acute inferior vena 
cava thrombosis include cold, cyanotic, and edematous 
lower extremities. RVT results from pathologic states 
characterized by reduced renal blood fl ow, increased 
blood viscosity, hyperosmolality, or hypercoagulability.

Coagulation Abnormalities

The most common coagulation abnormality in RVT is 
thrombocytopenia, which is usually mild, with average 
values of 100 × 109/L. Thus, RVT should be considered 
in the differential diagnosis of thrombocytopenia in neo-
nates. Coagulation may be prolonged and levels of fi brin-
ogen-fi brin degradation products increased. Children 
with RVT are often evaluated for a congenital prothrom-
botic disorder, although the signifi cance of thrombophilic 
markers in this disease is unknown.466

Diagnosis and Treatment

Ultrasound is the radiographic test of choice for the 
diagnosis of RVT because of ease of testing and sensitiv-
ity to an enlarged kidney. Treatment options include sup-
portive care, anticoagulation, and thrombolytic therapy. 
In the 1990s, there has been uniform agreement that 
aggressive supportive care is indicated. However, the use 
of anticoagulants and thrombolytic agents is controver-
sial. One approach is to use supportive care for unilateral 
RVT in the absence of uremia and extension into the 
inferior vena cava. Heparin therapy should be considered 
for unilateral RVT that extends into the inferior vena cava 
or for bilateral RVT because of the risk of pulmonary 
embolism and complete renal failure. Thrombolytic 
therapy should be considered in the presence of bilateral 
RVT and renal failure. Thrombectomy, though a common 
therapeutic choice in the past, is rarely indicated.

Outcome

RVT has changed from a frequently lethal complication 
to one that more than 85% of children survive. Unfortu-
nately, no recent studies have assessed long-term morbid-
ity, such as hypertension and renal atrophy.

Spontaneous Venous and Arterial Thrombosis

Spontaneous venous thrombosis occurs in the adrenal 
veins, inferior vena cava, portal vein, hepatic veins, and 
venous system of the brain.484,488 Spontaneous occlusion 
of arterial vessels in the absence of a catheter is unusual, 
but it can occur in ill infants. As in catheter-related 
thrombosis, the clinical fi ndings refl ect the vessel that is 
occluded. Complete occlusion of a vessel can lead to 
gangrene and loss of the affected limb or to ischemic 
organ damage. The presence of systemic hypertension in 

newborns is frequently related to renal artery thrombosis, 
even in the absence of a catheter.

Anticoagulation Therapy in Newborns

Heparin Therapy in Newborns

The lack of consensus for prophylaxis and treatment of 
thromboembolic complications in newborns refl ects the 
lack of controlled trials in this area. Recommendations 
for adult patients provide useful guidelines but probably 
do not refl ect the optimal therapy for newborns. Current 
therapeutic options include supportive care alone, anti-
coagulant therapy, thrombolytic therapy, and thrombec-
tomy. For most infants in whom thrombotic complications 
develop, the cause of thrombosis is a catheter-related 
thrombus that does not produce clinical symptoms. In 
most nurseries, catheters are not routinely checked for 
associated thrombosis; thus, by exclusion, most infants 
with clinically silent thrombi receive supportive care 
alone.

Age-Dependent Features. Indications for heparin 
therapy in newborns remain unclear. Although the ben-
efi ts of heparin therapy in newborns are probably similar 
to those in adults, the relative risk that major bleeding 
will occur with its use may be increased. Infants with 
thromboses that are extending or infants whose organ or 
limb viability is threatened by thrombosis may benefi t 
from heparin therapy.

Heparin’s anticoagulant activities are mediated pri-
marily through acceleration of inhibition of thrombin and 
factor Xa by ATIII. Although dosing for heparin therapy 
in newborns differs from that in adults, optimal dosing 
cannot be predicted. Several observations suggest that 
the heparin requirements of neonates are decreased in 
comparison to those of adults. First, the capacity of 
plasma from healthy newborns to generate thrombin is 
both delayed and decreased in comparison to that of 
adult plasma, but similar to that of plasma from adults 
receiving therapeutic amounts of heparin.489,490 Second, 
at heparin concentrations in the therapeutic range, the 
capacity of plasma from healthy newborns to generate 
thrombin is barely measurable.491 Third, the amount of 
clot-bound thrombin is decreased in newborns because 
low plasma concentrations of prothrombin probably 
reduce heparin requirements.492 Observations suggesting 
higher heparin requirements include the following: (1) 
clearance of heparin is accelerated in newborns,29,493,494 
and (2) plasma concentrations of ATIII are decreased 
to levels frequently less than 0.40 in premature 
infants, which may limit heparin’s antithrombotic 
activities17,19,23473,495

Therapeutic Range and Dose. Therapeutic ranges 
refl ect the optimal risk-benefi t ratio of anticoagulant 
therapy with regard to recurrent thrombotic events and 
bleeding complications. In the absence of clinical trials 
in newborns, one approach is to use heparin in doses that 
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achieve the lower therapeutic range for adults (see 
Chapter 32).

General guidelines for initial dosing and subsequent 
dose adjustment of unfractionated heparin in full-term 
and premature neonates have been published.496 Average 
doses of heparin required in newborns are bolus doses of 
50 or 100 U/kg, depending on gestational age, and 
average maintenance doses of 20 to 25 U/kg/hr, again 
depending on gestational age. Adjustments are made 
most reliably with heparin assays, with a target-level 
range of 0.30 to 0.70 U/mL. Because of the short half-life 
of unfractionated heparin, simple discontinuation of the 
infusion is typically suffi cient to reverse anticoagulation 
in the event of hemorrhage. For more rapid reversal, 
protamine sulfate can be used to neutralize heparin in 
vivo. However, anaphylactoid reactions with hypotension 
and bradycardia have been associated with protamine use 
in children and adults, and it should therefore be used 
with caution.497

The use of LMWH offers signifi cant therapeutic 
advantages over unfractionated heparin, and there is now 
considerable experience using these preparations in new-
borns.484,496,498,499 Potential advantages include more pre-
dictable pharmacokinetics, the need for less frequent 
monitoring than with unfractionated heparin, ease of 
administration, decreased bleeding, and possibly a lower 
incidence of heparin-induced thrombocytopenia. Full-
term and moderately preterm (28 to 36 week’ EGA) 
infants metabolize heparin at considerably faster rates 
than older children and adults do and typically require 
higher doses to maintain the same levels. Very premature 
infants (<28 weeks) have similar pharmacokinetics for 
heparin as older children and adults do. General guide-
lines for initial therapeutic dosing and subsequent sliding-
scale dose adjustments of LMWH in neonates of different 
gestational age have been published.496 Levels should be 
monitored with anti-Xa heparin assays on samples drawn 
via fresh venipuncture 4 hours after the subcutaneous 
dose is given to achieve levels of 0.5 to 1.0 U/mL for full 
therapeutic dosing. Levels should be checked every two 
to four doses for the fi rst week of therapy, then once a 
week for a month, and then monthly if stable.496 Infants 
who do not respond appropriately to heparin therapy, 
despite adequate levels, may benefi t from infusions of 
ATIII concentrate, even if the levels are close to the 
normal physiologic range for their age.496 Intramuscular 
and arterial puncture and the use of antiplatelet medica-
tions should be avoided in newborns receiving heparin 
therapy, and platelet counts should be monitored 
periodically.

Like unfractionated heparin, LMWH can be reversed 
with the use of protamine, with dosing dependent on the 
last dose of LMWH given.500 As discussed earlier, prot-
amine must be given slowly, and caution must be exer-
cised to avoid potential hypersensitivity reactions. Repeat 
doses of protamine may be required to reverse the effects 
of LMWH because of the relatively shorter half-life of 

protamine than LMWH. Protocols for reversal of LMWH 
with protamine in adolescents and adults have been 
published, and case reports exist for its use in 
neonates.501,502

Close monitoring of the thrombus with objective 
means such as ultrasound is recommended. The duration 
of heparin therapy required for the treatment of throm-
boembolic complications is uncertain. One approach is 
to treat the infant for 10 to 14 days with heparin alone. 
If there is subsequent extension of the thrombus in the 
absence of anticoagulation therapy, treatment with oral 
anticoagulants may be considered.

Adverse Effects. There are two clinically important 
adverse effects of heparin therapy: hemorrhage, includ -
ing ICH, and heparin-induced thrombocytopenia.503,504 
In the absence of an alternative cause, thrombocy -
topenic patients should be evaluated for heparin-induced 
thrombocytopenia and treated with alternative 
therapies.

Oral Anticoagulant Therapy in Newborns

Age-Dependent Features. Oral anticoagulation 
therapy in children is discussed in Chapter 32, and only 
specifi c issues related to newborns are discussed in this 
section. The oral anticoagulant warfarin works by reduc-
ing functional plasma levels of the VK-dependent pro-
teins. At birth, levels of the VK-dependent proteins are 
similar to those found in adults receiving therapeutic 
amounts of warfarin for deep venous thrombosis/pulmo-
nary embolism.17,19,23,82,491,505,506 In addition, stores of VK 
are low, and a small number of newborns have evidence 
of functional VK defi ciency.55 These features signifi cantly 
increase the sensitivity of newborns to warfarin and 
potentially their risk for bleeding. Oral anticoagulant 
therapy should be avoided when possible during the fi rst 
month of life.55,507 Unfortunately, a small number of 
infants require extended anticoagulation therapy, and 
heparin cannot be used for extended periods because of 
the risk for osteopenia.

Indications, Therapeutic Range, and Dose. The optimal 
therapeutic INR range is unknown for newborns and 
almost certainly differs from that for adults. Recommen-
dations for oral anticoagulation therapy in adults can be 
used as a guideline for determining the lowest effective 
dose, which to some extent can be individualized. Main-
tenance doses for warfarin are age dependent, with infants 
requiring the highest doses (0.32 mg/kg).

Adverse Effects. Close monitoring of oral anticoagu-
lation in newborns is required if both hemorrhagic and 
recurrent thrombotic complications are to be prevented. 
Unfortunately, these infants often have poor venous 
access, as well as complicated medical problems. Weekly 
or biweekly INR measurements and frequent dose adjust-
ments are required.508 Doses are affected by diet, medica-
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tions, and intercurrent illnesses. Breast-fed infants are 
very sensitive to oral anticoagulants because of low con-
centrations of VK in breast milk.62,44,50,277,509 Daily supple-
mentation of breast-fed infants with small amounts of 
commercial formulas reduces their sensitivity to oral 
anticoagulants and the risk of sudden increases in INR 
values. In contrast to breast-fed infants, infants receiving 
commercial formulas or total parenteral nutrition are 
resistant to oral anticoagulants because of VK supple-
mentation.277,510 Reducing or removing VK supplementa-
tion in infants receiving total parenteral nutrition 
signifi cantly decreases the dose requirements. Most 
infants requiring oral anticoagulants also require other 
medications on an intermittent and long-term basis. The 
effects of dosage changes and the introduction of new 
medications must be closely supervised.

Antiplatelet Agents in Newborns

Antiplatelet agents are rarely used in newborns for anti-
thrombotic therapy. The hyporeactivity of neonatal plate-
lets and the paradoxically short bleeding time suggest 
that optimal use of antiplatelet agents differs in newborns 
and adults. Aspirin is the most commonly used anti-
platelet agent. The empirical use of low doses of 1 to 
5 mg/kg/day has been proposed as adjuvant therapy for 
patients with Blalock-Taussig shunts, some endovascular 
stents, and some thrombotic cerebrovascular events.511 
Use of the antiplatelet agent clopidogrel (Plavix) in 
infants as young as 6 weeks of age has been reported in 
a small retrospective series.512 The agent appears to be 
well tolerated at doses of 1 mg/kg/day.

Thrombolytic Therapy in Newborns

Age-Dependent Features. The activity of thrombo-
lytic agents depends on endogenous concentrations of 
plasminogen, which are physiologically decreased at 
birth.513 Low plasminogen levels result in impairment of 
the capacity to generate plasmin63 and a decrease in the 
capacity to thrombolyse fi brin clots.513 In addition, fetal 
glycoforms of plasminogen are less effi ciently converted 
to plasmin by tPA than adult plasminogen is.66 Thus, 
neonates have an overall reduced capacity to respond to 
tPA in comparison to adults. If an infant’s condition does 
not respond to thrombolytic therapy, replacement of 
plasminogen should be considered.

Indications, Therapeutic Range, and Dose. Infants in 
whom serious thrombotic complications develop, as 
defi ned by organ or limb impairment, may benefi t from 
thrombolytic therapy. The clinical objective is removal of 
the clot as quickly and safely as possible. Surgical removal 
of a clot in a major vessel can be curative; however, it is 
technically diffi cult and poses a considerable life-threat-
ening risk to infants, who are often premature. In the 
absence of contraindications, the use of thrombolytic 
agents in these infants is a preferred approach (see 
Chapter 32).

CONCLUSIONS

Over the past several decades, the developmental timing 
and functional maturation of the human hemostatic 
system have been examined in great detail. These studies 
show critically important differences in many compo-
nents of the hemostatic system in premature and full-
term newborns versus older children and adults. The 
reason for this unique physiologic state in the fetus and 
neonate is not clear but appears to be appropriately bal-
anced for healthy full-term infants. Of clinical impor-
tance has been the determination of gestational and 
postnatal age-specifi c activity ranges of factors involved 
in hemostasis, which has allowed appropriate interpreta-
tion of clinical data. As newer diagnostic tests and treat-
ments are introduced for older children and adults, it will 
be critical to carefully evaluate them separately in the 
context of neonates, both premature and full-term, given 
their unique physiologic state.
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196 BONE MARROW FAILURE

This chapter offers a review of the anatomy and physiol-
ogy of normal hematopoiesis that is intended to provide 
a basis of understanding of the marrow failure syndromes 
described at length in the following chapter. In this 
chapter we briefl y discuss the phylogeny of hematopoiesis 
and describe marrow anatomy and the egress of recogniz-
able hematopoietic cells from the marrow into peripheral 
blood. Then follows a more detailed analysis of the cel-
lular bases of erythrocyte, granulocyte-macrophage, and 
megakaryocyte development, including discussion of the 
pluripotent stem cell, the more committed but still undif-
ferentiated progenitor cell, and differentiated precursors 
of the mature formed elements of blood. Much of this 
chapter is devoted to the interactions of growth factors 
and the cells that produce them in the upregulation of 
hematopoiesis. The mechanisms of downregulation of 
hematopoiesis by cell interactions and cytokines are 
touched on here, but they are less well understood despite 
the fact that they are likely to infl uence the pathophysiol-
ogy of aplastic anemia and other marrow failure 
syndromes.

HISTORY*

That “blood is life” was appreciated by Empedocles in 
the fi fth century BC. The theory that the vasculature 
contains blood, phlegm, black bile, and yellow bile, all 
revealed when freshly let blood is permitted to separate, 
is attributed to Polibus, the son-in-law of Hippocrates.

Servetus recognized the systemic and lesser circula-
tions in the 16th century. He was burned at the stake, in 
part because he did not accept the dogma that blood 
must pass through the intraventricular cardiac septum. 
(Grant disapproval and, more recently, approval without 
funding have been substituted for immolation. The effects 
are not entirely dissimilar.)

In view of the present growth of knowledge of hema-
tology, it is remarkable to realize that the concept of the 
circulation of blood was fi nally established by Harvey 
only a little more than 300 years ago. This began the 
clinical application of blood transfusion, of which 
Pepys wrote, “It gave rise to many pretty wishes as of 
the blood of a Quaker to be let into an Archbishop and 
such like.”

In the mid-17th century, Swammerdam observed 
red blood corpuscles in the microscope and Malpighi 
discovered the capillary circulation in the lung and 
omentum. However, it was not until the 19th century 
that the source of blood cell production began to be suc-

cessfully explored. Houston suggested that red cells were 
derived from leukocytes in the lymphoid system. Zim-
merman believed that erythrocytes were derived from 
platelets, an opinion shared by Hayem. Addison, perhaps 
not surprisingly, attributed red cell production to the 
adrenals, and Reikert fi nally suggested that red cells 
might be produced in the embryonic liver. In fact, not 
until 1868 did Neumann demonstrate that red cells arise 
from precursors in the marrow. The modern understand-
ing of the physiology of hematopoiesis then began.

PHYLOGENY

Much can be learned about the physiology of hemato-
poiesis from study of the evolution of oxygen transport, 
a subject reviewed by Lehman and Huntsman.1

One of the major advantages of mammalian life over 
that of invertebrates is the capacity to package large 
amounts of hemoglobin within cells. This permits the 
delivery of oxygen to tissues without the enormous 
increase in oncotic pressure that would be induced by a 
similar concentration of high-molecular-weight hemoglo-
bin free in plasma. The renewal rate of red cells is a 
function of the metabolic rate or basal heat production. 
This is illustrated dramatically in studies of the animal 
kingdom, ranging from the turtle to the pygmy shrew, 
and by comparisons of red cell renewal in marmots 
during periods at ambient and cold temperature,2 in 
rats,3 and in frogs.4

Production of blood cells in bone marrow is a late 
development in phylogeny. Red cells are found in the 
coelomic cavity of the worm and are produced in the 
kidneys of the goldfi sh. The infl uence of oxygen demand 
on the production of red cells5 is illustrated by the effects 
of hyperoxia on bled rats6 and the behavior of the Euro-
pean eel, one of the few vertebrate forms that ordinarily 
lacks erythrocytes in its juvenile state. When the adult eel 
struggles against the current up the rivers of Europe, 
hemoglobin-containing nucleated cells appear in its 
plasma. This infl uence of oxygen demand on respiratory 
pigment production is also illustrated in non–red cell–
producing organisms such as Daphnia, the English water 
fl ea, a creature that produces high-molecular-weight 
hemoglobin in its ovaries when exposed to the low oxygen 
tension in stagnant ponds. The recent discovery of tran-
scription factors that function as oxygen sensors provides 
a potential molecular explanation for these regulatory 
mechanisms.7-10

MARROW ANATOMY

The relative red (active) marrow space of a child is much 
greater than that of an adult, presumably because the 
high requirements for red cell production during neona-
tal life demand the resources of the entire production 
potential of the marrow. During postnatal life the 

*For an entertaining review from which this precis was in part 
drawn, see The Growth of Knowledge of Functions of the Blood by 
A.H.T. Robb-Smith in Functions of the Blood, edited by R.G. MacFar-
lane and A.H.T. Robb-Smith, Oxford, Blackwell Scientifi c Publica-
tions, 1961. For more details, see also Blood Pure and Simple by the 
late Maxwell M. Wintrobe, New York, McGraw-Hill Book Company.
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demands for red cell production ebb, and much of the 
marrow space is slowly and progressively fi lled with fat 
(Fig. 6-1). In certain disease states that are usually associ-
ated with anemia, such as myeloid metaplasia, hemato-
poiesis may return to its former sites in the liver, spleen, 
and lymph nodes and may also be found in the adrenals, 
cartilage, adipose tissue, thoracic paravertebral gutters, 
and even the kidneys.

The microenvironment of the marrow cavity is a vast 
network of vascular channels or sinusoids in which fl oat 
fronds of hematopoietic cells, including fat cells. This 
complex area of cell biology and anatomy has been the 
subject of several reviews.11-15 The cells are found in the 
intrasinusoidal fronds. The vascular and hematopoietic 
compartments are joined by reticular fi broblastoid cells 
that form the adventitial surfaces of the vascular sinuses 
and extend cytoplasmic processes to create a lattice on 
which blood cells are found. The lattice itself is illustrated 
by reticulin stains of marrow sections (Fig. 6-2). The 
comformation of the meshwork of reticulin and the loca-
tion of hematopoietic cells in the network of vascular 
sinuses are best illustrated by scanning electron micros-
copy (Fig. 6-3). The fi broblastoid network provides two 
major functions—an adhesive framework onto which the 
developing cells are bound and production by these cells 

of essential hematopoietic colony-stimulating factors 
(CSFs),16 to be discussed later. Cell-cell adhesion may 
be mediated by binding of the hematopoietic very late 
antigen 4 (VLA-4) integrin to stromal fi bronectin or 
vascular cell adhesion molecule 1 (VCAM-1).17-20 In 
addition, cytokine receptors such as c-kit can bind to the 
membrane-bound form of stem cell factor or Steel factor 
(SCF),21 and the extracellular matrix proteins secreted 
by stromal cells may actually provide a binding site for 
some growth factors or for hematopoietic cells.22-24 In 
addition, chemokines, a family of small molecules, may 
have a role in stromal function. Specifi cally, stromal cell–

Total marrow space—adult (10 kg)
2600–4000 mL

Active red marrow—1200–1500 g

Total marrow space—child (15 kg)
1600 mL

Active red marrow—1000–1400 g

FIGURE 6-1. Comparison of active red marrow–bearing areas in a 
child and adult. Note the almost identical amount of active red marrow 
in the child and adult despite a fi vefold discrepancy in body 
weight. (Redrawn from MacFarlane RC, Robb-Smith AHT [eds]. Func-
tions of the Blood. Oxford, Blackwell Scientifi c, 1961, p 357.)

FIGURE 6-2. Bone marrow biopsy of a patient with mild myelofi brosis 
showing a slight increase in the number of reticulin fi bers in a delicate 
discontinuous fi ber network (Gomori stain ×350). (From Lennert K, 
Nagai K, Schwarze EW. Patho-anatomical features of the bone marrow. Clin 
Haematol. 1975;4:331-351.)

FIGURE 6-3. Scanning electron micrograph of rat femoral marrow. 
The hematopoietic cells are grouped between the interlacing network 
of the vascular sinuses. Many cells are dislodged when the marrow is 
transected, and separate spaces are present where cells had been. (From 
Lichtman MA, Chamberlain JK, Santillo PA. Factors thought to contribute 
to the regulation of egress of cells from marrow. In Silber K, LoBue L, Gordon 
AS [eds]. The Year in Hematology, 1978. New York, Plenum, 1978, pp 
243-279.)
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derived factor 1 (SDF-1) is a potent attractant for hema-
topoietic cells, both mature leukocytes and progenitor 
cells that express its receptor CXCR4.25 Gene disruption 
of both ligand and receptor in mice is embryonically 
lethal, with defects in B lymphopoiesis and myelopoie-
sis.26,27 These defects may relate to a critical role for 
CXCR4 in bone marrow engraftment in nonobese dia-
betic (NOD)/severe combined immunodefi ciency (SCID) 
mice28; SDF-1 has been shown to activate the integrins 
VLA-4, VLA-5, and lymphocyte function antigen 1 
(LFA-1) on CD34+ cells.29 Last, there is evidence that 
SDF-1 may also play a role in the egress of progenitor 
cells from bone marrow to blood during stem cell 
mobilization.30,31

A schema of the marrow circulation is shown in 
Figure 6-4. The central and radial arteries ramify in the 
cortical capillaries, which in turn join the marrow sinu-
soids and drain into the central sinus. Cells that egress 
from the marrow sinusoids then join the venous circula-
tion through comitant veins. The inner, or luminal, 
surface of the vascular sinusoids is lined with endothelial 
cells, the cytoplasmic extensions of which overlap, or 
interdigitate with, one another. Escape of developing 
hematopoietic cells into the sinus for transport to the 
general circulation occurs through gaps that develop in 
this endothelial lining and even through endothelial cell 
cytoplasmic pores.

The location of the different hematopoietic cells is 
not random. Clumps of megakaryocytes are found adja-
cent to marrow sinuses. They shed platelets, or fragments 
of their cytoplasm, directly into the lumen. This reduces 

the requirement for movement of bulky mature mega-
karyocytes, a mobility characteristic of the granuloid- 
and erythroid-differentiated precursors as they approach 
the point at which they egress from the marrow. A schema 
that illustrates the transfer of hematopoietic cells into the 
sinus is shown in Figure 6-5. Disruption of the function 
of microenvironmental cells inhibits long-term murine 
marrow cultures.32 Such disruptions may be responsible 
for certain cases of aplastic anemia.

HEMATOPOIETIC CELLS

Stem Cells

The concept that sustained hematopoiesis derives from 
pluripotent stem cells was fi rst suggested by Jacobson 
and colleagues,33 who showed that mice can be protected 
from the lethal effects of whole-body irradiation by exte-
riorization and shielding of the spleen. This protective 
effect was shown to be cell mediated by the observation 
that the injection of spleen cells could initiate recovery 
and re-establish hematopoiesis in irradiated animals.34 
The clonal nature of hematopoiesis and the concept that 
a single pluripotent stem cell exhibits the capacity to 
repopulate the entire hematopoietic system was fi rst 
demonstrated experimentally by Till and McCulloch,35 
who also used the mouse as an experimental system. 
They demonstrated that colonies of hematopoietic cells 
could be observed in the spleen of transplanted, irradi-
ated recipients within 10 days after the transplant. These 
colonies contained precursors to erythrocytes, granulo-
cytes, macrophages, and megakaryocytes. Subsequent 
experiments using karyotypically marked donor cells 
confi rmed the clonal origin of the differentiated cells in 
the colony, thus proving that a single pluripotent stem 
cell had given rise to these differentiated cells.36 It was 
also shown that each colony contained a number of stem 
cells that could again form a colony of differentiated 
progeny in a second irradiated recipient, thus demon-
strating their self-renewal capacity. This is true only of 
spleen colony-forming units that are present on day 12 
to 14 (CFU-S12). Colonies observed on days 7 to 8 after 
marrow infusion are transient, disappear by day 12, and 
are neither multipotential nor self-maintaining.37 Under 
steady-state conditions, no more than 10% of the CFU-S 
become committed to differentiation during any given 
3-hour period. The demonstration of a stem cell that can 
differentiate to form progenitor cells for erythropoiesis, 
granulopoiesis, and megakaryopoiesis is completely con-
sistent with subsequent observations in disease states 
such as chronic myelogenous leukemia38,39 and polycy-
themia vera (PCV),40,41 in which a clonal origin of abnor-
mal erythroid, granulocytic, and megakaryocytic 
precursor cells and lymphocytes can be demonstrated 
(see the Myeloid Leukemia, Myelodysplasia and Myelo-
proliferative Disease in Children in the companion 
volume Oncology of Infancy and Childhood).

Cortical
capillaries

Venous
sinuses

Nutrient
artery

Comitant
vein

Central sinus

Central
artery

Radial
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FIGURE 6-4. Schematic representation of the circulation of the 
marrow. The nutrient artery, central arteries, and radial arteries feed 
the cortical capillaries. The cortical capillaries anastomose with the 
marrow sinuses, which drain into the large central sinus. The central 
sinus enters the comitant vein, through which the marrow effl uent 
enters the systemic venous circulation. An interesting feature of the 
circulation of marrow is the transit of nearly all arterial blood through 
cortical capillaries before entering the marrow sinuses. Not shown are 
the arterial communications from muscular arteries that feed the peri-
osteum and penetrate the cortex to anastomose with intracortical 
vessels. (Redrawn from Lichtman MA, Chamberlain JK, Santillo PA. 
Factors thought to contribute to the regulation of egress of cells from marrow. 
In Silber K, LoBue L, Gordon AS [eds]. The Year in Hematology, 1978. New 
York, Plenum, 1978, pp 243-279.)
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Demonstration of a pluripotent stem cell in adult 
bone marrow led to a systematic search for the ontogenic 
origins of hematopoietic stem cells (HSCs). Experiments 
performed by Metcalf and Moore42 clearly demonstrated 
the presence of cells capable of repopulating adult marrow 
in the yolk sac and the murine fetal liver. Subsequent 
work has confi rmed and extended these observations,43 
although data show that HSCs may arise simultaneously 
in the yolk sac and the intraembryonic aorta/gonad/meso-
nephros (AGM) region.44 A diffi culty here is that primor-
dial germ cells also arise or migrate through this region 
and have been shown to have the potential to generate 
HSCs.45 A point of interest that arises is whether the stem 
cells observed in the yolk sac, fetal liver, and adult marrow 
and spleen are functionally equivalent in every respect. 
One experimental fi nding that suggests functional differ-
ences between CFU-S at different stages of development 
of the mouse was made by Micklem and Ross.46 Their 
experimental approach was to transfer spleen cells 
sequentially from a repopulated recipient to an irradiated 
recipient. Experiments of this type had previously shown 
that the capacity for transfer of CFU-S from adult marrow 
or spleen was fi nite, and in fact only three serial transfers 
could be accomplished.47 Micklem and Ross showed that 
cells transplanted from the yolk sac to the spleen of an 
irradiated recipient could be serially transplanted as 
many as seven times before further proliferative capacity 
was lost. CFU-S derived from fetal liver was capable of 
fi ve to six serial transfers.

The placenta has recently been found to be a source 
of HSCs during development.48,49 The origin of stem cells 
within the placenta remains controversial inasmuch as it 
is possible that the stem cells arrive from intraembryonic 
sources such as the AGM region or the placenta may be 

a de novo producer of blood stem cells. It is interesting 
that the stem cells produced within the aorta appear to 
be on the arterial surfaces during embryogenesis, and the 
placenta is rich in this particular process. The placenta 
is quantitatively a large source of HSCs during 
development.

Studies of Hellman and co-workers50 have provided 
a model of the stem cell compartment in which there is 
a continuum of cells with decreasing capacity for self-
renewal, increasing likelihood for differentiation, and 
increasing proliferative activity. Cells progress in a unidi-
rectional fashion in this continuum. It is the most primi-
tive cells with the greatest self-renewal capacity that 
reconstitute long-term hematopoiesis after transfer into 
irradiated recipient mice. These cells, termed long-term–
reconstituting hematopoietic stem cells (LTR-HSCs), 
were shown to be separable from CFU-S12 in a limiting-
dilution assay designed to detect and enumerate “cobble-
stone areas.”51 This assay is derived from the original 
“Dexter” technique for long-term culture of murine 
marrow in which CFU-S, colony-forming unit–granulo-
cyte-macrophage (CFU-GM), and burst-forming unit–
erythrocyte (BFU-E) fl ourish for many months on and 
within an adherent stromal monolayer.52 The areas of 
active hematopoiesis have a “cobblestone” appearance. 
In the limiting-dilution assay, different concentrations of 
bone marrow cells are plated onto a series of microwells 
that contain a pre-established stromal monolayer, and at 
5 weeks the cobblestone areas that comprise proliferating 
blast cells within the stromal cell layer are counted.51 In 
cell separation experiments, their numbers correlate with 
a cell fraction that is characterized by low mitochondrial 
mass per cell (minimal retention of the supravital fl uoro-
chrome rhodamine 123); this cell fraction is enriched 
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FIGURE 6-5. Schematic diagram of the factors 
that may be involved in controlling the release of 
marrow cells. The central relationship between the 
hematopoietic compartment and the marrow sinus 
is depicted. The drawing highlights the similarity of 
the egress process for the three major hematopoi-
etic cells: reticulocytes in the top pathway, granulo-
cytes and monocytes in the central pathway, and 
platelets in the lower pathway. Immature cells 
undergo biophysical changes under the infl uence of 
cytopoietins that favor egress. In the case of the 
reticulocyte, enucleation precedes egress. This is 
shown by the solid black inclusion in the perisinal 
macrophage, which represents nucleophagocytosis 
before digestion of the erythroblast nucleus. The 
cytoplasmic protrusion of the megakaryocyte pre-
sumably detaches itself from the cell and will 
further fragment into platelets in the 
circulation. (Redrawn from Lichtman MA, Chamber-
lain JK, Santillo PA. Factors thought to contribute to 
the regulation of egress of cells from marrow. In Silber 
K, LoBue L, Gordon AS [eds]. The Year in Hematology, 
1978. New York, Plenum, 1978, pp 243-279.)
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with marrow-repopulating cells but depleted of CFU-
S12.51,53 Even more impressive separation of pre–CFU-S 
from CFU-S12 was obtained by countercurrent elutria-
tion.54 Intermediate and rapidly sedimenting cells con-
tained greater than 99% CFU-S12, as well as the cells 
responsible for short-term reconstitution. In contrast, 
long-term–reconstituting cells (>60 days) came from a 
slowly sedimenting fraction that contained only 0.25% 
CFU-S12.

In summary, LTR-HSCs are cells capable of long-
term reconstitution of myelopoiesis and lymphopoiesis. 
More mature progenitor cells, represented by CFU-S12, 
give rise to spleen colonies 12 to 14 days after injection 
into irradiated recipients, exhibit less self-renewal and 
proliferative capacity, and are generally limited to myeloid 
differentiation. The most mature compartment, repre-
sented by cells that give rise to spleen colonies 6 to 8 days 
after transplantation (CFU-S8), have limited self-renewal 
and proliferative capacity. The relationship between the 
in vivo LTR-HSC assay and in vitro assays that measure 
blast cell colonies capable of forming additional colonies 
after replating,55 high–proliferative potential colony-
forming cells (HPP-CFCs) that form large monocyte 
colonies (up to 5 × 104 cells),56 or cells that survive in 
long-term cultures57 is at this point unresolved.

The stem cell model of hematopoiesis has parallels 
in other organ systems. That rapidly self-renewing epi-
thelial tissues such as skin and intestine have stem cells 
that continually replenish the cells lost by differentiation 
is well described. However, demonstration of the exis-
tence of neural stem cells58,59 has raised the possibility 
that many organ systems might retain a population 
of self-renewing stem cells. Muscle satellite cells also 
appear to fulfi ll this role. These organ- or tissue-specifi c 
stem cells arise during early fetal development from 
embryonic stem (ES) cells of the inner cell mass of the 
blastocyst that are totipotent and give rise to all body cell 
types.

Many assays have been proposed as “surrogate” stem 
cell assays, but until homogeneous populations can be 
evaluated in both in vitro and in vivo assays it will be 
impossible to determine the precise cell type measured 
by these methods. Fauser, Messner, and others39,60-62 
demonstrated colonies in semisolid media that contain 
granulocytes, erythrocytes, monocytes, and megakaryo-
cytes (CFU-GEMM) in methylcellulose cultures of 
human bone marrow. A unique type of in vitro blast cell 
colony that contains small numbers of blast cells with 
higher self-renewal capacity (secondary colonies on 
replating) than CFU-GEMM possesses has been 
described.55 Evidence for the presence of pluripotent 
HSCs is also derived from the human “Dexter” technique 
for liquid culture of marrow in which myeloid progenitors 
(mostly CFU-GM) are sustained for about 2 months on 
and within an adherent stromal monolayer.63,64 The pro-
genitors can be detected by replating into methylcellulose 
with several growth factors at 5 to 8 weeks, thereby dem-
onstrating that unipotent and multipotent cells are gener-

ated in this culture system. Eaves and colleagues have 
adapted this long-term culture technique to a limiting-
dilution assay in which long-term culture–initiating cells 
(LTC-ICs) can be quantitated after culture at different 
concentrations on a stromal layer for 5 weeks, followed 
by replating in methylcellulose and counting the number 
of wells that do not contain colonies.65 The analogous 
cobblestone area–forming cell (CAFC) assay has also 
been adapted to human cells.66 Another method that 
measures the enormous proliferative capacity of primitive 
progenitor cells is the HPP-CFC assay, which gives rise 
to macroscopically (>5 mm) visible in vitro colonies.56,67 
In an effort to establish a more direct measure of the 
ability of human stem cells to reconstitute hematopoiesis, 
Kamel-Reid and Dick developed an in vivo assay.68 In 
this method human cells are injected into immunodefi -
cient NOD/SCID mice, and 5 to 8 weeks later the animals 
are sacrifi ced and tested for the presence of human cells 
in blood and progenitors in bone marrow. By limiting 
dilution these SCID-reconstituting cells (SRCs) can be 
quantitated. Cell fractionation and gene-marking studies 
provide some evidence that SRCs are more primitive than 
LTC-ICs.69,70 Although SRCs may still be a heteroge-
neous population of cells that includes LTR-HSCs, this 
assay provides a better measure of stem cell properties 
than the LTC-IC assay does, especially with regard to 
the multipotent (i.e., myeloid and lymphoid) and self-
renewal properties of HSCs. A tentative relationship of 
the cells measured in these different assays to the stem 
cell is shown in Figure 6-6.

Application of these assays plus analysis of HSCs has 
in general been hindered by the low frequency of the cell 
in the hematopoietic population and the lack of reagents 
to identify stem cells. However, it is now possible to 
purify murine stem cells by several methods. Murine 
HSCs can be highly purifi ed by density gradient centrifu-
gation combined with labeling with antibodies, lectins, or 
intracellular dyes (alone or in combination), followed by 
separation via fl uorescence-activated cell sorting (FACS), 
immunopanning, or immunomagnetic beads. Immuno-
logic reagents that defi ne murine stem cell populations 
include antibodies to Thy-1, c-kit, and stem cell antigen 
(Sca-1). Spangrude and co-workers71 used FACS in 
combination with negative expression of T-cell, B-cell, 
granulocyte, and monocyte lineage–specifi c markers, low 
expression of Thy-1, and expression of Sca-1 to isolate 
HSCs. Transplantation of single c-kit+, Thy-1lo, lin−, Sca-
1+ (KTLS) cells can ensure long-term survival of lethally 
irradiated syngeneic recipients,72 and approximately 20% 
of such cells are LTR-HSCs. Murine HSCs can be even 
further enriched by using cell surface receptors of the 
signaling lymphocyte activation molecule (SLAM) family. 
HSCs are CD150+, CD244−, CD48−, whereas multipo-
tent progenitors lose CD150 expression and begin to 
express the other family members CD244 and CD48. 
Purifi cation of CD150+, CD48−, D41− cells (CD41 is also 
expressed on megakaryocyte lineage cells) provides a 
population of cells in which 45% are LTR-HSCs.73
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Expression of the CD34 antigen has been used to 
enrich for human stem cells. Although most colony-
forming cells (CFCs) express both the CD34 and CD33 
antigens, cells that give rise to CFCs in long-term bone 
marrow culture (i.e., pre-CFCs) can be separated by their 
expression of CD34, lack of expression of CD33, and 
intermediate forward light–scattering property.74 A G0 
CD34+ cell population has been isolated by exploiting the 
resistance of these cells to 5-fl uorouracil (5-FU) in the 
presence of SCF and interleukin-3 (IL-3).75 G0 cells are 
also c-kit, interleukin-6 receptor (IL-6R), and IL-1R pos-
itive; do not form progenitor-derived colonies on direct 
culture in methylcellulose; but after 5 weeks in culture on 
stromal cells, do form primary colonies in methylcellu-
lose, 40% of which are replatable. The importance of 
CD34+ marrow cells is emphasized by in vivo simian 
studies. Similar to human bone marrow, the CD34 antigen 
is expressed by a minority of baboon cells, and infusion of 
these cells after isolation by immunoabsorption chroma-
tography and FACS can reconstitute lymphohematopoi-
esis in lethally irradiated baboons.76 Cloning of murine 
CD34 cDNA has cast some doubt on expression of CD34 
by LTR-HSCs, at least in the mouse. A monoclonal anti-
body raised to a murine CD34-GST fusion protein was 
used to separate purifi ed Sca-1+, c-kit+, lin− bone marrow 
cells into CD34lo/−,CD34lo, and CD34+ fractions. Interest-
ingly, long-term multilineage reconstitution was observed 
after transplantation of the CD34lo/− cells, whereas the 
CD34+ fraction provided early but unsustained multilin-
eage reconstitution.72 It is possible that murine and 
primate LTR-HSCs differ in their expression of CD34; 
however, the human and primate transplants did not use 
very highly purifi ed cells, and thus it is also possible that 
CD34lo/− cells could account for the long-term engraft-
ment. These data are supported by experiments demon-
strating that a tiny subset of murine bone marrow cells 
that exclude the Hoechst 33342 dye (called the side pop-

ulation) contains all the LTR-HSC activity but is 
CD34−.77 Primate and human studies have also raised 
the possibility that HSCs do not express CD34.78 When 
primitive human lin− cells are separated into CD34+ and 
CD34− fractions, the capacity to reconstitute hematopoi-
esis in immunodefi cient mice (called SRCs) is found in 
both cell fractions.79 Resolution to this controversy may 
come from the demonstration that resting murine HSCs 
are CD34− whereas HSCs activated with 5-FU or cyto-
kines such as granulocyte colony-forming factor (G-CSF) 
express the CD34 antigen.80,81 Most interesting, trans-
plantation of activated CD34+ HSCs showed that these 
HSCs can lose CD34 expression after return of the recipi-
ents to the resting steady state and still retain the capacity 
to reconstitute secondary recipients, thus demonstrating 
that CD34 expression is reversible.81

Progenitor Cells

The pluripotent stem cells of the marrow slowly self-
replicate while occasionally (and stochastically) differen-
tiating into cells that are multipotent but have reduced 
self-renewal capacity (short-term–reconstituting HSCs 
[STR-HSCs]) and then into either common lymphoid 
(CLP) or common myeloid progenitors (CMP). These 
cells can be prospectively isolated according to their 
expression of unique combinations of cell surface markers 
(Fig. 6-7).82-84 Lymphoid differentiation will not be 
further considered here. The CMP differentiates into all 
of the progenitors of blood cells other than lymphoid 
cells. These include more committed progenitors of the 
granulocyte, monocyte (GMP), and eosinophil lineages 
or progenitors of the megakaryocyte, erythroid, and 
basophil (MEP) lineages. These cells can be isolated 
prospectively, and transplantation into lethally irradi -
ated mice can confer transient but not long-term 
hematopoiesis.85
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FIGURE 6-6. Schematic view of some general 
properties and assays for the heterogeneous cells 
that constitute the stem cell and progenitor cell 
compartments. As indicated on the diagram, cells 
capable of permanently reconstituting in vivo 
hematopoiesis are separable from cells that give 
rise to day 12 CFU-S, but the precise develop-
mental stage of in vitro long-term culture–initiat-
ing cells (LTC-IC), cobblestone area–forming 
cells (CAFC), high–proliferative potential colony-
forming cells (HPP-CFC), and blast CFC is not 
established. In the progenitor compartment, 
mixed colonies of almost all lineage combina-
tions have been described. BFU-E, burst-forming 
unit–erythroid; CFU-GEMM, colony-forming 
unit–granulocyte-erythrocyte-macrophage-
megakaryocyte; CFU-GM, colony-forming 
unit–granulocyte-macrophage.
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BFU-E. BFU-E progenitors are so named because in 
response to the combination of erythropoietin (EPO) 
and either SCF, IL-3, or granulocyte-macrophage colony-
stimulating factor (GM-CSF) in vitro in semisolid (meth-
ylcellulose) culture, the progenitor divides several times 
while still motile, thereby forming subpopulations of ery-
throid colony-forming units (CFU-E).87 Each of the 
latter then form a large colony of proerythroblasts that 
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Erythroid Colony-Forming Cells

The erythroid progenitor compartment is invisible to the 
light microscope. These committed progenitors of a 
single lineage are derived from stochastic differentiation 
of bipotential or multipotential progenitors,86 which in 
turn are derived from a tiny population of pluripotential 
stem cells (see Fig. 6-7). In humans, the most primitive 
single-lineage–committed erythroid progenitor is the 
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eventually form more mature erythroblasts and even 
reticulocytes. The burst-like morphology of the colony is 
responsible for the name of the progenitor. The entire 
process requires about 2 weeks in vitro. Bone marrow 
also contains more mature CFU-E progenitors, which 
under the infl uence of EPO, form small colonies of eryth-
roblasts in 7 days.

Granulocyte and Macrophage 
Colony-Forming Cells

The fi rst colony assays relevant to the study of the pro-
duction of granulocytes and monocytes in the mouse 
were described in 1965 by Pluznik and Sachs88 and in 
1966 by Bradley and Metcalf.89 Analogous assays have 
been developed in the human system.90 These groups 
demonstrated that individual cells derived from mouse 
spleen or bone marrow could give rise to colonies of up 
to several thousand differentiated granulocytes, macro-
phages, or both in soft agar medium. A period of 7 to 8 
days was required for full maturation of these colonies 
(12 to 14 days is required in humans). Appropriate 
studies were performed to demonstrate the single-cell 
origin of the colonies. These studies also demonstrated 
that a single progenitor cell, which was termed the colony-
forming unit in culture (CFU-C), was capable of differ-
entiation into both granulocytes and macrophages, thus 
the designation CFU-GM. Unit gravity sedimentation 
and other separation methods have been used to demon-
strate that CFU-GM represents a cell population distin-
guishable from pluripotent stem cells.91 Long-term liquid 
bone marrow cultures have been particularly helpful 
in defi ning the humoral and cell-cell interactions that 
induce myeloid differentiation.92 CFU-GM give rise 
to the more mature granulocyte and macrophage colony-
forming units, CFU-G and CFU-M respectively.89,90 
In addition, CFU-GM can be distinguished from the 
eosinophil progenitor, CFU-Eo, each arising indepen-
dently from the myeloid stem cell. A progenitor more 
mature than CFU-GM that differentiates to smaller 
clusters of mature myeloid cells earlier in culture than 
CFU-GM does has been described.56,90,93,94 This is analo-
gous to the erythroid system, in which BFU-E differenti-
ates to the more mature progenitor CFU-E. A 
pre–CFU-GM similar to the most immature BFU-E but 
with a slower sedimentation rate and lower cycling index 
than CFU-GM has been described in humans.95-97 Thus, 
the myeloid progenitor population, like the erythroid one, 
represents a continuum with respect to proliferative 
potential.

Megakaryocyte Colony-Forming Cells

Figure 6-7 provides an accepted if idealized schema of 
lineage-restricted megakaryocyte progenitor develop-
ment. Evidence strongly suggests that the initial phase of 
differentiation into erythrocyte and megakaryocyte com-
mitment involves a single progenitor capable of giving 
rise to colonies of differentiated cells, all of which express 
a nuclear transcription factor known as GATA-1.98,99 Of 

great interest is the fact that another transcription factor, 
NF-E2, has been shown to regulate platelet produc-
tion.100 Mice rendered NF-E2 defi cient die of bleeding 
from the absence of platelets. The thrombocytopenia is 
due to a block late in megakaryocyte maturation. Inter-
estingly, these animals do not show an increase in throm-
bopoietin (TPO) levels, thus suggesting that the 
megakaryocyte mass rather than the platelet count regu-
lates TPO production.

Precursors and Mature Cells

The erythroid precursor, or erythroblast, pool represents 
about a third of the marrow cell population in normal 
children older than 3 years and adults. Proerythroblasts 
are the earliest recognizable forms. These cells divide and 
mature through various stages that involve nuclear con-
densation and extrusion and hemoglobin accumulation. 
On average, each erythroblast can form about eight retic-
ulocytes. Measurement of the total marrow proerythro-
blast content101 and daily reticulocyte production shows 
that under normal conditions, replicating proerythro-
blasts largely maintain the reticulocyte pool by renewal 
from the progenitor compartment at a rate of about 10% 
per day.102

Erythroid Development

Up to this point we have discussed the nondescript pro-
genitors of erythropoiesis without reference to their phys-
ical appearance or to the appearance of their differentiated 
daughter cells. The best evidence to date suggests that 
hematopoietic progenitors or stem cells look like lympho-
blasts,103-105 and studies of peripheral blood have shown 
BFU-E to reside in the nonadherent “null” lymphocyte 
population.106

The pathway of erythroid precursor differentiation 
between the development of proerythroblasts and the 
mature red cell is known as the erythron and includes 
the functioning differentiated precursor cells observed in 
bone marrow aspirates and biopsy sections. The mor-
phology of erythroid precursor maturation is well 
described in several texts and will not be repeated here. 
The salient features of the morphologic changes during 
cell development are related to biochemical and kinetic 
alterations, as reviewed by Granick and Levere107 and 
shown in Figure 6-8. Times spent in each morphologic 
compartment are shown at the bottom of the fi gure, 
but the average transit time from proerythroblast to 
emergence of the reticulocyte into the circulation is 
approximately 5 days.108 In acute anemia, the transit 
time may decrease to as little as 1 or 2 days by means 
of skipped divisions.109 The red cells that emerge are 
macrocytic and may bear surface i antigen and other 
fetal characteristics because the abbreviated time in 
the marrow compartment does not permit complete 
conversion of i antigen to I antigen or acquisition of 
certain other adult characteristics.110 The cells also 
contain excessive burdens of the rubbish that normally 
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accumulates during cell assembly111 because less time 
is available for the cleansing action of cell proteases 
and nucleases.112 Thus, stress erythropoiesis is associated 
with circulating Pappenheimer bodies (iron granules), 
basophilic stippling (ribosomes), Heinz bodies (hemo-
globin inclusions), and Howell-Jolly bodies (nuclear 
remnants).

The kinetics of erythropoiesis can be monitored with 
the use of radioactive iron and surface scanning. The 
various ferrokinetic patterns in human diseases are shown 
in Figure 6-9. The total distribution of erythroid marrow 
can be determined by scintigraphy with 111InCl bound to 
transferrin, as shown in Figure 6-10. Both 59Fe kinetics 
and 111InCl scintigraphy can be useful in the diagnosis of 
marrow failure, but these techniques are rarely necessary. 
Initial uptake of 59Fe in marrow primarily occurs in pro-
erythroblasts and early basophilic erythroblasts.113

Neutrophil Production

A model that describes the production and kinetics of 
neutrophils in human is shown in Figure 6-11. It is highly 
compartmentalized. The relatively tiny peripheral blood 
pool is divided into two components in equilibrium: the 
circulatory granulocyte pool (CGP) and the marginating 

granulocyte pool (MGP). These pools provide entrance 
into tissues. The level of circulating cells is buffered by 
an immense narrow reserve of identifi able precursors, 
some of which are located in the mitotic compartment 
and others in a maturing storage compartment. Transit 
times within each compartment are relatively long, so a 
huge reserve remains available. The responses of these 
compartments to various diseases are detailed in Chapter 
21. The kinetics of proliferation of recognizable cell pre-
cursors has been studied with labeled precursors of DNA. 
The so-called labeling indices from which measurements 
of cell cycle times can be made have served as important 
approaches to study of the pharmacology and toxicity of 
chemotherapy (see the chapter Chemotherapy in the 
Pediatric Patient in the companion volume Oncology of 
Infancy and Childhood).

The fi nal stages of granulocyte production, their 
release from marrow, is also multifaceted.114 At least four 
factors may infl uence granulocyte egress: organization 
and localization of the cells in relation to vascular chan-
nels, development of nuclear and cytoplasmic changes 
that increase cell deformability, factors that cause cell 
release, and fi nally, regulation of blood fl ow through vas-
cular channels in the marrow.
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FIGURE 6-8. Erythroid maturation: altera-
tions in cell size, rates of DNA and RNA 
synthesis, enzymes involved in heme synthesis, 
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listed in the left column are represented by 
corresponding solid black lines. Unless speci-
fi ed, graphs represent relative values. ALA 
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Levere RD. Heme synthesis in erythroid cells. 
In Moore CV, Brown EB [eds]. Progress in 
Hematology, vol. 4. New York, Grune & Stratton, 
1964, p 1.)
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FIGURE 6-9. Pattern of radioactivity in blood and over 
the sacrum (marrow), liver, and spleen during a ferro-
kinetic study. Representative data from patients with 
three different disorders and one normal individual are 
presented. (Redrawn from Finch CA, Deubelbeiss K, Cook 
JD, et al. Ferrokinetics in man. Medicine [Baltimore]. 
1970;49:17-53. Copyright 1970 The Williams & Wilkins 
Company, Baltimore.)

FIGURE 6-10. Spectrum of scinti-
graphic patterns in patients with 
idiopathic aplastic anemia. On the 
left is a scintigram of a patient with 
renal but no marrow activity before 
transplantation. In the middle is a 
scintigram of a patient with activity 
in the kidneys and borderline uptake 
within the marrow. On the right is 
a normal bone marrow scan in a 
patient after transplantation. Liver 
activity is seen in all three patterns, 
and splenic activity is seen in 
none. (From McNeil BJ, Rappeport 
JM, Nathan DG. Indium chloride scin-
tigraphy: an index of severity in patients 
with aplastic anaemia. Br J Haematol. 
1976;34:599-604.)
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Bone Marrow Examination and 
Megakaryocytopoiesis

Despite the fact that the morphology of megakaryocyte 
development is fairly well established (Fig. 6-12 and Table 
6-1), bone marrow examination can be of limited value in 
the various platelet disorders. Bone marrow smears and 
biopsy sections provide insuffi cient data about thrombo-
poiesis because the fi nal stage of platelet production, 
extrusion of cytoplasm into the sinusoid and shedding of 
platelets (to be described later), is not appreciated by 
these techniques; just the relative numbers of megakaryo-
cytes and their size and ploidy can be determined by 
routine morphologic methods. It is not surprising that 
such information is only loosely correlated with platelet 
production (Fig. 6-13). Furthermore, sampling errors 
can be responsible for serious misinterpretations. This is 
a particular hazard with aspirates of neonatal marrow, in 
which megakaryocytes may be hard to detect regardless 
of whether platelet production is normal. Furthermore, 

megakaryocytes are not evenly distributed in marrow 
smears. They are more readily found around the edges of 
the particles and may be mistaken for broken cells by an 
untrained observer. Megakaryocyte nuclei are often found 
lying free in marrow smears, where they may be errone-
ously scored as tumor cells. Biopsy sections provide more 
accurate assessment of megakaryocyte number and distri-
bution than smears do, although the latter are usually 
suffi cient (except in neonates) if examined carefully. 
Biopsy should not be attempted in neonates merely to 
defi ne megakaryocytes; clinical judgment is a safer tool in 
these patients.

Examination of routine marrow smears and biopsy 
samples, though instructive, is limited by the two-
dimensional views and thickness of the sections. Mega-
karyocytes have a peculiar predilection to lie next to the 
endothelial cell lining of the fronds of developing marrow 
cells, perhaps because TPO is produced by these cells. In 
general, megakaryocytes are too large to squeeze through 
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TABLE 6-1 Cytologic Characteristics of Megakaryocyte Maturation Stages

Stage
Nuclear 
Morphology

Cytoplasmic Staining 
(Wright-Giemsa)

Approximate 
Size Range

Demarcation 
Membranes Granules Suggested Name

I Compact 
(lobed)

Basophilic 6-24 μm Present by 
electron 
microscopy

Few present by 
electron 
microscopy

Megakaryoblast

II Horseshoe Pink center 14-30 μm Proliferating to 
center of cell

Starting to 
increase

Promegakaryocyte

III Multilobed Increasingly more 
pink than blue

15-56 μm Extensive but 
asymmetric

Great numbers Granular 
megakaryocyte

IV Compact but 
highly 
lobulated

Wholly eosinophilic 20-50 μm Evenly 
distributed 

Organized into 
“platelet fi eld”

Mature 
megakaryocyte
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the sinusoidal meshwork, so they merely push their 
cytoplasm through the fenestrations. These cytoplasmic 
structures, called proplatelets, serve as microtubule con-
duits for platelet packaging and release at sinusoids.115 
The protruding cytoplasm forms demarcation lines and 
then shatters into platelets, which are swept into blood, 
regulated in part by fi brinogen interacting with platelet 
αIIbβ3 integrin.116 Megakaryocyte nuclei rarely make the 
transfenestration journey into the sinusoids and thence 
blood. If they do, they may be mistakenly interpreted 
by an unwary microscopist as tumor cells in the blood. 
Intact or partial megakaryocytes are regularly observed 
in the blood of patients with marrow-invasive diseases 
such as certain leukemias, metastatic cancers, granulo-
matous disorders, and fi brosis.

HEMATOPOIETIC GROWTH FACTORS

Since the pioneering work of Metcalf,89 Sachs,88 and their 
co-workers in the early 1960s, it has been recognized that 

normal and leukemic blood progenitor cells can be prop-
agated in culture in the presence of soluble protein growth 
factors. These factors were originally termed colony-
stimulating factors based on their ability to support the 
formation of colonies of blood cells by bone marrow cells 
plated in semisolid medium.117 During the 1970s and 
1980s it was recognized that there are multiple types of 
CSFs based on the different types of blood cells found 
in the colonies that grew in the presence of the different 
factors, thus leading to the hypothesis that the growth 
and differentiation of different lineages of blood cells are 
controlled, at least in part, by exposure of progenitor cells 
to CSFs with different lineage specifi cities.117-119 With 
molecular cloning of the genes for many of these factors 
and their receptors during the 1980s and 1990s it became 
possible to study in detail the structure, function, and 
biology of the recombinant CSFs, as well as the molecu-
lar biology of their respective genes.117-122 This analysis, 
along with similar work on regulation of cells in the 
immune system, led to the realization that there exists a 
large number of interacting regulatory molecules now 

FIGURE 6-12. Photomicrographs of maturation 
stages of Feulgen-stained guinea pig megakaryo-
cytes (all ×760). Each row illustrates representative 
nuclear confi gurations of maturation stages I, II, III, 
and IV. (From Levine RF, Hazzard KC, Lamberg JD. 
The signifi cance of megakaryocyte size. Blood. 
1982;60:1122-1131.)



208 BONE MARROW FAILURE

generally known as cytokines or lymphohematopoietic 
cytokines that together serve to control the hematopoietic 
and immune systems and integrate the responses of 
these systems with those of many other physiologic 
systems.120,123-126 These control molecules serve to regu-
late the growth, development, differentiation, activation, 
and traffi cking of cells within the hematopoietic and 
immune systems. With elucidation of the sequence of 
most of the human genome in the fi nal years of the 
1990s, even more cytokine and growth factor genes have 
been discovered and have provided both new insight into 
how all these systems have evolved with common themes 
and further challenges to cell biologists in their attempt 
to understand the functions and interactions of all of the 
different molecules.

Cytokine gene families that contain at least one 
member that functions within the hematopoietic or 
immune system include the lymphohematopoietic cyto-
kines (including many interleukins and CSFs)117,122; the 
receptor tyrosine kinase ligands CSF-1,127 stem cell factor 
(SCF; also known as SF),128 and the ligand for the Flks/
Flt3 receptor (FL)129; the IL-1 gene family130; the che-
mokines131; the tumor necrosis factors (TNFs)132; the 
interferons133; the IL-10 gene family134; transforming 
growth factor β (TGF-β)135; and the IL-17 gene family.136 
We will briefl y describe these families and molecules 

among the family members selected as hematopoietic 
growth factors (HGFs) for further discussion.

Lymphohematopoietic Cytokines

For our purposes, the lymphohematopoietic cytokines 
are defi ned as protein ligands for members of the hema-
topoietin receptor gene family, also known as the cyto-
kine receptor class I gene family.137 This gene family 
is characterized by an extracellular domain with pairs 
of conserved cysteine residues and the distinctive 
amino acid sequence element Trp-Ser-Xaa-Trp-Ser 
(WSXWS).138 These receptors all signal at least partly 
through the JAK-STAT (Janus kinase–signal transducer 
and activator of transcription) pathway.139,140 This rather 
large family of hematopoietins now includes many inter-
leukins1 (IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-11, 
IL-12, IL-13, IL-15, IL-21, and IL-23),122,141-143 GM-
CSF,117,144 G-CSF,145 EPO,146 TPO,147 thymic stromal 
thymopoietin (TSLP),148-150 leukemia inhibitory factor 
(LIF),151 oncostatin M (OSM), cardiotropin-1 (CT-1), 
and ciliary neurotrophic factor (CNTF).152 The hemato-
poietin receptors on the cell surface signal as multimers, 
either homomeric or heteromeric, and the family can be 
further divided into subfamilies based on the molecular 
composition of their receptor complexes. The lympho-
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IL-12, induces interferon-γ [IFN-γ],165 but IL-1α and 
IL-1β have also been shown to synergize with other 
HGFs in support of early blood cell proliferation and 
therefore will be considered further here.166 The func-
tions of the other novel members of the IL-1 gene family 
are still unknown.

Chemokines

The chemokines represent a large family of generally 
small proteins (usually 8 to 12 kd) that are readily iden-
tifi able by sequence homology, including characteristic 
twin cysteine residues near the amino-terminals, which 
separates the family into CC chemokines if the cysteines 
are adjacent or into CXC cytokines if they are separated 
by one residue.131 Currently, more than 50 members of 
the gene family have been demonstrated to have impor-
tant roles in cell traffi cking in many systems. The receptor 
gene family for this cytokine family comprises about 20 
members of the G protein–coupled receptor (GPCR) 
family. However, their biologic function is not limited to 
chemotaxis inasmuch as several have been shown to 
effect gene transcription, apoptosis, and cell proliferation. 
IL-8 is a prominent CXC chemokine that regulates neu-
trophil traffi cking and is therefore a prominent player in 
infl ammatory responses.131 However, two chemokines, 
SDF-1 and macrophage infl ammatory protein 1α (MIP-
1α),167 have been reported to inhibit the cycling of very 
early stem cells and hence may be important molecules 
in halting cycling stem cells and returning them to their 
normal, quiescent state. SDF-1 is clearly very interesting 
and important in the hematopoietic system as a chemo-
tactic factor for very primitive stem cells; it provides a 
possible mechanism for homing of cells both as hemato-
poiesis moves from the fetal liver to the bone marrow and 
during transplantation of cells in adults.168

Tumor Necrosis Factors

The TNF gene family137 now includes TNF-α, lympho-
toxin α and β, CD27 ligand, CD30 ligand, CD40 ligand, 
Fas ligand, TRAIL, and Trance.126 Many of these mole-
cules are involved in regulating the activation and death 
of various cells, including T lymphocytes. TNF-α itself 
has many biologic activities, particularly in infl ammation. 
However, it is mentioned here because of its potent and 
important role in promotion of dendritic cell differentia-
tion and activation.169,170

Interferons

Type I interferons (13 species of IFN-α, IFN-β, and 
IFN- ω) are closely linked on human chromosome 9. The 
type II IFN-γ demonstrates little if any sequence homol-
ogy with the type I interferons, but the receptors for all 
of these cytokines are members of cytokine receptor class 
2, which is related to but distinct from cytokine receptor 
class 1 (hematopoeitin receptors) because they lack the 

hematopoietic cytokines with homodimeric receptors 
include EPO, TPO, and G-CSF.122 A second subgroup 
consisting of GM-CSF, IL-3, and IL-5 in the human 
system has receptor complexes that share a common 
subunit known as the βc chain that forms heterodimers 
with unique cytokine α subunits to provide selectivity for 
the respective cytokines.122 A third group that includes 
IL-6, IL-11, LIF, OSM,153 CNTF, and CT-1 all share a 
common receptor signaling chain known as gp130, but 
with unique chains that provide ligand specifi city.152 A 
fourth group of cytokines largely involved in lymphocyte 
development and activation, including IL-2, IL-4, IL-7, 
IL-9, IL-15, and IL-21,154 share a hematopoietin receptor 
component known as the γc chain, originally identifi ed as 
a component of IL-2R.126 A fi fth group, comprising IL-7 
and TSLP, share the IL-7Rα chain,155 and fi nally, IL-12 
and IL-23, heterodimeric cytokines with a common 
subunit (p40) shared by each cytokine, also share the 
IL-12Rβ1 component.143 Cytokines from the fi rst two 
groups (EPO, TPO, G-CSF, GM-CSF, IL-3, and IL-5) 
all have predominant activities on the growth and differ-
entiation of various myeloid cell populations and are 
traditionally included among the HGFs. Among the 
gp130 family of cytokines, IL-6 and IL-11 have multiple 
activities in different biologic systems but in addition, at 
least in vitro, play important roles in regulating myeloid 
cell growth and development, and therefore we will also 
consider them HGFs.156 Although IL-4, IL-9, IL-12, and 
LIF display some activity as growth factors for myeloid 
cells, they all have prominent activity in other system as 
well and will not be considered further here.122 The other 
interleukins, CNTF,157 and CT-1 (the latter two of which 
act primarily outside the hematopoietic and immune 
systems) act predominantly on the growth, development, 
and activation of various lymphocyte populations, and 
although these activities are extremely important in con-
trolling the immune system and possibly in indirectly 
controlling the hematopoietic system, we will leave them 
aside for simplicity and concentrate on the activity of the 
previously mentioned lymphohematopoietic HGFs.

Receptor Tyrosine Kinase Ligands

Three HGFs—macrophage CSF (M-CSF, also known as 
CSF-1127), SCF,129,158 and FL159—have been identifi ed 
that signal through related receptors, which themselves 
have tyrosine kinase activity.129 The receptors for these 
HGFs are all evolutionarily related, as are the ligands 
themselves, and each plays an important role in control-
ling blood cell production.160,161

Interleukin-1 Gene Family

The IL-1162,163 gene family has grown substantially and 
now includes at least IL-1α through IL-1χ, the IL-1 
receptor antagonist (IL-1RA), and IL-18.130,164 IL-1α, 
IL-1β, and IL-18 all have potent ability to induce cyto-
kine production. IL-18, particularly in combination with 
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distinctive WSXWS sequence.171 In addition to their anti-
viral activities, both type I and type II interferons have 
multiple other regulatory activities with many cell types, 
including T cells. In the human system, type I interferons 
play a prominent role in polarizing helper T cells toward 
the type 1 (TH1) phenotype.126 However, none of these 
molecules appear to have prominent roles in directly 
controlling blood cell production and will not be consid-
ered further here.133

Transforming Growth Factor-b Gene Family

The TGF-β gene family is a large family of genes that 
includes TGF-β1, TGF-β2, and TGF-β3; bone morpho-
genetic proteins (BMPs) 2 through 16; growth and dif-
ferentiation factor (GDF) genes 1 to 10; activin; and 
inhibin. Like many of the other cytokines, receptors for 
the TGF-β family members are multimers composed of 
two different members of the serine/threonine kinase 
receptor gene family.135 Receptors with different ligand 
specifi cities are generated by combining these gene prod-
ucts in different groupings. TGF-β1 itself is a very impor-
tant regulator of cell cycling in many cell systems, 
including the hematopoietic system, and will be consid-
ered here further as a negative regulator of hematopoie-
sis.172,173 Mutations in its receptor cause the Loeys-Dietz 
syndrome.174 The BMPs and GDFs have been implicated 
in many developmental systems, but interestingly, BMP-
4 has been shown to be essential in Xenopus for embry-
onic development of HSCs, and it seems at least possible 
that this molecule might play a role in mammals as well 
in blood cell development during embryogenesis, if not 
in adult hematopoiesis, an area worth following. However, 
for our purposes, we will include only TGF-β1 itself as 
an HGF for simplicity’s sake.

Action of Hematopoietic Growth Factors

Predominantly Lineage-Specifi c 
Hematopoietic Growth Factors: GM-CSF, 
M-CSF, IL-5, TPO, and EPO

Early on it was recognized that different CSFs could 
selectively support the growth of specifi c types of hema-
topoietic colonies.117 Thus, when human bone marrow 
cells are cultured in semisolid medium in the presence of 
G-CSF, 7 to 8 days later colonies emerge that consist 
largely of mature neutrophilic granulocytes and their pre-
cursors.145 This led to the model that G-CSF to a large 
degree interacts with relatively late hematopoietic pro-
genitors that have already committed to the neutrophil 
lineage (CFU-G) and serves to support their growth and 
fi nal maturation into functional neutrophils.145 Similar 
analysis has revealed that the other major hematopoietic 
cell lineages have analogous lineage-specifi c late-acting 
factors and that these molecules frequently serve as 
important, if not primary regulators of the respective 
pathways. Thus, M-CSF supports monocyte/macrophage 

colony growth and is important in supporting the growth 
and maturation of monocyte progenitors (CFU-M)127; 
IL-5 supports eosinophilic granulocyte colony formation 
and therefore supports the growth and maturation of 
eosinophil progenitors (CFU-Eo), as well as activating 
eosinophils175,176; EPO is necessary for the growth and 
maturation of both earlier (BFU-E) and later (CFU-E) 
progenitors of the erythroid lineage146; and TPO directly 
supports the growth and maturation of megakaryocyte 
progenitors (CFU-Meg) and the subsequent production 
of functional platelets.147,177

Although regulation of the respective blood cell path-
ways by the lineage-specifi c HGFs is likely to be their 
major function, in no case is this lineage specifi city abso-
lutely maintained. G-CSF has been found to infl uence 
the migration and proliferation of endothelial cells, cells 
that express high-affi nity receptors for this cytokine.178 
IL-5 serves as a growth factor for activated B cells, par-
ticularly in the mouse, and affects the type of immuno-
globulin secreted by mature B cells.179 EPO180 and TPO181 
have been noted to interact with megakaryocyte and ery-
throid progenitors, respectively. M-CSF appears to be 
important in trophoblast development.127 Finally, popu-
lations of early HSCs have been found to express recep-
tors for many cytokines; typically, these cells do not 
respond to single factors but require combinations of 
factors to trigger them into cycle.182,183 “Lineage-specifi c” 
factors that have been reported to act in various combi-
nations to trigger cycling of early “stem” cells include 
G-CSF,184 M-CSF,185 and TPO,186 thus demonstrating 
that the molecules are not strictly “lineage specifi c,” even 
within the hematopoietic system. Mice defi cient in either 
the TPO receptor (mpl) or G-CSF are defi cient in levels 
of all progenitor cells, consistent with the idea that these 
factors are indeed involved in expansion of early-lineage 
cells.121 However, when administered in vivo, each of 
these molecules largely infl uences the growth and devel-
opment of the expected lineage, and the designation of 
lineage specifi city therefore seems warranted.

Multilineage Hematopoietic Growth Factors: 
IL-3 and GM-CSF

Initial analysis of human bone marrow cell cultures 
grown in the presence of GM-CSF revealed that a variety 
of different colony types develop over a period of 10 to 
14 days.187 Mature blood cells that could be readily iden-
tifi ed included neutrophils, monocytes/macrophages, and 
eosinophils. This led to designation of the molecule as a 
“granulocyte-macrophage” colony-stimulating factor, or 
GM-CSF. When compared with G-CSF, it was found 
that GM-CSF took longer to produce colonies with iden-
tifi able neutrophils, but the ultimate variety of cell types 
was greater. This led to a model in which GM-CSF acts 
on progenitors committed to produce either neutrophils 
or monocytes (CFU-GM), which is a precursor to the 
G-CSF–responsive CFU-G and the M-CSF–responsive 
CFU-M.117,187 These later progenitors apparently retain 
responsiveness to GM-CSF as well because mature 
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monocytes and neutrophils can be observed in cultures 
supported by GM-CSF alone. That this model is not 
strictly correct was shown when recombinant GM-CSF 
was introduced into human bone marrow cultures in the 
presence of EPO and it was found that this combination 
of factors was very effective in supporting the develop-
ment of erythroid colonies (murine GM-CSF is some-
what less effective in this regard).188,189 Thus, despite its 
name, GM-CSF generally interacts with intermediate 
multilineage progenitors that yield neutrophils, eosino-
phils, monocytes, erythroid cells, and megakaryocytes 
(CFU-GEMM). At the time, these activities were similar 
to those ascribed to IL-3 in the murine system.190 When 
human IL-3 was identifi ed, it proved to be able to support 
multilineage colony formation similar to human GM-
CSF, thus indicating that it interacts with slightly differ-
ent but strongly overlapping subsets of progenitors.191,192 
When compared with GM-CSF, IL-3 is somewhat more 
effective in supporting multilineage, erythroid, and mega-
karyocyte colony formation, and GM-CSF is slightly 
more effective in mediating granulocyte and monocyte/
macrophage colony formation.191,192 In serum-free condi-
tions, the ability of IL-3 to support fi nal neutrophil and 
monocyte maturation is signifi cantly depressed, thus 
indicating that later-acting factors, G-CSF or GM-CSF 
in the case of neutrophils or M-CSF or GM-CSF in the 
case of monocytes, are necessary for fi nal end cell 
production.193

In addition to acting slightly earlier than GM-CSF, 
IL-3 is clearly distinguished in its activity by its ability to 
support the growth and maturation of mast cells and 
basophils.194,195 In the mouse, this was one of the fi rst 
recognized activities of IL-3,190 and when fi rst adminis-
tered to primates, basophilia was one of the most promi-
nent fi ndings.195,196 Hence, IL-3 appears to be capable of 
supporting the growth and development of basophil and 
mast cell progenitors. In the human system, both IL-3 
and GM-CSF can support the development and differ-
entiation of dendritic cells of either myeloid or lymphoid 
origin, especially in combination with SCF, FL, and 
TNF.197-199

IL-4 in mice and humans has also been reported to 
support multilineage colony formation, including colo-
nies that contain cells from the erythroid, megakaryo-
cytic, neutrophilic, and monocytic lineages.200-202 IL-4 in 
the mouse supports mast cell growth and therefore shares 
many activities with IL-3.179 However, IL-4 plays very 
important roles in the development and maturation of T 
and B cells,179,202,203 particularly in the polarization of 
cytokine production by helper T cells toward the type 2 
(TH2) response.204 Therefore, on balance IL-4 is likely to 
be more important in controlling immune cell develop-
ment and function and will not be discussed further here. 
IL-9 in both the murine and human systems has been 
shown to enhance erythroid colony formation in the pres-
ence of EPO205 and appears to play a role in T- and B-cell 
development as well.206 More recently, IL-9 has been 
shown to have some effects on the growth and activation 

of mast cells and may play some role in the pathology of 
asthma.207

Early-Acting Hematopoietic Growth Factors: 
SCF and FL

SCF128,129,158 and FL,159,208,209 both receptor tyrosine 
kinase ligands, interact with a variety of hematopoietic 
progenitor cells, perhaps most importantly with very 
early stem cell populations. SCF also plays an important 
role in melanocyte growth and development, which is 
refl ected in the coat color effects of mutations in SCF or 
its receptor c-kit.128 Genetic analysis of mice clearly shows 
that mice defective in either SCF (Sl mice) or c-kit (W 
mice) have serious hematopoietic (and many other) 
defects, including macrocytic anemia, mast cell defi cien-
cies, and defi ciencies in the stem cell compartment 
(reviewed by Galli and colleagues128). These early studies 
had already indicated the critical importance of SCF in 
the survival and development of stem cells. Mutations 
in the human c-kit gene lead to a similar phenotype in 
melanocyte development in humans known as the piebald 
mutation; however, these patients do not have any hema-
tologic problems, probably because severe mutations in 
this locus are likely to be lethal.210 In vitro, the activities 
of SCF are generally most evident when combined with 
other HGFs; its proliferative activity when used with 
hematopoietic cells in culture as a single factor is 
minimal.128 In fact, culture of murine bone marrow cells 
with SF alone ultimately yields largely mast cells.211 
However, SF acts synergistically to enhance the activities 
of most of the other HGFs in culture and is particularly 
effective when combined with HGFs such as IL-3, IL-1, 
or IL-11 in promoting the expansion of “blast”-like 
cells that retain considerable potential for yielding 
multilineage colonies in secondary culture.212-214 These 
colonies, when replated under conditions that support 
B-lymphocyte development or when transplanted into 
animals, also yield B and T lymphocytes, thus indicating 
that SCF-responsive cells include primitive stem cells 
with both lymphoid and myeloid potential.215,216 SCF 
has also been implicated in combination with IL-2 
or IL-7 in early stages of T-cell development in the 
thymus,217 with IL-7 in pre-B-cell growth,218 and with 
IL-7 in enhancing natural killer (NK) cell responsiveness 
to IL-2.128 However, that none of these lineages are dram-
atically affected in W or Sl mice indicates that SCF-
independent mechanisms can compensate in these 
systems.

SCF,219 M-CSF,220 and FL161 are all expressed as 
both membrane-bound and soluble forms. In the case of 
SCF, expression of membrane-bound forms of the mol-
ecule in the marrow microenvironment provides a nice 
model for how this growth factor might act locally. 
Indeed, cell lines that express exclusively membrane-
associated SCF are much more effective in supporting 
long-term hematopoiesis in vitro than are cell lines that 
exclusively produce soluble forms of the molecule.219 
This interaction of membrane-associated SCF with c-kit 
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provides one mechanism for the adherence of hemato-
poietic cells to stroma in that binding of human mega-
karyocytes to fi broblasts can be blocked by antibodies 
to c-kit.221 Finally, membrane-associated forms of SCF 
in which the cytoplasmic domain is essentially missing 
results in male but not female sterility, thus suggesting 
that the cytoplasmic domain may have an as yet unde-
termined important biologic function.128,222

As shown by early genetic studies and confi rmed 
through analysis of the recombinant protein, SCF is not 
specifi c for the hematopoietic system. It is also an impor-
tant growth factor for melanocytes and primordial germ 
cells, and it appears to play a role in development of the 
nervous system, perhaps as a neuronal guidance factor, 
although it has been diffi cult to demonstrate neurologic 
defects in W or Sl mice.128

The Flt3 receptor tyrosine kinase was originally 
identifi ed as a novel receptor present in HSCs; in human 
marrow, expression is largely limited to the CD34+ cell 
population.223-225 FL alone yields low numbers of CFU-
GM from human bone marrow but acts synergistically 
with other cytokines, including IL-3, GM-CSF, EPO, 
and SCF, to yield enhanced colony formation in terms 
of both size and number of colonies.208,226,227 The synergy 
observed between FL and the other HGFs is comparable 
to that observed with SCF in similar systems, with the 
exception that FL has little effect on BFU-E.209 Multifac-
tor combinations with SCF have been used for expansion 
of CFCs in long-term cultures; FL has effects compara-
ble to those of SCF when combined with IL-1, IL-3, 
IL-6, and EPO in 4-week cultures.228,229 Like SCF, FL in 
combination with other cytokines such as GM-CSF sup-
ports dendritic cell development from CD34+ bone 
marrow cells.197 In contrast to SCF, FL does not support 
the growth and development of mast cells.208,226 Despite 
this overlap in bioactivities, mice in which the Flt3 recep-
tor tyrosine kinase has been disrupted appear to have 
normal hematopoiesis, with the only detectable defects 
being observed within the B-lymphocyte lineage.230 
However, mice with disruption of both the c-kit and Flt3 
receptor tyrosine kinase genes display more severe hema-
tologic complications than do mice with either single 
mutation, thus suggesting that the two pathways can to 
some degree compensate for one another.230 The impor-
tance of Flt3 ligand in B-cell growth has also been shown 
with cultures of primitive B-cell progenitors 
(CD43+B220low) in combination with either IL-7 or SF.231 
Altogether, these fi ndings argue for an important role for 
Flt3 ligand in hematopoiesis.

Other Stem Cell Factors: Wnt, Jagged, BMP, 
and Angiopoietin-like Growth Factors

Several new growth factors have been shown to regulate 
HSC production during embryogenesis, as well as adult-
hood. The Wnt family of factors regulates stem cell 
homeostasis.232-238 Overexpression of Wnt 3a led to a 
threefold expansion of HSCs. This is the fi rst time that 
stem cell number was actually increased in a competitive 

repopulation assay. In separate experiments, overexpres-
sion of β-catenin led to an expansion of HSCs, and 
sorting by activated β-catenin in HSCs based on a Wnt 
reporter line that turned cells green when Wnt is acti-
vated demonstrated HSC activity. Further studies in 
chronic myelocytic leukemia demonstrated that Wnt acti-
vation was present in leukemia.239 These studies showed 
that Wnt activity could drive HSC production; however, 
other experiments have demonstrated that knockout of 
β-catenin within HSCs is not required for stem cell 
homeostasis.240 Two recent papers demonstrated that 
constitutively activated β-catenin in HSCs leads to aplas-
tic anemia.241,242 Activation of the Wnt pathway may not 
be necessary for stem cell homeostasis, but it may be 
suffi cient to drive HSCs to produce more self-renewal 
cell divisions.

The Wnt pathway clearly interfaces with HSC pro-
duction. It is possible that pulses of Wnt will have differ-
ent activity than a constitutively active Wnt signal. In 
addition, redundancy within the marrow space among 
other signaling pathways, including the Notch and BMP 
pathways, have left the stem cell compartment with sig-
nifi cant chances of survival. Wnt acts through canonical 
and noncanonical pathways. In the former case this leads 
to activation of β-catenin to the nucleus through the 
complex involving adenomatous polyposis coli and β-
catenin. In the latter, there is stem cell activation by the 
Rho guanosine triphosphatases (GTPases). Wnt activa-
tion acts at multiple places during hematopoiesis, both 
at the stem cell level and at the pre-B level, as well as at 
multiple places in T-cell development. Wnt factors bind 
to canonical Frizzled receptors and activate a signaling 
pathway. An antagonist Wnt signal, Wnt 5a, suppresses 
B-cell proliferation and may act to suppress stem cell 
homeostasis. Other Wnt factors have been found to regu-
late hematopoiesis, including Wnt 2b and Wnt 10b for 
human bone marrow CD34+ cells.

The Notch pathway has been shown to regulate HSC 
production based on retroviral transduction of hemato-
poietic cells.243,244 This expands the population of HSCs 
signifi cantly. Notch works through a ligand-receptor 
interaction in which Deltas and Jaggeds are presented on 
the stem cell niche. In general, Jagged2 is thought to be 
the predominant Notch ligand in marrow and is pre-
sented by the osteoblast. Modulation of Jagged2 leads to 
expansion of HSC production. The Notch pathway has 
been put into a genetic pathway with Runx1 based on 
the zebra fi sh mutant mindbomb.245 Mindbomb mutants 
have no Notch signaling because of a defect in an E3 
ubiquitin ligase that promotes ligand recycling. This 
mutant lacks HSCs during development, and overexpres-
sion of Runx1 rescues hematopoiesis. A pulse of Notch 
signaling has been shown to expand HSCs in the zebra 
fi sh system. Furthermore, Runx1 rescue of Notch1 
mutants was demonstrated in the mouse system, and it 
was also shown that GATA-2 was a target of the Notch 
pathway.246,247 Modulation of Wnt and Notch demon-
strates synergy of Wnt 3a and activation of the Notch 
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pathway. It is possible to activate Wnt pathways with the 
chemical called BIO drug, which is an inhibitor of gly-
cogen synthase kinase 3β (GSK3β). Thus modulation of 
the Wnt and Notch pathways plays a signifi cant role in 
stem cell homeostasis.

The BMP family has been demonstrated to 
induce HSC production in the Xenopus and zebra fi sh 
systems.248-255 This leads to expansion of erythroid blood 
islands during early development. Interestingly, a domi-
nant-negative version of BMP activated later in develop-
ment leads to enhanced erythropoiesis, thus demonstrating 
two independent effects of BMP regulation of HSC dif-
ferentiation and proliferation. Furthermore, BMP has 
recently been shown to expand HSC production in the 
AGM region. BMP was shown to expand or maintain 
HSC production in human ES cells and functions as a 
key regulator of stress-induced erythropoiesis.256 BMP 
also regulates the stem cell niche. It is unclear how BMP 
and the Notch and Wnt pathways interact.

Angiopoietin-related proteins are potent activators of 
HSC production.257 For example, angiopoietin-like 2 and 
angiopoietin-like 3 were shown to lead to a 20- or 30-fold 
expansion of long-term HSCs when cultured for 10 days 
in the presence of the ligands. This was demonstrated by 
a limiting-dilution competitive repopulation assay. Thus, 
angiopoietin-like genes must also participate in the stem 
cell niche. Another growth factor glycoprotein called 
osteopontin is also involved in stem cell homeostasis and 
negatively regulates the stem cell pools.258,259 A number 
of factors, including TGF-β1, also demonstrate negative 
regulation. Ligands produced by the stem cells them-
selves may also regulate stem cell homeostasis.

Synergistic Factors: IL-1, IL-6, and IL-11

Early in the 1980s, factors were identifi ed that had the 
ability to enhance hematopoietic colony formation sup-
ported by other HGFs, particularly early progenitor cells. 
One factor, designated hematopoietin 1, was subse-
quently purifi ed and discovered to be IL-1.185 In this 
fashion, IL-1 was recognized as having little ability on its 
own to stimulate hematopoietic colony formation but can 
act in synergy with other HGFs, notably IL-3, to increase 
both the frequency of colony formation and the number 
of cells per colony.166 Subsequent to discovery of the 
synergistic activity of IL-1, numerous other cytokines 
have emerged with similar activity, including IL-6,260 IL-
11,261 LIF,262 and IL-12.263 Of these, IL-6, IL-11, and 
LIF all signal through a common signal-transducing mol-
ecule, the gp130 component of IL-6R.264 Because these 
molecules are likely to behave similarly in most systems 
and because IL-6 and IL-11 have been the most thor-
oughly studied, we will limit our discussion to these two 
members of this family. IL-12, which signals through a 
distinct but perhaps similar pathway to gp130,265 has 
interesting effects in combinations with other cytokines263 
but appears to be more important in regulating the devel-
opment and activities of T and NK cells266,267 and will 
therefore not be discussed further here.

The effects of IL-1 on hematopoiesis have been 
highly complicated by the fact that this cytokine is a 
potent inducer of secondary cytokine production, fre-
quently by accessory cells in the culture.268 The induction 
of other growth factors, notably IL-6, G-CSF, GM-CSF, 
and IL-11, is likely to contribute to the activity of IL-1 
as a synergistic factor in hematopoietic colony formation. 
Nevertheless, combinations of IL-1 with other factors in 
cultures of highly purifi ed hematopoietic cells typically 
yield synergistic effects, thus suggesting that at least some 
of the effects are direct.269,270 However, even with highly 
purifi ed hematopoietic progenitor cell populations, the 
effects of IL-1 can be indirect. For example, Rodriguez 
and co-authors reported that IL-1 can prevent the apop-
totic death of CD34+lin− human bone marrow cells but 
that the effect is largely abrogated by antibodies to GM-
CSF, which suggests that some progenitor cells in the 
population can produce their own GM-CSF.271 Conse-
quently, the survival effect of IL-1 in some systems may 
also be indirectly mediated by induction of GM-CSF 
expression in CD34+lin− bone marrow cells themselves.

IL-6 is an extremely pleiotropic cytokine with impor-
tant effects on the growth and differentiation of T and B 
cells, on induction of the hepatic acute phase response, 
and on enhancement of the proliferation of hematopoi-
etic progenitor cells.223 IL-6 signaling, mediated by two 
members of the hematopoietin receptor gene family, IL-
6R272 and gp130,273 was the fi rst example of signaling 
through a commonly shared receptor subunit, gp130, 
which is now known to be involved in the signaling of 
LIF, IL-11, OSM, CNTF, and CT-1.264,274 Because most 
cells express gp130, expression of other receptor compo-
nents such as IL-6R or IL-11R generally determines 
whether a cell will respond to one of these family 
members; cells that express receptors for multiple 
members of this cytokine subgroup generally exhibit 
identical or nearly identical responses to each member 
whose receptor component is expressed by the 
cell.152,264,275

The HGF activity of IL-6 was recognized when the 
cDNA for this cytokine was cloned by functional expres-
sion cloning from a human T-cell line that produced weak 
colony-stimulating activity that supported modest CFU-
GM colony formation with murine bone marrow target 
cells.276 More detailed analysis of the murine system and 
subsequently the human system led to the realization that 
IL-6 has little if any ability to support colony formation 
on its own but can enhance colony formation when sup-
ported by other HGFs, particularly IL-3 and SCF.212,260 
This effect was most prominent with bone marrow cells 
from mice isolated 2 days after treatment with 5-FU, a 
drug that enriches for primitive progenitors by selectively 
killing later, actively cycling cells in the bone marrow.182 
Bone marrow cells treated in this fashion generally yield 
signifi cant numbers of colonies only when plated in the 
presence of multiple HGFs. In this system, IL-6 was 
found to enhance colony formation when supported by 
IL-3 or SCF. These early cells are typically quiescent in 
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the G0 phase of the growth cycle, and combined effects 
of cytokines, such as IL-3 and IL-6, are required to push 
them into active cycling.182 Similar effects have been 
observed in cultures of purifi ed early human hematopoi-
etic progenitor cells.277

IL-11 was originally identifi ed as a stimulatory factor 
for a murine hybridoma cell line,278 but characterization 
in various hematopoietic cell culture systems soon 
revealed a much broader spectrum of biologic effects.279,280 
Evaluation of the various properties of IL-11 led to the 
realization that the IL-11R complex uses the IL-6 gp130 
signal-transducing system. These two HGFs appear 
to have somewhat overlapping biologic activities.281 In 
general, IL-6 has proved to have more effects on T and 
B cells than IL-11 does223,280 and similar effects on the 
hepatic acute phase response282 and on osteoclast forma-
tion,283 but IL-11 is somewhat more potent in mega-
karyocytopoiesis.284 Like IL-6, the effects of IL-11 in 
hematopoietic cultures are largely observed only when 
combined with other factors. IL-11 in combination with 
SCF or FL has proved to be very effective in supporting 
the growth of primitive hematopoietic progenitors.227 
Early after its discovery, IL-11 was shown to have impor-
tant effects on the growth and development of mega-
karyocyte progenitors.280,284,285 Again, in this system IL-11 
had little effect on colony formation on its own but was 
found to act in synergy with IL-3, with SCF, or more 
recently, with TPO in supporting CFU-Meg colony 
formation.286

Negative Regulator of Hematopoiesis: TGF-β
A variety of cytokines have been reported to reversibly 
inhibit cycling of early hematopoietic cells, including the 
chemokines SDF-1208 and MIP-1α,167 as well as TGF-β, 
perhaps the most potently of all.287-289 Very interestingly, 
when individual early cells were plated in wells, either 
antibody to TGF-β1 or an antisense oligonucleotide to 
the mRNA for this factor could trigger the release of cells 
from quiescence in the presence of appropriate combina-
tions of early-acting cytokines, which by themselves failed 
to trigger cycling of the cells.288,289

MOLECULAR BIOLOGY OF THE 
HEMATOPOIETIC GROWTH FACTORS

Genomic Analysis of Cytokine and 
Cytokine Receptor Genes

From analysis of the human genome, several common 
themes and relationships have emerged from the different 
types of cytokine/growth factor and receptor genes. First, 
as already noted, most of the cytokines and their recep-
tors exist as members of distinct evolutionarily related 
gene families; examples of single cytokine or growth 
factor genes with no relatives are rare. Similarly, the 
receptors also fall into gene families. Thus, a relatively 

small number of primordial growth factor/cytokine genes 
were duplicated many times to form families of genes 
that evolved into serving regulatory functions for many 
different systems. As already discussed, members of the 
cytokines that signal through the gp130 receptor compo-
nent are important regulators in many different systems, 
including embryonic development, the central nervous 
system, the myocardium, and the hematopoietic and the 
immune systems.193 That different physiologic systems 
share cytokines and receptor components from common 
gene families gives us more assurance that lessons learned 
from the relatively accessible hematopoietic system will 
at least provide guidance as we begin to dissect other 
systems. Interestingly, in most cases each of the individ-
ual cytokines of a particular gene family use members of 
a single receptor gene family. For example, all of the 
chemokines use G protein–coupled receptors as their 
signaling/recognition molecules,131 whereas all members 
of the TGF-β gene family use different combinations of 
serine/threonine kinase receptors as their recognition and 
signaling molecules.135 All these receptor-ligand pairs 
must have evolved in concert as they were selected to 
control different cellular processes.

Despite the obvious gene duplications that have 
occurred in all these gene families, there is no absolute 
rule regarding how the genes are arranged today. In some 
cases, the related genes are still closely linked in tandem 
in the genome, as is the case for the IL-3 and GM-CSF 
genes on chromosome 5 at 5q31.1 (Fig. 6-14). In this 
case, another duo of related genes, IL-4 and IL-13, are 
very closely linked to one another but slightly more sepa-
rated from the IL-3/GM-CSF cluster. Similarly, in the 
case of the IL-10 gene family, several of the members are 
closely linked at 1q32 (IL-10, IL-19, IL-20, MDA-7), 
whereas IL-22 and AK155 are linked at 12q15 (MDA, 
AK195),290 another example in which genes have either 
been split out of a tandem array on one chromosome 
during recombination or have migrated from the original 
site of the primordial gene and subsequently undergone 
further gene duplication and separate evolution events.

Structures of the Hematopoietic Growth 
Factor Proteins

The availability of cDNA for the individual cytokines 
allowed rapid determination of their primary amino acid 
sequence, expression in quantities large enough for direct 
x-ray determination of their crystal structure, and more 
broadly, prediction of structures based on those of pro-
teins related even distantly by sequence. One of the clear 
results of analysis of the structures of the different 
cytokines was the realization that despite generally low 
conservation of amino acid sequence, many of the 
lymphohematopoietic cytokines are distantly related in 
evolution. Most of the lymphohematopoietic cytokines 
are believed to assume a tightly packed, antiparallel, 
four–α-helix bundled structure with either short or long 
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↓IL4 5q31.1 Interleukin-4

↓QP-C 5q31.1 Low-molecular-mass ubiquinone-binding protein (9.5 kd)

↓IL13 5q31 Interleukin-13

↑SCYB 14 5q31 Small inducible cytokine subfamily B (Cys-X-Cys), member 14 (BRAK)
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↑CDKL3 5q31 Cyclin-dependent kinase-like 3

↑MGC13017 5q31.2 Similar to RIKEN cDNA A430101B06 gene

↓PITX1 5q31 Paired-like homeodomain transcription factor 1

↑KLAA0801 5q31.2 RNA helicase

↑IL9 5q31.1 Interleukin-9

↓FBXL3B 5q31 F-box and leucine-rich repeat protein 3B

↓MADH5 5q31 MAD, mothers against decapentaplegic homologue 5 (Drosophila)
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FIGURE 6-14. Cytokine gene cluster at 5q31.1. The region from chromosome 5, which consists of 5 megabases of DNA sequence, is expanded 
as shown, with the structures of the individual genes, GenBank notations, descriptions, and gene orientations indicated. The region contains 
approximaley 115 genes, 21 of which are illustrated. The data were collected and assembled from the National Center for Biotechnology Informa-
tion database.

helical bundles.122,126 Lymphohematopoietins with the 
short helical bundle structure include IL-2, IL-3, IL-4, 
IL-5, IL-7, IL-9, IL-13, IL-15, and GM-CSF. Cytokines 
with long helical structures include the gp130 signaling 
proteins IL-6, IL-11, LIF, and OSM; IL-12p35; and the 
homodimeric receptor signaling proteins EPO, TPO, and 
G-CSF.122,177,291 With the exception of IL-12, which is a 
covalently linked heterodimer of two chains, designated 
p40 and p35,267 all these cytokines are believed to act as 
monomers.

Sequence and structural information suggests that 
the long helical bundle–structured cytokines are all dis-
tantly related in evolution. Members of the IL-6 subfam-
ily, including IL-6, IL-11, and G-CSF, show rather 
modest sequence similarity but display common gene 
organization and certain structural features that suggest 
evolutionary relatedness.125,291,292 Sequence alignment of 
IL-6 and G-CSF shows conservation of cysteine resi-
dues.293 Interestingly, a cytokine identifi ed in the chicken, 
myelomonocytic growth factor (MGF),294 displays 

sequence similarities with G-CSF and IL-6, which sug-
gests that all three are derived from a common ancestral 
gene. EPO shows some structural features similar to 
growth hormone and to G-CSF, but at a very low level.291 
In contrast, the amino-terminal half of TPO shows strong 
sequence similarity with EPO, whereas the carboxy-ter-
minal half is unrelated to any known protein.295-297 The 
four–helical bundle structure of EPO is clearly related to 
the amino-terminal helically structured portion of TPO, 
whereas the additional domain of TPO, which is heavily 
glycosylated, may serve to increase the serum half-life of 
the molecule. Both these family members are believed to 
act as monomers.

Ligands for the receptor tyrosine kinase gene family 
members SCF, FL, and M-CSF share many common 
structural similarities.128,161,298 All three contain trans-
membrane domains and are initially synthesized as 
homodimeric integral membrane proteins. Although the 
membrane-bound forms are functional, dimeric soluble 
forms released from the cell by proteolysis also display 
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biologic activity. The extracellular domains have low but 
signifi cant sequence similarity, including conservation of 
the position of the cysteine residues involved in disulfi de 
bridge formation.161 Modeling of these extracellular 
domains indicates that they, too, are likely to form 
four–α-helix bundle structures tethered to the mem -
brane through variable spacer domains with dimeriza -
tion through a cysteine located in the spacer 
domain.122,160,161

Hematopoietic Growth Factor 
Gene Disruptions

Hematopoietin Receptor Ligands

G-CSF

The combination of technology for regenerating mice 
from cultured ES cells and the ability to selectively 

disrupt genes in cultured mammalian cells has led to 
methodology for studying gene function in vivo (mutants 
related to HGFs are summarized in Table 6-2).318 Using 
this approach, Lieschke and co-workers313 were able to 
generate mice with both copies of the G-CSF gene dis-
rupted. These animals develop normally but as adults 
display a 70% to 80% reduction in levels of circulating 
neutrophils, a 50% reduction in the number of progeni-
tors in all lineages, and impaired resistance to challenge 
by infection with Listeria monocytogenes. These fi ndings, 
which are in agreement with earlier observations by 
Hammond and colleagues319 in dogs that had developed 
cross-reacting antibodies to canine G-CSF, demonstrate 
a central role for G-CSF in controlling neutrophil levels. 
However, the decline in all populations of progenitors is 
consistent with a role for G-CSF before commitment to 
the neutrophil lineage, perhaps at the early stem cell stage 
as suggested by the synergy of G-CSF and SCF in gen-
erating blast cell colonies.156,320

TABLE 6-2 Genetic Defects in Receptors or Signaling Proteins

HUMAN MUTATIONS

Gene Mutation Phenotype Reference

IL-2Rγc Deletion SCID 299
JAK3 Deletion SCID 300
G-CSFR C-terminal deletion Kostmann’s disease 301
EPOR C-terminal deletion Benign erythrocytosis 302

NONHUMAN MUTATIONS

Species Gene Name Phenotype Reference

Mouse c-kit White-spotting Macrocytic anemia, mast cell defi ciency, lack of 
pigmentation, sterile

303-305

Steel factor Steel Macrocytic anemia, mast cell defi ciency, lack of 
pigmentation, sterile

303-305

CSF-1 Microphthalmia Osteopetrosis secondary to decreased osteoclast 
function

306

HCP Motheaten Immunodefi ciency, autoimmune disease, increased 
sensitivity to erythropoietin

307

Drosophila JAK homologue Hopscotch TumL allele is a gain-of-function mutation that 
causes leukemia

308, 309

TARGETED DISRUPTION IN MURINE EMBRYONIC STEM CELLS

Gene Phenotype Reference

IL-6 Decreased CFU-S and stem cell function 310
GM-CSF Hematopoiesis normal; progressive accumulation of pulmonary surfactant 311, 312
G-CSF Neutrophils 25% normal; impaired response to Listeria monocytogenes infection 313
EPO Embryonic lethal—failure of defi nitive erythropoiesis 314
EPOR Embryonic lethal—failure of defi nitive erythropoiesis 314
TPOR (c-mpl) Platelets 15-20% normal 315
IL-3Rβ Normal hematopoiesis 316
IL-3/IL-5/GMRβc Similar to GM-CSF−/− mice; also low eosinophils and impaired eosinophil response to 

Nippostrongylus brasiliensis
316

Vav Not required for hematopoiesis 317

CFU-S, colony-forming unit–spleen; CSF-1, colony-stimulating factor 1; EPO, erythropoietin; EPOR, erythropoietin receptor; G-CSFR, granulocyte colony-
stimulating factor receptor; GM-CSFR, granulocyte-macrophage colony-stimulating factor receptor; HCP, hematopoietic cell phosphatase; IL, interleukin; JAK, Janus 
kinase; SCID, X-linked severe combined immunodefi ciency; TPOR, thrombopoietin receptor.
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EPO and TPO

The TPO and EPO genes have clearly evolved from a 
common ancestor, and at some point the extra protein-
coding region found in the fi nal coding exon of the TPO 
gene was either removed (in the case of the EPO gene) 
or added (in the case of the TPO gene) after the early 
duplication event.

Mice with deletion of either the TPO or the c-mpl 
gene have been described.315,321 Although these animals 
develop normally and do not display signifi cant abnor-
malities in bleeding times, they have only 15% to 20% 
of normal levels of circulating platelets. This result implies 
that TPO is very important for maintaining circulating 
levels of platelets but that other cytokines might have 
some capacity to generate platelets at low levels. Interest-
ingly, through an elegant study of various combinations 
of receptor gene disruptions, Gainsford and associ-
ates322,323 have shown that cytokines with megakaryocyte-
stimulating activity in culture, including IL-3, IL-6, 
IL-11, and LIF, play no role in basal platelet production 
in mice with the mpl gene disruption.

In the case of EPO, gene disruption results in 
embryonic lethality because of failure of fetal liver 
erythropoiesis.314

IL-6–gp130 Complex Ligands: IL-6 and IL-11

Animals that have been engineered to lack the IL-6 gene 
develop normally but display signifi cant defi ciencies in 
various immune and infl ammatory responses.324 Interest-
ingly, the hepatic acute phase response in these animals 
is severely compromised after tissue damage, but only 
moderately in response to lipopolysaccharide (LPS). The 
effects of disruption of the IL-6 gene on normal hema-
topoiesis are relatively minor: a slight decrease in periph-
eral blood leukocyte counts, a 10% reduction in bone 
marrow cellularity, a 50% reduction in CFU-S12, and 
fourfold to fi vefold reduction in pre-CFU-S.310 This rela-
tively minor effect of disruption of the IL-6 gene on 
hematopoiesis points out the diffi culty in evaluating the 
relative importance of cytokines in vivo through in vitro 
culture systems; IL-6 in cultures of mouse bone marrow 
cells is one of the most potent synergistic factors for all 
lineages, yet gene disruption experiments suggest that 
either it is highly redundant with other cytokines or its 
role in regulating normal hematopoiesis is relatively 
minor.121

GM-CSFR Complex Ligands: IL-3, GM-CSF, IL-5

The genes for each of these proteins consist of approxi-
mately 3000 base pairs divided among four (GM-
CSF,325,326 IL-5,179,327) or fi ve (IL-3326,328) exons with 
somewhat similar structure. All these genes have been 
localized to the long arm of chromosome 5 at 5q31.1,329 
a region commonly disrupted or deleted in patients with 
various malignant myeloid neoplasms.330 This region also 
contains the genes for other important cytokines, includ-
ing IL-4, IL-9, IL-12p40, and IL-13.329-331 Detailed 

mapping of the region has demonstrated that several of 
these genes are very closely linked: the GM-CSF and 
IL-3 genes are tandemly arrayed within 9 kilobases (kb) 
of one another,332 whereas IL-4 and IL-13 are separated 
by only 12.5 kb.329 This clustering of molecules with 
similar structure and function, including sharing of recep-
tor components in the case of GM-CSF, IL-3, and 
IL-5,333,334 provides further strong support for the evolu-
tionary relatedness of their respective genes.

Mice with homozygous disruption of the GM-CSF 
gene develop normally and do not display any numerical 
defects in levels of circulating granulocytes or monocytes 
or in levels of CFU-GM progenitors in the marrow or 
spleen.311,312 However, these animals exhibit alveolar pro-
teinosis with accumulation of surfactant in the lungs as 
a result of defective aveolar macrophage function. Thus, 
GM-CSF plays an irreplaceable role in the function/
development of certain macrophage populations, but any 
function played by this cytokine in controlling basal or 
stimulated production of granulocytes or monocytes can 
be replaced by other factors.

To evaluate the role of the entire IL-3/GM-CSF/IL-5 
complex, Nishinakamura and co-workers335 engineered a 
mouse without the βc receptor component shared by all 
three cytokines, as well as with a disruption in the IL-3 
gene. Mice lacking βc have a pulmonary alveolar pro-
teinosis–like disease and reduced numbers of peripheral 
eosinophils, which is explained by the lack of GM-CSF 
and IL-5 function, respectively. Combined disruption of 
the IL-3 gene showed no further abnormalities in hema-
topoiesis, thus demonstrating that the entire IL-3/GM-
CSF/IL-5 axis is dispensable for hematopoiesis in both 
normal and stressed mice.

Receptor Tyrosine Kinase Ligands: M-CSF, SCF, 
Flt3 Receptor Ligand

With the isolation of the genes encoding SCF and FL, it 
has become clear that like their receptor genes, the M-
CSF, SCF, and FL genes are all evolutionarily related.160,161 
The fi rst of these to be identifi ed was the gene for M-
CSF. The more recently cloned gene for FL also shows 
similar gene structure, with locations of introns reason-
ably well preserved with those of M-CSF and SCF.

The gene for M-CSF proved to be defective in the 
spontaneous mutant Osteopetrosis (op/op).306 Female op/
op mice are infertile, thus confi rming the role of M-CSF 
in the biology of the pregnant uterus.336 Such mice also 
have a severe defi ciency in the ability to produce osteo-
clasts derived from the monocytic lineage that results in 
the development of osteopetrosis and failure to form 
teeth.337 However, that fact that some macrophage popu-
lations do develop in the animals indicates that M-CSF 
is important in many but not all macrophage-related 
lineages. The observation that some of the defects in the 
op/op mouse are corrected as the animals mature has led 
to speculation that alternative splicing of the mutant M-
CSF transcript can lead to the production of some func-
tional M-CSF.338 This raises the necessity of genetically 
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engineering mice with substantial deletions in this gene 
to see whether there is some redundancy in HGF func-
tion or whether op is not a true null mutation.

Naturally occuring mutations in the SCF locus (Sl) 
or in c-kit (W), the receptor for SCF, result in profound 
effects on many stages of hematopoiesis, most notably in 
the stem cell, erythroid, and mast cell compartments 
(reviewed by Galli and colleagues128). These studies have 
clearly demonstrated the central role of SCF in control-
ling hematopoietic cell function. Interestingly, disruption 
of the fl t3 receptor gene has relatively minor effects 
on hematopoiesis, the most notable being somewhat 
depressed levels of B-lymphocyte precursors.230 However, 
mice with disruption of both the c-kit and Flt3 receptor 
tyrosine kinase genes display more severe hematologic 
complications than do mice with either single muta-
tion,230 thus suggesting that the two factors do, at some 
level, complement one another in vivo.

Hematopoietic Growth Factor Genes: 
Regulation of Expression

Expression of Hematopoietic Growth Factor 
by Monocytes/Macrophages and Dendritic 
Cells: G-CSF, M-CSF, GM-CSF, IL-6, and 
Steel Factor

Monocytes/macrophages and related cells, including 
dendritic cells, Kupfer cells in the liver, and Langerhans 
cells in the skin, are key cells that serve many important 
functions in regulating the immune system.339 Among the 
functions performed by these cells is the production of 
many cytokines, including TNF,340 IL-1,165 G-CSF,145 M-
CSF,340 GM-CSF,118 IL-6,223 and IL-12,339 in response 
to various stimuli, including LPS,339,340 IL-1, IL-3,341 
GM-CSF,342 and M-CSF.343 Other cytokines, such as 
IL-4,344 IL-10,345 and IL-11,346 downregulate monocyte 
production of many of these cytokines. Several of the 
newer cytokines, including IL-18,165 various members 
of the IL-17 gene family,347 and IL-23,143 are likely to 
play important roles in controlling cytokine production 
by monocytes and macrophages.

All these interactions are key components of the 
interactions between T cells and monocytes in determin-
ing the nature and direction of the immune response. 
Different regulators have been found to induce different 
subsets of these cytokines. For example, LPS has been 
shown to induce the expression of IL-1, IL-6, TNF, IL-
1RA, GM-CSF and G-CSF.341 In contrast, IL-3 and 
GM-CSF failed to induce the expression of either GM-
CSF or G-CSF but were found to induce M-CSF expres-
sion. M-CSF has been shown to induce peritoneal 
macrophages to activate expression of GM-CSF and IL-
6 at the transcriptional level, but additional signals are 
necessary to induce the release of functional cytokine 
proteins from the cells.348 Murine bone marrow–derived 
macrophages have been reported to constitutively express 
the mRNA for M-CSF and SCF, and the level of expres-

sion can be enhanced by treating the cultures with poke-
weed mitogen.349

The different HGF genes in monocytes can be 
upregulated by a variety of different mechanisms. In the 
case of IL-6, LPS and Mycobacterium tuberculosis activate 
gene expression at the transcriptional level through acti-
vation of the transcription factors NF–IL-6 and NF-
κB.350 In contrast, activation of IL-1 and IL-6 expression 
by Salmonella typhimurium porins is largely mediated by 
mRNA stabilization.351 Cytokine activation of monocyte 
IL-6 expression also occurs by various mechanisms, often 
involving interactions between NF-κB and NF–IL-6.352 
IL-2, IL-3, and GM-CSF have all been shown to induce 
monocyte expression of IL-6, and such expression is 
inhibited, post-transcriptionally, by treatment with IL-
4.341,344 LPS-activated expression of IL-6 is potently 
inhibited at the transcriptional level by IL-10.353 Activa-
tion of IL-6 expression by the combination of TNF and 
IFN-γ in the human THP-1 monocytic cell line requires 
activation of NF-κB. Perhaps surprisingly, treatment of 
monocytes with the anti-infl ammatory cytokine TGF-β 
also activates IL-6 expression.354 In the case of G-CSF, 
expression can be activated by treating monocytes with 
either IL-1 or LPS (IFN-γ potentiates the LPS 
response355), and IL-4 given simultaneously can block 
this induction, an effect that is not mediated by mRNA 
stability but rather at the transcriptional level.356 However, 
the IFN-γ enhancement effect appears to be largely 
at the level of mRNA stability; the half-life of mRNA 
with LPS treatment alone is roughly 20 minutes, but 
after exposure to IFN-γ, the half-life increases to 120 
minutes.356 M-CSF gene expression can be activated in 
HL-60 cells, an event mediated by NF-κB.357 These 
interactions between monocytes and T cells and the cyto-
kines that they produce, though complicated, are clearly 
important in determining the direction and extent of the 
resulting immune responses and are likely to play a key 
role in controlling the cytokine network.

Dendritic cells, which have been characterized as 
potent antigen-presenting cells, are also an important 
source of HGFs and other cytokines.358 With the avail-
ability of cytokines such as FL, GM-CSF, IL-3, and IL-4, 
it has become much easier to generate dendritic cells 
from both myeloid and lymphoid sources in signfi cant 
numbers for further studies.198,359 Originally believed to 
be largely of myeloid cell origin, it is now recognized that 
some are probably derived from myeloid cells whereas 
others have their origins in the lymphoid lineages.360 
Interestingly, different types of dendritic cells, matured 
under different conditions, can serve to polarize cytokine 
production by maturing helper T cells361 and are there-
fore likely to play key roles in determining the outcomes 
of immune responses. Murine bone marrow–derived 
immature dendritic cells (CD86−) produce high levels of 
IL-1α, IL-1β, TNF-α, and TGF-β1, but upon maturation 
(CD86+) in the presence of CD40 ligand, levels of TGF-β 
dropped whereas levels of IL-6, IL-12p40, IL-15, IL-18, 
and TNF-α increased, as did the ability of the cells to 
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prime naïve T cells.361 With the newly available cytokines 
for expanding both myeloid and dendritic cells in culture 
it will be very interesting to further elaborate how these 
important cells interact with T cells through the cytokine 
network in upregulating and downregulating immune 
responses.

Different populations of fi broblasts, endothelial cells, 
and epithelial cells can be stimulated to produce cyto-
kines by treatment with LPS,362 phorbol esters,326 or 
other cytokines, including IL-1,162 TNF,363 and platelet-
derived growth factor (PDGF).364 In many tissues this is 
likely to be an integral part of the host response to infec-
tion—cytokine production at the site of infection should 
result in local activation of host defense effector cells 
and systemic recruitment of more effector cells until the 
infection is cleared.365 In the bone marrow, thymus, and 
spleen, these cell populations are likely to be critical 
components of the local microenvironment that are 
involved in the normal proliferation, development, and 
differentiation of cells of the hematopoietic and lympho-
poietic systems. Control of production of the various 
HGFs in the steady state, however, is still poorly 
understood.365

Fibroblasts and endothelial cells are important 
sources of many of the HGFs, including G-CSF,145 
M-CSF,127 GM-CSF,326 IL-6,366 IL-11,280 SCF,128 and 
FL.208,226 Such expression is regulated both transcription-
ally and post-transcriptionally by exposure to LPS, 
phorbol esters, or cytokines such as IL-1, TNF, and IFN-
γ.145,367,368 SCF expression has been reported to be con-
stitutive in human stromal bone marrow cultures, in 
endothelial cells, and in bone marrow–derived fi broblasts 
and is not responsive to IL-1.369

Although it is not clear that stromal fi broblasts from 
bone marrow are any more or less capable of cytokine 
production than fi broblasts from other tissues, because 
of their proximity to stem and progenitor cells, they have 
long been studied for their ability to express HGFs. Many 
of these cells constitutively express the tyrosine kinase 
receptor ligands M-CSF and SCF.369,370

After myeloablation, circulating levels of many HGFs 
increase dramatically. In some cases this might result 
from mechanisms that sense low levels of the various 
blood cells. However, Hachiya and colleagues371 have 
found that in culture, TNF and IL-1 synergize with irra-
diation to upregulate expression of GM-CSF through 
both mRNA stabilization and activation of gene tran-
scription. These observations raise the possibility that the 
myeloablative agents themselves may directly induce or 
enhance HGF production in vivo after various cancer 
therapy regimens.

Endothelial cells are another important source of 
HGFs. Human endothelial cells produce G-CSF, GM-
CSF, and M-CSF in response to infl ammatory cytokines 
such as IL-1 and TNF.372,373 In contrast to G-CSF and 
GM-CSF, SCF mRNA is expressed constitutively by 
human umbilical vein endothelial cells (HUVECs).374 
Levels of SCF mRNA are further increased in response 

to infl ammatory mediators, including IL-1 and LPS. 
Such induction results predominantly from mRNA sta-
bilization by approximately threefold. Increased expres-
sion of GM-CSF mRNA in HUVECs is also mediated 
at least in part by mRNA stabilization.375 Possibly, induc-
tion of SF mRNA in endothelial cells contributes to the 
elevated plasma levels of this factor in sepsis patients 
and those with infl ammatory diseases.374 Finally, vascular 
endothelial cells express M-CSF in response to mini-
mally modifi ed low-density lipoprotein though transcrip-
tional activation mediated by NF-κB; however it is not 
clear how this might contribute to the biology of macro-
phage-derived foam cells in the atherosclerotic lesion.376

Regulation of Erythropoietin Expression 
by Hypoxia

EPO has long been recognized as the physiologic regula-
tor of red cell production (reviewed elsewhere377-379). It 
is produced in the kidney and in the fetal liver in response 
to hypoxia or exposure to cobalt (II) chloride; the mecha-
nism of the switch of production from predominantly 
fetal liver to predominantly kidney in adults is largely 
unknown.380 Beck,381 Semenza,382 and their colleagues 
showed that the EPO gene contains a hypoxia response 
element (HRE) in the 3′ fl anking sequence.

Nuclear factors present in hypoxic but not normoxic 
cells were identifi ed as a heterodimeric basic helix-loop-
helix (bHLH) transcription factor complex designated 
hypoxia-inducible factor 1 (HIF-1); the complex consists 
of inducible HIF-1α and constitutively expressed HIF-
1β8,383 (reviewed by Semenza9). HIF-1 is induced in a 
variety of cell types in response to hypoxia or cobalt, 
which indicates that although it is important in activation 
of EPO expression, it is also important in the activation 
of many other hypoxia-inducible genes.8,384 HIF-1 has 
been shown to bind to an enhancer sequence located 
approximately 130 bp downstream from the poly(A) 
addition signal of the EPO gene. This enhancer segment 
has been shown to render other promoter-reporter gene 
constructs hypoxia responsive, with typical inductions in 
the range of 4- to 15-fold, signifi cantly less than the 50- 
to 100-fold induction observed with the chromosomal 
EPO gene in Hep3B cells.382 In addition to HIF-1 and 
its role on the 3′ EPO gene enhancer, other studies have 
identifi ed a 53-bp sequence from the EPO promoter that 
confers oxygen sensitivity (6- to 10-fold inducibility) to 
a luciferase reporter gene.385 The combination of the 
enhancer and promoter sequences together results 
in cooperative (50-fold) inducibility of transcription in 
response to hypoxia that approaches that observed in 
vivo.

HIF-1α protein levels are regulated by binding to the 
von Hippel-Lindau (VHL) tumor suppressor, followed 
by ubiquitin-mediated proteosomal degradation (Fig. 
6-15).386,387 Under normoxic conditions, a prolyl hydroxy-
lase uses molecular O2, iron (Fe[II]), and α-ketoglutarate 
to hydroxylate Pro402 and Pro564 in human HIF-1α, 
which leads to VHL binding and proteosome-mediated 
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FIGURE 6-15. Hypoxia-inducible regulation of erythropoietin production. Under normoxic conditions, hypoxia-inducible factor 1α (HIF-1α) 
undergoes prolyl hydroxylation at Pro402 and Pro564, which leads to binding of HIF-1α to von Hippel-Lindau (VHL) protein and subsequent 
ubiquitin-mediated destruction. This dioxygenase enzymatic reaction is catalyzed by a prolyl hydroxylase termed prolyl hydroxylase domain 2 
(PHD2). A second hydroxylation at asparagine 803 prevents binding of HIF-1α to its transcriptional coactivator p300 and is catalyzed by an HIF 
asparaginyl hydroxylase called factor inhibiting HIF (FIH). Both these reactions are dependent on oxygen, Fe(II), and α-ketoglutarate, which is 
oxidized to succinate with the release of CO2. Under hypoxic conditions, both hydroxylases are inhibited, thereby leading to an increase in HIF-1α 
and recruitment of the p300 coactivator, which together with the ubiquitously expressed HIF-1β, activates transcription.

proteolysis. A second hydroxylation of Asn803 by an aspa-
raginyl hydroxylase (similarly dependent on O2, Fe[II], 
and α-ketoglutarate) blocks the C-terminal interaction of 
HIF-1α with the transcriptional coactivators p300/CREB-
binding protein (CBP) (reviewed by Ratcliffe10). Under 
hypoxic conditions. both hydroxylases are inhibited, 
thereby leading to escape from ubiquitin-mediated prote-
olysis and an increase in HIF-1α protein, as well as recruit-
ment of p300/CBP and transcriptional activation.388-391

Regulation of Thrombopoietin 
Gene Expression

Cloning and expression of the gene for TPO392 have pro-
vided new insight into the regulation of levels of plate-
lets.129 Gene disruption studies of c-mpl, the receptor for 
TPO, in mice have shown that in the absence of function 
of this pathway, mice have only 15% of the normal levels 
of circulating platelets.315 Thus, although redundancy 
among the growth factors, perhaps including SCF, IL-3, 

IL-6, and IL-11, can partially compensate for dysfunc-
tional c-mpl signaling, TPO, like EPO in the erythrocyte 
lineage, appears to be the major regulator of circulating 
platelet levels.177 However, in contrast to the control of 
EPO production, TPO gene expression does not seem to 
be transcriptionally regulated or signifi cantly infl uenced 
by platelet levels.393 It may be regulated by megakaryo-
cyte/platelet mass.394 In adult mice, the major sources of 
TPO mRNA are the liver and kidney; in both organs the 
gene is constitutively expressed and is not signifi cantly 
upregulated during thrombocytopenia. However, circu-
lating levels of TPO increase rapidly during thrombocy-
topenia and decline as platelet counts return to 
normal.395,396 The observation that platelets themselves 
can remove TPO from thrombocytopenic plasma in vitro 
has led to the model that TPO is constantly produced and 
released into circulation but, in normal circumstances, is 
rapidly removed by circulating platelets and possibly 
megakaryocytes as well.394-396 During thrombocytopenia, 
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the platelet shortage fails to remove TPO as fast as it is 
made, which results in elevated levels and stimulation of 
platelet production. This mechanism is similar to one 
proposed some years ago by Stanley and co-workers for 
the regulation of circulating M-CSF levels directly through 
consumption by the monocytes themselves.397

HEMATOPOIETIC GROWTH 
FACTOR RECEPTORS

Types of Hematopoietic Growth 
Factor Receptors

Analysis of the actions of HGFs on purifi ed murine or 
human stem and progenitor cells (see later) has shown 
that there is considerable overlap in the action of HGFs. 
Some insight into the apparent overlap in biologic activi-
ties of many cytokines has come from analysis of their 
structural homologies and from cloning of many of their 
receptors. These receptors are all type 1 membrane 
glycoproteins with extracellular N-terminals and single 
transmembrane domains, and they fall into two major 
classes. Receptors such as c-kit, c-fms (the M-CSFR), 
and Flt3 are characterized by a cytoplasmic tyrosine 
kinase domain (receptor tyrosine kinase), whereas most 
of the other receptors lack cytoplasmic tyrosine kinase 
activity and can be divided into four subclasses (Table 
6-3). Most of the HGR receptors (HGFRs, class 1) fall 
into a superfamily with structural features based on two 
linked fi bronectin (FBN) type III domains (Fig. 6-16). 
Analogous FBN domains are found in the interferon 
(class 2) receptors, and the class 1 and 2 structures 
probably evolved from a common primitive adhesion 
molecule.398 Whereas the TNF family of receptors (class 
3) are characterized by an extracellular fourfold repeat of 
approximately 40 amino acids that contains six conserved 
cysteine residues (Cys repeat),125 the IL-1Rs (class 4) 
feature extracellular immunoglobulin-like repeats. 
Although the discussion later is focused mainly on the 
HGFRs, the receptor tyrosine kinases activate many of 

the same signaling cascades (see elsewhere399,400 for 
reviews).

Structure and Binding Properties

Prototypes for the class 1 structure are the (nonhemato-
poietic) prolactin and growth hormone receptors.401-403 
These polypeptides share a number of features (Fig. 
6-17). The major homology lies in the extracellular 
domain, which is characterized by four conserved cyste-
ine residues in the N-terminal FBN III repeat and a 
WSXWS motif in the linked C-terminal FBN III repeat 
that forms a hydrophobic hinge between the two domains. 
In addition, the IL-6 family of receptors is composed of 
members that each have an N-terminal immunoglobulin-
like domain, as well as extra FBN III repeats. The cyto-
plasmic regions of the receptor family show much less 
homology, although membrane proximal domains rich in 
prolines (box1, within 20 amino acids of the membrane) 
and acidic residues (box2), separated by a positionally 
conserved tryptophan, have been defi ned. Mutations 
within the box1/2 domains have inactivated the mitogenic 
function of the receptors that have been examined,404 
whereas mutations of the conserved tryptophan inactivate 
some but not other receptors.405 An additional interesting 
feature of many of the HGFRs is that receptor subunits 
are shared. GM-CSF, IL-3, and IL-5 all have receptors 
with unique α chains that bind their respective ligands 
with low affi nity. They share a common β chain (βc) that 
converts ligand binding from low to high affi nity in each 
case and is thought to be critical for signal transduction 
(reviewed by Miyajima and associates406). A similar 
arrangement is evident with the IL-6, LIF, OSM, IL-11, 
and CNTF receptors, all of which share a common β 
chain, namely, gp130. An additional subunit, the low-
affi nity leukemia inhibitory factor receptor (LIFR), is 
shared by LIF, OSM, and CNTF. IL-6 and CNTF also 
use ligand-specifi c α receptor components, and gp130 is 
thought to form homodimers when IL-6 binds IL-6Rα 
and heterodimers with LIFR in the presence of LIF, OSM 
or CNTF. The fi nding of shared subunits explains to a 

TABLE 6-3 Hematopoietic Growth Factor Receptor Classes

Type Receptor Cytokine

Tyrosine kinase (Ig repeats) c-kit, M-CSFR (c-fms) Four–α-helix bundle
Non–tyrosine kinase
 Class 1: HGFRs (FBN III domains) Four–α-helix bundle
  Shared βc IL-3R, GM-CSFR, IL-5R
  Shared gp130 IL-6R, LIFR, IL-11R, IL-12R, OSMR
  Shared γc IL-2R, IL-4R, IL-7R, IL-9R, IL-15R
  Single chain G-CSFR, EPOR, TPOR (c-mpl)
 Class 2 (FBN III domains) IFNRα/β, IFNRγ
 Class 3 (Cys repeats) TNFR I, TNFR II, FAS, CD40 β-Jellyroll wedge
 Class 4 (Ig repeats) IL-1R I and II β-Trefoil fold

EPOR, erythropoietin receptor; FBN, fi bronectin; GM-CSFR, granulocyte-macrophage colony-stimulating factor receptor; G-CSFR, granulocyte colony-
stimulating factor receptor; HGFR, hematopoietic growth factor receptor; IFNR, interferon receptor; Ig, immunoglobulin; IL, interleukin; LIFR, leukemia inhibitory 
factor receptor; M-CSFR, macrophage colony-stimulating factor receptor; OSMR, oncostatin M receptor; TNFR, tumor necrosis factor receptor; TPOR, thrombopoietin 
receptor.
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FIGURE 6-16. Receptors such as c-
kit, c-fms (macrophage colony-stimu-
lating factor receptor [M-CSFR]), and 
Flt3 are characterized by a cytoplasmic 
tyrosine kinase domain, whereas most 
of the other receptors lack cytoplasmic 
tyrosine kinase activity and can be 
divided into four subclasses. Most of 
the hematopoietic growth factor recep-
tors (HGFRs) (class 1) fall into a super-
family with structural features based on 
two linked fi bronectin (FBN) type III 
domains; analogous FBN domains are 
found in the interferon (class 2) recep-
tors (IFNRs); the tumor necrosis factor 
family of receptors (TNFR, class 3) are 
characterized by an extracellular four-
fold repeat of approximately 40 amino 
acids that contains six conserved cyste-
ine residues (Cys repeat), and the inter-
leukin-1 receptors (IL-1Rs, class 4) 
feature extracellular immunoglobulin-
like repeats.

certain extent why the actions of GM-CSF and IL-3 
overlap on many cells and why IL-6, LIF, and IL-11 all 
share pleiotropic actions on HSCs and hepatic cells. The 
fact that IL-12 is a heterodimer of two polypeptides that 
are similar to IL-6 and IL-6Rα provides an explanation 
for its biologic activities falling into the IL-6 group, at 
least on stem cells.293 The γ chain of IL-2R is now known 
to be shared by the IL-4,407,408 IL-7,409 IL-9,410 and IL-
15411 receptors. Other members of the HGFR superfam-
ily that act on lineage-restricted cells such as the EPO, 
G-CSF, and TPO receptors appear to not require an addi-
tional subunit for ligand binding or signal transduction.

The number of IL-3, GM-CSF, G-CSF, and EPO 
receptors per cell is strikingly low (≈1000 sites per cell), 
whereas those for M-CSF are about 1 log higher. In all 
cases, affi nity of a receptor for its ligand is high, with 
dissociation constants usually in the picomolar range. 
Stimulation of target cells can occur at factor concentra-
tions orders of magnitude lower than the equilibrium 
constant at which 50% of receptors are occupied, and 
therefore it is apparent that low receptor occupancy is 
suffi cient to produce biologic effects.

Receptor Function

Lineage-Specifi c Factors and Induction 
of Differentiation

Do lineage-specifi c receptors direct differentiation or do 
intracellular proteins specifi c for lineage-restricted cells 
have that function? With respect to receptor-driven events, 

a proximal cytoplasmic domain of the G-CSFR is essen-
tial for proliferation, whereas a more distal domain is 
important for induction of acute phase plasma protein 
expression when the receptor is transfected into hepa-
toma cell lines412 or for induction of granulocyte-specifi c 
proteins when it is introduced into murine IL-3–depen-
dent FDC-P1 cells.413 Support for a role of G-CSFR in 
granulocyte differentiation comes from sequence analysis 
of the receptor in two patients with severe congenital 
neutropenia (Kostmann’s disease) in whom acute myeloid 
leukemia eventually developed.301 Two different point 
mutations in the G-CSFR gene resulted in truncations 
of the C-terminal cytoplasmic region of the receptor and 
coexpression of both mutant and wild-type genes. The 
mutation was present in the neutropenic phase in one of 
the patients, thus suggesting that the mutation was not 
acquired along with the leukemia. Functional analysis by 
transfection of mutant or wild-type genes into murine 
32D.C10 cells showed that the mutation acted as a 
“dominant negative” and prevented differentiation in 
response to G-CSF. Other evidence for an inductive role 
of receptors comes from murine long-term bone marrow 
cultures infected with a retroviral c-fms vector that yielded 
a pre-B line with an immunoglobulin heavy-chain gene 
rearrangment. This line grew in IL-7 or M-CSF; interest-
ingly, the switch to M-CSF led to macrophage matura-
tion, which suggests that signals from this receptor can 
determine differentiation in these bipotent cells.414 Last, 
transduction and stable expression of the EPO receptor 
(EPOR) in IL-3–dependent Ba/F3 cells result in cells 
that produce globin mRNA on EPO but not IL-3 stimu-
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lation,415 and a chimeric receptor that comprises the 
extracellular domain of GM-Rα and the cytoplasmic 
domain of EPOR can induce increased glycophorin A 
expression in Ba/F3 cells, in contrast to the GM-Rα/βc 
control.416 Although these experiments suggest that ele-
ments of the cytoplasmic domains of these receptors can 
direct both proliferation and differentiation, experiments 
with cell lines must be interpreted with caution. Defi ni-
tive proof that EPOR is not specifi cally required for ery-
throid differentiation comes from retroviral expression of 
the prolactin receptor in wild-type and EPOR−/− progeni-
tors; these cells differentiate effi ciently in prolactin, thus 
indicating that there is no unique instructive role for EPO 
in erythropoiesis.417 However, the prolactin receptor acti-
vates similar signaling pathways to EPOR such as STAT5 
and therefore could perhaps readily substitute for EPOR 
function. In contrast, GM-CSF cannot rescue lympho-
poiesis in GM-CSFR transgenic mice crossed with IL-
7–defi cient animals; furthermore, common lymphoid 
progenitors (CLPs) that express ectopic GM-CSFR dif-
ferentiate into myelomonocytic cells, thus indicating 
plasticity in CLPs and an instructive role for GM-CSFR 
in this context.418

Taken together, it is reasonable to conclude that the 
major role of HGFRs is survival, amplifi cation, and par-
ticularly in the case of lineage-specifi c receptors, comple-
tion of an intrinsic differentiation program of committed 
progenitor cells. However, there is overlap of expres -
sion, such as EPOR expression on megakaryocyte 
progenitors.419

Signal Transduction

HGF-Induced Tyrosine Phosphorylation

Several signaling proteins and pathways are common to 
many different receptor types. A paradigm common to 
receptors both with and without endogenous tyrosine 
kinase activity is that ligand binding induces homodimer-
ization or heterodimerization of receptor subunits, fol-
lowed rapidly by transient tyrosine phosphorylation of 
the cytoplasmic domain of the receptor itself, cytoplas-
mic tyrosine kinases, and other cytoplasmic proteins 
involved in generating different signaling cascades (Fig. 
6-18). In the case of receptors with intrinsic tyrosine 
kinases, ligand-induced activation of their catalytic func-
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FIGURE 6-17. Diagram of some of the hematopoietic growth factor receptors (HGFRs) that have been cloned. The extracellular domains are all 
characterized by one or two regions that contain four conserved cysteines and a tryptophan-serine-x-tryptophan-serine (WSXWS) motif, such as 
the prolactin receptor. Unique features consist of interleukin-6 (IL-6) containing an immunoglobulin-like domain (open circle) and granulocyte 
colony-stimulating factor (G-CSF) containing a fi bronectin type III–like region (cross-hatched). The intracellular domains show less homology. An 
additional interesting feature of many of the HGFRs is that receptor subunits are shared, in particular the IL-3R, IL-6R, and IL-2R groups. In 
contrast, lineage-restricted receptors such as the erythropoietin receptor (EPOR), G-CSF receptor (G-CSFR), and thrombopoietin receptor 
(TPOR) appear to not require an additional subunit for ligand binding or signal transduction.
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tion leads to transphosphorylation or autophosphoryla-
tion of dimerized receptor subunits and activation of 
three major signaling cascades: Ras/mitogen-activated 
protein kinase (MAPK), phosphatidylinositol 3′-kinase 
(PI3K)/protein kinase B (PKB, also known as Akt), and 
phospholipase C (PLC)/inositol triphosphate (IP3)/diac-
ylglycerol (DAG)/protein kinase C (PKC). Receptors 
that lack a tyrosine kinase domain must recruit cytoplas-
mic tyrosine kinases. For class 1 cytokine receptors, the 
JAK family fulfi lls this role, but other nonreceptor kinases 
have been identifi ed and may also be important. Tyrosine 
phosphorylation within the receptor cytoplasmic domain 
creates docking sites for substrates characterized by the 
presence of Src homology 2 (SH2) domains. These SH2 
domains recognize phosphotyrosine in the context of spe-
cifi c short sequences of amino acids.420 This leads to 
activation of the three signaling cascades just mentioned 
(Ras, PI3K, and PLC), as well as activation by JAK of a 
critical family of signal transducers and activators of tran-
scription (STAT proteins).

There are four known members of the JAK family, 
JAK1, JAK2, JAK3, and Tyk2 (for reviews see else-
where421-423). All are 130- to 134-kd related proteins that 

have an amino-terminal receptor-binding domain, a 
carboxy-terminal kinase domain, and a middle domain 
that regulates kinase activity (Fig. 6-19). Although it fi rst 
appeared that HGFs activate JAK proteins in a rather 
promiscuous manner, some patterns have emerged (Table 
6-4).465 Thus, receptors that consist of single chains, such 
as EPOR, G-CSFR, and TPOR, associate with JAK2 (or 
to a lesser extent with JAK1) in either a constitutive or 
ligand-dependent manner. Ligand binding and conse-
quent clustering of receptor molecules lead to JAK2 
aggregation and transphosphorylation at the lysine–glu-
tamic acid–tyrosine-tyrosine (KEYY) site in the kinase 
activation loop (see Fig. 6-19). For example, the inactive 
EPOR exists as a homodimer, and each cytoplasmic 
domain is irreversibly bound to a molecule of JAK2. 
Binding of EPO to the extracellular domain of the recep-
tor induces a conformational change that brings the JAK 
kinase domains together and results in rapid tyrosine 
transphosphorylation.456 In vitro experiments show that 
JAK2 phosphorylation leads to activation of its kinase 
function, which taken together with evidence of associa-
tion of JAK2 with EPOR, suggests that JAK2 may act as 
the “master” protein tyrosine kinase that mediates the 
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FIGURE 6-18. Signal transduction through a receptor tyrosine kinase such as c-kit. The fi gure illustrates that the cytosolic domains contain a protein 
tyrosine kinase catalytic site that forms a functional dimer after ligand binding. The kinases phosphorylate each other, which causes the activation lip 
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important for cell proliferation and survival. GDP, guanosine diphosphate; GTP, guanosine triphosphate; SCF, stem cell factor.
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phosphate; PKB, protein kinase B; UTR, untranslated region.

TABLE 6-4  JAK/STAT and Nonreceptor Protein Tyrosine Kinases Activated by Hematopoietic Growth 
Factor Receptors

Receptor JAK Family JAK-Activated STATs Other Nonreceptor PTKs

c-kit JAK2424 PI3K425,426

IFNRα/β JAK1,427-429 Tyk2430 STAT1,431 STAT2,431 
STAT3432

IFNRγ JAK1,427-429 JAK2427-429 STAT1433

IL-3Rα (→βc) JAK1,434 JAK2434 STAT5,435,436 STAT6437 Lyn,438,439 Fyn,439 Fes,440 Tec441

GM-CSFRα (→βc) JAK1,442,443 JAK2442,443 STAT5435,436 Fes440

IL-6Rα (→gp130) JAK1,444 JAK2,444 Tyk2444 STAT1,445,446 STAT3444 Hck,447 Btk,448 Tec448

IL-2Rα (→βc, γc)
IL-4, -7, -9, -15Rαs (→γc)

JAK1449,450

JAK3449,450
STAT3,451 STAT5451,452

STAT6 (IL-4437)
Lck,453 Fyn,439 Lyn,439,454 
Syk455

EPOR JAK2456 STAT5436,457,458 Fes459

G-CSFR JAK1,460 JAK2461,462 STAT3461 Lyn,463 Syk,463 c-rel464

Nonreceptor tyrosine kinases that associate with receptors are indicated in bold, and references are in superscript.
EPOR, erythropoietin receptor; G-CSFR, granulocyte colony-stimulating factor receptor; GM-CSFR, granulocyte-macrophage colony-stimulating receptor; 

IFNR, interferon receptor; IL, interleukin; JAK, Janus kinase; PI3K, phosphatidylinositol 3′-kinase; PTK, protein tyrosine kinase; STAT, signal transducer and activator 
of transcription.

Adapted from a detailed review by Taniguchi T. Cytokine signaling through non-receptor protein tyrosine kinases. Science. 1995;268:251-255.
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biologic response to EPO. Support comes from observa-
tions that a kinase-negative JAK2 acts as a dominant-
negative suppressor of the proliferative response to EPO466 
and that the box1/box2 proximal cytoplasmic domain of 
the EPOR is the region that both binds JAK2 and is 
essential for receptor function.456 Furthermore, an 
acquired JAK2V617F mutation, found in almost all 
patients with PCV and about half with essential throm-
bocytosis and myelofi brosis, confers constitutive tyrosine 
kinase activity on JAK2; it transforms hematopoietic cells 
when coexpressed with homodimeric cytokine type 1 
receptors and is suffi cient for the development of PCV 
in murine recipients of transplanted JAK2V617F stem 
cells.467 A number of other substrates are phosphorylated 
in response to EPO,468-470 including nonreceptor kinases 
such the p85 subunit of PI3K, substrates such as PLCγ1 
and the adaptor molecule Shc, and the tyrosine phospha-
tases hematopoietic cell phosphatase (HCP or PTP-1C) 
and Syp (also known as PTP-1D or SH-PTP2), which 
downregulate signal transduction; other kinases such as 
c-fes459 and Vav are also activated.

The other heterodimeric receptors appear to associ-
ate with and activate several JAKs (see Table 6-4 and 
reviewed by Ihle and associates421). The βc component of 
the IL-3/GM-CSF receptor is tyrosine-phosphorylated 
after IL-3 or GM-CSF stimulation.471,472 The tyrosine 
kinase that is responsible for ligand-induced receptor 
phosphorylation could be JAK2422 or JAK1,442 but the 
role of other recruited nonreceptor kinases such as lyn,438 
fyn,439 or c-fes440 has not been clearly defi ned. Truncation 
mutants of βc show that the proximal cytoplasmic domain 
(amino acids 449 to 517) can induce JAK2 tyrosine 
phosphorylation and kinase activation,443 and this trun-
cated receptor also retains the capacity to induce myc 
and pim-1 and promote proliferation in serum-replete 
but not serum-free conditions.471,473-475 Both gp130 and 
LIFR can associate with and activate JAK1, JAK2, and 
Tyk2, but the pattern of such JAK family activation is 
distinct in different cell types.476

HGF-Induced Activation of STAT Proteins

The paradigm of the response to IFN has provided 
another major insight into a subsequent step in JAK 
family signal transduction. The kinase activities of Tyk2 
and JAK1 that are activated after IFN-α binding lead to 
phosphorylation of STAT1α/STAT1β and STAT2. STAT 
proteins are characterized by an amino-terminal DNA-
binding domain, a conserved carboxy-terminal SH2 
domain, and a critical tyrosine at the carboxy-terminal 
(see Fig. 6-19). Tyrosine-phosphorylated STAT1α/β and 
STAT2 form heterodimers through their SH2 domains, 
bind to a 48-kd protein, translocate to the nucleus, and 
activate gene expression by binding to an interferon-
stimulated response element (ISRE).433,477,478 STAT1α is 
also tyrosine-phosphorylated (at Y701) after IFN-γ binds 
to the IFN-γR, and this event is associated with tyrosine 
phosphorylation of JAK1 and JAK2.428,479 STAT1α 
homodimerizes, translocates to the nucleus, and binds to 

the IFN-γ–activated sequence (GAS), thereby transcrip-
tionally activating genes that contain this sequence in 
their promoters.

Activation of JAK proteins by HGFRs also leads to 
phosphorylation and DNA binding of STAT proteins, 
and four additional members of the STAT family have 
been cloned, STAT3, STAT4, STAT5, and STAT6 (see 
Table 6-4). Thus, ligand-induced activation of gp130, the 
signal-transducing component of the IL-6, LIF, IL-11, 
OSM, and CNTF family of receptors, leads to tyrosine 
phosphorylation of the JAK-Tyk family and activation of 
STAT3.444,445,476 STAT4 expression is restricted to sper-
matogonia, as well as thymic and myeloid cells. STAT4 
mRNA levels appear to decline when 32Dcl1 cells dif-
ferentiate in culture with either G-CSF or EPO.480 An 
ovine DNA-binding activity induced by prolactin, called 
mammary gland factor, was cloned and is named 
STAT5.481 STAT5 is activated by EPO and growth 
hormone,435 as well as by IL-3, GM-CSF, and IL-5.436 
This 92-kd protein exists as two highly related proteins, 
STAT5A and STAT5B (96% identical), that are encoded 
by different genes. STAT6 is most closely related to 
STAT5 and is induced by IL-4.482

HGF Signaling through the Ras Pathway

Ras is a “turnstile” through which signals from many 
receptors are routed.483 Ras guanosine triphosphate 
(GTP) associates with and activates Raf-1 and MAPK.484 
Ras is a 21-kd membrane-associated protein that cycles 
between the active GTP-bound and the inactive guano-
sine diphosphate (GDP)-bound forms in response to 
extracellular signals from various HGFRs, including c-
kit, IL-3R and GM-CSFR, T-cell receptor, IL-2R, and 
EPOR.485-488 Activation of Ras is mediated by guanine 
nucleotide–releasing factors (GRFs) that catalyze the 
release of bound GDP and its exchange for GTP, whereas 
deactivation occurs by GTPase-activating proteins 
(GAPs) such as p120GAP and neurofi bromin, which accel-
erate the intrinsic activity of Ras and thereby lead to 
hydrolysis of GTP to GDP. The mammalian prototype 
for GRF-mediated Ras activation is the epidermal growth 
factor receptor (EGFR), the cytoplasmic domain of 
which bears intrinsic tyrosine kinase activity. After ligand-
mediated dimerization, the EGFR is activated through 
autophosphorylation or transphosphorylation of tyrosine 
1068. An adaptor protein, Grb2, binds to this phospho-
tyrosine through its SH2 domain. This in turn leads to 
the formation of a ternary complex of EGFR, Grb2, and 
a GRF called SOS, which is analogous to the Drosophila 
son of sevenless (SOS) protein.489 SOS contains a proline-
rich region that recognizes two SH3 domains of Grb2, 
and the complex then activates membrane-bound Ras 
GDP to Ras GTP. The protooncogene vav also has Ras 
GDP/GTP nucleotide exchange activity490 and is acti-
vated through tyrosine phosphorylation after cross-linking 
of the T-cell antigen receptor–CD3 complex. With respect 
to the HGFRs, IL-2–mediated activation of IL-2R leads 
to IL-2Rβ chain tyrosine phosphorylation and associa-
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tion of the receptor with Shc, another adaptor protein 
that is characterized by both an SH2 domain and a 
second phosphotyrosine-binding (PTB) domain.491,492 
Shc itself becomes phosphorylated on tyrosine, and this 
in turn leads to the recruitment of Grb2 and SOS.493 The 
IL-3/GM-CSF–mediated signaling cascade involves 
phosphorylation of the β subunit itself as well as Shc, 
with subsequent increased levels of Ras GTP and activa-
tion of Raf-1, MEK (also called MAPK kinase), and 
MAPK, followed by induction of c-fos and c-jun (see Fig. 
6-18). This activity was mapped to the cytoplasmic 
domain of βc between amino acids 626 and 763, whereas 
a more proximal domain (amino acids 449 to 517) retains 
the capacity to induce myc and pim-1.474 The PTB 
domain of Shc binds to tyrosine 577 of βc after JAK2-
mediated phosphorylation of βc.494 Ras activation is 
important for both proliferative and survival (prevention 
of apoptosis) functions.475,495 In the case of EPOR, ligand-
induced phosphorylation of Shc and association of Shc 
with EPOR have also been demonstrated; phosphory-
lated Shc associates with Grb2, and the Ras and MAPK 
pathway is activated.496-500 In summary, these three exam-
ples show that Ras is activated by a number of HGFRs 
and that the Ras-Raf-MEK-MAPK pathway is important 
for the proliferation and survival of hematopoietic cells.

The Ras pathway may also be important in certain 
leukemias. Neurofi bromin, encoded by the NF-1 gene, 
is mutated in patients with autosomal dominant neuro-
fi bromatosis type 1 (NF-1). NF-1 shows sequence 
homology with yeast and mammalian GAP genes. Chil-
dren with neurofi bromatosis have an increased risk for 
juvenile myelomonocytic leukemia (JMML), monosomy 
7 syndrome, and acute myeloblastic leukemia (AML).501,502 
Importantly, leukemic cells from children with NF-1 and 
myelodysplastic syndrome (MDS) show loss of the 
normal NF-1 allele, thus implicating NF-1 as a tumor 
suppressor gene.502 NF-1GAP activity is signifi cantly lower 
in cell lysates prepared from NF-1–associated leukemias 
than in normal bone marrow or non–NF-1 leukemic 
lysates.503 Bone marrow mononuclear cells from patients 
with JMML show an increase in CFU-GM in response 
to GM-CSF, but not IL-3. Interestingly, fetal liver cells 
from mice that are rendered null for the NF-1 gene show 
similar hypersensitivity to GM-CSF, thus indicating that 
NF-1GAP may play a crucial and specifi c role in the 
response of myeloid cells to GM-CSF.503,504 NF-1−/− mice 
die in utero around day 13.5 to 14.5 as a result of complex 
cardiac defects, but transplantation of day 11.5 to 13.5 
fetal liver cells into lethally irradiated recipients produces 
a myeloproliferative syndrome similar to the human 
disease.504 BCR-ABL is a chimeric oncogenic protein 
that shows dysregulated tyrosine kinase activity and is 
implicated in the pathogenesis of Philadelphia chromo-
some–positive chronic myeloid leukemia. A phosphory-
lated tyrosine (Y177) in the fi rst exon of BCR binds to 
the SH2 domain of Grb2 and activates Ras.505 Mutation 
of the Y177 BCR-ABL to phenylalanine abolishes Grb2 
binding and abrogates both BCR-ABL–induced Ras acti-

vation and transformation of primary bone marrow cul-
tures.505 In summary, Ras dysregulation may contribute 
to the increased proliferation that characterizes these two 
chronic leukemias.

Phosphatases and Receptor Signaling

The C-terminal domain of the EPOR has a negative 
regulatory role.506 It is likely that this effect is mediated 
by a phosphatase that dephosphorylates kinase-associ-
ated tyrosines in this region, as has been shown for IL-
3R.507 There is a fascinating report of a Finnish family 
with dominantly inherited benign erythrocytosis.508 The 
proband, an Olympic cross-country skier, has a mutation 
in EPOR that introduces a premature stop codon and 
generates a receptor lacking the C-terminal 70 amino 
acids. This mutation cosegregates with the disease phe-
notype in this large family. Recent data show that the 
nontransmembrane protein tyrosine phosphatase SH-
PTP1 (also called SHP-1, HCP, and PTP-1C) associates 
via its SH2 domain with the tyrosine-phosphorylated 
EPOR.509 Mutational analysis mapped the binding site 
most probably to Y429, and this tyrosine is deleted with 
the C-terminal truncation of the EPOR in the Finnish 
family with benign erythrocytosis. Factor-dependent cells 
that express a Y429,431F mutant EPOR show increased 
sensitivity to EPO, as do cultured erythroid progenitors 
from patients with benign erythrocytosis.509 CFU-E pro-
genitors from mice that lack or have impaired SH-PTP1 
activity (Motheaten or Motheaten viable) show similar 
increased sensitivity to EPO.307,510 Therefore, EPO-
induced activation and subsequent tyrosine phosphoryla-
tion of EPOR leads to recruitment of SH-PTP1, which 
then plays a major role in terminating the EPO signal, 
possibly through dephosphorylation of JAK2509 or other 
tyrosine kinases.

Another nonreceptor protein tyrosine phosphatase 
called SH-PTP2 or SHP2, encoded by the PTPN11 gene, 
has 50% to 60% identity with SH-PTP1 in both the SH2 
and catalytic domains. Despite this similarity, SH-PTP2 
appears to be a positive regulator of some growth factor 
pathways (for review see Sun and Tonks511), in particular, 
Ras. Approximately 50% of patients with Noonan’s syn-
drome (NS), a developmental disorder characterized by 
short stature, dysmorphic features, and cardiac defects, 
have germline mutations in SH-PTP2, and 35% of non-
NS JMML patients have somatic mutations in this gene. 
JMML develops in some patients with NS, and it appears 
that the mutations in NS/JMML differ from those found 
in de novo nonsyndromic JMML512 and differ in the 
degree to which they activate the phosphatase.513

Other Inhibitors of HGF Signaling

Another family of negative regulators is the suppressor of 
cytokine signaling (SOCS) proteins. SOCS-1 was discov-
ered by three groups, contains an SH2 domain, and has 
sequence and structural similarities to an immediate 
early gene called CIS (cytokine-inducible SH2-contain-
ing protein).400,514-516 It is one of an eight-member gene 
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family (SOCS-1 to SOCS-7 and CIS) characterized by 
a central SH2 domain and a C-terminal conserved motif 
called a SOCS box. Unlike the constitutively expressed 
phosphatases, SOCS expression is induced by many 
cytokines, including IL-3, EPO, TPO, IL-6, and LIF, 
and the proteins are expressed in hematopoietic and 
other tissues (for a detailed review see Greenhalgh and 
Hilton517). SOCS-1, expressed predominantly in the 
thymus, interacts directly with the phosphorylated activa-
tion loop of (activated) JAKs, and its N-terminal is 
thought to inhibit binding of adenosine triphosphate 
(ATP) to the activation cleft.400,514,518 Subsequently, the 
SOCS box was hypothesized to target the SOCS/signal-
ing complex to the proteosome for degradation by recruit-
ing components of the proteasome machinery, including 
elongins B and C and Cullin 2.519,520 SOCS-3 has been 
shown to inhibit signaling by a different mechanism—
binding directly to activated receptors and to JAKs 
without inhibiting JAK activity,521 whereas CIS can bind 
to phosphorylated tyrosines on the EPOR and thereby 
inhibit STAT5 signaling.522

SOCS knockouts have provided insight into the 
important physiologic roles of some of these proteins. 
SOCS-1−/− mice die before weaning with fatty degenera-
tion of the liver, reduced thymic size, lack of T and B 
cells, and monocytic infi ltration of organs.523,524 This phe-
notype is similar to that of mice with elevated IFN-γ, and 
indeed, SOCS-1−/− mice have increased IFN-γ levels; 
rescue of the animals can be achieved with antibodies to 
IFN-γ or by crossing them with IFN-γ−/− mice.525,526 
SOCS-2−/− mice are normal at birth but then become 
signifi cantly larger than wild-type mice, with thickening 
of the dermis caused by excess collagen deposition.527 
Therefore, SOCS-2 appears to play an important role in 
postnatal growth, possibly through the growth hormone/
insulin-like growth factor I (IGF-I) axis. SOCS-3−/− mice 
are hematopoietically most interesting in that they die at 
embryonic day 12 to 14 of massive erythrocytosis.528 
Progenitor cells appear to be hyperresponsive to IL-3 and 
EPO. Thus, SOCS-3 plays a crucial role in inhibiting 
fetal erythropoiesis. Although CIS-deleted mice show no 
abnormalities, overexpression of CIS induces a pheno-
type similar to STAT5a−/− or STAT5b−/− animals.529-532

BIOLOGY OF HEMATOPOIESIS

Stem Cells

The formed elements of the blood in vertebrates, includ-
ing humans, continuously undergo replacement to main-
tain a constant number of red cells, white cells, and 
platelets. The number of cells of each type is maintained 
in a very narrow range in physiologically normal adults—
approximately 5000 granulocytes, 5 × 106 red blood cells, 
and 150,000 to 300,000 platelets per microliter of whole 
blood (see Appendix for normal values in infancy and 
childhood). In this section we examine the normal regu-

latory mechanisms that maintain balanced production of 
new blood cells. These regulatory systems are far from 
completely understood, but present evidence strongly 
supports the following basic principles, schematically 
depicted in Figure 6-7:

1. A single pluripotent stem cell is capable of giving rise 
to many committed progenitor cells. These committed 
progenitors are destined to form differentiated recog-
nizable precursors of the specifi c types of blood 
cells.

2. Pluripotent stem cells are capable of self-renewal. 
Committed progenitor cells are limited in proliferative 
potential and are not capable of indefi nite self-renewal. 
In addition to their limited proliferative potential, 
committed progenitors also “die by differentiation,”533 
and their numbers depend on infl ux from the pluripo-
tent stem cell pool.

3. The proliferative potential and differentiation of stem 
cells and committed progenitors may be infl uenced 
by niche cells or factors derived from them. Thymus-
derived lymphocytes appear to contribute to the 
induction of spleen colony formation in irradiated 
recipients.534-537 The hematopoietic role of thymus-
derived cells is further supported by experiments 
demonstrating defective restorative capacity of bone 
marrow from congenitally athymic538 or neonatally 
thymectomized539 mice or from rigorously T-depleted 
human bone marrow.540

4. Committed progenitor cells are capable of response 
to humoral or marrow stroma–derived regulators, 
some produced in reaction to circulating levels of a 
particular differentiated cell type. In this response, 
they proliferate and differentiate to form the recogniz-
able blood cells. Under this type of control, amplifi ca-
tion of production occurs at the committed progenitor 
cell level. Most of the regulatory molecules are pro-
duced by hematopoietic accessory cells in close prox-
imity to progenitor cells. These molecules are produced 
as part of an incompletely understood complex regu-
latory network operating at close range and may 
involve accessory cell–progenitor cell interactions. For 
most hematopoietic lineages studied, there appear to 
be at least two humoral regulators that work sequen-
tially. The immature progenitor of a particular lineage 
has a greater requirement for a regulator that acts on 
all or many immature progenitors than its more 
mature counterparts do. As differentiation proceeds, 
sensitivity to the late-acting factor increases. This vari-
able degree of response to the late-acting regulators 
that are present at high concentration during hema-
topoietic stress (e.g., EPO in anemia) may serve to 
protect the highly proliferative, but numerically limited 
immature progenitor compartment from exhaus -
tion or death by differentiation under these stress 
conditions.

5. Hematopoietic differentiation requires an appropriate 
microenvironment. In normal humans, this environ-
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ment is confi ned to the bone marrow, whereas in the 
mouse the microenvironment includes both the spleen 
and bone marrow. The existence of Steel (Sl) strains 
of mutant mice,303,541 which exhibit a defi ciency in the 
hematopoietic microenvironment (see later), suggests 
that interactions between hematopoietic progenitors 
and the bone marrow microenvironment involve very 
specifi c molecular mechanisms.304 A number of early 
hematopoietic cells, including pluripotent stem cells 
and certain committed progenitor cells, have been 
demonstrated in the circulation of normal individuals 
and experimental animals.60,542-544 The capacity of 
HSCs to negotiate nonhematopoietic tissues via the 
circulation is especially signifi cant with regard to bone 
marrow transplantation, which is carried out by infu-
sion of bone marrow or blood cells from the donor 
into the circulation of the recipient.545 For example, 
blockade of hepatic asialoglycoprotein receptors 
enhances stem cell engraftment in murine spleen and 
marrow.546 There is also convincing evidence that 
murine stem cells (CFU-S) and progenitors (CFU-
GM) express “homing” or adhesive lectin receptors 
that bind to the mannose or galactose (or both) pre-
sented on stromal cells. For example, homing of trans-
planted mouse progenitors can be blocked by synthetic 
neoglycoproteins with these specifi cities, thus suggest-
ing that stromal cells are likely to express these 
sugars.547 SDF-1/chemokine (CXCR4) signaling and 
adhesion molecules, including VLA-4/VCAM-1 and 
CD44/hyaluronic acid interactions, are also important 
in the regulation of homing.548

If only 10% to 20% of stem cells are in cycle in the 
resting state, what is their role with regard to self-renewal 
versus differentiation, and what is the role of the non-
cycling stem cells? The hypothesis that a series of stem 
cells may contribute clones successively to maintain 
hematopoiesis throughout the life span of an individual 
was fi rst advanced by Kay.549 Support for this hypothesis 
comes from transplant studies of recipients of small 
numbers of bone marrow cells550,551 and from experi-
ments in which mixtures of fetal liver cells from different 
inbred mouse strains were introduced into W-mutant 
fetuses. W mutants exhibit a genetically determined 
defi ciency of HPCs (as well as germ and follicle cells; 
see later). Long-term monitoring showed clonal domi-
nance followed by the decline of cells of particular 
genotypes.551

The use of retrovirally mediated gene transfer to 
mark HSCs at fi rst lent support to this hypothesis. Analy-
sis of the viral integration patterns at intervals after trans-
plantation documented concurrent contributions of small 
numbers of stem cells to hematopoiesis, with changing 
patterns over time.552,553 These conclusions are not sup-
ported by the work of Harrison and associates, who mea-
sured variances at successive intervals in recipients of 
marrow mixtures from two congenic donors. The high 
correlations observed in this study suggest that the trans-

planted stem cells continuously produce descendants.554 
However, if 10 to 20 (or more) clones are contributing 
to hematopoiesis simultaneously, even with clonal suc-
cession one might expect variances between two alloen-
zymes at sequential samplings to be minimized. 
Furthermore, longer-term analysis of viral integration 
patterns in multiple-lineage progeny of stem cells trans-
planted into mice shows that integration patterns are 
unstable initially but then stabilize and maintain a con-
sistent pattern for many months.555 Although this consis-
tency does not appear to support the clonal succession 
hypothesis, the contributory role of unmarked stem cells 
in these experiments cannot be assessed. Furthermore, it 
is not possible to determine whether the immediate 
progeny of the transplanted (and retrovirally marked) 
stem cells might not all still have self-renewal capacity 
and subsequently contribute to hematopoiesis succes-
sively. Such clones would carry the same integration 
marker. Long-term analysis of female Safari cats (hetero-
zygous for two glucose-6-phosphate dehydrogenase 
[G6PD] isoforms) that received transplants of small 
numbers (1 to 2 × 107/kg) of autologous marrow cells 
showed extensive variation in G6PD phenotype over a 
41/2-year period.556 Computer modeling of the data was 
consistent with a stochastic model in which stem cells 
did not replicate more frequently than once every 3 
weeks, which challenges many of the current strategies 
for inserting foreign genes into HSCs. A problem with 
the transplant approach discussed earlier is that the prep-
aration required for successful transplantation may 
perturb hematopoiesis and complicate interpretation of 
the results. Resolution of the problem came from studies 
in which a nontoxic dose of bromodeoxyuridine (BrdU) 
was fed to mice in drinking water.557,558 BrdU is incorpo-
rated into DNA by proliferating cells, and measurement 
of incorporation rates into primitive stem cell popula-
tions over time can be used as a monitor of proliferative 
history. Under steady-state conditions, approximately 
5% of LTR-HSCs were in cycle and another 20% in the 
G1 phase, with approximately 8% entering the cell cycle 
per day. By 6 days, 1 month, and 6 months, 50%, 90%, 
and 99%, respectively, of the stem cell pool had incorpo-
rated the label.558 Because the size of the stem cell pool 
remains constant, these data indicate that 50% of divid-
ing LTR-HSCs must self-renew; this could be accom-
plished by asymmetric division or by symmetrical division 
in which half the cells give rise to LTR-HSCs and the 
other half to differentiating cells.

Transcription Factors and Stem Cells

Although the factors that control the decision of stem 
cells to undergo either self-renewal or commitment to 
differentiate down one of the alternative lineage pathways 
are poorly understood, in recent years nuclear transcrip-
tion factors have been characterized that play a role in 
stem or early progenitor cell proliferation and lineage 
commitment (reviewed by Orkin and colleagues559,560). 
The tal-1/SCL, Rbtn2/LMO2, and GATA families of 
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transcription factors are important in this regard. In 
particular, tal-1/SCL, a bHLH transcription factor, is 
expressed in biphenotypic (lymphoid/myeloid) and T-cell 
leukemias,561,562 as well as in both early hematopoietic 
progenitors and more mature erythroid, mast, mega-
karyocyte, and endothelial cells.563,564 Targeted disruption 
of the tal-1/SCL gene leads to death in utero from absence 
of blood formation, and lack of in vitro myeloid colony 
formation suggests a role for this factor very early during 
hematopoiesis at the pluripotent or myeloid-erythroid 
stem cell level.565,566 Another transcription factor impli-
cated in T-cell acute lymphoblastic leukemia (ALL) is 
the LIM domain nuclear protein rhombotin 2 (rbtn2/
LMO2).567,568 Mice that lack this factor die in utero and 
have the same bloodless phenotype as the tal-1/SCL−/− 
animals.569 Interestingly, although rbtn2/LMO2 does not 
show sequence-specifi c DNA binding, immunoprecipi-
tates in erythroid cells show that rbtn2/LMO2 exists in 
a complex with tal-1/SCL,570,571 thus suggesting physio-
logic interaction in vivo. GATA-2 is expressed in the 
regions of Xenopus and zebra fi sh embryos that are fated 
to become hematopoietic and is highly expressed in 
progenitor cells.564,572-574 Overexpression of GATA-2 in 
chicken erythroid progenitors leads to proliferation at the 
expense of differentiation.575 Targeted disruption of the 
GATA-2 gene by homologous recombination in ES cells 
results in reduced primitive hematopoiesis in the yolk sac 
and embryonic death by day 10 to 11.576 Defi nitive hema-
topoiesis in the liver and bone marrow is profoundly 
reduced with loss of virtually all lineages, and in vitro 
differentiation data show a marked defi ciency in SCF-
responsive defi nitive erythroid and mast cell colonies and 
reduced macrophage colonies, which suggests that 
GATA-2 serves as a regulator of genes that control HGF 
responsiveness or proliferation of stem or early progeni-
tor cells (or both).

These data contrast with the later time of embryonic 
death (day 15) from anemia during the mid–fetal liver 
stage in mice with targeted disruption of c-myb577 and 
Rb578-580 and severe forms of W and Sl mutations (see 
later).305 C-myb has been shown to be absolutely required 
for normal hematopoietic production during embryogen-
esis.581 Embryonic erythropoiesis in c-myb knockout 
mice is normal, but there is complete failure of erythro-
poiesis in fetal liver. Progenitors of other lineages, but not 
megakaryocytes, were also decreased, which indicates 
that c-myb is required for early defi nitive cellular expan-
sion.577 Furthermore, a knockdown allele of c-myb shows 
that suboptimal levels of c-myb favor macrophage and 
megakaryocyte differentiation whereas higher levels are 
particularly important for erythropoiesis and lymphopoi-
esis.582 An N-ethyl-N-nitrosourea (ENU)-induced allele 
of c-myb (M303V) affects the transactivation domain of 
the protein that interacts with the transcriptional coacti-
vator p300; recessive mice (c-mybM303V/M303V) demonstrate 
increased platelet production, anemia, absence of eosino-
phils, and defects in B- and T-cell lymphopoiesis.583 Inter-
estingly, these animals were found to have an increase in 

transplantable HSCs, thus indicating that c-myb has a 
negative role in HSC self-renewal. Hence, c-myb appears 
to have a negative role in HSC and megakaryocyte pro-
genitor proliferation and positive effects on erythropoie-
sis, eosinophil production, and lymphopoiesis.

Loss of function of the AML-1 gene, which encodes 
one of the α subunits of the heterodimeric core-binding 
factor (CBF), results in fetal death by day 12.5 because 
of failure of production of all defi nitive hematopoietic 
lineages.584 CBF recognition sequences are present in the 
IL-3R, GM-CSFR, M-CSFR, and T-cell antigen receptor 
promoters. The AML-1 gene is frequently rearranged in 
AML and childhood ALL and is expressed in myeloid 
and lymphoid cells.568 AML-1 has been shown to interact 
with a number of repressors, including GROUCHO 
domain factors. AML-1 is also a regulator of HSC pro-
duction in the AGM region, as well as in adult stem cell 
homeostasis. Rescue of AML-1 by a tie2 promoter sal-
vages hematopoiesis during development.

Interestingly, the order of expression of transcription 
factors is thought to regulate a stem cell hierarchy.585 This 
can be demonstrated in purifi ed progenitor cells by 
looking at a variety of transcription factors, including 
GATA-1, GATA-2, CCAAT/enhancer-binding protein α 
(C/EBPα), PU.1, and others. It is clear that competition 
of hematopoietic transcription factors is a prominent 
theme. There are GATA-1–PU.1 interactions that regu-
late an erythroid/myeloid decision, and there are many 
other decisions, including PAX5, C/EBPα, and PU.1 
interactions, for lymphoid and myeloid systems. Such 
competition for transcription factors and regulation of 
stem cell differentiation appears to be a mechanism in 
the hematopoietic system. Manipulation of the process 
actually leads to altered hematopoiesis that can favor a 
single lineage. This involves a cell fate change rather than 
a proliferative event.

Homeobox (HOX) genes encode transcription 
factors involved in the establishment of body pattern and 
tissue identity during development.586 The human genes 
occur in four clusters, HOXA to HOXD, on chromo-
somes 7, 17, 12, and 2, respectively. HOXA and HOXB 
genes are expressed in CD34+ cells and downregulated 
as these cells mature. Intriguingly, murine bone marrow 
cells engineered to overexpress HOXB4 by retrovirus-
mediated gene transfer show a dramatic upregulation in 
stem cell activity both in vitro and in vivo, although it 
may not be required for normal hematopoiesis.587,588 
Serial transplantation studies showed a greatly enhanced 
ability of HOXB4-transduced bone marrow cells to 
regenerate the most primitive HSC compartment; such 
regeneration resulted in a 50-fold higher number of 
transplantable totipotent HSCs in primary and second-
ary recipients than in serially passaged control cells. This 
in vivo expansion of HOXB4-transduced HSCs was not 
accompanied by identifi able anomalies in the blood of 
these mice, thus suggesting that HOXB4 is an important 
regulator of very early but not late hematopoietic cell 
proliferation. Recent data show that ectopic expression 
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of HOXB4 in yolk sac and ES cells confers long-term 
engraftment capacity in primary and secondary recipi-
ents.589 Daley, Jaenisch, and colleagues reported that 
nuclei from Rag2 knockout (Rag2−/−) tail cells could be 
transferred into enucleated oocytes and embryonic stem 
(ntES) cell lines derived from the resulting blastocysts. 
The Rag2 mutation was then corrected by homologous 
recombination. Insertion of HOXB4 into the corrected 
ES cells allowed their expansion into transplantable 
HSCs. These cells were able to partially correct the defect 
in immunoglobulin production in Rag2−/− recipients after 
bone marrow transplantation.590 The HOX pathway has 
been expanded to include HOXA7 and HOXA9 as major 
regulators of hematopoiesis and leukemia formation.591 
The posterior HOX genes therefore drive HSC produc-
tion; this was highlighted by the fi nding that mutations 
in CDX4, a controller of HOX gene expression, leads to 
absence of HSCs in the zebra fi sh and lack of control of 
HOX gene expression for the formation of HSCs.587

The Gfi  1 locus was originally identifi ed as an onco-
gene causing lymphoma based on retroviral insertion.592 
Gfi  1 contains an internal SNAG domain and a six–zinc 
fi nger DNA-binding domain. There are two nearly iden-
tical genes called Gfi  1 and Gfi  1b. Gfi  1 is restricted to 
the lymphoid system, whereas Gfi  1b seems to be distrib-
uted throughout the entire hematopoietic system. Gfi  1 
is also expressed in neutrophils. Gfi  1 knockout animals 
have a severe reduction in lymphoid progenitors. This 
leads to an early lack of both CD4+ and CD8+ cells. In 
addition, IL-7R signaling is suppressed. Gfi  1 is a major 
regulator of neutrophil maturation. Normal neutrophils 
are absent in the knockout animals, and yet eosinophils 
are present in the normal number. The response to G-
CSF by neutrophils is preserved, but differentiation does 
not take place. There is a signifi cant interaction of Gfi  1 
with other transcription factors, including PU.1, C/EBPβ, 
and C/EBPε, which regulate neutrophil maturation.

Gfi  1 has also been shown to be involved in HSC 
self-renewal. In Gfi  1 knockout animals, HSCs actually 
increase and outcompete other cells. This leads to stem 
cell exhaustion. Gfi  1b may also regulate stem cell homeo-
stasis. The HSCs appear to be more active in terms of 
their cell cycle and have increased proliferation rates. It 
is clear that p21 is probably one of the mediators of Gfi  
1 in HSC production.593 There is also modulation of 
STAT3 activity as a consequence of the interaction of Gfi  
1 with PIAS3, a factor that simulates transcription factors. 
This is interesting because other genes such as SCL, 
Runx1, Notch1, Notch2, RBPJ, integrin1, HOXB4, and 
β-catenin are dispensable for most HSC activities whereas 
p21, Bmi 1, tel1, C/EBP, PU.1, and Gfi  are actually 
required.

Growth Factors and Stem Cells

HGFs also appear to infl uence at least some classes of 
stem cells. Analysis of the actions of HGFs on “purifi ed” 
murine or human stem and progenitor cells has led to 
several major conclusions that should be interpreted in 

the light that to date, even the most highly purifi ed “stem 
cell” fractions are still heterogeneous with respect to the 
content of LTR-HSCs, HSCs with short-term–reconsti-
tuting potential, and lineage-committed progenitors. 
HGFs such as SF and perhaps IL-3, GM-CSF, and G-
CSF can independently support the survival of murine 
or human stem cell populations (or both).277,5948-596 
However, of all these HGFs, only SF has been shown to 
enhance the survival of murine LTR-HSCs, and no single 
HGF or combination of HGFs has unequivocally shown 
the capacity to induce signifi cant self-renewal of LTR-
HSCs.597,598 IL-6–defi cient mice show a reduction in 
CFU-S and failure of IL-6−/− bone marrow cells to con-
tribute to long-term hematopoiesis after serial transfer.310 
In addition to its effect on megakaryocyte and platelet 
formation, TPO is also vital for stem cell production. 
Mice that lack the receptor for TPO (c-mpl) show reduced 
numbers of blast colonies and CFU-S and fail to compete 
effectively with normal stem cells for reconstitution of 
hematopoiesis in irradiated recipients, even when trans-
planted in 10-fold excess.599 Furthermore, both murine 
and human repopulating activity segregates with primi-
tive cells that express c-mpl.600 In the human system, 
information on HSC self-renewal is not available because 
no human assay measures this property.

Analysis of mutations that affect the function of stem 
cells and the hematopoietic microenvironment through 
HGF interactions have provided important insight. Two 
murine mutations have been characterized in some detail, 
the Steel (Sl) and dominant White-spotting (W) muta-
tions.303,305,541 Genetically affected mice that are defective 
at these loci have severe macrocytic anemia associated 
with increased radiation sensitivity, lack of pigmentation, 
poor gastrointestinal motility, and sterility. Though phe-
notypically similar, these mutations map to different 
chromosomes (W, chromosome 5; Sl, chromosome 10) 
and have distinct hematologic characteristics. Best char-
acterized at the molecular level, the W mutation results 
in a functional defi ciency of HSCs, particularly erythroid 
progenitors. Transplantation of normal bone marrow into 
homozygous W recipients completely corrects the hema-
topoietic abnormalities, whereas transplantation of W 
bone marrow into normal mice fails to reconstitute 
hematopoiesis.541,601 The W gene is allelic with the c-kit 
proto-oncogene,602,603 which as discussed earlier, is known 
to be a member of a tyrosine kinase receptor family,604 as 
is c-fms, the receptor for M-CSF. Several variants of the 
W mutation have been shown to be phenotypic expres-
sions of specifi c mutations of the c-kit gene, and the 
severity of the phenotypic changes associated with spe-
cifi c alleles correlates with the degree of functional 
impairment in kinase activity.605

In contrast, the Steel mutation affects the function 
of cells of the microenvironment. Sl/Sld bone marrow 
cells are capable of reconstituting hematopoiesis in irra-
diated normal mice, whereas transplantation of normal 
bone marrow into Sl/Sld animals fails to cure the defect.606 
Deeper insight into the molecular nature of this defect 
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was provided by purifi cation of a factor that is active on 
mast cells and on post–5-FU mouse bone marrow 
(enriched for primitive stem cells but depleted of mature 
progenitors).607,608 This “stem cell factor” or “mast cell 
growth factor” was purifi ed and its cDNA cloned. Label-
ing studies with the purifi ed recombinant protein dem-
onstrate that it is the ligand for c-kit.609-612 Furthermore, 
administration of the factor to Sl/Sld mice corrects their 
macrocytic anemia and repairs their mast cell defi ciency. 
Less severe mutations at the Sl locus such as Sld are 
associated with smaller deletions at the Sl locus. The gene 
encodes a protein that exists in both transmembrane and 
secreted forms.609,613,614

Recently, other growth factor pathways that are 
important during embryogenesis and have been sub-
verted in certain cancers have also been implicated in 
stem cell self-renewal. Notch receptors (four members, 
Notch1 to Notch4) are expressed on the surface of a 
variety of hematopoietic cells as proteolytically cleaved 
dimers consisting of an EGF repeat-rich extracellular 
domain and a transmembrane/intracellular domain that 
contains two motifs (RAM and ANK) that can bind to a 
transcriptional repressor, CBF1/RBPJκ (see Kojika and 
Griffi n615 for a detailed review). After ligand binding 
(three ligands, Delta, Jagged1, and Jagged2), the trans-
membrane/intracellular domain is cleaved to release the 
active intracellular domain of Notch (ICN), which trans-
locates to the nucleus, binds to CBF1/RPBJκ, and trans-
activates genes such as Hairy and Enhancer of Split 1 
(HES-1), a bHLH protein that suppresses transcription 
of N-box (CACNAG) target genes. Human Notch1 was 
fi rst identifi ed as a gene called TAN-1 that is involved in 
some T-cell leukemias by generating an intracellular acti-
vated form of Notch1 (ICN1).616 Remarkably, overex-
pression of ICN1 in murine stem cells leads to 
immortalization of cytokine-dependent cell lines that can 
generate lymphoid or myeloid progeny in vitro and in 
vivo, thus suggesting a role for Notch1 in stem cell self-
renewal.617 Activating mutations in Notch have been 
found in many T-cell leukemias.618 Addition of soluble 
Jagged1 to cultures of human purifi ed stem and progeni-
tor cells also increased NOD/SCID repopulating activ-
ity.619 A second signaling pathway that may be involved 
in stem cell self-renewal involves the Sonic hedgehog 
protein.620 Shh activates the Smoothened receptor (Smo) 
by binding to its inhibitor Patched. Smo initiates signal-
ing that regulates transcription factors of the Gli family, 
which modify expression of genes that encode BMP-4 
and its inhibitor Noggin. Shh has recently been shown 
to induce expansion of human NOD/SCID repopulating 
cells, possibly through regulation of BMP-4. Last, Wnt 
signaling may also be involved in stem cell self-renewal. 
Wnt signals through the receptors Frizzled and lipopro-
tein receptor–related protein (LRP) to activate a cyto-
plasmic protein called Dishevilled, which in turn stabilizes 
β-catenin, a transcriptional coactivator that associates 
with the Tcf/LEF family of transcription factors (reviewed 
by Taipale and Beachy621). Without Wnt signaling, β-

catenin is normally destabilized by a cytoplasmic complex 
that comprises Axin, adenomatous polyposis coli (APC), 
and GSK3β. Overexpression of activated β-catenin in 
highly purifi ed murine HSCs appears to be capable of 
expanding the pool of transplantable cells.622

Two models have been proposed to explain the 
mechanisms that infl uence the choice of stem cells 
between self-renewal and commitment. A stochastic model 
was proposed by Till, McCullough, and Siminovitch.533 
In this model, self-renewal or differentiation is consid-
ered to occur in a random or stochastic manner, only 
dictated by a certain probability. Because no extrinsic 
source of stem cells exists, under steady-state conditions 
the overall probability of stem cell division resulting in 
self-renewal must be 0.5; probabilities less or greater than 
this value would lead to progressive stem cell depletion 
(aplasia) or expansion (leukemia), respectively. The 
commitment of stem cells could occur symmetrically, 
where half the stem cells overall divide to produce progeny 
that enter a differentiation pathway and half generate 
progeny in which all remain undifferentiated stem 
cells. Alternatively, asymmetric division would give rise 
to one stem cell and one cell committed to differentia-
tion. Analysis of single cells from blast cell colonies has 
shown that hematopoietic cells can divide asymmetri-
cally; these micromanipulated single cells give rise 
to colonies that comprise almost all possible lineage 
combinations.86 Single-cell analysis of purifi ed human 
CD34+CD45RAloCD71lo provides evidence for quiescent 
survival, self-renewal, and asymmetric division.623 These 
data provide strong support for a stochastic mechanism 
to explain both commitment and restriction of differen-
tiation potential. Differentiation of single blast cells into 
mature cells occurs in these methycellulose cultures in 
the absence of an intact microenvironment. A source of 
HGFs is obligatory, however, as is the case for all colonies 
grown in semisolid media. It is important to recognize 
that although these random events occur with a given 
probability, it must be possible to favor self-renewal 
versus differentiation as circumstances demand. For 
example, during the regeneration of hematopoietic tissue 
after injury by irradiation or cytotoxic drugs, the proba-
bility of generating stem cells must increase. How this 
probability is altered is one of the outstanding unan-
swered questions in hematopoiesis.

A contrasting model proposed by Curry and Trentin624 
in which it was postulated that the hematopoietic microen-
vironment is inductive (HIM) was based on the observa-
tion that domains of a given lineage exist within single 
spleen colonies. Although this model is no longer tenable 
in its original formulation, the observation that the osteo-
blastic niche in bone marrow plays a role in stem cell 
self-renewal whereas the sinusoidal endothelial niche 
regulates proliferation, differentiation, and mobilization 
suggests a mechanism for the external control of stem 
cell expression. This plus other observations related to 
the morphology of the focal development of hematopoi-
etic islands attached to adherent cells has led to the pos-
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tulate that HSCs reside within stromal cell “niches” that 
play a vital role in supporting stem cell survival, perhaps 
by intimate cell contact.15

Whether a stochastic mechanism or one infl uenced 
by environmental cues dictates the outcome of the stem 
cell’s decision to commit to one or another hematopoietic 
lineage is also uncertain. Recent experiments suggest that 
cross-antagonism among lineage-specifi c transcription 
factors may provide a mechanistic explanation for lineage 
specifi cation. Forced expression of the erythroid-specifi c 
factor GATA-1 in myelomonocytic cells perturbs their 
ability to differentiate,625 and evidence is accumulating 
that this is due to direct physical interaction and cross-
antagonism of PU.1, the myeloid transcription factor, 
and GATA-1; GATA-1 inhibits PU.1 by preventing it 
from interacting with its cofactor c-jun, whereas PU.1 
prevents GATA-1 from binding to DNA.626-629 Down 
syndrome patients have mutations in GATA-1 that lead 
to a truncated protein missing its N-terminus.630 This 
appears to give competitive advantage to a yolk sac/fetal 
liver progenitor in the genesis of leukemia and transient 
myeloproliferative disorder. Another example is the 
antagonism between friend of GATA-1 (FOG-1) and C/
EBPβ in an eosinophilic cell line in that enforced expres-
sion of FOG-1 blocks C/EBPβ-mediated eosinophil dif-
ferentiation.631 It is therefore possible that lineage-specifi c 
transcription factors not only have potent inductive 
effects but also exert blocking effects on alternative 
lineage choices. The observation that forced expression 
of C/EBPβ in pancreatic cells promotes their differentia-
tion into a hepatic phenotype raises the intriguing possi-
bility that this mechanism underlies stem cell plasticity 
as well (reviewed by Cantor and Orkin560).632

Erythropoiesis

It is well established that the level of oxyhemoglobin and 
the rate of delivery of oxygen to tissues is the fundamen-
tal stimulus of erythropoiesis.5 In species that package 
hemoglobin in erythrocytes, EPO mediates the response 
to oxygen demand and does so by interacting with spe-
cifi c receptors633 found on the surface of committed 
erythroid progenitor cells634-636 and erythroblasts.637 As 
discussed earlier, insight into the mechanism by which 
hypoxia induces a transcriptional increase in expression 
of the EPO gene has come from the identifi cation of 
HIF-1α.383,638

It is believed that BFU-E progenitors do not directly 
give rise to erythroblasts in vivo except under conditions 
of extreme anemic stress. Instead, they mature to single 
erythroid colony-forming units, or CFU-E, that divide in 
vivo and, under the infl uence of lower concentrations of 
EPO, form single, relatively small colonies of proeryth-
roblasts at about 1 week in vitro. Many (at least half) of 
the CFU-E progenitors will form erythroid colonies in 
vitro in response to EPO alone. They do not require the 
additional presence of either GM-CSF or IL-3 because 
they have differentiated beyond this requirement.639 All 

proerythroblasts can differentiate in the presence of EPO 
alone. In the steady state, the number of human CFU-E 
progenitors exceeds the number of BFU-E progenitors 
by a factor of 10. CFU-E progenitors are larger than 
BFU-E progenitors, and because a higher fraction of 
CFU-E than BFU-E progenitors are in the S-phase 
of DNA synthesis, the former exhibit a higher rate of 
“suicide” in response to exposure to tritiated thymidine. 
The membranes of mature BFU-E and CFU-E are 
CD34+ and HLA-DR+, and various negative and positive 
selection methods may be used to purify them from 
sources such as bone marrow and human fetal liver.103,640 
They have the appearance of lymphoblasts.

The bone marrow of an adult mouse contains about 
500 CFU-E per 105 nucleated cells. In response to anemic 
stress, such as hemorrhage or hemolysis, nearly the entire 
burden of accelerated reticulocyte production is born by 
rapid EPO-dependent infl ux into the proerythroblast 
pool from the progenitor compartment.102,113 This pro-
duces an expanded proerythroblast pool. Little or no 
increase in the mitotic rate of recognizable erythroid 
precursors occurs.102 Instead, the late BFU-E and CFU-
E proliferate in response to engagement of their EPO 
receptors by the hormone and, in addition, differentiate 
to proerythroblasts and beyond. In normal murine 
marrow, the CFU-E frequency of about 500 per 105 
nucleated cells increases to 1000 to 2000 CFU-E per 105 
nucleated cells after experimental hemorrhage or hemo-
lysis. In contrast, hypertransfused mice exhibit a reduced 
number of CFU-E per 105 nucleated marrow cells (values 
between 10% to 20% of normal have been reported).

During stress erythropoiesis induced by anemia, the 
orderly progression from immature BFU-E through 
CFU-E to proerythroblast is interrupted inasmuch as 
high EPO levels appear to permit or induce differentia-
tion of immature progenitors to proerythroblasts. In the 
rhesus monkey this premature terminal differentiation 
may account for the marked increase in fetal hemoglobin 
content and F cells seen in simian stress erythropoiesis.641 
The ability of human progenitors to generate erythro-
blasts capable of synthesizing large quantities of fetal 
hemoglobin is less pronounced.642 Thus, the accumula-
tion of F cells in peripheral blood in response to anemia 
is relatively limited.643 Such red cells are usually macro-
cytic and carry the i antigen as well, but these two char-
acteristics may relate to a short transit time through the 
marrow in response to EPO rather than an intrinsic char-
acteristic of the fetal hemoglobin–containing cells them-
selves (see later). F cells are also present in very small 
numbers in the blood of normal individuals, but these 
cells are not macrocytic and do not bear i antigen. F-cell 
progenitors can easily be detected in the bone marrow of 
patients with various hemoglobinopathies644,645 and even 
in normal marrow.646

Transcription Factors and Erythropoiesis

As discussed earlier, targeted disruption of the tal-1/SCL, 
rbtn2/LMO-2, and GATA-2 genes leads to embryonic 
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lethality secondary to failure of blood production, prob-
ably at the HSC level. GATA-1 expression is limited to 
multipotent progenitors and the erythroid, megakaryo-
cyte, mast, and eosinophil lineages.98,647,648 Injection of 
chimeric mice at the blastocyst stage with GATA-1−/− ES 
cells leads to failure of contribution of the GATA-1−/− 
cells to erythrocytes but development into other 
hematopoietic lineages, as well as other tissues.649,650 
Differentiation assays in vitro show proerythroblast arrest 
and apoptosis of these cells.651-653 FOG-1, a transcrip-
tional cofactor of GATA-1, was discovered and found 
to be essential for erythropoiesis and megakaryopoie-
sis.654,655 Evidence that this interaction is essential in vivo 
comes from studies of a family with severe dyserythro-
poietic anemia and thrombocytopenia. Affected family 
members have a mutation in GATA-1 that disrupts its 
interaction with FOG-1 without affecting DNA-binding 
affi nity.656 The EKLF transcription factor was found as 
an activity bound to the CACCC site of the β-globin 
promoter.657 It controls globin expression and some 
aspects of erythroid development. The NF-E2 protein 
complex binds to the locus control region to regulate 
globin gene transcription; it is a dimer of a tissue-restricted 
(erythroid/megakaryocyte/mast cell) subunit of 45 kd 
and a smaller widely expressed subunit of 18 kd that 
is essential for platelet but not erythrocyte 
production.658,659

Growth Factors and Erythropoiesis

Regulation of the proliferation and maturation of ery-
throid progenitors depends on interaction with a number 
of growth factors. The availability of pure recombinant 
growth factors, the enrichment of target progenitor cells, 
and the use of defi ned “serum-free” culture conditions 
have provided insight into the role of these factors during 
hematopoiesis.

EPO is essential for the terminal maturation of ery-
throid cells. Its major effect appears to be at the level of 
the CFU-E during adult erythropoiesis, and recombinant 
preparations639 are as effective as the natural hormone.660,661 
These progenitors do not require “burst-promoting activ-
ity”662,663 in the form of IL-3 or GM-CSF, and their 
dependence on EPO is emphasized by the observation 
that they will not survive in vitro in the absence of EPO. 
Because most CFU-E progenitors are in cycle, their sur-
vival in the presence of EPO is probably tightly linked to 
their proliferation and differentiation to mature erythro-
cytes. EPO also acts on a subset of presumptive mature 
BFU-E, which also require EPO for survival and termi-
nal maturation. A second subset of BFU-E, presumably 
less mature, survive EPO deprivation if IL-3 or GM-CSF 
(IL-3 > GM-CSF) is present. When EPO is added to 
these cultures on day 3, these BFU-E progenitors form 
typical colonies. Under serum-deprived culture condi-
tions, the combination of IL-3 and GM-CSF results in 
more BFU-E than either factor alone when EPO is added 
on day 3.664 Although EPO is crucial for the terminal 
differentiation of erythroid progenitors, mice with homo-

zygous null mutations of the EPO or EPOR genes form 
BFU-E and CFU-E normally, but they fail to differen-
tiate into mature erythrocytes.314 Both the EPO−/− and 
EPOR−/− mutations are embryonically lethal because of 
failure of defi nitive (fetal liver) erythropoiesis. However, 
yolk sac erythropoiesis is only partially impaired, thus 
indicating the existence of a population of EPO-
independent primary erythropoietic precursors. SF has 
marked synergistic effects on BFU-E cultured in the 
presence of EPO,128 although alone it has no colony-
forming ability. SF is crucial for the normal development 
of CFU-E because mice that lack SF (Sl mutants) or its 
receptor c-kit (W mutants) are severely anemic and have 
a reduction in fetal liver CFU-E.665 Further studies 
showed that SF induces tyrosine phosphorylation of 
EPOR and that c-kit associates with the cytoplasmic 
domain of the tyrosine-phosphorylated EPOR. Further 
insight into the molecular mechanism by which EPO 
prevents apoptosis in erythroid cells comes from studies 
of STAT5A−/−5B−/− mice. During fetal development the 
embryos are severely anemic; the erythroid progenitors 
in fetal liver are reduced in number and show increased 
apoptosis.666 This result was explained by the fi nding that 
STAT5 mediates early induction of the antiapoptotic 
gene Bcl-XL through direct binding to its promoter. 
Interestingly, although adult animals were thought to be 
hematologically normal, about half have chronic anemia 
with splenomegaly as a result of an increase in early ery-
throid precursors; erythropoiesis is ineffective because of 
an increase in apoptosis in these early normoblasts that 
have reduced levels of Bcl-XL..667

Factors distinct from the classic CSFs may positively 
regulate erythropoiesis, either directly or indirectly. Lim-
iting-dilution studies of highly purifi ed CFU-E in serum-
free culture show that insulin and IGF-I act directly on 
these cells.668 The presence of EPO is essential in these 
studies, in contrast to earlier murine studies of unfrac-
tionated cells in which CFU-E respond to IGF-I or 
insulin in the absence of EPO.669 Another factor that 
enhances both BFU-E and CFU-E colony formation 
is activin. This protein dimer, also known as follicle-
stimulating hormone–releasing protein, appears to have 
a lineage-specifi c effect on erythropoiesis that is indirect 
because removal of monocytes or T lymphocytes (or 
both) abrogates its effect.670 It is interesting that activin 
has been identifi ed as the factor produced by vegetal cells 
during blastogenesis that induces animal ectodermal cells 
to form primary mesoderm.671 Hepatocyte growth factor 
has also been shown to have synergistic effects on CFU-
GEMM and BFU-E in EPO-containing cultures.672

Negative Regulation of Erythropoiesis

Observations that subsets of lymphocytes with an immu-
nologic suppressor phenotype isolated from normal sub-
jects can inhibit erythroid activity in vitro673-675 correlate 
with reports of patients with a variety of disorders in 
whom anemia or granulocytopenia is associated with 
expansion of certain T-lymphocyte populations (see also 
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Chapter 7).676-678 In the rare disorder T lymphocytosis 
with cytopenia,679 in vitro suppression of erythropoiesis 
has been correlated with the expansion of a T-lymphocyte 
population that may be the counterpart of the hemato-
poietic suppressor cells isolated from normal blood. The 
phenotype of these cells has been described in detail.679,680 
The cell is a large granular lymphocyte that is both E 
rosette positive and CD8 (classic suppressor phenotype) 
positive. Suppressor T cells may also be involved in some 
cases of aplastic anemia681,682 or neutropenia683 without 
an underlying immunologic disorder or overt T-cell pro-
liferation. Exactly how such suppressor T cells interact 
with hematopoietic progenitors and what surface anti-
gens are “seen” by the suppressors are uncertain. There 
is evidence to support the concept that suppression of 
erythroid colony expression in vitro is regulated by T cells 
and may be genetically restricted.680,684 Cell-cell interac-
tions in immunologic systems have been well character-
ized with regard to surface determinants that allow 
cellular recognition. That certain phenotypes of T cells 
“recognize” distinct classes of histocompatibility antigens 
on immunologic cell surfaces has been well described.685 
Thus, the observation that hematopoietic progenitors 
have a unique distribution of class II hiscompatibility 
antigens on their cell surface686-689 suggests a role for 
these antigens in the cell-cell interactions that regulate 
hematopoietic differentiation.

TNF also suppresses erythropoiesis in vitro.690,691 
Injection of peritoneal macrophages into Friend murine 
leukemia virus–infected animal results in rapid, but tran-
sient resolution of the massive erythroid hyperplasia asso-
ciated with this disease. This may be due to elaboration 
by macrophages of IL-1α, which does not suppress eryth-
ropoiesis itself but acts by induction of TNF. This effect 
is reversed by EPO.692

Myelopoiesis

Phagocyte Development

Although a clonogenic assay of granulocyte progenitors 
was developed almost a decade before the erythroid clo-
nogenic assay, the various factors responsible for granu-
locyte/macrophage development remain incompletely 
understood. Excellent reviews of early work in this fi eld 
have been provided by Metcalf94 and Moore.90

It is now accepted that CFU-GM is derived from the 
pluripotent progenitor and, under the infl uence of SCF, 
IL-3, GM-CSF, G-CSF, or M-CSF (or any combination 
of these factors), ultimately gives rise to mature granulo-
cytes and monocytes. Monocytes irreversibly leave the 
circulation693,694 and differentiate further into fi xed-tissue 
macrophages, a category comprising alveolar macro-
phages,695 hepatic Kupffer cells,696 dermal Langerhans 
cells,697 osteoclasts,698 peritoneal and pleural macro-
phages, and perhaps brain microglial cells.699 The enor-
mous diversity of this system and the high turnover rate 
of granulocytes, as well as the necessity to maintain 

splenic, marginated, and bone marrow granulocyte pools 
to meet sudden demands caused by infection, have led 
to the evolution of an extremely complex regulatory 
network. Indeed, although many of the factors that allow 
release of granulocytes from storage pools are distinct 
from CSF,13 GM-CSF can inhibit granulocyte motil-
ity,700 as well as serve as an activator of granulocyte 
superoxide anion generation.701 This complexity in vivo 
does not permit studies analogous to those in which 
erythropoiesis is infl uenced by hypertransfusion or hem-
orrhage702,703 and megakaryocytopoiesis is stimulated by 
induced thrombocytopenia.704 Thus, investigators have 
relied heavily on in vitro progenitor assays to study the 
regulation of myelopoiesis.

Transcription Factors and Myelopoiesis

A family of transcription factors important for commit-
ment to the myeloid and lymphoid lineages, as well as 
regulation of myeloid-specifi c promoters such as those 
of the myeloperoxidase (MPO) and neutrophil elastase 
(NE) genes, are factors that were fi rst identifi ed on the 
basis of their ability to bind to the polyomavirus enhancer–
binding protein 2 (PEBP2)/CBF). Two α subunits 
(CBFα1 and CBFα2 [the human homologue is known 
as AML-1 or Runx1]) bind DNA with low affi nity, and 
affi nity is strengthened in the presence of the non–DNA-
binding β subunit (CBFβ). As noted earlier, AML-1−/− 
mice die in utero by day 12.5 because of failure production 
of all defi nitive hematopoietic lineages.584 The C/EBP 
family of transcription factors bind to DNA through a 
basic region–leucine zipper domain (bZIP). There are 
several family members (C/EBPα, C/EBPβ [NF–IL-6], 
C/EBPγ, C/EBPδ, C/EBPζ, and C/EBPε) that are differ-
entially expressed during myelopoiesis, with increased 
(C/EBPβ) or increased followed by either partial (C/
EBPδ) or marked (C/EBPα) decreased levels of expres-
sion during maturation of 32D cl3 cells to terminally 
differentiated granulocytes.705 C/EBPα has been impli-
cated in the regulation of hepatocyte and adipocyte dif-
ferentiation (levels are low in undifferentiated dividing 
cells but high in quiescent terminally differentiated cells), 
as well as in myeloid CSF receptor promoter function; 
AML-1 can act synergistically with C/EBPα to activate 
the M-CSFR promoter.706 C/EBPα−/− mice show arrested 
myelopoiesis at the myeloblast stage as a result of failure 
of expression of G-CSFR and IL-6R.707,708 Mice that lack 
C/EBPβ produce monocytes that are defective in bacte-
ricidal and tumoricidal function, and their macrophages 
and fi broblasts, but interestingly not their endothelial 
cells, fail to produce G-CSF in response to LPS.709 C/
EBPε is produced primarily in myeloid lineages. Knock-
out mice are viable and fertile but die at 50 to 75 days 
as a result of opportunistic infections with Pseudomonas 
aeruginosa.710 Nullizygous animals fail to produce normal 
neutrophils and eosinophils. Functional abnormalities 
include diminished release of hydrogen peroxide in 
response to phytohemagglutinin stimulation because of 
failure to produce secondary and tertiary granules, which 
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are important reservoirs of membrane-bound compo-
nents of the reduced nicotinamide adenine dinucleotide 
phosphate (NADPH) oxidase apparatus. Additional 
components of secondary and tertiary granules, lactofer-
rin and gelatinase B, are absent because of failure of 
transcriptional activation of C/EBPε.710,711 Interestingly, 
similar abnormalities characterize the rare neutrophil-
specifi c granule defi ciency,712 and indeed, mutations in 
C/EBPε have recently been found in these patients.713-715 
The PU.1 (Spi-1) transcription factor is a member of the 
Ets family and is expressed principally in monocytes/
macrophages and B lymphocytes, as well as in erythroid 
cells and granulocytes.716,717 Potential target genes include 
the integrin CD11b, M-CSFR, GM-CSFRα, G-CSFR, 
and the immunoglobulin λ light chain.718-722 Mice that 
lack PU.1 die in utero with absence of monocytes, granu-
locytes, and T and B lymphocytes; the presence of anemia 
is variable and thus does not explain the prenatal 
mortality.723

Growth Factors and Myelopoiesis

Murine IL-3 stimulates a broad spectrum of myeloid 
progenitor cells, including pluripotent stem cells, CFU-
GM, CFU-G, CFU-M, BFU-E, CFU-Eo, CFU-Meg, 
and mast cells. As its name implies, GM-CSF was ini-
tially shown to be more restricted as a stimulus of the 
proliferation and development of CFU-GM. However, 
murine studies with purifi ed or recombinant factor have 
shown that it also stimulates the initial proliferation of 
other progenitors such as BFU-E (see earlier).189,724 The 
other murine factors, G-CSF and M-CSF, are more 
restricted and predominantly stimulate CFU-G and 
CFU-M, respectively.725,726

With the possible exception of GM-CSF, the activi-
ties of human CSFs are similar to those of the corre-
sponding murine factors. Both IL-3 and GM-CSF affect 
a similar broad spectrum of human progenitor cells, 
including CFU-GEMM, CFU-GM, CFU-G, CFU-M, 
CFU-Eo, and CFU-Meg. In full serum cultures, IL-3 
and GM-CSF alone stimulate the formation of colonies 
derived from CFU-GM, CFU-G, CFU-M, CFU-Eo, 
and CFU-Meg. Data from serum-free cultures suggest 
that in the presence of IL-3 or GM-CSF alone, myeloid 
colony formation is much reduced and optimal CFU-G 
or CFU-M proliferation requires the addition of G-CSF 
or M-CSF, respectively, to the cultures.193,664 Even in 
serum-replete conditions, IL-3 acts additively or syner-
gistically with G-CSF to induce more granulocyte colony 
formation than observed with either factor alone.192

Insight into the in vivo role of GM-CSF comes from 
studies in which the GM-CSF gene was disrupted by 
homologous recombination in ES cells.321 GM-CSF 
knockout mice showed normal basal hematopoiesis, but 
surfactant lipids and proteins progressively accumulated 
in the alveolar space, the defi ning characteristic of idio-
pathic human pulmonary alveolar proteinosis. Extensive 
lymphoid hyperplasia associated with lung airways and 
blood vessels was also found. Surfactant proteins and 

lipids are synthesized by type II pneumocytes and cleared 
from the alveolar space by type II cells and alveolar mac-
rophages. Lungs from the null animals showed normal 
surfactant synthetic capacity and no accumulation in 
type II pneumocytes. In contrast, alveolar macrophages 
showed a marked increase in surfactant protein and lipid, 
which strongly suggests that these cells cannot process 
surfactant as a result of the lack of GM-CSF. Mice gener-
ated with null mutations of the common chain of the 
GM-CSF/IL-3/IL-5 receptor (βc) have similar pulmo-
nary pathology and also show low basal numbers of 
eosinophils and absence of blood and lung eosinophilia 
in response to infection with the parasite Nippostrongylous 
brasiliensis.316 The G-CSF gene has also been disrupted 
by homologous recombination in ES cells.313 G-CSF−/− 
mice have a chronic neutropenia (20% to 30% of normal 
levels) and reduced bone marrow myeloid precursors and 
progenitors. The animals also exhibited a markedly 
impaired capacity to increase neutrophil and monocyte 
counts after infection with Listeria monocytogenes.

In addition to their effects on progenitor differentia-
tion, the CSFs also induce a variety of functional changes 
in mature cells. GM-CSF inhibits polymorphonuclear 
neutrophil migration under agarose,700 induces antibody-
dependent cytotoxicity (ADCC) in human target cells,701 
and increases neutrophil phagocytic activity.187 Some of 
these functional changes may be related to the GM-
CSF–induced increase in cell surface expression of a 
family of antigens that function as cell adhesion mole-
cules.727 The increase in antigen expression is rapid and 
associated with increased aggregation of neutrophils; 
both are maximal at the migration inhibitory concentra-
tion of 500 pM, and granulocyte-granulocyte adhesion 
can be inhibited by an antigen-specifi c monoclonal anti-
body. GM-CSF also acts as a potent stimulus of eosino-
phil ADCC, superoxide production, and phagocytosis.728 
G-CSF acts as a potent stimulus of neutrophil superox-
ide production, ADCC, and phagocytosis,729 whereas M-
CSF activates mature macrophages730 and enhances 
macrophage cytotoxicity.

Megakaryocytopoiesis

The cloning of TPO has greatly clarifi ed our understand-
ing of the regulation of megakaryocytopoiesis.177 Before 
the discovery of TPO, several factors,731 including IL-
3,732 IL-6,733 IL-11,734 kit ligand,735,736 and even EPO,737,738 
were shown to stimulate megakaryocytopoiesis and 
thrombopoiesis in vitro and in vivo. IL-3, IL-6, and IL-11 
engage heterodimeric receptors of the βc (IL-3R) and 
gp130 families (IL-6R and IL-11R). Kit ligand engages 
a receptor whose intracellular domain expresses tyrosine 
kinase activity upon ligand binding. As already empha-
sized in this chapter, ligand engagement of these receptor 
families is known to induce early multipotent progenitors 
to proliferate and even differentiate toward lineage-
specifi c progenitors, and kit ligand, IL-3, and IL-11 par-
ticipate in the induction of proliferation and differentiation 
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of lineage-specifi c progenitors. Single-cell analysis of pro-
spectively isolated murine megakaryocyte progenitors 
shows that a large proportion (≈60%) express EPOR,419 
which is consistent with the potent effect of EPO on 
megakaryocyte colony formation.739

The discovery of TPO provided a major step in 
understanding megakaryocytopoiesis because this factor 
induces lineage-restricted megakaryocyte progenitor pro-
liferation, differentiation of these committed progenitors 
to megakaryoblasts, and fi nally, differentiation of mega-
karyoblasts to megakaryocytes, which in turn produce 
platelets (see Fig. 6-13).

Thrombopoietin

TPO is produced at the site of hematopoiesis. Therefore, 
although its activity is increased in blood during episodes 
of thrombopenia, it does not necessarily function as a 
hormone because it is produced directly at the site of 
thrombopoiesis. In this sense it differs from EPO, which 
is not produced at all in marrow stroma. Blood levels may 
increase in thrombocytopenic states merely because cir-
culating platelets or tissue megakaryocytes, or both, sop 
up the growth factor and carry it out of the circula-
tion.395,740 This theory has received support from observa-
tions in mice with disruption of the murine transcription 
factor gene NF-E2100; although these animals are throm-
bocytopenic, they have an increase in megakaryocyte 
mass and no increase in serum TPO levels.741

As reviewed by Kaushansky,177 the TPO molecule is 
considerably longer than the other HGF polypeptides. Its 
5′ half bears 23% sequence homology to EPO, whereas 
the 3′ half bears no structural homology to any cytokine 
and may be removed by a proteolytic mechanism. Indeed, 
removal of this half does not ablate its physiologic func-
tion. The resemblance of the 5′ domain of the molecule 
to EPO may explain the synergy of TPO and EPO in 
megakaryocyte colony formation and platelet produc-
tion.177,730 It is well recognized that splenectomized indi-
viduals with persistent anemia usually have signifi cant 
thrombocytosis and that many individuals with red cell 
aplasia and high EPO levels also have thrombocytosis 
and megakaryocytosis.

The function of TPO has been studied carefully in 
vivo and in vitro. Lineage-specifi c CD34+ megakaryocyte 
progenitors bear receptors for SF, IL-3, IL-11, and TPO, 
the four major classes of hematopoietic cytokine recep-
tors. Maximal megakaryocyte colony formation probably 
requires signaling by all four receptors, but TPO is abso-
lutely required for the fi nal stages of megakaryocyte 
maturation, including maximal ploidy, cytoplasmic 
volume, and therefore platelet production.

Therapeutic trials of TPO in mice have shown 
that TPO is species specifi c. Treatment of mice with 
murine TPO induces massive thrombocytosis, whereas 
human TPO is much less active in these animals. More 
importantly, TPO is active in reducing the platelet nadir 
in mice and primates rendered thrombcytopenic by che-
motherapy or radiation.

Circulating Platelets

The differential diagnosis of thrombocytopenia rests fi rst 
on evaluation of platelet morphology. In conditions in 
which megakaryocytopoiesis is accelerated, circulating 
platelet volume (and usually diameter) is increased. The 
reasons for this shift in volume are disputed. Some claim 
that young platelets are larger than old platelets.742 Others 
suggest that large megakaryocytes give rise to large plate-
lets.743 Neither explanation satisfi es all experimental and 
clinical conditions, but in general, thrombocytopenia sec-
ondary to increased destruction of platelets is associated 
with platelets with large volume, and thrombocytopenia 
related to decreased production of platelets is associated 
with platelets of normal size. There are major exceptions 
to this rule. Patients with hyposplenism tend to have large 
platelets in their blood, regardless of whether thrombo-
poiesis is increased, and patients with primary abnor-
malities in platelet function, such as Wiskott-Aldrich or 
Bernard-Soulier syndrome, have platelet sizes that bear 
no relationship to platelet production. TPO increases 
platelet production by increasing both the number and 
size of individual megakaryocytes. Although TPO is prob-
ably solely responsible for the later stages of recognizable 
megakaryocyte differentiation and proliferation of mega-
karyocyte progenitors, its function depends, at least in 
part, on additional stimulation of megakaryocyte pro-
genitors (and probably early megakaryocytes as well) 
with other growth factors, including IL-3, IL-11, SCF, 
and EPO.

CLINICAL USE OF HEMATOPOIETIC 
GROWTH FACTORS

Correction or amelioration of marrow failure syndromes 
by the administration of HGFs has been and continues 
to be a major practical goal of research in hematopoiesis. 
The goal could not be achieved, however, until recombi-
nant DNA technology provided suffi cient amounts of the 
hormones to permit interpretable investigations.

Human Clinical Studies

Several recombinant HGFs are currently under evalua-
tion in a variety of clinical settings. G-CSF and EPO are 
widely used clinically. G-CSF shortens the hypoplasia 
that follows chemotherapy and makes more intensive 
myeloablative chemotherapy regimens possible.

Malignant Disease

G-CSF

In the fi rst phase I/II clinical studies in patients with 
malignant disease, administration of G-CSF by bolus or 
continuous intravenous infusion for 5 to 6 days before 
chemotherapy led to a dose-related increase in polymor-
phonuclear neutrophils.744,745 Rapid increases in neutro-
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phil counts were observed, with maximal counts of 80 to 
100 × 109/L at doses of 10 to 30 mg/kg/day. A transient 
depression in neutrophil counts was noted to precede this 
increase in one study.746 In another study, recombinant 
human GM-CSF (rhGM-CSF) was given for 14 days 
after alternate cycles of intensive chemotherapy.747 The 
period of neutropenia was reduced by a median of 80% 
(52% to 100%) in the chemotherapy/G-CSF cycles, with 
a return to normal neutrophil counts within 2 weeks after 
chemotherapy. Infective episodes were observed during 
the cycles of chemotherapy that did not include G-CSF, 
whereas no infective episode occurred in those that did. 
G-CSF treatment after chemotherapy results in a signifi -
cant reduction in the number of days per patient in which 
the neutrophil count is less than 1.0 × 109/L.744 Antibiotic 
use to treat fever and neutropenia is also reduced, and 
all the patients could receive their next course of chemo-
therapy on schedule (versus 29% of patients who did not 
receive G-CSF). The mature neutrophils produced in 
response to G-CSF have normal mobility and bacteri-
cidal capacity.748 A double-blind, randomized, placebo-
controlled U.S. multicenter trial was conducted in which 
patients with lung carcinoma who received up to six 
cycles of cyclophosphamide, doxorubicin, and etoposide 
were given G-CSF or placebo from days 4 to 17 of each 
cycle. The results showed a reduction in the median 
duration of severe neutropenia (<0.5 × 109/L) from 6 to 
3 days in the G-CSF arm and a 50% reduction in febrile 
neutropenia, hospitalizations, confi rmed infections, and 
antibiotic use with G-CSF (see Fig. 6-2).749 This study 
and other reports750,751 have led the American Society of 
Clinical Oncology and the European Organization for 
Research and Treatment of Cancer to recommend 
primary use of G-CSF in patients with an expected rate 
of neutropenia that exceeds 20%.752,753 The use of G-CSF 
is recommended to support dose-dense or dose-intense 
chemotherapy regimens in adult carcinoma patients, but 
most studies do not show a signifi cant effect on progres-
sion-free survival.753 Patients in the placebo arm of the 
U.S. multicenter trial749 in whom fever developed in the 
fi rst treatment cycle were subsequently treated with G-
CSF, which reduced the duration of severe neutropenia 
from 6 to 3 days and neutropenic fever from 100% in 
cycle 1 to 1% to 23% in cycle 2. Thus, the prophylactic 
use of G-CSF in chemotherapy-induced neutropenia is 
supported. However, the literature does not support the 
use of G-CSF or GM-CSF once afebrile754 or febrile 
neutropenia has developed,755,756 with the exception of 
one study.757 Although days of neutropenia may be short-
ened, it has been diffi cult to show an effect on clinically 
signifi cant end points such as shortened duration of hos-
pitalization, which was seen in only one of the 
studies.756

GM-CSF

rhGM-CSF has been administered in phase I/II studies 
to several adult groups of patients with advanced malig-
nancy, both before and after chemotherapy.758-760 Glyco-

sylated GM-CSF produced in either mammalian (Chinese 
hamster ovary) cells or yeast and Escherichia coli–derived 
nonglycosylated GM-CSF have been evaluated with 
comparable results. A rapid, dose-related increase in 
polymorphonuclear neutrophils, monocytes, and eosino-
phils is observed in patients treated before chemotherapy. 
Neutrophils peak at around 20 to 30 × 109/L with doses 
of 4 to 32 mg/kg/day, and GM-CSF is well tolerated at 
doses up to this level. Capillary leak syndrome and venous 
thrombi are observed at higher doses (64 mg/kg/day).758 
Phase III randomized trials in patients with lymphoma 
or breast cancer have confi rmed that GM-CSF given 
after chemotherapy is associated with shorter periods of 
neutropenia and higher leukocyte nadirs.761-763 However, 
one of these studies included only patients able to toler-
ate treatment and was not signifi cant on an intention-to-
treat basis. Furthermore, another study of GM-CSF after 
chemotherapy showed decreased neutropenia after the 
fi rst treatment cycle only,764 whereas another two studies 
showed no improvement in neutrophil counts.765,766 In 
one of these studies,765 patients with small cell lung 
cancer were given chemotherapy and radiation therapy; 
when compared with the placebo control, patients in the 
GM-CSF arm suffered more infections, toxic deaths, and 
longer hospital stays, and therefore the American Society 
of Clinical Oncology panel has cautioned against the 
use of CSFs in combined chemotherapy/radiotherapy 
regimens.767,768

Similar encouraging results have been obtained in 
children with solid tumors undergoing intensive chemo-
therapy.769-771 Signifi cantly shorter durations of severe 
neutropenia and thrombocytopenia were observed in a 
study of 25 children in whom yeast-derived GM-CSF 
was administered at 60 to 1500 μg/m2/day for 14 days 
after chemotherapy.769

Like G-CSF, GM-CSF also produced an increase in 
blood progenitor cells of both the erythroid and myeloid 
lineage. Before chemotherapy, an 18-fold increase in 
blood CFU-GM and an 8-fold increase in BFU-E was 
noted; after chemotherapy, GM-CSF produced a much 
greater increase in progenitors (60-fold) when given 
during the recovery period.769

Erythropoietin

Anemia is frequent in cancer patients and correlates 
with poor performance status and decreased quality of 
life (reviewed by Beutel and Ganser772). There is good 
evidence that recombinant human EPO (rhEPO) can 
increase the hemoglobin level in adults773,774 and chil-
dren775 with anemia associated with cancer or its treat-
ment. Three different EPO preparations are available, 
epoetin alfa (Epogen [Amgen], Procrit [Ortho Biotech], 
and Eprex [Ortho Biologicals, not sold in the United 
States]), epoetin beta (NeoRecormon [Roche], sold in 
Europe), and darbopoetin alfa (Aranesp [Amgen], sold 
in the United States, Europe, Canada, and Australia). 
Differences in the sialic acid carbohydrate composition 
of epoetin alfa and beta account for an increase in half-
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life from 8.5 hours (natural EPO) to 20 to 24 hours, 
whereas hyperglycosylation of darbopoetin results in a 
half-life of 49 hours.

Two 2003 randomized studies of patients with anemia 
and either head and neck cancer or breast cancer showed 
shorter survival in the groups receiving EPO, thus raising 
concern that EPO can lead to progression of disease.776,777 
Another study of advanced non–small cell lung cancer 
designed to compare EPO with placebo was stopped 
early when a safety analysis of 70 patients showed a sig-
nifi cant survival advantage in the placebo group. Whether 
carcinoma cells express EPOR and respond to EPO is 
controversial. Antibodies to EPOR lack specifi city and do 
not distinguish cell surface from intracellular expression, 
and functional in vitro effects are frequently limited and 
found at supraphysiologic doses. However, EPO could 
still have adverse consequences through indirect effects 
on endothelial cells or on angiogenesis.778

Thrombopoietin

Because of TPO’s potent in vitro activity and its role as 
the factor essential for terminal megakaryocytic differen-
tiation, analogous to EPO for the erythroid lineage, 
clinical studies designed to assess its effect on platelet 
production have been reported. Both recombinant human 
TPO (rhTPO) and pegylated megakaryocyte growth and 
development factor (PEG-MGDF) are safe and show no 
organ toxicity, and in normal volunteers, a single bolus 
of 3 μg/kg/day of PEG-MGDF doubles the blood platelet 
concentration by day 12 with a return to baseline by day 
28 (reviewed by Harker779). A stimulatory effect on plate-
let production was observed when TPO or PEG-MGDF 
was administered after chemotherapy to more than 100 
cancer patients, with a decrease in the time for platelet 
counts to return to normal and elevated platelet 
nadirs.780-782 Further studies showed that TPO and 
PEG-MGDF were effective in malignancies treated with 
nonmyeloablative chemotherapy but were less effective in 
myeloablative regimens followed by stem cell transplan-
tation for the treatment of leukemia (reviewed by Kuter 
and Begley783). Moreover, PEG-MGDF has caused the 
development of antibodies to TPO that resulted in severe 
thrombocytopenia (see later), and these cytokines have 
been withdrawn from clinical use. Small molecules, pep-
tides, and a peptide–Fc antibody combination (AMG 
531 “peptibody”) that have no sequence homology with 
TPO but activate the receptor are under investigation 
(reviewed by Szilvassy784).

Bone Marrow Transplantation

GM-CSF, G-CSF, and M-CSF have been evaluated in 
clinical autotransplantation trials.

GM-CSF

Patients with nonhematopoietic malignancies were treated 
with high-dose combination chemotherapy, autologous 
bone marrow transplantation, and rhGM-CSF given by 
continuous intravenous infusion for 14 days beginning 3 

hours after bone marrow infusion. There was a dose-
related increase in neutrophil count at day 14 (1411/μL 
at 2 to 8 mg/kg/day, 2575/μL at 16 mg/kg/day, and 3120/
μL at 32 mg/kg/day as compared with 863/μL in 24 his-
torical controls).785 Though not statistically signifi cant, 
there was an improved neutrophil response in patients 
who had not received previous chemotherapy versus those 
who had (1832 versus 833/μL). Lower morbidity and 
mortality were also noted in patients who received GM-
CSF; bacteremia occurred in 16% of treated patients as 
compared with 35% of evaluable controls. Comparable 
results were reported in a study of patients with lymphoid 
malignancies who received rhGM-CSF as a 2-hour infu-
sion daily for 14 days after chemotherapy, radiotherapy, 
and autologous bone marrow transplantation.786 Neutro-
phil and platelet counts recovered more rapidly, there 
were fewer days of fever, and the extent of hospitalization 
was reduced in comparison to a historical control group. 
In a pediatric study, nine patients received 5 to 10 μg/kg/
day GM-CSF after bone marrow transplantation. Neu-
trophil recovery was accelerated, although there was no 
difference in fever, infection, or length of hospitalization 
when compared with historical controls.787 Similar results 
were obtained in a larger prospective double-blind ran-
domized study of 40 patients.788

The response to GM-CSF after myelosuppression 
may be dependent on the infusion of suffi cient progenitor 
cells. In an autotransplantation study of patients with 
ALL, bone marrow was purged with 4-hydroperoxycy-
clophosphamide and anti–T- or anti–B-cell lineage-
specifi c antibodies before transplantation.789 Thirty 
percent of the patients who received more than 64 μg/m2/
day GM-CSF achieved an absolute neutrophil count 
(ANC) of greater than 1000/μL by day 21, whereas none 
of the nonresponders reached this level by day 27 after 
transplantation. The responders required only a third as 
many platelet transfusions, and there was a trend toward 
fewer red cell transfusions, higher myeloid-erythroid 
ratio, and earlier day of discharge in the responder group 
as well. Although the bone marrow cell dose did not 
differ between the two groups, the number of CFU-GM 
progenitors infused per kilogram was signifi cantly higher 
in the responders than in the nonresponders (17.5 [12 
to 27] × 103/kg versus 2 [0 to 7.2] × 103/kg). Although it 
is possible that this accounts for the more rapid recovery 
rather than the rhGM-CSF infusion, the responder group 
all showed a rapid decrease in ANC within 48 to 72 hours 
of discontinuing GM-CSF; this is consistent with a stim-
ulatory effect on bone marrow. One can conclude that 
GM-CSF is effective in this context, provided that suffi -
cient progenitor cells are present.

G-CSF

Recombinant human G-CSF (rhG-CSF) was evaluated 
in patients with hematopoietic and nonhematopoietic 
malignancies after intensive chemotherapy and reinfu-
sion of cryopreserved autologous bone marrow.790 rhG-
CSF was given by continuous intravenous infusion 
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starting 24 hours after marrow infusion for a maximum 
of 28 days; the initial dose of 20 μg/kg/day was reduced 
after the neutrophil count persistently exceeded 1 × 109/
L. The mean time to neutrophil recovery (>0.5 × 109/L) 
was 11 days, 9 days earlier than in historical controls. 
This led to signifi cantly fewer days of parental antibiotic 
therapy, but there was no effect on red cell or platelet 
recovery. Although the rate of recovery from neutropenia 
was faster than that reported for rhGM-CSF, the latter 
studies were phase I dose escalation evaluations, and 
many patients did not receive an optimal dose of GM-
CSF. A prospective randomized study of 221 children 
receiving allogeneic or autologous bone marrow or 
peripheral blood stem cells showed more rapid neutro-
phil recovery in the G-CSF–treated patients, and this 
translated to clinical benefi t in the bone marrow group 
(platelet transfusion independence and time to dis-
charge).791 A study compared G-CSF with GM-CSF in 
exactly the same analogous bone marrow transplant pro-
tocol. The G-CSF group contained more patients with 
breast carcinoma who had previously received chemo-
therapy, and this group did not show a dose-related 
increase in neutrophil count after a 14-day continuous 
intravenous infusion at doses of 16, 32, and 64 μg/kg/day. 
Overall, however, total leukocyte recovery was slightly 
more rapid in the G-CSF group than in the GM-CSF 
group. Administration of G-CSF resulted in two leuko-
cyte peaks. The fi rst at day 10 involved lymphocytes, 
whereas the second at day 14 consisted of mostly granu-
locytes; in contrast, GM-CSF produced a single peak at 
the end of the period of infusion. A major difference was 
observed with respect to neutrophil migration to an 
infl ammatory site during CSF infusion after hematopoi-
etic reconstitution.792 Neutrophils did not migrate to skin 
chambers fi lled with autologous serum during GM-CSF 
treatment, a defect not encountered during the adminis-
tration of G-CSF. There was, however, a similar reduc-
tion in the incidence of bacteremia with both GM-CSF 
and G-CSF (18% and 19%, respectively) in comparison 
to historical controls (35%).

In conclusion, if neutrophil recovery is the goal after 
bone marrow transplantation, G-CSF appears to be the 
factor of choice. It preserves neutrophil function and is 
well tolerated. The inability to hasten platelet recovery is 
still the major challenge.

Thrombopoietin

PEG-MGDF was evaluated in a controlled trial of 50 
breast cancer patients who received chemotherapy along 
with autologous bone marrow; the time during which the 
platelet count remained lower than 20,000/μL was 
reduced (P ≤ 0.6), and the time to recovery of normal 
platelets was signifi cantly shortened. However, when 
mobilized blood progenitors were given rather than bone 
marrow, the more rapid recovery made it diffi cult to 
demonstrate an effect of PEG-MGDF on duration of 
thrombocytopenia or platelet transfusion requirements. 
Furthermore, a phase III randomized placebo-controlled 

double-blind study of 64 patients failed to show a 
consistent reduction in the duration of severe 
thrombocytopenia.793

Myelodysplasia

GM-CSF

Despite the theoretical risks of administering CSFs to 
patients with myeloid stem cell clonal diseases, the factors 
have been evaluated in patients with refractory anemia 
(RA), RA with an excess of blasts (RAEB), RAEB in 
transformation (RAEBIT), and chronic myelomonocytic 
leukemia.794-796 In an early study, GM-CSF was given by 
continuous infusion for 14 days and repeated after a 2-
week rest period.794 Five of the eight patients had received 
chemotherapy up to 4 weeks before the study. Doses of 
30 to 500 μg/m2 were used. Blood leukocytes rose 5- to 
70-fold and neutrophils 5- to 373-fold, and an absolute 
increase in monocytes, eosinophils, and lymphocytes was 
also observed. Three of the eight patients also had a 2- to 
10-fold increase in platelet count and improvement in 
erythropoiesis, and two of the three became transfusion 
independent. Marrow cellularity increased and the pro-
portion of blasts decreased, although there was a tran-
sient and dose-related increase in the absolute number 
of circulating blasts. In no patient did overt leukemia 
develop during the period of follow-up (up to 32 weeks). 
There was no cytogenetic evidence of a reduction in 
abnormal clones, and it is likely that the stimulatory 
effect on hematopoiesis affects both normal and abnor-
mal cells. A dose-related increase in neutrophils, mono-
cytes, eosinophils, and lymphocytes was also noted in a 
study of 11 patients with myelodysplasia. However, four 
patients with greater than 14% blasts in bone marrow 
showed an increase in blasts after therapy, and an addi-
tional three patients showed an increase in blasts in 
blood; fi ve patients progressed to acute leukemia either 
during or within 4 weeks after treatment.796 Unlike the 
earlier report, none of these patients had previously 
received chemotherapy.

G-CSF

A number of patients have also been treated with G-
CSF.797,798 Neutrophil responses were seen in fi ve patients 
with myelodysplasia who received 50 to 1600 μg/m2/day 
by 30-minute infusion daily for 6 days. At higher doses 
(400 μg/m2/day), the increase was sustained and associ-
ated with an increase in bone marrow cellularity. No 
reticulocyte or platelet increases were observed, and no 
patient progressed to an acute phase. Similar results were 
reported in a study of 12 patients given G-CSF by daily 
subcutaneous injection, with dose escalation from 0.1 to 
3 μg/kg/day over an 8-week period.798 Although 10 of the 
12 patients showed elevations in neutrophils (5- to 40-
fold), an increase in reticulocytes occurred in 5 patients 
with a reduction in transfusion requirements in 2. There 
was no response in other cell lineages and no conversion 
to acute leukemia.
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Other HGFs and HGF Combinations

Approximately 20% of patients have an increase in plate-
let count during treatment with IL-3,799,800 and a similar 
proportion have an increase in hematocrit or reduced 
transfusion requirement with EPO.7801 This erythroid 
response can be increased to about 40% if EPO is com-
bined with either G-CSF or GM-CSF.802,803

In a review of this subject, Marsh and colleagues 
concluded that although EPO can increase hemoglobin 
levels and reduce the need for transfusion, the cost-
effectiveness of the approach is uncertain, as is safety 
with regard to the risk of progression. There is no com-
pelling evidence for a survival benefi t with the use of 
EPO or G-CSF in MDS.804

Aplastic Anemia

GM-CSF

Establishing a role for the CSFs in aplastic anemia has 
challenged investigators. Severe aplastic anemia is a het-
erogeneous disease that may result either from absent or 
defective stem cells, from microenvironmental defects, or 
from immunologically mediated suppression. Mortality 
is high and therapeutic options are limited to bone 
marrow transplantation if an appropriate donor is avail-
able or to immunosuppression (see Chapters 7 and 8). 
Although bone marrow transplantation can be curative, 
treatment with antithymocyte globulin (ATG) and 
cyclosporine is sometimes effective but not generally 
curative. For these reasons, rhGM-CSF has been evalu-
ated in a number of phase I/II studies. Administration of 
rhGM-CSF by bolus or continuous intravenous infusion 
for 7 or 14 days resulted in increased granulocytes, 
monocytes, and reticulocytes in six of eight patients.795 
In another small study, rhGM-CSF was given to cohorts 
of patients in escalating doses of 4 to 64 μg/kg/day by 
continuous intravenous infusion for 14 days. Although a 
dose-related effect was not observed, 10 of 11 evaluable 
patients had partial or complete responses in neutrophil, 
monocyte, and eosinophil counts, along with increases 
in bone marrow cellularity. Importantly, the greatest 
increments occurred in patients with higher pretreatment 
neutrophil counts and more cellular marrow. Only 10% 
to 20% of patients show an increase in hemoglobin 
concentration and platelet count, and in all cases 
counts return to baseline after cessation of treatment.794,805 
In the fi rst report of rhGM-CSF treatment in childhood, 
three quarters of the evaluable patients responded 
with a signifi cant rise in neutrophil count during the 28-
day induction period.806 Although neutrophil counts 
returned to baseline after cessation of treatment in all the 
responders with severe aplastic anemia, one patient with 
moderate aplasia maintained a trilineage response off 
therapy for longer than 1 year. One cannot extrapolate 
from such a small experience, but the data underscore 
the point that responses are more likely in less severely 
affected cases.

Thus, in summary, it appears as though rhGM-CSF 
is palliative in aplastic anemia, with greater neutrophil 
responses evident in less severely affected patients. The 
most severely affected patients respond poorly.807 No 
infections were observed during the study period in 
several reports, whereas infections were reported in 
others. Longer-term prospective comparative studies will 
be necessary to investigate morbidity.

G-CSF

Neutrophil responses have also been reported in a study 
of 20 children given 400 μg/m2/day G-CSF for 14 days.808 
Twelve patients responded by doubling their neutrophil 
counts, but other lineages were unaffected. In another 
pediatric study, high doses of G-CSF (400 to 2000 μg/
m2/day) induced neutrophil responses in 6 of 10 patients 
with very severe aplastic anemia.809 Long-term treatment 
may be associated with multilineage responses when 
given alone810 or in combination with cyclosporine.811

IL-3, IL-6, and EPO

Hematopoietic responses have been reported in a small 
phase I study of nine aplastic anemia patients given IL-3, 
250 to 500 μg/m2 (fi ve of nine doubled their neutrophil 
counts, four of nine showed an increase in reticulocyte 
counts but no reduction in transfusion requirement, and 
in one platelet counts increased from 1 to 31 × 109/L).812 
An increase in platelet count was reported in one of six 
patients entered in a phase I study of IL-6, although a 
dose-related decrease in neutrophils, monocytes, and 
lymphocytes was observed; a proportion (approximately 
a third) of patients given EPO had reduced transfusion 
requirements or an increase in hemoblobin, or both 
(reviewed by Kojima813). Trilineage responses have been 
reported in a small number of refractory aplastic anemia 
patients treated with low-dose GM-CSF plus EPO814 or 
G-CSF plus EPO.815 The effects of EPO are unexpected 
because endrogenous levels are very high in patients with 
aplastic anemia.

Human Immunodefi ciency Virus Infection

GM-CSF

Human immunodefi ciency virus (HIV) infection is asso-
ciated with several hematologic abnormalities, including 
neutropenia, anemia, and thrombocytopenia. Anemia 
and neutropenia can be exacerbated by treatment with 
azidothymidine, and rhGM-CSF has been evaluated in 
an effort to enhance immunologic and hematopoietic 
function and improve tolerance to therapeutic agents. In 
the fi rst report of the use of rhGM-CSF in humans, 
cohorts of patients with acquired immunodefi ciency 
syndrome (AIDS) were treated with increasing doses of 
factor given by 14-day continuous intravenous infu-
sion.816 Such treatment resulted in a rapid, dose-related 
increase in neutrophils, bands, and eosinophils, with a 
slight increase in monocytes. A follow-up study with sub-
cutaneous administration showed that these effects could 
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be sustained for up to 6 months without evidence of 
tachyphylaxis.816

A concern with the use of GM-CSF in AIDS is pos-
sible enhancement of HIV replication. In one study of 
azidothymidine given on an alternate-week schedule with 
GM-CSF, some patients showed increased viral p24 
levels during therapy with GM-CSF. There is evidence, 
however, that GM-CSF may in fact augment azidothy-
midine levels in monocytes, which suggests that the 
combination of azidothymidine and GM-CSF might be 
advantageous.817 Such is not the case, however, with 
newer nucleoside analogues such as dideoxycytidine and 
dideoxyinosine (reviewed by Mueller).818 Two clinical 
studies have documented an increase in HIV p24 antigen 
in patients undergoing GM-CSF therapy,819,761 and there-
fore GM-CSF has been replaced by G-CSF for the treat-
ment of neutropenia.

G-CSF

In a pilot study at the National Institutes of Health, G-
CSF was evaluated in 19 pediatric AIDS patients in 
whom neutropenia developed during treatment with azi-
dothymidine. The neutrophil count increased from a 
median of 1 to 2.9 × 109/L at doses of 1 to 20 μg/kg/day, 
and in 17 of the 19 patients continued azidothymidine 
was well tolerated.820 Of note was the development of 
thrombocytopenia in some patients; G-CSF–dependent 
disseminated intravascular coagulation developed in 2 
patients, and an increase in myeloblasts that disappeared 
after stopping G-CSF treatment was observed in 1 
patient.818

Erythropoietin

EPO has been used in 12 anemic pediatric patients to 
determine whether tolerance to azidothymidine could be 
improved.818 EPO was well tolerated, and at doses of 150 
to 400 U/kg subcutaneously or intravenously three times 
per week, all patients could be maintained on azidothy-
midine with a marked (four patients) or moderate (four 
patients) reduction in transfusion requirements.

Thrombopoietin

PEG-MGDF has been evaluated in six HIV-infected 
thrombocytopenic patients in a randomized placebo-con-
trolled study.821 Platelet counts increased 10-fold within 
14 days and were sustained for the 16 weeks of the study, 
with return to previous levels within 2 weeks of cessation 
of treatment. There was no evidence of increased viral 
load or anti–PEG-MGDF antibodies. Megakaryocytic 
apoptosis, which was abnormal before treatment, shifted 
into the normal range by TPO treatment, thus suggesting 
that the mechanism of action involves increased effective-
ness of the platelets that are produced.

Inherited Bone Marrow Failure Syndromes

The use of HGFs in the treatment of inherited bone 
marrow failure syndromes has been reviewed in 
detail.822,823

Fanconi’s Anemia

GM-CSF has been studied in seven patients with 
Fanconi’s anemia,824 and trials of IL-3 and G-CSF822 
show that all three HGFs can improve the neutrophil 
count in most pancytopenic patients, but platelet and 
hemoglobin levels are unaffected.

Diamond-Blackfan Anemia

Although there is no evidence that Diamond-Blackfan 
anemia (DBA) is due to defi ciency of EPO,825 IL-3, or 
GM-CSF826 or an abnormality of c-kit or its ligand 
SF,827,828 it is possible that pharmacologic doses of these 
factors might stimulate erythropoiesis. Niemeyer and co-
workers829 observed no reticulocyte or hemoglobin 
responses in nine patients treated with rhEPO doses as 
high as 2000 U/kg/day. In contrast, three of six patients 
treated with IL-3 (60 to 125 μg/m2/day subcutaneously 
for 4 to 6 weeks) had increases in reticulocytes, and two 
of the responders remained transfusion independent 
for 1.5 to 2 years off therapy.830 Another IL-3 study831 
reported 4 responders out of 18 patients treated with 
0.5 to 10 μg/kg subcutaneously. In two responders deep 
venous thrombosis developed and necessitated discon-
tinuation of treatment, whereas the other two patients 
sustained their responses, one receiving maintenance IL-
3 for 31 months and one off treatment for 12 months 
after 30 months of therapy. In another study of 13 patients 
no responses were observed.832 Thus, 6 patients have had 
signifi cant erythroid responses to IL-3 out of a total of 
37 (16%), a rate similar to that reported by the European 
working group for DBA (3/25).833

Amegakaryocytic Thrombocytopenia

Amegakaryocytic thrombocytopenia (AMT) is a rare 
disease manifested in infancy or early childhood with 
thrombocytopenia, frequent anemia, and progression to 
pancytopenia. Bone marrow megakaryocytes are absent 
or extremely scarce, and the disease results from muta-
tions in the TPO receptor c-mpl. A phase I/II IL-3 dose 
escalation study without or with sequential GM-CSF in 
fi ve children with AMT showed that IL-3 (but not IL-3/
GM-CSF) induced platelet responses in two patients and 
improvement in bruising, bleeding, and transfusion 
requirements in the other three.732 The two platelet 
responders became unresponsive after several months 
of IL-3 maintenance (125 to 250 μg/m2/day), whereas 
another patient became platelet transfusion independent 
after 4 months of IL-3 and had a trilineage response 
sustained for almost 2 years.

Severe Congenital Neutropenia (SCN)

Severe congenital neutropenia, or Kostmann disease (see 
also Chapter 8), is a disorder of myelopoiesis character-
ized by impaired neutrophil differentiation and ANCs 
greater than 200/μL. In contrast, monocyte and eosino-
phil counts are normal or increased. The bone marrow 
shows maturation arrest at the promyelocyte stage, and 
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these cells are often atypical, with abnormal nuclei and 
vacuolated cytoplasm. The pathophysiology is uncertain 
despite the identifi cation of mutations in NE (ELA2) and 
more recently HAX-1 in recessively inherited disease, 
including patients from the original Kostmann pedi-
gree.834 Serum from these patients contains normal or 
elevated levels of G-CSF, as determined by Western 
blot783 and bioassay.835 Other investigations showed muta-
tions in the C-terminal “differentiation” domain of the 
G-CSFR in two patients.301

The responses of these patients to exogenous G-CSF 
and GM-CSF are therefore of great interest. One study 
has compared the effects of GM-CSF and G-CSF in a 
small number of patients, and G-CSF alone was evalu-
ated in other studies.836-838 In these investigations G-CSF 
produced a remarkable increase in neutrophils in all 
patients. The dose necessary to maintain a neutrophil 
count greater than 1000/μL varied, with ranges of 3 to 
15 μg/kg/day. The monocyte count was also increased. In 
contrast, rhGM-CSF produced an increase in neutro-
phils in only one patient, whereas the others showed an 
increase in eosinophils and monocytes. Although the 
period on study was short, no new episodes of severe 
bacterial infection occurred during either GM-CSF or 
G-CSF treatment, in contrast to the recurrent bacterial 
and fungal infections that occurred before treatment. A 
multicenter phase III study of G-CSF in 120 patients 
with severe chronic neutropenic disorders, including 
SCN, Shwachman-Diamond syndrome, and myelokath-
exis, showed complete responses in 108 patients (ANC 
> 1.5 × 109/L), partial responses in 4 patients, and failure 
to respond in 8 patients.839 Although the majority of 
patients respond with an ANC of 1.0 × 109/L or higher 
at doses ranging from 3 to 20 μg/kg/day, about 25% 
patients need 20 to 100 μg/kg/day or more.823

Somatic mutations of a single allele of the G-CSFR 
that result in loss of the C-terminal “differentiation” 
domain of the receptor were described in several SCN 
patients and shown to act as a dominant negative in 
transduced cells.840,841 MDS or AML may eventually 
develop in these patients.401 Data from the Severe Con-
genital Neutropenia International Registry842 on 506 
patients with severe congenital neutropenia, cyclic neu-
tropenia, or idiopathic neutropenia who were treated in 
phase I to phase III clinical G-CSF trials showed that 
MDS/AML developed in 23 of 249 patients with SCN/
Schwachman-Diamond syndrome (neutropenia and 
pancreatic insuffi ciency), as compared with none of the 
97 cyclic or 160 idiopathic neutropenia patients. The 
observation that MDS/AML develops in SCN but not 
cyclic or idiopathic neutropenia patients receiving G-
CSF is consistent with reports of AML in SCN before 
the introduction of G-CSF treatment843,844 and shows 
that SCN is a preleukemic disease. Additional cytoge-
netic changes (translocations and monosomy 7) and 
oncogene (ras) mutations are common in the patients in 
whom MDS/AML eventually develops.845 The G-CSFR 
mutation occurs in myeloid cells only and was not present 

in fi rst-degree relatives of affected patients, including a 
sibling with SCN,846 thus demonstrating that the muta-
tion is acquired. Interestingly, detailed study to identify 
the risks for leukemic transformation shows increased 
risk over time (2.9%/yr after 6 years and 8%/yr after 12 
years, with a cumulative incidence of 21% after 10 years). 
Importantly, the risk of MDS/AML developing correlates 
with the dose of G-CSF; MDS/AML developed in 40% 
of the poor responders (G-CSF dose greater than the 
median of 8 μg/kg/day and ANC less than the median of 
2188 cells/μL at 6 to 8 months) versus only 11% of the 
good responders.847 Similar results were reported by the 
French Severe Chronic Neutropenia study group.848

In summary, treatment with recombinant G-CSF 
has had a major positive impact on the lives of the major-
ity of these patients. Continued treatment has increased 
the risk for emergence of leukemic clones in this preleu-
kemic disease, and patients need to be monitored regu-
larly for the acquisition of such clones. Patients who 
respond poorly to G-CSF should be considered earlier 
for stem cell transplantation.

Cyclic Neutropenia

Cyclic neutropenia (see also Chapter 8) is a rare HSC 
disease caused by mutations in NE (ELA2). It is charac-
terized by regular 21-day cyclic fl uctuations in numbers 
of neutrophils, monocytes, eosinophils, lymphocytes, 
platelets, and reticulocytes. Patients typically have recur-
rent episodes of fever, malaise, mucosal ulceration, and 
occasionally life-threatening infection during periods 
of neutropenia. Six patients were treated with intrave-
nous or subcutaneous rhG-CSF for 3 to 15 months at 
doses ranging from 3 to 10 μg/kg/day.849 The median 
neutrophil count increased from 0.7 to 9.8 × 109/L. In 
fi ve of the patients, cycling of blood counts continued, 
but the length of cycles decreased from 21 to 14 days. 
The number of days of severe neutropenia (<200/μL) was 
reduced from a mean of 12.7/mo to less than 1/mo, and 
importantly, the nadir counts increased, neutrophil turn-
over increased almost fourfold, and migration to a skin 
window was normal. Average counts of other cells did 
not increase. One patient with disease of adult onset had 
a qualitatively different response consisting of an increase 
in neutrophils and disappearance of the cyclic fl uctua-
tions in count. Therapy reduced the frequency of oropha-
ryngeal infl ammation, fever, and infections, thus 
demonstrating that treatment with rhG-CSF is effective 
management in such patients. These results have been 
confi rmed in other studies and the treatment is well toler-
ated.850-852 GM-CSF has not been effective in two patients 
but eliminated severe neutropenia when given in low 
dose (0.3 μg/kg/day).853-855

Chronic Idiopathic Neutropenia

This disorder of myelopoiesis is characterized by matura-
tion arrest of neutrophil precursors in the bone marrow, 
neutrophil counts lower than 1.5 × 109/L, and normal 
other cell lineages. Patients have mucosal ulcers, peri-



244 BONE MARROW FAILURE

odontal disease, and recurrent infections. The pathophys-
iology is uncertain; in vitro bone marrow culture shows 
normal numbers of myeloid progenitors, and antineutro-
phil antibodies are absent. A single patient who received 
1 to 3 μg/kg/day rhG-CSF by subcutaneous injection 
showed normalization of the ANC with healing of chronic 
oral ulceration, reduction of episodes of recurrent infec-
tion, and minimal side effects.856 Cycling of neutrophils, 
monocytes, and platelets was induced with a 40-day peri-
odicity; this contrasts with the normal 21-day cycle and 
out-of-phase fl uctuation of neutrophils and monocytes 
seen in cyclic neutropenia.

Anemia of Chronic Renal Failure

Erythropoietin

Anemia is a major complication of end-stage renal failure 
and is due primarily to a reduction in EPO production. 
Other mechanisms that may be involved are shortened 
red cell survival, iron defi ciency, hypersplenism, possible 
circulating inhibitors of erythropoiesis, and aluminum-
induced microcytosis. Several phase I, II, and III studies 
have documented that rhEPO can induce a dose-
dependent increase in effective erythropoiesis.857-859

In a phase III study patients received 150 or 300 
units of rhEPO three times per week after hemodialysis 
and reached a target hematocrit of 35% by 8 to 12 
weeks.858,859 The majority of patients required 50 to 
125 U/kg intravenously three times per week after dialysis 
to maintain a hematocrit of approximately 35%. 
The increase in erythropoiesis needed to normalize 
hemoglobin requires mobilization of a considerable 
amount of iron; in patients who improve, rapidly in par-
ticular, absolute or relative iron defi ciency can develop. 
If iron is not given, the response to rhEPO becomes 
blunted; the standard corrective measure is intravenous 
administration of iron dextran or oral iron supplementa-
tion. Regular measurements of ferritin and transferrin 
saturation are necessary to ensure that iron stores are 
adequate.

EPO has been well tolerated and has resulted in 
elimination of transfusion dependency. Hypertension, 
occasionally with encephalopathy, has been observed, 
particularly with rapid rises in hematocrit that lead to an 
increase in peripheral vascular resistance; induction with 
doses not greater than 150 U/kg is recommended to 
produce a gradual increase in hemoglobin levels. Some 
patients require either the initiation of antihypertensive 
medication or dose adjustment A marked increase in 
pure red cell aplasia occurred from 1998 to 2004 because 
of the development of anti-EPO antibodies,860-8627 with 
reports of approximately 250 suspected or proven cases. 
The complication, characterized by reticulocytopenia, 
absence of erythroid precursors, and severe anemia, has 
occurred mostly in adults (a few children are included) 
with renal disease treated with Eprex outside the United 
States, but cases have been reported in the United States 
as well. Differences in EPO glycosylation status and drug 

formulation, processing, storage, and route of adminis-
tration appear to affect the immunogenicity of EPO. 
The estimated exposure-adjusted incidence per 100,000 
patient years was 18 cases for Eprex without serum 
albumin (epoetin alfa, Ortho Biotech), 6 for Eprex with 
serum albumin, 1 for NeoRecormon (epoetin beta), and 
0.2 for Epogen (epoetin alfa).862 Changes in drug formu-
lation and drug monitoring programs have led to an 80% 
reduction in the incidence of pure red cell aplasia, and 
EPO should not be withheld for this reason.

The effect of rhEPO in most studies appears to be 
restricted to the erythroid lineage. However, data from a 
phase III study of 303 patients showed a signifi cant 
increase in mean platelet count (224 to 241 × 109/L at 6 
months), which is not biologically meaningful. There is 
also a slight increase in blood urea nitrogen, creatinine, 
and serum potassium levels. Bone marrow progenitors 
from patients with end-stage renal failure were studied 
before and 2 weeks after rhEPO treatment. The concen-
tration of BFU-E, CFU-E, and CFU-Meg increased 
after therapy. Surprisingly, an increment in CFU-GM 
also occurred, and the number of progenitors of all classes 
in cell cycle almost doubled.863

Subjective improvement in appetite, energy, sleep 
pattern, and libido are also noted. A Canadian double-
blind placebo-controlled study of rhEPO treatment has 
provided objective evidence of benefi t.

Extending this treatment to patients who do not yet 
require dialysis has met with similar success.864 An issue 
that has yet to be resolved is fi nancial; rhEPO is not 
inexpensive, and the National Kidney Foundation in the 
United States has issued guidelines for the use of rhEPO 
in which all patients with a hematocrit of less than 30% 
will be eligible. rhEPO is more effective when adminis-
tered by the subcutaneous route, and this is more con-
venient for patients and also allows dose reduction.865,866 
In predialysis patients, 100 U/kg subcutaneously pro-
vided a response similar to 150 U/kg given intrave-
nously.865 There is evidence that the bioavailability of 
subcutaneous EPO is seven times greater than that of the 
intravenously administered drug, and a large controlled 
study showed that the mean EPO dose to maintain a 
stable hematocrit was 32% lower with the subcutaneous 
than with the intravenous route.867

Similar results have been obtained in several rhEPO 
studies in children (reviewed by Müller-Wiefel and 
Amon868). Anemia was corrected by 3 to 4 months in 24 
children with preterminal chronic renal failure (CRF) 
treated with rhEPO and iron, which was adjusted by 
careful monitoring of iron status. Hypertension is the 
most common side effect.869-872 Interestingly, although 
the growth failure of children with terminal CRF is unaf-
fected by rhEPO treatment, mean growth velocity in 22 
children with preterminal CRF increased from −2.29 to 
−0.56 within the fi rst 6 months of treatment.868 Other 
possible benefi ts include reports of delay in progression 
of renal dysfunction in children with preterminal CRF 
and improvement in cognitive function.
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Other Indications for Recombinant 
Erythropoietin Therapy

Several small clinical trials have evaluated the use of 
rhEPO for the anemia of prematurity.873-879 These studies 
have been reviewed by Mentzer and Shannon,880 and 
although differences in patient populations, transfusion 
criteria, rhEPO dose, and iron therapy make compari-
sons diffi cult, rhEPO treatment is safe and stimulates 
a reticulocyte response. An effect on hematocrit was 
observed only in the studies in which doses greater than 
500 U/kg/wk were used,873,875,877 878 and there appears to 
be a modest effect on transfusion requirement. Increas-
ing the dose from 750 to 1500 U/kg/wk was not 
supported by a large European study of 184 very-
low-birth-weight infants.881

Preliminary data suggest that rhEPO may be useful 
in the treatment of patients with the anemia of chronic 
disease associated with rheumatoid arthritis882 and the 
anemia that complicates azidothymidine treatment in 
patients with AIDS (see earlier).

In simian studies, hemoglobin F levels can be 
increased by administration of EPO.883 If similar changes 
occur in humans, EPO may have a role in the manage-
ment of sickle cell disease and thalassemia. Several small 
studies in sickle cell disease have shown that hemoglobin 
F reticulocytosis can occur in some patients whereas 
others show an increase in hemoglobin without a sus-
tained F reticulocyte response, a fi nding that is of some 
concern because blood viscosity might be increased.884 
There are also data suggesting that hydroxyurea in com-
bination with EPO can augment the F reticulocyte 
response, although the contribution of EPO is still uncer-
tain.885,886 In patients with transfusion-dependent or 
untransfused thalassemia, variable responses to EPO 
alone have also been reported,887-890 with some patients 
showing an increase in hemoglobin and F cells. The only 
report to show a consistent increase in fetal hemoglobin 
was a study of 10 untransfused thalassemic patients who 
received rhEPO (400 to 800 U/kg three times per week), 
as well as iron and hydroxyurea (4 days/wk). Hemoglobin 
increased signifi cantly in 8 of the 10 patients with con-
comitant increases in fetal hemoglobin 5% to 20% above 
baseline.890

Finally, EPO can be used to increase the number of 
units of blood that can be obtained preoperatively in the 
context of autologous blood donation.891

Stem and Progenitor Cell Mobilization

The effect of G-CSF on progenitor cells is interesting. 
After melphalan and G-CSF, the absolute number of cir-
culating progenitor cells of the granulocyte-macrophage, 
erythroid, mixed, and megakaryocyte lineages show a 
dose-related increase of up to 100-fold after 4 days of 
treatment with rhG-CSF,892 thereby confi rming earlier 
animal studies.893,894 The relative proportion of early 
and late granulocyte progenitors and early progenitors of 
different lineages remains unchanged; however, CFU-E, 

normally undetectable in blood, is markedly increased. 
The mechanism for the increase in all progenitors in 
blood is unclear; G-CSF has been shown to affect imma-
ture blast CFCs, and it is possible that stem cells are stim-
ulated in vivo to produce increased progenitors of all 
classes; alternatively, G-CSF may indirectly stimulate 
progenitors by induction of HGF production or by release 
of bone marrow progenitor cells into the circulation.

These early studies set the stage for attempts at high-
dose chemotherapy followed by mobilized blood progeni-
tor cell rescue in a number of chemosensitive tumors such 
as lymphoma, breast cancer, and multiple myeloma. Time 
to engraftment is critically related to the number of CD34+ 
cells infused, and a number of studies indicate that a dose 
of 5 × 106 CD34+ cells/kg or greater results in prompt 
neutrophil and platelet engraftment.895-898 G-CSF is the 
usual HGF used to mobilize progenitors, and multiple 
apheresis procedures (four or more) are commonly 
required to achieve this dose of CD34+ cells. Strategies to 
increase the yield and thereby reduce the number of 
apheresis procedures include the combination of G-CSF 
with chemotherapy, SCF,898-901 TPO,902,903 high-affi nity 
IL-3RA,904 or FL in animal studies.905-909 Two studies 
suggest that SCF in combination with G-CSF can 
decrease the number of apheresis procedures required,887,910 
which might be expected to have several advantages, 
including reduction of apheresis-associated morbidity, 
less delay in administration of chemotherapy, and 
decreased cost.

Toxicity of Colony-Stimulating 
Factor Treatment

The CSFs tested in all these clinical trials have in general 
been well tolerated. Both GM-CSF and G-CSF induce 
transient leukopenia in the fi rst 30 minutes after intrave-
nous bolus injection. GM-CSF rapidly induces surface 
expression of the leukocyte adhesion protein CD11b 
(MO1) in vitro, and this is accompanied by an increase 
in neutrophil aggregation.727 CD11a (LFA-1) and CD11c 
(gp150, gp95), two other members of this family of cell 
surface adhesion glycoproteins that have distinct α chains 
but share a common β chain (CD18) with CD11b, are 
unaffected by GM-CSF. These results have been cor-
roborated by in vivo studies of sarcoma patients who 
received 32 or 64 μg/kg/day GM-CSF. A marked increase 
in CD11b was noted that was evident by 30 minutes and 
persisted for 12 to 24 hours after treatment.911 Radionu-
clide-labeled leukocytes are sequestered in the lungs after 
GM-CSF treatment,746 probably because of the aggre-
gability and adhesiveness induced by increased CD11b 
expression. Breathlessness and hypoxia have been 
observed in some patients, particularly after short-
duration intravenous administration. CD11b is not 
modulated by G-CSF, and the reason for the transient 
leukopenia after treatment with G-CSF is at present 
unclear.
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Both GM-CSF and G-CSF have been associated 
with bone pain coincident with or shortly after adminis-
tration. Occasional increases in leukocyte alkaline phos-
phatase or lactate dehydrogenase (or both) have been 
noted. In contrast, GM-CSF has also induced fl u-like 
symptoms, including fever, fl ushing, malaise, myalgia, 
arthralgia, anorexia, and headache. Mild elevations in 
transaminase levels and rash are also reported. These 
effects are usually mild, are alleviated by antipyretics, and 
disappear with continued administration. More serious 
GM-CSF toxicity has been observed at higher dose levels 
(>32 μg/kg/day intravenously or >15 μg/kg/day subcuta-
neously), including capillary leak syndrome with weight 
gain as a result of fl uid retention manifested as pericar-
dial or pleural effusions, ascites, or edema.758,785 Phlebitis 
was noted in initial studies when GM-CSF was infused 
into small veins; large vessel thrombosis has occurred 
with infusion of high doses into central veins.758

Antibodies to Recombinant Factors

The rhGM-CSF that is produced in mammalian cells 
(Chinese hamster ovary cells) is variably glycosylated on 
both O-linked and N-linked sites. Production in E. coli 
results in nonglycosylated GM-CSF, and the yeast 
product is glycosylated at N-linked sites. All three prod-
ucts appear to be equally effi cacious, but antibodies have 
been reported in 4 of 13 patients given the yeast-derived 
product in phase I/II studies.912 The IgG antibodies 
developed by 7 days after the start of the infusion in all 
four patients, three of whom had received a bolus test 
dose; the antibodies were non-neutralizing as judged by 
bone marrow colony-forming assay, and they were 
directed at sites on the protein backbone of the GM-CSF 
molecule that are normally protected by O-linked glyco-
sylation but are exposed in the yeast and E. coli–derived 
products. Transient antibodies to TPO have been reported 
in one cancer patient.913 However, the development of 
antibodies in both patients and volunteers given PEG-
MGDF led to termination of further clinical develop-
ment of this TPO formulation because transient decreases 
in platelet count were noted.779,914-916 Antibodies to EPO 
can also develop in patients with the anemia of CRF 
during treatment with EPO.917 Some formulations of 
EPO were associated with an antibody to EPO that 
resulted in pure red cell aplasia, and this complication is 
discussed more fully earlier in the section on the use of 
EPO in renal failure.

No dose-limiting toxicity has been observed with G-
CSF. However, one case of pathogenic neutrophil infi ltra-
tion (acute febrile neutrophilic dermatosis, or Sweet’s 
syndrome) has been reported.918 In one patient with 
SCN, cutaneous necrotizing vasculitis (leukoclastic vas-
culitis) developed during G-CSF treatment.835,837 As 
noted earlier, there is also concern that G-CSF will induce 
or accelerate the development of AML or MDS with 
monosomy 7 in aplastic anemia and SCN, perhaps more 
likely in patients with G-CSF receptor mutations that can 
transduce a proliferative but not a differentiation signal.

As noted earlier, EPO treatment has been associated 
with increased risk for thromboembolic complications in 
adults, particularly when target hemoglobin concentra-
tions were in the normal range, and it has a possible 
adverse effect on progression of breast cancer.777,919 Two 
randomized studies in which the targeted hemoglobin 
level was either in the normal (>13.5 g/dL) or subnormal 
(10.5 to 11.5 g/dL) range showed an increased risk for 
adverse cardiovascular effects in the normal hemoglobin 
groups.920,921 A 2006 update of a Cochrane review of 57 
trials that included more than 9000 patients showed 
strong evidence that epoetin and darbepoetin increase 
the risk for thromboembolic complications (relative risk 
of 1.67, 95% confi dence interval of 1.35 to 2.06).922 
There are no comparable large studies in children. As a 
result of these and other studies, the Food and Drug 
Administration has recommended the lowest dose possi-
ble to increase hemoglobin to a level that avoids transfu-
sion, not to exceed 12 g/dL or a rise of greater than 1 g 
in any 2 weeks (http://www.fda.gov/cder/drug/InfoSheets/
HCP/RHE2007HCP.htm).

CONCLUSION

Advances in molecular and cellular biology have led to 
an unraveling of some of the most challenging and con-
fusing aspects of the study of hematopoiesis. Therapeutic 
benefi ts have emerged from these discoveries. The fi eld 
of hematopoiesis, once a jumble of unknown factors and 
activities, has come of age and is providing direct benefi ts 
to countless patients.
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Acquired and congenital bone marrow failure syndromes 
are characterized by a reduction in the effective produc-
tion of mature erythrocytes, granulocytes, and platelets 
by bone marrow. Bone marrow failure leads to various 
peripheral blood cytopenias. In some conditions, only 
one or two cell lines may be affected. In others, such as 
aplastic anemia, the result is pancytopenia. In this chapter 
we deal only with the acquired bone marrow failure syn-
dromes, although we use the term rather loosely because 
seemingly acquired marrow failure syndromes may have 
a genetic basis. The known inherited/congenital bone 
marrow failure syndromes are described in detail in 
Chapter 8. Acquired marrow failure syndromes that 
affect only granulocytes or platelets are described in 
Chapters 21 and 33, respectively. Acquired single-lineage 
defi ciency syndromes that involve red cell production 
(pure red cell aplasia) are also described in this chapter, 
except that the 5q− syndrome is discussed in Chapter 
8 and in more detail in Oncology of Infancy and 
Childhood.

APLASTIC ANEMIA

Decreased production of mature blood cells may result 
from a reduction in the number or function of their pro-
genitors. Aplastic anemia is a descriptive term referring to 
a clinical state in which peripheral blood pancytopenia 
results from reduced or absent production of blood cells 
in bone marrow. Aplastic anemia may arise in the setting 
of inherited/congenital syndromes associated with a pre-
disposition to marrow failure (discussed in Chapter 8), 
may develop secondary to marrow-toxic stressors in 
an otherwise seemingly normal host, or may lack any 
apparent underlying cause. Classifi cation of the aplastic 
anemias is presented in Box 7-1. A careful medical 
history, physical examination, and laboratory evaluation 
are critical to discern inherited versus acquired causes of 
aplastic anemia. The distinction between inherited and 
acquired causes of aplastic anemia carries profound 
implications for medical management and treatment, 
so a careful search for possible underlying inherited 
syndromes should be undertaken before initiation of 
therapy.

Camitta and co-workers classifi ed the severity of 
aplastic anemia in an effort to make possible the com-
parison of diverse groups of patients and different thera-
peutic approaches.1 Diagnosis of severe aplastic anemia 
requires that the patient have at least two of the following 
anomalies: a granulocyte count below 500/μL, a platelet 
count below 20,000/μL, and an absolute reticulocyte 
count of 40 × 109/L or less. In addition, the bone marrow 
biopsy specimen must contain less than 25% of the 
normal cellularity or less than 30% hematopoietic ele-
ments. Very severe aplastic anemia is further defi ned by 
a granulocyte count lower than 200/μL.2 Mild or moderate 
aplastic anemia, sometimes called “hypoplastic anemia,” 
is distinguished from the severe form by the presence of 

Box 7-1 Classifi cation of the Aplastic Anemias

ACQUIRED

Secondary
Radiation
Drugs and chemicals
 Direct toxicity: chemotherapy, benzene
 Idiosyncratic: chloramphenicol, anti-infl ammatory

 drugs, antiepileptics, carbonic anhydrase inhibitors
Viruses
 Epstein-Barr virus
 Hepatitis (non-A, -B, -C, -E, or -G)
 Human immunodefi ciency virus
Immune diseases
 Eosinophilic fasciitis
 Hypoimmunoglobulinemia
 Systemic lupus erythematosus (uncommon)
Thymoma
Graft-versus-host disease in immunodefi ciency
Pregnancy
Paroxysmal nocturnal hemoglobinuria
Myelodysplasia

Idiopathic

INHERITED

Fanconi’s anemia
Dyskeratosis congenita
Shwachman-Diamond syndrome
Amegakaryocytic thrombocytopenia
Diamond-Blackfan anemia
Reticular dysgenesis
Familial aplastic anemias
Nonhematologic syndromes (e.g., Down, Dubowitz’, and 

Seckel’s syndromes)

Modifi ed from Alter BP, Potter NU, Li FP. Classifi cation and 
aetiology of the aplastic anaemias. Clin Haematol. 
1978;7:431-465.

mild or moderate cytopenia and more variable, but still 
defi cient bone marrow cellularity. These distinctions are 
more than semantic; they are critical for prediction of 
outcome and selection of therapy.

Epidemiology

Epidemiologic studies performed in Europe estimate that 
the annual incidence of aplastic anemia is 2 per million 
per year3; by comparison, the incidence of acute leukemia 
is about 50 per million per year. Higher fi gures for the 
incidence of aplastic anemia have been obtained from 
smaller studies in the United States and earlier surveys 
in Europe, but these fi gures may have been infl ated by 
the inclusion of cases of the more common syndrome 
myelodysplasia. Aplastic anemia is more common in Asia 
(4 to 7 per million per year4) than in the West. Chloram-
phenicol has been widely used in much of Asia because 
of its effi cacy and low cost, but reductions in its use have 
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not been accompanied by reductions in the incidence of 
aplastic anemia in Japan5,6 or elsewhere,7,8 and no asso-
ciation was observed in case-control studies in Thailand.9 
A recent case-control study10 in Thailand spanning 1989 
to 2002 described an association between aplastic anemia 
and exposure to benzene or pesticides. Although an 
increased risk for aplastic anemia was also associated 
with animal exposure and ingestion of nonbottled or 
nondistilled water, no signifi cant associations with known 
infections or hepatitis were observed.

The peak age for the development of aplastic anemia 
is 15 to 25 years or older than 60 years, with a male-to-
female ratio of approximately 1 : 1.

Causal Factors

When no causative factors are ascertained, the cases are 
classifi ed as “idiopathic.” A search for possible causative 
agents is warranted because some patients may improve 
after removal of the offending agent. Many patients have 
been exposed to several potentially myelosuppressive 
agents, and the number of possible associations depends 
in part on the intensity of the investigation. A drug or 
toxin is often implicated if the exposure is to a previously 
implicated agent and is appropriately extensive or tem-
porally proximate; sometimes, a drug history is given 
signifi cance only because all other factors are excluded. 
Therefore, the course, management, and outcome are 
related more to the severity of the hematopoietic depres-
sion than the cause, and they are generally similar for 
cases with apparent cause and those that are idiopathic.

Drugs

The incidence of drug- and chemical-related aplastic 
anemia11 varies over time and from place to place. Many 
drugs and toxins have been implicated by inferential and 
circumstantial evidence; the magnitude of the risk is 
usually unknown (Box 7-2). The presence of an agent on 
this list suggests caution regarding its use, but no drug 
on the list should be proscribed if there are strong clinical 
indications for its use. From a public health perspective, 
even drugs associated with an increased risk for marrow 
failure do not cause large numbers of cases of aplastic 
anemia.3

Note that even confi rmed associations do not sub-
stantiate causality. Antibiotics thought to be causative 
may have been administered for the viral infection that 
led to the aplastic anemia or for symptoms from already 
established neutropenia in an undiagnosed case of aplas-
tic anemia. Bleeding may be precipitated in undiagnosed 
thrombocytopenic patients who receive nonsteroidal 
anti-infl ammatory drugs. As an example of known errors 
in association, among six patients reported to have sniffed 
glue and become aplastic, fi ve had sickle cell anemia 
and aplastic crises now known to be due to parvovirus 
infection.12

The incidence of drug-related aplasia in pediatric 
cases is low, mainly because many of the drugs consid-

Box 7-2  Classifi cation of Drugs and Chemicals 
Associated with Aplastic Anemia*

AGENTS THAT REGULARLY PRODUCE 
MARROW DEPRESSION

Antibiotics: daunorubicin, doxorubicin hydrochloride 
(Adriamycin), chloramphenicol

Antimetabolites: antifolic compounds, nucleotide 
analogues

Antimitotics: vinblastine, colchicine
Benzene and chemicals containing benzene: carbon 

tetrachloride, chlorophenols, kerosene, Stoddard’s 
solvent

Cytotoxic cancer chemotherapy with alkylating drugs: 
busulfan, melphalan, cyclophosphamide

AGENTS POSSIBLY ASSOCIATED BUT WITH A LOW 
PROBABILITY RELATIVE TO USE

Chloramphenicol
Insecticides: chlordane, chlorophenothane (DDT), 

γ-benzene hexachloride (lindane), parathion
Anticonvulsants: carbamazepine, hydantoins, 

phenacemide
Nonsteroidal anti-infl ammatory agents: indomethacin, 

ibuprofen, oxyphenylbutazone, phenylbutazone, 
sulindac

Antihistamines: cimetidine, chlorpheniramine, 
ranitidine

Antiprotozoal drugs: quinacrine, chloroquine
Sulfonamides: some antibiotics, antidiabetics 

(chlorpropamide, tolbutamide), antithyroid drugs 
(methimazole, methylthiouracil, propylthiouracil), 
carbonic anhydrase inhibitors (acetazolamide, 
methazolamide)

Penicillamine
Metals: gold, arsenic, bismuth, mercury

AGENTS MORE RARELY ASSOCIATED

Allopurinol (may potentiate marrow suppression by 
cytotoxic drugs)

Antibiotics: fl ucytosine, mebendazole, methicillin, 
sulfonamides, streptomycin, tetracycline, 
trimethoprim/sulfamethoxazole

Carbimazole
Guanidine
Lithium
Methyldopa
Potassium perchlorate
Quinidine
Sedatives and tranquilizers: chlordiazepoxide, 

chlorpromazine, meprobamate, methyprylon, 
piperacetazine, prochlorperazine

Thiocyanate

*Agents are listed because they have been cited in the literature; 
inclusion in this list does not imply acceptance by the author 
of a causal relationship.

Modifi ed from Young NS, Alter BP. Aplastic Anemia: Acquired 
and Inherited. Philadelphia, WB Saunders, 1994, p 104.
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ered to be related to aplasia are not used in childhood, 
with the exception of antiepileptic drugs, carbonic anhy-
drase inhibitors, nonsteroidal anti-infl ammatory medica-
tions, and some antibiotics.

Drug-related aplasia may occur in several ways. 
Drugs may exert direct cytotoxic or suppressive effects 
on bone marrow. Myelosuppressive drugs, such as those 
used in cancer chemotherapy, lead to predictable and 
dose-related marrow suppression. Benzene, too, can be 
regularly demonstrated to suppress bone marrow in 
animals in a dose-linked manner, and most individuals 
exposed to suffi cient amounts of benzene would probably 
suffer some type of marrow damage. In practice, most 
drug-related aplastic anemia is “idiosyncratic” and occurs 
unpredictably in only rare individuals who are prescribed 
the medication, sometimes weeks to months after its 
administration is discontinued. This last category of 
patients may possess a genetic propensity for this 
phenomenon.

Chloramphenicol

Chloramphenicol was considered to be the most common 
cause of aplastic anemia at the peak of its use, which 
began in 1949.13 A genetic predisposition may exist. The 
mechanism of the idiosyncratic aplasia remains unknown 
despite extensive investigation.

Chloramphenicol contains a nitrobenzene ring 
and thus resembles amidopyrine, a drug known to cause 
agranulocytosis.14,15 Chloramphenicol is the prime ex -
ample of a drug that causes dose-related marrow sup-
pression through mechanisms that include mitochondrial 
inhibition,16 as well as idiosyncratic aplastic anemia.17

The signs of dose-related toxicity appear more rapidly 
in patients with hepatic or renal disease because the drug 
must be inactivated by conjugation with glucuronide in 
the liver and excreted in urine. High doses and high 
plasma levels correlate with the characteristic reversible 
erythroid depression. In vitro, chloramphenicol inhibits 
the growth of both colony-forming unit, granulocyte 
macrophage (CFU-GM), and colony-forming unit, ery-
throid (CFU-E),18-22 and may also inhibit the hematopoi-
etic microenvironment.20,23

Other Drugs

Nonsteroidal anti-infl ammatory drugs, which are used 
more extensively in adults than in children, are associated 
with aplasia.3 Nonsteroidal anti-infl ammatory drugs asso-
ciated by occasional case reports with aplastic anemia 
include aspirin,24 indomethacin,25-28 and ibuprofen.29 
Several large studies reported an increased risk for aplas-
tic anemia with phenylbutazone30,31 and identifi ed even 
higher probability with some of the other nonsteroidal 
anti-infl ammatory drugs.3 Another drug associated with 
a risk for cytopenia in 2 per 100,000 patients is cimeti-
dine.32,33 Sulfa-containing compounds, which appear as 
risk factors in most case-control studies of drugs and 
aplastic anemia, are used in a wide variety of clinical 
circumstances.34-43 Other drugs implicated in aplastic 

anemia that are commonly used in the pediatric popula-
tion include anticonvulsants (hydantoins,44-46 carba-
mazepine47-51) and carbonic anhydrase inhibitors52 
(acetazolamide53,54 and methazolamide55,56). Many of the 
drugs listed in Box 7-2 have also been associated with 
agranulocytosis. In general, only a minority of cases of 
aplastic anemia can be assigned a drug association. The 
distinction between aplasia secondary to the medication 
and aplasia arising from the underlying disorder (or 
occult viral infection) requiring treatment can be 
diffi cult.

Chemicals and Toxins

Benzene

Benzene is a particularly dangerous environmental 
contaminant.57,58 It is found in organic solvents, coal tar 
derivatives, and petroleum products.59-62 Fatal aplastic 
anemia, leukemia, or both have been reported years later 
in factory workers exposed to benzene. Benzene concen-
trates in bone marrow fat,63 forms water-soluble interme-
diates,64-66 and damages DNA.67-69 It decreases numbers 
of progenitors and damages stroma. The risk for cytope-
nia is probably related to cumulative exposure.

Other Aromatic Hydrocarbons

Toxicity thought to be due to other organic solvents may 
in some instances be caused by benzene contaminants. 
Neither pure toluene nor xylene is a marrow toxin. Aplas-
tic anemia has been linked by many case reports to insec-
ticides, particularly γ-hexachlorobenzene (lindane) in 
children.70 Aromatic hydrocarbons are present in in -
secticides and herbicides and may be the solvents for 
these agents. Some organophosphate insecticides have 
been shown to inhibit in vitro hematopoietic colony for-
mation, as has lindane.71

Ionizing Radiation

Marrow aplasia may occur as an acute toxic sequela of 
irradiation from a nuclear bomb explosion, radioactive 
fallout, reactor accidents, and accidental exposure in 
medicine and industry. Bone marrow cells may be affected 
by high-energy gamma rays, as well as by ingested or 
absorbed lower-energy alpha particles. The radiation 
injury is infl icted on the actively replicating pool of pre-
cursor and progenitor cells and also on stem cells, in 
which DNA damage may have a more severe effect. 
Nonetheless, radiation-related marrow aplasia is 
infrequent. Even in a restricted episode, such as the 
Chernobyl reactor accident in 1986, most immediate 
deaths were due to skin burns and damage to the gastro-
intestinal and pulmonary systems.

Chronic radiation-induced aplasia is dose related. 
Patients who underwent irradiation for ankylosing spon-
dylitis had an increased risk for aplastic anemia, and 
American radiologists have been reported to have an 
increased death rate from aplasia (for both groups, patho-
logic distinction between aplasia and myelodysplasia was 
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not made). The incidence of late aplasia in atomic bomb 
victims was not increased, nor was it increased in patients 
undergoing radiation therapy for malignancies. Knospe 
and co-workers suggested that irradiation with an expo-
sure greater than 4.4 Gy was required for the develop-
ment of aplasia; they also postulated that low doses might 
damage only stem cells whereas high doses would 
also damage the supportive hematopoietic stromal 
microenvironment.72

Infectious Agents

Mild pancytopenia frequently develops in patients with 
bacterial or viral illnesses during or after the infection 
(see Chapter 36). Patients with bacterial or viral infec-
tions often receive antibiotics and other medications, and 
it is frequently not clear whether an ensuing aplastic 
anemia was caused by the infection, by the drug, or by 
the combination of the two or even whether the infectious 
illness was the result and not the cause of the 
pancytopenia.

Hepatitis

Although hepatitis is frequently associated with mild 
depression of blood cell counts, aplasia is a rare sequela, 
estimated to occur in less than 0.07% of the total number 
of pediatric hepatitis cases73 and in less than 2% of those 
with non-A, non-B hepatitis.74 Nonetheless, as an iden-
tifi able clinical event, a previous episode of hepatitis was 
recognized in 2% to 5% of aplastic anemia patients in a 
Western series.75 The prevalence of previous hepatitis is 
about twofold this proportion in the Far East.76 Among 
children with aplastic anemia in Taiwan, 24% had a 
history of recent acute hepatitis.77 The antecedent hepa-
titis may be subclinical inasmuch as about 50% of patients 
with aplastic anemia may have elevated hepatic transami-
nases before their fi rst transfusion. In a report of 32 
patients who underwent liver transplantation for hepatic 
failure after non-A, non-B hepatitis, aplastic anemia 
developed in 28%.78 Although aplasia has been reported 
after both hepatitis A and B virus infection,79,80 the major-
ity of cases of hepatitis/aplasia syndrome are not associ-
ated with serotypable hepatitis virus.81,82

Aplastic anemia associated with hepatitis is particu-
larly severe. More than 200 cases of aplastic anemia and 
hepatitis have been reported, with two thirds of those 
affected being male and three quarters being younger 
than 20 years. In one early series, more than 90% died 
within a year, and the mean survival was only 11 weeks.83 
More recently, successful treatment with bone marrow 
transplantation (BMT) or with antithymocyte globulin 
(ATG) and cyclosporin A has been reported.87

Flaviviruses

Flaviviruses cause arbovirus hemorrhagic fever, dengue, 
and other hematodepressive syndromes. Dengue can 
propagate in bone marrow cultures without direct cyto-
toxicity, and dengue antigens induce lymphocyte activa-
tion and the release of marrow-suppressive cytokines.88

Epstein-Barr Virus

Herpesviruses such as Epstein-Barr virus (EBV) are 
large, complex DNA viruses.89 EBV causes infectious 
mononucleosis, which is associated with pancytopenic 
complications in less than 1% of cases. More than 12 
such cases have been reported, and half of these cases 
had a fatal outcome. In one study, EBV was demon-
strated by immunologic and molecular methods in the 
bone marrow of six patients with aplastic anemia.90 Only 
two had a history of typical mononucleosis, although all 
six had serologic evidence of such, thus suggesting that 
EBV may be an unrecognized cause of aplastic anemia. 
EBV’s target is B cells, although T cells may also be 
infected. Because EBV is a common infection, issues of 
ascertainment can render the causative determination of 
aplasia diffi cult.

Cytomegalovirus and Human Herpesvirus 6

Infection with cytomegalovirus (CMV) may lead to graft 
failure in immunosuppressed bone marrow transplant 
recipients.91 CMV can infect marrow stromal cells in 
vitro and can inhibit their ability to produce growth 
factors92; direct progenitor cell infection by some CMV 
strains has also been documented.92,93 Herpesvirus 6 is 
the cause of erythema subitum94 and, like CMV, may be 
found in the marrow of patients with graft failure after 
transplantation,95 as well as in hematopoietic progenitors 
infected in vitro.96 As with other viruses, both of these 
are ubiquitous infections, which makes causality diffi cult 
to ascertain.

Human Immunodefi ciency Virus

Patients with acquired immunodefi ciency syndrome 
(AIDS) often have cytopenias,97 but their marrow is 
much more commonly cellular and dysplastic than empty. 
Colony formation by marrow from patients may be 
diminished.98-101 The action of human immunodefi ciency 
virus type 1 (HIV-1), a lentivirus, on hematopoietic cells 
remains a subject of controversy. HIV-1 infection of 
CD34+ cells has been diffi cult to detect in vivo from 
patient material100,102 or after tissue culture infection of 
normal cells.100,103 The virus apparently directly infects 
megakaryocytes that bear the CD4 receptor present on 
T cells.104 The virus may also affect stroma function, at 
least in vitro.105,106 HIV-1 can act indirectly on hemato-
poiesis through inhibitory lymphokine production; the 
envelope glycoprotein can stimulate macrophages to 
produce tumor necrosis factor, which in turn inhibits 
hematopoietic colony formation.107 Hematologic sup-
pression can also be due to opportunistic infections, neo-
plasms, or marrow suppression from the drugs used to 
treat AIDS and its complications.

Other Viruses

Blood count abnormalities, which are rarely severe, may 
be observed in the course of rubella, measles, mumps, 
varicella, and infl uenza A.108
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Paroxysmal Nocturnal Hemoglobinuria

Paroxysmal nocturnal hemoglobinuria (PNH) is a disease 
characterized by variable combinations of mild to severe 
intravascular hemolysis, thromboses, and aplastic 
anemia.109 It is uncommon in adults and even rarer in 
children. There is a clear association of PNH with aplas-
tic anemia in that pancytopenia and marrow hypoplasia 
develop in many patients with PNH and PNH clones are 
detectable in up to 50% to 70% of patients with acquired 
aplastic anemia.110-113

PNH is characterized by an inability to inactivate 
complement on the erythrocyte cell surface, thereby 
resulting in increased sensitivity to complement. Defi cits 
were subsequently identifi ed in a family of membrane 
proteins, all of which were anchored to the cell mem-
brane via glycosylphosphatidylinositol (GPI). GPI binds 
covalently to specifi c carboxyl-terminal protein sequences 
and attaches them to cell membrane phosphatidylinositol 
residues. The genetic defect in PNH was localized to the 
X-linked PIG-A (phosphatidylinositol glycan class A) 
gene, whose product functions in the transfer of N-acetyl-
glucosamine to phosphatidylinositol as an early step in 
GPI anchor formation. Early tests for PNH, such as the 
Ham or sucrose hemolysis test, relied on the demonstra-
tion of increased sensitivity to complement-mediated red 
cell lysis. Increased sensitivity and specifi city are achieved 
with fl ow cytometry assays for the absence of GPI-
anchored proteins such as CD59 and CD55.114 More 
sensitive tests use aerolysin, a channel-forming toxin that 
binds GPI-anchored proteins and results in cell lysis but 
leaves GPI-defi cient PNH cells intact.115 The use of a 
fl uorescently labeled aerolysin variant that binds to GPI 
but fails to lyse the cells offers increased sensitivity and 
specifi city for detection of the PNH clone.116

The clinical signifi cance of small populations of PNH 
clones is unclear. Small numbers of PNH cells are detect-
able in healthy controls,117 although the PNH cells in this 
context are typically polyclonal. Despite the frequent 
fi nding of PNH clones in the bone marrow of patients 
with aplastic anemia, the clinical syndrome of PNH 
subsequently develops in only 10% to 15% of patients 
(reviewed by Parker118). In the majority of patients, such 
clones may persist or disappear. Patients with small 
asymptomatic PNH clones may respond to the same 
treatments as other patients with aplastic anemia.

The etiology of marrow aplasia in PNH remains an 
area of active investigation. Although severe com -
bined immunodefi ciency (SCID) mice infused with bone 
marrow from PNH patients show preferential engraft-
ment with the PNH clones,115 studies of hematopoiesis 
in PNH patients have not detected any selective prolifera-
tive advantage of the PIG-A(−) hematopoietic clones.120 
A subsequent study comparing in vitro proliferation of 
PIG-A(−) and PIG-A(+) CD34 cells from PNH patients 
found a selective growth defi ciency in the PIG-A(+) 
cell population rather than an advantage for the 
PIG-A mutant cells; Fas expression was elevated on the 

wild-type versus the GPI-defi cient cells, thus suggesting 
increased resistance to apoptosis as one potential mecha-
nism to explain their fi ndings.121 No proliferative advan-
tage of PNH hematopoietic clones was observed in mice 
mosaic for the pig-a gene.122,123 To evaluate the hypothesis 
that autoreactive T cells might preferentially eliminate 
PIG-A(+) hematopoietic stem cells while sparing the 
PNH clones, the sensitivity of normal versus PNH EBV-
transformed B-cell lines to autologous EBV-specifi c 
T-cell lines was examined.124 The PNH cells were no less 
sensitive to T-cell–mediated cytotoxicity than the non-
PNH cells were; thus, the GPI-linked cell surface mole-
cules are not required for killing by T cells. An abnormal 
distribution of expanded T-cell clones detected by size 
analysis of the complementarity-determining region 3 
(CDR3) in the β variable region (Vβ) mRNA of the T-cell 
receptor (TCR) has been noted in PNH patients,125 
although the targets of such T-cell populations remain to 
be ascertained. The mechanisms underlying clonal expan-
sion of the GPI-negative cells in PNH or aplastic anemia 
are currently unclear. Despite the presence of clonal 
populations of PNH cells, patients with PNH do not 
exhibit an increased incidence of leukemia, and the GPI-
negative clones do not behave in a malignant fashion. A 
recent study suggests that additional genetic or epige-
netic events, such as elevation of HMGA2 expression, 
may contribute to clonal expansion.126

Immunologic Diseases

Ten percent of patients with the rare collagen vascular 
syndrome eosinophilic fasciitis have associated aplastic 
anemia.127 This condition is usually limited to adults. 
Thymoma associated with hematopoietic failure is gener-
ally, but not exclusively manifested as pure red cell aplasia 
(PRCA).128 Some of the adults had also received drugs 
such as chloramphenicol or sulfonamides, and the aplasia 
could have been due to the drugs alone or to the combi-
nation. An iatrogenic aplasia can be induced by the trans-
fusion of competent lymphocytes into immunodefi cient 
hosts. In these cases, marrow failure arises from the 
transfusional graft-versus-host disease (GVHD).129

Pathophysiology

The purported mechanisms for failure of hematopoiesis 
are predicated on our current knowledge of normal 
hematopoiesis (see Chapter 6). Disease could result from 
decreased numbers or defective function of the cellular 
or soluble components required for blood cell production 
or from exogenous factors that result in damage or elimi-
nation of hematopoietic cells. Figure 7-1 depicts different 
mechanisms for the loss of hematopoietic cells in aplastic 
anemia. In model I, marrow toxins such as irradiation, 
drugs, or chemicals or direct invasion by viruses might 
cause hematopoietic stem or progenitor cell death (or 
both). In model II, an underlying abnormality of the 
hematopoietic cells may result in a predisposition to 
hematopoietic stem cell damage, premature stem cell 
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loss, or insuffi cient stem cell production (see Chapter 6). 
In model III, viruses, drugs, toxins, or immune dysregu-
lation may incite a cellular or humoral immunologic reac-
tion against a normal hematopoietic compartment. These 
possibilities are not mutually exclusive, and supportive 
data for each model have been described. Current data 
suggest that aplastic anemia may represent the fi nal 
seemingly common outcome of different pathogenic 
mechanisms, with different underlying causes entailing 
different medical management considerations.

Hematopoietic Stem Cells and Clonality

Patients with aplastic anemia have decreased numbers of 
blood- and marrow-committed progenitor cells, assayed 
as myeloid colony-forming cells (CFU-GMs), erythroid 
colony-forming cells (CFU-Es and burst-forming units, 
erythrocytes [BFU-Es]), megakaryocytic progenitors 
(CFU-megas), multipotent colony-forming cells (CFU-
GEMMs), and long-term culture-initiating cell (LTC-
ICs).130,131 Hematopoietic cells can also be assessed 
phenotypically for the presence of the CD34 antigen, 
which defi nes a compartment of about 1% of marrow 
cells that includes progenitors and possibly activated 

stem cells.132-135 CD34+ cells are reduced in aplastic 
anemia, and almost all patients show not only a severe 
reduction in numbers of these cells but also poor plating 
effi ciency for colony formation from purifi ed CD34+ 
cells.136,137

Several lines of evidence point to primary abnormali-
ties in the hematopoietic stem cell as a potential cause of 
aplastic anemia. Multiple studies have noted that simple 
infusion of stem cells from an identical twin donor 
without previous conditioning was suffi cient to treat the 
aplasia in many cases.138-141 These results strongly support 
a pathogenic stem cell defect and argue against perma-
nent disorders of the bone marrow environment, includ-
ing immunologic mechanisms, as the cause of stem cell 
destruction. Low stem cell numbers persist even with 
hematologic recovery after medical therapy with antithy-
mocyte globulin (ATG) and cyclosporine (see later), and 
blood cell parameters such as macrocytosis do not return 
to normal in many cases, again suggestive of an underly-
ing stem cell abnormality. A primary stem cell defect 
probably also contributes to the observation of clonal 
hematopoiesis in aplastic anemia,142 as well as the late 
development of other hematologic diseases such as 
myelodysplasia and acute leukemia (see later).

A subset of (and perhaps most) patients with seem-
ingly idiopathic aplastic anemia may actually carry an 
inherited/congenital predisposition to marrow failure 
(see Chapter 8). Although the inherited/congenital 
marrow failure syndromes are often associated with char-
acteristic physical fi ndings, patients may have isolated 
aplastic anemia as the sole manifestation of their underly-
ing inherited syndrome.143 In some patients lacking sig-
nifi cant physical fi ndings or cytopenia at the time of 
evaluation, an elevated mean corpuscular volume may be 
the only clue to an underlying inherited marrow failure 
syndrome. A careful family history for hematologic 
abnormalities, predisposition to malignancy, or other 
characteristic clinical stigmata may be helpful in distin-
guishing an inherited marrow failure syndrome.144 For 
example, a subset of patients with aplastic anemia but 
without other clinical stigmata of an inherited marrow 
failure syndrome were found to harbor mutations in the 
dyskeratosis congenita genes hTERC,145,146 which encodes 
the RNA component of telomerase, or hTERT,147-149 
which encodes the catalytic subunit of the telomerase 
complex. Telomeres are specialized structures that stabi-
lize the ends of each chromosome to prevent excessive 
shortening with replication, to distinguish chromosome 
ends from internal DNA breaks, and to prevent end-to-
end fusion. Telomeres consist of 6–base pair (bp) repeated 
sequences (TTAGGG) associated with a specifi c protein 
complex. Telomerase is a ribonucleoprotein enzyme con-
sisting of an H/ACA RNA component (TERC) com-
plexed with a reverse transcriptase (TERT) and additional 
H/ACA binding proteins, including dyskerin, GAR1, 
NHP2, and NOP10. When telomerase levels are dimin-
ished or absent, telomeres progressively shorten with 
each cell division. At a critically short telomere length, 
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FIGURE 7-1. Models for the pathogenesis of aplastic anemia. I, 
Healthy hematopoietic stem cells and progenitors are damaged by an 
exogenous agent such as a toxin, medication, or infectious pathogen, 
with resultant marrow aplasia. II, Abnormal marrow cells (e.g., inher-
ited marrow failure syndromes) undergo premature attrition. Marrow 
aplasia might be exacerbated by external factors. III, Immune-medi-
ated attack (cellular or humeral) eliminates hematopoietic stem cells 
and progenitors. HSC, hematopoietic stem cell.
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a checkpoint is triggered for cells to stop dividing 
and undergo senescence to prevent chromosomal 
rearrangements.

Shortened telomeres have been observed in the leu-
kocytes of patients with aplastic anemia.150 Of fi ve patients 
noted to have mean telomere lengths less than 5 kb, three 
had acquired cytogenetic abnormalities, thus suggesting 
that compromise in the telomere’s probable role in sta-
bilizing chromosome ends may contribute to the increased 
incidence of myelodysplasia and acute leukemia. A study 
by Brummendorf and colleagues reported relatively 
normal telomere lengths in patients who responded to 
immunosuppression, whereas untreated or unresponsive 
patients showed signifi cant telomere shortening.151 Telo-
mere shortening is a common feature associated with 
marrow failure, although telomere lengths are particu-
larly short in patients with dyskeratosis congenita, a dis-
order of telomerase function, even in comparison to other 
marrow failure patients.152 Whether telomere shortening 
in marrow failure patients lacking telomerase mutations 
represents a primary defect in telomere maintenance or 
a secondary effect of increased cycling of the few remain-
ing hematopoietic stem cells remains to be clarifi ed.

Immune Destruction

Several lines of data suggest that immune phenomena 
may result in aplastic anemia (reviewed elsewhere153,154). 
In some syngeneic (identical twin) bone marrow trans-
plants, simple infusion of stem cells is not suffi cient to 
reconstitute hematopoiesis. The requirement for previous 
conditioning of the host may refl ect some operational 
immunologic process, although it is also consistent with 
the presence of an underlying clonal abnormality that 
requires ablation.155 Histocompatibility studies con-
ducted in Europe, Asia, and the United States have indi-
cated an increased representation of HLA-DR2 among 
aplastic anemia patients, consistent with a genetically 
determined immune susceptibility to disease.155-157 Evi-
dence for specifi c immune mechanisms is reviewed in the 
following sections.

Lymphocytes

Autologous recovery has been reported after either mis-
matched or matched transplants in patients prepared 
with antilymphocyte sera or cyclophosphamide.158-160 An 
immune mechanism for aplastic anemia is suggested by 
the observation that aplasia often responds to treatment 
with antilymphocyte globulin (ALG)/ATG, cyclosporine, 
or both without transplantation. The antilymphocyte 
preparations contain heterogeneous mixtures of antibod-
ies to many cells, including lymphocytes, and are clearly 
immunosuppressive, as well as generally cytotoxic. They 
lead to rapid lymphopenia during and immediately after 
treatment, and the reduced levels of activated lympho-
cytes persist for months. Cyclosporine exerts inhibitory 
T-cell effects and inhibits the transcription of genes for 
cytokines, including interleukin-2 (IL-2) and interferon-
γ.161 It has many other toxic effects on several tissues, 

including the brain and kidney. The attribution of immune 
dysregulation as causal in aplastic anemia based on 
therapy must be tempered with caution because ATG 
and cyclosporine exert multiple effects in addition to 
immunosuppression. The diverse antibodies in ATG 
react with a wide range of antigens, including signal 
transduction and adhesion molecules.162 The component 
or components of ATG active in aplastic anemia have not 
been isolated. Of note, therapies with mixtures of mono-
clonal antibodies specifi c for human T cells have not been 
effective in clinical trials to date (reviewed by Tisdale and 
colleagues163). Furthermore, ATG can increase colony 
growth in normal, myelodysplastic syndrome (MDS), 
and aplastic anemia CD34+ bone marrow cells in 
culture.164,165 ATG treatment also reduces the expression 
of Fas antigen on aplastic anemia bone marrow CD34+ 
cells.166 Cyclosporine is thought to be more specifi cally 
immunosuppressive than ATG, and thus its effi cacy 
further implicates T-cell participation in the patho-
physiology of aplastic anemia. Nonetheless, cyclosporine 
therapy also has a broad range of additional effects. Effec-
tive treatment of myelodysplasia with cyclosporine has 
recently been reported and may suggest that cyclosporine 
may exert additional effects on bone marrow,167 although 
a possible immune mechanism underlying myelodyspla-
sia is also under investigation.168

A role for immune dysregulation in aplastic anemia 
in some patients is further supported by several studies 
of T-cell characteristics in aplastic anemia. Activated cyto-
toxic lymphocyte clones have been isolated from patients 
with aplastic anemia, and in vitro they overproduce inhib-
itory cytokines and inhibit hematopoiesis.169-171 Altered 
helper and cytotoxic T-cell profi les have been reported 
in patients with aplastic anemia.172-174 Identifi cation of a 
T-cell clone with HLA-DRB10405–restricted cytotoxic-
ity for hematopoietic cells has been reported in one 
patient with aplastic anemia.175 Analysis of the CDR3 
region of CD4 cells derived from patients with aplastic 
anemia and an HLA-DR2 haplotype showed a high fre-
quency of clones bearing identical CDR3 DNA sequences 
that were not found in normal controls.176 A recent fl ow 
cytometry study177 in which antibodies against different 
TCR Vβ subfamilies were used and the CDR3 region of 
the TCR β chain was sequenced described dominant T-
cell clones in aplastic anemia patients. The size of these 
clones and the total number of T cells decreased after 
successful treatment with ATG and increased with relapse. 
The Vβ3 CD8+ cell fraction of one patient with aplastic 
anemia induced increased levels of apoptosis of autolo-
gous bone marrow cells, whereas the Vβ3-depleted CD8+ 
T-cell fraction did not induce autologous apoptosis but 
continued to be cytotoxic for allogeneic bone marrow 
mononuclear cells. All of these fi ndings, though sugges-
tive, could also represent secondary manifestations of 
whatever inciting damage caused the aplastic anemia in 
the fi rst place. Direct demonstration of genetically 
restricted suppression of hematopoiesis by a unique 
subset of T lymphocytes, as has been shown for PRCA,178 
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remains a critical area of future active investigation for 
acquired aplastic anemia.

Lymphokines

Whether overproduction or dysregulated production of 
inhibitory cytokines represents a primary cause versus a 
secondary effect of an underlying bone marrow abnor-
mality remains unclear. Interferon-γ, a soluble inhibitor 
produced by T cells, was found to be produced at high 
levels in culture from aplastic anemia patients.179-181 
Interferon-γ is expressed in the marrow of most patients 
with aplastic anemia but not in normal persons or those 
with other hematologic diseases who have undergone 
frequent transfusions.182,183 High pretreatment intracel-
lular interferon-γ levels correlated with response to 
immunosuppressive therapy (IST).1840 Other inhibitory 
cytokines, such as tumor necrosis factor185 and macrophage 
infl ammatory protein-1,186,187 are also overexpressed in 
patients with aplastic marrow. Both interferon and tumor 
necrosis factor directly and synergistically inhibit hema-
topoiesis in vitro.188 In long-term bone marrow culture, 
constitutive low-level expression of interferon-γ is suffi -
cient to markedly reduce the output of both committed 
progenitor cells and LTC-ICs, the stem cell surrogate.189 
Both interferon and tumor necrosis factor enhance the 
potential for programmed cell death within the CD34+ 
compartment by increasing Fas antigen expression on 
target cells.190 Fas antigen is a cell surface molecule in 
the tumor necrosis factor receptor family; its activation 
signals apoptosis.

Microenvironment

In theory, aplastic anemia could be due to a micro-
environment that fails to support hematopoiesis—a lesion 
of “soil” rather than “seed.”72 The anemia of the Sl/Sld 
murine strain, which is missing stem cell factor (SCF), 
the ligand for the c-kit receptor, is an example of such a 
defect.191 Although defects in some stromal cell function 
have occasionally been measured in patients, these defects 
do not appear to be causative in most cases. After marrow 
transplantation, most stromal cell elements remain of 
host origin,192 yet these cells adequately support the 
donor’s stem cells. In the laboratory, aplastic marrow 
usually provides normal adherent cell function in long-
term or Dexter fl ask-type cultures; however, a patient’s 
marrow is a poor source of clonogenic cells when grown 
on normal stroma, consistent with the defect in stem and 
progenitor cell numbers described earlier.193 Some inves-
tigators have reported low fi broblast colony formation in 
aplastic anemia,194 but this assay may not refl ect stromal 
cell function.

Hematopoietic growth factor production and plasma 
levels are usually increased rather than decreased in 
patients with aplastic anemia (reviewed by Koijima195). 
Circulating levels of erythropoietin, granulocyte colony-
stimulating factor (G-CSF) and granulocyte-macrophage 
colony-stimulating factor (GM-CSF), thrombopoietin, 
and fl t-3 ligand are elevated in patients with aplastic 

anemia. SCF levels have been reported to be low to 
normal. Levels of IL-1, produced by monocytes, may be 
low in aplastic anemia. Therapeutic trials with these 
factors have yielded divergent and incomplete responses 
(reviewed by Marsh196), thus casting doubt on the patho-
physiologic signifi cance of defi ciency of these factors.

Clinical Evaluation

The differential diagnosis of pancytopenia is broad (Box 
7-3). The evaluation and diagnostic workup of a pati -
ent with presumed acquired aplastic anemia should be 
directed at eliminating alternative diagnoses for which 
curative therapies are available or for which therapies 
for aplastic anemia would be inappropriate (Table 7-1). 
Because the inherited marrow failure syndromes entail 
different medical management issues, a careful medical 
history, family history, physical examination, and ap -
propriate laboratory evaluation to assess for underlying 
inherited bone marrow failure syndromes should be 
pursued. The diagnosis of an inherited marrow failure 
syndrome also carries profound implications for selection 
of hematopoietic stem cell donors from family members 
and may be important for family planning. Given the 

Box 7-3 Causes of Pancytopenia

HYPOCELLULAR BONE MARROW

Acquired aplastic anemia
Inherited bone marrow failure syndrome (Fanconi’s 

anemia, amegakaryocytic thrombocytopenia, 
dyskeratosis congenita, Shwachman-Diamond 
syndrome)

Paroxysmal nocturnal hemoglobinuria
Hypoplastic myelodysplastic syndrome
Virus-associated aplastic anemia

CELLULAR BONE MARROW

Primary Bone Marrow Disease
Myelodysplasia
Paroxysmal nocturnal hemoglobinuria

Secondary to Systemic Disease
Systemic lupus erythematosus, Sjögren’s syndrome
Hypersplenism
Vitamin B12, folate defi ciency
Infection
Storage disease (Gaucher, Niemann-Pick)
Alcoholism
Sarcoidosis

INFILTRATIVE BONE MARROW DISORDERS

Acute myelogenous leukemia
Acute lymphoblastic leukemia
Hemophagocytic lymphohistiocytosis
Metastatic solid tumors
Osteopetrosis
Myelofi brosis
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wide clinical variability of the inherited marrow failure 
syndromes, even among members of a given family, all 
siblings of a patient with an inherited marrow failure 
disorder should be tested regardless of whether they 
appear to carry clinical stigmata of the disease.

History

The chief initial symptoms relate to low blood counts. 
Bleeding, such as gum oozing, nosebleeds, easy bruising 
with minimal trauma, or heavy menses, may be seen. 
Chronic anemia may be manifested as fatigue, decreased 
activity, or exercise intolerance, although the gradual 
onset of severe anemia can be surprisingly well compen-
sated in young children. Serious infection is not a fre-
quent initial symptom early in the course of aplastic 
anemia. Many patients feel well with few symptoms at 
initial evaluation. A history of steatorrhea or fatty food 
intolerance may be a manifestation of Shwachman-
Diamond syndrome. Gastrointestinal disorders may also 
be associated with other inherited marrow failures syn-
dromes such as dyskeratosis congenita or Fanconi’s 
anemia. A careful family history for blood disorders, 
malignancies, or congenital anomalies that might suggest 
an inherited bone marrow syndrome should be sought. 
A developmental history can provide helpful screening 
for potential congenital, metabolic, or storage diseases. A 
detailed medication, environmental, and infectious 
history should be obtained, especially for the preceding 
1- to 12-month period.

Physical Examination

Clinical appearance is related to the severity and duration 
of the underlying pancytopenia. Hemorrhagic manifesta-
tions from thrombocytopenia occur early and include 
petechiae (particularly on the border of the hard and soft 
palate), ecchymoses, epistaxis, and bleeding from mucous 
membranes. Neutropenia may be associated with oral 
ulcerations, bacterial infections, and fever; these signs are 
rarely present early. Evidence of erythropoietic failure, 
such as pallor, fatigue, and tachycardia, often appears late 
because the life span of erythrocytes (120 days) far 
exceeds that of platelets (10 days) or white cells (variable, 
but measured in hours for granulocytes). Mucous mem-
branes and nail beds may be pale. Lymphadenopathy, 
splenomegaly, and severe weight loss are uncommon and 
may suggest other underlying disorders. Short stature, 
congenital anomalies (especially of the thumbs and fore-
arms), areas of hyperpigmentation or hypopigmentation, 
or dystrophic nails should alert the examiner to possible 
inherited bone marrow failure disorders.

Laboratory Studies

Evaluation should include a complete blood count, retic-
ulocyte count, Coombs test to rule out autoimmune 
destruction, and biochemical profi le, including renal 
and hepatic evaluation. Laboratory tests for possible 
infectious causes should be performed as indicated 
clinically.

TABLE 7-1 Clinical Evaluation

Evaluation Rationale

CLINICAL HISTORY
Recent illnesses Infectious cause
Medications Marrow suppression
Exposure to toxins Marrow suppression
Family history of blood 

disorders, malignancy, 
congenital anomalies

Assess for inherited marrow 
failure

PHYSICAL EXAMINATION
Vital signs Clinical sequelae of cytopenia
Height and weight Assess for inherited marrow 

failure
Congenital anomalies, 

stigmata
Assess for inherited marrow 
failure

Assess for other systemic 
diseases

LABORATORY TESTS
Complete blood count 

and differential
Defi nes severity

 Morphology Malignant versus benign
Vitamin B12 defi ciency
Storage disease

 Reticulocyte count Defi nes severity
Differentiate production 
versus destruction

 Bone marrow biopsy Assess cellularity
Assess architecture 
(granuloma, fi brosis, 
hemophagocytosis, infi ltrative 
or metastatic disease)

Bone marrow aspirate
 Morphology Malignant versus benign

Storage disease
Hemophagocytosis
Congenital disorder

 Cytogenetics Myelodysplasia
 Culture Infectious agent (e.g., 

tuberculosis, virus)
 Other DNA/antigen-based viral tests

PERIPHERAL BLOOD CHEMISTRY

AST, ALT, GGT, 
bilirubin, LDH

Hepatitis

Coombs’ test Autoimmune cytopenia
BUN, creatinine, 

electrolytes
Chronic renal failure

Serologic testing/PCR Hepatitis, EBV, HIV, other 
virus

Flow cytometry for 
CD55/CD59

Paroxysmal nocturnal 
hemoglobinuria

Diepoxybutane or 
mitomycin C 
chromosomal 
breakage

Fanconi’s anemia

Autoimmune disease 
evaluation

Evidence of collagen vascular 
disease

Histocompatibility 
testing of patient and 
family

Establish potential donor pool

ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, 
blood urea nitrogen; EBV, Epstein-Barr virus; GGT, γ-glutamyltransferase; HIV, 
human immunodefi ciency virus; LDH, lactate dehydrogenase; PCR, polymerase 
chain reaction.

Modifi ed from Guinan E. Clinical aspects of aplastic anemia. Hematol 
Oncol Clin North Am. 1997;11:1028.
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Careful evaluation of the peripheral blood smear may 
suggest infection or dietary defi ciency. Blood counts are 
most often uniformly depressed. The blood smear shows 
a paucity of platelets and leukocytes. The anemia is often 
macrocytic, although if erythropoiesis is arrested entirely, 
it may be normocytic. The red cell distribution width, a 
numeric measure of anisocytosis, is most often normal. 
Platelet size is not increased, as it is in most cases of 
immune thrombocytopenia. The absolute reticulocyte 
count is decreased. Granulocyte numbers are clearly 
diminished, as may be those of monocytes and lympho-
cytes.197,198 Increases in fetal hemoglobin (HbF) and red 
cell i antigen are manifestations of the fetal-like erythro-
poiesis seen in “stress” hematopoiesis199 but occur irregu-
larly in patients with aplastic anemia, have no prognostic 
value, and can persist in recovered patients.

Blood chemistry panels should be used to evaluate 
hepatic and renal function. Blood tests to rule out 
Fanconi’s anemia and PNH are important because these 
diagnoses would entail alternative treatments. A growing 
array of genetic testing is available to assist in the diag-
nosis of many of the inherited marrow failure syndromes 
(see Chapter 8). Patients with stigmata of collagen vas-
cular disease should be appropriately evaluated. Early 
HLA typing of the patient and family members is helpful 
in guiding future therapies.

Bone marrow examination must be done by both 
aspiration and biopsy so that cellularity can be evaluated 
both qualitatively and quantitatively. The bone marrow 
in patients with aplastic anemia is hypocellular with 
empty spicules and increased fat, reticulum cells, plasma 
cells, and mast cells (Fig. 7-2). Some dyserythropoiesis 
with megaloblastosis and nuclear-cytoplasmic asynchrony 
may be seen. Aspirates alone may appear hypocellular 
because of dilution with peripheral blood, or they may 
look hypercellular because of areas of focal residual 
hematopoiesis. Biopsies provide more reliable specimens 
for assessment of cellularity, as well as critical informa-
tion regarding bone marrow architecture, such as fi brosis 
or granulomas. Bone marrow aspirates should also be 
sent for cytogenetics and possibly fl uorescent in situ 
hybridization (FISH) to assess for abnormalities associ-
ated with myelodysplasia or malignancy. In addition, 
bone marrow may be sent for culture or DNA-
based antigen detection of infectious agents such as 
viruses.

Management and Outcome

Prognosis

Outcome depends on the types of treatments offered, the 
causes of the aplasia, and the eras and countries being 
analyzed. In a large series conducted before 1957, Wolff 
found a survival rate of only 3%.200 In other series ending 
no later than 1965, complete recovery was reported in 
10% to 35% of patients. In a series of 40 pediatric patients 
seen before 1958, Diamond and Shahidi found that only 

2 patients recovered, 1 of whom suffered recurrence,201 
although these studies may have included patients with 
moderate disease, for whom spontaneous recovery is 
more common.202,203 The long-term prognosis is adversely 
affected by delayed complications such as clonal disease. 
A recent study204 described the natural history of 24 
pediatric patients with moderate aplastic anemia moni-
tored at St. Jude Children’s Research Hospital for a 
median of 66 months (range, 10 to 293 months). Moder-
ate aplastic anemia was defi ned as marrow hypoplasia of 
less than 50% and at least two cytopenias, such as an 
absolute neutrophil count less than 1500/mm3, a platelet 
count less than 100,000/mm3, or reticulocytopenic 
anemia lasting at least 6 weeks. Sixteen patients (67%) 
progressed to severe aplastic anemia, 5 (21%) remained 
in the moderate range, and in 3 patients (12%) the aplas-
tic anemia resolved. It is currently unclear whether early 
institution of therapy for moderate aplastic anemia 
confers an improved outcome. Because current therapies 
are associated with signifi cant side effects, their use in 
children with moderate aplastic anemia, for whom the 
marrow aplasia may resolve spontaneously, warrants 
careful consideration.

Spontaneous Recovery

Spontaneous recovery from aplastic anemia has been 
reported anecdotally, although most cases were probably 
moderate rather than severe. Good supportive care (see 
later) may contribute to such recovery; in one series 14 
of 33 children recovered,205 and children with moderate 
aplastic anemia have been found to have an excellent 
prognosis, even without specifi c treatment.206 A study of 
IST in which 21 patients were randomized (some to 
receive only supportive care) found no improvement in 
the control group after 3 months.207 Spontaneous recov-
ery is suffi ciently rare in patients with severe aplastic 
anemia that all modalities of current therapy should be 
initiated.

Supportive Care

Blood product support should be used judiciously to 
avoid sensitization, and blood product donors should 
never be from the patient’s family for the same reason. 
Complete red cell phenotyping is recommended when 
feasible to minimize the potential risk of erythrocyte anti-
bodies in patients who may receive long-term blood 
product support. All blood products should be fi ltered 
and irradiated. Exposure to potentially hazardous drugs 
or toxins should be eliminated.

Bleeding

Platelet (and red cell) support has probably had the 
greatest impact on survival in patients with aplastic 
anemia and has changed the cause of death from bleed-
ing to infection. Platelets can be provided from several 
individual units of blood or, preferably, by plateletphere-
sis from a single donor to reduce antigenic exposure (see 
Chapter 35).
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FIGURE 7-2. Bone marrow examina-
tion in severe aplastic anemia. A, Note 
the hypocellularity in a biopsy specimen. 
B, Residual cells seen in the aspirate are 
lymphocytes, stromal cells, plasma cells, 
and mast cells. (Courtesy of Dr. Gail 
Wolfe, Boston.)

The main role of prophylactic platelet support is 
reduction of the risk for intracranial hemorrhage, which 
is a rare but potentially devastating event. The general 
threshold platelet count has traditionally been 20,000 
cells/μL; however, this fi gure and the entire practice of 
prophylactic administration of platelet transfusions have 
been questioned.208-210 Platelet transfusions at platelet 
counts below 10,000/μL in stable outpatients with chronic 
severe aplastic anemia was shown to be feasible and safe 
in a recent study.211 Chronic platelet transfusions for 
aplastic anemia are generally given when the patient has 
symptoms of bleeding or is at increased risk for bleeding 
(e.g., toddlers learning to walk, patients with hyper -
tension while taking cyclosporine, patients with fever and 
infection, recent treatment with ATG).

Other measures to reduce bleeding include mainte-
nance of good dental hygiene, use of a soft toothbrush, 
stool softeners, and avoidance of trauma. Drugs that 
may interfere with platelet function, such as aspirin or 
nonsteroidal anti-infl ammatory medications, should be 
avoided in patients with thrombocytopenia. Antifi brino-
lytic agents such as aminocaproic acid and tranexamic 
acid may decrease bleeding, particularly from the gums 
and nasal mucosa.

Infections

There are few reported studies of infection in patients 
with aplastic anemia.212-214 Severe granulocytopenia may 
last for years. However, the immune systems of granulo-
cytopenic patients remain intact, in contrast to the 
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situation in patients with malignancies who undergo che-
motherapy and experience simultaneous neutropenia 
and immunosuppression. Neutropenia (and perhaps 
monocytopenia) increases the risk for bacterial infection 
in patients with aplastic anemia.197 Because neutropenia 
precludes the development of an infl ammatory response, 
identifi cation of an infected locus is often diffi cult. The 
bacterial organisms may be gram-negative bacilli such as 
Escherichia coli, Klebsiella pneumoniae, or Pseudomonas 
aeruginosa, as well as gram-positive cocci, including 
Staphylococcus aureus, Streptococcus epidermidis, and other 
streptococci. Immunosuppression as a result of prepara-
tion for BMT or as primary therapy for aplastic anemia 
may lead to unusual bacterial, fungal, viral, and protozoal 
infections. Recommendations for specifi c antibiotics and 
other anti-infection agents are beyond the scope of this 
chapter, and regimens are changing rapidly as new gen-
erations of treatment are developed.

The use of prophylactic antibiotics has no role in a 
“well” patient with aplastic anemia. Patients undergoing 
IST should receive prophylaxis for Pneumocystis carinii. 
In the context of fever and neutropenia, complete evalu-
ation and culture of all possible sites should be followed 
by the administration of broad-spectrum parenteral anti-
biotics. Fungal infections occur frequently in neutropenic 
patients who have received repeated or extended courses 
of antibiotics; candidiasis and especially aspergillosis, 
which lead to sinusitis, lung disease, or disseminated 
infection, are distressingly frequent causes of death in 
those with aplastic anemia.212 Antecedent or concurrent 
administration of steroids increases this risk. Aggressive 
introduction of antifungal treatment is indicated in a 
persistently febrile patient who is unresponsive to antibi-
otics or in the appropriate clinical setting.

Anemia

Red cells should be provided as clinically indicated. 
Hemoglobin should be maintained at a level consistent 
with normal activities if routine transfusions are to be 
used. Chronic anemia can be well tolerated once adapta-
tion has occurred, and some children who can sustain a 
hemoglobin level greater than 6 to 7 g/dL without trans-
fusions (i.e., a child who is not bleeding) may be carefully 
observed. Long-term transfusions lead to iron overload 
with accumulation in critical organs. Permanent damage 
to the heart, liver, and endocrine glands from iron over-
load may be prevented by iron chelation therapy.215

Treatment

Bone Marrow Transplantation

The general topic of BMT is described in Chapter 9. The 
discussion that follows is limited to the role of BMT in 
the treatment of aplastic anemia.

The earliest transplants for aplastic anemia involved 
identical twins. Subsequent defi nition of the human his-
tocompatibility gene complex, the development of immu-
nosuppressive regimens, and improved support of severely 

pancytopenic patients led to more general application of 
this form of therapy. Stem cell transplantation between 
identical twins in the absence of any conditioning regimen 
was curative in around 50% of cases.138-141 A recent study 
showed that the highest long-term survival with identical 
twin transplants was achieved by using an algorithm of 
initial transplantation without conditioning followed by 
a subsequent transplant with conditioning for any patients 
demonstrating engraftment failure with the fi rst trans-
plant. None of the patients in whom the fi rst transplant 
failed died before receiving a second transplant, and mor-
tality was similar to that in patients who received condi-
tioning up-front.141 The European Group for Blood and 
Marrow Transplantation (EBMT) recently reported 
actuarial 5-year survival rates among syngeneic twin 
transplants performed between 1976 and 1998 to be 
91%.

Initial outcomes with cyclophosphamide regimens 
were associated with a high risk of graft rejection.216 The 
combination of cyclophosphamide and radiation therapy 
improved engraftment rates but was limited by increased 
toxicity and increased rates of GVHD associated with 
radiation therapy.217,218 The combination of ATG and 
cyclophosphamide together with the use of cyclosporine 
to prevent GVHD and increased stem cell infusion doses 
have resulted in lower rates of graft rejection (3.7% in 
one recent series of 81 patients).219 Exposure to blood 
products before transplantation was associated with an 
increased risk for allosensitization and subsequent graft 
rejection. The detrimental role of transfusions may have 
decreased with the routine use of leukocyte-free prod-
ucts, as well as with strict avoidance of the use of family 
members as donors.220 The addition of fl udarabine, a 
highly immunosuppressive nucleoside analogue, has 
yielded high rates of engraftment, even in heavily pre-
transfused patients with aplastic anemia.221 Outcomes of 
HLA-matched allogeneic BMT have been reported by 
large registries, which combine the results of many con-
tributing centers, or in single-center studies by the largest 
referral centers.222,223 Recent studies of transplants from 
HLA-matched family donors report survival rates of up 
to 88% to 97% with 4 to 10 years of follow-up in children 
(Table 7-2).218,219,224,225 Transplantation in patients of 
advanced age is associated with lower survival and 
increased rates of GVHD.

GVHD remains another factor limiting outcomes 
after matched sibling transplants.226 The reader is referred 
to Chapter 9 for a full discussion of GVHD. Secondary 
solid tumors may arise after BMT, with a cumulative 
incidence of 10% 15 years after transplantation noted in 
a recent report.218 Nine of the 11 tumors reported in that 
study arose in patients who underwent a radiation-
containing conditioning regimen. The cyclophospha-
mide-based conditioning regimens currently reported for 
matched sibling transplants for aplastic anemia are gen-
erally associated with few long-term effects. Growth and 
development, endocrine function (thyroid and adrenal), 
and long-term gonadal function (ovarian and testicular) 
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are typically preserved. The use of myeloablative radia-
tion-containing regimens may be associated with growth 
compromise, endocrine dysfunction, and irreversible 
gonadal failure.227,228

The preceding discussion refers to transplants from 
HLA-matched sibling donors; however, 75% to 80% of 
transplant patients do not have such a donor. Alternative 
donors include HLA-matched but unrelated volunteers, 
phenotypically but not genotypically matched relatives, 
and partially matched (mismatched) donors. Umbilical 
cord blood provides an alternative source of stem cells 
for hematopoietic stem cell transplantation and is dis-
cussed in Chapter 9. Ongoing advances in high-
resolution HLA typing techniques continue to improve 
selection of HLA-matched donors. The reader is referred 
to Chapter 9 for a general discussion of alternative donor 
bone marrow transplants. Currently, long-term survival 
after alternative donor stem cell transplantation for aplas-
tic anemia has generally been lower (<50% long-
term survival rate) than that after matched sibling donor 
transplantation.229 The risk of graft rejection is greater, 
the higher-intensity conditioning regimens required to 
promote engraftment entail greater treatment-related 
toxicity, and the risk for GVHD is higher. The longer 
delay from diagnosis to transplantation for unrelated 
donor transplants might also contribute to the higher 
risk.

Studies to reduce regimen-related toxicity while 
preserving engraftment are ongoing. Replacement of 
radiation therapy with fl udarabine together with cyclo-
phosphamide and ATG in 38 patients with aplastic 
anemia undergoing transplantation with an unrelated or 
family mismatched donor yielded low rates of acute 
(11%) and chronic (24%) GVHD, but graft failure or 
rejection rates (18%) remained relatively high. The actu-
arial 2-year survival rate was 73%.230 A prospective multi-

center study of 87 unrelated donor transplant patients 
(median age of 18.6 years) who had previously failed 
therapy for aplastic anemia investigated the effects of 
de-escalating the dose of radiation from 600-cGy total 
body irradiation (TBI) down to 200-cGy TBI given 
together with cyclophosphamide (200 mg/kg) with or 
without ATG. Engraftment was preserved at the lowest 
TBI dose, with a graft failure rate of only 2% for HLA-
matched unrelated donor transplants. The survival rate 
was 61% (38/62) for HLA-matched and 40% (10/25) for 
HLA-mismatched transplant recipients at a median 
follow-up of 7 years. Outcomes were better for younger 
patients (<20 years of age), who had a 5-year survival rate 
of 73%. Rates of GVHD, however, were comparable 
across all radiation doses (69% to 77% with grade II to 
IV acute GVHD; 52% to 57% with chronic GVHD). 
Additional trials are ongoing to investigate whether 
replacement of cyclophosphamide with fl udarabine might 
reduce toxicity while preserving engraftment.231 Addi-
tional strategies include T-cell depletion232 (with its atten-
dant high risk of rejection), anti-CD52 antibody,233 or 
haploidentical CD34 selection,234 and research in this 
fi eld is actively ongoing.

Immunosuppression

Antithymocyte Globulin. ALG and ATG (the sera 
produced by immunization of horses or rabbits with 
human thoracic duct lymphocytes or thymocytes) are 
highly cytotoxic reagents with activity against all blood 
and marrow cells, including progenitors. These reagents 
were initially used to decrease the rate of rejection of 
HLA-matched bone marrow. ALG, cyclophosphamide, 
or both were also used to permit at least temporary 
engraftment with mismatched marrow in aplastic pati -
ents without a matched donor.158,159,160,2354,236 Autologous 
recovery occurred in some of these patients, which 

TABLE 7-2 Representative Recent Allogeneic Transplantation Studies That Include Pediatric Patients

Study Years Patients Age (yr) 

Years of 
Follow-up 
(Median and 
Range)

Conditioning 
Regimen (n)

Graft 
Rejection/
Failure 

Graft-
versus-Host 
Disease Survival Malignancy

Kojima 
et al. 
(Japan)224

1984-1998  37 Median, 
10 (range, 
0-16)

7.4 (0.5-13.8) Cy, TLI (22)  0 6% acute 97% 0
Cy, ATG (9) 3% chronic
Cy, ATG, 

TLI (2)
Gupta 

et al. 
(UK)225

1989- 2003  33 Median, 
17 (range, 
4-46)

4.9 Cy, anti-
CD52

24% 14% acute, 
4% 
chronic

81% 1 EBV LPS

Ades et al. 
(France)218

1978- 2001 143 73 < 20 yr
60 > 20 yr

15.9 ± 0.7 
(Cy-TAI)

4.4 ± 0.8 
(Cy-ATG)

Cy-TAI (100)
Cy-ATG (33)

 3% 79% 
chronic

58.7% ± 
5.2% at 
15 years; 
>90% 
with 
Cy-ATG

10.9% 
(9/100 
Cy-TAI, 
2/33 
Cy-ATG) 

Kahl et al. 
(Seattle)219

1988- 2004  81 25.1 
(range, 
2-63)

9.2 (0.5-16.4) Cy-ATG  3.70% 24% acute, 
26% 
chronic

88% 1 EBV LPS. 
5 solid 
tumors

ATG, antithymocyte globulin; Cy, cyclophosphamide; EBV LPS, Epstein-Barr virus lymphoproliferative syndrome; TAI, total abdominal irradiation; TLI, total lymphoid irradiation.
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encouraged several groups to examine the use of ATG or 
ALG with and without haploidentical BMT. Treatment 
with ALG was superior to controls in both response rate 
and 3-year survival.207 The use of other agents in addition 
to ALG therapy can further enhance the therapeutic 
effect.

ATG or ALG/antilymphocyte serum is often given 
up to a total cumulative dose of 100 to 160 mg/kg, typi-
cally divided over 4 days. Immediate allergic reactions to 
ALG are rare and can be predicted by skin testing, fol-
lowed by desensitization in those who are allergic.237 The 
patient begins to make antibodies to horse protein about 
1 week after the fi rst exposure, at which point equine 
antibodies are rapidly cleared from the circulation. This 
reduces the effective dose and enhances immune complex 
formation. Serum sickness as a result of immune complex 
deposition may be manifested around 11 days after initia-
tion of treatment as fever, a serpiginous rash at the volar-
dorsal border of the hands and feet, arthralgia, myalgia, 
lassitude, and changes in urine sediment. Bronchospasm 
or liver chemistry abnormalities may also occur. A short 
course of corticosteroids is usually given (prednisone, 
1 mg/kg) to reduce ATG-related side effects. ATG binds 
to determinants on all cell types in blood and marrow, 
reduces platelet and granulocyte counts in addition to 
the lymphocyte counts, and may lead to a positive 
Coombs test. Thrombocytopenia may require intensive 
blood product support during this time.238

Responses to ATG given as a single agent usually 
occur within the fi rst 3 months, if at all, and blood count 
improvement by 3 months correlates with survival.239 The 
earliest response to therapy may be heralded by the 
appearance of a few granulocytes and nucleated red cells 
in the circulation. Red cell size distribution histograms 
typically show a macrocytic shoulder.240 Reticulocytes 
appear, transfusions decline, and the hemoglobin level 
increases slowly. The white cell count rises next. The last 
cell line to return to normal is often the platelets, whose 
numbers may remain low for months or even years. The 
recovering red cells are not normal; in addition to macro-
cytosis, HbF levels are increased and fetal membrane 
antigens may remain present.241 Long-term survivors 
(except those with successful transplants) often have 
residual abnormalities such as thrombocytopenia, red 
cell macrocytosis, and elevated HbF levels.242 Clearly, we 
do not understand either the mechanism of action of this 
poorly characterized drug, the ultimate course of patients 
with ATG-induced remission, or the basis of their partial 
recovery.

Cyclosporine. Cyclosporine (formerly cyclosporin A) 
is a fungal cyclic undecapeptide and an effective immu-
nosuppressive agent.243 Among its many effects, cyclo-
sporine can inhibit T cells and thereby prevent production 
of IL-2 and interferon-γ.161 About half of the patients who 
had failed ATG or ALG treatment subsequently experi-
enced remission with cyclosporine.244,245 Treatment with 
cyclosporine alone yielded signifi cantly lower response 

rates and higher rates of disease progression than did 
treatment with combined therapy.246,247

Oral cyclosporine should be administered twice 
daily to maintain blood trough levels between 100 and 
250 ng/mL as measured by radioimmunoassay, although 
target levels may vary depending on the laboratory 
methods used to determine cyclosporine levels. Hemato-
logic responses can take weeks to months, and an initial 
trial period of 3 to 6 months is generally recommended.

Toxic effects from the use of cyclosporine are not 
insignifi cant and include hypertension, hypertensive 
encephalopathy, azotemia, hirsutism, gingival hyper-
trophy, coarsening of facial features, tremor, immunode-
fi ciency, increase in serum creatinine levels, transient or 
irreversible nephrotoxicity, hepatotoxicity, seizures, and 
P. carinii pneumonia.243 As with ATG, in vitro tests of the 
effect of cyclosporine on progenitor cells do not predict 
responses.248

Combination Immunosuppressive Therapy. The com-
bination of ATG with cyclosporine has resulted in higher 
rates of hematologic recovery than with either drug 
alone.246,247,249 Importantly, intensive IST has greatly 
improved the results of therapy in two groups commonly 
refractory to ALG or ATG alone: patients with very 
severe disease and children.250,251 In the National Insti-
tutes of Health (NIH) Clinical Center trial,252 survival 
curves of those older and younger than 35 years were 
similar. A large study including both children and adults 
at the NIH reported a response rate of 67% at 43 months 
and a 5-year actuarial survival rate of 70% (86% for 
responders and 16% for nonresponders).253 The EBMT 
Working Party on Severe Aplastic Anemia and the Gruppo 
Italiano Trapianto di Midollo Osseo (GITMO) study of 
100 patients, including children (median age, 16 years), 
with severe aplastic anemia treated with ALG, cyclospo-
rine, prednisolone, and G-CSF found a trilineage hema-
topoietic response in 77% after one or more courses of 
ALG.254 Several trials in children have reported the effi -
cacy of combined ATG and cyclosporine in the pediatric 
population with an overall response rate of close to 
80%.250,251,255-257

ATG is typically given over a period of 4 days in 
combination with a 6- to 12-month course of cyclospo-
rine. The lack of a unifi ed defi nition for response com-
plicates comparison of different studies, but in general, 
a complete response refers to normal or functionally 
normal blood counts, a partial response denotes hemo-
globin and platelet counts adequate to avoid the need for 
transfusion and neutrophil counts typically greater than 
500/μL, and no response commonly refers to continued 
severe aplastic anemia. Improvements in blood counts 
are delayed and may not be evident for many weeks. In 
a study including both children and adults, response 
rates, defi ned as at least a partial response in two blood 
cell lineages, were 67% at 3 months and 71% at 6 months 
after initiation of combined ATG and cyclosporine 
therapy.252 Cyclosporine should be tapered gradually 
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with close monitoring of blood counts before each 
decrease in dosage. A persistent drop in blood counts can 
often be treated by either an increase in cyclosporine 
dosage or reinitiation of the full dose. Some patients 
require continuous cyclosporine, and these patients 
should be maintained on the lowest effective dose. In a 
review of ongoing trials by the German multicenter group 
and the NIH, 29% and 14% of initial responders, respec-
tively, were found to require continuous treatment.252 
Reoccurrence of frank pancytopenia generally requires a 
second course of ATG followed by full-dose cyclospo-
rine. Patients treated with IST often continue to have 
subnormal counts and may remain macrocytic. Although 
the majority of patients respond within 6 months, delayed 
responses beyond that time may be seen in some 
patients.

About 20% to 40% of patients in pediatric studies 
fail to respond to ATG and cyclosporine therapy (Table 
7-3), and a recent study of mostly adult patients reported 
failure to achieve response in around 40% of patients.259 
In most studies, failure of response is typically defi ned as 
persistence of severe aplastic anemia. In adult patients 
failing the fi rst treatment with horse ATG, 63% of those 

receiving a second course of horse ATG responded,260 
and 77% (23/30) of those initially treated with horse 
ATG and cyclosporine responded to a second course of 
rabbit ATG and cyclosporine.261 Less acute reactions 
were noted when the source of ATG was varied between 
the fi rst and second treatments. The time frame to 
response after a second course of IST was similar to that 
observed after initial treatment. Patients failing to 
response to two courses of IST are unlikely to respond 
to a third treatment course.262

Because androgens are effective in treating some 
patients with aplastic anemia (see later), the effect of 
combining androgen treatment with ATG was examined 
in several trials. Champlin and associates reported no 
difference in response rate or survival in patients with 
moderate to severe aplastic anemia.263 Studies by 
Kaltwasser and colleagues264 and the EBMT265 found 
signifi cantly higher response rates after ALG plus andro-
gens (73% and 56%) than after ALG alone (31% and 
40%). A recent retrospective study in adults reported an 
overall response rate of 77% and overall survival rate of 
78% 5 years after treatment with ATG plus androgens.266 
Because some patients with inherited causes of aplastic 

TABLE 7-3 Pediatric Studies of Immunosuppressive Therapy for Aplastic Anemia

Study Years 
Patient 
Number Treatment

Follow-
up (yr) Response Survival Relapse

Clonal 
Abnormality

Fuher 
et al.255

1993-1997 86 (49 
vSAA, 30 
SAA, 7 
MAA)

ALG, Cy, 
G-CSF

4 80% (OR) 87% 15% 3% clonal 
abnormalities, 
4.7% AML

Kojima 
et al.250

1992-1997 119 (50 
vSAA, 36 
SAA, 33 
MAA)

ATG, Cy, 
DAN, ± 
G-CSF

4 71% (OR) 
vSAA, 
61% (OR) 
SAA + G-
CSF, 83% 
(OR) SAA 
− G-CSF

83% 
vSAA, 
91-93% 
MAA + 
SAA

13% vSAA, 
29% 
MAA/SAA 
+ G-CSF, 
64% 
MAA/SAA 
− G-CSF

3%

Kojima 
et al.258

1992-1997 113 (39 
vSAA, 47 
SAA, 27 
MAA)

ATG, Cy, 
DAN, ± 
G-CSF

Median, 
5.3; 
range, 
3.75-8.9

30% CR, 
31% PR, 
42% NR 
at 6 
months

87% NR 13.7% 
cumulative 
incidence of 
MDS at 8 
years, 21.9% 
cumulative 
incidence 
of clonal 
cytogenetic 
abnormalities 
at 8 years

Goldenberg 
et al.257

1990-2003 14 ATG, Cy 
± G-CSF

Median, 
4.4; 
range, 
0.8-13.3

93% (OR) 93% 0 0

Fuher 
et al.251

1993-2001 97 vSAA ATG, Cy, 
G-CSF 

Median, 
4.1

69% (CR) 
vSAA

93% vSAA 13% vSAA NR

49 SAA 44% (CR) 
SAA

81% SAA 14% SAA NR

ALG, antilymphocyte globulin; ATG, antithymocyte globulin; CR, complete response; Cy, cyclosporine; DAN, danazol; G-CSF, granulocyte colony-stimulating 
factor; MAA, moderate aplastic anemia; MDS, myelodysplastic syndrome; NR, not reported; OR, overall response; PR, partial response; SAA, severe aplastic anemia; 
vSAA, very severe aplastic anemia.
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anemia may experience hematologic improvement after 
androgen therapy,267 it is important to rule out an under-
lying inherited marrow failure syndrome. The side effects 
of androgen may be unacceptable to some patients, and 
their use for acquired aplastic anemia in children is gen-
erally limited.

Relapse. Relapse after IST has been reported in 
around a third of patients in studies that include both 
children and adults,258,268 although lower rates of relapse 
may be attained with slow tapering of cyclosporine and 
continued maintenance doses at the lowest required 
cyclosporine dose for some patients. Lack of standard-
ized defi nitions of relapse hamper comparison between 
studies. An EBMT study including both children and 
adults reported an actuarial risk for relapse of 35% at 14 
years.269 Relapses were observed up to 10 years after 
treatment. Disease severity, age, sex, and cause were not 
predictive of relapse. Large studies of relapse risk after 
IST in the pediatric population are scarce. The results of 
these studies are summarized in Table 7-3.

Tichelli and co-workers studied the effi cacy of 
repeated treatment with ALG in patients with severe 
aplastic anemia who either failed to respond to an initial 
course of ALG or experienced hematologic relapse.260 
Independence from transfusion was achieved in 63% and 
the probability of survival was 52% ± 8% at 10 years. No 
differences were noted between patients retreated for 
nonresponse versus relapse. No increases in acute toxic-
ity were noted with additional courses of ALG, although 
the timing of serum sickness tended to be earlier after 
repeat ALG administration. Relapse had little effect on 
survival in patients responding to reinstitution of immu-
nosuppression. A study of 22 patients refractory to com-
bined ATG/cyclosporine reported an overall response 
rate of only 30% at 6 months. This study included 
two refractory patients younger than 18 years, neither 
of whom responded to a second course of IST. Of 
21 patients relapsing after ATG/cyclosporine treatment, 
an overall response rate of 65% was observed.270 A 
retrospective study of 18 relapsed or refractory pa -
tients reported responses to a third course of an ATG-
containing regimen only in those who had previously 
responded to a prior course of treatment.262

Complications of Immunosuppressive Therapy. 
Patients treated for aplastic anemia with IST have an 
increased risk for the development of clonal hematopoi-
etic disorders (reviewed elsewhere271,2720). Because ATG 
and cyclosporine are not associated with an increased 
risk for MDS or leukemia in patients treated for other 
disorders, these complications are believed to result from 
the underlying dyspoiesis of aplastic anemia. In an analy-
sis of 860 aplastic anemia patients treated with immuno-
suppression, 42 malignant conditions were reported, 
including 19 cases of PNH, 11 cases of myelodysplasia, 
15 cases of acute leukemia, 7 solid tumors, and 1 non-
Hodgkin’s lymphoma.273 Of 748 aplastic anemia patients 

treated by transplantation, nine malignancies were 
reported: two acute leukemias and seven solid tumors. 
The cumulative incidence of a malignant tumor develop-
ing at 10 years was 18.8% after immunosuppression and 
3.1% after transplantation. A recent NIH study of 122 
patients treated with immunosuppression showed a 33% 
actuarial risk of a clonal hematopoietic disorder develop-
ing at 10 years.4 An increased risk for clonal abnormali-
ties as high as 21.9%258 has been reported in some studies 
of pediatric patients with aplastic anemia. An increased 
risk for MDS or acute myelogenous leukemia has also 
been observed in pediatric patients (Table 7-3). Although 
an association between the use of G-CSF and risk of 
clonal disease has been observed,258 in the absence of 
randomized studies, the question of causality remains 
unanswered. These data suggest that a clonal transfor-
mation of stem cells may underlie aplastic anemia, at 
least in a subset of patients. Prolonged survival with 
ATG/ALG/cyclosporine may permit the expected clonal 
evolution.

Transplantation versus Immunosuppression

The decision to treat with immunosuppression versus an 
HLA-identical sibling stem cell transplant for the 25% 
of patients for whom a suitable donor is available is based 
on consideration of the risks and benefi ts, which vary 
according to patient age and neutrophil count. Up-front 
toxicities associated with the conditioning regimens, 
GVHD, and graft rejection are the major problems related 
to stem cell transplantation, but this treatment offers the 
potential for long-term cure. Immunosuppressive and 
cytotoxic therapy is associated with lower acute toxicity 
but often yields incomplete hematologic recovery and is 
accompanied by late mortality from long-term complica-
tions such as relapse and clonal hematologic disorders. 
Comparison of outcomes after BMT and IST in children 
supports the benefi t of HLA-matched sibling stem cell 
transplantation. Kojima and co-authors224 reported a 
study of 100 children younger than 17 years with aplastic 
anemia between 1984 and 1998. Thirty-seven patients 
received allogeneic bone marrow transplants and 63 
received IST with either ATG plus danazol or ATG and 
cyclosporine with or without danazol. Some patients also 
received G-CSF. Eleven patients initially treated with 
IST received subsequent salvage treatment with an unre-
lated donor transplant. The projected 10-year survival 
rate was 55% ± 8% with IST and 97% ± 35% with trans-
plantation. The failure-free survival rate at 10 years was 
40% ± 8% for the IST group and 97% ± 3% for the 
transplant group. MDS with monosomy 7 developed in 
seven patients in the IST group, and the estimated 10-
year cumulative incidence of MDS was 20% ± 7%.

A recent report from the EBMT analyzed 1765 
patients with aplastic anemia who underwent initial treat-
ment with either an HLA-identical sibling transplant or 
IST.222 Analysis was performed on an “intent-to-treat” 
basis. Patients were 1 to 50 years of age and treated 
between 1974 and 1996. Five hundred eighty-three 
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patients received HLA-identical sibling transplants and 
1182 underwent IST. A comparison of IST versus BMT 
in patients stratifi ed by age and neutrophil count showed 
superior failure-free survival with transplantation for 
children regardless of their neutrophil count. The advan-
tage of transplantation increased with increasing follow-
up time, most likely because of the ongoing risks of late 
relapse and evolution to myelodysplasia and leukemia in 
the group receiving IST. Children have lower mortality 
with stem cell transplantation and a longer post-
treatment life expectancy, which places them at higher 
risk than older adults for late complications. Thus, the 
current recommendation is to treat young patients (≤10 
years) with HLA-identical sibling stem cell transplants 
when a suitable donor is available. Patients with severe 
disease also do better with BMT. It is important to note 
that many patients in these studies of long-term out-
comes were treated before the development of current 
combined immunosuppressive regimens containing both 
ATG and cyclosporine.

For patients lacking a suitable HLA-matched sibling 
donor, treatment with ATG and cyclosporine is generally 
the preferred line of therapy given the higher risk of 
toxicity and morbidity associated with current alternative 
donor transplant regimens. For patients who fail to 
respond to an initial course of ATG and cyclosporine, 
either a second course of ATG/cyclosporine or an alter-
native donor hematopoietic stem cell transplant may be 
considered. The risks and benefi ts of each approach will 
vary for each patient, but the risks associated with pro-
longed delay to potential transplantation274 should be 
weighed against the most current data on alternative 
donor regimens.

Hematopoietic Growth Factors

Although patients with aplastic anemia do not have a 
defi ciency of most hematopoietic growth factors (see 
earlier), it was hypothesized that pharmacologic levels 
might stimulate hematopoiesis of one or more cell lines.196 
Small trials of GM-CSF, G-CSF, IL-3, IL-1, IL-6, and 
SCF in mostly adult patients with aplastic anemia do not 
support the use of growth factors as primary treatment 
of aplastic anemia, and serious side effects were noted 
with some agents. To date, no consistent benefi t in terms 
of response rate or survival after the adjunctive use of 
growth factors such as G-CSF in immunosuppressive 
regimens has been observed.250,275 No improvement in 
overall response rates were noted in a retrospective study 
of 18 pediatric patients receiving GM-CSF in addition 
to ATG and cyclosporine.276 Responses to single or com-
bined growth factors have been reported in a few refrac-
tory patients.

G-CSF is associated with fl u-like symptoms, bone 
pain, and splenomegaly. Symptoms of “cytokine fl u”—
fever, rash, hives, headache, and myalgia—are common 
but do respond to acetaminophen or resolve with the 
passage of time. Bone pain may be a symptom of increased 
marrow activity, although this is more commonly seen 

with G-CSF. At higher doses, the severity of symptoms 
increases, and there may be evidence of visceral engorge-
ment and fl uid retention.

The potential risk of promoting or stimulating the 
development of abnormal hematopoietic clones leading 
to a further increased risk for myelodysplasia or leukemia 
after prolonged treatment with growth factors remains a 
concern in patients with aplastic anemia. Although asso-
ciations between G-CSF treatment and the subsequent 
development of MDS and leukemia have been reported,277 
in the absence of randomized prospective trials, it is not 
clear whether this represents an effect of growth factor 
treatment or merely an association refl ecting the natural 
history of aplastic anemia of suffi cient severity to warrant 
the addition of G-CSF.

Androgens

Androgens no longer have a primary role in the manage-
ment of aplastic anemia, unless the fi rst-line therapies 
discussed earlier are unavailable or unsuccessful. As 
described previously, androgens have been used as 
adjuncts to immunosuppression.

The mechanism of action has been reviewed exten-
sively by Gardner and Besa.278 Androgens increase eryth-
ropoietin production279 and stimulate erythroid stem 
cells.280 Hemoglobin levels increase in normal males at 
puberty and in patients treated with androgens for arthri-
tis or breast cancer or in old age. Shahidi and Diamond 
were the fi rst to report success with testosterone,281 and 
large confi rmatory series were published in France282 and 
Mexico.283 However, later critical evaluations revealed no 
evidence supporting the use of androgens. Despite the 
use of androgens, greater than 75% mortality has been 
reported in children204 and adults.284 Androgen-treated 
patients often did not do as well as those who were not 
treated with these hormones.203,285 The older publications 
often failed to distinguish patients with moderate and 
severe aplastic anemia. Camitta and co-workers per-
formed a prospective, multicenter analysis beginning in 
1974 and concluded that androgens (whether oral or 
intramuscular) were no more effective than supportive 
care alone for severe aplastic anemia.286,287

Improvement, if it occurs, is usually greatest in hema-
tocrit, although increases in granulocyte and platelet 
counts may also be seen. Response may take weeks to 
months, and trials of at least 3 months are recommended 
before declaring a patient unresponsive. The major side 
effect of androgens is liver toxicity. Cholestatic jaundice 
and hepatomegaly are usually reversible. Peliosis hepatis 
(blood lakes) has been reported.288 Hepatic tumors are a 
serious risk, although the pathologic picture is usually 
that of a benign adenoma; such tumors may be reversible 
when use of the androgen is discontinued. Other side 
effects include masculinization with hirsutism, baldness, 
deepening of the voice, and enlargement of the genitalia. 
Acne, fl ushing of the skin, nausea, and sodium and fl uid 
retention also occur. The appetite is stimulated, and there 
is weight gain with increased muscular development. The 
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rate of skeletal maturation may be increased, with even-
tual premature fusion and ultimate short stature.289 
All patients who receive androgens should be moni -
tored with frequent liver function testing, annual liver 
ultrasound examination, and annual bone age 
determination.

Corticosteroids

Modest doses of methylprednisolone are generally given 
during ATG or ALG treatment to lessen the side effects 
of serum sickness. As a single agent, very high doses of 
corticosteroids have been reported to lead to responses 
in a few patients.290,291 Treatment with high-dose steroids 
is associated with substantial toxicity, including hyper-
tension, hyperglycemia, fl uid retention, potassium 
wasting, psychosis, aseptic necrosis of the femoral and 
humeral heads, and increased susceptibility to fungal 
infections. Given the higher response rate and lower tox-
icity profi le of ATG, high-dose steroids are not recom-
mended as fi rst-line therapy for aplastic anemia.

Splenectomy

Splenectomies were performed until recently, perhaps for 
want of something better to offer to patients. A review in 
1957 indicated improvement in 20 of 35 patients.292 
More recently, the operation has been performed to facil-
itate supportive care.293 Unless there are clear indications 
of hypersplenism signifi cantly impeding platelet and red 
cell transfusion support, the operation does not seem 
warranted.

Other Therapies

New therapeutic regimens are aimed at improving rates 
of hematologic response and minimizing acute and long-
term complications of therapy.163 The current status of a 
few investigational regimens is summarized in the follow-
ing sections.

Cyclophosphamide

Administration of high doses of cyclophosphamide is 
effective IST and is not myeloablative in normal hosts. 
Historically, a few patients who received high-dose cyclo-
phosphamide as preparation for BMT rejected their 
grafts and underwent autologous recovery. An early study 
of treatment with this drug without transplantation indi-
cated a complete response in 7 of 10 patients treated with 
45 mg/kg/day for 4 days.294 A study of 19 previously 
untreated patients with aplastic anemia reported a 73% 
overall response rate at 24 months with a 65% probability 
of achieving a complete response at 50 months and an 
85% survival rate at 24 months.295 No relapses or clonal 
disorders were observed in the responding patients. A 
phase III prospective randomized trial compared high-
dose cyclophosphamide plus cyclosporine with ATG plus 
cyclosporine as fi rst-line therapy.296 The trial was termi-
nated prematurely because of invasive fungal infections 
and three early deaths in the group treated with cyclo-
phosphamide plus cyclosporine (none were noted in the 

ATG/cyclosporine group). Responses at 6-month follow-
up were seen in 6 of 13 (46%) patients treated with 
cyclophosphamide plus cyclosporine versus 9 of 12 
(75%) treated with ATG plus cyclosporine. Trials of 
high-dose cyclophosphamide as a single agent in patients 
refractory to previous IST reported a 53% response rate 
and 59% survival rate at a median follow-up of 29 
months.297 The generally prolonged time to response and 
associated toxicity are potentially limiting factors, and 
additional studies are required to determine whether the 
development of long-term complications such as relapse 
or clonal disease will be less frequent than with ATG and 
cyclosporine.

Recombinant Humanized Anti–Interleukin-2 
Receptor Antibody

The IL-2 receptor is found on activated T cells and is 
required for T-cell expansion.298 A pilot study of 17 
patients with moderate aplastic anemia treated for 3 
months with a humanized monoclonal antibody against 
the IL-2 receptor (daclizumab) reported improved blood 
counts in 38% of patients.299 Daclizumab was well toler-
ated with minimal side effects. Further studies on the 
use of daclizumab in patients with aplastic anemia are 
warranted.

Mycophenolate Mofetil

Mycophenolate mofetil (MMF, CellCept) is the prodrug 
of mycophenolic acid, which inhibits B- and T-cell pro-
liferation through inhibition of inosine monophosphate 
dehydrogenase, which is involved in guanine nucleotide 
synthesis.300 MMF has been in clinical use for prevention 
of solid organ transplant rejection and treatment of auto-
immune diseases. Though generally well tolerated, side 
effects of MMF include leukopenia and marrow suppres-
sion. A study of 104 patients with severe aplastic anemia 
treated with ATG, cyclosporine, and MMF reported an 
overall response rate of 62% at 6 months.301 Relapses 
were seen in 37% of responders, with more than half of 
relapses occurring while the patients were still receiving 
MMF. Clonal abnormalities were noted in 8.7% of 
patients after a median follow-up of 42 months. No dif-
ference in overall survival was noted between children 
and adults. The addition of MMF did not result in 
improved rates of response, relapse, or clonal abnormali-
ties in comparison to those reported after treatment with 
ATG and cyclosporine.

ACQUIRED PURE RED CELL APLASIA

Acquired pure red cell aplasia (APRCA) is a term that 
embraces a range of incompletely understood aregenera-
tive anemias (sometimes associated with neutropenia and 
thrombocytopenia) that must be considered in the dif-
ferential diagnosis of congenital Diamond-Blackfan 
anemia (see Chapter 8). Unifying characteristics of this 
broad range of disorders are anemia and a paucity of 
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recognizable erythroid precursors in bone marrow. The 
anemia may be macrocytic if some residual “stress” 
erythropoiesis is present. If there is complete arrest of 
erythropoiesis, the anemia will be normocytic or even 
slightly microcytic and hyperchromic if the arrest of 
erythropoiesis has existed for 2 months or more because 
red cell volume shrinks as red cells age in the circulation. 
In some cases, particularly those associated with parvo-
virus infection, mild neutropenia and even thrombocyto-
penia may coexist with the anemia. Thus, the term “pure 
red cell aplasia” may be honored in the breech. APRCA 
may be classifi ed as outlined in Table 7-4.

Parvovirus B19 Infection

Parvovirus B19 was identifi ed as the cause of outbreaks 
of aplastic crises in sickle cell anemia patients in 
1981.302,303 This virus is most likely to have caused a 
similar disease in several earlier descriptions of anemia, 
fever, and malaise in patients with hereditary spherocy-
tosis or elliptocytosis, immune hemolytic anemia, and 
thalassemia, to name a few of the conditions whose 
common feature is shortening of red cell life span.315-318 
Gasser319 coined the term “transient aplastic crisis” and 
also noted the presence of gigantic proerythroblasts in 
bone marrow. Subsequent studies in volunteers estab-
lished that the virus does not cause signifi cant anemia 
in individuals with a normal red cell life span.320 The 
main target of this small nonenveloped single-stranded 
DNA virus is the erythroid progenitor, which it enters 
through binding to the blood group P antigen. Antibodies 

(IgM and IgG) to the viral capsid antigen VP1 are 
neutralizing and confer long-term immunity. Persistent 
B19 infection can occur in immunodefi cient or immu-
nosuppressed patients as a result of either congenital 
immunodefi ciency, lymphoproliferative disorders, organ 
transplantation, or HIV infection.304,305 Neutralizing 
antibodies to VP1 are absent or low and diagnosis requires 
demonstration of viral DNA in serum by hybridization 
assay. Fetal infection with parvovirus can lead to miscar-
riage, hydrops fetalis, or infants born with chronic 
anemia.306

Immune-Mediated Pure Red Cell Aplasia

Much of our understanding of APRCA seen in adults has 
been derived from the clinical research of Sanford Krantz 
and Emmanuel Dessypris and their colleagues at Vander-
bilt University.1 The reader is referred to Dr. Dessypris’ 
excellent monograph for a history and reasonable classi-
fi cation and description of these arcane disorders.321 A 
more recent set of reviews has been edited by Stephen 
A. Feig and Melvin H. Freedman322 and an independent 
review has been presented by Fisch and associates.323

Acute Pure Red Cell Aplasia: 
Transient Erythroblastopenia of Childhood

Though probably described in the 1960s by Schmid 
and by DiGiacomo and their colleagues324,325 who each 
reported a potpourri of cases of APRCA, transient eryth-
roblastopenia of childhood (TEC) was fi rst clearly enun-
ciated by Wranne in 1970.326 This frequent disease is well 

TABLE 7-4 Classifi cation of Acquired Pure Red Cell Aplasia

Condition Type Mechanism References

Parvovirus B19 
infection

Acute TAC in hemolytic anemia
Chronic in immunosuppressed
Congenital

Direct infection of 
erythroid progenitors

P antigen 302-306

Immune TEC
Chronic (usually adults)—SLE, 
RA, HD, thymoma

Antibody Red cell progenitors 307-309

Thymoma 307
ABO incompatibility after BMT Blood group antigen A 

or B
EPO Antibody to EPO
T-CLL Cell mediated

MHC restricted or 
MHC unrestricted

T cell 310

LGL T-LGL (CD3+/αβ or 
γδ TCR) or NK-LGL 
(CD3−TCR−)

178, 311, 312

Preleukemia and 
myelodysplasia

5q− RPS14 
haploinsuffi ciency + 
other genetic change

313

Drugs and 
toxins

Phenytoin, azathioprine, 
isoniazid

Unknown—direct or 
immune

314

BMT, bone marrow transplantation; EPO, erythropoietin; HD, hemodialysis; LGL, large granular lymphocyte; NK, natural killer; RA, rheumatoid arthritis; RPS, 
ribosomal protein of the small ribosomal subunit; SLE, systemic lupus erythematosus; TAC, transient aplastic crisis; T-CLL, T-cell chronic lymphatic leukemia; TCR, 
T-cell receptor; TEC, transient erythroblastopenia of childhood.
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described by Glader in the book edited by Feig and 
Freedman.322

TEC is certainly the most common aregenerative 
anemia in childhood and is likely to be a very frequent 
complication of a host of relatively trivial viral infections. 
It is well established that erythropoiesis is briefl y inter-
rupted during such infections in most individuals. but 
anemia is not documented because the red cell life span 
is 120 days and the suppression usually lasts for only a 
week. In many patients the suppression is protracted, and 
anemia ensues. Spontaneous recovery without any treat-
ment is virtually the rule, but confusion may result if the 
pediatrician sees the patient at the time of recovery when 
reticulocytosis is in full spate.327 This may lead to a false 
diagnosis of hemolytic anemia and a gigantic, expensive, 
and totally unnecessary workup that simply produces 
more anemia in the blood as well as in the pocketbook. 
It is important to suspect TEC in an otherwise healthy 
child whose blood smear does not suggest a red cell dis-
order or leukemia. Bone marrow examination is not indi-
cated in the vast majority of cases.328 Because neutropenia 
and mild thrombocytopenia are frequent concomitants 
of many viral infections, TEC is often not a “pure” red 
cell disease; however, the anemia is usually the more 
striking anomaly.

Much effort has been expended in implicating par-
vovirus serotype 19 as an offender in TEC. Although rare 
cases have been noted, parvovirus is not usually 
detected.329-331 In many cases it appears to be a result of 
antibodies to erythroid progenitors.307 It is, however, a 
serious risk in patients with immune defi ciency, such as 
those undergoing organ or marrow transplantation332-334 
and in patients with foreshortened red cell life span such 
as those with sickle cell anemia or hemolytic anemia (see 
Chapter 19).

Chronic Pure Red Cell Aplasia: Circulating 
Antibodies and Suppressing T Cells

Thymoma is very rare in children. Freedman and 
Feig322 reviewed the pediatric literature in 1993 and 
little has emerged since. Thymoma, when associated 
with PRCA, may be successfully treated with surgery 
coupled with immunosuppression or intravenous 
immunoglobulin.334-337

Dessypris and Krantz have carefully described the 
course of patients in whom antibodies reactive with 
erythroid precursors suddenly develop that presumably 
suppress erythroid progenitors (BFU-E and CFU-E), 
recognizable precursors, or both. Dessypris’ mono-
graph321 and Krantz’s more recent review in the volume 
edited by Feig and Freedman322 exhaustively document 
the evidence for such antibodies and their suppressing 
activities. In brief, the antibodies may arise de novo and 
hence are considered primary, or in the setting of immune 
defi ciency, neoplastic disease, collagen vascular disease, 
or infection they are considered secondary. In either case, 
the antibodies cause severe aregenerative anemia and, 
though often responsive to immunosuppressive therapy, 

commonly return to the circulation and cause relapse 
unless therapy is continued for protracted periods. For-
tunately, antibody-mediated APRCA is quite rare in chil-
dren. The pathophysiology, course, and treatment of the 
disease are better understood in adults.

Autoantibodies that bind and inhibit erythropoietin 
and are responsible for erythroid aplasia were fi rst inferred 
from the work of Jepson and Lowenstein in 1966.339 
Although similar reports emerged later, three of which 
were associated with recombinant erythropoietin therapy, 
the pathophysiologic evidence for such antibodies was 
marginal until 2002, when French investigators340 
reported a high incidence of antierythropoietin anti -
bodies in patients (largely with renal failure) who had 
been treated with a particular brand of recombinant 
erythropoietin that had been altered by a variation in 
glycosylation and by improper storage and thereby ren-
dered antigenic. The fi ndings have been confi rmed world-
wide. The offending brand of erythropoietin has since 
been modifi ed, and the incidence of such autoantibodies 
has been markedly reduced. Immunosuppressive 
therapy induces these antibodies to disappear in most 
cases.341-347

A case of primary APRCA associated with T-cell 
suppression of erythropoiesis by large granular lympho-
cytes that carried both T-cell and monocyte surface 
markers was described in 1983 by Lipton and associ-
ates.178 In this case, the T cells recognized erythroid 
but not myeloid progenitors in the context of HLA 
and suppressed in vitro erythropoiesis in the patient 
and in HLA-identical normal individuals. Before and 
since that report there have been several papers that 
describe such T cells in cases of APRCA,311,322,338,348-350 
but the Lipton study provides the best evidence for 
HLA-specifi c erythroid inhibition by an offending 
clone of T cells. Interestingly, this patient was rapidly 
cured by treatment with cyclophosphamide. The cell 
expanded in many of these cases and, though originally 
described as a Tγ cell, has been renamed a large granular 
lymphocyte, and these cells can be of either T cell (CD3+, 
T cell receptor [TCR] αβ or γδ), or natural killer cell 
(CD3−, TCR−) origin.312

Preleukemia (the 5q- Syndrome)

The 5q− syndrome is an acquired clonal defect in which 
a segment of chromosome 5q bearing at least 40 genes 
is deleted. Severe aregenerative anemia, absent marrow 
erythroblasts, abnormal megakaryocytes, and a high 
incidence of acute myelogenous leukemia are the results. 
The recent discovery by Ebert and co-workers that the 
deletion responsible is the gene encoding a ribosomal 
protein313 classifi es the 5q− syndrome as an acquired and 
clonal form of Diamond-Blackfan anemia, although one 
might expect that additional genetic defects must be 
present to explain the growth advantage of the malignant 
cells. (It is discussed extensively in Oncology of Infancy 
and Childhood).



296 BONE MARROW FAILURE

Other Causes of Acquired Pure Red 
Cell Aplasia

Very rarely, children with B-cell proliferative diseases may 
have concomitant PRCA, but almost all of the therapeu-
tic experience is recorded in adults. Of the few cases of 
PRCA reported in children, most are in the setting of 
immunodefi ciency. Drug-induced PRCA is by far the 
most common cause of secondary PRCA in childhood, 
and azathioprine treatment of renal transplant rejection 
is by far the most frequent offender.351 The latter drug 
usually causes megaloblastic anemia, but it may result in 
nearly total aplasia. Severe renal failure may also cause 
PRCA in childhood.
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Inherited bone marrow failure syndromes (IBMFSs) are 
genetic disorders characterized by inadequate blood cell 
production. Bone marrow failure (BMF) may be mani-
fested as an isolated cytopenia (pure red cell aplasia, 
neutropenia, or thrombocytopenia) or as pancytopenia 
and the clinical picture of aplastic anemia. Table 8-1 
summarizes the more common forms of IBMFSs, the 
blood cell lineages affected, their association with malig-
nancies, the genes mutated, their mode of inheritance, 
their chromosomal location, and the pathway involved. 
Other organ systems are often affected by these genetic 
abnormalities and result in birth defects or clinical disease 
in nonhematopoietic organs. Birth defects and extra-
hematopoietic manifestations are often characteristic and 
may be noticed before the onset of BMF. BMF may be 
present at birth (congenital BMF) or develop later in life. 
IBMFSs are not always inherited; the genetic mutations 
responsible may also occur de novo during early embry-
onic development. Several, but not all of the IBMFSs are 
characterized by a predisposition for malignant transfor-
mation, in particular, malignant transformation of the 
hematopoietic system, including the development of 
myelodysplastic syndrome (MDS) and acute leukemia, 
but also a predisposition for a variety of other forms of 
cancer.

The prevalence of IBMFSs is diffi cult to ascertain. 
Originally, IBMFSs were thought to be mainly diseases 
of childhood. In children, 25% to 30% of BMF cases 
were thought to be due to a genetic cause, whereas in 
adults, an inherited genetic cause was considered only in 
a minority of patients. However, more recent data suggest 
that the prevalence of IBMFSs has probably been under-
estimated, particularly in adults. In addition, improved 
medical care and long-term survival after bone marrow 
transplantation (BMT) have extended life expectancy 
and shifted the management of patients with IBMFSs to 
adult hematologists.1

Timely and correct diagnosis of an IBMFS is of 
importance because management of an IBMFS differs 
from that of acquired BMF. Treatment of IBMFSs 
often requires a complex interdisciplinary approach that 
includes hematologists, geneticists, endocrinologists, 
oncologists, orthopedists, neurologists, gastroenterolo-
gists, gynecologists, dentists, and other specialists. Fur-
thermore, differentiation between acquired and inherited 
BMF is of importance not only for affected individuals 
but also for their family members. Early and correct 
diagnosis of an IBMFS allows intensifi ed and focused 
disease surveillance, anticipatory guidance, and avoid-
ance of treatment-related toxicity. Identifi cation of a gene 
mutation known to be associated with BMF can defi ni-
tively establish the diagnosis before clinical symptoms 
advance and help identify an unaffected bone marrow 
donor in the family. It is therefore important that at the 
time of initial evaluation maximal effort be made to dis-
tinguish acquired from inherited forms of BMF.

Despite the considerable advances that have been 
made in elucidating the genetic causes of IBMFSs, the 

mechanisms leading to BMF remain poorly understood. 
The very nature of the diseases, namely, that the affected 
bone marrow cells are not dividing, are dying, or are 
simply absent, confounds laboratory investigations into 
pathogenesis. Therefore, in the past, investigations of 
IBMFSs were largely restricted to careful observations 
and descriptions of clinical manifestations of the patient 
and family, as well as meticulous study of the clinical 
course of the disease. However, during the last 10 years 
a number genes have been identifi ed that when mutated, 
are responsible for certain forms of IBMFSs (see Table 
8-1). Identifi cation of these genes and investigation of 
their role in hematopoiesis have provided powerful new 
tools to explore the pathways responsible for BMF. 
Although IBMFSs have traditionally been classifi ed 
according to their clinical features, in the future this clas-
sifi cation may be supplanted by a defi nition determined 
by the affected pathway (see Table 8-1). Interestingly and 
for many investigators unexpectedly, the pathways 
affected are often “housekeeping” pathways important 
for the growth/survival of almost every cell, such as DNA 
repair, redox-related pathways, telomere maintenance, or 
ribosome biosynthesis, rather than pathways specifi c for 
hematopoiesis. Why hematopoiesis is often preferentially 
and sometimes even exclusively affected by a derange-
ment in these pathways is intriguing and the focus of 
current investigations in the fi eld of BMF research.

Accumulating insight into the pathogenetic pathways 
responsible for IBMFSs and detailed knowledge about 
the clinical disease continuously reshape our current 
understanding of IBMFSs and directly impinge on our 
approach to diagnosis, care, and treatment of patients 
and their families with IBMFSs. Probably one of the 
most dramatic emerging insights shared by several 
IBMFSs is that the severity, onset, and manifestations of 
disease often vary dramatically and that individuals with 
the classic clinical features often represent merely the “tip 
of an iceberg” whose dimensions we are only just begin-
ning to appreciate.2 IBMFSs or an inherited predisposi-
tion to the development of BMF is probably much more 
common than currently appreciated, not only in the pedi-
atric population but also in adults. With the increased 
knowledge of how the genetic framework infl uences the 
development of BMF, distinguishing between inherited 
and acquired BMF becomes more diffi cult. Previously, 
IBMFSs were restricted mainly to patients with BMF 
caused by gene mutations with high disease penetrance. 
Today, it is increasingly being recognized that in addition, 
a growing number of patients have BMF caused by gene 
mutations that have lower or very low penetrance, with 
disease developing only occasionally or just under certain 
circumstances. Thus, the majority of patients in whom 
acquired idiopathic aplastic anemia was previously diag-
nosed in fact have an underlying genetic component 
responsible for the disease. Gene modifi ers and environ-
mental factors are additional factors that infl uence the 
penetrance of disease and pathobiology of BMF. Figure 
8-1 schematically illustrates the possible interrelationship 
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TABLE 8-1 Inherited Bone Marrow Failure Syndromes

IBMFS Inheritance Peripheral Blood Malignancies Gene
Chromosomal 
Location Affected Pathway

Fanconi’s anemia (FA, 
MIM 227650)

AR Pancytopenia MDS/AML
Squamous cell 
carcinoma

Other tumors

FANCA 16q24.3 DNA repair
Homologous recombinationXLR FANCB Xp22.31

AR FANCC 9q22.3
AR FANCD1 13q12-13

AR AML
Wilms’ tumor
Medulloblastoma

FANCD2 3q25.3

AR MDS/AML
Squamous cell 
carcinoma

Other tumors

FANCE 6p21.3
AR FANCF 11p15
AR FANCG 9q13
AR FANCI 5q25-q26
AR FANCJ 17q22-q24
AR FANCL 2p16.1
AR FANCM 14q21.3

AR Wilms’ tumor
Medulloblastoma

FANCN 16p12

Dyskeratosis congenita 
(DC)

XLR (MIM 
305000)

Pancytopenia MDS/AML
Squamous cell 
carcinoma

Other tumors

DKC1 Xq28 Telomere maintenance
Ribosome biogenesis

AD (MIM 127550) TERC 3q26 Telomere maintenance
TERT 5p33 Telomere maintenance

Unknown TINF2 14q11.2 Telomere maintenance

AR (MIM 224230) Unknown NOP10
NHP2

15q14-q15
5q35.3

Telomere maintenance
Ribosome biogenesis

Shwachman-Diamond 
syndrome (SDS, MIM 
260400)

AR Neutropenia with 
progression to 
pancytopenia

MDS/AML SBDS 7q1.1 Ribosome biogenesis (?)
Mitotic spindle maintenance 
(?)

Cartilage-hair hypoplasia 
(CHH, MIM 250250)

AR Neutropenia
Lymphopenia
Anemia

Lymphoma
Basal cell 
carcinoma

RMRP 9p21-12 Mitochondrial DNA 
replication

Ribosome biogenesis
Degradation of CLB2 mRNA

Pearson’s marrow-pancreas 
syndrome (PS, MIM 
557000)

Mitochondrial Neutropenia with 
progression to 
pancytopenia

None mtDNA del Mitochondrial function

Diamond-Blackfan anemia 
(DBA, MIM 105650)

AD Anemia with rare 
progression to 
pancytopenia

MDS/AML
Osteosarcoma

RPS19 19q13.3 Ribosome biogenesis
RPS24
RPS17

10q22-q23
15q25.2

RPL35a 3q29
RPL5 1p22.1
PRL11 1p36.12

Congenital dyserythropoiesis (CDA)
 CDA I (MIM 22410) AR Anemia None CDAN1* 15q15.1-15.3 Unknown
 CDA II (MIM 224100†) AR None Unknown 20q11.2 Unknown
 CDA III (MIM 105600†) AD None Unknown 15q21-25 Unknown

Continues
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TABLE 8-1 Inherited Bone Marrow Failure Syndromes—cont’d

Severe congenital 
neutropenia caused by 
ELA2 mutation (SCN, 
MIM 202700)

AD Neutropenia MDS/AML ELA2 19p13.3 Unfolded protein response (?)

Cyclic neutropenia (CN, 
MIM 162800)

AD Neutropenia None ELA2 19p13.3 Unfolded protein response (?)

Kostmann’s syndrome 
(MIM 610738)

AR Neutropenia None HAX1 1q21.3 Regulation of apoptosis (?)

Congenital amegakaryocytic 
thrombocytopenia 
(CAMT, MIM 60448)

AR Thrombocytopenia 
with progression to 
pancytopenia

AML c-MPL 1q35 Megakaryopoiesis

Thrombocytopenia with 
absent radii (TAR, MIM 
274000†)

AR?
DG?

Thrombocytopenia AML Microdeletion 
+ modifi er

1q21.1 +? Unknown

Amegakaryocytic 
thrombocytopenia with 
radioulnar synostosis 
(ARTUS, MIM 605432)

AD Thrombocytopenia 
with progression to 
pancytopenia

AML HOXA11 7p15-p14.2 Morphogenesis

Familial platelet disorder 
with associated acute 
myeloid leukemia (FPD/
AML, MIM 601399)

AD Thrombocytopenia MDS/AML AML1 21q22.3 Hematopoietic cell 
differentiation

Wiskott-Aldrich syndrome 
(WAS, MIM 301000)

XLR Thrombocytopenia
Neutropenia

Lymphoma
Not reported

WAS*
WAS*

Xp11.22-Xp11.3
Xp11.22-Xp11.3

Signal transduction from cell 
surface to actin

X-linked thrombocytopenia 
(XLT, MIM 313900)

XLR Thrombocytopenia Lymphoma WAS Xp11.22-Xp11.3 cytoskeleton

Congenital 
dyserythropoiesis 
associated with 
thrombocytopenia (MIM 
300367)

XLR Thrombocytopenia None GATA1 Xp11.23 Erythroid and megakaryocytic 
development

RARE FORMS OF INHERITED BONE MARROW FAILURE
Nijmegen’s breakage 
syndrome (NBS, MIM 
251260)

AR Pancytopenia AML
Lymphoma

NSB1* 8q21 DNA repair

DNA ligase IV (LIG4, 
MIM 606593)

AR Pancytopenia Leukemia LIG4 13q22-q34 DNA repair

Seckel SCKL1, (MIM 
210600)

AR Pancytopenia Leukemia
Lymphoma

ATR
PCNT

3q22-q24
21q22.3

DNA repair
Centrosomal function
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Dubowitz (MIM 223370†) AR Pancytopenia Leukemia
Lymphoma
Neuroblastoma

Unknown Unknown DNA repair (?)

Schminke (SIOD, MIM 
242900)

AR Pancytopenia Lymphoma (?) SMARCAL1 2q34-q36 Chromatin remodeling

Ducan/Purtilo (XPL, MIM 
308240)

XLR Pancytopenia EBV lymphoma SH2D1A/SAP Xq25 B- and T-cell function

Nonimmune chronic 
neutropenia of adults (NI-
CINA, MIM 607847)

AD Neutropenia None reported, 
AML (?)

GIF1 1p22 Unknown

Barth (BTHS, MIM 
302060)

XLR Neutropenia None reported TAZ1 Xq28 Unknown

Cohen (COH1, MIM 
216550)

AR Neutropenia None reported COH1 8q22-q23 Lysosomal protein traffi cking

Chédiak-Higashi (CHS1, 
MIM 606897)

AR Neutropenia None reported LYST 1q42.1-42.2 Lysosomal protein traffi cking

Griselli (GS2, MIM 60724) AR Neutropenia
Thrombocytopenia

None reported RAB27A 15q14.1 Lysosomal function (?)

Hermansky-Pudlak 2 
(HPS2, MIM 608233)

AR Neutropenia None reported AP3B1 5q14.1 Lysosomal protein traffi cking
Unfolded protein response (?)

Immunodefi ciency caused 
by defect in MAPBP 
interacting protein P14 
(MIM 610798)

AR Neutropenia None reported MAPBPIP 1q21 Lysosome biogenesis

Glycogen storage disease 
1b (GSD1B, MIM 23220)

AR Neutropenia None reported G6PT1 11q23 Glycogen storage

Hyper-IgM (XHIM, MIM 
308230)

XLR Neutropenia
Pancytopenia

None reported CD40LG 
(HIGM1)

Xq26 B-cell activation

WHIM syndrome (MIM 
19360)

AD Neutropenia
Lymphopenia

None reported CXCR4* 2q21 Neutrophil mobilization

*Specifi c mutations only.
†Responsible gene not identifi ed.
AD, autosomal dominant; AML, acute myeloid leukemia; AR, autosomal recessive; DG, digenic; MDS, myelodysplastic syndrome; MIM, Mendelian Inheritance in Man; WHIM, warts, hypogammaglobulinemia, infections, 

and myelokathexis; XLR, X-linked recessive; ?, possible.
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Box 8-1 Fanconi’s Anemia

Fanconi’s anemia (FA, MIM 227650) is an autosomal 
recessive and X-linked disorder characterized by 
progressive bone marrow failure, congenital 
abnormalities, and a predisposition for malignancies. 
Cells from FA patients exhibit spontaneous 
chromosomal instability and a characteristic 
hypersensitivity to DNA interstrand cross-linking 
agents.

between genetic mutation, environment, and modifi ers in 
the pathogenesis of BMF. The increased understanding 
of the genetic components and their role and importance 
in the pathogenesis of disease will allow us to improve 
diagnosis, management, and treatment of patients with 
BMF.

INHERITED BONE MARROW SYNDROMES 
ASSOCIATED WITH PANCYTOPENIA

Fanconi’s Anemia

Fanconi’s anemia (FA) is a genetically and phenotypi-
cally heterogeneous disorder. The disease is named after 
the Swiss pediatrician Guido Fanconi (1892-1979), who 
fi rst described the syndrome in 1927.3 Clinically, FA is 
characterized by a variety of congenital abnormalities, 
progressive BMF, and a propensity for the development 
of leukemia and other forms of cancer. Cells from FA 
patients have a striking hypersensitivity to DNA inter-
strand cross-links,4 which has become the basis of a clini-
cal diagnostic test for FA (Box 8-1).5

Epidemiology

The incidence of FA is estimated to be approximately 3 
per million with a carrier frequency of 1 in 300.6,7 Males 
are affected slightly more frequently than females, with a 
male-to-female ratio of 1.2 : 1.8,9 FA has been reported in 
all races and ethnic groups. The world’s highest preva-
lence of FA, caused by a founder effect, is seen in Spanish 
gypsies, who have a carrier frequency of 1 in 70.10 A high 
prevalence of FA is also found in individuals of Ashkenazi 
Jewish decent, who have an approximate heterozygous 
frequency of 1 in 89,11 and in South African Afrikaans, 
in whom carrier frequency is estimated to be 1 in 
83.12,13

Clinical Manifestations
The clinical manifestations of FA are heterogeneous 
(variable penetrance and expressivity; for defi nitions, see 
Box 8-2). Affected family members can have a wide 
variety of abnormalities (variable expressivity).14-18 Even 
monozygotic twins have been described to differ in their 
physical and hematologic manifestations.16 However, the 
occurrence of malformations is nonrandom. Siblings are 
usually concordant for the presence or absence of multi-
ple congenital abnormalities; likewise, the age at onset of 
hematologic manifestations is similar within an indi -
vidual family.19 Thus, the variability in clinical fi ndings 
appears to be partially linked to the different genotypes 
(also see later).20-24 The emergence of revertant cells 
leading to hematopoietic mosaicism further contributes 
to disease variability (see later).25-28 Originally, the diag-
nosis of FA was based on the presence of both aplastic 
anemia and a specifi c, though broad range of physical 
abnormalities.29 With the availability of more sensitive 
and specifi c tests for the diagnosis of FA, including cyto-
genetic and molecular diagnostics, it has become increas-
ingly evident that a signifi cant proportion of patients lack 
congenital abnormalities (25% to 40%)30,31 or aplastic 
anemia fails to develop, or both (variable penetrance). 
Nevertheless, these individuals are still at risk for late 
complications such as leukemia and cancer.

Congenital Abnormalities

The frequency of congenital abnormalities within the FA 
population is summarized in Table 8-2. Box 8-3 further 
details the nature of anomalies found in patients with FA. 
Figure 8-2A shows a 1-year-old girl with FA, and Figure 

Inherited

Modifier

Low penetrance

High penetrance Environment

SBDS

TERTTERC
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RMRP

Trisomy 21

ELA2 DBA1

DBA3

Acquired

DKC1

FIGURE 8-1. Interrelationship between disease penetrance of a genetic 
mutation, the environment, and modifi ers in the pathogenesis of bone 
marrow failure.

Box 8-2  Heritability, Penetrance, and 
Expressivity

Heritability, penetrance, and expressivity are distinct, 
but related concepts. “Heritability” is the number of 
family members who have inherited a genotype versus 
the number of family members who have not. 
“Penetrance” is defi ned by the number of individuals 
who show a phenotype versus the number of 
individuals who carry the genotype. “Expressivity” 
measures the variability and severity of an expressed 
phenotype.
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TABLE 8-2  Physical Abnormalities in 
Fanconi’s Anemia*

Abnormality Alter,9 2003 IFAR16,32

Total number of patients 1206 >700
Skin pigment and/or café 
au lait spots

55% 64%

Short stature 51% 63%
Skeletal abnormality (radial 
ray, hip, vertebral scoliosis, 
rib)

71% —

Upper limbs 43% 49%
Abnormal gonads, male 32% 20%
Abnormal gonads, female 3% —
Head 26% —
Central nervous system — 8%
Eyes 23% 38%
Renal 21% 34%
Birth weight ≤2500 g 11% —
Developmental disability 11% 16%
Ears, hearing 9% 11%
Legs 8% —
Cardiopulmonary 6% 13%
Gastrointestinal 5% 14%
No anomalies 25% 30%
Short stature and/or skin 
only

11% —

*Data represent percentages of patients with the abnormality. IFAR, Inter-
national Fanconi Anemia Registry.

8-2C shows a 12-year-old boy with several classic pheno-
typic features, including short stature, microencephaly, 
broad nasal bridge, epicanthal folds, micrognathia, café 
au lait spots and hypopigmentation, and an absent and a 
triphalangeal thumb. FA patients may have a combina-
tion or none of the congenital anomalies listed. The phe-
notypic variability makes a diagnosis of FA diffi cult when 
based only on clinical features.

Endocrinopathies

Data from the International Fanconi Anemia Registry 
(IFAR) indicate that endocrine abnormalities are present 
in 81% of FA patients, primarily glucose/insulin abnor-
malities, growth hormone insuffi ciency, hypothyroidism, 
and hypogonadism.31,33,34

Short Stature. Although short stature is an integral 
feature of FA,17,35 a superimposed endocrinopathy may 
have an additional impact on growth and is respon -
sive to growth hormone therapy.36,37 Detection of an 
anatomic abnormality of the hypothalamic-pituitary 
region by magnetic resonance imaging is a diagnostic 
marker of permanent growth hormone defi ciency. In 
patients 18 years or older, osteopenia or osteoporosis is 
frequent.34

Fertility. Female patients with FA usually have a 
shortened reproductive life because of secondary amen-

orrhea, irregular menses, anovulatory menstrual cycles, 
and premature menopause. Congenital abnormalities in 
the female genitourinary tract further limit fecundity. 
Though rare, pregnancies have been reported in women 
with FA. The babies born were normal, and the pregnan-
cies seemed to not have had a signifi cant impact on the 
mother’s hematologic manifestations.38,39 Pregnancy in 
women with FA has also been reported after BMT.40-43 
Cryptorchidism, hypogenitalism, hypergonadotropic 
hypogonadism, and reduced sperm counts are frequent 
in male patients with FA. Reports of male FA patients 
fathering children are rare.44

Hematologic Abnormalities

Progressive BMF is one of the hallmarks of FA, although 
the hematologic fi ndings vary. Thrombocytopenia and 
macrocytosis often precede anemia and neutropenia. 
Elevated hemoglobin F levels45 and elevated expression 
of “i” antigen on red cells usually coincide with macro-
cytosis and are suggestive of stress hematopoiesis.46,47 
Serum α-fetoprotein levels are consistently elevated in 
FA patients irrespective of the presence of liver abnor-
malities.48 Erythropoietin levels are usually elevated in 
anemic FA patients. The fi rst hematologic abnormalities 
in individuals with FA are detected at a median age of 7 
years. The majority of FA patients already have pancyto-
penia at the time of diagnosis (53%). By the age of 40, 
the cumulative incidence of hematologic abnormalities is 
90% to 98%.21,49

In rare cases, thrombocytopenia may be present at 
birth and progress to pancytopenia in the neonatal period 
or infancy.19,50,51 Thus, FA also has to be considered in 
cases of aplastic anemia in neonates and infants. In other 
patients, hematologic abnormalities never become clini-
cally evident, and the diagnosis of FA is made later in life 
as a result of late FA-associated complications such as 
cancer or leukemia. The emergence of revertant cells 
leading to hematopoietic mosaicism is often associated 
with a mild or absent hematologic phenotype (also see 
later). Finally, in a small proportion (2% to 5%) of FA 
patients, MDS or leukemia is diagnosed but the underly-
ing BMF never becomes clinically apparent.19,52 Bone 
marrow examination generally shows reduced cellularity; 
however, it may also be normocellular or hypercellular, 
particularly in individuals evolving into MDS or MDS/
acute myeloid leukemia (AML). BMF is usually progres-
sive. Fifty percent of individuals who are initially found 
to have thrombocytopenia progress to pancytopenia 
within 3 to 4 years. The actuarial risk of progression to 
pancytopenia is 84% at 20 years after the initial diagnosis 
of thrombocytopenia.19

Bone marrow culture studies show an intrinsic pro-
liferation defect in hematopoietic progenitor cells from 
FA patients with and without clinical signs of BMF.53,54 
Hematopoietic progenitor cells are exquisitely sensitive 
to oxidative stress.53,55,56 Expression of tumor necrosis 
factor-α (TNF-α) and interferon-γ (IFN-γ) is increased 
in FA patients.57-59
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Box 8-3 Specifi c Types of Anomalies in Fanconi’s Anemia

SKIN

Generalized hyperpigmentation on the trunk, neck, and 
intertriginous areas; café au lait spots; hypopigmented 
areas

BODY

Short stature, delicate features, small size, underweight

UPPER LIMBS

Thumbs: absent or hypoplastic; supernumerary, bifi d, or 
duplicated; rudimentary; short, low-set, attached by a 
thread; triphalangeal, tubular, stiff, hyperextensible

Radii: absent or hypoplastic (only with abnormal thumbs); 
absent or weak pulse

Hands: clinodactyly; hypoplastic thenar eminence; six 
fi ngers; absent fi rst metacarpal; enlarged, abnormal 
fi ngers; short fi ngers, transverse crease

Ulnae: dysplastic

GONADS

Males: hypogenitalia, undescended testes, hypospadias, 
abnormal genitalia, absent testis, atrophic testes, 
azoospermia, phimosis, abnormal urethra, micropenis, 
delayed development

Females: hypogenitalia; bicornuate uterus; abnormal 
genitalia; aplasia of the uterus and vagina; atresia of the 
uterus, vagina, and ovary

OTHER SKELETAL ANOMALIES

Head and face: microcephaly, hydrocephalus, 
micrognathia, peculiar face, bird-like face, fl at head, 
frontal bossing, scaphocephaly, sloped forehead, 
choanal atresia, dental abnormalities

Neck: Sprengel’s deformity; short, low hairline; webbed
Spine: spina bifi da (thoracic, lumbar, cervical, occult 

sacral), scoliosis, abnormal ribs, sacrococcygeal sinus, 
Klippel-Feil syndrome, vertebral anomalies, extra 
vertebrae

EYES

Small eyes, strabismus, epicanthal folds, hypertelorism, 
ptosis, slanting, cataracts, astigmatism, blindness, 
epiphora, nystagmus, proptosis, small iris

EARS

Deafness (usually conductive); abnormal shape; atresia; 
dysplasia; low-set, large or small; infections; abnormal 
middle ear; absent drum; dimples; rotated; canal 
stenosis

KIDNEYS

Ectopic or pelvic; abnormal, horseshoe, hypoplastic, or 
dysplastic; absent; hydronephrosis or hydroureter; 
infections; duplicated; rotated; refl ux; hyperplasia; no 
function; abnormal artery

GASTROINTESTINAL SYSTEM

High-arched palate, atresia (esophagus, duodenum, 
jejunum), imperforate anus, tracheoesophageal fi stula, 
Meckel’s diverticulum, umbilical hernia, hypoplastic 
uvula, abnormal biliary ducts, megacolon, abdominal 
diastasis, Budd-Chiari syndrome

LOWER LIMBS

Feet: toe syndactyly, abnormal toes, fl atfeet, short toes, 
clubfeet, six toes, supernumerary toe

Legs: congenital hip dislocation, Perthes’ disease, coxa 
vara, abnormal femur, thigh osteoma, abnormal legs

CARDIOPULMONARY SYSTEM

Patent ductus arteriosus, ventricular septal defect, 
abnormal heart, peripheral pulmonic stenosis, aortic 
stenosis, coarctation, absent lung lobes, vascular 
malformation, aortic atheromas, atrial septal defect, 
tetralogy of Fallot, pseudotruncus, hypoplastic aorta, 
abnormal pulmonary drainage, double aortic arch, 
cardiac myopathy

OTHER ANOMALIES

Slow development, hyperrefl exia, Bell’s palsy, central 
nervous system arterial malformation, stenosis of the 
internal carotid artery, small pituitary gland, absent 
corpus callosum

*Abnormalities are listed in approximate order of frequency within each category.
Modifi ed from Alter BP. Inherited bone marrow failure syndromes. In Nathan DG, Orkin SH, Ginsburg D, Look AT (eds). Nathan and 

Oski’s Hematology of Infancy and Childhood, vol 1, 6th ed. Philadelphia, WB Saunders, 2003, pp 281-365.

Myelodysplastic Syndrome in Patients with Fanconi’s 
Anemia. The risk of MDS developing in FA patients is 
estimated to be approximately 6%. In the literature the 
defi nition of MDS in FA patients varies, which prevents 
strict comparison and also suggests that a conventional 
defi nition of MDS might not always be appropriate. 
Nonrandom X-inactivation, suggesting clonal hemato-
poiesis, may be present at the time of BMF before the 
onset of MDS.60,61 Clonal cytogenetic abnormalities are 

found in 34% to 48% of FA patients.19,62 The actuarial 
risk of a chromosomal abnormality developing is 67% by 
the age of 30 years.19 Clonal fl uctuations are frequent, 
including the disappearance of clones, the appearance 
of new clones, and clonal evolution.62,63 Chromosomal 
abnormalities in MDS most frequently involve chromo-
somes 1q, 7 (monosomy, isochromosome, or other 
structural rearrangement), 6, and 13.19,64,65 Individuals 
in whom clonal cytogenetic abnormalities develop have 
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FIGURE 8-2. A, Infant girl with 
Fanconi’s anemia who exhibited 
several classic phenotypic features, 
including short stature, micro-
cephaly, broad nasal base, epican-
thal folds, micrognathia, and café 
au lait spots (left side of the fore-
head). B, Cytogenetic fi ndings 
in peripheral blood lymphocytes 
in Fanconi’s anemia after culture 
with diepoxybutane. C, Twelve-
year-old boy with Fanconi’s 
anemia. The classic phenotypic 
features include short stature, 
microcephaly, broad nasal base, 
epicanthal folds, micrognathia, 
café au lait spots (chin and left 
temple), absent thumb left (after 
reconstructive surgery), and 
triphalangeal thumb left. (B, 
Courtesy of Shashikanat Kulkarni, 
Washington University.)

a reduced survival rate of 35% to 40% as opposed to 
92% in FA patients without such abnormities. MDS 
morphology, as defi ned by dysplasia in multiple blood 
cell lineages and found in 32% of patients, has a worse 
predictive value with a 5-year survival rate of 9%. None 

of the patients with both morphologic MDS and cytoge-
netic abnormalities (22%) survived 5 years.19,62 The yearly 
risk of progression from MDS to AML is estimated to 
be about 9%.66 Gain of the distal portion of chromosome 
3q(26-29), frequently present in FA patients even before 
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the onset of MDS, is associated with a poor prognosis, 
decreased survival, and an increased frequency of MDS 
and AML.67-69

Predisposition to Malignancy. A major phenotype of 
FA is a predisposition for cancer, including leukemia and 
solid tumors. The risk of cancer developing is about 800 
to 1000 times higher than in the normal population. 
There are three reports of the occurrence of solid tumors 
and leukemia in cohorts of patients with FA (see also 
Table 8-3). One is a retrospective analysis of the literature 
between 1927 and 2001 that included 1301 patients with 
FA.70 The second, from the IFAR at the Rockefeller Insti-
tute in New York, included 754 North American patients 
evaluated between 1982 and 2001.21 The third is a North 
American Survey that included 145 patients.66 The crude 
risk of leukemia developing is estimated to be between 
5% and 10%, and that for MDS is about 5%, with a 
yearly risk of evolution to leukemia of about 9%. The 
crude risk of solid tumors developing is estimated to be 

about 5% to 10%. By the age of 40, the cumulative inci-
dence of leukemia and solid tumors is estimated to be 
approximately 33% and 26% to 30%, respectively. The 
median age at development of cancer is 16 years versus 
68 years for the same types of cancer in the general 
population. The risk of solid tumors and leukemia devel-
oping increases with age. Thus, patients with mild hema-
tologic and phenotypic abnormalities and the longest 
survival are at the highest risk for the development of 
tumors or leukemia.18 However, with increased survival 
after hematopoietic stem cell transplantation (HSCT), 
the frequency of cancer might also increase in patients 
with more severe disease.1 The most frequent cancers 
occur in the neck, head, and upper esophagus, followed 
by the vulva, anus, and lower esophagus. The role of 
human papillomavirus in the pathogenesis of squamous 
cell cancer in patients with FA is controversial.71,72 The 
risk for development of squamous cell cancer of the head 
and neck and particularly the tongue is higher in FA 
patients after HSCT than in those without HSCT and 

TABLE 8-3 Cancer in Patients with Fanconi’s Anemia 

Type NO. OF PATIENTS (%)

Alter,70 2003 Kulter et al.,21 2003 Rosenberg et al.,66 2003

Reporting period 1927-2001 1982-2001 2001
Patients evaluated 1301 754 145
Hematologic malignancies 214 (16) 128 (17) 32 (22)
 Cumulative incidence — 33 (by age 40) 10 (by age 10)
 AML 116 (9) 60 (8) 9 (6)
 MDS 89 (7) 53 (7) 23 (16)
 ALL 7 5 —
 CMML — 1 —
 Lymphoma 2 2 —
Nonhematologic malignancies 89 (7) 73 (10) 18 (12)
 Cumulative incidence — 28 (by age 40) 29 (by age 49)
 Squamous cell carcinoma 66 (5) 39 (5) 16 (11)
  Oropharynx 26 (2) 19 (3) 6 (4)
  Esophagus 9 1 2
  Vulva and anus 10 — —
  Vulva 3 8 3
  Anus 6 2 2
  Cervix 6 6 3
  Cutaneous (nonmelanoma) 6 3 —
 Hepatic 37(3) 18 (2) 2 (1)
  Adenoma 6 11 11
  Hepatocellular carcinoma 14 6 22
 Renal 0 6 (1) —
 Brain 1 5 (1) 1
 Miscellaneous tumors — 11 (1) —
  Breast 4 3 4
  Lung 3 — 2
  Gastric 2 — 2
  Colon 0 — 1
  Osteogenic sarcoma 1 1 1
  Retinoblastoma 1 — 1
  Other tumors — 7 1

The three cohorts are not mutually exclusive.
ALL, acute lymphocytic leukemia; AML, acute myeloid leukemia; CMML, chronic myelomonocytic leukemia; MDS, myelodysplastic syndrome.
Modifi ed from Alter BP, Greene MH, Velazquez I, Rosenberg PS. Cancer in Fanconi anemia. Blood. 2003;101:2072.
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correlates with the presence and severity of graft-versus-
host disease.49,73 Adenoma of the liver and hepatocarci-
noma were found mainly in patients undergoing androgen 
therapy.70,74,75 Hepatoadenomas usually regress after 
cessation of androgen therapy.76 Multiple neoplasms in 
patients with FA are not uncommon.21,70,77

Leukemia is the most frequent malignancy in pati-
ents with FA.1,21,66,70,78 AML is the most frequent 
leukemic phenotype, although patients with acute lym-
phocytic leukemia (ALL) and chronic myelomonocytic 
leukemia have also been described. The morphologic-
histochemical classifi cation developed by the French-
American-British (FAB) Cooperative Group79-82 describes 
all categories of AML (M0 to M7) in patients with FA, 
with the exception of M3 (promyelocytic morphology), 
which has never been reported in patients with FA.70 The 
leukemia in FA patients, however, is clinically and molec-
ularly very different from that in the general pediatric 
and adult population. Chromosomal translocations 
characteristic of some forms of adult or childhood AML, 
such as translocation between chromosomes 8 and 21, 
are not usually found in FA patients with AML.64 Thus, 
the conventional FAB classifi cation used to predict a 
patient’s prognosis does not apply to patients with FA 
and leukemia. However, leukemia in patients with FA 
shows many molecular and clinical similarities to leuke-
mia occurring in other IBMFSs. Leukemia in FA patients 
is often diffi cult to treat, and most patients die within 6 
month of diagnosis. Leukemia in patients with FA may 
arise de novo or develop from MDS. In some FA patients, 
AML may be the fi rst hematologic manifestation of 
disease.52 Leukemic cells often show complex cytogenetic 
abnormalities, including abnormalities similar to those 
seen in MDS. Abnormalities of chromosome 7 (mono-
somy, isochromosome, or other structural rearrange-
ment), followed by abnormalities of 1q (usually 
duplications), are the most frequent in FA-associated 
leukemia.19,64,65,83

The risk and type of cancer vary for different FA 
subtypes (also see later). FA patients belonging to com-
plementation group D1 (FA-D1) with biallelic mutations 
in FANCD1/BRCA2 have a high risk for the development 
of malignancies at a very young age, frequently before 
manifestations of BMF appear, and the cumulative risk 
for AML or other cancer is 97% by the age of 5.2 years. 
In addition, the spectrum of cancer is distinct, 
with medulloblastoma being the predominant malig-
nancy,24,84,85 possibly because BRCA2 participates in 
DNA repair outside the FA pathway (see later also). An 
increased risk for childhood cancer with a very similar 
spectrum has also been found in families belonging to 
the FA-N subtype.86 FANCN/PALB2 binds to BRCA2 
and facilitates its binding to chromatin (see later).87 The 
interaction between these two proteins explains the 
similar cancer predisposition in FA individuals belonging 
to the FA-D1 and FA-N subgroups.

Common to all FA cancer patients is low tolerance 
for DNA-damaging chemotherapeutic agents. Accord-

ingly, chemotherapeutic regimens often need to be modi-
fi ed, given at low dosage, or avoided in favor of alternative 
or surgical approaches (also see later).88

Diagnosis

The most widely used diagnostic test for FA is hypersen-
sitivity to the clastogenic (chromosome-breaking) effect 
of diepoxybutane (DEB) or mitomycin C (MMC).5,89 
The increased spontaneous chromosomal instability of 
FA cells leads to distinctive chromosomal breaks, gaps, 
and various chromatid interchanges, which were previ-
ously used as a cellular marker for FA.90,91 The frequency 
of spontaneous chromosomal instability in FA cells is 
highly variable,90 and it is thought to be responsible for 
the increased susceptibility of FA patients to cancer. The 
sensitivity of FA cells to the clastogenic effect has been 
studied for numerous cross-linking agents,4 but DEB and 
MMC are the agents most widely used for the diagnosis 
of FA.5,89 Figure 8-2B shows the increased chromosome 
breakage after culture in DEB. The diagnosis of FA is 
made when DEB-treated cultured lymphocytes demon-
strate a 3- to 10-fold increase in chromosomal breakage 
over normal controls.92 The tests are highly sensitive 
and fairly specifi c for FA and are used for the diagnosis 
of FA before the development of clinical disease and 
for prenatal diagnosis.5,93-96 A possible rare exception 
that can result in a pattern of DEB- or MMC-induced 
chromosomal breakage similar to that found in FA 
patients is an individual with specifi c mutations in the 
NBS1 gene in the Nijmegen breakage syndrome.97-100 
However, more frequently, the presence of revertant cells 
in the specimen may complicate the interpretation of 
DEB or MMC test results (see later). It is estimated that 
10% to 25% of FA patients exhibit two populations of 
phytohemagglutinin-stimulated lymphocytes, one that is 
sensitive to the clastogenic effects of DNA cross-linking 
agents and one that is resistant.26,101 Thus, the presence 
of only few metaphases with multiple structural chromo-
somal changes might indicate FA with somatic 
mosaicism. In these cases, demonstration of increased 
chromosomal breakage in patients’ DEB- or MMC-
treated fi broblasts might help confi rm the diagnosis of 
FA (see later also).

Immunoblotting for FANCD2 Monoubiquitination

Biallelic mutations in 10 of the 13 FA genes (FANC 
genes) lead to failure of FANCD2 monoubiquitina -
tion, and failure of FANCD2 monoubiquitination is 
specifi c for a defect in the FA pathway (see later). Test -
ing for FANCD2 monoubiquitination by immunoblot-
ting of peripheral blood lymphocytes and fi broblasts 
has therefore been proposed as an alternative fi rst-line 
diagnostic tool for the diagnosis of FA.102,103 Biallelic 
mutations in FANCD1/BRCA2, FANCJ, and FANCN/
PALB2, which have normal FANCD2 monoubiquitina-
tion but an abnormal DBE or MMC test (or both), are 
missed with this diagnostic assay and require additional 
testing.
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Genetic Testing for FANC Gene Mutations

Although only identifi cation of biallelic mutations in a 
FANC gene defi nitively confi rms the diagnosis of FA, 
genetic testing is not usually recommended as a fi rst-line 
diagnostic tool for the diagnosis of FA. Possible excep-
tions are families with a known FANC gene mutation and 
FA in a population with a high frequency of a founder 
mutation, for example, a case of FA in Spanish gypsies 
(also see later). The indication, advantages, and diffi cul-
ties of genetic testing for biallelic mutations in FANC 
genes are discussed later.

Cellular Phenotype of Fanconi’s Anemia Cells

In addition to increased spontaneous and induced chro-
mosomal instability, FA cells have several other pheno-
typic characteristics (Table 8-4). FA cells have increased 
sensitivity to other DNA-damaging agents, such as ion-
izing radiation and oxygen radicals.4,5,109-111,123-125,157-159 
FA cells have an abnormality in cell cycle distribution, 
with an increased number of cells with 4N DNA content 
suggesting a delay in the G2/M or late S phase (or 
both) of the cell cycle.145 The increase in cells with 
4N DNA content is accentuated after treatment 
with interstrand DNA cross-linking agents. Flow cyto-
metric measurements of the increase in the proportion 
of cells with 4N DNA content after DNA cross-linking 
agents may be used as an additional criterion for the 
diagnosis of FA.112,113 However, similar results have been 
obtained in patients with ataxia-telangiectasia.159a FA 
cells show accelerated telomere shortening in vitro and 
an increase in telomere free ends and chromosome end 
fusions, thus suggesting a defect in maintenance of telo-
mere integrity and increased breakage at telomeric 
sequences.115,116

Differential Diagnosis

Clinically, FA has to be differentiated from other IBMFSs, 
particularly dyskeratosis congenita (DC), Diamond-
Blackfan anemia (DBA), Shwachman-Diamond syn-
drome (SDS), thrombocytopenia with absent radii 
(TAR), and other nonclassifi ed forms of BMF. Clinical 
manifestations, associated physical abnormalities, family 
history (pattern of inheritance), and increased chromo-
somal fragility in the DEB or MMC test performed on 
cultured peripheral lymphocytes or fi broblasts, or both, 
are helpful in strengthening the diagnosis of FA. However, 
only identifi cation of pathogenic mutations on both 
copies of an FA gene (biallelic mutation) may defi nitely 
consolidate the diagnosis of FA. Congenital abnormities 
in FA may have an overlap with malformations seen in 
other disorders with genetic and nongenetic causes. 
Thrombocytopenia and radial ray abnormalities are also 
characteristic of TAR (see later). However, in FA, if the 
radii are affected, the thumbs are always abnormal; in 
TAR, in which the radii are absent, thumbs are always 
present. Other syndromes that have phenotypic overlap 
with FA include Holt-Oram syndrome (Mendelian 

Inheritance in Man [MIM] 142900), which is character-
ized by thumb anomalies and atrial septal defects and 
caused by mutations in the TBX5 gene, and the Baller-
Gerold (MIM 218600) syndrome and Rothmund-
Thomson syndrome (MIM 278400), which are caused 
by mutations in the RECQL4 gene and characterized by 
radial defects, craniosynostosis, and cancer predisposi-
tion but no BMF. FA patients may have the VATER 
(vertebral defects, imperforate anus, tracheoesophageal 
fi stula, and radial and renal dysplasia) or VACTERL 
(vertebral abnormalities, anal atresia, cardiac abnormali-
ties, tracheoesophageal fi stula, and/or esophageal atresia, 
renal agenesis and dysplasia, and limb defects) associa-
tion (MIM 192350) or the IVIC syndrome (MIM 
147750), which is an acronym for Instituto Venezolano 

TABLE 8-4  Cellular Abnormalities in 
Fanconi’s Anemia

Feature References

Spontaneous chromosome breaks 90, 101, 104-108
Sensitivity to cross-linking agents 4, 5, 89, 109-111
Prolongation of the G2/M and S 
phase of the cell cycle

112-114

Accelerated telomere shortening 115-118*
Hypersensitivity to ionizing 
radiation†

119-122

SENSITIVITY TO OXYGEN
Poor growth at ambient O2 123-126
Overproduction of O2 radicals 127
Defi cient O2 radical defense 128
Defi ciency in superoxide dismutase 129, 130
Sensitivity to ionizing radiation 
during G2

131

Overproduction of TNF-α 132

DIRECT DEFECTS IN DNA REPAIR
Accumulation of DNA adducts 133
Defective repair of DNA cross-links 134, 135
Hypermutability (by deletion) 136-140
Increased apoptosis 141-143
Abnormal induction of p53 142, 144
Failure to arrest DNA synthesis in 
response to DNA damage

145, 146

Defective nonhomologous end 
joining

147-149

Increased homologous 
recombination

150, 151‡

INTRINSIC STEM CELL DEFECT
Decreased colony growth in vitro 53, 54, 152-154
Decreased gonadal stem cell 
survival

155, 156

*Experiments in mice suggest that accelerated telomere shortening is not 
a direct effect of Fanconi’s anemia gene products on telomeres but rather an 
indirect effect, such as increased sensitivity to oxygen radicals.

†Hypersensitivity to ionizing radiation is controversial. More recent results 
suggest increased sensitivity in the majority of Fanconi’s anemia complementation 
groups.

‡The defect has been found in only some but not in all Fanconi’s anemia 
complementation groups.

Modifi ed from D’Andrea AD, Grompe M. Molecular biology of Fanconi 
anemia: implications for diagnosis and therapy. Blood. 1997;90:1725-1736.
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de Investigaciones Cientifi cas, the institution where a 
family with autosomal dominant radial ray defects, 
hearing impairment, internal ophthalmoplegia, and 
thrombocytopenia was fi rst described. Chromosome 
breakage tests were normal in these families.

The increased chromosomal breakage in FA has to 
be distinguished from that seen in Bloom’s syndrome 
(MIM 210900), another single-gene disorder with a pre-
disposition for leukemia as a result of mutation in the 
helicase RecQ protein-like-3 gene (RECQL3). Chromo-
somal aberrations are in general more numerous in FA 
cells than in Bloom cells. Furthermore, in Bloom’s syn-
drome, most interchanges occur between homologous 
chromosomes, whereas in FA they are more frequently 
seen between nonhomologous chromosomes.91 Interest-
ingly, more recent experimental data suggest that the 
Bloom and FA pathways may be connected and that 
protein complexes formed by RECQL3 are abnormal in 
cell lines from FA patients.160,161

Nijmegen’s breakage syndrome (MIM 251260), 
caused by mutations in the NBS1 gene and characterized 
by immunodefi ciency and a predisposition to lymphoma, 
is an additional autosomal recessive chromosomal break-
age disease. A small number of patients may have FA-like 
features, including BMF and the development of myeloid 
leukemia,100,162 and certain mutations in the NSB1 gene 
cause an increased clastogenic response to MMC and 
DEB. The similarities between these two disorders sug-
gested an interaction between these proteins. In fact, the 
NSB1 protein interacts with the FANCD2 protein in two 
distinct cellular functions, one involved in the DNA 
cross-link response and other involved in the S-phase 
checkpoint response (see later).97,163

A third disease associated with spontaneous chromo-
somal breakage and hematopoietic malignancies is ataxia-
telangiectasia (MIM 208900), which has autosomal 
recessive inheritance. Cells from patients with ataxia-
telangiectasia are hypersensitive to ionizing radiation but 
not to cross-linking agents. Furthermore, it is associated 
with immunodefi ciency and progressive cerebellar 
neuronal degeneration, which clearly distinguish this 
condition from FA. Interestingly, the product of the gene 
mutated in ataxia-telangiectasia, ataxia-telangiectasia 
mutated (ATM), interacts with the pathway affected in 
FA in response to ionizing radiation by phosphorylating 
FANCD2 (also see later).

One form of Seckel’s syndrome (SCKL1, MIM 
210600), caused by mutations in the gene encoding 
ataxia-telangiectasia and RAD3-related protein (ATR), 
may have some clinical similarities to FA, including 
anemia and an increased risk for AML. ATR interacts 
with the FA pathway and is essential for effi cient 
FANCD2 monoubiquitination (also see later).164

DNA ligase IV (LIG4)-defi cient patients are charac-
terized by microcephaly, growth retardation starting in 
utero, distinctive facial appearance (“bird-like face”), 
developmental delay, immunodefi ciency, pancytopenia, 
and pronounced clinical and cellular radiosensitivity. 

LIG4 defi ciency is another rare IBMFS caused by defec-
tive DNA repair.164,165

Genetics

Inheritance. FA is a genetically heterogeneous reces-
sive disorder. Mutations in at least 13 different genes, all 
of which have been identifi ed, may be responsible for FA. 
Inheritance of FA is autosomal or, in rare cases, 
X-linked.

Complementation Groups. At least 13 genetic sub-
types or complementation groups have been identifi ed 
(FA-A, FA-B, etc.), each with a distinctive disease gene 
(Fanconi’s anemia gene A [FANCA], FANCB, etc.). The 
majority of patients belong to complementation group A 
(approximately 60% to 70%), followed by complementa-
tion groups C and G. Table 8-5 shows the complementa-
tion groups and the genes responsible for FA and their 
frequency as estimated from data from the IFAR.184 
Complementation groups were originally defi ned by 
somatic cell fusion and the ability of the heterokaryon to 
correct the MMC hypersensitivity as measured in a 
growth inhibition assay.187-190 Correction of the MMC 
hypersensitivity indicates that the two fusion partners 
belong to different complementation groups, whereas 
no correction indicates that they belong to the same 
complementation group. More recently and as more 
FANC genes are identifi ed, complementation groups 
are assigned through the correction of MMC hypersen-
sitivity after introduction of the respective wild-type 
cDNA (complementation by cDNA expression). Retro-
viruses expressing FANC cDNA may be used to correct 
the phenotype of T cells from FA patients, which deter-
mines the complementation group in a rapid, accurate 
manner.191

Fanconi Genes (FANC Genes). FANC genes have been 
identifi ed by expression cloning, positional cloning, 
protein complex purifi cation, or a combination thereof 
and are summarized in Table 8-5. Figure 8-3 schemati-
cally represents the 13 FANC genes and their functional 
domains. Complementation cloning is based on the prin-
ciple that the wild-type variant of the defective gene will 
complement or correct the phenotype (the phenotype of 
FA cells is MMC hypersensitivity; also see earlier). Com-
plementation cloning is a very powerful method that led 
to the identifi cation of numerous disease genes, including 
the FANCC,168 FANCA,192 FANCG,173 FANCF,172 and 
FANCE171 genes. The FANCA gene was also identifi ed 
independently by positional cloning.193 FAND2170,194 and 
FANCJ178,179,195 were cloned by using a combination of 
positional and expression cloning. FANCD1 and FANCN 
were identifi ed as FA genes by a candidate gene approach. 
Screening for mutation in the BRCA2 gene revealed bial-
lelic pathogenic mutations in patients belonging to the 
FANCD1 complementation group.169 Similarly, sequenc-
ing of PALB2 revealed biallelic pathogenic mutations 
very similar to those in FANCD1 patients, but not BRCA2 
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TABLE 8-5 Thirteen Complementation Groups and Genes Responsible for Fanconi’s Anemia

Complementation 
Group

Responsible 
Gene

% of FA 
Patients Locus

Protein 
Size (kd)

FANCD2 
Monoubiquitination

Main Function of the 
Protein Comments References

FA-A FANCA 57-65 16q24.30.3 163 + FA core complex Phosphorylated after 
DNA damage

166

FA-B FANCB 0.3 Xp22.31  95 + FA core complex 167
FA-C FANCC 9-15 9q22.3  63 + FA core complex 168
FA-D1 FANCD1/

 BRCA2
3-4 13q12-13 380 − RAD51 recruitment 169

FA-D2 FANCD2 3-6 3p25.3 155, 162 + Monoubiquitinated protein 
(part of the FANCI-
FAND2 subcomplex)

Phosphorylated upon 
DNA damage

Phosphorylated and 
monoubiquitinated 
after DNA damage

170

FA-E FANCE 1 6p21-22 60 + FA core complex Direct binding to 
FANCD2

Phosphorylated after 
DNA damage

171

FA-F FANCF 2 11p15  42 + FA core complex 172
FA-G FANCG/XRCC9 8-9 9p13  68 + FA core complex 173
FA-I FANCI Rare 15q25-26 150 + Monoubiquitinated protein 

(part of the FANCI-
FAND2 subcomplex)

Phosphorylated and 
monoubiquitinated 
after DNA damage

Binds to FACND2

174-177

FA-J FANCJ/BACH1/
Brip1

1.6-3 17q22-q24 130 − 5′ → 3′ DNA helicase/
ATPase

Binding to BRCA1 178, 179

FA-L FANCL/PHF9/
POG/FAAP43

0.1 2p16.1  43 + FA core complex, 
ubiquitin ligase

180

FA-M FANCM/Hef/
FAAP250

Rare 14q21.3 250 + FA core complex, 
ATPase/translocase

? Sensor for DNA cross-
link damage

Helicase/nuclease 
motif

Phosphorylated after 
DNA damage

181

FA-N FANCN/PALB2 Rare 16p12 130 − Binding partner of BRCA2 Binding to BRCA2 87, 182, 
183

+, gene required for FANCD2 monoubiquitination; −, gene not required for FANCD2 monoubiquitination; ?, possible; NA, not applicable.
Data from references 184 to 186.
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mutations.86,182 FANCL, FANCB, and FANCM were 
identifi ed as proteins binding to FANCA. They were 
initially called Fanconi’s anemia–associated proteins 
(FAAP), followed by a number corresponding to their 
approximate molecular weight. Mutation screening 
revealed biallelic mutations in the gene encoding FAAP43 
in cells from FA patients belonging to complementation 
group FANCL180 and in the gene encoding FAAP250 in 
cells from patients with FANCM.181 The gene encoding 
FAAP95 is on the X chromosome and was found to carry 
a mutation in the four cell lines from male patients 
belonging to complementation group FANCB.167 A 
fourth protein, FAAP100, has not yet been associated 
with FA.160 The most recently identifi ed FA gene is the 

FANCI gene, which was identifi ed almost simultaneously 
by three different groups of investigators.174-176

Function of the FANC Proteins. The FANC proteins 
have been shown to act during the S phase of the cell 
cycle97,145,146,161, 196-207 and are thought to participate in 
DNA repair of lesions encountered during DNA replica-
tion.184,185,208-213 It is generally thought that FANC proteins 
promote and coordinate three DNA repair pathways: 
translesion synthesis at replication-blocking lesions and 
repair of broken replication forks by homologous recom-
bination and possibly through DNA end joining (nonho-
mologous end joining) in the absence of homologous 
recombination.214,215 Thus, it is thought, as schematically 
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FIGURE 8-3. Schematic repre-
senation of the 13 Fanconi’s 
anemia genes and their functional 
domains. dsDNA, double-stranded 
DNA; NES, nuclear export 
sequences; NLS, nuclear localiza-
tion signals; OB, oligonucleotide/
oliosaccharide-binding folds; 
ssDNA, single-stranded DNA; 
TD, tower domain; TRP, tetratri-
copeptide repeat. (Modifi ed from 
Taniguchi T, D’Andrea AD. Mole c-
ular pathogenesis of Fanconi anemia: 
recent progress. Blood. 2006;107:
4223-4233.)
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FIGURE 8-4. Presumed function of the Fanconi anemia (FA) DNA 
repair pathway. In normal cells, the FA pathway ensures correct DNA 
repair, whereas error-prone alternative pathways are rarely used. In FA 
cells, error-free DNA repair by homologous recombination (HR) is 
impaired, so alternative DNA repair pathways are more frequently used 
and lead to genomic instability and cell death. (Modifi ed from Levitus 
M, Joenje H, de Winter JP. The Fanconi anemia pathway of genomic main-
tenance. Cell Oncol. 2006;28:3-29.)

Box 8-4 DNA Repair Pathways*

DNA repair pathways are highly regulated pathways 
that involve detection of DNA lesions, signaling to 
recruit DNA repair factors, activation of DNA repair 
enzymes, and disassembly or degradation of DNA 
repair factors after repair.

EXCISION OF DAMAGED AND MISMATCHED BASES

Nucleotide excision repair, including global genome repair 
and transcription-coupled repair

Base pair excision repair
Mismatch repair

REPAIR OF DOUBLE-STRANDED BREAKS

Homologous recombination (generally error free)
Nonhomologous end joining (generally error prone)

DNA STRESS REPLICATION PATHWAY; REPLICATION 
PATHWAY OF DAMAGED TEMPLATES DURING 
DNA SYNTHESIS

Translesion DNA synthesis (error prone)

*For review, see Kennedy and D’Andrea216 and Hoeijmakers.217

summarized in Figure 8-4, that in normal cells the FA 
pathway serves to minimize the severity of mutational 
outcomes by favoring error-free DNA repair and error-
prone DNA repair that results in base pair substitutions or 
small deletions over DNA repair that results in larger dele-
tions and chromosomal rearrangements (Box 8-4 sum-
marizes the main DNA repair pathways).208,218 However, 
exactly how these proteins function remains elusive.

The current model suggests that eight of the pro -
teins responsible for FA—FANCA, FANCB, FANCC, 
FANCE, FANCF, FANCG, FANCL, and FANCM—
are part of a nuclear protein complex (core FA complex) 
that functions as an ubiquitin ligase, of which FANCL 
is probably the catalytic subunit.180 Crystallographic 
and biologic study demonstrated that FANCE recruits 
FANCD2 to the FA core complex whereas disease-asso-
ciated FANCE mutations disrupt the FANCE-FANCD2 
interaction.219 Figure 8-5 schematically summarizes the 
current view of the FANC protein interconnections in 
the FA DNA repair pathway. In response to DNA damage 
or in the S phase of the cell cycle, this complex catalyzes 
monoubiquitination of the downstream targets, the 
FANCD2 and FANCI proteins (FANCI-FANCD2 
complex). A defect in any of these core proteins results 
in failure to monoubiquitinate the FANCI-FANCD2 
complex, thus underscoring the importance of this modi-
fi cation in the FA pathway. FANCI and FANCD2 are 
dependent on each other for their respective monoubiq-
uitination. The biochemical mechanism of monoubiqui-
tination of FANCI and FANCD2 is not understood, but 
the reaction is necessary for association of the FANCI-
FANCD2 complex to chromatin and its localization into 
nuclear foci, where it colocalizes with multiple proteins 
involved in DNA repair, including BRCA1, RAD51, 
MRE11-RAD50-NBS1, replication protein A, PCNA, 
and BRCA2.97,198,203,221-223 The FANC core complex is 
also necessary for translocation of the monoubiquitinated 
FANCI-FANCD2 complex to chromatin. Indeed, 
FANCA, FANCC, and FANCG also associate with 
chromatin in response to DNA damage.220 In addition, 
FANCD2 is phosphorylated in response to various types 
of DNA damage,97,199,200 and it is suspected that FANCI 
and FANCD2 phosphorylation is part of two separate 
pathways that are controlled by one of the two check-
point kinases ATR or ATM.97,174-176,199,200,224

The FA gene corresponding to FA-D1 has been 
identifi ed as the breast cancer susceptibility gene 
BRCA2.169 In FANCD1/BRCA2-defective cells, the core 
FA complex is intact and FANCD2 is appropriately 
ubiquitinated, thus suggesting that FANCD1/BRCA2 
acts downstream of the other proteins involved in FA. 
Recently, biallalic mutations were identifi ed in the gene 
encoding FANCN/PALB2, a nuclear binding partner of 
BRCA2.86,182 FANCN binds to the amino-terminal of 
BRCA2 and facilitates its binding to chromatin.87 Similar 
to FANCD1/BRCA2-defective cells, the core FA complex 
is intact and FANCD2 is appropriately ubiquitinated.

FANCJ has been shown to be mutated in FA and act 
downstream of FAND2 monoubiquitination. FANCJ is 
an adenosine triphosphate–dependent helicase that binds 
and unwinds DNA/DNA and DNA/RNA substrates in a 
5′-to-3′ direction.225 It belongs to the RecQ DEAH heli-
cases, which effi ciently unwind DNA structures that 
occur during homologous recombination and during 
repair of stalled DNA replication forks. FANCJ contains 
a C-terminal BRCA1-binding domain, again linking the 
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FA pathway to the homologous recombination repair 
pathway.

It has been proposed that the FA core complex 
is assembled sequentially from subcomplexes (see Fig. 
8-5),226-229 which may have additional functions aside 
from DNA repair. In fact, the FANCC protein has been 
reported to interact with a number of other proteins, 
including STAT1,230,231 Hsp70,232,233 cdc2,227 PKR,234,235 
and p53,236,237 thus suggesting that FANC proteins/
subcomplexes might also have a separate role in cell cycle 
control, apoptosis, hematopoiesis, and tumorigenesis that 
is independent of DNA damage recognition/repair 
(reviewed by Bagby and Alter238).

Despite the extensive literature on the function of the 
FANC proteins, the pathogenesis of BMF in FA remains 
poorly understood. Although the FA pathway of DNA 
damage repair and recognition seems to explain the 
genomic instability and possibly the increased risk for 
malignancy in patients with FA, its link to the pathogen-
esis of BMF remains unclear inasmuch as mutations 
associated with genomic instability outside FA are not 

usually associated with BMF. Whether BMF in FA 
patients is a direct consequence of the FA defect in DNA 
repair or is caused by impairment of functions apart from 
DNA repair is the subject of ongoing debate. Naturally, 
FA DNA repair and non–DNA repair pathways in the 
pathogenesis of BMF may not be mutually exclusive. For 
example, the exquisite hypersensitivity of FA hematopoi-
etic progenitor cells to oxidative stress53,123,239 and the 
inability of FA hematopoietic progenitors cells to grow 
unless the culture conditions are optimized to reduce 
oxidative stress56 suggest an inability of FA cells to handle 
oxidative stress. The inability of FA hematopoietic pro-
genitors cells to deal with oxidative stress may occur on 
several levels, including impairment of the redox-related 
pathways associated with FANC proteins (function of the 
FANC proteins outside DNA repair),55,127,128,240-242 the 
response to oxidative damage,199 and impaired repair of 
oxygen-induced DNA damage (functions of the FANC 
proteins in DNA damage repair).53,115,123,124,239,243-249 Thus, 
it is possible that mutations in FA genes sensitize hema-
topoietic stem cells to the environmental factors that 
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prevail in BMF, such as increased levels of TNF-α or 
INF-γ. To fi nd the specifi c functions of the FA pathways 
and to link them to the phenotype seen in patients with 
FA, it will be necessary to learn still more about the 
individual FANC proteins, complexes, and subcomplexes 
and their interactions and functions in and outside of 
DNA repair. The identifi cation of additional components 
in the FA pathways and their functional analysis might 
provide additional pieces and eventually complete the 
jigsaw puzzle surrounding the pathogenetic pathway of 
BMF in FA.

FANC Gene Mutations in Patients with Fanconi’s 
Anemia. Detailed information on mutations identifi ed in 
the FANC genes in patients with FA is maintained in the 
FA Mutation Database at Rockefeller University through 
the IFAR headed by Arleen D. Auerbach (available at 
http://www.rockefeller.edu/fanconi/mutate/21,250) and in 
the Leiden Open Variation Database (LOVD; http://
chromium.liacs.nl/lovd/) maintained by Ivo Fokkema, 
John T. den Dunnen, and Peter E. M. Taschner.251 Fre-
quent FA mutations and mutations with founder effects 
are presented in Table 8-6.

FANCA is the gene most frequently mutated in FA 
patients.21,22,258,259 The mutations are spread throughout 
the gene and include missense and nonsense mutations, 
small deletions, insertions, and duplications, as well as 
splicing mutations.250 Of note is the substantial number 
of large genomic, usually intragenic DNA dele-
tions,13,250,260-264 which account for about 40% of all 
pathogenic mutations within the FANCA gene and are 
thought to be due to the frequent occurrence of Alu 
repeats in this genomic region.250,260 Large gene deletions 
are not generally detected by routine nucleotide sequence–
based mutation detection methods but require more 
specialized analysis (haplotype analysis) or molecular 
methods specifi cally designed for the detection of large 
gene deletions. Two small deletions (deletion of three 
nucleotides between positions 3788 and 3790, with 
c.3788_3790delTCT leading to deletion of phenylala-
nine at position 1263, 1263delF, and a 4–base pair [bp] 
deletion at position 1115, c.1115-1118delTTGG, leading 
to a frameshift and premature stop codon) are the most 
common pathogenic mutations in the FANCA gene, with 
a frequency of 8.8% and 5.5% in the non-Brazilian and 
51.1% and 2.2% in the Brazilian mutated FANCA alleles 
(see Table 8-5).

Mutations in FANCC genes account for about 10% 
to 15% of all FA cases (see Table 8-6).185,265 The splicing 
mutation c.711+4A→T (old nomenclature, IVS4+4A→
T) in the FANCC gene accounts for the majority (80%) 
of FA cases in Ashkenazi Jewish families (see Table 
8-6).253 Mutations in FANCG are responsible for about 
8% to 9% of patients with FA. Several mutations with 
founder effects have been identifi ed in specifi c popula-
tions (see Table 8-6).254

Biallelic mutations in BRCA2 are found in individu-
als with FA-D1. Biallelic FANCD1/BRCA2 mutations 

account for about 3% to 4% of all FA patients.184,185 The 
majority of FANCD1/BRCA2 mutations in FA lead to 
frameshifts or truncations (see Table 8-6).85 Interestingly, 
however, FA-D1 cells are not biallelic for FANCD1/
BRCA2 null alleles but have at least one hypomorphic 
FANCD1/BRCA2 allele expressing a FANCD1/BRCA2 
protein with some residual activity. Biallelic null FANCD1/
BRCA2 mutations have never been identifi ed and in mice 
are embryonically lethal. Biallelic mutations in FANCD1/
BRCA2 have a very high risk of early malignancy. The 
splice cite mutations c.859+1G→A (IVS7+1G→A) and 
c.859+1G→A (IVS7+1G→A) are associated with a high 
frequency of leukemia at a very young age,85,255,256 whereas 
the frameshift mutations c.886delGT and c.6174delT 
are associated with brain tumors.24,84,85

Mutation in FANCD2 accounts for 3% to 6% of FA-
affected patients. Malformations are frequent in these 
patients, and hematologic manifestations appear early 
and progress rapidly. Although hypomorphic mutations 
exist, patients with FANCD2 mutations have a relatively 
severe form of FA. Mutation analysis revealed 66 mutated 
alleles, 34 causing aberrant splicing. Many mutations are 
recurrent and have ethnic associations and shared allelic 
haplotypes. There were no biallelic null mutations, thus 
suggesting that in contrast to the Fancd2 knockout mouse, 
complete absence of FANCD2 does not exist in patients 
with FANCD2 mutations.266,267

Mutations in FANCN/PALB2 were identifi ed in fam-
ilies with the new subtype FA-N and cancer in early 
childhood. Similar to biallelic BRCA2 mutations, biallelic 
FANCN/PALB2 mutations confer a high risk for child-
hood cancer.86,182

Molecular Diagnosis of Fanconi’s Anemia

Currently, molecular diagnostics is not routinely per-
formed for FA because it is expensive, labor intensive, 
and in some cases, possible only though specialized 
laboratories using research tests that are currently not 
approved by the Clinical Laboratory Improvement 
Amendments (CLIAs). However, only identifi cation of 
biallelic mutations in a FANC gene (or hemizygosity for 
a mutation in the FANCB gene) defi nitively establishes 
the diagnosis of FA. Furthermore, molecular diagnostics 
enables the identifi cation of mutation carriers, facilitates 
prenatal diagnosis for an existing pregnancy, and allows 
preimplantation genetic diagnosis (PGD) for partners 
identifi ed as mutation carriers.268 For a defi nition of PGD 
see Box 8-5. In addition, because the clinical manifesta-
tions and severity of disease may vary depending on the 
affected FANC gene and the nature of individual muta-
tions, molecular diagnostics may also infl uence medical 
management not only for FA individuals carrying bial-
lelic FANC gene mutations but possibly also for hetero-
zygous FANC gene mutation carriers (also see later). 
Currently, an educated candidate gene approach is used 
to identify the affected the FANC gene by taking into 
account the origin and ethnicity of the affected FA indi-
vidual.273 After exclusion of the most frequent mutations, 



 
C

h
ap

ter 8 
• 

In
h

erited
 B

o
n

e M
arro

w
 Failu

re Syn
d

ro
m

es 
325

TABLE 8-6 Frequent FANC Gene Variants and Mutations with a Founder Effect Identifi ed in Patients with Fanconi’s Anemia

Gene
Founder 
Effect

Variation at the DNA level 
(Old Nomenclature)*

Variation at the 
Protein Level*

Frequency within the 
Mutated FA Allele

Population with a Founder 
Effect (% of All FA Patients) References

FANCA Yes c.3788_3790delTCT† 1263delF 8.8% 51% in Brazilians 250
No c.1115-1118delTTGG† fs 5.5% 2.2% in Brazilians 250
Yes Intragenic deletion of exons 

12 through 31
del 60% in Afrikaners in South Africa 13

Yes c.295C→T Q55X Spanish gypsies 10
Yes c.65G→A W22X Unique to Ashkenazi Jews 252

FANCC Yes c.711+4A→T (IVS4+4A→T) spl? 80% in Ashkenazi Jews 253
Yes c.322delG fs Dutch 168

FANCG Yes c.1087-2A→G spl? Portuguese Brazilians 254
Yes c.1480+1G→C spl? French Acadians 254
Yes c.307+1G→C spl? Koreans and Japanese 254
Yes c.1794_1803del10 fs Europeans 254
Yes 313G→T E105X 44% in Germans 254

FANCD1/BRCA2 Yes c.6174delT fs Unique to Ashkenazi Jews 252
No c.859+1G→A (IVS7+1G→A)‡ spl? 85, 255, 256
No c.859+1G→A (IVS7+1G→A)‡ spl?
No c.886delGT§ fs 24, 84, 85
No c.6174delT§ fs

*Sequence variations are described according to the Ad-Hoc Committee for Mutation Nomenclature (AHCMN)257 (for a summary see http://www.hgvs.org/mutnomen/; for the coding DNA reference sequence see http://
www.rockefeller.edu/fanconi/mutate/faarefcdna.html), with the fi rst base of the Met codon counted as position 1. Single-letter abbreviations are used for amino acids: E, glutamic acid; F, phenylalanine; Q, glutamine. del, dele-
tion; fs, frameshift, premature stop codon; spl?, splice site mutations with unknown consequences at the protein level; X, stop codon.

†Most frequent FANCA gene mutations.
‡Associated with a high frequency of leukemia at a very young age (acute myelocytic and lymphocytic leukemia).
§Associated with brain tumors.
Data from Fokkema IF, den Dunnen JT, Taschner PE. LOVD: easy creation of a locus-specifi c sequence variation database using an “LSDB-in-a-box” approach. Hum Mutat. 2005;26:63-68, available at http://chromium.

liacs.nl/lovd/; and Levran O, Diotti R, Pujara K, et al. Spectrum of sequence variations in the FANCA gene: an International Fanconi Anemia Registry (IFAR) study. Hum Mutat. 2005;25:142-149.
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it might be necessary to determine the complementation 
group and perform a mutational screen of the entire 
coding sequence, including methods that will detect large 
deletions in compound heterozygotes. Protein expression 
analysis and functional assays are used to test for the 
pathogenicity of unclassifi ed variants.274 Although this 
approach is successful in the majority of FA patients, in 
some, the responsible gene mutations remain unclear. In 
addition to the large number of mutations in FANC 
genes associated with FA, a number of nonpathogenic 
mutations and mutations of unknown pathogenic signifi -
cance have been identifi ed. The multitude of FA comple-
mentation groups, the heterogeneity of the mutation 
spectrum, and the frequency of large intragenic deletions 
present a considerable challenge for the molecular diag-
nosis of FA.

Heterozygous Carriers of FANC Gene Mutations

Heterozygous carriers of FANC gene mutations are not 
at risk for the development of BMF. Similarly, cell lines 
heterozygous for FANC gene mutations do not show 
the chromosomal instability (either spontaneously or in 
response to cross-linking agents) characteristic of FA 
cells with biallelic FANC gene mutations. However, an 
increased frequency of skeletal and genitourinary abnor-
malities275 and an increased risk for malignancy have 
been reported in heterozygous FANC gene mutation 
carriers.275

Risk of Malignancy. A strong association exists 
between heterozygous mutation of FANC genes and sus-
ceptibility to breast or ovarian cancer,276 and other forms 
of malignancy have been identifi ed in heterozygous muta-
tion carriers. Carriers of mutations in BRCA1 or BRCA2/
FANCD1 have an 82% risk of breast cancer developing 
and a 54% (BRCA1) and 23% (BRCA2/FANCD1) risk 
for ovarian cancer.277 Heterozygous BRCA2/FANCD1 
mutations additionally predispose to pancreatic, prostate, 
and gastric cancer, as well as melanoma.278,279 Monoal-
lelic truncating FANCN/PALB2 mutations were also 
associated with familial breast cancer, although the risk 
for breast cancer was lower (2.3-fold) than that in BRCA2 
mutation carriers.183 Heterozygosity for FANCJ muta-
tions has been identifi ed in patients with early-onset 
breast cancer.225 Heterozygous germline mutations in 
FANCC and FANCG and loss of heterozygosity or func-

tional biallelic loss in the tumor sample have been identi-
fi ed in rare patients with pancreatic cancer.280,281 
Furthermore, heterozygous germline mutations of 
FANCA have been identifi ed in a small percentage of 
patients with AML.282,283

Somatic FANC Gene Mutations in Cancer

Cancer cells often accumulate a large number of muta-
tions within an individual cancer cell, many of which 
promote cell growth and survival. It is therefore thought 
that a cancer cell with an increased mutation rate, a 
mutator phenotype, will have a selective advantage in 
tumor growth and development. Inactivation or mutation 
of genes involved in maintaining genetic stability is there-
fore thought to be an early event in cancer development. 
The FA pathway has been observed to be one of the 
pathways that maintains genomic stability and is targeted 
in several forms of sporadic cancer (for review see else-
where184,216); inactivation of FANCF by methylation has 
been observed in ovarian granulosa cell tumors,284 breast 
cancer,285 non–small cell lung cancer,286 squamous cell 
head and neck cancer,286 cervical cancer,287 testicular 
germ cell tumors,288 and possibly ovarian cancer,289 
although the latter was not confi rmed.290 Aberrant or 
reduced expression of FANCA, FANCC, FANCF, and 
FANCG was found in AML cells,282,283,291-293 thus sug-
gesting a role of the FA pathway in leukemogenesis. 
Inherited and somatic (loss-of-heterozygosity) mutations 
in FANCC and FANCG were observed in a subset of 
early-onset pancreatic cancer.280,281,294 Loss of BRCA2 
expression has been reported in 13% of ovarian adeno-
carcinomas.295 FANCD2 expression was found to be 
absent in 10% to 20% of sporadic and BRCA1-related 
breast cancers.296

Identifi cation of acquired abnormalities in the FA 
pathway might become clinically important because these 
tumors are expected to have increased sensitivity to cross-
linking agents such as cisplatin, cyclophosphamide, 
MMC, and other novel agents.297 Thus, identifi cation 
of abnormalities in the FA pathway may serve as a 
biomarker that identifi es a subgroup of patients with 
cancers selectively sensitive to specifi c chemotherapeutic 
agents.233,248 Similarly, inhibition of the FA pathway 
in cancer may render cancer cells sensitive to 
chemotherapy.216,298,299

Genotype-Phenotype Correlation

Clinical fi ndings in FA are highly variable, although 
within an individual family the presence or absence of 
multiple congenital abnormalities or the age at onset of 
other disease manifestations is usually concordant (see 
earlier also). More recent studies have demonstrated that 
disease severity and manifestations, at least in part, are 
determined by the FANC gene affected (FA complemen-
tation group) and by the nature of the mutations.15,21,22 
For example, patients with mutations in the FANCA gene 
usually have a milder form of disease and BMF develops 
at a later age than it does in FA individuals with muta-

Box 8-5 Preimplantation Genetic Diagnosis

Preimplantation genetic diagnosis (PGD) is the genetic 
diagnosis of a preimplantation embryo (typically 
on day 3 of embryo development at the eight-cell 
stage or at day 5 as a blastocyst) obtained by in vitro 
fertilization. It is usually performed in families with a 
severe genetic disorder or for selection of an HLA-
compatible cord blood donor for a sibling in need of 
a hematopoietic stem cell transplant. The procedure is 
often successful but is ethically controversial.269-272
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tions in the FANCC or FANCG genes,22 whereas in FA 
patients with biallelic FANCD1 or FANCN mutations, 
cancer develops even before the manifestation of 
BMF.24,84-86 Furthermore, splice site mutations in FACD1 
are more frequently associated with the development of 
leukemia,85,255,256 whereas frameshift mutations within 
the same gene more frequently lead to brain tumors (see 
earlier).24,84,85 Malformations are frequent in FANCD2 
patients, and hematologic manifestations appear earlier 
and progress more rapidly than they do in non-FANCD2 
FA patients.266

FA-B is X-linked, in contrast to all other forms of 
FA, which are autosomal. Thus, a single mutation is suf-
fi cient to cause a phenotype and disease in males. In 
females, because of inactivation of one of the two X 
chromosomes, a phenotype is expressed only in cells with 
the FANCB mutation on the active X chromosome. 
Because X-chromosome inactivation occurs at random 
in early embryogenesis and, once determined, persists 
clonally, one might expect female FANCB mutation car-
riers to have a mild form of FA-B. Interestingly, however, 
to date no female FA-B patient with clinical manifesta-
tions of FA has been reported, and careful clinical ex -
amination of females heterozygous for FANCB gene 
mutations showed no manifestations of disease. Molecu-
lar studies investigating X-inactivation revealed that only 
the X chromosome with the normal FANCB gene is 
expressed in blood and bone marrow and also in fi bro-
blasts.167 This fi nding indicates a proliferative disadvan-
tage of cells expressing the mutant FANCB allele and 
complete outgrowth by phenotypically normal cells, not 
only in bone marrow but possibly also in all other tissues. 
This situation differs from other X-linked IBMFSs such 
as X-linked DC (see the section “Dyskeratosis Congen-
ita”). For individuals carrying a FANCB mutation, 
however, longer follow-up and examination of additional 
mutation carriers will be necessary to determine whether 
some FA-B cells persist in female carriers and whether 
these persisting FA-B cells are at risk for malignant trans-
formation. Whether somatic FANCB inactivation can 
be found in malignancies (only a single mutation on 
the active X chromosome is required) remains to be 
determined.

Somatic Mosaicism and Functional Reversion of 
Fanconi’s Anemia Cells

About 10% to 25% of FA patients have been found to 
be mosaic in their peripheral blood inasmuch as two 
populations of lymphocytes can be detected, one with the 
classic increased sensitivity to cross-linking agents char-
acteristic of FA cells and the other usually a slowly 
increasing second population that is resistant to treat-
ment with these agents.26 For defi nition of genetic mosa-
icism see Box 8-6. The presence of mosaicism is usually 
considered if the clinical course of the disease is milder 
than expected in comparison to individuals with the same 
genetic abnormality, if the course of the disease improves 
spontaneously rather than worsens, or in the presence of 

classic phenotypic abnormalities but rather mild or absent 
hematologic disease. The molecular mechanisms of 
genetic reversion include intragenic recombination (in 
compound heterozygotes), mitotic gene conversion (non-
reciprocal exchange of genetic information as a result of 
heteroduplex formation between nonsister chromatids),28 
DNA slippage, second-site compensating mutations,301,302 
and site-specifi c correction by an as yet unknown mecha-
nism.28 Gene reversion may occur in vivo or in vitro. In 
FA patients the reverting mutation is thought to occur in 
progenitor cells with self-renewing capability,303 possibly 
stem cells, thereby conferring a proliferative advantage to 
the revertant cells, which may lead to expansion of the 
revertant clone and progressive replacement of the FA 
cells in bone marrow.26,302,304 Genetic reversion in FA has 
been documented to date only in hematopoietic cells, not 
in fi broblasts.301,302 However, the fact that females hetero-
zygous for FANCB mutations have biased X-inactivation 
in fi broblasts suggests that an intact FA pathway confers 
a proliferative advantage to nonhematopoietic cells. Thus, 
the frequency of genetic reversion is largely unknown, 
and so are its clinical consequences. In many patients 
genetic reversion is associated with hematologic im -
provement.26,302 However, genetic reversion has also been 
found in leukemic cells from FA patients,305 thus indicat-
ing that genetic reversion may confer a selective growth 
advantage and resistance of leukemic or preleukemic 
cells to specifi c chemotherapy drugs. Furthermore, 
genetic reversion in hematopoietic cells has no effect on 
cancer frequency in nonhematopoietic tissue (also see 
earlier).306 However, the strong selection for a functional 
FANC pathway may be used to advantage in gene therapy 
approaches.26,302 Genetic mosaicism is responsible at least 
in part for phenotypic variability, particularly within an 
individual family, and may create diffi culty in interpreta-
tion of the chromosomal breakage test (DEB and MMC 
test, see earlier) or even lead to false-negative testing 
results.25,27,28 DEB or MMC testing of fi broblasts should 
therefore be considered in patients with clinical or genetic 
suspicion of FA but a negative DEB or MMC test in 
peripheral blood lymphocytes.

Mouse Models for Fanconi’s Anemia

Several mouse models for FA have been generated by 
introducing mutations into murine FANC genes, in -
cluding Fancc,155,307 Fanca,308 Fancg,309 Fancd2,310 and 
Fancd1.311 Some models recapitulate the clinical features 

Box 8-6 Genetic Mosaicism

Genetic mosaicism is defi ned as the presence of two 
or more genetically distinct populations of cells in a 
single individual that differ from each other at the 
DNA sequence level but are derived from a single 
zygote.300 In Fanconi’s anemia (FA), genetic mosaicism 
results from reversion, which is genetic correction 
(reversion) of the FA mutation.



328 BONE MARROW FAILURE

seen in patients with FA, specifi cally, microphthalmos, 
germ cell defects, chromosomal instability, and an 
increased sensitivity to cross-linking agents. In some 
models tumors develop at an increased frequency,310,312,313 
and this effect is more pronounced in the absence of 
p53.237,314 These models thereby underline the impor-
tance of the FA pathway in tumorigenesis. Hematopoietic 
progenitor cells from mice homozygous for a null 
mutation in the Fancc gene demonstrate a distinct 
hypersensitivity to IFN-γ that leads to cell death inde-
pendent of the DNA repair pathway mediated by FAS-
induced apoptosis, thus suggesting that IFN-γ 
hypersensitivity may play a major role in the pathogenesis 
of BMF in patients with FA.155,315 Interestingly, however, 
spontaneous development of aplastic anemia was not 
observed in these mice.

Clinical Management

Once the diagnosis is confi rmed, the family should be 
referred to a clinical geneticist for counseling and careful 
examination of family members. Genetic testing or chro-
mosome breakage analysis should be offered to all family 
members. Early diagnosis is important for correct man-
agement of hematologic complications, diagnosis and 
appropriate treatment of coexisting congenital abnor-
malities and associated endocrinopathies, and identifi ca-
tion of affected but asymptomatic family members and 
unaffected family members or pregnancies that may serve 
as potential hematopoietic stem cell donors. In addition, 
early diagnosis allows targeted cancer surveillance, not 
only in patients with FA but also in some cases in het-
erozygous mutation carriers (also see earlier). Manage-
ment of patients in whom FA is diagnosed depends on 
the age at diagnosis and the presence or absence of con-
genital or hematologic abnormalities (see also Fanconi 
Anemia Standards for Clinical Care, available from the 
Fanconi Anemia Research Fund at http://www.fanconi.
org/316). All diagnosed FA patients should have a full 
hematologic assessment, including examination of bone 
marrow, and in anticipation of possible HSCT, HLA 
typing should be performed. Other investigations at diag-
nosis should include audiometry, ophthalmic examina-
tion, renal ultrasound, and an endocrine assessment (see 
earlier). Referral to specialized surgeons might be neces-
sary for correction of radial ray defects.

Management of Hematologic Disease

Initially, in the absence of hematologic abnormalities or 
clinical and laboratory signs of mild BMF, monitoring of 
peripheral blood values and yearly examination of bone 
marrow might be suffi cient (see also elsewhere317). Bone 
marrow examination should include a trephine biopsy 
and marrow aspirate for examination of marrow cellular-
ity and morphologic changes characteristic of MDS, as 
well as for cytogenetic examination by G banding and 
fl uorescent in situ hybridization (FISH) analysis, includ-
ing probes that identify the most frequent cytogenetic 
abnormalities seen in patients with FA and progression 

to MDS or AML (see earlier also). Because of its prog-
nostic value, examination for clonal aberration of 3q 
should be considered.68,69 Plans for possible HSCT 
should be in place because hematologic complications 
may develop rapidly. With progression of BMF it will 
become necessary to increase the frequency of hemato-
logic monitoring. HSCT is usually considered in patients 
with moderate BMF and an available HLA-matched 
unaffected sibling donor or when BMF becomes severe 
and an unrelated donor is available. Preventive HSCT in 
the absence of hematologic disease is highly controversial 
and currently considered investigational because the risk 
and time course of disease progression are highly variable 
and have to be weighed against the morbidity and mortal-
ity associated with HSCT.

Management of FA patients with MDS, AML, or 
both is less standardized. The signifi cance of transient 
clonal cytogenetic abnormalities is unclear, but if persis-
tent or complex, such abnormalities usually predict a 
poor prognosis (also see earlier). HSCT with or without 
induction chemotherapy or enrollment in clinical trials 
for MDS or MDS/AML is usually considered (see later 
also).318 Androgens and hematopoietic growth factors 
transiently improve BMF in about 50% to 60% of FA 
patients.319-322 Side effects of androgen therapy include 
masculinization, acne, hyperactivity, growth spurt fol-
lowed by premature closure of the epiphyseal growth 
plates, liver enzyme abnormalities, hepatic adenomas, 
and a risk for hepatic adenocarcinomas75,323 that requires 
frequent monitoring of liver function and liver ultra -
sound scans. Hematopoietic growth factors (granulocyte 
colony-stimulating factor [G-CSF]322 or granulocyte-
macrophage colony-stimulating factor [GM-CSF]321) 
may transiently improve neutrophil counts and, in rare 
FA patients, also hemoglobin levels and platelet numbers. 
The use of hematopoietic growth factors in patients with 
clonal cytogenetic abnormalities is controversial because 
of the potential risk of inducing or promoting leukemia. 
Red cell transfusion therapy and iron chelation (after 
multiple red cell transfusions) are frequently used in 
symptomatic FA patients. Platelet transfusions may be 
indicated in thrombocytopenic patients with bleeding or 
before surgical procedures.

HSCT from an HLA-matched sibling donor is 
accepted as the best treatment to cure BMF in FA 
patients and to prevent progression to MDS and AML. 
Early experiences with HSCT for the treatment of BMF 
in FA were disastrous because of excessive regimen-
related toxicity.324-326 Early conditioning regimens con-
sisted of cyclophosphamide alone or in combination with 
total body irradiation (TBI). Unfortunately, severe toxici-
ties (e.g., gastrointestinal hemorrhage, hemorrhagic cys-
titis, cardiomyopathy, and skin burns) were common. 
These poor outcomes prompted in vitro laboratory 
studies that confi rmed the hypersensitivity of FA cells to 
cyclophosphamide and TBI.159 Based on these in vitro 
studies, Gluckman and colleagues327,328 proposed the use 
of a less intensive conditioning regimen consisting of 
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low-dose cyclophosphamide and thoracoabdominal irra-
diation for patients with FA. This approach proved to be 
a major advance in the treatment of patients with FA who 
had HLA-matched sibling donors.329,330 However, it did 
not afford consistent engraftment in recipients of unre-
lated donor transplants, with graft rejection rates ex -
ceeding 20%,331 and head and neck cancer was frequent 
after HSCT. Consequently, irradiation is no longer 
recommended for the conditioning of patients with FA 
undergoing HSCT.332-336 Recent studies suggest that 
fl udarabine-based conditioning regimens are associated 
with improved survival rates in patients with FA under-
going related or unrelated donor HSCT.337-342

PGD may be used in parents with a previously 
affected child to select embryos that are both unaffected 
by FA (if a FANC gene mutation is known) and HLA 
matched to the FA-affected sibling. HSCT is performed 
with the HLA-matched umbilical cord blood of the un -
affected newborn.342,343 The procedure is often successful 
but is considered ethically controversial.269-272

The prognosis for FA patients without HLA-matched 
siblings after HSCT with unrelated donors is less favor-
able. Extensive malformations, a positive recipient 
cytomegalovirus serology, the use of androgens before 
transplantation, and female donors were associated with 
a worse outcome.344 There is also an increased risk for 
graft rejection in FA cases with somatic mosaicism.345

Cancer Surveillance/Treatment

For FA patients who survive the hematologic 
complications, follow-up surveillance for solid malignan-
cies becomes increasingly important (also see 
earlier).1,66,334,345-349 There are no clear guidelines on the 
treatment of cancer in FA patients, which is complicated 
because their increased sensitivity to radiation and certain 
chemotherapeutic agents may result in enhanced toxicity 
and an increased risk of therapy-induced secondary 
malignancies.119,350,351

Gene Therapy

HSCT may cure hematologic disease in FA patients; 
unfortunately, however, HLA-matched sibling donor 
cells are available only for a minority of patients. Gene 
therapy to correct hematopoietic stem cells, followed by 
autologous transplantation, therefore offers an attractive 
alternative for the treatment of hematologic disease in FA 
patients. Indeed, gene transfer corrects the hypersensitiv-
ity of most FA cell lines to DNA cross-linking agents in 
vitro (with the exception of FANCM, most likely because 
of insolubility of the protein) and the hypersensitivity of 
FA knockout mice in vivo. The high incidence of somatic 
mosaicism and the often ameliorated course of hemato-
logic disease in these patients (frequently referred to 
as “gene therapy of Nature”) suggests that FA cells 
corrected by gene therapy are likely to have a selec -
tive growth/survival advantage. However, gene therapy 
attempts in FA patients have thus far been rather disap-
pointing,352-354 mainly because of the lack of permanent 

gene correction and the diffi culty in culturing FA bone 
marrow cells in vitro. Multiple investigations are cur-
rently addressing the major diffi culties of gene therapy 
for FA, including the scarcity of hematopoietic stem cells 
in FA patients with BMF, the extraordinary fragility of 
FA hematopoietic progenitor cells, and the increased sen-
sitivity of FA hematopoietic progenitor cells to oxidative 
stress, which makes it diffi cult to culture and transduce 
FA hematopoietic progenitor cells in vitro. There is also 
a risk that the transduced hematopoietic cells might 
already have acquired secondary somatic, possibly onco-
genic mutations355 and that correction by gene therapy 
would promote rather than prevent leukemogenesis in 
these patients.

Dyskeratosis Congenita

DC, also known as Zinsser-Cole-Engman syndrome, is 
genetically and phenotypically heterogeneous (Box 8-7). 
It was fi rst described by Zinsser and recognized as a 
clinical entity by Cole and Engman.358-360 DC was origi-
nally perceived to be a dermatologic disorder affecting 
the skin, nails, and mouth.358-360 Its association with BMF 
and squamous cell cancer arising from the skin or from 
leukoplakia in the mouth or anus was recognized 
later.361

Clinical Manifestations

Originally, DC was clinically recognized by the classic 
diagnostic triad of reticular pigmentation of the skin, nail 
dystrophy, and mucosal leukoplakia (Fig. 8-6).358-360 
Other symptoms frequently found in patients with classic 
DC are summarized in Table 8-7363-367 (for review, see 
also Docal368 and Drachtman and Alter369). Disease man-
ifestations are highly variable and range from barely 
detectable to severe forms that cause death in early child-
hood. Typically, however, affected individuals are normal 
at birth, mucocutaneous features develop in childhood, 
BMF develops in adolescence, and they die in the third 
decade. BMF, immune defi ciency, pulmonary complica-
tions, and malignancies are the major causes of death in 
individuals with DC.

The recent identifi cation of fi ve of the genes respon-
sible for DC and the realization that these genes converge 
into a common pathway have changed our understanding 
of this disease. It is now thought that individuals in whom 

Box 8-7 Dyskeratosis Congenita

Dyskeratosis congenita (DC) is a rare inherited bone 
marrow failure (BMF) syndrome with X-linked, 
autosomal dominant, and autosomal recessive 
inheritance. However, more than half of patients have 
sporadic disease. Classically, BMF in DC patients is 
associated with the mucocutaneous triad, including 
abnormal pigmentation, dystrophic nails, and mucosal 
leukoplakia. Blood cells from patients with BMF as a 
result of DC have very short telomeres.357,358
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TABLE 8-7 Prevalence of Clinical Features in Patients with Classic Dyskeratosis Congenita

Characteristic Alter,9 2003 (%) Vulliamy and Dokal,362 2006 (%)

Diagnostic mucocutaneous features
 Skin pigmentation 88 89
 Nail dystrophy 73 88
 Leukoplakia 64 78
 Eye abnormalities/epiphora 38 31
 Teeth abnormalities/caries/loss 19 17
Learning diffi culties/developmental delay/mental retardation 14 25
Pulmonary disease/fi brosis 20  —
Skeletal anomalies
 Osteoporosis/avascular necrosis/scoliosis 14 —
 Short stature 14 20
Hyperhidrosis 10 15
Hair loss, early graying 18 16
Urinary tract abnormalities  7 —
Ureteral stricture/phimosis —  5
Gastrointestinal abnormalities 14 —
Liver fi brosis/ulcer/enteropathy —  7
Esophageal stricture — 17
Other conditions 11 —
Gonadal anomalies/hypogonadism/undescended testes  5  6
Intrauterine growth retardation —  8
Ataxia/cerebellar hypoplasia —  7
Microencephaly —  6
Malignancy 12 10

DC is diagnosed on the basis of BMF and the classic 
cutaneous manifestations represent only a fraction of 
those who suffer from this condition.2,370 Whether affected 
individuals in the absence of cutaneous disease should be 
labeled with the diagnosis of “dyskeratosis congenita” or 
whether the disease should be renamed with a term better 
refl ecting the pathogenetic pathway is currently under 
debate. Here we will use the conventional nomenclature 
and clinically classify patients as having classic, atypical, 
or silent DC. Patients who have two or more of the three 
diagnostic mucocutaneous features or who have one of 
the mucocutaneous features and hypocellular bone 
marrow with all three blood cell lineages affected are 
those with “classic DC.” Patients with BMF but lacking 
mucocutaneous features or patients with clinical mani-
festations of DC other than hematologic disease or 
mucocutaneous features, such as pulmonary fi brosis, are 
those with “atypical DC,” and individuals with no clinical 
manifestations but carrying a pathogenic mutation will 
be classifi ed as having “silent DC.” Much of what we 
know about DC is biased because early studies focused 
on patients with the classic clinical manifestations. Little 
is known about the course of disease, response to treat-
ment, and late complications in patients with atypical or 
silent DC.

Classic Dyskeratosis Congenita

Mucocutaneous Features. Mucocutaneous abnor-
malities are the hallmark of classic DC (see Fig. 8-6).371 
The most commonly observed mucocutaneous abnor-
mality (≈90%) is reticulated skin hyperpigmentation on 
the neck, face, chest, and arms. It may be extensive or 

localized and tends to increase with age. Other cutaneous 
manifestations include alopecia, premature hair graying, 
hyperhidrosis, hyperkeratosis of the palms and soles, and 
loss of dermal ridges on the fi ngers and toes.

Nail dystrophy is another frequent fi nding (≈80%). 
Progressive nail dystrophy starts with ridging and longi-
tudinal splitting and may proceed via atrophy and thin-
ning to complete nail loss. The severity of nail dystrophy 
may vary among the digits; fi ngernails are usually more 
severely affected than toenails.372

Mucosal leukoplakia occurs in the majority of patients 
(≈70%) and typically involves the tongue, buccal mucosa, 
and oropharynx, with the tongue being the most fre-
quently affected site.373,374 Mucosal leukoplakia may be 
the initial clinical manifestation of disease. Consequently, 
dentists or oral surgeons may be the fi rst health profes-
sionals consulted. Histologic examination reveals hyper-
keratosis or a lichenoid reaction. Other sites reported 
include the urethra, glans penis, vagina, and anorectal 
region.371 DC patients have an increased risk of malig-
nancy arising from the preexisting leukoplakia; the inci-
dence of malignant transformation has been estimated to 
be 35%.375

Hematologic Abnormalities. About 85% of patients 
with classic DC are initially found to have cytopenia of 
one or more lineages, and pancytopenia develops in more 
than 95% of patients by 40 years of age. Complications 
of BMF, such as hemorrhage or opportunistic infection, 
represent the major cause of death in patients with DC. 
In patients with atypical DC, BMF may appear before 
the classic mucocutaneous features and lead to an initial 
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diagnosis of idiopathic aplastic anemia. Hypoplastic 
MDS and MDS/AML are increasingly diagnosed in 
patients with DC, especially in those with a milder course 
or an atypical form of the disease. Indeed, MDS or MDS/
AML may be the initial manifestation of patients with 
atypical DC.

Other Clinical Features. Pulmonary complications are 
common (≈20%) and include pulmonary fi brosis and 
vascular abnormalities.376,377 Pulmonary fi brosis is usually 
a more prominent fi nding in older patients or after 
BMT.378 In some patients with atypical DC, pulmonary 
fi brosis may be the only clinical manifestation. Figure 8-7 
shows a family with autosomal dominant DC and pul-
monary fi brosis. Families with hereditary pulmonary 
fi brosis of adult onset should be investigated for 
DC.379,380

Ocular fi ndings include epiphora (excessive tearing 
caused by blocked lacrimal ducts), blepharitis, cataracts, 
loss of eyelashes, conjunctivitis, ectropion, glau -
coma, strabismus, ulcers, ocular albinism, and Coats’ 
retinopathy.381-384

Multiple dental caries and early loss of teeth are 
common.385-387 Web formation in the upper esophagus, 
esophageal stricture, and a bifi d uvula are other fi ndings 
in patients with DC.388-390

Strictures of the urethra, hypospadias, and phimosis 
are congenital anomalies found in patients with DC. 
Underdeveloped testes and azoospermia have been 
reported in more severe and advanced forms of DC.

Enteropathy and malabsorption associated with 
chronic diarrhea are underdiagnosed but frequent fi nd-
ings in more advanced forms of DC.391

Intellectual disabilities such as learning diffi culties 
are often associated with classic DC. In rare cases an 
association with schizophrenia has been described.

Osteoporosis and avascular necrosis of the bones 
frequently complicate the course of the disease. Short 
statue and an elf-like appearance have been associated 
with classic DC.

Predisposition to Malignancy

DC is a cancer predisposition syndrome.9,361,368,369,392 After 
BMF and pulmonary complications, malignancy is the 
third leading cause of death. The most frequent malignan-
cies in patients with DC are squamous cell carcinoma of 
the head and neck (especially the tongue but also the lip, 
mouth, palate, cheek, nasopharynx, and larynx),373,375,393,394 
the upper and lower gastrointestinal tract (esophagus and 
anus),395 and the female genital tract. Other cancers found 
in patients with DC include skin cancer and adenocarci-
noma of the stomach,396 colon, lung, and pancreas. Malig-
nancies usually develop in the third decade and are 
therefore more frequently found in individuals with milder 
and later-onset forms of the disease.

Previously, MDS and MDS/AML were thought to 
be infrequent in patients with DC; more recently, 
however, MDS and MDS/AML are increasingly being 
diagnosed in patients with atypical DC and in patients 
with late onset of the disease (see also Fig. 8-6E). MDS 
or MDS/AML may be the fi rst hematologic manifesta-
tion of disease. Although DC is rarely a cause of MDS 
or MDS/AML in children,397 it should be considered in 
the differential diagnosis in adults with MDS or MDS/
AML. Abnormalities of chromosome 7 (monosomy, iso-
chromosome, or other structural rearrangements) are the 
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FIGURE 8-6. Physical fi ndings in 
a 31-year-old patient with classic 
dyskeratosis congenita (DC). A, 
Reticular skin pigmentation. B, 
Dystrophic fi ngernails, rather mild 
in this case. C, Leukoplakia of the 
tongue. D, Hypocellular bone 
marrow. E, Hypocellular myelo-
dysplastic syndrome in a different 
41-year-old patient with atypical 
DC caused by a TERC gene 
mutation. (Courtesy of Susan 
Bayliss, Washington University.)
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most common cytogenetic abnormalities in patients with 
DC-associated MDS or MDS/AML.

Little is known about the biology of leukemia or 
other cancers in patients with DC and to what extent 
these malignancies differ from those seen in patients 
without DC. The cancer recurrence rate is high in patients 
with DC.

Laboratory Findings

Common laboratory fi ndings are summarized in Box 8-8. 
In most patients with DC, the initial hematologic abnor-
malities are thrombocytopenia or macrocytic anemia fol-
lowed by pancytopenia. Bone marrow examination often 
reveals increased cellularity at the outset, thus suggesting 
an element of hypersplenism. However, hypocellularity 
then ensues, consistent with the diagnosis of aplastic 
anemia. Macrocytosis and elevated hemoglobin F levels 
(“stress erythropoiesis”) are common.383 The number of 
circulating hematopoietic progenitor cells is decreased, 
indicative of the impairment in hematopoiesis at the stem 
cell level.

Bone marrow examination usually shows hypocel-
lular marrow affecting all three blood cell lineages. 
Hypocellular MDS or MDS/AML is increasingly being 
found in patients with atypical DC or a late onset 
of disease. Monosomy 7 is the most frequent clonal 

cytogenetic abnormality in DC patients with MDS or 
MDS/AML.

Long-term culture assays of bone marrow cells from 
patients with DC show a decreased number of progenitor 
cells and an impaired capability for colony formation, 
indicative of a quantitative and qualitative defect.408

Immunologic abnormalities may include humoral 
and cellular defects366,398 (summarized in Box 8-9). Severe 
combined immunodefi ciency is characteristic of severe 
forms of DC.

DC cells have increased spontaneous chromo -
somal instability that leads to distinctive chromosomal 
breaks, rearrangements,384,399-401 and sister chromatid 
exchanges.384,399,419 Chromosomal instability increases 
with increasing cell divisions in vitro. However, chromo-
some breakage does not increase after treatment with 
alkylating agents such as DEB, MMC, or nitrogen 
mustard,399,401-406 which distinguishes DC from FA. Some 
of the chromosomal abnormalities characteristic of DC 
include end-to-end fusions, dicentric or tricentric chro-
mosomes, anaphase or telophase bridges, short telomeres, 
and telomere free ends.

Biased X-inactivation in blood cells, as well as in 
fi broblasts from buccal mucosa and skin biopsy samples 
in female mutation carriers, is characteristic of X-linked 
DC.417,418
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FIGURE 8-7. A, Pedigree of a family with dyskeratosis congenita (DC) caused by a TERC gene mutation. Note that in addition to myelodysplastic 
syndrome (MDS), pulmonary fi brosis is a prominent feature in this family with DC. B, Chromatogram demonstrating that the mother and her 
sister are heterozygous for the TERC gene mutation whereas the daughter has not inherited the mutation (WT). C, Telomere length of the affected 
mother (below and outside the telomere length distribution of normal controls) and the unaffected daughter (normal telomere length). Colored 
lines indicate the 10th, 25th, 50th, 75th, and 90th percentiles of telomere length determined in 105 healthy controls between the ages of 1 and 95 
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 Chapter 8 • Inherited Bone Marrow Failure Syndromes 333

The presence of short telomeres in circulating pe -
ripheral blood cells is the most characteristic fi nding 
in patients with BMF and DC.407,414 Telomere length in 
individuals with BMF secondary to DC is far below the 
normal distribution of telomere length in age-matched 
healthy control individuals (Fig. 8-8).356,357 In contrast to 
other IBMFSs, which may have short telomeres in circu-
lating myeloid cells,117,420 telomeres are exquisitely short 
in the myeloid and lymphoid cells of patients with DC-
associated BMF. Telomere length measurements may be 
used to screen patients with BMF for DC; normal telo-

mere length excludes DC as the cause of BMF.356,357 
However, in some cases with mild clinical manifestations 
the interpretation of results can be diffi cult and requires 
experience with the test method used and should be done 
in conjunction with the patient’s clinical and laboratory 
data.

Cellular Phenotype of Dyskeratosis Congenita Cells

In addition to increased spontaneous instability, DC cells 
have several other phenotypic characteristics as summa-
rized in Box 8-9. DC cells have been reported to have 
increased sensitivity to ionizing radiation and certain che-
motherapeutic agents (e.g., bleomycin), although these 
fi ndings were not consistently found by all investiga-
tors.401,409-412 Decreased proliferation capacity in vitro and 
premature replicative senescence are also characteristic 
of DC cells (see Box 8-9).400,414-416 Cells from some forms 
of DC (X-linked DC) fail to immortalize after Epstein-
Barr virus–induced transformation or after transfection 
of a plasmid expressing the telomerase catalytic subunit 
TERT.416,421

Box 8-8  Laboratory Findings in Patients with 
Dyskeratosis Congenita

PERIPHERAL BLOOD

Cytopenia of one or more lineages (80%)
Initial manifestation highly variable
Macrocytosis with or without anemia
Thrombocytopenia
Neutropenia
Pancytopenia
Low number of circulating progenitor cells
Elevated hemoglobin F
Elevated von Willebrand factor

BONE MARROW EXAMINATION

Hypocellular bone marrow affecting all three lineages
Increased number of mast cells
Dyserythropoiesis
Hypocellular myelodysplastic syndrome
Myelodysplastic syndrome/acute myeloid leukemia

IMMUNOLOGIC FINDINGS368,398

Humoral abnormalities:
 Hypogammaglobulinemia/hypergammaglobulinemia
Cellular abnormalities:
 Lymphopenia: B cells, T cells, natural killer cells
Functional abnormalities:
 Reduced proliferation upon stimulation
 Increased apoptosis upon stimulation
Anergy
Diffi culty in immortalization by Epstein-Barr virus 

transformation (X-linked dyskeratosis congenita)

CYTOGENETICS384,399-407

Chromosomal instability: nonclonal complex anomalies in 
cultured cells

Chromosomal breaks, hypodiploidy, micronuclei
Anaphase and telophase bridges*
Short telomeres signal-free ends
End-to-end fusion with no telomeric signal
No increase in chromosomal instability after the 

clastogenic effects of DNA cross-linking agents
Clonal abnormalities in bone marrow cells: monosomy 7 

(myelodysplastic syndrome, myelodysplastic syndrome/
acute lymphocytic leukemia)

*Laboratory fi ndings in bold are characteristic of dyskeratosis 
congenita.

Box 8-9  Cellular Abnormalities in Dyskeratosis 
Congenita

Spontaneous chromosome breaks401,410

No increased chromosomal breakage after cross-linking 
agents

Hypersensitivity to ionizing radiation (controversial)413

Increased sensitivity to certain cytotoxic agents409,411,412

Short telomeres*407,414

Premature replicative senescence400,415,416

Lack of immortalization by TERT (X-linked)416

Biased X-inactivation (female carrier of X-linked 
dyskeratosis congenita)417,418

*Cellular abnormlities in bold are characteristic of dyskeratosis 
congenita.
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FIGURE 8-8. Telomere length in peripheral blood mononuclear cells 
in individuals with dyskeratosis congenita (DC) and bone marrow 
failure (BMF). Note that in all individuals with DC and BMF, telomere 
lengths are below and outside the telomere length distribution of 
normal controls. The colored lines indicate the 10th, 25th, 50th, 75th, 
and 90th percentiles of telomere length determined in 105 healthy 
controls between the ages of 1 and 95 years.
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Differential Diagnosis

Clinically, DC has to be distinguished from other IBMFSs 
such FA, DBA, and SDS. Clinical manifestations, associ-
ated physical abnormalities, the family history (pattern 
of inheritance), and the lack of increased chromosomal 
fragility in the DEB or MMC test performed on cultured 
peripheral lymphocytes or fi broblasts (or both) are helpful 
in strengthening the diagnosis of DC. As noted earlier, 
telomere length outside the normal distribution strongly 
suggests the diagnosis of DC, whereas normal telomere 
length excludes DC as a cause of BMF in these 
patients.356,357 X-inactivation studies may be helpful in 
identifying female carriers of the X-linked form of 
DC.417,418

Genetics

Inheritance

There are four distinct forms of inheritance of DC. His-
torically, before molecular diagnostics was available, 
inheritance was determined by examining family members 
for the presence of clinical manifestations. Today, we 
know that such classifi cation was often mistaken because 
of the variability of penetrance of gene mutations.

X-linked Dyskeratosis Congenita. The most common 
form of classic DC is X-linked (MIM 30500), and many 
families with classic DC and X-linked inheritance have 
been described. The X-linked form of DC is almost 
always due to single point mutations in the DKC1 gene 
encoding dyskerin (see later).

Autosomal Dominant Dyskeratosis Congenita. Several 
families have been described with an autosomal domi-
nant form of inheritance of DC (AD DC, MIM 127550). 
This form of DC exhibits genetic anticipation (see Box 
8-11) and may therefore be misclassifi ed as autosomal 
recessive (AR DC). Several pedigrees in which AD DC 
is caused by mutations in the TERC gene encoding 
telomerase RNA have been described. In addition, fami-
lies in whom AD DC appears to be due to mutations in 
TERT, which encodes the telomerase reverse transcrip-
tase, have been reported. AD DC is very often manifested 
as atypical DC. Because of the often atypical fi ndings, 
the frequency of AD DC is currently most likely signifi -
cantly underestimated.370

Autosomal Recessive Dyskeratosis Congenita. A 
number of families have been described with AR DC 
(MIM 224230). AR DC is usually inferred when neither 
parent has any signs of DC and two or more children 
have the disease or when the parents of an affected child 
are consanguineous. Some families originally thought to 
have AR DC were found to have AD DC with variable 
penetrance and expressivity, thus mimicking sporadic or 
autosomal recessive disease.422,423 Recently, a homozy-
gous NOP10 mutation has been associated with AR DC 

in a single consanguineous family.424 However, more 
likely, the NOP10 mutations are hypomorphic mutations 
that are inherited codominantly.

Sporadic Dyskeratosis Congenita. A large proportion 
of DC cases arise sporadically. Of 123 such male cases 
from the DC registry in the United Kingdom, 40 were 
found to have a de novo DKC1 mutation and 3 were 
found to have an inherited TERC mutation with variable 
penetrance and expressivity in the affected family. Eighty 
had neither TERC nor DKC1 mutations. Similarly, all 35 
female cases had neither TERC nor DKC1 mutations. 
These sporadic cases account for more than half of DC 
patients.422 Biallelic hypomorphic mutations may mimic 
sporadic disease, but it is due to codominant expression 
of the mutant alleles.423

The Dyskeratosis Congenita Genes and 
Their Functions

DKC1 and Dyskerin. X-linked DC is caused by muta-
tions in the DKC1 gene at Xq28. DKC1 was identifi ed 
by positional cloning in families with affected males and 
biased X-inactivation in female carriers.367,417,418 The 
DKC1-encoded protein dyskerin is a 58-kd nucleolar 
protein orthologous to proteins in yeast, fl ies, and 
rats (Cbf5p,425 Nop60B/minifl y,426 and NAP57,427 
respectively).

Dyskerin is associated with box H/ACA RNA mole-
cules in ribonucleoprotein (RNP) complexes (Fig. 8-9). 
Box H/ACA RNP complexes consist of four different 
proteins (dyskerin, GAR1, NOP10, and NHP2) and an 
integral RNA species.428,429 The box H/ACA RNA deter-
mines the function of the RNP complex. The majority of 
box H/ACA RNAs are small nucleolar RNAs (snoRNA) 
found in the nucleolus. These snoRNAs guide the 
protein complex containing dyskerin by complementary 
base pairing to specifi c uridine residues of newly synthe-
sized ribosomal RNA (rRNA) molecules, which are then 
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FIGURE 8-9. Dyskerin associates with box H/ACA, small nucleolar 
RNAs (snoRNA), and telomerase RNA (TERC). Dyskerin is a com-
ponent of box H/ACA ribonucleoprotein (RNP) particles, where it 
associates with three other proteins, GAR1, NOP10, and NHP2, and 
a small noncoding RNA of the class of box H/ACA RNAs. The majority 
of box H/ACA RNAs are necessary for the modifi cation of uridine 
residues (pseudouridylation) in ribosomal RNA. The 3′ end of the tel-
omerase RNA TERC has the structure of box H/ACA RNA and associ-
ates with dyskerin and the dyskerin binding partners, as well as with 
the catalytic component of telomerase, TERT.
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modifi ed by pseudouridylation. In snoRNP dyskerin is 
the enzyme, a pseudouridine synthase, that actually cata-
lyzes the pseudouridylation reaction.430,431 The role of 
pseudouridylation is not known, but pseudouridines tend 
to be found in the conserved sequences of rRNA and 
transfer RNA (tRNA) in regions of high secondary struc-
ture, and it is likely that these modifi cations stabilize the 
secondary and tertiary structure of RNA molecules.432 
Other box H/ACA RNAs that associate with dyskerin 
and the three other proteins of the complex participate 
in ribosome biogenesis downstream of rRNA modifi ca-
tion or messenger RNA (mRNA) splicing or are orphan 
RNAs, the function of which remains to be determined 
(for review see Meier433).

Telomerase RNA (TERC, telomerase RNA compo-
nent), which along with TERT (telomerase reverse tran-
scriptase) forms the core of the telomerase enzyme, also 
associates with dyskerin and the other three proteins 
present in H/ACA-class snoRNP (see Fig. 8-9).434,435 The 
conserved secondary structure of the 3′ end of telomer-
ase RNA is very similar to that of H/ACA RNAs.434 This 
part of the telomerase RNA and its association with H/
ACA RNP components are found only in vertebrates,436 
wherease the H/ACA RNP components themselves are 
highly conserved among all eukaryotes.437 The four pro-
teins may be involved in transport, stability, and assembly 
of the telomerase complex in the nucleolus. At this point 
there is no evidence that the H/ACA part of telomerase 
RNA functions as a guide RNA or that dyskerin exhibits 
any pseudouridylation activity as part of the telomerase 
complex.

The diverse function of dyskerin in humans raises 
the interesting question of whether and to what extent 
the pathogenesis of X-linked DC is caused by defects in 
telomerase activity or in other functions of RNP, such as 
rRNA metabolism.

NOP10. Recently, autozygous mutations (homozy-
gous mutations in a consanguineous family) in the NOP10 
gene on chromosome 15q14 have been found to be 
responsible for disease in a single family.424 NOP10, like 
dyskerin, is an essential component of H/ACA RNP 
complexes and thus participates in the same pathways as 
dyskerin (see earlier). Whether mutations in NOP10 
cause disease as a result of defects in telomere mainte-
nance or defects in other functions of H/ACA RNP com-
plexes, such as rRNA metabolism, remains to be 
determined.

TERC, TERT, and Telomerase. AD DC is caused by 
mutations in the TERC gene, also abbreviated as hTR or 
TER, which is found on chromosome 3q26.438 TERC was 
identifi ed as the gene responsible for AD DC through 
positional cloning.438 It encodes the RNA component of 
the telomerase complex. Telomerase, the enzyme respon-
sible for elongating and maintaining telomeres, synthe-
sizes telomeric DNA repeats by using TERC RNA as a 
template (Box 8-10 and Fig. 8-10A and B).438 Non-

synonymous mutations have also been identifi ed in the 
TERT gene localized on 5p15.33.449-452 TERT is the cata-
lytic part of the telomerase complex (see Box 8-10 and 
Fig. 8-9). TERT was identifi ed as a gene responsible for 
AD DC through a candidate gene approach.449-451 Telom-
erase RNA, or the TERC component, which along with 
TERT forms the core of the telomerase enzyme, also 
associates with the four proteins present in H/ACA-class 
RNPs, including dyskerin and NOP10 (telomerase RNP 
complex, see Fig. 8-9).434,435

TINF2. Recently three mutations in exon 6 of TINF2 
encoding TIN2 have been identifi ed in six patients with 
DC. All mutations were associated with short telomeres. 
TIN2 associates with the telomere. The mechanism by 
which the TIN2 mutations cause telomere shortening 
remains to be determined.452a

Other Genes. For about 60% of patients in whom 
DC and BMF are diagnosed, the mutations or the genes 
mutated have not been identifi ed. Like patients with DC 
and BMF caused by mutations in dyskerin, NOP10, 
TERC, or TERT, these patients also have very short telo-
meres, thus suggesting that the affected gene or genes 
participates in the same pathway.

Unraveling of the molecular pathology of DC has 
greatly advanced our understanding of the disease. The 
fi nding that X-linked and AD DC is caused by defects 
in molecules that are part of the telomerase RNP complex 
favors the paramount importance of defective telomerase 
in the pathology of DC. The fi nding that all patients with 
DC and BMF have very short telomeres further under-
scores the importance of telomerase function in this 
disease. Figure 8-11 summarizes our current model of 
the pathogenesis of disease in patients with DC.

Box 8-10 Telomeres/Telomerase

Telomeres are complex DNA/protein structures at the 
ends of chromosomes that are needed to protect 
chromosome ends from degradation and distinguish 
them from double-stranded breaks.439 Human 
telomere DNA consists of thousands of repeats of 
TTAGGG. In the absence of telomerase in most 
somatic cells, telomeres do shorten with each cell 
division.440 In most tissues, therefore, telomere length 
decreases with age.441 When telomeres become 
critically short, cell cycle arrest or cell death occurs 
(see Fig. 8-10).442

DNA polymerase I cannot copy the extreme end 
of a DNA strand,443 so telomeres would tend to get 
shorter with each cell division. In germ cells,444 some 
stem cells,445,446 and most cancer cells,442,447 telomeres 
are maintained by the action of the enzyme 
telomerase,448 which contains two core components, a 
reverse transcriptase TERT (telomerase reverse 
transcriptase) and an RNA molecule, TERC (telomerase 
RNA component), that acts as a template for the 
synthesis of telomere repeats (see Fig. 8-10).
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Dyskeratosis Congenita Gene Mutations in Patients 
with Dyskeratosis Congenita

DKC1 Mutations. The mutations in the DKC1 gene 
that cause DC are mainly single–amino acid missense 
mutations453 (Fig. 8-12A) and can be inherited or occur 
de novo. The A353G mutation is the most frequent de 
novo DKC1 mutation and is found in approximately 40% 
of patients with DC and DKC1 mutations.422 DKC1 
mutations are not randomly distributed but are concen-
trated in the N-terminal of dyskerin. The crystal structure 
of the archaeal homologue of the H/ACA RNP complex, 
the Cbf5-Nop10 complex,454-456 has enabled modeling of 
human dyskerin. In this model the majority of residues 
mutated in cases of DC are tightly clustered in or near the 

PUA domain, which is predicted to bind H/ACA RNA, 
including TERC RNA (Fig. 8-13). The mutations would 
thus be expected to decrease binding of the cognate RNA 
and lead to instability. Only two mutations have been 
found in the TruB catalytic domain, one of which, S121G, 
is located three residues from the essential aspartate 
required for pseudouridylation and, interestingly, is asso-
ciated with a severe form of DC also known as Hoyeraal-
Hreidarsson syndrome (HHS, MIM 300240) (also see 
later). The absence of mutations that would predict a 
“null” allele, such as frameshifts and nonsense mutations, 
suggests that a dyskerin null mutation is incompatible 
with life. In support of this notion, a dyskerin null muta-
tion is embryonically lethal in mice.457
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FIGURE 8-10. A, Telomeres and 
telomere structure. Telomeres are 
the end of chromosomes. They are 
complex protein DNA structures 
that protect telomere ends from 
degradation and end-to-end fusion 
(also see Box 8-7). In nondividing 
cell telomeres often form a loop 
stucture, which makes the end 
inaccessible to DNA repair pro-
teins and DNA exonucleases. B, 
Telomerase adds telomeric repeats 
to the 3′ end of telomeres (also see 
Box 8-10).
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FIGURE 8-11. Model of the pathogenesis of disease in patients with 
dyskeratosis congenita (DC). Our hypothesis is that excessive telomere 
shortening and dysfunctional telomeres play a central role in the patho-
genesis of DC. Dysfunctional telomeres lead to cell cycle arrest and cell 
death. In patients with DKC1 and NOP10 mutations, TERC RNA sta-
bility and accumulation are decreased, which leads to decreased telom-
erase activity and telomere shortening. In addition a possible impairment 
in ribosome biogenesis also impairs cell survival and proliferation. 
TERC gene mutations and TERT mutations cause telomere shortening 
through haploinsuffi ciency. The inheritance of shortened telomeres is 
the molecular mechanism of anticipation in autosomal dominant DC. 
Dysfunctional telomeres lead to genomic instability, which may con-
tribute to the predisposition to cancer in patients with DC. AMC, acute 
myeloid leukemia; MDS, myelodyplastic syndrome.

The functional consequences of a subset of patho-
genic DKC1 mutations have been investigated in fi bro-
blasts or mononuclear cells from patients with X-linked 
DC458,459 and in XY mouse embryonic stem cells harbor-
ing a mutated Dkc1 allele.460 Analysis of fi broblasts or 
mononuclear cells from patients with X-linked DC 
showed a reduced level of TERC RNA and decreased 
telomerase activity, whereas analysis in mouse cells 
revealed that not only the level of Terc RNA but also the 
levels of other specifi c snoRNAs were affected and that 
overall pseudouridylation activity, in particular, site-
specifi c pseudouridylation involving the affected guide 
snoRNA, was markedly decreased. Thus, it remains con-
troversial whether X-linked DC is due to defective telo-
mere maintenance, defective ribosome biogenesis, or 
possibly both.2,370

NOP10 Mutation. Recently, autozygous NOP10 
mutations have been identifi ed in one consanguineous 
family. The mutation leads to replacement of a highly 
conserved arginine with tryptophan at amino acid posi-
tion 34 (R34W).424 The three affected family members 
were autozygous for the mutation. Heterozygous muta-
tion carriers did not show obvious signs of disease but 
had shortened telomeres and decreased levels of TERC 
RNA in their peripheral blood cells.424 The inheritance 

of hypomorphic gene mutations may mimic a recessive 
inheritance pattern. The shortened telomeres and reduced 
levels of TERC RNA in heterozygous mutation carriers, 
however, suggest that both NOP10 alleles are expressed 
codominantly. Whether the mutation affects the function 
of only telomerase RNP or also other H/ACA RNP com-
plexes remains to be determined.

TERC Gene Mutations. The TERC mutations found in 
patients with DC are shown in Figure 8-12B. Investiga-
tion of family members revealed that in all patients with 
clinical manifestations of DC the TERC gene mutations 
were inherited. Many mutations are found in the pseu-
doknot domain of the molecule, a domain that mediates 
binding to the telomerase reverse transcriptase TERT 
and is essential for telomerase activity. Other mutations 
are found in the CR7 and H/ACA domains and affect 
the stability and nuclear accumulation of the TERC mol-
ecule. In many of these mutations it has been demon-
strated that the mutations act by disrupting the secondary 
structure of the TERC molecule rather than by altering 
nucleotide sequences crucial for function,461-466 in agree-
ment with the fact that although the secondary structure 
of TERC is highly conserved among different species, the 
primary sequence is not.436 Large gene deletions encom-
passing the TERC gene have been identifi ed in two inde-
pendent families with AD DC. Along with the pathogenic 
mutations, which have been shown by several groups to 
severely reduce telomerase activity, there are two poly-
morphisms that are relatively frequent in people of 
African descent.467 These sequence changes, G58A and 
G228A, do not affect telomerase activity,461,462,467 and 
individuals carrying these sequence alterations have 
normal telomere length independent of the presence of 
BMF. In addition, the mutation G450A, found in a 
patient with severe aplastic anemia, apparently had no 
effect on telomerase or telomere length.461

The existence of large deletions and in vitro transfec-
tion studies led to the conclusion that haploinsuffi ciency 
of TERC is the mechanism underlying AD DC.

TERT Gene Mutations. Heterozygosity for nonsynony-
mous mutations in the TERT gene have been identifi ed 
in individuals with aplastic anemia and short telomeres 
and more recently also in individuals in whom pulmo-
nary fi brosis was originally diagnosed.379,380,449-452 The 
mutations identifi ed are summarized in Figure 8-12C. 
Mutations located in the N-terminal critical for binding 
of TERC RNA and within the central region of TERT 
defi ning the catalytic region of the reverse transcriptase 
impair telomerase activity to a variable degree. Mutations 
in the C-terminal region affect in vivo telomere synthesis 
after the assembly of a catalytically active enzyme.468 The 
A202T and H412W mutations have been identifi ed more 
than once in unrelated families. Two small deletions 
causing a frameshift and a truncated TERT protein and 
two splicing mutations have been identifi ed in individuals 
in whom pulmonary fi brosis was originally diagnosed.379 
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FIGURE 8-12. A, Mutations in the DKC1 gene. A schematic rep-
resentation of the DKC1 gene is presented below the schematic 
representation of dyskerin protein and its functional domains. 
Patient-derived mutations are shown. Asterisks indicate recurrent 
mutations. The A353V mutation, shown in red, is a frequent de novo 
mutation and accounts for about a third of the mutations in DKC1. 
Mutations shown in purple are found in patients with a severe form 
of dyskeratosis congenita (DC) also known as Hoyeraal-Hreidarsson 
syndrome. NLS, nuclear localization signal; TruB and PUA, pseu-
douridine synthase domains. B, Mutations in the TERC gene as 
shown in a schematic representation of the tertiary structure of 
telomerease RNA (TERC). The pseudoknot and the CR4-CR5 
domain are important for the association of TERC with the catha-
lytic subunit TERT and for telomerase activity. Mutations found in 
families with autosomal dominant DC are shown, including two 
large deletions, one deleting the 5′ end and the other the 3′ end of 
TERC.

Disease manifestations in families with TERT gene muta-
tions are highly variable, and frequently disease does not 
segregate with the mutation in these families, thus indi-
cating incomplete disease penetrance. Interestingly, indi-
viduals with a de novo TERT gene deletion secondary to 
a large chromosomal deletion on chromosome 5p (5p– 
syndrome, cri du chat syndrome) show accelerated telo-
mere shortening but no clinical features characteristic of 
DC.469 In contrast, biallelic TERT gene mutations have 
been identifi ed in patients with classic manifestations of 
DC and in one individual with HHS, a very severe form 
of DC (see later also), which suggests that the mutant 
alleles are expressed codominantly and the residual 
telomerase activity determines the clinical pheno-

type.423,470 Biallelic TERT or TERC null mutations have 
never been described, thus suggesting that in contrast to 
mice, in humans complete lack of telomerase activity is 
not compatible with life.410

TINF2 Mutations. Mutation A838G (TIN2 K280E) 
was found in a large family with aplastic anemia. Muta-
tion G844A (R282H) was identifi ed in three unrelated 
patients with early onset and severe disease similar to 
Hoyeraal-Hreidarsson and Ravesz syndrome. The third 
C845A (R282S) was found in one patient with early 
onset of severe aplastic anemia and immune defi ciency. 
Both R282H and R282S were de novo mutation and 
were associated with very short telomeres.452a
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FIGURE 8-13. Clustering of pathogenic mutations in dyskerin. The 
crystal structure of the archaeal homologue of dyskerin is shown.454-456 
In this model the majority of residues mutated in cases of dyskeratosis 
congenita are tightly clustered in or near the PUA domain, which is 
predicted to bind box H/ACA RNA, including TERC RNA. (Modifi ed 
from Rashid R, Liang B, Baker DL, et al. Crystal structure of a Cbf5-
Nop10-Gar1 complex and implications in RNA-guided pseudouridylation 
and dyskeratosis congenita. Mol Cell. 2006;21:249-260.)

Genotype-Phenotype Correlation

The disease phenotype of patients with DC is highly 
variable and largely determined by the gene mutated and 
the pattern of inheritance (X-linked, autosomal domi-
nant, or autosomal recessive), the nature of the mutation, 
and the history of inheritance (number of generations 
that the mutations has been passed on).

DCK1 Mutations. The severity of disease in individu-
als with X-linked DC varies from hardly detectable to a 
severe form of DC known as HHS (see later), which 
causes death in early childhood (see Fig. 8-12A). DKC1 
maps to the X chromosome, so the majority of affected 
individuals are therefore males. The most frequent clini-
cal manifestation is classic DC with mucocutaneous 
fi ndings in early childhood and progressive BMF in 
adolescence.

Female carriers of the DKC1 mutation rarely show 
signs of hematologic disease. Cutaneous manifestations 
may be found in female carriers but are usually mild. 
Female carriers of X-linked DC show a phenomenon 
known as skewed or biased X-inactivation. In females, 
inactivation of one X chromosome must occur at random 
early in development to achieve the same dosage of X-
linked genes as in male cells. When X-inactivation has 
been established in a particular cell, it is faithfully passed 
to all progeny. Thus, in women, tissues are therefore a 
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mosaic in which half the cells have the maternal and 
half have the paternal X chromosome active. In female 
carriers of DC, blood consists entirely of cells in which 
the X chromosome containing the normal dyskerin 
gene is active,417,418 which indicates that after random X-
inactivation, cells with wild-type dyskerin have a growth 
or survival advantage (or both) and outgrow mutant cells. 
Whether this outgrowth takes place in embryogenesis or 
childhood and whether all tissues are affected are not 
known. Telomere length in peripheral blood cells in 
female DC carriers varies from within normal limits to 
very short.357 MDS or MDS/AML has never been 
described in a female DKC1 mutation carrier. Whether 
female carriers are at increased risk for the development 
of cancer in other organs remains to be determined. 
Biased X-inactivation can be used to determine whether 
DC in a family is X-linked (see earlier).

TERC Gene Mutations. The clinical phenotype in 
patients with AD DC caused by TERC gene mutations is 
usually mild. Analysis of family members of individuals 
with AD DC showed that mutation carriers frequently 
have only subtle signs of BMF but lack the mucocutane-
ous features of classic DC (atypical DC, see also Fig. 8-7). 
Interestingly, the only patient reported to be a compound 
heterozygote for two different TERC gene mutations 
showed signs of classic DC and early onset of disease, 
whereas family members with only one of the two muta-
tions did not.471 TERC gene mutations were identifi ed in 
a subset of adult patients in whom familial or acquired 
idiopathic aplastic anemia was originally diagnosed and 
in patients in whom idiopatic pulmonary fi brosis was 
originally diagnosed.379,472-474 Investigation of family 
members revealed that in all patients the TERC gene 
mutations are inherited and that all mutation carriers 
have short (below the 10th percentile) or very short (below 
the 1st percentile) telomeres. However, short and very 
short telomeres were additionally found in individual 
family members who did not carry the mutation and had 
no signs of disease.475 TERC gene mutations were likewise 
identifi ed in some patients with cytopenic MDS or MDS/
AML.474,476 The mutations identifi ed were associated with 
reduced telomerase activity in vitro and very short telo-
meres in the mutation carriers with BMF. The presence 
of TERC gene mutations in patients in whom pulmonary 
fi brosis, aplastic anemia, MDS, or MDS/AML was origi-
nally diagnosed indicates that the underlying problem in 
these patients is the pathology of DC and that the variable 
expressivity and penetrance of the clinical manifestations 
in DC lead to a much broader clinical picture than origi-
nally anticipated when investigating only individuals with 
classic DC. Interestingly, TERC gene alterations were 
rarely found in children with aplastic anemia or MDS in 
the absence of a family history, consistent with the later 
onset of disease in individuals with AD DC.397 Pulmonary 
fi brosis and liver cirrhosis were frequent and sometimes 
even the fi rst clinical fi nding in individuals or families 
with DC and TERC gene mutations.

Anticipation. AD DC is one of a small number of 
diseases that show genetic anticipation (i.e., the disease 
becomes more severe and has an earlier age at onset in 
later generations). Anticipation became apparent when 
asymptomatic parents of affected individuals were found 
to also have TERC gene mutations (Box 8-11).438,476 In 
several cases, examination of these asymptomatic parents 
revealed that they had signs of mild anemia, such as 
raised mean corpuscular volume (MCV). In other pedi-
grees, anemia develops in the parents at an older age than 
in the children. The mechanism of anticipation appears 
to be that telomere shortening increases in later genera-
tions carrying a defective TERC allele.475,476 Figure 8-14 
shows the inheritance of preshortened telomeres in a 
nuclear family with AD DC caused by a TERC gene 
deletion. Thus, AD DC develops if an individual inherits 
a defective TERC or TERT allele and shortened telo-
meres. It is not known how many generations are needed 
to produce telomeres short enough to cause the disease. 
Studies in individuals with a de novo deletion of 5p that 
includes the TERT gene (5p− syndrome) indicate that in 
the fi rst generation with TERT haploinsuffi ciency, telo-
mere shortening is minimal.469 Interestingly, in individu-
als with DC and BMF, the telomeres are all equally short, 
thus suggesting that there is a minimal length of telo-
meres required for a progenitor cell to contribute to the 
peripheral blood cell pool.469,475

TERT Gene Mutations. Nonsynonymous mutations, 
small deletions, and splice site mutations in the telomer-
ase reverse transcriptase TERT gene have been identifi ed 
in individuals in whom aplastic anemia with short telo-
meres was diagnosed and in individuals in whom pulmo-
nary fi brosis was diagnosed,379,380,449-452 thus indicating 
that TERT gene mutations may account for cases of 
atypical DC. Anticipation has also been described in 
families with AD DC secondary to TERT gene muta-
tions.451 Individuals with heterozygous TERT gene muta-
tions rarely have the classic form of DC; the majority 
have atypical DC. Pulmonary fi brosis is a frequent fi nding 
in patients and families with atypical DC caused by 
TERT gene mutations.379,380,451 Mutation carriers with no 
signs of disease (silent DC) are often found in families 
with heterozygous TERT gene mutations. Whether telo-

Box 8-11 Anticipation

Genetic anticipation occurs when an inherited disease 
develops at increasingly younger ages or with 
increased severity in each succeeding generation. 
Thus, if the disease develops in the offspring of 
patients, it will tend to do so at an earlier age and 
display more severe clinical manifestations than in 
their parents. Disease anticipation is found in patients 
with autosomal dominant dyskeratosis congenita and 
is caused by the inheritance of increasingly shorter 
telomeres in subsequent generations.
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mere length may identify silent TERT gene mutation 
carriers remains to be determined. Although one would 
expect that the disease in AD DC secondary to TERC or 
TERT mutations would be similar, initial family studies 
indicate that penetrance and expressivity differ in families 
heterozygous for TERC or TERT gene mutations. The 
most likely explanation is that TERC or TERT is limiting 
for different tissues and that expression of a functional 
TERT protein is regulated differently from regulation of 
TERC gene expression. Biallelic TERT gene mutations 
may lead to the classic manifestations of DC and have 
also been identifi ed in one individual with HHS, a very 
severe form of DC (also see later), which suggests that 
the mutant alleles are expressed codominantly and that 
residual telomerase activity determines the severity of 
the clinical phenotype.423,470 Biallelic TERT or TERC null 
mutations have never been described, thus suggesting 
that in contrast to mice, complete lack of telomerase 
activity is not compatible with life in humans.423

Molecular Diagnosis of 
Dyskeratosis Congenita

Currently, molecular diagnostics is not routinely per-
formed for DC because it is expensive, labor intensive, 
and limited to specialized laboratories. However, only 
identifi cation of pathogenic mutations in one of the DC 
genes defi nitively establishes the diagnosis of DC. Fur-
thermore, molecular diagnostics enables the identifi ca-
tion of mutation carriers, facilitates prenatal diagnosis for 
an existing pregnancy, and allows PGD for partners iden-
tifi ed as mutation carriers. In addition, because the clini-
cal manifestations, severity of disease, prognosis, and 
response to treatment may vary, depending on the affected 
gene and the nature of the individual mutation, molec-
ular diagnostics may also infl uence medical management 
not only for the DC individual carrying the mutation but 
also for unaffected family members. Currently, an edu-

cated candidate gene approach in which the gender and 
family history of the affected DC individual are taken 
into account is used to identify the affected DC gene. In 
an affected male after exclusion of the most frequent 
DKC1 mutation (A353V), it might be necessary to 
perform a mutational screen of the entire coding sequence 
of all three DC genes (usually only TERC and TERT in 
an affected female). For TERC and TERT the screening 
methods should include techniques that will detect large 
deletions. Mutation screening is currently successful in 
only about half of individuals with DC. In addition to 
the large number of mutations in DC genes associated 
with DC, a number of nonpathogenic mutations and 
mutations of unknown pathogenic signifi cance have been 
identifi ed. Determining the pathogenicity of a particular 
mutation may be diffi cult.

Telomere measurement in peripheral blood cells 
has emerged as a sensitive screening tool for DC 
in patients with BMF.356,357 Whether telomere measure-
ments performed on peripheral blood cells may also 
identify individuals with DC but nonhematopoietic 
disease manifestations or DC mutation carriers is 
controversial.356,357

Diseases Related to Dyskeratosis Congenita

Idiopathic Aplastic Anemia

A proportion of patients with idiopathic aplastic anemia 
or hypolastic MDS were found to have mutations in 
TERC or TERT.449,450,472-474 These patients therefore have 
AD DC. The prevalence of TERC mutations among indi-
viduals in whom idiopathic aplastic anemia or hypoplas-
tic MDS is diagnosed appears to be between 2% and 
10%. No TERC mutations were found in 284 children 
with severe aplastic anemia or MDS, in agreement with 
later onset of the autosomal dominant disease.397 Because 
parents are often asymptomatic as a result of the anticipa-
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FIGURE 8-14. Inheritance of 
preshortened telomeres in a family 
with autosomal dominant dyskera-
tosis congenita caused by a TERC 
gene deletion. Metaphase spreads 
of peripheral blood lymphocytes 
are shown. The green signals at the 
end of chromosomes show the 
telomeric repeats hybridized to a 
fl uorescent probe. Below is a 
graphic representation of the telo-
mere length distribution of each 
family member. Note that both the 
affected child and the nonaffected 
child have inherited preshortened 
telomeres; in view of their young 
age, their telomeres should be 
longer than those of their parents.
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tion phenomenon and because of incomplete penetrance 
of TERC and in particular TERT gene mutations, a family 
history is not apparent and a diagnosis of idiopathic 
aplastic anemia or idiopathic MDS is made.

Hereditary Pulmonary Fibrosis

Pulmonary fi brosis, especially in patients with AD DC, 
may be an initial and sometimes prominent feature of 
those with atypical DC. Families with hereditary pulmo-
nary fi brosis of adult onset should be investigated for 
DC.379,380 Further investigations are needed to under-
stand the pathogenesis of pulmonary fi brosis in these 
individuals.

Hoyeraal-Hreidarsson Syndrome

HHS (MIM 300240) is a rare variant of DC that devel-
ops in early childhood. It is characterized by intrauterine 
growth retardation, microcephaly, cerebellar hypoplasia, 
mental retardation, progressive combined immune defi -
ciency, and aplastic anemia.477-480 Delayed myelination 
and hypoplasia of the corpus callosum have been 
described in patients with HHS.481 Many but not all 
patients have a mutation in the DKC1 gene (see Fig. 
8-12A).482,483 Interestingly, the same mutation (Thr49Met) 
has been found in four unrelated pedigrees,422,483,484 
and I38T has likewise been found in unrelated HHS 
patients.422,485 It is also notable that several cases of HHS 
are due to the recurrent mutation (A353V) that is respon-
sible for a third of the X-linked DKC1 cases.422,453 One 
of the DKC1 mutations causing HHS, S121G, is close to 
the catalytic aspartate residue D125, in the pseudo-
uridylation pocket of the protein. In addition, HHS has 
been found in one individual autozygous (homozygosity 
in a consanguineous family) for a TERT gene mutation 
and in an individual heterozygous for a TERT gene muta-
tion and anticipation, thus indicating that HHS may also 
be a consequence of a severe telomerase defect alone. In 
fact, HHS patients have very short telomeres at the time 
of diagnosis.356,357,422

Revesz’ Syndrome

The association of progressive bilateral exudative reti-
nopathy (Coats’ retinopathy), intrauterine growth retar-
dation, fi ne sparse hair, fi ne reticulate skin pigmentation, 
ataxia secondary to cerebellar hypoplasia, cerebral calci-
fi cations, extensor hypertonia, and progressive psycho-
motor retardation with progressive BMF and death in 
early childhood, also known as Revesz’ syndrome (MIM 
268130), might be another severe form of DC.486-488 
Indeed, similar to patients with HHS, individuals with 
Revesz’ syndrome have very short telomeres.356 Coats’ 
retinopathy has also been described in patients with 
classic DC.384 A R282H TIN2 mutation has been identi-
fi ed in one patient with Revesz’ syndrome.452a

Ataxia-Pancytopenia Syndrome

Ataxia-pancytopenia syndrome is another BMF syn-
drome with similarities to severe forms of DC. In patients 

with this syndrome, BMF is associated with severe cere-
bellar hypoplasia and chromosomal instability without an 
increase after DEB or MMC testing.489 MDS and MDS/
AML with monosomy 7 are often associated with this 
syndrome.489-491 The molecular lesion in patients with 
ataxia-pancytopenia syndrome and the association with 
short telomeres suggesting a defect in the telomere main-
tenance pathway remain to be determined.

Animal Models

Several animal models of dyskerin dysfunction have been 
described that highlight the importance of rRNA pro-
cessing in the pathogenesis of DC. Most of what we know 
about the biochemistry of dyskerin comes from studies 
of its yeast orthologue Cbf5p (reviewed by Filipowicz 
and Pogacic428; also see earlier). The cbf5-1 temperature-
sensitive mutant was found to have defects in rRNA 
synthesis and ribosome biogenesis at the restrictive tem-
perature. Null mutations are not viable, whereas hypo-
morphic point mutations in Cbf5 are mostly viable at 
25º C but show heat- or cold-sensitive growth phenotypes 
with reduced levels of pseudouridine in rRNA at restric-
tive temperatures.492-494 The dyskerin orthologue in 
Drosophila is the protein Nop60B, also known as minifl y 
(mfl ).426 Total loss-of-function mutations are lethal, but 
partial loss-of-function mutations cause pleiotropic 
defects, including extreme reduction in body size, devel-
opmental delay, and reduced female fertility. mfl  mutants 
are defi cient in pseudouridylation of rRNA and in the 
production of mature rRNA molecules.426,495 These results 
therefore illustrate that decreasing pseudouridylation of 
rRNA can slow rRNA production and cell growth. Some 
of the features of these mutants, small size and male ste-
rility, are reminiscent of DC and can be related to the 
failure of stem cells in tissue renewal.426,495 In both yeast 
and Drosophila, dyskerin does not associate with telom-
erase RNA.

In mice the lack of dyskerin is embryonically lethal,457 
whereas hypomorphic dkc1 mutations in mice and murine 
ermbryonic stem cells cause defects in both telomere 
maintenance and ribosome biogenesis.460,496 Telomere 
biology in mice differs to some extent from that in 
humans. Laboratory mice have very long telomeres (50 
to 100 kb) in comparison to humans (10 to 15 kb). In 
mice, telomerase is expressed in almost every tissue, but 
in humans it is expressed only in germ cells, stem cells, 
and their immediate progeny and in activated monocytes 
and lymphocytes. Nevertheless, the study of telomerase-
defi cient mice (Terc−/−, and Tert−/−) was important for 
our current understanding of telomere biology and the 
signifi cance of premature telomere shortening in a living 
organism.497 Telomerase null mice, like DC patients, 
showed genetic anticipation with increasingly shorter 
telomeres in subsequent generations, as well as a disease 
phenotype similar to DC, including a shortened life span, 
early graying, reduced fertility, decreased wound healing, 
immune defi ciency, decreased hematopoietic prolifera-
tive capability, and increased chromosomal instability 
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leading to a higher frequency of cancer.498,499 However, 
in contrast to mice, homozygosity or compound hetero-
zygosity for telomerase null mutations has never been 
described in humans, thus suggesting that this would not 
be compatible with life.

Mechanism of Disease Pathogenesis in 
Dyskeratosis Congenita

Although some mouse studies support the involvement 
of rRNA processing defects in the pathogenesis of 
DC,460,496,500 the general consensus is that the central 
component in the pathogenesis of DC is defective telo-
mere maintenance. An interesting question is whether the 
different clinical manifestations grouped as DC and dis-
cussed earlier are due to variations in the extent of telom-
erase defi ciency or whether they relate to secondary 
effects of the altered gene products. Figure 8-11 sum-
marizes our current model of the pathogenesis of disease 
in DC.

Clinical Management

Most of what we know regarding therapy and prognosis 
comes from our experience with patients with classic DC. 
Care must be taken when extrapolating such experience 
to patients with atypical DC caused by TERC or TERT 
gene mutations. The prognosis for patients with classic 
DC is usually poor. In males with X-linked and sporadic 
DC, the median age at death was 20 years.9 Patients with 
AD DC have milder disease with a better survival rate. 
Deaths were usually due to complications from aplastic 
anemia, BMT, pulmonary fi brosis, or cancer.

Only identifi cation of a pathogenetic mutation can 
confi rm the diagnosis. Once confi rmed, the family should 
be referred to a clinical geneticist familiar with new devel-
opments in DC for counseling and careful examination 
of family members. Genetic testing and possibly telomere 
measurement should be offered to all family members. 
Early diagnosis is important for correct management of 
hematologic complications; appropriate treatment of 
associated pulmonary, gastrointestinal, ocular, dental, 
and bone disease; identifi cation of affected presymptom-
atic family members and unaffected family members or 
pregnancies that may serve as potential hematopoietic 
stem cell donors; and targeted cancer surveillance, not 
only in the patient with DC but also in mutation carriers 
(also see earlier).

Unfortunately, there is currently no consensus on 
how to manage patients with DC. Management depends 
on the age at diagnosis, the presence or absence of clini-
cal signs, the gene affected, the molecular characteristic 
of the mutation identifi ed, and possibly telomere length. 
All patients with DC and hematologic manifestations 
should have a full hematologic assessment, including 
examination of bone marrow, and in anticipation of pos-
sible HSCT, HLA typing should be performed. Other 
investigations at diagnosis should include pulmonary 
evaluation and examination of the oropharynx, anal 
region, and in females, cytologic examination of the 

vagina and cervical epithelium. The prognosis and life 
expectancy of family members who have inherited only 
the short telomeres but not the gene mutation is unknown. 
Whether these family members should be excluded as 
potential sibling donors of an affected family member is 
also unknown.

Management of Hematologic Disease

Treatment of BMF in patients with classic DC is similar 
to that in patients with FA. Initially, in the absence of 
hematologic abnormalities or clinical and laboratory 
signs of mild BMF, monitoring of peripheral blood values 
might be suffi cient. In the presence of hematologic 
abnormalities, yearly bone marrow examination should 
include a trephine biopsy and marrow aspirate for the 
examination of marrow cellularity and morphologic 
changes characteristic of MDS, as well as for cytogenetic 
examination by G banding and FISH analysis, including 
probes that identify the most frequent cytogenetic abnor-
malities seen in patients with DC and progression to 
MDS or AML, or both (see earlier also). Plans for pos-
sible HSCT should be in place because hematologic 
complications may develop rapidly. With progression of 
BMF it will become necessary to increase the frequency 
of hematologic monitoring, and it may have to be indi-
vidualized. Androgens and hemopoietic growth factors 
may improve BMF; however, in many patients the 
response is only transient.501 Growth factors usually, if at 
all, have only a transient effect and should not be used 
in combination with androgens because of the risk of 
peliosis and splenic rupture.502 Unlike idiopathic aplastic 
anemia, immunosuppressive agents such as antithymo-
cyte globulin and cyclosporine are ineffective in cases of 
DC and BMF.

The ultimate treatment of BMF is allogenic HSCT. 
However, historically HSCT for DC has been associated 
with high morbidity and mortality. Treatment toxicity is 
a major cause of premature mortality in patients with 
DC.378,503-505 Reduced-intensity conditioning regimens 
without irradiation and bleomycin might improve the 
outcome of HSCT in patients with DC.485,506-510

Management of DC patients with MDS or AML (or 
both) is even less standardized. The signifi cance of tran-
sient clonal cytogenetic abnormalities is unclear, but if 
persistent or complex, such abnormalities usually predict 
a poor prognosis. Early hematopoietic stem cell harvest 
for autologous transplantation at a later time before the 
development of BMF is investigational and, because of 
the limited repopulating ability of the affected stem cells, 
is unlikely to be successful.

Management of Pulmonary Disease

There is currently no treatment of pulmonary disease 
in DC. Patients with DC should refrain from smoking, 
avoid drugs with pulmonary toxicity (e.g., bleomycin), 
and have their lungs shielded from radiation during 
BMT or cancer treatment.511 Pulmonary fi brosis in pat-
ients with DC does not respond to immunosuppressive 
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therapy. Lung transplantation might be considered in 
individuals with otherwise mild manifestations of 
disease.379,380

Cancer Surveillance/Treatment

Patients with confi rmed DC should avoid excessive expo-
sure to ultraviolet light and use barrier sun creams. 
Avoidance of smoking and alcohol should be empha-
sized, particularly in patients with oral leukoplakia.373,374 
DC patients should also undergo regular dental/hygienist 
review to prevent early tooth loss. It is extremely 
important to screen for malignancies, especially of the 
gastrointestinal system. Management of malignancy 
may be complicated by a number of factors. The diagno-
sis may be delayed in some cases because of malignant 
change occurring within an area of persistent leukopla-
kia, thus resulting in a delay in treatment. There is 
also a high potential for local recurrence and multiple 
cancers in these patients. In addition, the presence of 
BMF makes chemotherapy very diffi cult and can limit 
the indications for surgery. The mucosa also has high 
sensitivity to radiation, which can lead to severe mucosal 
damage and may thus result in early termination of 
radiotherapy.

Management of oral malignancy usually includes a 
regular review and biopsy of the premalignant hyperkera-
totic lesion and surgical laser excision of any suspicious 
areas. Neoadjuvant radiotherapy or surgical resection of 
confi rmed malignancies, along with ipsilateral node clear-
ance with or without adjuvant radiotherapy in accor-
dance with staging of the disease, is the mainstay of 
treatment.

Gene Therapy

HSCT may cure hematologic disease in DC patients; 
unfortunately, however, HLA-matched sibling donor 
cells are available for only a minority of patients. Gene 
therapy to correct hematopoietic stem cells followed 
by autologous transplantation might therefore offer an 
attractive alternative for the treatment of hematologic 
disease in DC patients. Biased X-inactivation in female 
DKC1 mutation carriers suggests that DC cells corrected 
by gene therapy are likely to have a selective growth/sur-
vival advantage. Indeed, gene transfer of TERT or TERC 
(or both) corrects the telomere defect in most DC cell 
lines.409,512 However, as in many other IBMFSs, there is 
the problem that the few surviving hematopoietic stem 
cells might have already acquired secondary somatic and 
possibly oncogenic mutations and that correction by 
gene therapy would promote rather then prevent leuke-
mogenesis in these patients.

Shwachman-Diamond Syndrome

SDS (MIM 260400) is a rare recessive multisystem dis-
order fi rst described in the 1960s that is characterized by 
exocrine pancreatic insuffi ciency, bone marrow dysfunc-
tion, and skeletal abnormalities (Box 8-12).513,514

Clinical Manifestations

SDS is an IBMFS with an estimated incidence of 1 per 
75,000 live births.515 It is more commonly diagnosed in 
boys, with a male-to-female ratio of 1.7 : 1.516 The major 
clinical features associated with SDS have been defi ned 
in several large cohort studies and are summarized in 
Table 8-8.516-521 It should be noted that with one excep-
tion, genetic testing for SBDS (Shwachman-Bodian-
Diamond syndrome) mutations was not available at the 
time that these studies were reported. Interestingly, in the 
study in which the SBDS genotype was determined, the 
phenotype of patients with SBDS mutations was similar 
to that of those who had normal SBDS alleles.521 None-
theless, it is possible that classifying patients according to 
SBDS mutations may eventually refi ne the spectrum of 
clinical features (Box 8-13).

Hematologic Abnormalities

Neutropenia is present in the majority of patients with 
SDS (range, 77% to 100%); severe neutropenia (as 

Box 8-13  Clinical Diagnostic Criteria for 
Shwachman-Diamond Syndrome

EXOCRINE PANCREATIC INSUFFICIENCY*

Low serum trypsinogen (in children <3 years old)
Low serum isoamylase (in children >3 years old)
Elevated fecal excretion (72-hour collection) and imaging 

studies showing fatty infi ltration of the pancreas; other 
causes of steatorrhea should be excluded, including 
intestinal mucosal disorders and cholestatic liver 
disease

Abnormal pancreatic stimulation (rarely done today)

HEMATOPOIETIC ABNORMALITIES*

Neutropenia (<1500/μL); can be intermittent or chronic 
but must be documented at multiple time points (at 
least three times over a period of more than 3 months)

Anemia: hemoglobin below that for the age-adjusted norm
Thrombocytopenia
Pancytopenia
Myelodysplastic syndrome documented on bone marrow 

examination
Both exocrine insuffi ciency and hematopoietic 

abnormalities must be documented

*One of the following

Box 8-12 Shwachman-Diamond Syndrome

Shwachman-Diamond syndrome (MIM 260400) is a 
rare recessively inherited bone marrow failure 
syndrome characterized by exocrine pancreatic 
insuffi ciency; bone marrow dysfunction, including 
increased risk for malignant transformation; and 
skeletal abnormalities.
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defi ned by an absolute neutrophil count [ANC] of less 
than 500/μL) was observed in a mean of 61% of patients 
(range, 23% to 67%; see Table 8-8). Neutropenia is inter-
mittent in about two thirds of patients and chronic in the 
remaining third. Although defects in neutrophil chemo-
taxis are present in most patients with SDS,522 the clinical 
signifi cance of this fi nding is unclear because neutrophils 
are recruited to sites of infection.523 Anemia, typically 
normochromic and normocytic, is present in approx-
imately 50% of cases and is usually associated with a 
low reticulocyte count.520 Thrombocytopenia is seen 
in approximately 50% of cases, sometimes without con-
comitant neutropenia. Pancytopenia has been reported 
in 10% to 44% of patients. The presence of or progres-
sion to severe aplastic anemia has been reported.524,525 
Defects in B- or T-lymphocyte function (or both) have 
been described, including impaired specifi c immuno-
globulin response and altered CD4+ or CD8+ T-cell 
subsets.526 Bone marrow fi ndings are variable and non-
diagnostic. Bone marrow cellularity ranges from hypocel-
lular to hypercellular; myelodysplasia and left-shifted 
granulopoiesis are common.519 An intrinsic cell defect in 
hematopoietic progenitors and impaired bone marrow 
stromal cell function have been reported.527

Transformation to Myelodysplastic Syndrome and 
Acute Myeloid Leukemia

Similar to other congenital BMF syndromes, there is a 
strong predilection for the development of MDS or 
MDS/AML in patients with SDS.528,529 Acquired clonal 
cytogenetic abnormalities are seen frequently; in a pro-
spective study of 14 patients with SDS monitored for a 
maximum of 5 years via annual bone marrow evaluation, 
clonal cytogenetic abnormalities were detected in 29%.530 

Abnormalities in chromosome 7 are the most common 
and include monosomy 7, isochromosome 7q, and dele-
tion of 7q. The clinical signifi cance of these cytogenetic 
abnormalities is uncertain. In particular, isochromosome 
7q appears to have a benign course with a low risk of 
transformation to MDS or MDS/AML531,532 Transforma-
tion to overt MDS or MDS/AML has been reported in 
13% to 33% of cases.519,533 There is a striking male pre-
ponderance; in a recent review, 92% of reported cases 
of MDS or MDS/AML in SDS occurred in males.529 
The malignant clone often displays complex cytogenetic 
abnormalities frequently involving chromosome 7.

Gastrointestinal Abnormalities

After cystic fi brosis, SDS is the most common cause of 
congenital exocrine pancreatic insuffi ciency. Patients are 
classically seen in early infancy with steatorrhea and 
failure to thrive. Pathologic analysis shows extensive fatty 
replacement of pancreatic acini with relative preservation 
of pancreatic ducts and islets. Exocrine pancreas insuffi -
ciency can be assessed by measurement of serum tryp-
sinogen or isoamylase, pancreatic stimulation tests, or 
fecal fat quantifi cation.534,535 In addition, imaging of the 
pancreas may reveal characteristic fatty infi ltration (Fig. 
8-15).536-538 For unclear reasons, the pancreatic insuffi -
ciency improves with increasing age in most patients. 
Mild (twofold to threefold) elevation of liver transami-
nases is often seen in patients younger than 2 years. It is 
usually of little clinical signifi cance and tends to improve 
with age.518

Skeletal Abnormalities

Most patients with SDS have bony abnormalities, with 
rib cage abnormalities, metaphyseal dysostosis, and 
osteopenia being the most common fi ndings (see Table 

TABLE 8-8 Major Clinical Features of Shwachman-Diamond Syndrome

Clinical Feature

Aggett 
et al.,517 
1980

Mack 
et al.,518 
1996*

Smith 
et al.,519 
1996

Ginzberg 
et al.,516 
1999

Cipolli 
et al.,520 
1999

Kuijpers 
et al.,521 
2005†

Total/
Average

Number of subjects  21  25  21  88  13  23 191
Hematologic‡

 Neutropenia  95%  88% 100%  98%  77%  78%  93%
 Severe neutropenia (≤500/μL)  67%  60%  33% —  23%  48%  61%
 Anemia  50%  52%  66%  42%  46%  17%  44%
 Thrombocytopenia  70%  60%  24%  34%  23%  56%  42%
 Pancytopenia  —  44%  10%  19%  23%  13%  21%
Gastrointestinal
 Exocrine pancreatic insuffi ciency‡ 100% 100% 100% 100% 100% 100% 100%
 Liver (elevated transaminases) —  56% —  60% 100%  69%  64%
Skeletal abnormalities 100%  76% 100%  49% 100%  65%  69%
 Metaphyseal dysostosis  62%  44% 100%  46%  54% —  55%
 Rib cage abnormalities  52%  32% —  32%  92% —  40%
 Short stature (<3rd percentile)  95%  67% —  56%  85%  52%  64%

*Short stature was defi ned as height below the 5th percentile.
†Fifteen of these patients had SBDS (Shwachman-Bodian-Diamond syndrome) gene mutations; severe neutropenia is a count less than 600/mL.
‡Hematologic abnormalities and exocrine pancreatic insuffi ciency are defi ning features of Shwachman-Diamond syndrome, hence the 100% incidence of these 

fi ndings.
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8-8).539 Growth retardation is also common in SDS 
patients, but it is not thought to be secondary to malnu-
trition. More than half of patients with SDS are below 
the 3rd percentile for height at 1 year. With adequate 
pancreatic enzyme replacement, most patients show 
normal growth velocity but remain below or at the 3rd 
percentile for height.516

Miscellaneous Abnormalities

Many patients with SDS suffer from pyschomotor 
delay516-518,540 or dental abnormalities.541,542 There are 
reports of other endocrine abnormalities such as dia -
betes mellitus,517,518 growth hormone defi ciency,543 
renal tubular acidosis,516 cleft palate,516 and 
cardiomyopathy.544

Differential Diagnosis

Diagnostic criteria for SDS are outlined in Box 8-12545; 
both exocrine pancreatic insuffi ciency and hematopoietic 
abnormality must be documented. Other features of 
SDS, including short stature or skeletal or hepatic abnor-
malities, though supportive, are not required for the diag-
nosis. Genetic testing for SBDS mutations is merited 
since their presence confi rms the diagnosis of SDS. 
However, their lack does not exclude the diagnosis 
because in approximately 10% of cases of clinically 
defi ned SDS, no mutations in SBDS are present.546-548 
Other causes of exocrine pancreatic insuffi ciency should 
be considered, including cystic fi brosis, which can be 
excluded by performing a sweat test. Pearson’s disease is 
characterized by exocrine pancreatic insuffi ciency, sid-
eroblastic anemia, vacuolization of hematopoietic cells in 
bone marrow, and metabolic acidosis.549,550 It is caused 
by deletions in mitochondrial DNA (mtDNA).551 Carti-
lage-hair hypoplasia (CHH) syndrome is characterized 
by short stature, metaphyseal dysostosis, cytopenias, and 
hypoplastic hair.552 It is secondary to mutations in the 
RNase mitochondrial RNA processing (RMRP) gene 
encoding the RNA subunit of the RMRP complex.553

Genetics

SDS is an autosomal recessive disorder.554 The gene 
responsible for SDS was identifi ed by genetic linkage 
analysis.547 Boocock and colleagues reported that com-
pound heterozygous mutations of the SBDS gene located 
on chromosome 7 were present in the majority of patients 
with SDS.547 Most of these mutations resulted from gene 
conversion with a neighboring pseudogene (SBDSP). 
Subsequent studies have confi rmed that SBDS muta-
tions are present in approximately 90% of clinically diag-
nosed cases of SDS.547,549,555,556 The majority of mutations 
occur within exon 2 and are predicted to result in the 
production of a truncated protein. The remaining muta-
tions are missense and nonsense mutations scattered 
throughout the protein. Most of the mutations result in 
a dramatic reduction in SBDS protein production.547,549 
However, patients carrying homozygous null alleles for 
SBDS have not been reported, which suggests that SBDS 
is essential for life. Consistent with this conclusion, mice 
lacking the murine orthologue of SBDS are subject to 
early embryonic lethality.557 Interestingly, in the subset of 
patients who do not have SBDS mutations, SBDS protein 
expression in leukocytes is normal, thus indicating that 
other genetic mutations may be responsible for these 
cases of SDS.548,5491

Recent studies suggest that there may be a spectrum 
of disease associated with SBDS mutations. Nishimura 
and colleagues reported that two unrelated patients with 
neonatal spondylometaphyseal dysplasia (SMD) carried 
compound heterozygous mutations of SBDS.558 Clinical 
features included severe metaphysial dysplasia, platyspon-
dyly, and neonatal respiratory failure, similar to the 
Sedaghantian type of SMD.

There is also evidence that halploinsuffi ciency for 
SBDS may predispose to the development of aplastic 
anemia. Calado and colleagues reported that 4 of 91 
patients with apparently acquired aplastic anemia had 
heterozygous mutations of SBDS.559 Affected patients 
had no evidence of exocrine pancreatic insuffi ciency or 

A B

FIGURE 8-15. Fatty infi ltration of the pancreas in Shwachman-Diamond syndrome (SDS) shown by transverse computed tomography images 
of a normal individual (A) and patient with SDS (B). The density of the normal pancreas (arrows) is similar to that of liver. In contrast, the density 
of the SDS pancreas (arrows) is reduced, consistent with fatty infi ltration. (Reproduced with kind permission of Springer Science and Business Media. 
From Nijs E, Callahan MJ, Taylor GA. Disorders of the pediatric pancreas: imaging features. Pediatr Radiol. 2005;35:358-373.)
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bony abnormalities but did have short stature. The sig-
nifi cance of this fi nding is unclear because the number 
of individuals studied is far too small to predict a statisti-
cally signifi cant association between heterozygosity for 
an SBDS mutation and the development of aplastic 
anemia.

The SBDS gene encodes a 250–amino acid protein 
that is highly conserved throughout evolution but lacks 
any recognizable functional domain. Although there is 
evidence that SBDS interacts with the actin cytoskele-
ton,560 the primary function of SBDS appears to be regu-
lation of ribosome biogenesis. SBDS protein prominently 
localizes to the nucleolus of cells in a cell cycle–
dependent fashion.546 SBDS coprecipitates with the 28S 
ribosomal subunit and associates with nucleophosmin, a 
protein implicated in ribosome biogenesis and leukemo-
genesis.561 In yeast, loss of the SBDS orthologue Sdo1 
leads to impaired ribosomal biogenesis.562 Specifi cally, 
Sdo1 appears to facilitate release of Tif6 from the pre-
60S ribosomal subunit, which allows fi nal ribosome 
assembly and activation of translation. Together, these 
observations place SDS in a growing list of bone marrow 
disorders caused by impaired ribosome biogenesis.

The mechanism for the increased susceptibility to 
MDS and MDS/AML in patients with SDS is unclear. 
Rawls and colleagues showed that inhibition of Sbds 
expression by RNAi in murine hematopoietic progenitors 
leads to loss of engraftment potential, thus suggesting 
that hematopoietic stem cell function in SDS may be 
impaired.563 The fact that clonal cytogenetic abnormali-
ties are common in SDS suggests genomic instability 
within hematopoietic progenitors. There is a single 
report of short telomeres in the leukocytes of patients 
with SDS; however, the relevance of this fi nding to chro-
mosomal instability is unclear.564 Recent data suggest 
that SBDS protein localizes to the mitotic spindle and 
stabilizes microtubules in vitro. Depletion of SBDS leads 
to mitotic abnormalities and aneuploidy, thus implying 
that defective spindle stability contributes to the mecha-
nisms of BMF and leukemogenesis in patients with 
SDS.565

Clinical Management

Treatment of SDS includes pancreatic enzyme replace-
ment and administration of fat-soluble vitamins for pan-
creatic insuffi ciency. Regular assessment of exocrine 
pancreatic function is recommended because in approxi-
mately 50% of patients, steatorrhea resolves spontane-
ously with increasing age.518

Regular blood counts should be performed every 4 
months to monitor for cytopenia. In addition, annual 
bone marrow examination has been recommended to 
assess for clonal cytogenetic abnormalities.545 For patients 
with severe neutropenia or neutropenia and persistent or 
recurrent infections, a trial of G-CSF treatment is war-
ranted; response rates are generally high.534 Similar to 
severe congenital neutropenia (SCN), current recom-
mendations are that the dose of G-CSF be titrated to 

achieve and maintain an ANC of 1000 to 1500/μL.566 As 
discussed in the later section on SCN, no clear associa-
tion of G-CSF with malignant transformation has been 
demonstrated to date. Nonetheless, patients with SDS 
should receive the lowest dose of G-CSF required to 
maintain an acceptable neutrophil count.

Allogeneic HSCT is the only curative therapy for 
SDS. It is generally reserved for patients with BMF or 
those who have transformed to AML/MDS. The majority 
of patients reported received a myeloablative condition-
ing regimen before HSCT consisting of cyclophospha-
mide, in combination with either busulfan or TBI, and 
unrelated bone marrow as a source of stem cells. HSCT 
in patients with SDS is associated with increased regimen-
related toxicity, particularly of the heart and lung. The 
pathobiology of this increased toxicity is not understood. 
Data from the French Neutropenia Registry reported a 
5-year event-free survival rate of 60% in 10 patients with 
SDS after HSCT.567 Similarly, the European Group for 
Blood and Bone Marrow Transplantation reported a 
64.5% overall survival rate with a median follow-up of 
1.1 years in 25 patients with SDS after allogeneic 
HSCT.568 From these studies it is clear that patients who 
undergo transplantation for BMF do much better than 
those receiving a transplant for MDS or AML. Combin-
ing these studies, the overall survival rate in patients after 
HSCT for BMF was 86% (18 of 21) versus 36% (5 of 
14) in those after HSCT for MDS/AML. Insuffi cient 
follow-up data are available to assess the outcome of 
nonmyeloablative conditioning regimens in SDS patients 
with bone marrow aplasia.

Cartilage-Hair Hypoplasia

CHH (MIM 250250), also known as metaphyseal chon-
droplasia, McKusick type, is an autosomal recessive 
chondrodysplasia.569

Clinical Manifestations

CHH is characterized by metaphyseal dysostosis, short-
limbed dwarfi sm, and fi ne, sparse hair that lacks the 
central pigment core. Clinical manifestations are highly 
heterogeneous and vary between and within families. 
Other skeletal fi ndings include chest deformity, varus 
lower limbs, lordosis, and scoliosis. Gastrointestinal 
problems include aganglionic megacolon (Hirschsprung’s 
disease) and other physical anomalies. The disease is 
more frequent in the Amish and Finnish populations 
because of a founder effect, with a carrier frequency of 1 
in 19 among the Amish and 1 in 76 among the Finns. 
Mild to severe macrocytic anemia and lymphopenia are 
present in the majority of patients, whereas neutropenia 
is seen in only about a fourth. In the majority of individu-
als the anemia is mild and resolves spontaneously during 
early childhood. In more severe cases, the anemia resem-
bles that seen in DBA or may be accompanied by severe 
immunodefi ciency. The severity of the anemia inversely 
correlates with height. Similar severe immunodefi ciency 
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is associated with more severe and persistent anemia. The 
frequency of lymphoid malignancies and basal cell carci-
noma is increased about sevenfold.570

Differential Diagnosis

Excluding DBA from the differential diagnosis might be 
diffi cult in some cases. Thrombocytosis, increased eryth-
ropoietin levels, and increased levels of red cell adenosine 
deaminase (ADA), characteristic of DBA (see later), may 
be present in some patients with CHH. Metaphyseal 
dysplasia has not been reported in patients with DBA. 
Mutation analysis may be necessary to consolidate the 
diagnosis.

Genetics

CHH is an autosomal recessive disease. Genetic mapping 
and DNA sequencing identifi ed the gene encoding the 
RNA component of RMRP, a 265-nucleotide noncoding 
RNA gene on 9p21-p12.553 Mutations responsible for 
CHH are predominantly found in the transcribed and 
promoter region of the RMRP gene (reviewed by Martin 
and Li571). The most frequently found mutation is the 
A70G transversion, which is the major mutation in 
Finnish and Amish CHH patients. Other mutations 
include insertional mutations and duplications between 
the TATA box and the transcription start site that silence 
transcription. No patient homozygous or compound het-
erozygous for the promoter region duplications/inser-
tions have been identifi ed, thus suggesting that these 
mutations may be lethal. RMRP mutations have also 
been found in a variety of other forms of inherited 
metaphyseal dysplasia that share features with CHH, 
including metaphyseal dysplasia without hypotrichosis 
(MIM 250460), anauxetic dysplasia (MIM 607095), 
kyphomelic dysplasia (MIM 211350), and Omenn’s syn-
drome (MIM 6035554).572

Gene Function

MRPR is the RNA component of the RNP complex 
RMRP that is involved in several cellular processes, 
including mtDNA replication,573 ribosome biogenesis 

and pre-rRNA processing,574 and mRNA degradation of 
cyclin B2 (CLB2), thereby regulating cell cycle progres-
sion.575 Which of these pathways is responsible for BMF 
is unclear; however, differences and similarities to other 
ribosomal diseases suggest that the defects in ribosome 
biogenesis might be responsible for the anemia and that 
degradation of CLB2 contributes to the increased devel-
opment of lymphoid tumors.576 Genotype-phenotype 
correlation studies suggest a strong correlation between 
the decrease in rRNA cleavage in ribosomal assembly 
and the degree of bone dysplasia, whereas reduced 
mRNA cleavage and cell cycle impairment correlate with 
the presence of hair hypoplasia, immunodefi ciency, 
hematologic abnormalities, and increased cancer risk.572

Clinical Management

Severe anemia requiring transfusion is seen rarely in 
CHH (6%) and often has a poor prognosis. Relapses may 
occur after recovery. Transfusions and glucocorticoid 
may improve the anemia. However, possible benefi ts of 
the treatment should be carefully weighed against the 
potential side effects in a condition associated with 
immune defi ciency and short stature. Although many of 
the patients tended to outgrow their BMF, in some cases 
the anemia may be severe and persist, as in patients with 
DBA.570 In patients with severe combined immunodefi -
ciency, HSCT with or without myeloablation has been 
shown to provide long-term immune reconstitution.577

Pearson’s Syndrome

Pearson’s marrow-pancreas syndrome (PS, MIM 557000) 
is a refractory sideroblastic anemia characterized by 
vacuolization of bone marrow precursors as a result of 
deletion of mtDNA (Figs. 8-16 and 8-17). Pancreatic 
dysfunction is frequent but not mandatory for the diag-
nosis of PS.

Clinical Manifestations

PS is a multisystem disorder that usually becomes evident 
in early infancy.549,578,579 Pancytopenia is frequently asso-

A B

M     Healthy control        Patient with PS

FIGURE 8-16. Characteristics in Pearson’s syndrome (PS). A, Myeloid bone marrow precursor cell exhibiting prominent cytoplasmatic vacuoliza-
tion. B, Southern blot analysis of the mitochondrial DNA of a patient with PS and a healthy control. The 16.6-kb wild-type mtDNA of the healthy 
control (lanes 2 and 3) is shown in comparison to the mtDNA of the patient carrying the 4503-bp deletion (lanes 4 and 5) in approximately 70% 
of the mtDNA molecules as quantifi ed densitometrically. (From Giese A, Kirschner-Schwabe R, Blumchen K, et al. Prenatal manifestation of pancytopenia 
in Pearson marrow-pancreas syndrome caused by a mitochondrial DNA deletion. Am J Med Genet A. 2007;143:285-288.)
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ciated with dysfunction of the exocrine pancreas, hepatic 
failure, and renal tubulopathy, which may lead to lactic 
acidosis. Vacuolization of hematopoietic precursor cells is 
characteristic (see Fig. 8-16). Most PS patients die before 
the age of 3 years. The major cause of death is metabolic 
acidosis, followed by liver and renal failure.580,581 The few 
surviving children showed hematologic improvement, 
but typical features of Kearns-Sayre syndrome (MIM 
530000) eventually developed.582,583

The male-to-female ratio of PS is 0.7 : 1. Patients 
from all racial and most ethnic groups have been 
reported.

Physical anomalies in patients with PS are rare. 
Approximately a third of patients have exocrine pancre-
atic insuffi ciency, and insulin-dependent diabetes devel-
ops frequently.

Anemia (usually macrocytic) is present in the major-
ity of patients in whom PS is diagnosed before the age 6 
months. Half of the patients have neutropenia and throm-
bocytopenia. Vacuolated myeloid or erythroid precursors, 
often with decreased erythroblasts, and ringed sidero-
blasts are present in almost all patients (see Fig. 8-16).

Differential Diagnosis

Vaculolization of the hematopoietic precursor, fi brosis of 
the pancreas rather than fatty replacement, and the lack 
of skeletal anomalies distinguishes PS from SDS. PS has 
to be differentiated from other refractory anemias in chil-
dren. Mitochondrial enzyme defects and mtDNA dele-
tions usually establish the diagnosis.

Genetics

PS is maternally inherited and follows a mitochondrial 
inheritance pattern (Box 8-14). PS is caused by deletions 
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FIGURE 8-17. Example of the type of deletion found in Pear-
son’s syndrome as shown in a schematic diagram of mitochon-
drial DNA. (Redrawn from Sano T, Ban K, Ichiki T, et al. Molecular 
and genetic analyses of two patients with Pearson syndrome. Pediatr 
Res. 1993;34:105-110.)

FIGURE 8-18. Blood smear of a child with Down syndrome and 
transient myeloproliferative disorder. The nucleated cells are mega-
karyoblasts with small amounts of basophilic cytoplasm, distinct nucle-
oli, and cytoplasmic blebbing (May-Grünwald-Giemsa stain). (From 
Massey GV, Zipursky A, Chang MN, et al. A prospective study of the natural 
history of transient leukemia [TL] in neonates with Down syndrome 
[DS]: Children’s Oncology Group [COG] study POG-9481. Blood. 
2006;107:4606-4613.)

or duplications of mtDNA (see Fig. 8-17).550,551 The size 
of the deletion varies from 2.7 to 7.767 kb584 (also see 
Fig. 8-18). The respiratory enzymes involved in the dele-
tions are relevant to oxidative phosphorylation, and alter-
ations include reduced nicotinamide adenine dinucleotide, 
cytochrome oxidase, adenosine triphosphatase, and 
tRNA and rRNA.

The severity of the clinical manifestation and the rate 
of disease progression are variable and correlate with the 
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ratio of mutated to wild-type mtDNA and with the tissue 
distribution of mutated mtDNA molecules.585

Clinical Management

Anemia is treated mainly by red cell transfusions. Eryth-
ropoietin and G-CSF have also been used for the treat-
ment of BMF. Malignant transformation has not been 
reported. The major cause of death is metabolic acidosis, 
followed by renal and liver failure. The projected median 
survival time is 4 years, with a plateau rate of 36% at age 
10.

Genetic counseling is complicated by the unique 
genetic features of mtDNA that distinguish it from men-
delian disorders, including maternal inheritance, hetero-
plasmy, the threshold effect, the mitochondrial bottleneck, 
tissue variation, and selection (Box 8-14).586-588

Down Syndrome

Hematologic abnormalities are frequent in Down syn-
drome (DS). Abnormalities can be seen in any of the 
three blood cell lineages589 and in some cases may be 
associated with other medical conditions frequently 
found in individuals with DS, such as polycythemia in 
DS patients with cyanotic heart failure. Neutrophilia, 
thrombocytopenia, and polycythemia were the most 
common hematologic abnormalities observed in neo-
nates with DS.589,590 Increased erythrocyte MCV is fre-
quently present in DS infants, even in the absence of 
heart disease, and may persist throughout life.591

Transient myeloproliferative disorder (TMD) occurs 
in 10% to 25% of newborns with DS and in phenotypi-
cally normal newborns mosaic for trisomy 21 (Fig. 8-18 
and Box 8-15).593-596 TMD is associated with a high inci-

dence of spontaneous remission. Usually, TMD does not 
cause obvious symptoms and is only an incidental fi nding 
of abnormal blood counts and circulating blasts in 
peripheral blood expressing a megakaryocytic or ery-
throid phenotype. However, in about 20% of cases the 
disease may be severe and be manifested as hydrops 
fetalis or infi ltration of the liver or other organs and result 
in multiorgan failure and death.597

TMD is considered a preleukemic condition because 
in 20% to 30% of patients with TMD, acute megakaryo-
blastic leukemia (AMKL) will develop within 3 years of 
TMD. Recently, it has been shown that blast cells in 
TMD carry unique mutations in the hematopoietic tran-
scription factor GATA-1598,599 and that the identical 
mutation can be found in AMKL blasts, thus indicating 
that AMKL evolves from TMD.600-603 The mutations 
occur in exon 2 of the GATA1 gene and lead to the pro-
duction of a variant GATA-1 protein truncated at its 
amino-terminal. Experiments in mice showed that expres-
sion of the truncated GATA-1 protein leads to hyper-
proliferation of yolk sac and fetal liver progenitor cells 
with erythroid/megakaryocytic characteristics, thus indi-
cating that TMD and AMKL originate from a hemato-
poietic progenitor cell of embryonic/fetal hematopoiesis 
rather than from mature hematopoiesis in bone marrow, 
a fi nding that explains the onset in early childhood and 
the transient nature of TMD.604 Interestingly, a similar 
inherited GATA1 mutation in a family with X-linked 
anemia and trilineage dysplasia did not show a predispo-
sition to AMKL, which indicates that in humans the 
GATA1 mutation leads to TMD and AMKL only in those 
with a genetic background of trisomy 21.605 The nature 
of the interaction between the GATA1 mutation and 
trisomy 21 that leads to clonal expansion of the mutant 
progenitor remains to be determined (for review see Vyas 
and Crispino592 and Kirsammer and colleagues606).

AMKL usually has a good prognosis in patients with 
DS when treated appropriately with regimens that include 
cytarabine (cytosine arabinoside).607-611 Increased expres-
sion of the chromosome 21–localized genes for cystathio-
nine β-synthase and superoxide dismutase and altered 
drug metabolism have been implicated in the increased 

Box 8-14 Mitochondrial DNA Disorders

Mitochondria are under genetic control of the 
mitochondrial and nuclear genomes. Defects in either 
genome result in mitochondrial disorders. The 
mitochondrial genome is 16.6 kb in size and encodes 
13 enzymes of the respiratory chain, as well as 24 RNA 
molecules needed for intramitochondrial protein 
synthesis. Within a cell the mitochondrial genome is 
present in multiple copies. In healthy individuals, all 
copies are identical (homoplasmy), whereas in patients 
with genetic defects of the mitochondrial genome, a 
mutation can be present in all copies (homoplasmic 
mutation) or only in some copies (heteroplasmic 
mutation).

Mitochondrial DNA (mtDNA) is usually maternally 
inherited. For heteroplasmic disorders such as 
Pearson’s syndrome, the outcome of a specifi c 
pregnancy is diffi cult to predict, mainly because of 
considerable variation in the mutated DNA inherited 
by the offspring and because many of the clinical 
features correlate with the ratio of mutated to wild-
type mtDNA.579,586,587

Box 8-15 Transient Myeloproliferative Disorder

Transient myeloproliferative disorder (TMD) in 
newborns with Down syndrome is a clonal 
proliferation of blast cells with trisomy 21 that have 
acquired a somatic mutation in the GATA1 gene 
and are thought to originate from fetal liver 
hematopoiesis. Both the trisomy 21 and the GATA1 
mutation are required for proliferation. Spontaneous 
remission is common; however, in some cases TMD 
may be fatal. Acute megakaryoblastic leukemia with 
leukemic cells carrying the identical GATA1 mutation 
develops in about 20% of patients with TMD592 (see 
also Fig. 7-18).593
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sensitivity of TMD and AMKL blasts to cytarabine.612 
The high frequency of TMD and AMKL in patients 
with DS and the favorable prognosis of the disease 
when treated appropriately suggest that all newborns and 
infants with DS should be routinely screened for signs of 
TMD and that children with a history of TMD require 
close surveillance for the development of AMKL.

The insight gained into the pathogenesis of TMD 
and AMKL in DS patients is thus another notable 
example of how increased understanding of the patho-
genesis of disease development directly infl uences the 
care and management of patients.

Familial Marrow Dysfunction

A large group of patients with BMF do not fi t any of the 
classifi cations described. If more than one family member 
is affected, in the absence of environmental exposure 
explaining BMF, these individuals are classifi ed as having 
familial BMF, not otherwise classifi ed.

Familial BMF or bone marrow dysfunction therefore 
represents a heterogeneous group of individuals and 
families. In many, BMF is found in various family 
members and may include aplastic anemia, MDS, leuke-
mia, and immunodefi ciency. The inheritance pattern 
may suggest dominant, recessive, or X-linked disease. In 
others, the condition may be manifested as sporadic 
BMF but with associated physical anomalies suggesting 
an IBMFS not characteristic of FA or any other known 
IBMFS.

Pathogenesis of Disease

It is most likely that a signifi cant number of individuals 
or families in whom familial BMF is diagnosed have 
disease caused by one of the major IBMFSs discussed 
earlier. However, because of variable disease penetrance 
and expressivity, a possible atypical manifestation, failure 
to identify the pathogenic mutation, and unawareness of 
the responsible physician, the correct diagnosis has not 
been made. For example, BMF secondary to TERC or 
TERT gene mutations is certainly underdiagnosed 
because affected individuals often lack the classic muco-
cutaneous features characteristic of classic DC (see 
earlier). In others, a syndrome specifi c for particular 
clinical fi ndings might have been diagnosed, but associa-
tion with one of the major forms of BMF has not yet 
been made. Examples from the past are the VATERL 
syndrome in individuals with vertebral defects, anal 
atresia, tracheoesophageal fi stula, renal defects, and radial 
limb defects, some of whom turned out to have FA (see 
the section on FA); HHS, which turned out to be a severe 
form of DC (see the section on DC); or the Kearns-Sayre 
syndrome, which includes patients with PS who outgrew 
their BMF (see the section on PS). A small proportion 
of patients might have an IBMFS resulting from causes 
that are exceedingly rare and therefore have been missed 
(see also Table 8-1), or the BMF may be due to a muta-
tion in a gene that is not usually associated with BMF. 

An example from the past is specifi c mutations in the 
NBS1 gene, usually responsible for the Nijmegen break-
age syndrome, that may be manifested as an FA-like 
phenotype, including pancytopenia and a positive DEB 
or MMC test (also see the section on FA). Finally, a 
proportion of individuals with familial BMF have disease 
caused by mutations in genes that have not yet been 
identifi ed.

Clinical Management

The overall prognosis in patients with familial BMF is 
generally less favorable than that in patients with nonfa-
milial (acquired) BMF. A DEB or MMC test to rule out 
FA (see the section on FA) and telomere measurements 
to rule out DC (see the section on DC) are the minimal 
diagnostic evaluations that should be performed early in 
the investigation of individuals with familial BMF. Treat-
ment and supportive care, in general, are the same as 
those described earlier for FA, DC, or acquired aplastic 
anemia. Antilymphocyte globulin, cyclosporine, andro-
gens, and hematopoietic growth factors have been used 
with variable success. HSCT from an HLA-matched 
sibling donor has to be considered carefully because the 
potential donor may have the same genetic lesion 
even in the absence of disease. Failure of engraftment or 
donor cell–derived malignancies (MDS/AML) have been 
reported in individuals with familial BMF receiving a 
transplant from an apparently healthy sibling donor.474,613 
In addition, HSCT may be associated with an unex-
pected toxicity in patients with familial BMF because the 
underlying genetic defect may render them hypersensi-
tive to radiotherapy or other agents used for HSCT.

INHERITED BONE MARROW FAILURE 
SYNDROMES ASSOCIATED WITH 
ISOLATED CYTOPENIAS

Diamond-Blackfan Anemia

DBA (MIM 105650), also known as congenital erythroid 
hypoplastic anemia, is a rare inherited hypoplastic anemia 
that usually occurs in early infancy. The disease is named 
after Louis K. Diamond and Kenneth D. Blackfan, two 
pediatric hematologists in Boston who fi rst recognized 
the disease as a distinct clinical entity.614 DBA is geneti-
cally and phenotypically heterogeneous.

Clinical Manifestations

Clinically, DBA is characterized by failure of red cell 
production, variable congenital anomalies, and a predis-
position to malignancy (Box 8-16). DBA is a rare disease 
with a frequency of 2 to 7 per million live births and has 
no ethnic or gender predilection.615,616 Much of our 
knowledge of the disease has been gained from patient 
registries in North America,617 England,616 Italy,618 and 
France.619 Classically, patients with DBA are seen in early 
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childhood with profound macrocytic or normocytic 
anemia, reticulocytopenia, and a reduction or absence of 
erythroid precursors in bone marrow. In more than 90% 
of patients with DBA the diagnosis is made before the 
age of 1 year,617,620,621 but in rare cases severe anemia may 
develop in utero (nonimmune hydrops fetalis)622 or later 
in life.623 The median age at diagnosis is 8 weeks of 
age.620

Congenital Abnormalities

In about 50% of patients DBA is associated with physical 
anomalies and growth retardation.619,620,623,624 In some 
patients a physical anomaly is the only clinical mani-
festation of DBA. Table 8-9 summarizes the prevalence 

and range of congenital abnormalities found in patients 
with DBA. Midline craniofacial defects (e.g., cleft 
palate), renal anomalies, cardiac malformations, and 
thumb anomalies (e.g., triphalangeal thumbs) are 
common.616,620

Short Stature. Although short stature is an integral 
feature of DBA and is frequently seen in association 
with other congenital anomalies,626 fi nal height is strongly 
infl uenced by glucocorticoid therapy, iron overload, 
and chronic anemia.616,626 Intrauterine growth retarda-
tion has been documented in about 20%,626 and charac-
teristically there is an absence of catch-up growth after 
birth.626

Hematologic Abnormalities

Anemia, macrocytosis, reticulocytopenia, and absent or 
decreased numbers of erythroid progenitor cells in bone 
marrow are the major diagnostic criteria for DBA. In 
13% to 20% of individuals, anemia may be present at 
birth.616,618 Macrocytosis is evident in the majority of 
cases; however, it may be masked by iron defi ciency or 
thalassemia trait. Increased hemoglobin F levels and per-
sistent “i” antigen are additional features of stress hema-
topoiesis frequently seen in patients with DBA.616 
Elevated levels of red cell adenosine deaminase (ADA), 
a critical enzyme in the purine salvage pathway, are 

Box 8-16 Diamond-Blackfan Anemia

Diamond-Blackfan anemia (DBA) is a pure red cell 
aplasia with autosomal dominant inheritance that is 
usually seen in early infancy. DBA is associated with a 
reduction or absence of erythroid precursors in bone 
marrow, variable congenital anomalies, and a 
predisposition to malignancy. DBA red cells 
characteristically have increased adenosine deaminase 
activity. Mutations in ribosomal proteins of the small 
and large subunit have been associated with DBA.

TABLE 8-9 Congenital Abnormalities in Diamond-Blackfan Anemia

Anomaly Range of Congenital Anomalies625

FREQUENCY (%)

Lipton 
et al.,620 
2006

Willig 
et al.,619 
1999

Ball 
et al.,616 
1996

Ramenghi 
et al.,618 
1999

No. of patients 420 229 65 88
Head, face, palate Hypertelorism, cleft palate, high-arched 

palate, microcephaly, micrognathia, 
microtia, low-set ears, low hairline, 
epicanthus, ptosis, fl at broad nasal 
bridge

 24  21 36  —

Upper limb Triphalangeal, duplex or bifi d, hypoplastic 
thumb; fl at thenar eminence; syndactyly; 
absent radial artery

 21  9 18 —

Renal, urogenital Absent kidney, horseshoe kidney, 
hypospadias

 19*  7 NA —

Cardiopulmonary Ventricular septal defect, atrial septal 
defect, coarctation of the aorta, complex 
cardiac anomalies

 15*  7 NA —

Other
 Eyes Congenital glaucoma, strabismus, 

congenital cataract
NA  12 NA —

 Neck Short neck, webbed neck NA  4 NA —
 Neuromotor Learning diffi culties NA  7 NA —
 Short stature NA  30 33 NA
At least one anomaly†  47  41 37 32
Two or more anomalies  25  24 NA NA
Short stature alone NA NA 11 16

*As found by routine cardial and renal imaging.
†Not including low birth weight or short stature. Many patients had more than one abnormality.
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characteristic of DBA erythropoiesis and may be found 
in 80% to 89% of patients.619,620,627 Whether macrocyto-
sis, increased fetal hemoglobin, and elevated red cell 
ADA are integral features of DBA hematopoiesis or 
rather refl ections of stress hematopoiesis is not clear. 
Macrocytosis, increased fetal hemoglobin, persistent “i” 
antigen, and elevated red cell ADA may be masked in 
transfusion-dependent patients. In some individuals, 
macrocytosis or increased red cell ADA levels are the 
only manifestations of DBA.616,628 Parents or siblings of 
an affected child who have increased red cell ADA levels 
are likely to be carriers of the pathogenic mutation even 
in the absence of classic disease (nonclassic DBA).616,619 
In some individuals with DBA the anemia is transient; 
however, the macrocytosis and elevated red cell ADA 
levels often persist. Spontaneous remission of anemia in 
DBA patients has been reported even after years of 
steroid or transfusion dependence (also see later).617 
Platelet counts are usually normal or mildly increased, 
although platelet counts greater than 1 × 106/μL and 
decreased platelet counts have also been reported.616 
White blood cell counts are generally normal but in some 
cases decrease with age. In rare cases DBA progresses to 
the full clinical picture of severe aplastic anemia.620

Bone marrow examination reveals normal cellularity, 
myeloid cells, and megakaryocytes. Lymphocyte 
counts are often increased. A paucity of erythroid 
progenitor cells is characteristic. Dyserythropoietic 
morphology, even ringed sideroblasts, have been reported. 
Increased iron deposition is seen in patients who have 
received multiple red cell transfusions. Serum levels 
of erythropoietin are elevated, and ferrokinetic studies 
show a delay in plasma iron clearance and low red cell 
utilization. The slightly shortened autologous red cell 
survival times and low haptoglobin levels suggest mild 
hemolysis.629

Bone marrow progenitor assays show a severe matura-
tion defect in DBA erythroid progenitor cells, whereas 
other blood cell lineages are unaffected or only moderately 
impaired.6302-633 Erythroid colony size and maturation, 
as well as colony numbers, are impaired. The defect is 
intrinsic to the erythroid progenitor cell631,634,635 and is 
partially corrected by interleuklin-3 (IL-3) and stem cell 

factor,636-639 but not by erythropoietin.631,632 The rate of 
apoptosis in erythroid progenitor cell cultures from 
patients with DBA is increased and accentuated after 
erythropoietin deprivation.633 More detailed culture anal-
ysis pinpoints the defect to the erythropoietin-dependent 
phase of expansion and differentiation of erythroid pro-
genitors with no signifi cant defect in the preceding eryth-
ropoietin-independent stages.640 Glucocorticoid treatment 
increases the erythropoietin sensitivity of both normal and 
DBA erythroid progenitors, but DBA erythropoietic dif-
ferentiation and maturation remain suboptimal.640

Diagnostic Criteria

Table 8-10 summarizes the diagnostic and major and 
minor supporting criteria. Patients with “classic DBA” 
have all of the major diagnostic criteria.625 Patients with 
“nonclassic DBA” have at least three diagnostic criteria 
with one major or two minor supporting criteria, two 
diagnostic criteria and two major or three minor support-
ing criteria, or two major supporting criteria.625

Predisposition to Malignancy

Patients with DBA have a predisposition to malignancy 
with a reported frequency of 1.9% to 6.6%.619,620,646 AML 
(AML/MDS) is the most frequent reported malignancy, 
followed by osteosarcoma.647 Other reported malignan-
cies include hepatocellular carcinoma, gastric carcinoma, 
fi brous histiocytoma, vaginal melanoma, Hodgkin’s and 
non-Hodgkin’s lymphoma, breast cancer, and ALL 
(reviewed by Alter9). The medium age at diagnosis of 
malignancy was 15 years (range, 1 to 43), as opposed to 
68 years in a non-DBA control group.

Differential Diagnosis

Clinically, DBA has to be distinguished from other 
IBMFSs such FA, DC, SDS, CHH, and PS. Clinical 
manifestations, associated physical abnormalities, family 
history, negative chromosome fragility test (DEB or 
MMC test), and normal telomere length measurements 
are helpful in strengthening the diagnosis of DBA. Dis-
tinguishing DBA from CHH may be diffi cult. The anemia 
in CHH is usually less severe but may be similar to that 
seen in patients with DBA.570 In the absence of distin-

TABLE 8-10 Diagnostic Criteria for Patients with Diamond-Blackfan Anemia (DBA)

Diagnostic Criteria

SUPPORTING CRITERIA

Major Minor

Age <1 year Pathogenic mutations* Elevated red cell ADA
Macrocytic anemia Positive family history Congenital anomalies of DBA
Reticulocytopenia Elevated fetal hemoglobin
Paucity of bone marrow erythroid precursors No evidence of other IBMFSs

*Pathogenic mutations have been identifi ed in RPS19,641 RPS24,642 RPS17,643, RPL35a,644 RPL5, and PRL11.645 Mutations in additional ribosomal proteins account 
for additional cases of Diamond-Blackfan anemia.

From Vlachos A, Ball S, Dahl N, et al. Diagnosing and treating Diamond Blackfan anemia: results of an International Clinical Consensus Conference. Br J Hae-
matol 2008 (in press).

ADA, adenosine deaminase.
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guishing features, only identifi cation of the responsible 
mutation may differentiate between the two conditions. 
Interestingly, either gene product, the RMRP responsible 
for CHH (see later also) and the ribosomal proteins 
responsible for DBA, can participate in ribosome biogen-
esis, which may explain the similarities in hematologic 
manifestations. In patients with PS, BMF is classically 
accompanied by characteristic vacuolization of hemato-
poietic precursors cells.549

DBA has to be distinguished from acquired forms of 
anemia, including transient erythroblastopenia of child-
hood (TEC, see later and Chapter 7); viral infections, 
including infection with human immunodefi ciency virus 
and infectious mononucleosis; drug-related anemia; 
anemia caused by exposure to toxic chemicals; severe 
renal failure; and anemia after an ABO-incompatible 
transplant (for a comprehensive list of possible causes of 
anemia in childhood, see also Lipton648 and Vlachos and 
associates625).

Genetics

Inheritance

DBA occurs in both familial and sporadic forms. Auto-
somal dominant inheritance is the most frequently 
observed pattern of inheritance. Several genes have been 
identifi ed whose mutations together account for about 
45% of DBA patients. All mutations identifi ed affect 
ribosomal proteins of both the small (RPS) and large 
(RPL) ribosomal subunit. Mutations in the RPS19 gene 
on chromosome 19q13.2641 account for about 25% of 
patients with DBA; mutations in the RPS24 gene on 
chromosome 10q22-q23 account for about 3% of DBA 
patients642; a mutation in the RPS17 gene located on 
chromosome 15q25.2 has been identifi ed in one family643; 
mutations in the RPL35a gene on chromosome 3q29 
were found in about 2% of patients with DBA644; and 

mutations in the RPL5 and PRL11 genes located on 
chromosome 1p22.1 and 1p36.12, respectively, were 
found in about 10% and 6.5% of DBA patients.644 In all 
families with mutations in ribosomal proteins of the large 
or small ribosome subunit (RPS or RPL), the disease was 
either sporadic (caused by de novo mutations) or fol-
lowed autosomal dominant inheritance. However, an 
autosomal recessive pattern of inheritance has been 
reported.624,649,650 It remains to be determined whether 
these are indeed due to biallelic mutations or instead are 
caused by incomplete penetrance of an otherwise domi-
nant mutation mimicking sporadic or autosomal reces-
sive disease.620,624

The Diamond-Blackfan Anemia Genes and 
Their Functions

Following from the observation that a DBA patient had 
an X;19 chromosomal translocation,650 the fi rst gene to 
be identifi ed as being mutated in DBA (DBA1) was the 
RPS19 gene at 19q13.2.640 Subsequently, it was estab-
lished that a fourth of DBA patients harbor a mutation 
in RPS19,619,651,652 which encodes the small subunit ribo-
somal protein 19. The mutations are always heterozygous 
and include missense, nonsense, frameshift, and splice 
site mutations, as well as small and large deletions and 
three translocations (Fig. 8-19). Whereas the nonsense 
and frameshift mutations are spread evenly throughout 
the coding region, the missense mutations are clustered. 
RPS19 haploinsuffi ciency is thought to be responsible for 
disease.653 Analysis of the crystal structure of RPS19 
from Pyrococcus abyssi suggests that missense mutations 
in DBA primarily affect the capacity of the protein to be 
incorporated into preribosomes, thus blocking matura-
tion of pre-40S particles.654

Pathogenic mutations have also been found in another 
gene encoding a protein of the small ribosomal subunit, 
the RPS24 gene on chromosome 10q22-q23.645 The locus 
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RPS19 gene in patients with 
Diamond-Blackfan anemia as 
shown in a schematic representa-
tion of the six exons with patient-
derived mutations. The red crosses 
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three translocation that affected 
the RPS19 gene. Nonsense and 
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has been designated DBA3. Ribosomal proteins are an 
integral component of ribosomes (Box 8-17). Although 
ribosomal proteins do not participate in the protein syn-
thesis activity of the ribosome, they are important for 
maintaining their structure and during ribosome biosyn-
thesis (Box 8-18 and Figs. 8-20 and 8-21). The fi nding 
of a second ribosomal protein being affected strongly 
suggested that DBA is a disorder of ribosome synthe-
sis.645 RPS24 mutations are estimated to account for 
approximately 3% of cases of DBA.645 Two nonsense 
mutations and one combined insertion/deletion affecting 

Box 8-17 Ribosomes

Ribosomes are intracellular organelles about 200 Å in 
diameter that consist of RNA (ribosomal RNA [rRNA]) 
and protein (ribosomal proteins). In all organisms, 
ribosomes are the site of protein synthesis and 
translation of messenger RNA molecules into 
continuous chains of amino acids (polypeptides or 
proteins). The ribosome is a ribozyme, which means 
that it is the rRNA that catalyzes decoding of the 
message and the formation of peptide bonds. 
Ribosomal proteins, on the other hand, are important 
for maturation of rRNA precursors and ensure their 
correct structure in the ribosome.

Box 8-18  Ribosome Biogenesis and Pre-rRNA 
Processing

Ribosome biogenesis is the new production of 
ribosomes. In eukaryotes, ribosome biogenesis takes 
place in the nucleolus, a specialized compartment 
within the nucleus. Ribosome biogenesis is a 
complicated, highly regulated process that begins with 
the synthesis of large preribosomal RNA. Structural 
rearrangements and cleavage occur as the ribosomal 
proteins are incorporated to ultimately give rise to 
mature ribosome subunits. Final maturation of the 
ribosome subunits takes place in the cytoplasm before 
they become assembled to form the mature ribosome 
(see Figs. 7-20 and 7-21). For review see Granneman 
and Baserga,655 Fatica and Tollervey,656 and Fromont-
Racine and colleagues.657
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rDNA

pre-rRNA

40S

1. Pol I transcription

2. Pre-rRNA modification

3. Pre-rRNA processing

4. Pre-ribosome
assembly

5. Structural
reorganization and

transport

6. Late
maturation

60S

Synthesis of ribosomal
proteins

Processing and
assembly factors

snoRNA
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FIGURE 8-20. Diagram of the six major steps in ribosome biogenesis. 1. Pol I transcription. The process starts with transcription of multiple 
copies of the genes for rRNA (rDNA) to form the large pre-rRNA primary transcript. 2. Pre-rRNA modifi cation. The pre-rRNA is methylated 
and pseudouridylated under the guidance of small nucleolar RNA (snoRNA). Nonribosomal proteins (open circles) and snoRNA (green rectangles) 
associate with the nascent transcript. 3. Pre-rRNA processing. The pre-rRNA undergoes a series of cleavages ultimately resulting in 18S, 5.8S, and 
28S rRNA. 5S rRNA, a component of the 60S subunit, is added to the maturing complex. The complex is split into the two precursor particles 
for the small (40S) and large (60S) ribosomal subunits. 4. Pre-ribosome assembly. Ribosomal proteins (black circles) are added to the precursor 
complexes at various stages of assembly. 5. Structural reorganization and transport. The nearly mature subunits are exported to the cytoplasm 
through the nuclear pore complexes with the aid of adaptor proteins. 6. Late maturation. The small and large subunits are eventually incorporated 
into ribosomes in the cytoplasm. Dyskeratosis congenita affects ribosome biogenesis at the step of pre-rRNA modifi cation (step 2); Diamond-
Blackfan anemia and cartilage-hair hypoplasia affect ribosome biogenesis at the step of pre-rRNA processing (step 3). snRNA, small nuclear 
RNA.

the intron/exon boundary resulting in a skipped exon 2 
were identifi ed in the RPS24 gene among 215 unrelated 
probands.

A de novo mutation in a third ribosomal protein of 
the small subunit, RPS17, has recently been identifi ed in 
one DBA patient. The mutation affects the translation 
initiation start codon, with T changing to G. RNA analy-
sis revealed that the mutated allele was expressed.643
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Recently, mutations were also identifi ed in three 
ribosomal proteins of the large subunit, including 
RPL35a, RPL5, and RPL11.644,645 Mutations in RPL35a 
include a large genomic deletion, a small deletion, a 
nonsense mutation, and one missense mutation (G97A, 
leading to a valine-to-isoleucine substitution of amino 
acid 33, V33I).644 Small deletions and insertions causing 
shift of the reading frame and an early stop codon, non-
sense mutations, and one missense mutation (G418A, 
leading to a glycine-to-serine substitution of amino acid 
140, G140S) were identifi ed in the RPL5 gene.645 Splice 
site mutations, small deletions, and insertions accounted 
for the mutations identifi ed in the RPL11 gene. Muta-
tions in RPL proteins, like those in RPS proteins, are 
thought to cause disease by haploinsuffi ciency.

There was evidence that some families show genetic 
linkage to chromosome 8p23.2-23.1,650 and this locus 
has been designated DBA2. No mutations have been 
identifi ed in ribosomal proteins mapping within this 
region.642

Genotype-Phenotype Correlation

Craniofacial anomalies have not been found in individu-
als with RPS19 mutations,648 nor in the 11 individuals 
with DBA caused by RPS24 mutations.642 No clear 
genotype-phenotype correlation was identifi ed in indi-
viduals with RPS19623,651 or RPS24642 mutations, although 
null mutations tended to have a more severe phenotype 
than missense mutations did. The expressivity of indi-
vidual mutations is highly variable, even within an indi-
vidual family (Fig. 8-22).623 The mental retardation noted 
in individuals with a large deletion of RPS19 suggested 
that the concomitant deletion of adjacent genes may 
account for the additional features in these individuals.623 
Facial anomalies were described in the one patient with 
DBA secondary to a mutation in RPS17.643 The 
genotype-phenotype correlation of individuals with 
RPL mutations remains to be determined.

Molecular Diagnosis of 
Diamond-Blackfan Anemia

Currently, molecular diagnosis is not routinely performed 
for DBA because it is expensive and provides a defi nitive 
diagnosis in only about 40% of cases. However, only 
identifi cation of pathogenic mutations in one of the DBA 
genes defi nitively establishes the diagnosis of DBA. Fur-
thermore, molecular diagnostics enables the identifi ca-
tion of mutation carriers, facilitates prenatal diagnosis for 
an existing pregnancy, and allows PGD for partners 
identifi ed as mutation carriers. Mutation analysis should 
include methods that will detect large deletions. Cases of 
DBA caused by large deletions are probably underdiag-
nosed. Anomalies in addition to the ones characteristic 
for DBA, in particular, mental retardation, are suggestive 
of a large deletion causing haploinsuffi ciency for addi-
tional genes in the vicinity of the deleted DBA gene. In 
addition to the large number of mutations in DBA genes 
associated with DBA, a number of nonpathogenetic 
mutations and mutations of unknown pathogenic signifi -
cance have been identifi ed.659 Determining the pathoge-
nicity of a particular missense mutation may be diffi cult,659 
whereas nonsense and frameshift mutation are likely to 
be pathogenic in the majority of cases.

Diseases Related to 
Diamond-Blackfan Anemia

Aase’s Syndrome

Congenital red cell aplasia with a triphalangeal thumb 
has been described by Aase and Smith as a distinct syn-
drome.660 Cleft palate and cardiac anomalies have also 
been associated with this syndrome.661 Its clinical mani-
festations have signifi cant overlap with those characteris-
tic of DBA; thus, Aase’s syndrome most likely represents 
a subset of patients with DBA who have a particular 
phenotype.661 Autosomal dominant inheritance and vari-
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FIGURE 8-21. Pre-rRNA processing 
in HeLa and lymphoblastoid cell lines 
(LCL).  The 18S, 5.8S, and 28S rRNA 
is transcribed as a single precursor 
(45S), which is subsequently processed 
into mature species by a complex series 
of cleavage and modifi cation reactions. 
In addition to the mature rRNA species, 
the primary precursor (47S) contains 
two external transcribed spacers at its 5′ 
and 3′ ends (5′-ETS and 3′-ETS, 
respectively), as well as two internal 
transcribed spacers (ITS1 and ITS2). 
After synthesis of the primary pre-
rRNA molecule is completed, 
the transcribed spacer sequences are 
removed by a series of endonucleolytic 
cleavage and exonucleolytic degrada-
tion steps. Two alternative pre-rRNA 
processing pathways, A and B, have 
been described in HeLa cells.658
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able expressivity have been associated with Aase’s syn-
drome,662 but no RPS19 or RPS24 mutations have been 
identifi ed in individuals with the classic features of this 
syndrome.

Myelodysplasia with Deletion of Chromosome 5q 
(5q− Syndrome)

Patients with a deletion of the long arm of chromosome 
5 (5q− syndrome) have severe macrocytic anemia, ele-
vated platelet counts, erythroid hypoplasia in bone 
marrow, and hypolobulated megakarocytes. Delineation 
of the critical deletion region on chromosome 5q− 
includes the RPS14 gene at position q33.1 and about 40 
additional genes.663 Reducing RPS14 expression in 
normal CD34+ cells leads to a gene expression profi le 
similar to that found in bone marrow cells from patients 
with 5q− MDS and results in selective impairment of 
erythroid differentiation with only minor effects on mega-
karyopoiesis or myelopoiesis. Similarly, forced expression 
of RPS14 restores the erythroid phenotype in bone 
marrow cells from patients with 5q− MDS, thus suggest-
ing that erythroid hypoplasia is caused by RPS14 haplo-
insuffi ciency.663 In contrast to patients with DBA, the 
deletion of RPS14 in patients with 5q− MDS is not 
inherited but acquired in early hematopoietic progenitor 
cells (somatic). Although the mutation explains the ery-
throid phenotype in patients with MDS and 5q−, the 
RPS14 mutation is unlikely to be responsible for the 
proliferative growth advantage of the mutant progenitor 
cell. More likely, haploinsuffi ciency or loss of heterozy-
gosity for one or more additional genes affected by the 
deletion causes the growth advantage of the mutant cells. 
Interestingly, MDS with 5q− shows a remarkable response 
to the thalidomide analogue lenalidomide, the mecha-
nism of which is unknown.

Transient Erythroblastopenia of Childhood

TEC (MIM 227050) is a rare pure red cell aplasia that 
occurs in children most commonly between 6 months 
and 4 years of age664 (see also Chapter 7). Laboratory 
fi ndings consist of normocytic normochromic anemia 
and reticulocytopenia, sometimes associated with throm-
bocytosis and erythroblastopenia of bone marrow.664 
The course is characterized by complete recovery, 
usually within 1 to 2 months after diagnosis. No therapy 
is usually necessary, although some children may require 
red cell transfusion.664 The absence of macrocytosis, 
increased fetal hemoglobin, and increased red cell 
ADA levels in individuals with TEC are used to 
distinguish TEC from DBA.664 In addition, congenital 
abnormalities are not present in patients with TEC.664 
The etiology of TEC is not entirely clear, but is thought 
to be postinfectious and autoimmune mediated.665 The 
majority of TEC cases are sporadic and acquired, but 
there are a few reports of familial TEC. Linkage analysis 
suggested allelism for TEC at the RPS19 gene locus; 
however, no mutations in the RPS19 coding region were 
identifi ed.666

Animal Models

Ribosomal mutations have been studied in Escherichia coli 
and Saccharomyces cerevisiae.667 In Drosophila melanogas-
ter, mutations in ribosomal proteins are associated with 
the Minute phenotype. Minutes are remarkably similar 
and share three principal phenotypes—a 2- to 3-day 
delay in larval development, short thin bristles, and reces-
sive lethality.668

In yeast, RPS19 is essential for growth and survival. 
Decreased expression of RPS19 leads to specifi c defects 
in pre-rRNA processing and severely limits the produc-
tion of small 40S ribosomal subunits.669,670 Mice homo-
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FIGURE 8-22. RPS19 mutations in two fami-
lies with Diamond-Blackfan anemia (DBA). A, 
RPS19 haplotype analysis shown that the RPS19 
mutation in this family most likely occurred as 
a de novo mutation in the parent and was inher-
ited by all of the four children. The parent had 
only transient anemia as child, whereas two of 
the children (6.1. and 6.2) are transfusion 
dependent and two (6.3 and 6.4) respond to 
steroids. B, Sequence-based mutation analysis 
of the affected child suggested that in this family 
DBA was not caused by an RPS19 mutation. 
However, haplotype analysis indicates that DBA 
in this family is caused by a large deletion that 
includes the fi rst three exons of RPS19, thus 
indicating that gene deletions in the RPS19 
gene might be more common than currently 
thought.
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zygous for an Rps19 null mutation exhibit embryonic 
lethality, whereas mice with only one active allele, the 
same genotype that gives rise to DBA in humans, have 
no detectable abnormality.671,672 Interestingly, these het-
erozygous mice appear to express normal levels of RPS19, 
thus suggesting that mouse cells can compensate for the 
absence of one functional allele.671

The Belly spot and tail (Bst) is a spontaneous semi-
dominant, homozygous lethal mutation in mice that 
impairs Rpl24 mRNA splicing and RPL24 production. 
Mice heterozygous for the mutation have reduced body 
size, decreased pigmentation, a kinked tail, and retinal 
abnormalities, but no obvious hematologic abnormali-
ties. Mouse embryonic fi broblasts heterozygous for the 
Bst mutation have a defect in large subunit assembly 
and a growth disadvantage in comparison to wild-type 
fi broblasts.673

Mechanism of Disease Pathogenesis in 
Diamond-Blackfan Anemia

The mechanism whereby mutations in RPS19 or the 
other ribosomal proteins cause specifi c defects in red 
cell maturation is not fully understood and is the 
focus of current research in the fi eld. RPS19 overexpres-
sion improves erythropoiesis in RPS19 mutant 
CD34+ bone marrow cells from patients with DBA.674,675 
Similarly, a reduction in RPS19 expression in 
normal CD34+ cells leads to impairment in erythroid 
differentiation and to some extent also in myeloid 
differentiation.676,677

Reduced RPS19 expression in mammalian cells leads 
to decreased levels of 18S rRNA production and the 
accumulation of unprocessed nuclear pre-18S rRNA 
molecules.678-680 As in yeast, production of the 40S ribo-
somal subunit is greatly reduced. Moreover, subtle altera-
tions in rRNA processing could be detected in isolated 
bone marrow hematopoietic progenitor cells and lym-
phoblastoid cell lines from patients with DBA secondary 
to a mutation in RPS19,678-680 but not in cell lines or bone 
marrow cells from patients with DBA but no RPS19 
mutation, thus suggesting that such alterations affect a 
different step of pre-rRNA processing. The amount of 
ribosome subunits and mature ribosomes, however, is 
normal in steady-state growing cell lines from patients 
with DBA.679 Depletion of RPS19 causes a reduction in 
the steady-state levels of other ribosomal proteins of the 
small 40S subunit, whereas proteins of the large subunit 
are unaltered, thus indicating that levels of ribosomal 
proteins are determined by subunit assembly and that 
reduction of any ribosomal protein would have the same 
effect on the small 40S subunit. This suggests that hap-
loinsuffi ciency for any ribosomal protein of the small 
subunit may cause DBA.679

The fact that ribosomal proteins of the small and 
large subunit are affected suggests that insuffi cient 
functional ribosomes in the maturing erythroid progeni-
tor cell may be the underlying cause of red cell aplasia 
in patients with DBA. Why the differentiating red 

cell progenitor in bone marrow is affected by this 
defi ciency whereas other cells are not or are much 
less affected remains to be determined. A variety of 
extraribosomal functions have been attributed to several 
ribosomal proteins of the small and large ribosome 
subunit. To what extent these extraribosomal functions 
contribute to the DBA phenotype remains to be 
determined.

Interestingly, haploinsuffi ciency for several ribosomal 
proteins leads to increased tumor formation in zebra fi sh, 
a fi nding suggesting that ribosomal protein genes may act 
as tumor suppressors.681 The role of haploinsuffi ciency of 
ribosomal proteins in tumorigenesis is the focus of current 
research in several laboratories.

Clinical Management

The overall actuarial survival rate at 40 years of age 
is 75%.620 Survival is signifi cantly better for steroid-
responsive patients than for transfusion-dependent 
patients.616,619,620,623 The major causes of death are treat-
ment related618,619,622 and include infection (in particular, 
Pneumocystis jiroveci pneumonia), complications of iron 
overload, and complications of HSCT. Other causes of 
death include evolution to severe aplastic anemia and 
malignancy.

Glucocorticoid Therapy

Steroids and red cell transfusions are the main forms of 
therapy. Prednisone (or prednisolone) therapy is usually 
initiated at a dosage of 2 mg/kg/day. For glucocorticoid 
responders, the prednisone dosage is slowly tapered until 
the patient is taking an alternate-day dosage that main-
tains a reasonable hemoglobin level. Many patients 
remain on small, alternate-day doses of steroids for years. 
Seventy percent to 80% of patients with DBA are initially 
steroid responsive, but only 60% to 70% achieve transfu-
sion independence.616,617,620,623,625 Response to treatment 
is usually seen within 1 month of treatment. The likeli-
hood of response cannot be predicted.618,6257 The steroid 
dose is tapered to the lowest dose necessary to maintain 
transfusion independence. The maintenance dose of ste-
roids is highly variable, with some requiring only minimal 
doses.625,682 The maximum recommended maintenance 
dose is ≤1  mg/kg/day every other day or ≤0.5  mg/
kg/day.625

Side effects of steroid therapy include growth retar-
dation, increased risk of infection, diabetes mellitus, 
hypertension, cushingoid features, pathologic fractures, 
cataracts, avascular osteonecrosis, osteopenia without 
fracture, pseudotumor cerebri, and in infants, delay in 
neuromotor development.616,625 Steroid therapy is often 
not recommended in infants younger than 6 months. 
Individuals taking high doses of steroids require P. jiroveci 
prophylaxis. The steroid maintenance dosage should not 
exceed 0.5 mg/kg/day and should be continued in the 
absence of response (for more detailed information, see 
the consensus document regarding diagnosis and man-
agement of DBA625).
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Transfusion Therapy

Red cell transfusion remains the mainstay of therapy for 
steroid-resistant disease, as well as for treatment of DBA 
in early infancy (<6 months of age). Leukocyte-depleted 
packed red cells should be given every 3 to 6 weeks to 
maintain a hemoglobin level of about 8 g/dL.625 The major 
complication from transfusions is iron overload. Death 
from complications associated with iron overload is the 
second most common cause of death in patients with 
DBA.619,620,623 Complications of iron overload include 
endocrinopathy, diabetes, growth failure, and failure to 
enter puberty, as well as cardiac failure and liver disease. 
Symptoms of iron overload develop more slowly in patients 
with DBA than in patients with thalassemia, in whom 
ineffective erythropoiesis additionally increases iron 
absorption. Serum ferritin is not a reliable indicator of the 
body’s iron load. Hepatic iron concentration measured 
from a liver biopsy specimen is the gold standard for esti-
mating hepatic iron concentration. Noninvasive methods 
of iron measurements include magnetic susceptometry 
(superconducting quantum interference device [SQUID]) 
and magnetic resonance imaging (MRI). Iron chelation 
should begin as soon as patients have increased iron stores 
(ferritin >1500 mg/dL, hepatic iron >6 to 7 mg/g, which 
corresponds to a transfusion history of about 170 to 
200 mL packed red blood cells/kg). Subcutaneous infu-
sion of deferoxamine has been the standard chelation 
therapy in patients with DBA. The recently developed oral 
iron chelators deferiprone, a bidentate (not available in the 
United States), and deferasirox, a tridentate (available in 
the United States), may eventually supplant deferoxamine 
as the standard of iron chelation therapy.683

Side effects of deferiprone include neutropenia (6%) 
and agranulocytosis (0.6%). Fatal agranulocytosis has 
been described in one patient with DBA taking deferi-
prone in addition to deferoxamine.684 The use of deferi-
prone in patients with DBA should therefore be carefully 
considered. Iron chelation is contraindicated during 
pregnancy and should cease when pregnancy is planned 
or diagnosed.

Hematopoietic Stem Cell Transplantation

HSCT is curative in patients with DBA and may be 
considered in transfusion-dependent patients who have 
an HLA-matched sibling donor, patients with DBA pro-
gressing to severe aplastic anemia, or patients in whom 
MDS/AML develops. Five-year post-transplant survival 
rates are 73% with transplants from sibling donors and 
19% with transplants from alternative donors.620,685 Sur-
vival is similar with unrelated marrow and cord blood 
donors, but a recent report from the Aplastic Anemia 
Committee of the Japanese Society of Pediatric Hematol-
ogy suggests that marrow might be superior to cord blood 
cells.685 The decision to perform HSCT in patients with 
DBA is confounded by the possibility of spontaneous 
remission. HSCT is generally more successful in young 
patients who have received relatively few transfusions.

Alternative Therapies

Several other therapeutic approaches that have been used 
over the last 30 years include androgens, erythropoietin, 
IL-3, stem cell factor, antilymphocyte globulin, cyclospo-
rine, and valproic acid. Although occasional hematologic 
responses were observed, none of these therapies became 
a major player in the treatment of DBA. Treatment with 
metoclopramide, a dopamine antagonist, elicited transfu-
sion independence in a small number of individuals with 
DBA.686-688

Splenectomy was reported in approximately 40 
patients, with no benefi cial effect noted except in those 
who had hypersplenism related to transfusions.643 More 
than half of the splenectomized patients died, often from 
infections. Splenectomy is no longer recommended.

More recently, leucine, an amino acid that increases 
protein synthesis, has been reported to be benefi cial in 
one patient with DBA.689

Spontaneous Hematologic Remission

About 20% to 30% of patients experience spontaneous 
hematologic remission, defi ned as a stable, physiologically 
acceptable hemoglobin level maintained for at least 6 
months, independent of glucocorticoids, transfusions, or 
other therapy.617,620 In the majority of cases hematologic 
remission occurs within the fi rst decade of life and is 
stable. However, relapse of hematologic disease has been 
observed in particular during pregnancy or in women 
using estrogen-based oral contraception.620 The molecu-
lar basis of the hematologic remission is not understood. 
In contrast to FA, where hematologic remission is associ-
ated with gene reversion, gene mutations persist in patients 
with DBA who attain hematologic remission.

Pregnancy

Pregnancy in women with DBA is associated with an 
increased frequency of complications in the mother and 
child, including preeclampsia, fetal loss, intrauterine 
death, premature delivery, intrauterine growth retarda-
tion, and congenital anomalies.616,690 It has been sug-
gested that these complications are of vascular-placental 
origin, and treatment with aspirin has been reported to 
be benefi cial in some cases.690 Almost half of pregnant 
patients had transient worsening of anemia during preg-
nancy. The maternal hemoglobin level should be main-
tained at greater than 9 to 10 g/dL to avoid maternal 
anemia, which might lead to intrauterine growth retarda-
tion, preterm delivery, or fetal distress. Women planning 
to become pregnant should be evaluated for conditions 
that might compromise the outcome of pregnancy, 
including blood-borne infectious diseases, iron overload 
and related diabetes mellitus, hypothyroidism, and car-
diomyopathy. Iron chelation is contraindicated during 
pregnancy and should cease when pregnancy is planned 
or diagnosed. Deferoxamine is teratogenic in rodents but 
deferasirox is not; however, neither medication is licensed 
for use in pregnant women.625
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Cancer Surveillance/Treatment

In addition to an increased risk for AML, there appears 
to be an association of osteosarcoma and other malignan-
cies with DBA.647 Bone marrow biopsy plus cytogenetic 
evaluation is indicated when abnormalities suggestive of 
MDS or MDS/AML are noted or when the disease pro-
gresses to aplastic anemia.625 Growth hormone therapy 
is not usually recommended in individuals with DBA and 
small stature because of the potential increased risk for 
osteosarcoma.647 Whether malignancies occurring in 
patients with DBA differ in their biology and response to 
treatment from similar malignancies occurring in non-
DBA individuals remains to be determined. Similarly, the 
toxicity of patients with DBA to certain chemotherapy 
agents used for the treatment of cancer remains to be 
determined.

Congenital Dyserythropoietic Anemia

Congenital dyserythropoietic anemias (CDAs) are a 
group of rare genetic disorders characterized by ineffec-
tive erythropoiesis and frequent distinctive morphologic 
abnormalities in bone marrow erythroblasts. The term 
was used fi rst by Crookston and colleagues,691 but similar 
cases had been described previously.692 Dyserythropoiesis 
is the major cause of anemia in patients with CDA, 
although a shortened half-life of the mature cells in cir-
culation may also contribute to anemia (for the defi nition 
of dyserythropoiesis see Box 8-19). CDAs are often not 
considered to belong to the group of IBMFSs. Neverthe-
less, CDAs are genetic conditions that affect red blood 
cell production in bone marrow and lead to anemia and 
reticulocytopenia. Skeletal abnormalities, usually of the 
limbs, may be associated with some forms of CDA.

Three major forms of CDA693 and several minor 
subgroups have been identifi ed.694 The diagnosis relies on 
light and electron microscopic examination of erythro-
blasts in bone marrow and, in the case of CDA type II, 
also on serologic characteristics.693 The main character-
istics of the three major forms of CDA are summarized 
in Table 8-11. Shared clinical symptoms include anemia 
of variable degree, intermittent jaundice, hepatomegaly 
and splenomegaly, cholelithiasis, and iron overload.

Differential Diagnosis

CDA should be considered when the reticulocyte 
response is suboptimal for the degree of anemia in a 
patient with erythroid hyperplasia or when there is unex-
plained hyperbilirubinemia or iron overload. Other con-
genital anemias and acquired disorders associated with 
dyserythropoiesis that should be excluded include thalas-
semia syndromes, hemoglobin C, certain unstable hemo-
globins, hereditary sideroblastic anemias, vitamin B12 or 
folate defi ciency, iron defi ciency, alcohol abuse, liver 
disease, heavy metal poisoning, and MDS.

Clinical Management

Treatment is essentially symptomatic. Prevention of 
severe tissue damage secondary to iron overload is impor-
tant. Splenectomy results in hematologic improvement in 
some patients with CDA type II,699 whereas the benefi t 
of splenectomy in other forms of CDA is controversial. 
Patients with CDA type I show hematologic improve-
ment and a reduction in iron overload in response to 
recombinant interferon alfa.655-658,691-694,699-706 Successful 
treatment with HLA-matched allogeneic HSCT has been 
reported in severely affected cases of CDA.698,707-709 In 
contrast to other IBMFSs, CDA is not associated with a 
signifi cantly increased risk for leukemia or cancer.

Congenital Dyserythropoietic Anemia Type I

Clinical Characteristics

The incidence of CDA type I is about 1 per 100,000 births 
per year, and more than 150 patients have been described. 
Consanguinity may be the cause of an increased incidence 
in some areas such as the Middle East. In most 
patients the diagnosis is made during childhood and ado-
lescence. Clinical manifestations in newborns include 
small stature, hepatosplenomegaly, jaundice, pulmonary 
hypertension, abnormal liver parameters, and in some 
cases, transient thrombocytopenia.710 Red blood transfu-
sions are often required for newborns and infants but 
are only occasionally necessary later in life. Splenomegaly 
is evident in 80% to 90% of adult cases. Occasionally, 
severe erythroid hyperplasia may cause skeletal deformi-
ties such as frontal bossing or paravertebral tumors sec-
ondary to extramedullary hematopoiesis.

Iron overload with increased ferritin levels is frequent 
even in untransfused patients. Liver cirrhosis, increased 
skin pigmentation, and endocrine dysfunction as a result 
of iron overload have been reported in occasional 
patients.711-713 The increased iron loading is due to the 
enhanced absorption of iron that usually accompanies 
ineffective erythropoiesis. In fact, hepcidin levels are 
reduced in CDA type I patients.714

Congenital abnormalities are associated with some 
CDA type I cases and include abnormalities of the fi ngers, 
toes, and wrist; short stature; pigeon chest deformity; 
deformity of the hips, vertebral bodies, and ribs; abnor-
mal skin pigmentation; congenital ptosis; and deafness 

Box 8-19  Ineffective Erythropoiesis/
Dyserythropoiesis

Ineffective erythropoiesis results when in intact, 
stimulated bone marrow, red blood cell precursors 
either fail to mature or die in the bone marrow 
before delivery to the circulation as erythrocytes. 
Dyserythropoiesis usually defi nes a qualitative defect 
in red cells or red cell precursors (or both). 
Dyserythropoiesis often leads to ineffective 
erythropoiesis with intramedulary destruction of red 
cells and their precursors and often a decreased half-
life of circulating red blood cells.
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(for review see Tamary and colleagues715 and 
Wickramasinghe716).

Laboratory Findings

The anemia in CDA type I is moderate with hemoglobin 
levels between 6.6 and 11.6 g/dL. Red cell morphology 
includes macrocytosis, severe anisopoikilocytosis, and 
basophilic stippling. The bone marrow shows erythroid 
hyperplasia with megaloblastic changes. Diagnostic of 
CDA type I is the fi nding of internuclear chromatin 
bridges between nearly completely separated erythro-
blasts, which is seen in about 0.6% to 2.8% of the 
early and late polychromatic erythroblasts (Fig. 
8-23).693,717 Though characteristic of CDA type I, 
internuclear chromatin bridges may also be found in 

acquired dyserythropoietic states, such as MDS. The 
characteristic electron microscopic abnormality in CDA 
type I is a spongy “Swiss cheese” appearance of hetero-
chromatin in up to 60% of intermediate and late eryth-
roblasts. Additional fi ndings characteristic of CDA type 
I are summarized in Table 8-11. The acidifi ed serum lysis 
test is negative, and red cells usually show normal agglu-
tinability with anti-i.718 The cause of the unbalanced 
globin chain synthesis in some patients with CDA type I 
is not known.713,719

Patients with CDA type I mount a substantial hema-
tologic response to recombinant interferon alfa-2a or 
alfa-2b.700-704 Long-term interferon alfa therapy has been 
shown to reduce iron overload.705,706 The basis of the 
response to interferon is not known.

TABLE 8-11 Features of Congenital Dyserythropoietic Anemias

Feature Type I (Fig. 8-23)
Type II (HEMPAS,* 
Fig. 8-24) Type III (Fig. 8-25)

Male-to-female ratio 1.1 0.9 0.8
Incidence <1/100,000/yr <1/100,000/yr Very rare
Anemia Mild to moderate Moderate Mild to moderate
Red cell size Macrocytic Normocytic or macrocytic Macrocytic
Bone marrow erythroblasts
 Light microscopy Megaloblastic, binucleated 

(2%-5%), chromatin bridges
Normoblastic, binucleated 
(10%-40%)

Gigantoblasts (10%-40%), 
often multinucleated

 Electron microscopy Spongy “Swiss cheese” 
appearance of heterochromatin

Peripheral double 
membranes (60%)

Nonspecifi c, intranuclear 
clefts, karyorrhexis

Altered red cell proteins Low levels of protein 4.1 Unusual appearance of 
band 3 protein

Impaired globin synthesis Reticular endoplasmic 
proteins

Acid serum hemolysis 
 (Ham test)

Negative Positive Negative

Agglutinability
 Anti-i Normal Strong Slight
 Anti-I Slight Strong Slight
Glycosylation Some abnormalities Markedly abnormal Some abnormalities
Skeletal abnormalities ± Limb defects695-697

RBC transfusion 
requirement

In children, rarely in adults

Iron overload Frequent, independent of 
red cell transfusions

Extramedullary 
erythropoiesis

Sometimes

Gallstones Frequent
Splenomegaly Mild
Splenectomy Usually not recommended 96% 100%
Interferon alfa Effective in the majority of 

patients
Hematopoietic stem cell 
transplantation

Effective (1 case report698)

Inheritance Autosomal recessive Autosomal recessive Autosomal dominant and 
sporadic

Gene locus† 15q15.1-15.3 20q11.2 15q21-25
Gene mutated codanin-1 (CDANI)‡ CDAII CDAIII

*HEMPAS, hereditary erythroblastic multinuclearity with a positive acidifi ed serum lysis test.
†Gene locus for some but not all patients in each category.
‡Mutated in the majority but not all patients with congenital dyserythropoietic anemia type I.
Data from Alter BP. Inherited bone marrow failure syndromes. In Nathan DG, Orkin SH, Ginsburg D, Look AT (eds). Nathan and Oski’s Hematology of Infancy 

and Childhood, vol 1, 6th ed. Philadelphia, WB Saunders, 2003, pp 281-365; and Wickramasinghe SN, Wood WG. Advances in the understanding of the congenital 
dyserythropoietic anaemias. Br J Haematol. 2005;131:431-446.
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Genetics

CDA type I is inherited as an autosomal recessive disease. 
Homozygosity mapping of Israeli Bedouin families local-
ized the gene responsible for CDA type I to chromosome 
15q15.1-15.3720 and led to identifi cation of the respon-
sible gene, named CDAN1.721 CDAN1 has 29 exons and 
encodes a putative 1226–amino acid protein termed 
codanin-1. The function of codanin-1 is unknown. There 
are no identifi able functional domains. CDAN1 mRNA 
is found at low levels in a wide variety of tissues. The 
majority of mutations in CDAN1 are missense mutations 
causing single–amino acid substitutions in the mutant 
protein. Nonsense mutations, splice site mutations, and 
nucleotide insertions or deletions causing a shift in the 
open reading frame are rare. Homozygosity for 3238 C→
T mutation causing an arginine-to-tryptophan substitu-
tion at amino acid position 1040 (R1040W) was identi-
fi ed in 45 Bedouin and 11 Israeli Arab families, which 
suggests a founder effect in these populations. No homo-
zygotes or compound heterozygotes for CDAN1 null 
mutations have been identifi ed, thus indicating that 
residual codanin-1 function is essential during develop-
ment.7157,721,722 In some families with classic CDA type I, 
the disease does not segregate with chromosome 15q15.1-
15.3 and no mutations were identifi ed in CDAN1, which 
suggests that the disease might be genetically heteroge-
neous and that mutations in at least one other gene might 
be responsible for disease expression.715,721-723

Congenital Dyserythropoietic Anemia Type II

Clinical Characteristics

The incidence of CDA type II is about 1 in 100,000 
births per year, and with more than 300 reported cases, 
CDA type II is the most frequent form of CDA. CDA 
type II is also known as hereditary erythroblastic multi-

nuclearity with a positive acidifi ed serum lysis test 
(HEMPAS, see later).693 The extent of anemia in patients 
with CDA type II varies from mild to severe. About 10% 
of patients require red cell transfusions in infancy and 
childhood but rarely thereafter.691,699,724,725 Splenomegaly 
and the development of gallstones are common. Extra-
medullary hematopoiesis with the development of para-
vertebral tumors is rare.725,726 Progressive iron overload 
is seen even in untransfused patients, and liver cirrhosis 
secondary to iron overload develops in about 20%.744

Dysmorphic features appear to be less common than 
in CDA type I. Mental retardation has been reported in 
some patients with CDA type II.699,725

Laboratory Findings

Hemoglobin in patients with CDA type II is generally 
between 8 and 11 g/dL with a normal MCV.725 Red cells 
are usually normocytic with moderate to marked aniso-
cytosis, anisochromasia, and poikilocytosis (including 
teardrop-shaped poikilocytes); occasional basophil stip-
pling cells; and a few circulating erythroblasts. There is 
normoblastic erythroid hyperplasia in the bone marrow, 
with 10% to 35% of binucleate and rarely multinucleate 
late polychromatic erythroblasts (Fig. 8-24).699 Electron 
microscopy shows stretches of double membrane parallel 
to the inner surface of the erythroblast cell mem-
brane727,728 that represents excess smooth endoplasmic 
reticulum containing proteins normally found in this 
organelle: calreticulin, glucose-regulated protein 
(GRP78), and protein disulfi de isomerase.729

The red cells of most patients with CDA type II are 
lysed in the acidifi ed serum lysis test (Ham test) when 
mixed with about 30% to 60% of fresh ABO-compatible 
normal sera but not the patient’s own serum.724,730 The 
reactive sera contain a naturally occurring IgM antibody 
that recognizes an antigen present on CDA type II cells 

A B

a
b

FIGURE 8-23. Bone marrow from a patient 
with congenital dyserythropoietic anemia type I. 
A, Lowercase a indicates a binucleate erythroblast 
with nuclei of different size and maturity. B, Lower -
case b indicates internuclear chromatin bridges 
connecting two erythroblasts. (From Lewis SM, 
Verwilghen RL [eds]. Dyserythropoiesis. London, 
Academic Press, 1977.)
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but not normal cells. CDA type II red cells show increased 
agglutinability with anti-i antibody. In contrast to red 
cells from patients with paroxysmal nocturnal hemoglo-
binuria, which lyse in the acidifi ed serum lysis test even 
with autologous serum because of complement activa-
tion, CDA type II cells lyse because of persistence of “the 
HEMPAS antigen” on their surface. Thus, CDA type II 
cells do not lyse in the sucrose lysis test.

Incomplete processing of N-linked oligosaccha-
rides731,732 leads to defective glycosylation of several 
usually highly glycosylated membrane proteins such as 
band 3 (the anion transport protein), 587,733,734 band 4.5 
(glucose transporter 1), and glycophorin A.587,735 It has 
been speculated that an abnormality in the endoplasmic 
reticulum may be responsible for the defective glycosyl-
ation of red cell membrane constituents in CDA type 
II.736 Interestingly, abnormal glycosylation has also been 
found in other proteins such as serum transferrin (syn-
thesized by hepatocytes). Reduced activity of specifi c 
glycosyltransferases has been described in some patients 
with CDA type II,731,732 thus suggesting that CDA type 
II is caused by an abnormality in enzymes involved in 
N-glycan synthesis.732,737 However, linkage analysis has 
not supported this premise.738 More recently, abnormali-
ties in glycosylation were also found in CDA type I and 
III red cells,739 which suggests that abnormal glycosyl-
ation is probably a consequence rather than the cause of 
the dyserythropoiesis.740

Genetics

Inheritance of CDA type II is autosomal recessive. 
Genome-wide linkage analysis has localized the disease 
gene (CDAN2) to a 5-cM region of chromosome 
20q11.2.741 However, thus far sequence analysis of can-
didate genes has failed to identify the gene responsible 
gene for CDA type II.742 In rare families, the disease gene 

is not linked to chromosome 20q11.2, a fi nding indica-
tive of genetic heterogeneity.743,744

A zebra fi sh mutant, retsina, shows an erythroid-spe-
cifi c defect very similar to CDA type II. The retsina muta-
tion is in the band 3 gene encoding the anion exchanger 
1.745 However, band 3 mutations responsible for CDA 
type II in humans have not been identifi ed.746

CDA Type III

CDA type III is rare. Both familial and sporadic cases 
have been reported.747 In familial cases the inheritance 
pattern is autosomal dominant.748-750 Splenomegaly was 
present in some but not others. In contrast to CDA 
type I and II, iron overload seems to not be clinically 
signifi cant in patients with familial CDA type III, most 
likely because of intravascular hemolysis and iron loss 
by hemosiderinuria. Visual disturbances with macular 
degeneration and angioid streaks have been described in 
individual families but are not specifi c for CDA type 
III.

In sporadic cases the inheritance is unclear. First- 
and second-degree relatives are hematologically 
normal.752,752 Sporadic cases may occur through a de 
novo dominant mutation or autosomal recessive inheri-
tance. Alternatively, variability in disease penetrance 
might cause sporadic disease. Sporadic CDA type III 
cases are clinically heterogeneous. Hepatosplenomegaly 
and signifi cant iron overload have been described in 
some (for review see Wickramasinghe and Wood694).

Laboratory Findings

Anisopoikilocytosis, basophilic stippling of red cells, and 
some very large red cells may be found in the peripheral 
blood smear. In families with hemosiderinuria, iron defi -
ciency may be found. The bone marrow contains giant 
multinucleate and mononucleate erythroblasts that may 
be found throughout erythroid differentiation (Fig. 
8-25).739,748,749,752 Other dysplastic changes include baso-
philic stippling, nuclear lobulation, and karyorrhexis. 
Erythroblasts show a variety of nonspecifi c ultrastruc-
tural abnormalities, intranuclear clefts, karyorrhexis, 
abnormalities in the nuclear membrane, and large 
autophagic vacuoles.739 Giant multinucleate and mono-
nucleate erythroblasts may also be seen in MDS and 
erythroleukemia.

Linkage analysis in one large multiplex family local-
ized the disease gene (CDAN3) to chromosome 15q22, 
distal to the CDAN1 gene.747,750

Additional Variants of Congenital 
Dyserythropoietic Anemia

A number of forms of CDA cannot be classifi ed as types 
I, II, or III. In a tentative phenotype-based classifi cation, 
some of them have been assigned to four groups desig-
nated CDA group IV, V, VI, and VII consisting of three 
or more unrelated families.694,753 In addition, there are 
several reports of individual families who have not been 
further classifi ed.

FIGURE 8-24. Bone marrow from a patient with congenital dyseryth-
ropoietic anemia type II showing binucleate and multinucleate eryth-
roblasts (arrows). (Courtesy of Dr. Gail Wolfe, with permission from Alter 
BP. The bone marrow failure syndromes. In Nathan DG, Oski FA [eds]. 
Hematology of Infancy and Childhood, 3rd ed. Philadelphia, WB Saunders, 
1987, p 159.)
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Congenital Dyserythropoiesis Associated 
with Thrombocytopenia

X-linked dyserythropoiesis with thrombocytopenia 
(MIM 305371) is not usually considered a form of CDA; 
nevertheless, it is associated with mild dyserythropoiesis. 
X-linked congenital dyserythropoiesis with thrombocyto-
penia results from mutations in the transcription factor 
GATA1, which cause either recessive X-linked thrombo-
cytopenia and mild dyserythropoiesis or X-linked throm-
bocytopenia with the thalassemia minor phenotype and 
mild dyserythropoiesis.754-757 Because bleeding secondary 
to thrombocytopenia and impaired platelet function is 
the major clinical feature, X-linked dyserythropoiesis 
with thrombocytopenia is discussed in more detail with 
the inherited thrombocytopenias (see Chapter 32).

Severe Congenital Neutropenia

SCN (MIM 202700) is a heterogeneous group of disor-
ders fi rst described in an extended consanguineous family 
by the Swedish physician Rolf Kostmann (Box 8-20).758,759 
The disease has thus also been known as Kostmann’s 
syndrome, although this eponym has since been used to 
defi ne a subset of patients with autosomal recessive 
inheritance of SCN. The incidence of SCN is estimated 
to be approximately 1 to 2 cases per million, and both 
genders are affected equally. SCN has been reported in 
a broad range of ethnic groups, although there is evi-
dence that the incidence of SCN may be lower in Ameri-
can blacks than in the general U.S. population.566

Clinical Manifestations

SCN is characterized by severe neutropenia at birth with 
ANCs generally below 200 cells/μL. With infection there 
may be an increase in neutrophils in blood, but this is 
always transient and usually modest. Other hematologic 
parameters are generally normal, although peripheral 

monocytosis and eosinophilia are often observed.760 Bone 
marrow cellularity is normal to slightly decreased.761 
Bone marrow in the majority of patients with SCN shows 
an arrest in myeloid maturation with a relative, but not 
absolute increase in promyelocytes or myelocytes (Fig. 
8-26). The promyelocytes often display vacuolization.762 
Bone marrow eosinophilia and monocytosis are 
common.761 The number of progenitors committed to the 
granulocyte lineage is reduced, and they display decreased 
responsiveness to G-CSF in vitro.763-766

Patients with SCN are prone to infections from birth 
and may initially have omphalitis.767 In half of the patients 
infections develop during the fi rst month of life and in 
90% by 6 months. Common types of infection include 
mouth ulcers, gingivitis, cellulitis, skin abscesses, and 
otitis media. Pneumonia and deep tissue abscesses occur 
frequently and are life threatening. The most common 
causes of infection are Staphylococci and Streptococcus 
species. The onset of gingivitis occurs early in childhood, 
and premature tooth decay and loss result.768

FIGURE 8-25. Bone marrow from a patient with congenital dyseryth-
ropoietic anemia type III showing a multinucleate erythroblast. (Courtesy 
of Dr. Gail Wolfe, with permission from Alter BP. The bone marrow failure 
syndromes. In Nathan DG, Oski FA [eds]. Hematology of Infancy and 
Childhood, 3rd ed. Philadelphia, WB Saunders, 1987, p 159.)

Box 8-20  Severe Congenital Neutropenia 
Associated with ELA2 Mutations

Approximately 60% of cases of severe congenital 
neutropenia are associated with heterozygous 
mutations of ELA2 (MIM 202700). This disorder is 
characterized by chronic severe neutropenia (absolute 
neutrophil counts below 0.5 × 109/L) and is associated 
with an arrest in myeloid maturation at the 
promyelocyte/myelocyte stage of granulocytic 
differentiation. Affected patients have marked 
susceptibility to infection and a very high risk of 
progression to acute myeloid leukemia.

FIGURE 8-26. Bone marrow aspirate from a patient with severe con-
genital neutropenia showing a paucity of mature neutrophils, relative 
accumulation of promyelocytes (black arrows), and marrow eosinophilia 
(red arrows).
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There is a high incidence of osteopenia in patients 
with SCN. In the 422 patients with SCN enrolled in 
the Severe Chronic Neutropenia International Registry 
(SCNIR), 28% had bone mineral density measurements 
or radiographic examinations performed as part of routine 
care.566 In this subgroup of patients there was evidence 
of osteopenia in nearly half. Moreover, pathologic frac-
tures, particularly in vertebrae, have been reported in a 
substantial minority of patients.769-771 Although chronic 
G-CSF treatment has been shown to induce osteopenia 
in mice,772 the relationship of long-term G-CSF treat-
ment in humans to osteopenia remains uncertain. A small 
trial suggested that treatment with bisphosphonates 
improves the osteopenia in patients with SCN.771 Given 
the high incidence of osteopenia and potentially effective 
therapy, it is reasonable to perform periodic assessment 
of bone mineral density in all patients with SCN.

Predisposition to Malignancy

Patients with SCN have a markedly increased risk for 
MDS or AML.534,773,774 The SCNIR was formed in 1994 
to defi ne the natural history of SCN and explore treat-
ment options. As of 2004, 1163 individuals with neutro-
penia had been enrolled. A recent update of the SCNIR 
showed that the cumulative incidence of MDS or AML 
was 21% after 10 years of G-CSF therapy (Fig. 8-27).774 
Even more ominous, the hazard rate for AML/MDS 
increases with time, reaching 8% per year in patients 
undergoing G-CSF therapy for 12 years. Approximately 

half of patients in whom myeloid malignancies develop 
are found to have MDS, typically classifi ed as refractory 
anemia with excess blasts.773,775 A consistent feature of 
myeloid transformation in SCN is the high rate of chro-
mosome 7 abnormalities. In the largest series, nearly 60% 
of AML/MDS samples displayed complete or partial loss 
of chromosome 7.773 Of note, transformation to AML/
MDS has been observed in patients with SCN who do 
or do not have mutations of their ELA2 gene. Interest-
ingly, malignant transformation is rare (<1%) in individu-
als with cyclic neutropenia or idiopathic neutropenia.577

Differential Diagnosis

A detailed discussion of secondary neutropenia, includ-
ing immune-mediated, drug-related, and infection-
related neutropenia, is provided in the section on the 
phagocytic system. Inherited causes of congenital neu-
tropenia are shown in Table 8-12. Cyclic neutropenia 
(MIM 162800), which shares the same gene mutation 
(ELA2) as most cases of SCN, is characterized by 21-day 
oscillations in the number of circulating neutrophils.776,777 
WHIM syndrome (MIM 193670) (warts, hypogamma-
globulinemia, infections, and myelokathexis) can be dis-
tinguished from SCN by noting a normal to increased 
number of mature neutrophils in bone marrow and the 
presence of CXCR4 mutations in most cases.778,779 Both 
cyclic neutropenia and WHIM syndrome are covered in 
detail in the phagocytic section. The other disorders can 
be distinguished by the presence of associated clinical 
features, including exocrine pancreatic insuffi ciency 
(SDS), cardiomyopathy (Barth’s syndrome), lactic acido-
sis (PS), hypoglycemia (glycogen storage disease type Ib), 
partial albinism (Chediak-Higashi, Griscelli, or p14 defi -
ciency syndromes), and dysgammaglobulinemia (hyper-
IgM syndrome); each of these disorders is discussed in 
detail elsewhere in this text. Genetic testing is becoming 
an increasingly important tool in the diagnosis of con-
genital neutropenia.780 Clinical genetic testing for muta-
tions of most of the genes listed in Table 8-13 is 
available.781

Genetics

SCN demonstrates multiple modes of inheritance, includ-
ing autosomal recessive, autosomal dominant, X-linked, 
and sporadic patterns. Accordingly, recent genetic studies 
have identifi ed multiple gene mutations in SCN, includ-
ing ELA2 (MIM 130130), HAX1 (MIM 605998), GFI1 
(MIM 00871), CSF3R (MIM 1389871), and WAS (MIM 
300392). By far the most common mutations affect the 
ELA2 gene encoding neutrophil elastase, which accounts 
for approximately 60% of all cases (all in autosomal 
dominant or sporadic SCN).782-785 To date, more than 50 
distinct mutations of the ELA2 gene have been reported 
in patients with cyclic neutropenia or SCN (Fig. 8-28). 
Most of the mutations (≈80%) are missense mutations, 
although mutations that lead to splicing defects (≈10%) 
and premature stop codons (≈10%) have also been 
observed. With a few exceptions, specifi c ELA2 muta-
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FIGURE 8-27. Cumulative incidence of myelodysplastic syndrome/
acute myeloid leukemia (MDS/AML) and death from sepsis in patients 
with severe congenital neutropenia. The cumulative incidence (cumula-
tive proportion experiencing each event as an initial cause of failure in 
subjects at risk for each adverse event) is shown by years receiving 
granulocyte colony-stimulating factor (G-CSF) therapy and 95% con-
fi dence intervals at selected years (error bars). The observed cumulative 
incidence (stair-step curves) and smoothed cumulative incidence (dashed 
curves) derived from estimated cause-specifi c hazard functions are 
shown. (Redrawn with permission from Rosenberg PS, Alter BP, Bolyard 
AA, et al. The incidence of leukemia and mortality from sepsis in patients 
with severe congenital neutropenia receiving long-term G-CSF therapy. 
Blood. 2006;107:4628-4635.)
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tions are associated with SCN or cyclic neutropenia, 
but not both, thus suggesting a genotype-phenotype 
correlation.

The molecular mechanisms by which ELA2 muta-
tions disrupt granulopoiesis are unclear. Genetic studies 
provide two important clues. First, in all cases the ELA2 
mutations are heterozygous, which suggests a dominant 
mechanism of action. Second, a case report of paternal 
mosaicism for an ELA2 mutation provides evidence that 
expression of mutant neutrophil elastase inhibits granu-
lopoiesis in a cell-intrinsic fashion because no toxic 
paracrine effects of mutant neutrophil elastase on wild-
type granulocytic cells in this mosaic individual were 
observed.786 Neutrophil elastase is a serine protease 
stored in the primary (azurophilic) granules of neutro-
phils and (at a much lower level) monocytes. Although 
the physiologic substrates have not been fully defi ned, 
there are many recognized and potential substrates for 
neutrophil elastase, including coagulation proteins, 
growth factors, and extracellular matrix components.787 
However, no consistent effect of ELA2 mutations on 
neutrophil elastase proteolytic activity, substrate specifi c-
ity, or serpin inhibition has been observed.788 Moreover, 

aberrant intracellular traffi cking of some, but not all of 
the neutrophil elastase mutants has been reported.789,790 
There is emerging data suggesting that mutations of 
ELA2 may cause disease through induction of the 
unfolded protein response (UPR).791,792 In this model, 
ELA2 mutations result in the production of misfolded 
neutrophil elastase protein, activation of the UPR, and 
ultimately, apoptosis of granulocytic precursors. The pro-
pensity of individual neutrophil elastase mutants to 
misfold may determine the magnitude of UPR-induced 
apoptosis and ultimately the clinical phenotype. Thus, 
SCN may represent one of the growing list of disorders 
caused by protein misfolding.

Homozygous mutations of HAX1 are associated with 
autosomal recessively inherited SCN (i.e., Kostmann’s 
syndrome).793 HAX1 is a member of the prosurvival bcl2 
gene family,794 thus suggesting that increased susceptibil-
ity to apoptosis is the mechanism underlying this form 
of SCN.

There are three case reports of patients with SCN 
who have germline mutations in the extracellular domain 
of their G-CSF receptor (CSFR3) in the absence of 
ELA2 mutations.795-797 These germline G-CSF receptor 

TABLE 8-12 Inherited Disorders Associated with Severe Chronic Neutropenia

Disorder Inheritance Genetic Mutation

Severe congenital neutropenia AD, XL, AR ELA2 (sporadic*); GFI1, CSF3R (AD); WAS (XL); HAX1 (AR)
Cyclic neutropenia AD ELA2
WHIM syndrome/myelokathexis AD, AR CXCR4 (AD)
Shwachman-Diamond syndrome AR SBDS
Barth’s syndrome XL TAZ
Pearson’s syndrome Mitochondrial Variable deletions
Glycogen storage disease type Ib AR G6PT1
Chédiak-Higashi syndrome AR LYST
Griscelli’s syndrome (type 2) AR RAB27A
Cartilage-hair hypoplasia AR RMRP
Dyskeratosis congenita XL, AD DKC1 (XL), TERC and TERT (AD)
Congenital neutropenia with p14 
(MABPIP) defi ciency

AR P14/MAPBPIP

Hyper-IgM syndrome XL; AR HIGM1, IKBKG (XL), AICDA (AR)

*Sporadic cases are thought to usually represent de novo mutations of ELA2.
AD, autosomal dominant; AR, autosomal recessive; WHIM, warts, hypogammaglobulinemia, infections, and myelokathexis; XL, X-linked.
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FIGURE 8-28. ELA2 mutations 
in severe congenital neutropenia 
(SCN) and cyclic neutropenia 
(CN). Mutations associated with 
SCN (upper panel) or CN (lower 
panel) are shown. Shaded boxes rep-
resent coding exons.
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TABLE 8-13 Inherited Thrombocytopenia Syndromes

Syndrome Inheritance
Gene 
Mutation

Chromosomal 
Location

Platelet Size, 
MPV (7-11 fL) Thrombocytopenia Associated Findings

MYH9-related 
thrombocytopenia

Rare progression to MDS/AML

May-Hegglin anomaly (MIM 
155100)

AD MYH9 22q11 >11 fL Mild Neutrophil inclusion

Fechter’s syndrome (MIM 
153640)

AD MYH9 22q11 >11 fL Mild Neutrophil inclusion
Sensorineural hearing loss, nephritis, 
cataract

Epstein’s syndrome (MIM 
153650)

AD MYH9 22q11 >11 fL Mild Sensorineural hearing loss, nephritis

Sebastian’s syndrome (MIM 
605294)

AD MYH9 22q11 >11 fL Mild Neutrophil inclusion

Mediterranean 
thrombocytopenia/Bernard-
Soulier carrier (MIM 153670)

AD GP1BB
Others?

17pter-p12 >11 fL Mild None

Bernard-Soulier syndrome 
(MIM 231200)

AR GP1BA, 
GP1BB

17pter-p12 >11 fL Moderate to severe None

Velocardiofacial/DiGeorge’s 
syndrome (MIM 192430)

AD GP1BB* 22q11 >11 fL Mild Cardiac, facial, parathyroid, and thymus 
anomalies; cognitive/learning impairment

Familial platelet disorder/AML 
(MIM 601399)

AD AML1 21q22.2 7-11 fL Mild to moderate MDS/AML

Chromosome 10/THC2 (MIM 
188000)

AD FLJ14813† 7-11 fL Mild to moderate None

Paris-Trousseau 
thrombocytopenia/Jacobsen’s 
syndrome (MIM 188025)

AD FLI1* 11q23 >11 fL
Giant alpha 
granules

Mild to moderate Psychomotor retardation, facial anomalies

Gray platelet syndrome (MIM 
139090)

AD ? ? >11 fL
Absent granules

Mild to moderate None

Congenital amegakaryocytic 
thrombocytopenia (MIM 
604498)

AR MPL 1p34 7-11 fL Severe Aplastic anemia in the 2nd decade, 
MDS/AML

Thrombocytopenia with absent 
radii (MIM 274000)

AR?
DG?

? micro del
+?

? 1q21.1 7-11 fL Severe Shortened/absent radii bilaterally

Thrombocytopenia and radial 
synostosis (MIM 605432)

AD HOXA11 7p15-p14.2 >7-11 fL Severe Fused radii, incomplete range of motion

Wiskott-Aldrich syndrome 
(MIM 301000)

X-linked WAS Xp11.23-p11.22 <7 fL Moderate to severe Immunodefi ciency, eczema, lymphoma

X-linked thrombocytopenia 
(MIM 313900)

X-linked WAS Xp11.23-p11.22 <7 fL Moderate to severe None

GATA1 mutations (MIM 
305371)

X-linked GATA1 Xp11.23 >11 fL Moderate to severe Anemia dyserythropoiesis, thalassemia

AD, autosomal dominant; AML, acute myeloid leukemia; AR autosomal recessive; DG, digenic; MDS, myelodysplastic syndrome; micro del, microdeletion; MIM, Mendelian Inheritance in Man; MPV, mean platelet 
volume.

*Contiguous gene deletion.
†Candidate gene.
Modifi ed from Drachman JG. Inherited thrombocytopenia: when a low platelet count does not mean ITP. Blood. 2004;103:390-398.
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mutations are thought to act in a dominant negative 
fashion by inhibiting receptor traffi cking to the cell 
surface and heterodimerization in response to G-CSF. 
There are several distinct features of SCN associated 
with these G-CSF receptor mutations. First, these 
patients suffer from unusually severe neutropenia that is 
refractory to suprapharmacologic doses of G-CSF. 
Second, the bone marrow of these patients displays hypo-
cellularity throughout the myeloid lineage rather than the 
accumulation of promyelocytes characteristic of most 
cases of SCN.

Heterozygous germline mutations of GFI1 have been 
reported in two families with persistent neutropenia and 
lymphopenia.798 GFI1 encodes a zinc-fi nger domain 
transcriptional repressor. The GFI1 mutations are in the 
zinc-fi nger domains and are thought to generate a domi-
nant negative GFI1 mutant protein. Once again, the phe-
notype of SCN associated with GFI1 mutations is distinct 
from that observed in classic SCN in that perturbations 
in lymphocyte production and function are not typically 
seen in SCN associated with ELA2 mutations.

An X-linked form of SCN linked to germline muta-
tions in the WAS gene has been identifi ed.799,800 Unlike 
classic Wiskott-Aldrich syndrome (WAS), which results 
from loss-of-function mutations, WAS-associated X-
linked neutropenia appears to result from gain-of-
function mutations of WAS that disrupt an autoinhibitory 
domain of the WAS protein. Finally, in approximately 
25% of cases, the genetic basis of SCN remains 
obscure.

A recent study suggested that dysregulation of lym-
phoid enhancer–binding factor 1 (LEF-1) may play a role 
in the pathogenesis of SCN.801 LEF-1 is a transcription 
factor regulated by the canonic Wnt signaling pathway. 
This study showed that LEF-1 expression is markedly 
reduced in granulocytic precursors from patients with 
SCN. Remarkably, restoration of LEF-1 expression in 
SCN granulocytic precursors partially rescued the block 
in granulocytic differentiation. These data suggest that 
loss of LEF-1 may be a key mediator of the block in 
granulocytic differentiation in SCN. However, no LEF-1 
mutations have been detected in SCN, and there is no 
obvious connection between ELA2 or HAX1 mutations 
and LEF-1 expression.

The genetic factors that contribute to transformation 
to MDS/AML in patients with SCN are not well defi ned. 
Indeed, the spectrum of mutations found in SCN-
associated AML is distinct from that seen in de novo 
AML; whereas mutations in NPM1, FLT3, KIT, and 
CEBPA are relatively common in de novo AML, they are 
rare in SCN-related AML.802 Conversely, mutations 
of the G-CSF receptor are uniquely associated with 
the development of AML or MDS in patients with 
SCN.783,803-805 Of note, these mutations are distinct from 
the previously discussed germline mutations that affect 
the extracellular domain of the G-CSF receptor and are 
thought to inhibit G-CSF signaling in a dominant nega-
tive fashion. Instead, these are acquired mutations that 

introduce a premature stop codon that results in trunca-
tion of the distal cytoplasmic portion of the G-CSF 
receptor and enhanced signaling. In the largest published 
series, the incidence of G-CSF receptor mutations was 
78% (18/23) in individuals with SCN and monosomy 7, 
MDS, or AML versus 34% (43/125) in individuals 
without signs of malignant transformation.783 Because 
these mutations enhance proliferative signaling by the 
G-CSF receptor in vivo,806,807 it has been suggested that 
G-CSF receptor mutations directly contribute to malig-
nant transformation.

Clinical Management

Historically, patients with SCN had a poor prognosis and 
often succumbed in the fi rst or second decade of life with 
recurrent severe bacterial infections. The use of G-CSF 
has changed the natural history of this disease; the results 
of a randomized phase III trial comparing G-CSF with no 
treatment in patients with SCN demonstrated that the 
majority (>90%) of patients had a signifi cant increase in 
circulating levels of neutrophils and a reduction in the 
incidence and severity of bacterial infections.808 There is 
substantial patient-to-patient variability in the dose of G-
CSF that is required to achieve an acceptable neutrophil 
count, with some children requiring only 1 to 2 μg/kg on 
alternate days and others responding only to doses of 50 
to 100 μg/kg/day. The SCNIR currently recommends a 
starting dose of 5 μg/kg/day with upward twofold increases 
in dose until the ANC in blood is 1000 to 1500/μL568 
Recognized adverse effects of chronic G-CSF therapy 
include splenomegaly, bone pain, and vasculitis. There are 
case reports of patients who are refractory to G-CSF 
treatment alone but respond to combination therapy with 
G-CSF and glucocorticoids.795 Of note, GM-CSF treat-
ment is not effective in SCN; it increases circulating 
eosinophils but not neutrophils.760 In addition to G-CSF 
treatment, patients with SCN should receive regular and 
frequent dental care because the rate of periodontal 
disease remains high despite G-CSF treatment.768

Hematopoietic Stem Cell Transplantation

HSCT from an HLA-identical sibling is curative in 
patients with SCN who are refractory to G-CSF treat-
ment.567,809,810 A more diffi cult question is when to 
perform transplantation in SCN patients who are doing 
well with G-CSF and have an HLA-matched sibling 
donor. The limited published data indicate that trans-
plantation cures a high percentage of patients with 
neutropenia only but is usually ineffective in children 
who have progressed to MDS/AML.809,811 Patients less 
responsive to G-CSF (defi ned as an ANC <2188/μL after 
6 months of treatment) have the highest risk for AMD/
MDS, with a cumulative risk of 40% at 10 years.774 
Moreover, patients who acquire a G-CSF receptor muta-
tion or monosomy 7 appear to have an elevated risk for 
the development of MDS or AML.773,783 Though not 
confi rmed in prospective studies, these criteria may help 
identify patients who should undergo transplantation. 
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Current recommendations of the SCNIR are to reserve 
HSCT for patients with SCN who are refractory to 
G-CSF or who require high doses of G-CSF and have 
a matched sibling donor.774 Others, because of the 
high rate of malignant transformation and the favorable 
outcome of HSCT when performed before the develop-
ment of AML or MDS, advocate early HSCT in patients 
with SCN who have a matched sibling donor.812 Although 
there are case reports of successful nonmyeloablative 
transplantation for SCN,533,813 there is insuffi cient data at 
present to assess its effi cacy.

Leukemia Surveillance and the Controversy of 
Leukemia Promotion by Granulocyte Colony-
Stimulating Factor

It should be emphasized that there is no defi nitive proof 
that G-CSF directly contributes to leukemic transforma-
tion. Indeed, reports of AML/MDS in SCN predate the 
use of G-CSF. Moreover, myeloid malignancies are rare 
in children and adults with cyclic neutropenia despite 
many years of G-CSF treatment.566 Thus, the contribu-
tion of G-CSF to the development of AML/MDS in 
patients with SCN remains controversial, and therapy 
with G-CSF should not be withheld from patients with 
newly diagnosed SCN on this basis. Because of the risk 
of leukemic transformation in SCN, patients should 
receive the lowest dose of G-CSF that is required to 
maintain an acceptable neutrophil count and should 
undergo yearly bone marrow examination with cytoge-
netic analysis. For a detailed discussion of congenital 
neutropenia see Chapter 21.

Inherited Thrombocytopenia

Inherited forms of thrombocytopenia are rare. They are 
summarized in Table 8-13 (for more detailed discussion 
see Chapter 32).

Two major forms of inherited thrombocytopenia are 
discussed in the following sections because of their asso-
ciation with aplastic anemia and because they have to be 
considered as a possible differential diagnosis in individu-
als with one of the major forms of IBMFSs discussed in 
this chapter.

AMEGAKARYOCYTIC THROMBOCYTOPENIA

Congenital amegakaryocytic thrombocytopenia (CAMT, 
MIM 60448) is a rare IBMFS characterized by isolated 
thrombocytopenia and a paucity or absence of mega-
karyocytes in bone marrow (Box 8-21). The isolated 
thrombocytopenia progresses to severe aplastic anemia 
in the majority of affected children.

Clinical Manifestations

Thrombocytopenia is usually diagnosed within the fi rst 
week of life because of petechiae and bleeding. The 

thrombocytopenia is usually severe, but platelet size and 
morphology are normal. The diagnosis is established by 
bone marrow examination. Thrombopoietin levels are 
high, consistent with the lack of megakaryocytes and low 
platelet counts (for review see Geddis814). Physical anom-
alies may be present but are generally nonspecifi c. An 
increased incidence of psychomotor retardation has been 
reported.815 A less severe form of CAMT is associated 
with moderate or transient thrombocytopenia. In con-
trast to thrombocytopenia with absent radii (TAR) (see 
later), the thrombocytopenia in patients with CAMT 
worsens over the fi rst 10 years of life and eventually pro-
gresses to severe aplastic anemia by the second decade. 
Transformation to MDS or MDS/AML has been 
reported.815

Differential Diagnosis

Severe CAMT has to be distinguished from other 
IBMFSs associated with thrombocytopenia, such as TAR 
and WAS (see Chapter 29). CAMT lacks the forearm 
abnormalities characteristic of TAR and the microthrom-
bocytes characteristic of WAS. Thrombocytopenia and 
amegakaryocytosis have been reported in patients with 
Noonan’s syndrome (MIM 163950) caused by muta-
tions of PTPN11 (see Chapter 29). Patients with CAMT 
who progress to aplastic anemia may resemble those with 
other IBMFSs such as FA and DC. The lack of increased 
chromosomal fragility in the DEB or MMC test per-
formed on cultured peripheral lymphocytes or fi broblasts 
(or both) is helpful in strengthening the diagnosis of 
CAMT. Whether telomere length distinguishes CAMT 
from DC remains to be determined. Severe CAMT has 
to be distinguished from a long list of acquired throm-
bocytopenias (see Chapter 29), in particular, intrauterine 
infections, immune thrombocytopenia of the newborn 
caused by antiplatelet antibodies (neonatal alloimmune 
thrombocytopenia), or antiplatelet antibodies secondary 
to maternal idiopathic thrombocytopenic purpura.

Genetics

CAMT is an autosomal recessive disorder. Mutations in 
the thrombopoietin receptor gene c-MPL on chromo-

Box 8-21  Congenital Amegakaryocytic 
Thrombocytopenia

Congenital amegakaryocytic thrombocytopenia 
(CAMT, MIM 60448) is a rare inherited bone marrow 
failure syndrome of infancy characterized by 
isolated thrombocytopenia, a paucity or absence of 
megakaryocytes in bone marrow, and no physical 
anomalies. CAMT exhibits autosomal recessive 
inheritance and is caused by mutations in the 
thrombopoietin receptor (TPO-R), more commonly 
known as the protooncogene MPL.



370 BONE MARROW FAILURE

some 1p34 are responsible for disease.816 Mutations have 
been identifi ed throughout the c-MLP gene, including 
nonsense, missense, and splicing mutations. Affected 
individuals are usually compound heterozygous for 
c-MLP mutations, although homozygous mutations have 
been reported in consanguineous families. Because of 
consanguinity in affected families, homozygous c-MPL 
mutations in an affected individual are not uncommon.815 
Genetic testing for c-MPL mutations is available through 
approved commercial laboratories.

Genotype-Phenotype Correlation

Patients with CAMT can be divided in two groups: type 
I patients have complete loss of functional c-Mpl, whereas 
type II patients have some residual c-Mpl function. 
Patients with type II CAMT often show transient 
improvement in the platelet count and have a later onset 
of pancytopenia than individuals with type I CAMT 
do.815,817 Pancytopenia may be the initial clinical manifes-
tation of individuals with type II CAMT. Heterozygous 
mutation carriers may have impaired megakaryopoiesis 
despite normal platelet counts.818

Clinical Management

The initial treatment of individuals with CAMT is sup-
portive therapy consisting primarily of transfusion of 
irradiated leukocyte-depleted single-donor platelets to 
prevent serious bleeding. Platelet increments and platelet 
survival should be normal. DDAVP is not recommended 
in small infants because of hyponatremia, but it may be 
useful in older children. Hematopoietic growth factors 
and cytokines do not elicit a sustained response in patients 
with CAMT. HSCT is the only curative treatment of 
CAMT and should be considered in affected children 
with a matched sibling donor.819 Sibling donors hetero-
zygous for a c-MLP mutation have been used suc-
cessfully.820 HSCT with an unrelated transplant was 
historically associated with a poor outcome because of 
regimen-related toxicity and engraftment failure.815,821,822 
Low-intensity conditioning may improve transplant-
related mortality and the outcome of HSCT in patients 
with CAMT.823 CAMT is likely to be an excellent can-
didate for future gene therapy because restoration of 
normal c-MPL in combination with the high levels of 
endogenous thrombopoietin would provide a selective 
growth advantage to the corrected hematopoietic stem 
cell.824

THROMBOCYTOPENIA WITH ABSENT RADII

TAR (MIM 274000) is a rare, but well-characterized 
cause of neonatal thrombocytopenia. The hallmarks of 
this disorder are shortened forearms as a result of bilat-
eral defects in development of the radii and severe throm-
bocytopenia at birth.825

Clinical Manifestations

Patients with TAR have absent radii but may have normal 
or hypoplastic thumbs (Fig. 8-29). Other skeletal anoma-
lies may accompany the absent radii, including ulnar 
shortening, thumb hypoplasia, and scapular changes. The 
hands and fi ngers, however, are not affected. Lower limb 
abnormalities are frequent but usually less severe and 
include hip dislocation, patellar anomalies, absence of 
tibia/fi bula joints, and phocomelia, present in about 
50% of individuals.825-828 Common nonskeletal anomalies 
observed in individuals with TAR include gastroenteritis 
and cow’s milk allergy,829 genitourinary malformations, 
cardiac defects, facial dysmorphisms, short stature, mac-
roencephaly, and capillary hemangiomas.828,830

Platelet counts in neonates with this condition are 
generally below 50,000/μL. Platelet size and morphology 
are normal. Usually, the degree of thrombocytopenia is 
greatest at the time of birth. Patients demonstrate muco-
cutaneous bleeding, and platelet transfusions are fre-
quently required in the fi rst year of life. However, 
thrombocytopenia becomes less severe during the fi rst 
year of life, and most affected individuals with TAR will 
not require platelet transfusions after infancy.827,831 Levels 
of thrombopoietin are elevated in patients with TAR, yet 
such patients fail to respond to recombinant thrombo-
poietin.832,833 Bone marrow aspiration reveals a decrease 
in megakaryocytes, although this is not required to make 
the diagnosis.834 Eosinophilia and leukemoid reactions 
have been reported and are usually transient. The devel-
opment of aplastic anemia has not been observed, but 

FIGURE 8-29. Patient with thrombocytopenia with absent radii 
syndrome. (Reproduced with permission from Luchtman-Jones L, Schwartz 
AL, Wilson DB. The blood and hematopoietic system: diseases of the fetus and 
infant. In Fanaroff AA, Martin RJ [eds]. Neonatal-Perinatal Medicine, 7th 
ed. Philadelphia, Mosby–Year Book, 2000, p 1235.)
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AML and ALL have been reported in patients with 
TAR.835-837

Differential Diagnosis

Although the phenotypes of TAR and FA overlap, several 
features distinguish these conditions. FA patients are 
rarely thrombocytopenic in the neonatal period; rather, 
progressive BMF develops in these patients as children 
or adults. Only about 30% of patients with FA have a 
radial defect, whereas this skeletal anomaly is the sine 
qua non of TAR. In a patient with TAR, thumbs may be 
present in the absence of radii, whereas in FA, absence 
of the radius is always accompanied by thumb abnor-
malities. Despite these differences in clinical features, it 
is prudent to test patients with a clinical picture of TAR 
for increased chromosome fragility to formally rule out 
FA.

Amegakaryocytic thrombocytopenia with radioulnar 
synostosis (ARTUS, MIM 605432), caused by a muta-
tion in the HOXA11 gene, is usually associated with mild 
deformity of the forearms, the inheritance pattern is 
autosomal dominant, and severe thrombocytopenia per-
sists, which distinguishes this condition from TAR syn-
drome.838,839 Progression to aplastic anemia has been 
observed in individuals with ARTUS but not those with 
TAR.

Trisomy 18 can be manifested as radial hypoplasia 
and thrombocytopenia but is usually associated with 
esophageal atresia.

Genetics

The genetic basis of TAR is not fully understood. Auto-
somal dominant, autosomal recessive, and autosomal 
dominant with incomplete inheritance have been dis-
cussed in the past. In general, the parents of children with 
TAR syndrome are healthy, and there is no male/female 
dysequilibrium, which suggests an autosomal recessive 
inheritance pattern. The very low incidence of siblings 
with TAR suggests that the syndrome may carry an 
increased risk for fetal demise. There have been reports 
of parent-to-child transmission, thus suggesting multiple 
allelism of TAR.825

The molecular etiopathogenesis of TAR remains 
unknown. c-Mpl is normally expressed on megakaryo-
cytes and platelets in individuals with TAR.832 However, 
platelets and megakaryocytes do not respond to thrombo-
poietin, which suggests a defect in c-Mpl signaling.840 The 
homeobox transcription factors (HOX) have been consid-
ered as mutated candidate genes in individuals with TAR 
because of their role in limb development and the identi-
fi cation of mutations in the HOX11 gene in two families 
with ARTUS.838,839 However, sequencing of the HOXA10, 
HOXA11, and HOXD11 coding regions did not reveal 
mutations in 10 individuals with TAR syndrome.841

Recently, high-resolution microarray-based compar-
ative genomic hybridization (array CGH) identifi ed a 

200-kb microdeletion on chromosome 1q21.1 in 30 of 
30 affected individuals and in 32% of unaffected family 
members, thus suggesting that a microdeletion on 1q21.1 
is necessary but not suffi cient and that inheritance of an 
additional modifi er is required to cause a phenotype. In 
the majority of patients with TAR the deletion was inher-
ited; in 25% the deletion occurred de novo. The deletion 
was not detected in 700 unrelated normal control indi-
viduals, which suggests that the deletion is rare in the 
normal population and thus the modifi er is likely to be 
more common. Digenic inheritance implies that muta-
tions in each of two unlinked loci have to be present 
(double heterozygosity) to cause disease and that in an 
affected family the recurrence rate is about 25%. The 
nature of the modifi er remains to be identifi ed.842

Clinical Management

TAR has a much better prognosis than CAMT; the sur-
vival curve for TAR plateaus above 70% by 4 years of 
age. As infants, these patients often require transfusions 
of single-donor, irradiated platelets to maintain a platelet 
count above 10,000/μL. After the fi rst year of life, platelet 
transfusion dependence usually diminishes. DDAVP may 
be helpful for minor bleeding. Recombinant IL-6 has also 
been reported to lessen the degree of thrombocytopenia 
in these patients; however, because of considerable side 
effects, including fever and chills, IL-6 is no longer used 
for individuals with TAR.843 Splenectomy improved per-
sistent thrombocytopenia in an adult patient with TAR. 
In general, HSCT is not indicated. Treatment of nonhe-
matologic manifestations, in particular, orthopedic inter-
ventions, dominate the treatment of TAR later in life. For 
a detailed discussion of congenital thrombocytopenias, 
see Chapter 29.
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Hematopoietic stem cell transplantation (HSCT) has 
become an accepted treatment of a wide variety of dis-
eases, including hematologic malignancies, bone marrow 
failure syndromes, immunodefi ciency disorders, congen-
ital hematologic defects, and some solid tumors. HSCT 
generally begins with the administration of high doses of 
chemotherapy, total body irradiation (TBI), or both to 
destroy malignant cells and suffi ciently immunosuppress 
the recipient so that the graft will not be rejected. Patients 
are profoundly immunocompromised as a result and are 
at risk for opportunistic infections. These infectious risks, 
together with other complications such as graft rejection, 
graft-versus-host disease (GVHD), and primary disease 
recurrence, have been the main barriers to success in 
HSCT. However, advances in understanding the biology 
and immunology underlying transplantation, coupled 
with improvements in supportive care and clinical man-
agement of complications, have made HSCT an increas-
ingly effi cacious modality for a broadening range of 
indications.

HISTORY AND OVERVIEW

Infusion of bone marrow in an effort to restore hemato-
poiesis was fi rst reported in 1939: a patient with aplastic 
anemia was treated by regular transfusions, as well as the 
infusion of a small aliquot of fraternal bone marrow.1 
Subsequently, Jacobson and colleagues demonstrated 
that shielding the spleen from radiation allowed mice 
receiving lethal doses of radiation to recover normal 
hematopoiesis.2,3 Ultimately, such experiments made it 
clear that hemato -poietic reconstitution of irradiated 
animals originated from elements in the bone marrow or 
spleen.4 These hematopoietic stem cells (HSCs) were 
also shown to function after cryopreservation and 
thawing.5 Investigators subsequently demonstrated that 
animals did well if histocompatible HSCs were infused 
but suffered from GVHD if given cells from a histoin-
compatible donor.6 Better understanding of the biology 
of the immune response coupled with the observation 
that administration of methotrexate was effective for both 
prophylaxis and treatment of GVHD7 provided both the 
theoretical and practical tools necessary for HSCT to be 
studied in humans.

The fi rst attempt at human bone marrow transplan-
tation (BMT) was carried out in 1957 by E. Donnall 
Thomas, whose body of work in this area was later rec-
ognized by a Nobel Prize. These fi rst experiments were 
performed in patients with advanced hematologic malig-
nancies and demonstrated that chemotherapy followed 
by intravenous marrow infusion could result in a tran-
sient graft, although all patients subsequently died of 
progressive disease.8 In 1959, lethal doses of TBI and 
bone marrow from an identical twin were used to trans-
plant two patients with advanced acute lymphoblastic 
leukemia (ALL).9 Hematopoiesis was established within 
weeks, although again both patients relapsed and died. 

The fi rst successful allogeneic HSCT procedures were 
performed in 1968 and 1969, with the survival of three 
patients who underwent transplantation for congenital 
immunodefi ciencies.10-13

HSCT is currently used for a variety of malignant 
and nonmalignant disorders in which replacement of 
HSC-derived populations of cells provides or restores 
normal hematopoiesis or other marrow-derived elements. 
In malignant diseases, infusion of previously collected 
HSCs abrogates myelosuppression as the dose-limiting 
toxicity of chemotherapy regimens. Although bone 
marrow was initially considered the only source of plu-
ripotent HSCs, more recently it has become clear that 
other sources exist. For example, self-renewing HSCs 
can be collected from umbilical cord blood (UCB). The 
low absolute number of HSCs circulating in peripheral 
blood can be increased after chemotherapy by the admin-
istration of hematopoietic growth factors and collected 
as mobilized peripheral blood stem cells (PBSCs). Explo-
ration of the potential for cell populations derived from 
tissues such as the liver, nervous system, and muscle to 
provide HSCs has been initiated.14-18

Reinfusion of a patient’s own HSCs after the admin-
istration of high-dose chemotherapy, radiation therapy, 
or both is referred to as autologous HSCT. Both tumor 
contamination and preexisting damage to HSCs from 
previous therapy limit its application in cases of malig-
nant disease. Moreover, the lack of an allogeneic immu-
nologic response against any residual or recurrent tumor 
may further have an impact on success. In the case of 
congenital or acquired benign hematologic conditions, 
stem cell abnormalities prevent autologous HSCT from 
being a meaningful option for most patients. Thus, autol-
ogous transplants are used mostly for the treatment of 
lymphomas or solid tumors. Allogeneic HSCT is the 
infusion of HSCs from a related or unrelated donor. 
Complications of allogeneic HSCT, such as graft rejec-
tion and GVHD, are generally more common or severe 
with increasing histoincompatibility between the donor 
and host, and a histocompatible sibling, if available, 
remains the preferred donor. However, it is estimated 
that only 15% to 40% of patients will have a matched 
related donor.19,20 Available alternatives include HSCT 
from a related donor that is mismatched21,22 or from 
donors in the unrelated donor pool,23-25 including unre-
lated UCB collections.26-28

Specifi c conditioning regimens used to prepare 
patients are reviewed in the next section. In brief, the 
preparative regimen must reduce or eliminate tumor 
burden or recipient hematopoietic cells (or both) and 
provide suffi cient immunosuppression to permit engraft-
ment. After conditioning, HSCs are infused intravenously 
into the host; the day of HSC infusion is termed day 0. 
Neutrophil engraftment occurs approximately 10 to 24 
days after infusion, with red cell and platelet recovery 
somewhat more delayed. A number of peritransplant and 
post-transplant complications infl uence not only survival 
but also quality of life after transplantation (Box 9-1). 
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There is a risk of early graft rejection and late graft 
failure. Early complications of HSCT are due to pro-
found pancytopenia, regimen-related toxicity, immuno-
logic reaction of the graft against host tissues (acute 
GVHD [aGVHD]) if the transplant is allogeneic, 
and protracted immune incompetence. Late complica-
tions of HSCT are due to chronic end-organ damage 
from drug and immune insults and ongoing or de novo 
manifestations of immune dysregulation such as poor 
immune function or chronic GVHD (cGVHD). Each of 
these factors and complications is considered in detail 
later.

Given these obstacles, the evolution of HSCT into a 
practical and curative therapy has been dependent on a 
number of important advances, including improved 
appreciation of the human histocompatibility system and 
development of more exact methods to establish the 
degree of histocompatibility between the donor and 
recipient. The ability to deliver the preparative regimen 
with greater accuracy, as illustrated both by improve-
ments in TBI dosimetry and strategy and by the ability 
to monitor busulfan pharmacokinetics, has signifi cantly 

decreased regimen-related toxicity. Early and aggressive 
use of antibiotics, antifungal agents, and antiviral agents 
has improved survival during the early neutropenic period 
and during the period of profound and persistent immu-
nosuppression after engraftment. Advances in transfu-
sion support, such as viral screening, irradiation of blood 
products, and the availability of leukopheresed platelet 
products, have had enormous impact. Nutritional and 
other supportive therapies, including the ability to estab-
lish long-term vascular access with indwelling lines, has 
signifi cantly changed the experience and comfort of 
HSCT recipients. Although HSCT was originally offered 
only to the rare patient with end-stage disease, improved 
outcomes because of these and other advances have 
markedly increased the situations in which the HSCT 
can provide benefi t.

CONDITIONING REGIMENS

The term conditioning regimen refers to the preparative 
drugs or radiation (or both) that are administered to an 
HSCT recipient before the graft is infused. The purpose 
of conditioning is threefold: fi rst, to eradicate all malig-
nant cells; second, to be suffi ciently immunosuppressive 
to prevent the immune system of the recipient from 
rejecting incoming allogeneic cells; and third, to induce 
enough marrow aplasia that the donor HSCs have a 
competitive advantage in reconstituting hematopoiesis. 
Regimens that are capable of achieving all three goals are 
usually associated with signifi cant toxicity. Therefore, a 
major goal in HSCT is the development of conditioning 
regimens that provide an optimal balance between effec-
tive myeloablation and manageable toxicity.

The fi rst human BMT by Thomas and colleagues in 
19579 and a subsequent experience using unrelated 
donor marrow to treat victims of a radiation accident 
in Belgrade in 195929 established the basic principle of 
TBI-based conditioning. Work initiated by Santos, Owens, 
and Sensenbrenner in the 1960s fi rst demonstrated the 
effectiveness of cyclophosphamide as a conditioning 
agent.30 TBI combined with cyclophosphamide has 
remained the standard conditioning regimen for the last 
30 years. More recently, the alkylating agent busulfan has 
become more widely used as an alternative to TBI, in 
part because of limited access to costly radiation 
facilities.31

The wide range of indications for HSCT has led to 
considerable variation in the design of conditioning regi-
mens. For example, high relapse rates after HSCT stimu-
lated attempts to increase the antileukemic effi cacy of 
conditioning regimens by using other high-dose chemo-
therapy agents in place of or in addition to cyclophos-
phamide. In contrast, the problem of graft failure/rejection 
in patients receiving grafts that are T-cell depleted or from 
genetically disparate donors has led to regimens that 
increase recipient immunosuppression. Patients with 
aplastic anemia or severe combined immunodefi ciency 

Box 9-1  Complications of Bone Marrow 
Transplantation

SHORT TERM

Graft rejection
Infection
Bleeding
Acute graft-versus-host disease
Veno-occlusive disease of the liver
Idiopathic pneumonitis
Side effects of radiation therapy, chemotherapy, and 

immunosuppressive therapy (e.g., pancytopenia 
mucositis)

LONG TERM

Late graft failure
Chronic graft-versus-host disease and its sequelae (e.g., 

bronchiolitis obliterans)
Pulmonary disorders
Infection
Altered intellectual and growth development in children
Endocrine dysfunction
 Hypothyroidism
 Growth retardation (children)
 Pubertal delay, gonadal failure
 Sexual dysfunction (both sexes)
Complications secondary to radiation therapy (e.g., 

cataracts, radiation nephritis)
Complications secondary to immunosuppressive therapy 

(e.g., aseptic necrosis of bone)
Dental problems
Psychosocial problems
Increased risk for second malignancies
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(SCID) have preexisting marrow aplasia or immunosup-
pression, and thus conditioning regimens in these dis-
eases do not require the same degree of myelosuppression 
as regimens for patients with intact immune function. 
Similarly, patients with benign hematologic diseases have 
no need of the antileukemic effect of conditioning, and 
therefore specialized myeloablative regimens have been 
developed specifi cally for these conditions.32 In addition, 
as autologous HSC support for high-dose chemotherapy 
became more common, many new conditioning regimens 
were developed with an emphasis on potential antitumor 
effects. Although individual studies demonstrated accept-
able or even favorable outcomes related to some of these 
changes, no consensus on optimal recipient preparation 
for either autologous or allogeneic stem cell transplanta-
tion (SCT) has emerged. More recently, alternative con-
cepts regarding the relative roles of conditioning regimens 
and the donor immune system in achieving recipient 
hematopoietic ablation have been applied in preclinical 
and clinical studies of nonmyeloablative transplantation. 
Some key issues are highlighted later.

Total Body Irradiation. Several parameters associated 
with TBI can be adjusted to deliver different amounts of 
radiation and different degrees of end-organ effect. Total 
dose, dose rate, fraction size, interfraction interval, and 
shielding are among the TBI parameters most manipu-
lated in SCT. An ideal schedule would maximize malig-
nant cell killing, hematopoietic ablation, and in the case 
of allogeneic SCT, immunosuppression while limiting 
acute and chronic toxicity. In principle, a higher total 
dose, higher dose rate, and larger fraction size are associ-
ated with greater hematopoietic ablative effect (and 
therefore potentially greater antileukemic effi cacy) and 
with better immunosuppression. Fractionation, or divi-
sion of the total dose of radiation over time, usually in a 
twice-daily schedule, theoretically yields improved toler-
ance of nonhematopoietic tissues and leads to decreased 
acute toxicity and reduced late effects, but it carries the 
risk of decreased antileukemic effi cacy. However, a series 
of studies from the 1980s support the use of fractionated 
radiation, and this remains the standard today.33,34 Studies 
from Seattle demonstrated decreased relapse as the 
total radiation dose increased, but lung, liver, and kidney 
toxicity was limiting.35,36 The parameters total dose, 
fractionation, dose rate, and schedule have largely been 
extrapolated to pediatric HSCT from adults.37,38

Busulfan. Developed in the mid-1970s, busulfan 
(BU)/cyclophosphamide (CY) rapidly became an estab-
lished regimen for patients with acute myelocytic leuke-
mia (AML) undergoing either allogeneic39 or autologous 
SCT.40-42 The original regimen, called BU/CY4 (big BU/
CY: BU, 4 mg/kg/day for 4 days, followed by CY, 50 mg/
kg/day for 4 days) was joined by BU/CY2 (little BU/CY, 
in which the CY was delivered as 60 mg/kg/day for 2 
days),41-45 and this regimen has been used in patients with 
acute lymphoblastic leukemia (ALL) or chronic myelog-

enous leukemia (CML).46,47 The BU/CY regimen has 
been used extensively in pediatric patients, particularly 
those with nonmalignant diseases,48-53 in an attempt to 
avoid radiation-mediated toxicity.

Total Body Irradiation versus Busulfan. Several ran-
domized studies and meta-analyses have compared BU/
CY with TBI-based regimens.54-62 Overall, the results are 
similar, although they suggest that both relapse rates and 
hepatic veno-occlusive disease (VOD) may be less fre-
quent in the TBI-containing regimens. Even though 
recent data support these observations, variability of the 
chemotherapy component of TBI-based regimens and 
potential differences in the antileukemic effi cacy of BU/
CY4 and BU/CY2 regimens63 render defi nitive general-
izations diffi cult. Reports of decreased bioavailability, 
increased volume of distribution, and increased clearance 
rate of busulfan in children raise the question of how to 
interpret studies in which such data are unavailable.64-67 
Alternative busulfan dosing, based on plasma levels, 
has been suggested,68,69 and studies comparing 
“optimal” BU/CY with CY/TBI have not been per-
formed. Busulfan-containing regimens have often been 
reported to result in greater toxicity than TBI-based regi-
mens; thus, increases in the busulfan dose may further 
increase regimen-related morbidity.54,55,57,60,70,71 Monitor-
ing of busulfan pharmacokinetics has generally, but not 
always demonstrated an association of increased area 
under the curve with increased VOD.68,72 Individualizing 
busulfan dosing may possibly increase the benefi t-risk 
ratio, and the recent availability of an intravenous form 
of busulfan with more dependable pharmacokinetics now 
makes such individualization feasible.73-76

Alternative Myeloablative Regimens. The addition or 
substitution of a variety of chemotherapeutic agents to 
the backbone of CY/TBI—and less commonly BU/CY—
has met with mixed success. Etoposide (VP-16), cytara-
bine, and busulfan have been added to or substituted for 
cyclophosphamide in TBI-based regimens.58,77-84 Etopo-
side and melphalan have also replaced cyclophosphamide 
in some busulfan-based protocols.85-88 Fluorouracil, high-
dose methotrexate, doxorubicin, cisplatin, carboplatin, 
thiotepa, melphalan, and many other agents have been 
used in a variety of high-dose chemotherapeutic regi-
mens supported by autologous SCT. Common condi-
tioning regimens referred to by acronyms are CBV 
(cyclophosphamide, BCNU [carmustine], VP-16), BACT 
(BCNU, Ara-C [cytarabine], cyclophosphamide, 6-
thioguanine), BEAM (BCNU, etoposide, Ara-C, mel-
phalan), and CBP (cyclophosphamide, BCNU, cisplatin). 
In the allogeneic setting, alternative regimens have gener-
ally shown equivalent benefi t in terms of disease control 
but often at the cost of increased toxicity. No regimen 
has established unequivocal superiority in terms of 
disease-free survival (DFS) or overall survival when com-
pared with “standard” regimens. Given the more limited 
follow-up and the extraordinary diversity of diseases and 
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regimens, establishment of relative effi cacy in the realm 
of autologous SCT is likely to be a complicated and 
prolonged process.89-93

Nonmyeloablative Regimens. One of the target tissues 
of allogeneic T lymphocytes is the hematopoietic precur-
sors. As a result, the infusion of donor lymphocytes can 
be suffi cient to cause marrow aplasia. Indeed, this is the 
basis of the marrow aplasia seen in inadvertent cases of 
transfusional GVHD. Observations made initially in the 
1980s by the Seattle group have led to a new approach 
to conditioning based on the immunologic elimination of 
normal and malignant hematopoiesis. Because this tech-
nique minimizes the doses of conventional conditioning 
drugs and radiation, it has been termed “nonmyeloabla-
tive” or reduced-intensity conditioning.94-100 Although 
allogeneic graft-versus–bone marrow can cause the nec-
essary marrow aplasia and antileukemic effi cacy, it does 
not supply the immunosuppression needed to avoid graft 
rejection. This is usually achieved by preinfusion condi-
tioning with purine analogue chemotherapy, low-dose 
TBI, or both. A variety of agents, including lower-dose 
busulfan, melphalan, and cytarabine, have also been used 
for additional effect and partial HSC depletion.94-96,98-100 
A major advantage of this approach is that the toxicity of 
conventional myeloablative approaches can be reduced.101 
Comparisons of conventional and nonmyeloablative regi-
mens have shown reduced non–relapse-related mortality, 
especially in older adults or patients with preexisting ill-
nesses, in whom HSCT is associated with signifi cant 
toxic death rates.102,103 The safety and effectiveness of this 
approach have led to its wider application in recent years. 
However, the low toxicity of nonmyeloablative regimens 
is balanced against the increased risk of relapse in acute 
leukemias and the increased risk of cGVHD.104 The 
indications for nonmyeloablative transplantation may 
therefore remain principally for slower-growing tumors. 
Because childhood hematologic malignancies rarely fall 
into this category, the use of nonmyeloablative transplan-
tation in children has been more limited.96,105,106 More-
over, the increased risk of graft rejection associated with 
standard HSCT for nonmalignant conditions such as 
thalassemia and sickle cell anemia have precluded the 
broad use of nonmyeloablative transplantation for these 
conditions.

SOURCES OF STEM CELLS

Selection of an appropriate source of HSCs for a patient 
undergoing HSCT has become a more complex 
undertaking in recent years. HSCs can be obtained 
from bone marrow, peripheral blood, or the umbilical 
vein of newborn infants. The majority of HSCT proce-
dures in the pediatric setting are performed from 
allogeneic donors, but autologous bone marrow or 
peripheral blood is used as a source of transplants as well, 
particularly in patients with solid tumors. For each disease 

entity, the clinician must consider what sources of 
stem cells are available and the relative risks and benefi ts 
associated with each potential stem cell source. For 
allogeneic donors, the principal consideration in donor 
selection is the genetic similarity between donor and 
recipient.

Typing. Genetic disparity between host and donor 
can lead to graft rejection or GVHD. The genes encoding 
the antigens most associated with these complications lie 
in a group of genes known as the major histocompatibil-
ity complex (MHC). In humans, the MHC maps to a 
region of the short arm of chromosome 6 known as the 
HLA system. The MHC codes for many genes, and iden-
tifi cation and exploration of the functional importance of 
some of these gene products are still ongoing. Among the 
best characterized gene products are proteins comprising 
the class I and class II antigens. In humans, MHC class 
I molecules include HLA-A, HLA-B, and HLA-C, and 
MHC class II molecules are called HLA-D. There are at 
least fi ve subregions, including DR, DQ, and DP, but the 
number of genes transcribed differs between different 
HLA class II haplotypes.

MHC class I antigens are present on nearly all human 
cells (with rare exceptions such as erythrocytes and 
corneal endothelium). MHC class II antigen expression 
is more restricted, with expression limited to “profes-
sional” antigen-presenting cells, including dendritic cells, 
B cells, monocytes, macrophages, and Langerhans 
cells. Class II antigens can also be induced on activated 
T cells and endothelium. MHC genes are codominantly 
expressed—that is, each parent contributes half the MHC 
antigens expressed on each cell of their offspring. MHC 
class I and II antigens normally function to present par-
tially degraded products of intracellular proteins to T 
cells. In this way, damaged or virally infected cells can be 
identifi ed by the immune system. However, in the setting 
of transplantation, recognition of MHC molecules by T 
cells is known as alloimmunity and is the basis for GVHD 
and graft rejection.

The genes of the MHC region are highly polymor-
phic. Matched siblings have inherited the same two copies 
of chromosome 6 from the parents and thus identical 
HLA antigens—such a pair of donors are said to be 
genotypically identical. However, even HLA-identical 
sibling transplants can be associated with GVHD. Differ-
ences in the sequences of intracellular proteins physically  
associated with MHC molecules are caused by polymor-
phisms in non-MHC genes, such as blood group antigens 
and cell adhesion molecules. These polymorphisms are 
mostly unidentifi ed, and those that are known to elicit 
alloreactive T-cell responses are termed minor histocom-
patibility antigens.107 Although these antigens may not be 
directly responsible for organ and bone marrow rejection, 
human typing studies suggest that these minor antigens 
contribute to the generation of GVHD.108,109

Historically, HLA typing was performed by using 
antibodies derived from postpartum sera, from persons 
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who have undergone transplantation or transfusion, or 
even from persons immunized for the purpose of generat-
ing specifi c serologic reagents. These antibodies were 
used in a standardized complement-dependent, microcy-
totoxicity assay with purifi ed T or B lymphocytes as their 
target cell.110 The extensive cross-reactivity among prod-
ucts coded by alleles of the HLA-A and HLA-B loci, 
known as cross-reactive groups, made precise delineation 
of MHC class I antigens by this technique diffi cult. In 
contrast, HLA-D specifi cities were originally defi ned by 
their ability to stimulate T-lymphocyte proliferation in a 
mixed leukocyte culture.111

The aforementioned approach, termed low-resolution 
typing, provides suffi cient accuracy in the matched sibling 
setting. However, only approximately 30% of patients 
have an acceptable sibling donor, and as the infrastruc-
ture necessary to identify unrelated donors became avail-
able, high-resolution HLA typing techniques that resolve 
the DNA sequence of specifi c alleles was essential. The 
fi rst attempts to use molecular genetic techniques were 
based on the application of restriction fragment length 
polymorphism analysis of genomic DNA by Southern 
blotting with HLA region probes. This technique soon 
gave way to the current technology in which sequence-
specifi c oligonucleotide probes and, in some cases, direct 
sequence analysis are performed. This has also led to a 
great increase in the number of HLA specifi cities identi-
fi ed. This fi ne analysis is increasingly being used to deter-
mine the haplotypes of patients and potential donors. 
The implications of more exact typing within families, 
where the haplotypes are “conserved,” are probably con-
fi ned to the potential identifi cation of differences in 
minor histocompatibility antigens to allow better selec-
tion between possible donors.108,109,112 In the unrelated 
donor setting, high-resolution HLA matching has signifi -
cantly contributed to the lower incidence of GVHD, 
hence improved outcomes reported in unrelated donor 
HSCT in the past decade.113-115 Historically, an alloge-
neic donor must match the patient at fi ve of the six major 
loci (A, B, DR) for a transplant to be feasible. Stem cells 
obtained from UCB are more permissive, and four out 
of six matches is acceptable. The lower incidence of 
GVHD when UCB is employed is probably due to the 
relatively low dose of cells obtained from that source. 
What degree of mismatching at other loci or which spe-
cifi c loci are most important when mismatch is inevitable 
has yet to be established.

Allogeneic Stem Cell Transplantation

To date, most allogeneic transplants have used HSCs 
from a matched sibling donor. However, with improve-
ments in immunosuppression and the ability to prevent 
or treat GVHD, unrelated donors, umbilical cord blood 
(UBC), and partially MHC-mismatched donors are now 
increasingly being used as sources of HSCs. There are 
presently approximately 10 million unrelated donors 
listed in more than 72 registries worldwide, including 
registries of banked unrelated donor UCB collections.

Selection of an allogeneic HSC source is dependent 
on many variables. In malignant disease, the ease and 
speed with which a stem cell source can be obtained are 
important factors. For patients with aggressive malignan-
cies, being able to proceed rapidly to transplantation 
is particularly desirable. Increasing genetic disparity 
between donor and host—termed histoincompatibility—
has historically contributed to both an increased rate 
of graft rejection and severe aGVHD and cGVHD and 
is a critical factor in the choice of donor. Even in the 
setting of HLA-identical siblings, selection can be further 
refi ned according to gender, history of donor parity, 
donor infectious disease status, donor age, and other 
variables, all of which contribute to the success of 
transplantation.

For the majority of patients who do not have a 
matched sibling donor, potential sources include a family 
member who is phenotypically adequately matched at the 
HLA loci but is genotypically distinct or a volunteer 
unrelated donor who shares the majority of HLA alleles 
with the recipient. The likelihood of locating an appropri-
ate unrelated donor is dependent both on the patient’s 
ethnicity (inasmuch as it determines histocompatibility 
antigen and haplotype frequency) and on the composi-
tion of the donor pool. For example, for whites of middle 
and northern European descent, the likelihood of fi nding 
a six-antigen–matched unrelated donor approaches 50% 
to 70%.116 In contrast, the extreme genetic heterogeneity 
of the African American population coupled with under-
representation of this population in volunteer registries 
makes the likelihood of fi nding a similar matched donor 
approximately 10% to 15%. Molecular typing techniques 
demonstrate that the allelic disparities in both whites and 
nonwhites is much higher than previously expected, thus 
making the ascertainment of a truly “matched” unrelated 
donor less likely even as the donor pool expands.117 
Although the implications of specifi c HLA mismatches 
are incompletely understood, most studies suggest that 
high-resolution HLA matching is associated with 
improved outcome in unrelated donor HSCT.113-115 Thus, 
additional strategies to broaden the donor base by using 
alternative HSCs, such as UCB, that allow greater HLA 
disparity are being explored.

Sources of Hematopoietic Stem Cells. In the past, 
most HSCT has used bone marrow mononuclear cells 
as a source of HSCs. Bone marrow is usually obtained 
by repeated aspiration of the posterior iliac crests while 
the donor is under general anesthesia. Multiple aspira-
tions are performed, usually through a limited number 
of skin holes (one to three per side), to a total volume of 
10 to 15 mL/kg recipient body weight. The marrow is 
fi ltered through a fi ne wire mesh to rid the product of 
aggregates and bony spicules. This is a surprisingly well-
tolerated procedure, and serious complications are rare. 
Risks to the donor are minimized by the fact that the 
donor is generally a healthy individual undergoing an 
elective procedure. Potential short- and long-term com-
plications include the risks associated with anesthesia, 
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blood loss and potential transfusion, pain, neurologic 
defi cits, and psychosocial complications. In the most 
truly altruistic setting, unrelated marrow donor harvest, 
only 5% to 8% of donors later expressed any ambivalence 
about their participation. This was most marked if the 
transplant was subsequently unsuccessful.118 Once har-
vested, red cells must be removed from the bone marrow 
if there is ABO incompatibility before infusion into the 
recipient.119 The marrow may be manipulated ex vivo to 
remove donor T lymphocytes (see later) or tumor cells. 
It is estimated that only 1% of the donor’s pluripotent 
HSC population is removed in a typical marrow 
harvest.

HSCs continuously recirculate from the marrow into 
the peripheral blood; HSCs can therefore be harvested 
by collection of peripheral blood mononuclear cells, 
usually by leukapheresis. The frequency of cells that 
express the surface marker CD34 is widely used as a 
proxy for actual HSC frequency and allows enumeration 
of stem cells. HSCs in peripheral blood are rare, and 
granulocyte colony-stimulating factor (G-CSF) is usually 
administered to increased the detachment of HSCs 
from bone marrow niches and promote their egress into 
the peripheral blood, thereby increasing their fre-
quency.120-124 Moreover, studies in adults suggest that 
additional strategies to further mobilize marrow HSCs 
are possible. AMD3100 is a reversible inhibitor of the 
CXC chemokine receptor (CXCR4), a receptor on the 
surface of HSCs that promotes adhesion to the bone 
marrow milieu. Combining AMD3100 with G-CSF 
increases HSC yield in adults,125 but this approach has 
not been investigated in children. Complications of PBSC 
harvest have included bone pain as a side effect of G-CSF 
and inability to collect cells via peripheral access, thus 
necessitating central line placement.126,127 Healthy indi-
viduals are at risk for splenic rupture from the adminis-
tration of G-CSF, although this complication is extremely 
rare.128 The implications of mobilizing and harvesting 
PBSCs from pediatric donors have not been fully 
explored,129,130 but cytopenia and hemostatic changes of 
unknown short- and long-term signifi cance have been 
observed in healthy donors.131,132

Since the fi rst description of its use in a child with 
Fanconi’s anemia (FA) in 1989,133 UCB has become an 
increasingly investigated HSC source. Placental blood is 
recovered from the umbilical vein by drainage or cathe-
terization, and techniques to optimize UCB HSC collec-
tion are being investigated.27,134 Cord blood is immediately 
frozen and stored until needed. If indicated, in the related 
setting, determination of the HLA type of the fetus can 
be performed before delivery. Otherwise, typing and 
analysis are performed on intrapartum or postpartum 
samples.

Selection of an unrelated donor, whether bone 
marrow or UCB, is facilitated by the availability of epi-
demiologic information (e.g., age, sex), as well as HLA 
typing stored in a database accessible via the Internet. By 
comparing a patient’s HLA type with donors listed and 
categorized in the registries, one can estimate the likeli-

hood of a successful search, devise search strategies for 
patients with uncommon HLA types, and sort among 
potential HSC sources. Although stored UCB can be 
readily supplied after confi rmatory typing, completion of 
a unrelated bone marrow donor search is more involved. 
Potential donors must be contacted and give consent to 
proceed, and the donor center must arrange for appropri-
ate confi rmatory studies, donor medical clearance, and 
scheduling of a harvest date. The time from formal search 
to BMT averages 4 months.

Engraftment. After allogeneic HSCT, donor stem 
cells must expand to repopulate hematopoietic niches 
and differentiate to form mature blood cells. HSCT 
recipients show accelerated telomere shortening in 
peripheral blood cells, which is presumably due to the 
increased replicative demand of donor stem cells.135 
Donor hematopoietic engraftment after allogeneic HSCT 
can be documented both by analysis of chimerism and 
by the recovery of peripheral blood cell counts. However, 
sensitive DNA amplifi cation technologies have demon-
strated residual host hematopoiesis for variable periods 
of time, certainly up to 1 year.136-138 Mixed lymphoid 
chimerism is also well documented.136-139 The implica-
tions of mixed chimerism with respect to subsequent 
relapse remain controversial, probably because the 
current extremely sensitive assays generate data that are 
diffi cult to interpret uniformly and because outcome may 
well differ by disease type.140 For example, chimerism 
after BMT for CML is quite reliably related to subse-
quent relapse, but this may not be true for other 
diseases.139-141

The rate and probability of engraftment after alloge-
neic BMT vary with the source of HSCs, the number of 
HSCs given, the extent of preinfusion cell manipulation, 
and the GVHD prophylactic regimen used. In general, 
neutrophil recovery is achieved within 2 to 3 weeks and 
platelet recovery 1 to 2 weeks thereafter. Peripheral blood 
stem cell transplantation (PBSCT) is associated with a 
more rapid rate of engraftment than BMT is, most likely 
as a result of the higher CD34+ cell count obtained.142 
Neutrophil engraftment occurs between 1 and 6 days 
earlier with PBSCT than with BMT and platelet engraft-
ment between 4 and 7 days earlier.143 Neutrophil and 
platelet engraftment after UCB transplantation is signifi -
cantly delayed in comparison to that seen with other stem 
cell sources144-148 because of the lower nucleated cell and 
CD34+ cell dose in cord blood products. This has limited 
the application of this modality in adults, and currently, 
use of two unrelated UCB units for a given patient is 
being studied.149

The use of methotrexate as GVHD prophylaxis is 
associated with delay in count recovery; conversely, recov-
ery after T-cell–depleted BMT is more rapid. Use of 
colony-stimulating factors after BMT is associated with 
more rapid neutrophil recovery after related donor BMT, 
a fi nding confi rmed in small pediatric series.139-141,150-155 
No change in platelet recovery has been noted. Interest-
ingly, preliminary data do not show any colony-
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stimulating factor–mediated acceleration of engraftment 
in patients undergoing unrelated donor BMT.155

The number and quality of T cells that are present 
in grafts from peripheral blood, bone marrow, and UCB 
confer different rates of GVHD. GVHD, particularly 
cGVHD, is more frequent in PBSCT than in bone 
marrow–derived HSCT, although this risk may be offset 
by an increased graft-versus-leukemia (GVL) effect.156 In 
adults, this increased rate of GVHD has not diminished 
the effi cacy of PBCST. However, in children, PBCST has 
been associated with a worse outcome than when bone 
marrow is used as a cell source.157 The precise indications 
for PBSCs versus bone marrow as a source in pediatric 
HSCT therefore remain to be defi ned. Conversely, the 
lower rate of GVHD with UCB than with either PBSC 
or bone marrow sources allows less stringent HLA-typing 
requirements.158

Autologous Stem Cell Transplantation

Over the past decade, increasing numbers of cancer 
patients with either hematologic malignancies or solid 
tumors have elected to undergo autologous HSCT. In 
fact, the number now ranges in the tens of thousands 
worldwide. The fundamental hypothesis supporting this 
therapeutic approach is the belief that very high doses of 
cytotoxic agents (dose intensifi cation) increase tumor cell 
death and that a high-dose treatment regimen can be 
devised in which the major dose-limiting toxicity is 
myelosuppression. This toxicity can be ameliorated by 
infusion of previously collected and cryopreserved autol-
ogous stem cells obtained either by bone marrow harvest 
or by apheresis of peripheral blood. Use of autologous 
cells to support and reconstitute the host after aggressive 
ablative or near-ablative therapy has been most thor-
oughly explored in both Hodgkin’s and non-Hodgkin’s 
lymphomas, less well developed in acute and chronic 
leukemias, and still considered experimental, albeit rela-
tively widely applied, for a growing number of pediatric 
and adult solid tumors. In addition, the relative merits 
and disadvantages of autologous cells collected peripher-
ally or from bone marrow are still not fi rmly 
established.

Contamination by Tumor Cells. A major limitation of 
autologous HSCT remains contamination of the stem 
cell product with residual malignant cells. Although the 
relative contributions of either residual tumor within the 
host or tumor reinfused with stem cells to subsequent 
relapse remain unknown, increasing evidence from 
gene-marking studies suggests that reinfused cells 
contribute to relapse.159 In addition, in vitro assays of 
tumor cell colony formation and minimal residual dis -
ease detection by polymerase chain reaction (PCR) 
suggest that contamination of the stem cell source by 
tumor cells is associated with an increased relapse rate 
after HSCT.160 No large randomized clinical trial of 
PBSCs versus bone marrow with respect to DFS has 

been reported. However, paired samples of PBSCs and 
bone marrow have been examined in a variety of settings 
(e.g., breast cancer, non-Hodgkin’s lymphoma), and 
PBSCs have been found to have lower levels of tumor 
cell contamination in the steady-state setting.161 More 
recent data suggest that the advantage of PBSCs may be 
abrogated after mobilization,162-166 although impact on 
DFS remains unclear.

A variety of methodologies have been developed to 
eliminate, or purge, tumor cells from stem cell collec-
tions. These methods are based on either positive or 
negative selection. The major clinically applied positive 
selection strategy is that of stem cell enrichment, most 
often selection of CD34+ cells. Negative selection is based 
on technologies that deplete tumor cells to a greater 
degree than normal stem cells. Strategies include the use 
of pharmacologic agents (e.g., mafosfamide), immuno-
logic reagents targeting tissue-specifi c antigens (e.g., 
neural crest antigens in neuroblastoma), and manipula-
tion of physical or culture properties of cells. Combina-
tions of both negative and positive selection strategies 
may improve both the yield and purity of stem cell 
collections.167,168 Increasing evidence in multiple clinical 
settings demonstrates an association between minimal 
residual tumor contamination and relapse160 and, con-
versely, suggests that more effective purging strategies 
may be associated with improved DFS. However, ran-
domized studies comparing purged and unpurged stem 
cells have yet to be reported.

Engraftment. Trilineage hematologic reconstitution 
has been achieved after the infusion of autologous bone 
marrow, bone marrow and PBSCs, and PBSCs alone. 
The most mature studies consist of patients reconstitut-
ing hematopoiesis via autologous marrow, with engraft-
ment after bone marrow infusion being both reliable and 
durable; the durability of PBSC-reconstituted hemato-
poiesis, undertaken more recently, is less fully evaluated. 
The best predictor of engraftment and the rate of hema-
tologic recovery have not been established. Although 
colony-forming units, burst-forming units–erythroid 
(BFU-E), nucleated cell count, and other measures have 
correlated with time to engraftment in some studies, cor-
relations have not been universal and may additionally 
depend on the patient population, method of cell pro-
curement, and subsequent cell manipulation. CD34+ cell 
counts have emerged as the most reliable and practical 
method for predicting engraftment after PBSC infusion, 
with retrospective analyses demonstrating that the risk of 
graft failure is substantially higher in patients who received 
less than 2 × 106 CD34+ cells per kilogram.169-171

Reconstitution of hematopoiesis after autologous 
bone marrow infusion has shown some tendency to be 
delayed when compared with the allogeneic setting. This 
delay is presumed to be due to the extent, nature, and 
duration of previous therapy. In addition, cell manipula-
tion ex vivo (purging) may also contribute to delayed 
engraftment. Reconstitution after HSCT with autolo-
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gous bone marrow can be hastened somewhat by the 
addition of hematopoietic growth factors to the post-
SCT supportive care regimen, although the extent and 
nature of previous therapy may limit response to growth 
factors. Preliminary information in both the preclinical 
and clinical arenas suggests that previous aggressive che-
motherapy may limit the potential for hematologic recov-
ery.172-174 Previous intensive chemotherapy supported by 
the use of growth factors may also contribute to poor 
engraftment after autologous transplantation. In fact, 
despite recovery of peripheral blood counts, hematologic 
marrow reserves as assessed by in vitro measures of 
hematopoiesis may be blunted for many years after autol-
ogous HSCT.175

The addition of mobilized PBSCs to bone marrow, 
with or without subsequent growth factor support, has 
resulted in a dramatic decrease in days of neutropenia 
and thrombocytopenia in most series. Furthermore, use 
of mobilized PBSCs as the sole stem cell source has been 
almost universally associated with more rapid hemato-
logic recovery. It is still debatable whether the use of 
hematopoietic growth factors in this setting further 
enhances the rate of engraftment, but available data 
suggest that it may. Whether the process of PBSCT 
will result in durable hematopoiesis over decades is 
not yet evaluable, but reports of late graft failure are 
rare. Most studies suggest that the increased rate of 
engraftment observed with PBSCs results in decreased 
days in the hospital, use of antibiotics, and need for 
associated supportive services. The overall impact of 
PBSCs versus bone marrow as a stem cell source on the 
outcome or cost of transplantation has yet to be 
determined.

Myelodysplasia as a Late Complication. It has long 
been appreciated that intensive chemotherapy, particu-
larly with alkylating agents, may result in an increased 
risk for subsequent myelodysplastic syndrome (MDS). 
Many patients who come to autologous transplantation 
have received treatment with such agents. Over the past 
several years, increasing numbers of patients have been 
reported in whom MDS has developed after autologous 
transplantation, usually 4 to 7 years after HSCT.176 The 
actuarial incidence ranges from 5% to 10% in most 
series,177-179 although it has been reported to be as high 
as 18% at 5 to 6 years after HSCT in single-center expe-
riences.180,181 Risk factors identifi ed have included the use 
of etoposide for stem cell mobilization,179 conditioning 
regimens using TBI,177,182,183 and the amount of chemo-
therapy received before HSCT or the interval between 
diagnosis and HSCT (or both).183,184 Whether the MDS 
results from previously damaged reinfused hematopoietic 
cells or from residual hematopoietic cells sustaining 
further injury during conditioning is unresolved. Cytoge-
netic analysis of bone marrow before autologous HSCT 
can reveal preexisting abnormalities and should be a 
standard component of the pre-SCT evaluation.185 
However, most patients in whom MDS has developed 

have been reported to demonstrate normal cytogenetics 
at the time of transplantation.178 With more sensitive 
techniques currently available, such as fl uorescence in 
situ hybridization (FISH), the majority of patients in 
whom MDS develops after SCT have been shown to 
harbor the same cytogenetic abnormality in pre-SCT 
specimens.186 Similarly, using an X-inactivation–based 
clonality assay in female patients, clonal hematopoiesis 
was demonstrated in a small percentage of patients before 
HSCT; these patients were at signifi cant risk for the 
development of MDS after HSCT.176 This suggests that 
many cases of post-SCT MDS evolve from an abnormal 
clone already present before HSCT. Appropriate evalua-
tion of hematopoietic status before embarking on autolo-
gous stem cell collection and transplantation is an area 
requiring further study.

Immune Reconstitution

The period after HCST is characterized by profound 
immunodefi ciency, and death as a result of infectious 
complications remains a major obstacle to the success 
of transplantation. Myeloablative conditioning leads 
to wholesale loss of the cells necessary to confer 
protective immunity, including T and B lymphocytes 
and natural killer (NK) cells. Whereas neutrophil 
hematopoiesis can return within weeks of transplanta-
tion, recovery of a functional immune system can take 
much longer, and the risk of opportunistic infection 
remains high for up to a year, even with uncomplicated 
transplants.

The degree of immunodefi ciency varies with time 
because of different contributions of donor and recipient 
immune function at different stages after transplantation. 
Mature T, B, and NK cells are present in the donor 
inoculum of bone marrow, peripheral blood, or UCB and 
contribute to some degree of host immunity in the imme-
diate post-transplant period. The ability of these trans-
ferred cells to provide immune protection is dependent 
on how immunologically “experienced” the donor is. For 
instance, recipients of grafts from donors who are cyto-
megalovirus (CMV) immune, that is, who have previ-
ously been infected with the virus and have mounted a 
protective immune response, have a lower rate of CMV 
disease, presumably because of transferred immunologic 
memory for that virus.187 Similarly, recipients whose 
donors have been vaccinated with a pneumococcal 
vaccine respond to pneumococcal vaccines more rapidly 
and with higher antibody titers after transplantation, 
again suggesting that donor immunity can be transferred 
to the recipient.188 However, full immune reconstitution, 
with the ability to mount a protective immune response 
to new pathogenic challenges, is dependent on the dif-
ferentiation of immature immune cells from precursors 
in the donor graft inoculum.

In most patients, NK cells are the fi rst lymphoid 
population to recover, and in the fi rst month after trans-
plantation, NK cells can represent the main lymphoid 
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cell in peripheral blood. T cells recover much more slowly, 
and normal numbers of CD4+ and CD8+ T cells are not 
achieved for 6 to 12 months after HSCT.189 This delay 
in T-cell neogenesis is due to the complexity of T-cell 
development, a process that takes months to complete. 
It starts with differentiation of stem cells in marrow into 
early lymphoid progenitors that are capable of migration 
to the thymus, where further maturation occurs before 
naïve T cells are released into peripheral blood. During 
the early period after transplantation, T cells with a naïve 
phenotype predominate in peripheral blood, thus sug-
gesting repopulation of the T-cell compartment with 
recent thymic emigrants.189-191 The relative numbers of 
recent thymic emigrants can be quantifi ed in the periph-
eral blood T-cell pool by the quantitative detection of 
genomic DNA that is present only in thymocytes (T-cell 
receptor gene excision circle [TREC] DNA). Using these 
methods, researchers have shown that increased thymic 
output contributes to the expanding peripheral T-cell 
pool for 12 to 24 months after HSCT.192 This thymic 
output occurs even in adult patients whose thymuses 
have presumably involuted. The rate of increase in T cells 
is usually much more rapid in pediatric HSCT patients, 
however, consistent with the presence of more robust 
thymic function.189 The advantage of a functional thymus 
in immune reconstitution has been demonstrated by the 
marked decrease in the fraction of naïve peripheral blood 
T cells in a 15-year-old HSCT patient who had previ-
ously undergone thymectomy relative to thymus-bearing 
HSCT patients.193 Using quantitative molecular mea-
sures of the T-cell repertoire, several studies have shown 
that it can take as long as 12 to 24 months after HSCT 
for a full range of T-cell receptor diversity to be present 
in the T-cell compartment.190,191,194 This underscores the 
critical role of naïve thymic emigrants in restoring the full 
complement of T-cell receptor specifi cities.

Several factors infl uence the length of time required 
for immunologic recovery to occur. Patient age pro-
foundly affects the rate of immune reconstitution, with 
an inverse correlation between recipient age and the 
absolute number of T cells 1 year after HSCT.195 The use 
of mobilized PBSCs as a source of stem cells appears to 
be associated with a faster rate of recovery than does the 
use of HSCs from bone marrow, at least partially because 
of the infusion of a larger cell dose.121,196 The intensity of 
the conditioning regimen also has an impact on the speed 
of immune reconstitution, and the increasingly intensive 
preparative regimens used in autologous recipients have 
delayed recovery to a degree comparable to that seen in 
patients undergoing allogeneic HSCT.195 Although hema-
topoietic engraftment appears to be delayed in UCB 
recipients, immune reconstitution in children after UCB 
HSCT is comparable to that in children undergoing 
unrelated donor BMT.197 The presence of GVHD can 
signifi cantly delay immune reconstitution as a result of 
both disruption of normal T-cell development and the 
additional immunosuppressive therapy required for man-

agement of the disease.198 The consequences of delayed 
immunologic recovery are signifi cant: slow recovery of 
immune function is associated with an increase in the 
cumulative incidence of infectious complications and 
non–relapse-related mortality.121,199

PERITRANSPLANT SUPPORTIVE CARE

Transfusion Support

The intensive myeloablative conditioning regimens used 
in the majority of pediatric HSCT to achieve tumor eradi-
cation and successful engraftment result in an extended 
period of pancytopenia. Virtually all patients undergoing 
HSCT require red blood cell and platelet transfusions 
during transplantation, and some patients remain trans-
fusion dependent for months. All blood products should 
be gamma-irradiated to prevent transfusion-induced 
GVHD as a result of competent donor T lymphocytes 
in the cellular product.200 Multiple processes, including 
psoralen photochemical treatment and leukocyte fi lter-
ing, have been investigated for prevention of transfusion-
associated GVHD, but gamma irradiation remains the 
standard of care.201-204 Additionally, blood products must 
either be leukofi ltered to achieve white blood cell reduc-
tion or be CMV seronegative (obtained from a donor pre-
viously unexposed to CMV) to prevent the transmission 
of virus to nonimmune patients. Previous studies indi-
cated that both methods were equally effi cacious.205,206 
However, a recent meta-analysis of the available literature 
suggests that the risk of transfusion-transmitted CMV is 
lowest when CMV-seronegative products are used for 
CMV-naïve patients.207

The ideal threshold for platelet and red blood cell 
transfusions in the peritransplant period remains an area 
of controversy. No studies in the modern era have evalu-
ated the use of prophylactic platelet transfusions versus 
therapeutic transfusions administered when symptoms of 
bleeding develop. More recent studies have addressed 
different therapeutic triggers for prophylactic transfu-
sions, specifi cally, 10 × 109/L versus 30 or 20 × 109/
L.208,209 A review of studies of prophylactic platelet trans-
fusion triggers found no statistically signifi cant differ-
ences between groups with regard to mortality or severe 
bleeding events.210 Although no statistical signifi cance 
was found, these studies were small and no recommenda-
tions can supplant the need for clinical judgment in indi-
vidual situations.

Infection Prophylaxis and Treatment

Even after successful neutrophil engraftment, patients 
continue to have depressed T-cell function and decreased 
antibody production and thus remain at risk for a variety 
of infections. This risk is greatest in the allogeneic and 
T-cell–depleted transplant settings, where despite pheno-
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typically normal circulating lymphocytes, depressed 
cellular immunity is present for at least 1 year after 
HSCT.211,212 During this time, viral infections con -
tinue to present a major risk to patients. Both CMV-
seropositive patients and CMV-seronegative patients who 
have received grafts from seropositive donors are at risk 
for CMV, with the greatest risk occurring in seropositive 
recipients of a seronegative donor, in whom reactivation 
of virus latent in the patient can occur.213,214 A large mul-
ticenter trial found that those undergoing unrelated 
donor HSCT from CMV-positive donors had an improved 
overall 5-year survival when compared with patients 
receiving cells from CMV-negative donors.215 T-cell 
depletion abrogated this effect, which suggested that the 
improved survival was due to transfer of donor immunity. 
The clinical manifestations of CMV after HSCT include 
pneumonia/interstitial pneumonitis, colitis, hepatitis, and 
CMV-related cytopenia. Before the use of ganciclovir for 
CMV prophylaxis and treatment, CMV infections devel-
oped in more than a third of allogeneic SCT patients.213 
Pneumonia developed in almost 20%, with a mortality 
rate of 85%.213 With the availability of effective antiviral 
therapies, almost all patients at risk for CMV disease 
receive prophylaxis during the fi rst month after trans-
plantation. Randomized studies have found acyclovir, 
valacyclovir, and ganciclovir prophylaxis initiated at 
engraftment to be effective in reducing CMV disease 
before day 100.216-219 Prophylactic use of acyclovir has 
been shown to decrease overall mortality for at-risk 
patients.220,221 In addition, studies found that prophylac-
tic use of ganciclovir after engraftment was limited by 
drug-induced cytopenia and other toxicities. There are 
multiple studies of preemptive CMV treatment based on 
the results of positive culture, PCR, antigen, or bron-
choalveolar lavage (BAL) fl uid.222-225 A review of the 
published CMV literature since 1995 found no advan-
tage of prophylactic treatment over preemptive treatment 
in response to screening tests.225 Moreover, this review 
found that preemptive therapy based on PCR tests or 
antigen assay was superior to culture- or BAL-based 
strategies. Both ganciclovir and foscarnet are considered 
to be fi rst-line therapy for CMV reactivation or treat -
ment of CMV disease.226 Ganciclovir and foscarnet are 
similar in effi cacy and primarily differ in terms of side 
effect profi le.227 CMV-seropositive patients undergoing 
autologous HSCT have not generally received either 
screening or prophylaxis,226 although CMV reactivation 
and even disease occurs in a small percentage of these 
patients.

Up to 50% of patients undergoing either autologous 
or allogeneic HSCT experience reactivation of varicella-
zoster virus, usually within the fi rst year after SCT.228 The 
vast majority of patients respond to acyclovir treatment. 
In children, the onset may be earlier, with most disease 
limited to the skin and few cases of visceral involvement. 
In general, pediatric patients respond well to antiviral 
therapy, and fatalities are rare.229,230 Varicella vaccination 

is not currently recommended for patients after autolo-
gous or allogeneic HSCT. A pilot study of the live attenu-
ated vaccine in autologous patients found the vaccine to 
be safe, but effi cacy data are still pending.231

Fungal infection remains a signifi cant problem, espe-
cially in those receiving steroids for treatment or prophy-
laxis of GVHD. A randomized trial demonstrated that 
prophylactic administration of fl uconazole for 75 days 
after allogeneic HSCT yields ongoing protection against 
disseminated candidal infections and improved sur-
vival.232 However, prophylactic fl uconazole has been 
associated with the emergence of resistant species such 
as Candida krusei.233 Low-dose amphotericin B has also 
been used prophylactically and is as effective as fl ucon-
azole, but more toxic.234 The use of liposomal amphoteri-
cin has improved the toxicity profi le.235

All HSCT patients are at risk for infection with Pneu-
mocystis carinii after transplantation. Standard practice is 
to administer prophylaxis to recipients of autologous 
HSCT for 6 months after day 0 and for 6 months after 
discontinuation of immunosuppression for recipients of 
allogeneic transplants.

Nutrition Support

Provision of nutritional support during HSCT requires 
an appreciation of the metabolic needs of the individual 
patient, which are infl uenced by body composition, 
underlying nutritional state, and complications of trans-
plantation. Patients who are underweight have been 
shown to be at higher risk for death than patients of 
normal weight in the early period after transplantation.236 
The impact of obesity on transplant outcome is debated, 
with some studies noting no effect and others reporting 
lower survival in obese patients.236-238 Both the direct 
effects of conditioning regimens (mucositis) and compli-
cations of HSCT (GVHD, VOD, infection) can induce 
gastrointestinal damage that compromises the nutritional 
status of HSCT patients. Enteral feeding has been shown 
to be effective and safe and to have fewer complications 
than parenteral nutrition (PN) during HSCT, but it is 
not always practical for children.239-241 Several studies 
have demonstrated the effi cacy of PN when enteral nutri-
tion is no longer possible.242-244 However, in addition to 
expense, PN has attendant potential complications, 
including vascular access diffi culties, induction of cho-
lestasis, and the potential for hyperglycemia and hyper-
lipidemia. Thus, the best approach may be to reserve PN 
for patients unable to tolerate enteral feeding245; the occa-
sional patient may be able to maintain nutritional needs 
orally throughout the transplantation period. Resump-
tion of enteral feeding should be encouraged, and con-
tinued monitoring of nutritional intake and weight is 
necessary not only through engraftment but also after 
discharge from the hospital. Malnutrition appears to be 
relatively frequent after HSCT, and even patients with 
minimal or no GVHD may have signifi cant and pro-
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longed nausea, anorexia, feeding intolerance, and other 
nutritional problems.

EARLY COMPLICATIONS OF STEM 
CELL TRANSPLANTATION

Veno-occlusive Disease of the Liver 
(Sinusoidal Obstruction Syndrome)

VOD, also known as sinusoidal obstruction syndrome, is 
a clinical syndrome characterized by hepatomegaly, right 
upper quadrant pain, jaundice, and fl uid retention.246-248 
VOD can be a complication of both autologous and 
allogeneic SCT247,249-251 and is the result of chemother-
apy/radiation-mediated endothelial and hepatocyte 
damage.247,250,252,253 Injury to the sinusoidal endothelial 
cells and hepatocytes in zone 3 of the liver acinus appears 
to be the initial event and is marked by subendothelial 
edema and endothelial cell damage with microthrombo-
ses, fi brin deposition, and the expression of factor VIII/
von Willebrand factor within venular walls.254 Later fea-
tures include deposition of collagen within venular 
lumens and eventual obliteration and hepatocyte necro-
sis.252,255,256 Identifi ed risk factors for VOD include previ-
ous chemotherapy regimens that include gemtuzumab, 
ozogamicin, or busulfan-based conditioning regimens 
(especially when combined with cyclophosphamide and 
methotrexate); underlying diseases associated with inten-
sive chemotherapy, including advanced-stage malignan-
cies; total PN for longer than 30 days; higher concentrations 
of certain chemotherapeutic agents; and unrelated donor 
transplantation.249,250,255,257-266

Hepatomegaly and right upper quadrant pain with 
fl uid retention are the fi rst clinical manifestations of VOD 
and typically occur 10 to 20 days after chemotherapy.250 
These fi ndings are followed shortly by other clinical 
indicators of disease, including hyperbilirubinemia, 
peripheral edema, ascites, sodium avidity, and pulmonary 
infi ltrates/effusion/edema.247,250 Patients with VOD are at 
increased risk for renal insuffi ciency and failure.250,267 
Frank hepatorenal syndrome occurs in approximately 
half of patients with severe disease,250 and there are often 
associated changes in mental status. It is hypothesized 
that portal hypertension from sinusoidal injury leads to 
decreased renal perfusion and tubular injury resulting in 
renal insuffi ciency.250,267,268

Exclusion of other causes of the signs and symptoms 
of VOD is essential in establishing the diagnosis. Liver 
biopsy is the gold standard for diagnosis of VOD and, in 
conjunction with hepatic venous pressure measurements, 
can provide valuable diagnostic information but unfortu-
nately is associated with considerable morbidity in this 
population.269,270 Hepatic venous pressure gradients 
greater than 10 mm Hg are specifi c for a diagnosis of 
VOD but are not highly sensitive.269 Computed tomog-
raphy (CT) can be useful in identifying features sugges-
tive of VOD, such as periportal edema, ascites, and a 

narrow right hepatic vein.271 The utility of hepatic Doppler 
ultrasound for the diagnosis of VOD is variable; at times, 
fi ndings are nonspecifi c and not always noted early in the 
disease.272,273 The presence of ascites, gallbladder wall 
thickening, hepatomegaly, decreased or reversed fl ow in 
the portal vein, and increased mean hepatic artery resis-
tive index is supportive, but not necessarily diagnostic of 
VOD.247,272-276 When clinical concern for VOD is high and 
a liver biopsy is not practical, serial ultrasound can be 
diagnostically helpful.

Reported overall survival rates for pediatric patients 
with established VOD range between 50% and 
100%.249,258,264,265,277-280 Reported predictors of mortality 
for children with VOD include allogeneic transplantation 
from donors other than matched siblings, concomitant 
moderate to severe hepatic or cutaneous GVHD, and 
more severe VOD (higher peak bilirubin, higher maximal 
weight gain, presence of pleural effusion, requirement for 
intensive care unit admission).249,258

Treatment and prophylactic options for patients with 
VOD remain limited. The most straightforward preven-
tive technique is to identify patients at highest risk and 
to consider alternative conditioning regimens when fea-
sible.246-248 Ursodeoxycholic acid has been used as a pre-
ventive agent with inconclusive results.281-287 Other 
preventive strategies such as the use of fresh frozen 
plasma, prostaglandin E1, N-acetylcysteine, and anti-
thrombin III are potentially effective but need further 
study.288-295 Because 70% to 80% of patients recover 
spontaneously, supportive care with meticulous fl uid and 
blood product management is the mainstay of therapy.296 
Based on histologic observations of microthrombi and 
fi brin deposition coupled with laboratory evidence of 
abnormalities of the coagulation cascade, many thera-
peutic strategies have been directed at promoting throm-
bolysis or fi brinolysis.295,297-301 Multiple small studies have 
investigated the use of thrombolytic agents and antico-
agulants (typically tissue plasminogen activator and 
heparin) for the prevention or treatment of VOD (or 
both).295,297-299,302,303 Although these strategies appear to 
generally be safe, they have not decreased the incidence 
or improved the outcome of patients with severe disease 
and have been associated with serious bleeding in some 
cases.288,297-299,304-311 Defi brotide, a single-stranded poly-
deoxyribonucleotide that has antithrombotic and throm-
bolytic activity, has been demonstrated to be effective for 
both prevention and treatment of VOD with minimal 
toxicity.312-319 Response rates between 35% and 50% have 
been reported for patients with severe VOD treated with 
defi brotide.315,320,321 Surgical intervention is uncommonly 
used for the treatment of VOD. Liver transplantation has 
resulted in clinical improvement in about 30% of the 
small numbers of patients stable enough to undergo the 
procedure, although the immediate and long-term issues 
are formidable.322 Transjugular intrahepatic portosys-
temic shunting (TIPS) has been performed safely in 
patients with severe VOD, but it has not been shown to 
improve overall survival and should be reserved for 



 Chapter 9 • Principles of Bone Marrow and Stem Cell Transplantation 409

instances in which fl uid retention and ascites are rela-
tively isolated issues.323-328

Graft Rejection

Primary graft rejection, defi ned as failure to recover 
hematopoietic function of the stem cell graft by day 30, 
is an uncommon, life-threatening event that occurs after 
approximately 4% of unrelated donor stem cell trans-
plants and is even less common in related donor trans-
plants.329 It is an immune-mediated process that occurs 
because of genetic disparity between the donor and recip-
ient.22,330,331 Although both donor NK and T cells are 
considered mediators of graft rejection, it is characterized 
by the presence of recipient T cells and the absence of 
donor cells.332-339 The risk of graft rejection is increased 
in patients who are mismatched at the HLA-A, HLA-B, 
or HLA-DRB1 loci; receive a low cell dose; have a posi-
tive crossmatch for antidonor lymphocytotoxic antibody; 
receive T-cell depletion as GVHD prophylaxis; have 
aplastic anemia, especially if previously multiply trans-
fused; or have storage disorders or osteopetrosis.329 An 
altered host microenvironment can also contribute to 
graft rejection.

Adjustments in both the chemotherapy and radio-
therapy components of conditioning regimens, the use of 
monoclonal antibodies targeting selected populations of 
recipient T cells, and increases in cell dose (including the 
use of PBSCs in addition to bone marrow) are among 
the interventions that have shown some promise in 
preventing graft rejection. Depletion of host T cells 
with antithymocyte globulin (ATG) and the use of 
CD52 monoclonal antibodies are commonly used 
approaches.340,341 A number of strategies have been 
exploited to overcome the increased incidence of graft 
failure associated with T-cell depletion. First, simply 
increasing the number of stem cells in the graft has been 
successful, thus implying that residual host hematopoi-
etic elements are involved in mediating graft rejection. 
However, such intensifi cation is associated with increased 
GVHD. Additionally, because the risk of graft failure 
appears to increase with more exhaustive T-cell depletion, 
less extensive T-cell removal from the graft with and 
without T-cell add-back has been attempted.342-345

Therapeutic options for patients with graft rejection 
include a second allogeneic transplantation, infusion of 
frozen autologous stem cells, use of hematopoietic growth 
factors, particularly granulocyte-macrophage colony-
stimulating factor (GM-CSF), modifi cation of the 
host’s immunologic status, and infusion of donor leuko-
cytes.231,346-351 Infusion of stem cells with or without addi-
tional conditioning can be an effective intervention for 
the treatment of primary graft failure.352 It has been 
studied with bone marrow or PBSCs, although recently 
the use of unrelated cord blood units352-355 has been 
explored. The use of allogeneic PBSCs is appealing in the 
second transplant setting because PBSCs have been asso-
ciated with a shorter duration of neutropenia and a higher 

neutrophil recovery rate.346 Graft rejection is a potentially 
morbid, uncommon complication of HSCT with limited 
effective therapies. Patients exhibiting signs of graft rejec-
tion should be identifi ed as early as possible to maximize 
potential therapeutic options.

Acute Graft-versus-Host Disease

Grafts from genetically disparate donors, specifi cally, any 
donor other than self or an identical twin, can initiate an 
immune reaction termed acute graft-versus-host disease.356 
In general, the greater the degree of genetic difference 
between the donor and recipient, the higher the risk and 
severity of aGVHD. The main genetic loci that determine 
the compatibility of donor and recipient are HLA I and 
II located on chromosome 6. Each of these loci encode 
polymorphic glycoproteins—major histocompatibility 
antigens—that are expressed on the surface of human 
tissues in a complex with small peptides from degraded 
intracellular proteins. T-cell receptors on the surface of T 
cells are fi nely tuned to recognize the “foreignness” of 
MHC molecules. Recipient T cells recognize donor anti-
gens and can cause graft rejection. Conversely, donor T 
cells can recognize recipient antigens and are responsible 
for the syndrome of aGVHD. The mechanisms by which 
T cells cause GVHD include both direct effector mecha-
nisms and release of infl ammatory mediators that cause 
tissue damage. The presence of tissue damage either from 
immunologic events or from direct effects of condition-
ing can propagate the infl ammatory response and trigger 
further immune responses in a positive feedback loop 
that has been termed a “cytokine storm.”357-359

The syndrome of aGVHD was fi rst reported by 
Barnes and Loutit in 1954.6 They observed that skin 
abnormalities and diarrhea developed in lethally irradi-
ated animals given allogeneic spleen cells and that the 
animals eventually succumbed to a wasting illness. It 
became clear that for aGVHD to develop, certain criteria 
had to be in place, and these were summarized by 
Billingham in 1966360: (1) “the graft must contain immu-
nologically competent cells”; (2) “the host must possess 
important transplantation alloantigens that are lacking in 
the donor graft, so that the host appears foreign to the 
graft and is, therefore, capable of stimulating it antigeni-
cally;” and (3) “the host itself must be incapable of 
mounting an effective immunological reaction against the 
graft, at least for suffi cient time for the latter to manifest 
its immunological capabilities; that is, it must have the 
security of tenure.”

However, the allogeneic immunologic effect also 
confers potential benefi ts. Donor graft inocula contain 
immunologic cells—T cells, NK cells,361 and possibly 
others—that are capable of recognizing malignant cells 
and mediating a GVL and, perhaps, a graft-versus-tumor 
effect.362-364 Indeed, patients with hematologic malignan-
cies in whom mild to moderate GVHD develops have a 
decreased risk for disease relapse.365-368 Conversely, T-cell 
depletion from the marrow inocula reduces the risk for 
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GVHD but can lead to an increased risk for both 
graft rejection and disease recurrence.369 The ability to 
distinguish the populations of T cells that mediate 
GVHD from those that mount a GVL response remains 
a central goal in GVHD research.370 For instance, a well-
characterized population within the CD4+ T-cell com-
partment that constitutively expresses the interleukin-2 
(IL-2) receptor α chain (CD25) and the transcription 
factor FOXP3 has been observed to have marked immu-
nosuppressive activity in vitro and in vivo.371-373 This cell 
population, termed regulatory T cells, is able to minimize 
GVHD in an animal model while retaining the graft-
versus-tumor effect of the allogeneic graft. The ability to 
select and expand374 human regulatory T cells offers the 
possibility of a novel approach to mitigating GVHD.

The clinical syndrome of aGVHD develops within 
100 (and usually within 60) days of allogeneic SCT. 
cGVHD is a distinctive clinical syndrome that occurs 
after day 100 and is discussed later. aGVHD classically 
involves the skin, liver, and lower gastrointestinal tract, 
although the degree of involvement of each organ varies. 
For that reason, the severity of aGVHD is graded by 
staging the involvement of individual organs and the 

clinical performance of the patient and then determining 
an overall grade for the disease. Table 9-1 presents the 
modifi ed Glucksberg criteria, introduced in 1974,375 and 
with several revisions and additions,376-379 this is the 
system historically used for assessing aGVHD. As newer 
methods of both preventing and treating aGVHD were 
developed, there was concern about the ability of the 
Glucksberg stage to accurately refl ect transplant out-
comes. The International Bone Marrow Transplant Reg-
istry (IBMTR) constructed a severity index based on 
organ involvement alone with no need for subjective 
assessment of performance. This has been shown to cor-
relate well with outcome and is the staging system used 
in most current studies (Table 9-2).380

The fi rst manifestation of GVHD is often a rash, 
usually a maculopapular eruption commonly involving 
the palms and soles and the back of the neck and ears at 
fi rst and later the trunk and extremities. Biopsy speci-
mens from involved areas demonstrate epidermal basal 
cell vacuolization, followed by epidermal basal cell apop-
totic death with lymphoid infi ltration.381 Characteristic 
eosinophilic bodies may be seen. Unfortunately, the spec-
ifi city of skin biopsy is not high and it is often unable to 

TABLE 9-1 Glucksberg Criteria for Staging and Grading of Acute Graft-versus-Host Disease

Organ Stage Extent of Organ Involvement

Skin 1 <25%
2 25%-50%
3 Generalized erythema
4 Desquamation, bullous

Liver bilirubin 1 2-3 mg/dL*
2 3.1-6 mg/dL
3 6.1-15 mg/dL
4 >15 mg/dL

Gastrointestinal (children) 1 10-15 mL stool/kg/day
2 16-20 mL stool/kg/day
3 21-25 mL stool/kg/day
4 >25 mL stool/kg/day; severe pain with or without ileus

Gastrointestinal (adult) 1 500-1000 mL stool/day; nausea, anorexia
2 1000-1500 mL stool/day; histologic diagnosis† of upper gastrointestinal 

 graft-versus-host disease
3 1500-2000 mL stool/day
4 >2000 mL stool/day; ileus, severe pain

Overall Clinical Grade Organ System Clinical Stage
I (mild) Skin 1-2

Liver 1
Gastrointestinal 0

II (moderate) Skin 1-3
Liver 1-2
Gastrointestinal 1

III (severe) Skin 2-4
Liver 2-4
Gastrointestinal 2-4

IV (life threatening)‡ Skin 2-4
Liver 2-4
Gastrointestinal 2-4

*Modifi ed Glucksberg scale216 to prevent overlap in categories.
†Data from Weisdorf DJ, Snover DC, Haake R, et al. Acute upper gastrointestinal graft-versus-host disease: clinical signifi cance and response to immunosuppres-

sive therapy. Blood. 1990;76:624-629.
‡With severe constitutional symptoms.



 Chapter 9 • Principles of Bone Marrow and Stem Cell Transplantation 411

differentiate GVHD from drug allergy or reaction to the 
conditioning regimen.382 Bulla formation with epidermal 
separation and necrosis is seen in advanced stages of skin 
GVHD.383 Hepatic GVHD is often manifested as chole-
static jaundice, which must be differentiated from VOD, 
infection, and drug toxicity.384,385 Though not without 
attendant risks of bleeding and pain, liver biopsy may be 
helpful because characteristic pathologic changes can be 
observed that aid diagnosis.386,387 Gastrointestinal involve-
ment is classically seen as watery diarrhea with a “seedy” 
component and may progress to include crampy abdomi-
nal pain, bleeding, and even ileus.384,385 By convention, 
stool volume is used to quantitate the severity of gut 
involvement. Rectal or colonic biopsy may reveal crypt 
cell necrosis with lymphocytic infi ltration and, with 
increasing severity, crypt abscess or loss and mucosal 
denudation.388 These three organs are staged individually 
for the severity of involvement, after which an overall 
grade of GVHD is assigned according to criteria devel-
oped by Glucksberg and co-workers (see Table 9-1) or 
the IBMTR (see Table 9-2). However, other clinical fi nd-
ings may be indicative of aGVHD. Involvement of the 
upper gastrointestinal tract is manifested by symptoms of 
anorexia, inanition, and vomiting.378 The differential 
diagnosis of such symptoms also includes viral or fungal 
infection, dyspepsia, and gastritis, all common conditions 
in an immunosuppressed SCT recipient. Endoscopy of 
the upper gastrointestinal tract with biopsy is minimally 
invasive and can detect the presence of crypt cell apop-
tosis with dropout, which is diagnostic of GVHD. Finally, 
pulmonary involvement with effusions and vascular leak 
may accompany aGVHD.

Several risk factors for the development aGVHD 
have been identifi ed. Increasing genetic disparity between 
the donor and host increases the incidence and severity 
of GVHD389-392 and is the most important single predic-
tor of aGVHD. More recently, other genetic risk factors 
have been evaluated. The existence of polymorphisms in 
genes between the donor and host offers a plausible 
mechanism to explain variations in the magnitude of the 
infl ammatory response to tissue injury and hence GVHD. 
Indeed, specifi c polymorphisms in the recipient IL-10 
promoter region and IL-10 receptor β gene have been 
found to be associated with a lower rate of GVHD.393 

Many other candidate genes are currently being exam-
ined for similar associations. Moreover, the falling cost 
and growing scale of genomic sequencing technologies 
suggest that an increasingly complex and accurate 
genomic prediction of risk for GVHD is likely to evolve 
over the coming years.

Other factors increasing the risk for GVHD include 
older age of the recipient,390,394,395 use of a female donor 
for a male recipient, use of parous female donors, and 
history of previous herpesvirus infection in the recipi-
ent.390,391,394,396 The source of allogeneic stem cells may 
also affect the risk for subsequent GVHD. For example, 
the number of T cells collected during pheresis is 
signifi cantly greater than the number collected during 
bone marrow harvest. Nonetheless, it appears that the 
rate of severe aGVHD in patients receiving T-cell–rich 
PBSCs with standard GVHD prophylaxis may not be 
greater than that seen after BMT.124,130,397 Results from 
large series indicate that there may be a decrease in the 
severity of aGVHD in UCB transplants.26,145-147 The 
reason for this has not been completely elucidated but 
may be related to the putative relative immunologic 
“naïveté” of the immune cells contained in the cord graft, 
or more likely, the lower T-cell dose.

Therapeutic strategies aimed at the prevention (pro-
phylaxis) of aGVHD begin with selection of the best 
available donor. When a matched sibling donor is not 
available, HLA matching via molecular techniques is 
the single most important factor in preventing severe 
GVHD.392,398 Considerations of donor sex and parity are 
advisable if there is a choice of donors. If the patient is 
seronegative for CMV, use of a CMV-negative donor 
appears to reduce the risk of GVHD, as well as CMV, 
after transplantation.396 Whether the source of HSCs 
(i.e., bone marrow, PBSCs, UCB) modifi es the risk for 
aGVHD is an area of controversy. Supportive care mea-
sures such as the use of protective isolation and gut 
decontamination also protect against the development of 
GVHD.399-401

Conventional prophylactic approaches have attempted 
to inhibit T-cell responses by relying on in vivo immuno-
suppression. Essentially all current pharmacologic regi-
mens use combinations of immunosuppressive agents 
that target different molecular intermediates of T-cell 

TABLE 9-2 International Bone Marrow Transplant Registry Severity Index for Acute Graft-versus-Host Disease

Severity Index Maximum Organ Stage
RR of Treatment-Related 
Mortality (95% CI)

RR Treatment Failure 
(95% CI) Glucksberg

0 No GVHD 1.00 1.00 0
A Skin only stage 1 0.84 (0.6, 1.18) 0.85 (0.68, 1.05) I
B Any organ stage 2* 1.90 (1.5, 2.42) 1.21 (1.02-1.43) I, II, III, IV
C Any organ stage 3 4.34 (3.33, 5.67) 2.19 (1.78, 2.71) II, III, IV
D Any organ stage 4 11.9 (9.12, 15.5) 5.68 (4.57, 7.08) IV

*Any organ stage 1 other than skin alone (e.g., skin 1, gut 1 = severity index B).
CI, confi dence interval; RR, relative risk.
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signaling. Cyclosporine (Sandimmune) and tacrolimus 
(Prograf) both inhibit calcineurin activity, a serine-
threonine phosphatase whose activity is essential for T-
cell cytokine transcription.402 Methotrexate prevents 
T-cell proliferation,403 whereas high-dose corticosteroids 
are lympholytic. Current combinations use cyclosporine 
or tacrolimus plus methotrexate or prednisone (or 
both).404-406 A common prophylactic regimen includes 
cyclosporine given intravenously at a dose of 1.5 mg/kg 
every 12 hours until oral administration every 12 hours 
is tolerated. Doses are adjusted to achieve desired blood 
levels. Cyclosporine is continued on a tapering schedule 
through day 180 after transplantation. Methotrexate is 
given at 15 mg/m2 on day 1 and at 10 mg/m2 on days 3, 
6, and 11 after marrow infusion. This regimen has been 
shown to reduce the incidence and severity of aGVHD 
and improve long-term survival when compared with 
single-agent therapy in comparable patient cohorts.407,408 
Combinations using newer immunosuppressive agents, 
such as sirolimus, are also being developed.409

As discussed earlier, selective depletion of T 
lymphocytes from the donor marrow inocula effectively 
prevents GVHD. T cells can be removed by a variety of 
techniques, including lectin depletion, anti–T-cell mono -
clonal antibodies plus complement, coupling with 
immunotoxin derivatives, or purging with magnetic 
beads. Each of these techniques may effect up to a 3 log 
or greater depletion of T cells. Unfortunately, T-cell 
depletion is associated with an increased risk for graft 
failure, delayed immune reconstitution, post-SCT lym-
phoproliferative disease, and in patients with hematologic 
malignancies, leukemic relapse.366 Thus, the long-term 
survival rates of patients who have received T-cell–
depleted grafts are similar to those of patients who have 
received conventional in vivo immunosuppression after 
transplantation.410,411 Strategies using “add-back” of 
donor T cells at various time points after SCT are being 
explored,412-415 and the ultimate role of T-cell depletion 
in SCT has not been completely resolved.

The outcome and long-term survival of patients with 
aGVHD vary directly with the grade of GVHD and 
response to treatment. The mainstay of therapy for estab-
lished aGVHD remains glucocorticoids. Glucocorticoids 
(generally methylprednisolone) have been used in a 
variety of schedules and doses.404,416 The lympholytic 
effects of very-high-dose corticosteroids must be bal-
anced against the increased risk of infections,417 and 
doses higher than 2 mg/kg/day may not increase effi -
cacy.418 Patients failing to improve or progressing with 
corticosteroid therapy have been given a variety of other 
immunosuppressive agents, but secondary treatment of 
GVHD is often unsuccessful.419 Generally, cyclosporine 
is continued at therapeutic levels in patients in whom 
aGVHD develops, and it may be initiated in patients 
who have never received the drug. ATG, extracorporeal 
photochemotherapy,420 newer immunosuppressive agents 
such as mycophenolate mofetil,421 and methods targeting 
CD5, CD3, IL-2 receptor,379 and tumor necrosis factor-α 

and its receptor have all been attempted with varying, 
incomplete, or unpredictable responses. Novel and repro-
ducible methods of approaching the treatment of patients 
with corticosteroid-resistant aGVHD that do not com-
promise the ability to mount an immune response against 
infection are needed because the outcome for these 
patients remains poor.

DELAYED COMPLICATIONS OF TREATMENT

The use of both autologous and allogeneic transplanta-
tion for an increasing number of malignant and nonma-
lignant conditions coupled with marked improvements in 
supportive care has resulted in a substantial number of 
long-term survivors. Thus, delayed complications sec-
ondary to both the chemoradiotherapy used to prepare 
patients for SCT and the transplant process itself (e.g., 
GVHD and propensity for infection) are becoming better 
defi ned with regard to incidence, severity, and outcome. 
It is essential that follow-up occur in conjunction with 
HSCT specialists so that as consensus statements regard-
ing post-HSCT care are developed, they can be imple-
mented for all patients.

Chronic Graft-versus-Host Disease

GVHD was initially characterized as taking place in two 
phases: aGVHD generally occurred within the fi rst 100 
days after transplantation, whereas cGVHD occurred 
after day 100 (Table 9-3). It has become evident that 
certain cases of cGVHD, defi ned by both clinical and 
histopathologic criteria, can occur as early as day 50 to 
60 after marrow infusion.422 The pathogenesis of cGVHD 
is not completely elucidated. It is thought to involve 

TABLE 9-3  Comparison of Acute and Chronic 
Graft-versus-Host Disease

Acute GVHD Chronic GVHD

Onset day 7-60 (up to 100) Day >100 (may be 
seen from day 60 
on)

Manifestations:
 Skin Erythematous rash Sclerodermatous 

 changes
 Gut Secretory diarrhea Dry mouth; sicca 

 syndrome
Malabsorption

 Liver Hepatitis/
 cholestasis

Cholestasis/
 cirrhosis

 Other Fever Pulmonary
 dysfunction
Alopecia
Thrombocytopenia
Xerostomia
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donor T-cell recognition of minor histocompatibility anti-
gens or loss of peripheral T-cell tolerance leading to 
symptoms that are very similar to those present in 
autoimmune disorders. The morbidity and mortality of 
cGVHD are most severe in patients who have progressive 
disease after aGVHD and tend to be less severe in those 
in whom it occurs de novo.423 Risk factors for the devel-
opment of cGVHD include HLA disparity between 
donor and host, previous aGVHD, increasing patient age, 
and a TBI-based conditioning regimen. A recent review 
of risk factors in children found that patient age older 
than 15 years or donor age older than 5 also signifi cantly 
increases risk.424 In addition, the use of adult female 
donors for male recipients increases the likelihood of 
cGVHD, probably related to donor antibody responses 
to antigens coded for by genes on the recipient Y chromo-
some425; the impact of pediatric female donors on the 
incidence of cGVHD has not been evaluated.

cGVHD is a constellation of clinical and pathologic 
features. The syndrome resembles autoimmune systemic 
collagen vascular diseases, with protean manifestations 
potentially involving almost every organ (Table 9-4). 
Pathologic changes in the skin result from epithelial cell 
damage characterized by basal cell degeneration and 
necrosis and, later, epidermal atrophy and dermal fi bro-
sis.426 Skin involvement may be manifested as lichen 
planus, areas of local erythema, and areas of hyperpig-
mentation or hypopigmentation. The skin may be dry, 
freckled, or ulcerated, and fi ndings are aggravated by 
exposure to sunlight. Sclerodermatous changes may 
evolve to fl exion contractures that can greatly impair 
function and may be helped by surgical release proce-
dures. Hair follicles can be involved, with resulting partial 
or total alopecia. Ocular abnormalities are common and 
consist of sicca syndrome, including dry eyes and photo-
phobia; decreased tearing is quantitated by the Schirmer 
test. Dry mouth is a common initial complaint of patients 
with oral GVHD, and decreased saliva production pre-
disposes to caries. Tongue depapillation or scalloping of 
the lateral margins of the tongue can be seen. The tongue, 
buccal mucosa, and gums may have lichen planus–like 
lesions, which must be differentiated from oral candidia-
sis. A biopsy specimen typically shows lichenoid changes 
with epithelial cell necrosis, salivary gland infl ammation, 
lymphocytic infi ltrates, and fi brosis. Involvement of the 
liver with cGVHD is manifested as lymphocytic portal 
triaditis with resulting obstructive jaundice, which may 
progress, if untreated, to bridging necrosis and cirrhosis. 
Gastrointestinal signs include inanition with progressive 
weight loss, chronic malabsorption, diarrhea, anorexia, 
nausea, and vomiting. Biopsy demonstrates single-cell 
apoptosis with crypt destruction and may show fi brosis 
of the lamina propria. Early cGVHD may be manifested 
as diffuse myositis and tendonitis. Progressive joint 
involvement, which may result from the myositis and 
tendonitis or simply from overlying skin fi brosis, results 
in decreased range of motion and fl exion contractures. 
Perhaps the most debilitating effect of cGVHD occurs 

TABLE 9-4  Clinicopathologic Features of Chronic 
Graft-versus-Host Disease

System Features

Systemic Recurrent infections with
 immunodefi ciency
Weight loss
Sicca syndrome
Debility

Skin Lichen planus, scleroderma,
 hyperpigmentation or
 hypopigmentation
Dry scale, ulceration, erythema,
 freckling
Flexion contractures
 Biopsy:
  Epithelial cell damage
  Basal cell degeneration and
   necrosis
  Epidermal atrophy and dermal
   fi brosis

Hair Alopecia
Mouth Sicca syndrome, depapillation of the

 tongue with variegations and
 scalloping of the lateral margins
Lichen planus and ulcer, angular
 tightness
 Biopsy:
  Lichenoid changes with
   mononuclear infi ltrates
  Epithelial cell necrosis
  Salivary gland infl ammation,
   lymphocytic infi ltrate, fi brosis

Joints Decreased range of motion, diffuse
 myositis/tendonitis

Eyes Decreased tearing; injected sclerae,
 conjunctivae

Liver Increase in alkaline phosphatase
 greater than increase in
 transaminases and bilirubin
Cholestasis, cirrhosis
 Biopsy:
  Focal portal infl ammation with
   bile ductule obliteration
  Chronic aggressive hepatitis
  Bridging necrosis
  Cirrhosis

Gastrointestinal Failure to thrive (children), weight
 loss (adults)
Esophageal strictures,
 malabsorption, chronic diarrhea
 Biopsy:
  Crypt destruction, single-cell
   dropout
  Fibrosis of the lamina propria

Lung Cough, dyspnea, wheezing
Bronchiolitis obliterans or restrictive
 pulmonary change
Pneumothorax

Hematology Refractory thrombocytopenia
Eosinophilia
Howell-Jolly bodies
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with pulmonary involvement, manifested as obstructive 
lung disease progressing to bronchiolitis obliterans (dis-
cussed later). Persistent immunodefi ciency with pro-
foundly depressed B- and T-cell responses predisposes to 
recurrent and severe infections. Patients may have 
reduced IgG2 and IgG4, decreased mucosal IgA, dimin-
ished delayed-type hypersensitivity, and functional asple-
nia. They remain susceptible to opportunistic infections 
with encapsulated organisms (primarily pneumococcus), 
P. carinii, varicella-zoster, and herpes simplex and may 
have a variety of chronic infections, including sinusitis, 
bronchitis, and conjunctivitis.427

Staging of cGVHD is based on the degree of organ 
involvement (Box 9-2). Limited cGVHD has localized 
skin involvement with or without hepatic dysfunction. All 
other manifestations of cGVHD are classifi ed as exten-
sive cGVHD.426 Limited cGVHD may resolve spontane-
ously without specifi c therapy, and these patients have 
a favorable outcome.423 Patients with lichenoid skin 
changes, progressive changes of cGVHD, thrombocyto-
penia, hyperbilirubinemia, or any combination of these 
fi ndings have a worse prognosis.427,428 Recent work has 
focused on developing a more detailed comprehensive 
scale to measure symptoms of cGVHD so that response 
to therapy can be more clearly assessed.429

It is essential that patients with cGVHD be managed 
by a multidisciplinary team with expertise in this com-
plicated and often frustrating condition. Steroids are 
usually the fi rst approach to therapy, and a regimen of 
alternating-day cyclosporine and prednisone was shown 
to be effective in more than half of patients and to have 
an acceptable toxicity profi le.430 There is no standard 
approach for patients who are refractory to initial therapy 
or whose disease fl ares during taper of immunosuppres-
sion.428 A number of other therapies are being tested, 
including high-dose pulse steroids,431 extracorporeal 
photopheresis,432 daclizumab (a humanized IL-2 recep-
tor antagonist),433 mycophenolic acid,434 rapamycin,435 

and pentostatin.436 All of the therapeutic options have a 
signifi cant impact on immune function, and most fatali-
ties occur from infectious complications as opposed to 
specifi c organ toxicity from cGVHD. Meticulous and 
preemptive management of the complications associated 
with cGVHD and its therapy is a crucial component of 
care. Recommendations for patient education, prophy-
lactic interventions, and follow-up are extensively out-
lined in the Ancillary Therapy and Supportive Care 
Working Group document of the National Institutes of 
Health.437

Ophthalmologic Problems

A number of different ophthalmologic complications can 
occur as sequelae of HSCT. Decreased lacrimation sec-
ondary to cGVHD may contribute to ocular sicca syn-
drome and the related complications of photophobia, 
punctate keratopathy, scar formation, and corneal perfo-
ration. Therapy includes artifi cial tears and lacrimal duct 
(punctual) plugging, which can be useful even in young 
children. Patients remain at risk for ocular infections, 
particularly with herpes simplex viruses. Cyclosporine 
use is associated with a number of eye complaints, includ-
ing a well-described syndrome of headache, hyperten-
sion, seizures, visual impairment, or any combination of 
these symptoms, as well as temporary blindness (see 
“Neurologic Complications” for a detailed descrip-
tion).438-440 In addition, transplant-related retinopathy 
can be manifested as optic disc edema, either asymptom-
atic or accompanied by visual blurring, in patients taking 
cyclosporine. Ischemic fundal lesions, detected as cotton-
wool spots and, in some patients, as optic disc edema, 
have been reported in patients treated with both TBI and 
cyclosporine and were not observed in patients who did 
not have concordance for these risk factors.441,442 Lesions 
appeared 3 to 6 months after SCT, with complaints of 
decreased visual acuity or other visual disturbances. Most 
patients discontinued cyclosporine, and half were treated 
with systemic corticosteroids. The majority recovered 
visual acuity and their ischemic lesions resolved over 
time, but little further information is available about the 
course or long-term prognosis of this complication. 
Occlusive microvascular retinopathy has also been 
described after autologous SCT in patients receiving 
high-dose cytarabine and TBI, thus suggesting that par-
ticular high-dose chemotherapy regimens may predis-
pose to vascular injury at otherwise safe radiation 
doses.443

Cataracts are a common complication of HSCT. 
Radiation—TBI, cranial irradiation, or both—is a well-
described predisposing factor. Although historically 
the incidence was as high as 80% in patients receiving 
single-dose TBI, patients receiving fractionated TBI or 
chemotherapy-only regimens still have a 20% to 50% 
incidence of cataracts 5 to 6 years after transplanta-
tion.444,445 The relative risk of cataracts and the need 
for subsequent cataract surgery may also be related to 

Box 9-2  Staging of Chronic Graft-versus-Host 
Disease

LIMITED CHRONIC GVHD

Localized skin involvement and/or
Hepatic dysfunction secondary to chronic GVHD

EXTENSIVE CHRONIC GVHD

Generalized skin involvement or
Localized skin involvement or hepatic dysfunction (or 

both) as a result of chronic GVHD plus
Liver histology showing chronic aggressive hepatitis, 

bridging necrosis, cirrhosis, or
Eye involvement: Schirmer test (<5-mm wetting), or
Involvement of minor salivary glands or oral mucosa 

demonstrated by buccal biopsy, or
Involvement of any other target organ
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previous therapy or to glucocorticoid use for prophylaxis 
or management of GVHD. Overall, reports of large pedi-
atric populations have shown that some type of ophthal-
mologic abnormality occurs in up to 50% of patients, 
although visual function remains excellent in virtually all 
patients.446-448 Thus, yearly examination by an ophthal-
mologist is essential, including a Schirmer test to rule out 
xerophthalmia and a thorough retinal evaluation.

Dental Problems

Disturbances in dental development have been described 
in children conditioned with TBI, particularly if HSCT 
took place before 6 years of age.449,450 Characteristic fi nd-
ings include short dental roots, absence of root develop-
ment, and microdontia. A review of 52 pediatric patients 
younger than 10 years at HSCT found that all patients 
had disturbances in dental root growth, with the most 
pronounced changes occurring in those 3 to 5 years old 
at the time of transplantation.451 Subsequent decreased 
alveolar bone growth may lead to further compromise of 
dental development. In addition, oral sicca syndrome 
(occurring as a complication of either TBI or cGVHD, 
or both) may result in chronic oral mucosal injury, poor 
oral hygiene, and subsequent dental decay.452 The effects 
of prophylactic interventions are not well reported, but 
yearly evaluation by a dentist knowledgeable about poten-
tial HSCT-related issues is recommended.

Pulmonary Complications

Pulmonary dysfunction of both a restrictive and obstruc-
tive nature occurs in approximately 25% of pediatric 
HSCT patients.453 Pulmonary complications can be seen 
after both autologous and allogeneic transplants; however, 
serious pulmonary dysfunction is more common in the 
allogeneic setting. Patients with pulmonary complica-
tions are known to have higher overall mortality.453 
Obstructive lung disease has been reported in up to 20% 
of children after allogeneic HSCT, comparable to the 
incidence in adult patients. Bronchiolitis obliterans 
(BrOb) is a noninfectious, potentially life-threatening 
complication of HSCT that has been reported to occur 
in approximately 8% of allogeneic pediatric HSCT 
patients.454 It is a pathologic process that leads to obstruc-
tion and eventual obliteration of the small airways.455 
There is characteristic chronic airfl ow obstruction unre-
sponsive to bronchodilator therapy.456 The etiology of 
BrOb is not fully understood. It is thought that immune 
dysregulation and infl ammation are precipitating factors 
in its development, a theory supported by the association 
between the syndrome and cGVHD.457,458 Although BrOb 
has been most fi rmly associated with cGVHD, viral infec-
tions before day 100 and gastroesophageal refl ux have 
also been identifi ed as risk factors.456,458-460 Patients typi-
cally exhibit dyspnea on exertion and cough, with pul-
monary function tests revealing an obstructive pattern. 
High-resolution CT has been shown to have fi ndings 

that are both sensitive and specifi c for BrOb in this 
population.461,462 Characteristic fi ndings include air 
trapping, a mosaic pattern of lung attenuation, and 
bronchiectasis.461-463 BrOb is traditionally treated with 
immunosuppressive agents. Azithromycin has been shown 
to be a useful adjunct, presumably because of its anti-
infl ammatory and antibiotic mechanisms of action.464 
Published mortality rates for BrOb after HSCT range 
between 20% and 100%.456 The prognosis depends in 
part on disease tempo and response to fi rst-line 
therapy.456,465 Rapid onset and lack of response to steroids 
defi ne a group of patients with a particularly poor 
outcome.465

Restrictive and diffusion abnormalities have been 
reported in pediatric patients after SCT.466,467 These fi nd-
ings may improve over time but do not usually normal-
ize.466 Risk factors for restrictive lung disease include 
sclerodermatous-type GVHD, single-fraction TBI, abnor-
mal chest wall growth secondary to radiation, and certain 
chemotherapeutic agents.467-472 Treatment depends on 
the underlying etiology of the pulmonary disease. Because 
restrictive changes can be asymptomatic, defi ning the 
true incidence of this complication depends on the inten-
sity of post-SCT follow-up.

Hematologic Complications

Patients who undergo ABO-incompatible allogeneic 
HSCT are at risk for immune hemolytic anemias. In the 
setting of major ABO incompatibility (recipient O and 
donor A or B, for example), preexisting patient isohemag-
glutinins can cause lysis of donor red cells. This can 
potentially cause an acute hemolytic reaction during 
stem cell infusion, and thus anti-A or anti-B isoaggluti-
nins must be removed from the patient before infusion 
via pheresis or the stem cell product must undergo red 
cell depletion. Although the acute issues surrounding 
transplantation in the setting of major ABO incompatibil-
ity are easily managed and not associated with any impact 
on outcome, pure red cell aplasia may develop in up to 
a quarter of at-risk patients in the months after HSCT.473 
This occurs when long-lived patient lymphocytes con-
tinue to produce antibodies capable of destroying red cell 
precursors in the graft. Patients who are type O and 
donors who are type A are at greatest risk, presumably 
related to the level of isohemagglutinin titers.474 A rela-
tionship of red cell aplasia to post-transplant immuno-
suppression with cyclosporine alone has been suggested 
because calcineurin inhibitors permit longer persistence 
of patient B cells than methotrexate does.475 Some cases 
of aplasia will resolve spontaneously over time; plasma 
exchange with donor-type plasma replacement has also 
been used, and more recently rituximab, a chimeric anti–
B-cell antibody, has been used with success.476 Minor 
ABO incompatibility (patient A, donor O, for example) 
is managed by plasma depletion of the graft before infu-
sion. This situation can also lead to low-level hemolysis 
in the fi rst months after HSCT as newly formed B lym-
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phocytes produce isohemagglutinins targeting residual 
patient red cells. Occasionally, in the months to years 
after transplantation, autoimmune hemolytic anemia, 
autoimmune thrombocytopenia, or autoimmune neutro-
penia develops as a result of immune dysregulation after 
HSCT. Steroids and intravenous immunoglobulin (IVIG) 
are usually the fi rst therapeutic intervention, but ritux-
imab has been used in this setting as well.477

A variety of microangiopathic syndromes have also 
been described after SCT. The use of cyclosporine for 
GVHD prophylaxis or treatment has been associated 
with both thrombotic thrombocytopenic purpura (TTP) 
and hemolytic-uremic syndrome (HUS), described in the 
next section.

Renal Complications

HUS may develop at a median of 5 months after 
HSCT.478,479 This disorder is generally manifested as 
moderate hemolysis and renal dysfunction, although 
some patients have more aggressive fi ndings consisting of 
severe hypertension and seizures. Factors implicated in 
the development of this syndrome include exposure to 
radiation and use of calcineurin inhibitors.480,481 The 
majority of reported cases appear to resolve spontane-
ously over time, although modest persistent anemia and 
decrements in renal function have been described. TTP 
is rare in pediatric patients and may result from more 
pervasive endothelial damage than seen in HUS. It 
usually occurs in the fi rst months after HSCT and can 
have associated fever, bloody diarrhea, and neurologic 
symptoms. Unlike classic TTP, HSCT-associated TTP is 
not accompanied by defi cient von Willebrand multimer 
proteolysis, and plasma exchange therapy is generally 
unsuccessful.482

The incidence of chronic nephropathy is probably 
underestimated. Up to 25% of adults undergoing alloge-
neic HSCT were affected at 10 years; post-transplant 
hypertension was the most signifi cant predictor of chronic 
kidney disease.483 Assessment of renal function by deter-
mination of the glomerular fi ltration rate revealed renal 
impairment in 41% of pediatric patients 1 year after 
HSCT and in 11% at 7 years, with exposure to TBI being 
the most signifi cant risk factor.484 The long-term impact 
of transplantation on renal function in pediatric patients 
is not known,485 but given the natural decline in renal 
function with age, monitoring function over time should 
be part of routine care for survivors of pediatric HSCT.

Neurologic Complications

Patients undergoing HSCT may experience a variety of 
neurologic complications either directly related to treat-
ment, as a consequence of immunosuppression, or as a 
result of medications used in supportive care. Acyclovir is 
used for both prophylaxis and treatment of infection with 
herpes simplex viruses. Confusion, tremors, delusion, and 
psychosis have been associated with this drug.486 Simi-

larly, mental status changes, paresthesias, and uncom-
monly, seizures have been reported with the antiviral 
agents ganciclovir and foscarnet.487,488 Impaired renal 
function, often seen in HSCT patients, may potentiate 
the occurrence of these symptoms. Both prednisone and 
cyclosporine may have neurologic side effects. 
Mood swings or even frank psychosis accompanying cor-
ticosteroid therapy are well described.489 Cyclosporine 
administration commonly produces an essential tremor. 
Seizures, visual disturbances, and encephalopathy are 
more signifi cant but rarer neurologic complications.490 It 
has been postulated that both seizures and acute visual 
loss arise from the hydrostatic changes accompanying 
cyclosporine-associated hypertension; as in preeclampsia, 
hypomagnesemia can be an aggravating factor. These 
changes affect white matter, most commonly in the 
occipital area, and are accompanied by characteristic 
radiologic fi ndings on magnetic resonance imaging 
(MRI).440,491 In general, symptoms abate rapidly on dis-
continuation or decreases in the dose of cyclosporine.492

Cerebrovascular accidents, including cerebral hem-
orrhage, may also be observed after SCT and are usually 
associated with refractory thrombocytopenia. Large 
intracranial hemorrhages are generally fatal493; patients 
with isolated subdural hematomas typically do well.494

Central nervous system (CNS) infectious complica-
tions related to immunosuppression, cGVHD, or both 
can arise after HSCT. The manifestations of CNS infec-
tion can differ from those in an immunocompetent 
patient in that localizing signs and symptoms may be less 
dramatic. Autopsy series demonstrate that up to 15% of 
necropsy patients harbor CNS infections, often clinically 
unsuspected.495-497 Aspergillus species and Toxoplasma 
gondii are the most common organisms found.498 
Bacterial meningitis or encephalitis/meningoencephalitis 
caused by a variety of viruses, including CMV, herpes 
simplex types 1 and 6, adenovirus, and varicella-zoster, 
can also occur. Opportunistic CNS infections in HSCT 
recipients are often fatal,498 and a high level of suspicion 
is warranted in patients with even minimal neurologic 
symptoms.

Leukoencephalopathy is a poorly understood sequela 
of HSCT that is manifested as progressive neurologic 
deterioration in the months after transplantation. Clinical 
fi ndings include lethargy, slurred speech, ataxia, seizures, 
decreased sensorium, dysphagia, spasticity, or even decer-
ebrate posturing. Consistent white matter changes are 
found on MRI. In a series of 415 patients from Seattle, 
leukoencephalopathy was observed in 7% of patients, but 
only in those who had received CNS radiation, intrathe-
cal therapy, or both before HSCT in conjunction with 
intrathecal methotrexate after HSCT.499 More recently, a 
4% incidence of irreversible leukoencephalopathy was 
reported in children receiving cyclosporine; a third of the 
patients died during the period of neurologic decline.500 
Cyclosporine levels were usually therapeutic in the 
affected patients, and it remains unclear what the risk 
factors are for this rare but devastating complication.
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The effects of different conditioning regimens on 
neuropsychological functioning have been incompletely 
investigated. In particular, analysis of very young patients 
is limited. Nonetheless, it is clear that a signifi cant pro-
portion of young children, including those younger 
than 2 years, can undergo HSCT with chemotherapy and 
TBI and subsequently have normal neurologic develop-
ment,501 perform well in areas such as sensorimotor and 
cognitive functioning,502 and have no decrement in aca-
demic achievement.503 Age at HSCT appears to be the 
most consistent risk factor predicting subsequent cogni-
tive decline.503,504

Endocrine Disorders

Much of the endocrine dysfunction after HSCT results 
from irradiation and is attenuated in both incidence and 
severity when radiation is fractionated or when non–
radiation-containing conditioning regimens are used. 
Thyroid dysfunction is one of the most frequent late 
complications of HSCT. After fractionated TBI, the inci-
dence of compensated hypothyroidism ranges from 13% 
to 39% and that of overt hypothyroidism is around 15%, 
with diagnosis occurring at a median of 4 years after 
HSCT.505-507 Patients treated with busulfan-based regi-
mens have a lower, but still signifi cant incidence of 
thyroid complications: 20% compensated and 9% overt 
hypothyroidism.508,509 Given that the incidence of thyroid 
dysfunction increases over time, clinical suspicion and 
yearly monitoring of thyroid function tests are an impor-
tant part of long-term care for these patients.

Linear growth after HSCT is hard to predict and is 
affected by many factors: previous therapy, particularly 
corticosteroids or cranial or spinal radiotherapy, age at 
transplantation, conditioning regimen, and development 
of cGVHD with associated long-term steroid exposure. 
Growth is most disrupted in children who underwent 
cranial irradiation before HSCT, followed by a TBI-based 
conditioning regimen.510 This group of children is also at 
greatest risk for growth hormone (GH) defi ciency. If 
defi cient, GH replacement can have a positive impact on 
fi nal height, particularly in children younger than 10 
years at the time of HSCT. Therapy is not associated with 
an increase in relapse; however, a higher incidence of 
osteochondromas/exostosis was seen in GH-treated 
patients.511 Nonetheless, many children do not demon-
strate GH defi ciency, and the role of exogenous hormone 
in these children or in children older than 10 at the time 
of diagnosis of GH defi ciency is not clear.512,513 Overall, 
the mean loss of height appears to be approximately 6 
cm as predicted by both genetic height and height at 
transplantation.507 Still, nearly 80% of those undergoing 
HSCT in childhood will achieve a height that is within 
2 SD of adult norms.514

Gonadal failure after HSCT is common; predictors 
include previous gonadotoxic therapy and the preparative 
regimen used for transplantation. For example, children 
with aplastic anemia who receive cyclophosphamide as 

their only cytotoxic agent almost always progress 
normally through puberty, whereas those receiving a 
busulfan- or TBI-based ablative regimen are very likely 
to have delayed development.513 Thus, these children 
must be carefully monitored by a pediatric endocrinolo-
gist as they approach adolescence so that hormone 
replacement can be appropriately administered. Females 
who are postpubertal at the time of HSCT also need to 
be evaluated for hormone replacement therapy. In addi-
tion, they are at risk for gynecologic complications, 
including reduced uterine size, decreased vaginal and 
cervical size, atrophic vulvovaginitis, introital stenosis, 
and loss of pubic hair.515 No comparable data regarding 
these complications exist for those prepubertal at the 
time of HSCT. In postpubertal males, HSCT with or 
without radiation-based conditioning often results in 
azoospermia,516 and sperm banking should be offered to 
all patients with suffi cient spermatogenesis. Signifi cant 
Leydig cell damage resulting in decreased testosterone 
and decreased testicular volume is less common.517 In 
both sexes, spontaneous recovery of gonadal function has 
occurred years after HSCT. Fertility resulting in live-
born infants has been reported for both male and female 
SCT patients,518 particularly after conditioning with 
cyclophosphamide alone. Successful pregnancies are 
much less common after busulfan- and TBI-based 
regimens, and there is an increased risk of spontaneous 
abortion, preterm labor, and delivery of low- or very-low-
birth-weight infants. There does not, however, appear to 
be an increased incidence of congenital anomalies in the 
offspring.517 Concern regarding fertility is one of the 
major issues for HSCT survivors up to a decade after 
transplantation.519

Bone Problems

The most prominent bony complications after HSCT are 
decreased bone mineral density (BMD) and osteonecro-
sis. Patients undergoing transplantation have many 
potential risk factors for abnormal bone health: exposure 
to corticosteroids before HSCT or for prophylaxis or 
treatment of GVHD, calcineurin exposure, gonadal 
failure, prolonged bed rest, and periods of suboptimal 
nutrition. Because many patients are asymptomatic, the 
incidence of osteopenia/osteoporosis in children and the 
impact on future bone health are not well understood. 
Small series of pediatric patients indicate that up to 50% 
of survivors of childhood allogeneic HSCT will have 
abnormal BMD and thus have an excess risk of fractures 
and other skeletal complications as they age.520,521 Osteo-
necrosis or avascular necrosis, the death of a segment of 
bone, is a potentially debilitating manifestation of bone 
disruption and can result in signifi cant pain or fractures. 
Corticosteroid use and the presence of cGVHD appear 
to be the major risk factors,522 and children older than 
10 appear to be at more risk than younger children.523 
Joints of the lower limb, particularly the hip, are most 
often involved, and up to half of patients ultimately 



418 BONE MARROW FAILURE

require joint replacement.524 Radiation-induced bone 
abnormalities, including osteochondromas and meta-
physeal growth abnormalities, can occur after TBI-
containing transplant regimens; younger patients appear 
to be at greater risk.525 Childhood survivors of HSCT 
should be evaluated regularly to ensure that hormonal 
and nutritional status is optimized. The role of bisphos-
phonates in the treatment of these conditions is being 
investigated. Early data indicate that bisphosphonates 
can improve BMD, but long-term effects of this interven-
tion in the pediatric population are unknown.526

TRANSPLANTATION IN PATIENTS WITH 
ACQUIRED DISEASES

Aplastic Anemia

Severe aplastic anemia (SAA) is a syndrome character-
ized by peripheral blood pancytopenia and marrow 
hypoplasia (see Chapter 7). Historically, the mortality 
associated with SAA in children can be as high as 50% 
in the fi rst 6 months.527 Although a number of immuno-
suppressive and marrow stimulatory therapies have 
shown reasonable activity, the only curative treatment 
remains allogeneic HSCT. The potential effi cacy of allo-
geneic transplantation for patients with SAA was estab-
lished with the initial publication in 1972 of results 
achieved in four patients.528 Randomized studies have 
since established the superiority of matched allogeneic 
HSCT over supportive care (androgens in the 1970s, 
immunosuppressive therapy with ATG in the 1980s and 
1990s) in both children and, more recently, adults.529-532 
In the setting of a matched sibling donor, the role of 
pre-HSCT conditioning is mainly to provide immuno-
suppression. Cyclophosphamide in combination with 
ATG is the standard regimen, with cyclosporine and 
short-course methotrexate given for GVHD prophylaxis. 
This approach cures almost 90% of patients with none 
of the sequelae associated with radiation-containing regi-
mens.533 The stem cell source has traditionally been bone 
marrow, but many centers have switched to peripheral 
blood progenitor cell grafts for ease of collection and 
faster engraftment kinetics. In a retrospective study of 
European and American registries, patients younger than 
20 years had an increased risk for cGVHD and higher 
overall mortality with peripheral blood versus bone 
marrow grafts, and bone marrow remains the preferred 
stem cell source.534 A course of immunosuppressive 
therapy before proceeding to matched sibling HSCT also 
led to an inferior outcome, mostly as a result of increased 
rates of graft rejection.535 Young patients with SAA receiv-
ing a non–radiation-containing regimen should have pre-
served fertility after HSCT.536 In addition, long-term 
survivors were indistinguishable from healthy controls in 
terms of reported health, educational achievement, and 
psychosexual functioning.537 Given these data and the 
expected excellent outcomes, patients with SAA who 

have an available matched sibling donor should be 
referred expeditiously for BMT to minimize the number 
of pre-HSCT transfusions and the risk of acquiring 
serious infections.

Children who lack a matched sibling donor receive 
immunosuppressive therapy that usually consists of ATG, 
cyclosporine, and steroids in an attempt to restore normal 
hematopoiesis. Up to 70% of patients will have a response 
by 6 months, but only 30% to 50% will have durable 
responses and remain transfusion independent.538,539 
Additionally, a proportion of patients fail to respond, and 
responders remain at risk for both relapse of SAA and 
evolution to MDS/AML.540,541 The fi rst reports of unre-
lated donor transplants for SAA used preparative regi-
mens similar to those used with sibling donors. The 
results were very discouraging, with graft rejection, 
transplant-related toxicity, and GVHD all being signifi -
cant problems and survival rates under 40%. Incorpora-
tion of TBI into the conditioning regimen decreased the 
incidence of graft rejection and led to better results in 
some reports, although the results were also infl uenced 
by the time from diagnosis to transplantation and the 
associated differences in patient condition, number of 
transfusions, and infectious complications.542 In the era 
of improved HLA typing and better transfusion strate-
gies, attempts have been focused on decreasing the inten-
sity of the conditioning regimen, and encouraging results 
have been reported with cyclophosphamide, ATG, and 
TBI doses as low as 200 cGy.543 The long-term results of 
such approaches, including the durability of donor 
engraftment, remain to be evaluated. As conditioning 
regimens become less intense and survival improves, the 
optimal time to refer SAA patients for unrelated donor 
HSCT becomes less clear.

Myelodysplasia/Juvenile 
Myelomonocytic Leukemia

MDS is a heterogeneous group of clonal stem cell disor-
ders that share a propensity to progress to acute leuke-
mia. Though much more common in the adult population, 
these disorders have been estimated to account for 
approximately 3% of childhood hematologic malignan-
cies. This fi gure may be an underestimate inasmuch as a 
subset of children with de novo AML presumably had 
antecedent MDS.53 The French-American-British (FAB) 
classifi cation system is based on the proportion of leuke-
mic blasts in marrow; most pediatric patients have either 
refractory anemia (RA), refractory anemia with excess 
blasts,492 or RAEB in transformation (RAEB-T). Juvenile 
myelomonocytic leukemia (JMML), a rare disorder of 
infants and young children, shares similarities with MDS, 
and a new classifi cation system has been proposed that 
allocates pediatric patients with clonal myeloproliferative 
diseases to three groups: MDS, JMML, and myeloid 
leukemia of Down syndrome.544 MDS and JMML are 
disorders arising from mutated pluripotent stem cells, 



 Chapter 9 • Principles of Bone Marrow and Stem Cell Transplantation 419

and thus allogeneic HSCT with a related or unrelated 
donor remains the only curative approach. Induction 
chemotherapy before HSCT is not generally recom-
mended for patients with JMML because remission is 
unlikely to be attained and toxicity is high.545 A busulfan- 
versus TBI-based conditioning regimen has been associ-
ated with a lower rate of relapse.546 As transplant-related 
mortality has decreased, survival has improved, with 
recent consortium data reporting an approximately 50% 
5-year DFS rate; relapse remains the greatest obstacle to 
cure.547 Cis-retinoic acid appears to decrease the sponta-
neous proliferation of leukemic progenitor cells in JMML, 
as well as abrogate their selective hypersensitivity to GM-
CSF.548 It is used after HSCT as therapy for minimal 
residual disease, although effi cacy has not been fi rmly 
established.

The role of induction therapy before HSCT for 
MDS is unclear, but about half the patients can achieve 
remission after AML-directed therapy,549 and this 
approach may improve survival in patients with increased 
blasts at diagnosis.545 Conditioning with both TBI- and 
busulfan-based regimens has been used, with most 
studies showing no difference in outcome,550 although 
some favor busulfan.551 Overall, the strongest predictor 
of survival is stage of disease.552 Children who undergo 
transplantation for RA/RAEB have event-free survival 
(EFS) rates of around 70%; patients with RAEB-T were 
fi ve times more likely to relapse.553 Currently, approxi-
mately half of pediatric patients with MDS can be cured, 
and thus allogeneic HSCT should be considered early in 
the disease course.554

Acute Lymphoblastic Leukemia

Although more than three quarters of children with newly 
diagnosed ALL treated with aggressive, multiagent 
therapy will be cured, management of patients with 
certain high-risk features or who have relapsed disease 
remains controversial. There are two situations in which 
allogeneic SCT is considered to be the standard approach 
for children in fi rst remission: children with identifi ed 
high-risk features at diagnosis and children with primary 
induction failure. The consensus of what constitutes a 
high-risk patient is greatest for the approximately 2% of 
children with Philadelphia chromosome–positive (Ph+) 
ALL, who historically have had a dismal prognosis when 
treated with conventional ALL-directed chemother-
apy.555,556 Matched sibling HSCT in fi rst remission sig-
nifi cantly improved survival; a large European cohort 
over a 10-year period found a relative risk of 0.3 for 
relapse or any adverse event with transplantation versus 
conventional chemotherapy557 and DFS rates of higher 
than 60%.558 As in other transplant scenarios, the decrease 
in morbidity and mortality associated with unrelated 
donor transplantation over the past decade has broad-
ened the applicability of this approach. Currently, most 
patients with Ph+ ALL undergo transplantation in fi rst 
remission with the best available donor, with a 5-year 

EFS rate of 50% after mismatched family or unrelated 
donor transplantation.559 The role of transplantation in 
fi rst remission is less clearly delineated for other high-risk 
groups, including patients with the 4 : 11 translocation, 
T-cell ALL, or hypodiploid ALL. Hypodiploidy is known 
to be an adverse prognostic factor. Extreme hypodiploidy 
of less than 44 chromosomes is particularly uncommon 
and confers an even worse prognosis with an EFS rate of 
30%.560 This has led to the inclusion of such patients in 
trials of HSCT in fi rst remission for children with a 
matched family donor and “ultrahigh-risk” features of 
ALL,558,561 although the number of hypodiploid cases is 
too small to make defi nitive statements about the impact 
of HSCT on outcome. The historically poor outcome 
associated with the T-cell phenotype of ALL has been 
abrogated by the intensive chemotherapy that these chil-
dren receive on modern protocols.562 However, there is 
an ongoing attempt to defi ne high-risk patients within 
this group, usually those with some combination of a very 
high white cell count at diagnosis, poor prednisone 
response, or induction failure, and some reports suggest 
that outcome for this subgroup may be improved by 
transplantation in fi rst remisison.563,564 Initial response to 
therapy is becoming an increasingly important prognos-
tic factor for children with ALL,565 and those not in 
remission by the end of induction therapy have an enor-
mous risk of relapse. These children have been included 
in series of high-risk patients, and although the numbers 
are small, it appears that undergoing HSCT if remission 
can be achieved is associated with improved EFS (rate of 
56% versus 26%).563 The 4 : 11 translocation almost 
always implies rearrangement of the MLL gene. It is not 
certain that this abnormality implies a worse outcome in 
children older than 1 year,566 but infants who harbor this 
translocation have an almost fi vefold increase in the risk 
for an adverse event when compared with infants without 
an MLL rearrangement.567 Even within this group further 
distinctions can be made: very young infants with mixed 
lineage leukemia (MLL)+ ALL and a high white cell 
count at diagnosis have an EFS rate of less than 5%.568 
A recent international study of infant leukemia found 
that a poor response to prednisone, in addition to the 
previously mentioned factors, identifi ed those at the 
highest risk.569 It is not defi nitively known whether HSCT 
in fi rst remission can improve outcome in this group; 
however, single-center studies have reported EFS rates 
of less than 60%,570,571 and the current version of the 
international consortium trial is recommending HSCT 
in fi rst remission for these infants. In summary, it appears 
that ALL patients with very high-risk features—whatever 
the specifi cs of the defi nition but virtually always includ-
ing patients who are induction failures or who have the 
Philadelphia chromosome—have a decreased incidence 
of relapse and improved survival when they undergo 
HSCT with stem cells from a matched family donor in 
fi rst remission and that HSCT confers the greatest 
advantage in the patients at highest risk.563 Recent data 
demonstrating equivalent if not better survival of chil-
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dren with relapsed ALL after unrelated donor versus 
sibling HSCT572 make it diffi cult to know the optimal 
approach to therapy for those lacking a matched family 
donor, and a thoughtful discussion of the risks and ben-
efi ts of unrelated donor HSCT versus chemotherapy is 
essential.

Once ALL has recurred, the chance of cure drops 
dramatically. In the late 1980s, the Seattle investigators 
reported their own experience, as well as reviewed the 
existing literature, and concluded that HSCT with stem 
cells from a matched family member cured approximately 
40% of children whereas continued chemotherapy 
resulted in subsequent relapse more than 90% of the 
time.573 Over the intervening years it has been discovered 
that children with relapsed ALL constitute a very hetero-
geneous group. The two strongest predictors of outcome 
in patients with recurrent ALL are the duration of the 
fi rst remission and the site or sites of relapse, and the 
potential effective therapeutic modalities depend heavily 
on these factors. Patients experiencing an isolated bone 
marrow relapse fare more poorly than do those with 
either an isolated extramedullary relapse (usually involv-
ing the CNS or testicles) or those with a combined extra-
medullary/bone marrow relapse. Consequently, most 
children with an isolated extramedullary relapse, particu-
larly if occurring while off therapy, are treated with inten-
sive chemotherapy and radiation therapy delivered to the 
site of relapse rather than allogeneic SCT. This strategy 
results in very good outcomes, with a recent consortium 
trial showing that three quarters of children with a fi rst 
remission of greater than 18 months who experience an 
isolated CNS relapse can be cured with an approach 
using systemic and intrathecal chemotherapy and cranial 
irradiation.574 Patients who experience an early relapse 
(defi ned variably as one occurring during therapy or 
within 18 to 36 months from diagnosis) present one of 
the most diffi cult challenges in ALL therapy. It is clear 
that chemotherapy alone cannot cure these patients, and 
most studies show a survival advantage for sibling 
HSCT.575 Unfortunately, recurrent disease is a major 
obstacle to success, and a recent report of children who 
suffered a bone marrow relapse within 12 months of 
completing therapy found a 3-year EFS rate of approxi-
mately 25% for these patients whether receiving chemo-
therapy, sibling HSCT, or unrelated donor HSCT.576 
Tellingly, over half of the patients had an adverse event 
(death, relapse) within 3 months of attaining second 
remission, and thus achieving suffi cient disease control 
to undergo HSCT complicates evaluation of its effi cacy 
as a modality. Most of the aforementioned studies have 
involved matched sibling donors; as outcomes with alter-
native donors have improved, equivalent results with 
unrelated donor HSCT are now being reported.572,575 In 
summary, it has not been determined which patients with 
ALL in second remission conclusively benefi t from allo-
geneic HSCT. Patients with late isolated extramedullary 
relapses should not undergo transplantation in most 
circumstances. For the remaining groups, there are no 

prospective randomized trials to guide therapy. Some 
children are unable to tolerate the months of intensive 
therapy given in relapse protocols and thus should be 
considered for HSCT.577 Because most studies reveal a 
lower incidence of relapse with transplantation that often 
but not always translates into improved DFS,578,579 the 
risks and benefi ts of transplantation must be carefully 
considered in each situation by balancing type and match 
of available donors, medical condition of the patient, and 
patient and family preference.

Acute Myelocytic Leukemia

Successive clinical trials over the last 25 years have fi rmly 
established the role of intensive postremission therapy in 
the treatment of AML. However, during that time there 
has been much debate about whether allogeneic HSCT 
or intensive chemotherapy without stem cell support is 
the optimum postremission therapy. Allogeneic HSCT 
offers dose intensity and the possibility of a GVL effect. 
Alternatively, intensive chemotherapy without stem cell 
support is feasible for all patients, unlike allogeneic HSCT, 
and confers less risk of acute and long-term toxicity.

The role of allogeneic HSCT in fi rst clinical remis-
sion of AML was initially addressed in a series of prospec-
tive trials in the mid-1980s. In 111 consecutive patients, 
the Seattle group undertook matched sibling allogeneic 
HSCT for patients who had a donor, whereas the remain-
ing patients received conventional intensifi cation. The 
probability of 5-year DFS was 49% for HSCT versus 
20% for chemotherapy alone.580 However, since that time, 
more intensive chemotherapy regimens have been associ-
ated with improved disease control in children and adults 
with AML.581,582 This has again raised the question of 
whether allogeneic HSCT is more effective than intensive 
chemotherapy in the postremission setting. To address 
this issue, the Children’s Cancer Study Group (CCG) 
conducted a large trial of allogeneic HSCT versus chemo-
therapy or autologous HSCT in 652 children and adoles-
cents with AML who achieved remission. At the end of 
induction, patients with fi ve or six HLA antigen–matched 
relatives were allocated to allogeneic HSCT. All others 
were randomized between autologous HSCT with 4-
hydroperoxycyclophosphamide (4-HC) purging of 
marrow or four courses of chemotherapy. The results of 
this trial showed that the outcome with allogeneic HSCT 
was superior to either chemotherapy or autologous 
HSCT.581 For patients treated with an intensive induction 
regimen, the DFS rate with allogeneic HSCT was 66% 
versus 53% with chemotherapy and 48% with autologous 
HSCT.581 These data underscore the benefi t of both 
intensive induction chemotherapy and fi rst-remission 
matched sibling donor HSCT in the management of 
newly diagnosed AML for many patients.

Subsequent studies have attempted to identify 
patients at increased risk for poor outcomes with chemo-
therapy alone who would thus derive most benefi t from 
HSCT in fi rst remission. In the pediatric population the 
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consistent prognostic indicators are response to initial 
induction therapy and cytogenetic markers.583,584 The 
Medical Research Council (MRC) AML 10 trial found 
5-year survival rates of 67%, 65%, and 23% in patients 
who respectively achieved complete remission, achieved 
partial remission (5% to 15% blasts), and had residual 
disease.583 Relapse rates in these groups were 34%, 38%, 
and 87%. This and other studies stratifi ed patients accord-
ing to favorable, intermediate, and adverse karyotypic 
abnormalities. Favorable karyotypic abnormalities include 
t(8;21), inv(16), t(15;17), and in some studies, t(9;11) 
and t(16;16).583-586 Adverse abnormalities include −5, −7, 
del(5q), abn(3q), and complex karyotypes.586 Patients 
with neither favorable nor high risk are considered inter-
mediate risk. In the MRC AML 10 trial, patients with 
favorable and intermediate karyotypic abnormalities had 
survival rates of 76% and 52%, with relapse rates of 34% 
and 44%. This was compared with survival and relapse 
rates of 40% and 61% in patients with adverse karyo-
types.583 The MRC combined cytogenetics and response 
to initial therapy to delineate good-, standard-, and poor-
risk groups in the MRC 10 trial. The good-risk group 
included patients with favorable karyotypes or FAB type 
M3, irrespective of response status after one course of 
chemotherapy or the presence of other karyotypic abnor-
malities. The standard-risk group included patients in 
neither the good- nor poor-risk groups. The poor-risk 
group included patients with adverse karyotypic abnor-
malities or with resistant disease in the absence of favor-
able karyotypic abnormalities and not FAB M3.583 There 
was no signifi cant difference in the percentage of deaths 
during fi rst complete remission between any of the 
groups.582 There were, however, signifi cant differences 
between the good-, standard-, and poor-risk groups in 
regard to relapse-free survival rate (65%, 62%, and 36%), 
DFS rate (59%, 54%, and 32%), survival from relapse 
(61%, 17%, and 0%), and 7-year survival rate from com-
plete remission (78%, 60%, and 33%). The 61% salvage 
rate after relapse in the good-prognosis group suggested 
that HSCT in the fi rst complete remission may be inap-
propriate for this group. Though not assessed in the MRC 
trial, patients with an activating FLT3 mutation have been 
shown to have a poor pro gnosis and benefi t from HSCT 
in fi rst remission.587 Although specifi c defi nitions of risk 
groups differ between protocols, current AML trials rec-
ommend HSCT based on risk group, and ongoing trials 
from the Children’s Oncology Group (COG) and St. 
Jude Cancer Research Center recommend chemotherapy 
only for patients in low risk groups and HSCT for inter-
mediate risk only if a family donor is available. HSCT is 
recommended for high-risk patients even in the absence 
of a related donor.

Autologous HSCT has been studied for patients who 
have no allogeneic donor. In many trials, autologous 
marrow was purged of residual leukemic cells with 4-HC, 
although no direct benefi t of this technique has been 
proved. Trials in adults and adolescents with AML sug-
gested that autologous HSCT might offer additional 

therapeutic effi cacy over chemotherapy.549,588 Pediatric 
trials and a recent meta-analysis did not demonstrate any 
advantage to this modality in patients in fi rst complete 
remission, and data are insuffi cient to assess the infl uence 
of AML subclass on outcome.589-593

In most studies of patients with relapsed AML, the 
duration of fi rst remission is strongly predictive of 
outcome, with 10% to 20% DFS rates in patients relaps-
ing less than 1 year after diagnosis regardless of the treat-
ment modality used.594,595 Early studies reported DFS 
rates of up to 30% for those undergoing allogeneic trans-
plantation in untreated fi rst (“early”) relapse.596,597 In 
contrast, a more recent report of 379 adults with relapsed 
or refractory AML found the DFS rate of patients who 
underwent transplantation in untreated fi rst relapse to be 
no better than 13%.598 Patients with treatment-refractory 
disease had an equivalently poor prognosis. However, the 
DFS rate in patients who were are able to attain a second 
remission was signifi cantly better at 32%. The outcome 
of children with relapsed AML was studied by the MRC 
Childhood Leukemia Working Party.594 Of the 81 patients 
in whom curative therapy was attempted, 69% went into 
a second remission. Approximately two thirds of these 
patients were consolidated with allogeneic HSCT, with a 
survival rate of 44% at 3 years. Although this was not 
a randomized study, patients treated with HSCT had a 
longer duration of second remission that did those treated 
with chemotherapy alone.594 These data support the 
use of allogeneic HSCT in the treatment of relapsed 
AML, especially for patients who can achieve a second 
remission.

Chronic Myelogenous Leukemia

CML is a proliferative stem cell disorder arising from a 
translocation (9;22) known as the Philadelphia chromo-
some. The only curative therapy is allogeneic transplanta-
tion. However, with the advent of targeted molecular 
therapies such as imatinib, a tyrosine kinase inhibitor 
(TKI), daily administration of an oral agent can control 
the disease for years, if not longer, with minimal side 
effects. As a result, the role of HSCT with the attendant 
short- and long-term toxicities is being redefi ned. The 
majority of the literature on both HSCT and TKI therapy 
refl ects studies in adults, where current practice is to use 
TKI as initial therapy in virtually all patients with chronic-
phase CML.599 The risk-benefi t profi le is different in the 
pediatric population, and in the largest pediatric series to 
date, patients receiving either matched sibling (n = 182) 
or unrelated donor (n = 132) HSCT had a 63% and 56% 
DFS rate, respectively. The best outcome was observed 
in those going to transplantation in the fi rst chronic phase 
and within 6 months of diagnosis; the DFS rate with a 
sibling donor for that cohort was 73%.600 Given these 
data and newer studies showing outcomes to be virtually 
identical with sibling or unrelated donors for pediatric 
leukemia patients, it is still reasonable to offer HSCT as 
the fi rst therapeutic intervention for pediatric patients 
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with a sibling or fully matched unrelated donor. Alterna-
tively, imatinib could be started at the time of diagnosis 
with careful monitoring of disease response. Recent data 
allow response to imatinib at specifi c time points to be 
categorized as “failures,” and such patients should be 
offered alternative therapies.599,601 In young patients, 
whether this next intervention is allogeneic HSCT or a 
trial of second-generation TKIs depends on donor avail-
ability and physician, family, and patient assessment of 
the risks and benefi ts attendant on both strategies. There 
is some concern that pretreatment with a TKI could have 
an adverse impact on HSCT outcome, but this does not 
seem to be a problem, provided that imatinib is discon-
tinued at least 2 weeks before transplantation.602 Rarely, 
patients with CML are initially seen in accelerated phase 
or in myeloid or lymphoid blast crisis. Chemotherapy is 
administered to try to regain stable phase. Allogeneic 
HSCT can then offer curative therapy for up to 40% of 
patients.59,603 Whether the addition of imatinib before or 
after HSCT can improve outcome for this group is 
unknown.

For patients undergoing HSCT, careful monitoring 
of disease status remains an essential component of post-
transplant care. Relapse detected early at the cytogenetic 
or molecular level responds extraordinarily well to donor 
lymphocyte infusion (DLI). Currently, most patients 
receive escalating doses of CD3+ T cells in an attempt 
to achieve disease control without inducing GVHD.604 
The role of TKI in post-HSCT recurrence—either 
alone or in combination with DLI—is still being 
elucidated.605,606

Hodgkin’s and Non-Hodgkin’s Lymphoma

Autologous HSCT has been used in children with 
Hodgkin’s disease (HD) or aggressive non-Hodgkin’s 
lymphoma (NHL) who either relapse or have refractory 
disease after initial treatment with conventional therapy. 
Both TBI-based and chemotherapy-only approaches 
have been used with equal success. There has been 
increasing consensus about the use of autologous PBSCs 
versus bone marrow as the stem cell source based on 
the favorable engraftment characteristics for neutrophils 
and platelets.607 The potential of high-dose therapy 
with autologous rescue to salvage pediatric patients with 
Burkitt’s lymphoma was established in 1986, when a 5-
year French experience demonstrated approximately a 
50% DFS rate.608 Similar results in children with Burkitt’s 
and large cell lymphoma (LCL), as well as HD, have 
been reported more recently from other European centers 
and in larger combined pediatric and adult series.609-612 
Paralleling the fi ndings in adult patients with lymphoma, 
DFS is most consistently predicted by the presence of 
chemotherapy-sensitive disease; long-term survival is 
unlikely in those with bulky disease at the time of 
HSCT.613 The addition of rituximab before or after 
HSCT (or both) for B-cell lymphomas may further 

improve outcome in this group of patients.614,615 As for 
T-cell acute lymphoblastic leukemia (T-ALL), allogeneic 
HSCT is the standard approach for refractory or relapsed 
T-cell lymphoblastic lymphoma if remission can be 
attained.616

There has also been interest in the role of allogeneic 
HSCT in the treatment of relapsed/refractory NHL and 
HD. Retrospective case-controlled studies in adult/pedi-
atric series suggest comparable results. A prospective trial 
revealed a lower relapse rate in those undergoing alloge-
neic BMT but no overall survival advantage because of 
signifi cant transplant-related mortality. As seen in patients 
undergoing autologous HSCT, chemosensitivity before 
transplantation was the major prognostic factor for 
outcome.617 The advantage conferred by an allogeneic 
stem cell source may be dependent on the type of lym-
phoma; a recent study of pediatric patients with anaplas-
tic LCL reported a remarkable 75% DFS rate, with 
successes even in patients relapsing after autologous 
HSCT.618 Whether the decrease in relapse rate seen in 
these studies refl ects a graft-versus-lymphoma effect or 
merely the infusion of uncontaminated stem cells is not 
clear.619 Characterization of patients at particularly high 
risk for failure should allow better delineation of which 
patients could benefi t from an allogeneic transplant—
either alone or as a tandem approach after autologous 
transplantation620—despite the increase in transplant-
related mortality and the risk of cGVHD.

Neuroblastoma and Other Solid Tumors

The most extensive HSCT experience with pediatric 
solid tumors is in patients with advanced-stage neuro-
blastoma (see Chapter 14 of Oncology of Infancy and 
Childhood). Historically, patients receiving conventional 
doses of chemotherapy almost always succumbed to 
disease. In 1999, a landmark trial showed a signifi cant 
improvement in DFS (34% versus 22%) for patients 
randomized to consolidation with autologous BMT 
versus continued intensive nonmyeloablative chemother-
apy.621 Because regimen-related toxicity was acceptable 
and dose intensifi cation appeared to have an impact on 
DFS, sequential or “tandem” transplants with the use of 
two622 or three623 cycles of non–cross-resistant agents 
over a short period of time along with autologous PBSC 
support have been investigated. It appears that such 
approaches can further improve outcome, with a reported 
3-year DFS rate of 58%622 and an estimated DFS rate of 
45% at 7 years from diagnosis.624 Relapse remains a sig-
nifi cant problem primarily at diffuse osseous sites. Neu-
roblastoma cells marked in the stem cell product have 
been identifi ed at sites of relapse,159 and a variety of posi-
tive and negative selection techniques have been used to 
purge the stem cells before reinfusion, although none 
have been defi nitively shown to have an impact on 
outcome; profound depletion of T cells from the graft 
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has, however, resulted in an increase in life-threatening 
viral infections.625 Currently, the role of targeted radio-
nuclides such as metaiodobenzylguanidine (MIBG) is 
being investigated. MIBG has shown encouraging results 
in children refractory to conventional approaches, and 
hepatotoxicity and myelosuppression have been the main 
toxicities; frequently, autologous stem cell infusion is 
required after this therapy.626 Allogeneic transplantation 
has been evaluated in several small series but does not 
appear to have a favorable impact on survival.627 Therapy 
for minimal residual disease after HSCT is essential, with 
cis-retinoic acid being the most thoroughly evaluated,621 
although potentially more toxic approaches such as anti-
body therapy are currently under investigation.628 Most 
children undergoing autologous HSCT for neuroblas-
toma are very young, and there has been concern about 
the quality of life after this intensive therapy. However, 
the literature suggests that most survivors of this previ-
ously almost uniformly fatal disease are neuropsychologi-
cally intact.629,630 Survivors are at risk for a variety of 
medical complications, the most common being short 
stature, gonadal failure, and hearing loss (seen in three 
fourths of patients)631 and must be closely monitored by 
appropriate specialists to optimize outcome.

The role of high-dose therapy with autologous PBSC 
rescue for brain tumors is still being evaluated. The 
literature is most extensive for tumors with a clear 
dose-response curve, such as medulloblastoma/primary 
neuroectodermal tumor (PNET) and germ cell tumors.632-

634 HSCT is most often used in the setting of recurrent 
disease but is occasionally used at the time of fi rst remis-
sion in patients with adverse prognostic features or in 
very young children in an attempt to avoid radiation 
therapy.635 EFS rates range from 30% to 50%, and as is 
the case for most conditions treated with autologous 
HSCT, those in remission at the time of transplantation 
fare best. Ongoing consortium trials hope to standardize 
therapy and further understand which patients can 
benefi t from this therapeutic approach.

Small single-institution series have been published 
on the use of either allogeneic or autologous HSCT for 
other nonhematologic malignancies. Some promise in 
terms of response rate has been observed for patients 
with sarcomas who have both minimal residual and che-
mosensitive disease, but the generalizability and durabil-
ity of these responses will need to be established before 
widespread application can be supported.

TRANSPLANTATION IN PATIENTS WITH 
GENETIC DISEASES

Allogeneic SCT has increasingly been evaluated as a 
potentially curative approach for children with inherited 
diseases. The most common inherited diseases that have 
been treated with SCT are reviewed.

Immunodefi ciency Disorders

Severe Combined Immunodefi ciency 
Syndromes

Since the late 1960s, allogeneic BMT has been success-
fully used to cure children with a number of lethal immu-
nodefi ciency diseases (Box 9-3), including SCID and 
Wiskott-Aldrich syndrome (WAS). SCID is a clinical 
syndrome arising from a variety of genetic abnormalities 
that all result in profound defi ciencies in T-cell function. 
Depending on the specifi c genetic abnormality, B-
lymphocyte and NK-cell number and function will be 
affected as well.636 In classic X-linked SCID there is 
profound T-cell lymphopenia and a variable number of 
nonfunctioning B cells, whereas patients with adenosine 
deaminase defi ciency lack B cells, T cells, and NK cells. 
Autosomal recessive SCID phenotypes have different 
combinations of B- and NK-cell presence. Without ques-
tion, conventional matched sibling allogeneic HSCT for 
SCID is one of the major success stories of transplanta-
tion. Unlike the situation in most transplant settings, 
because of the underlying immunologic defect, SCID 
patients with a matched sibling donor do not necessarily 
require conditioning. After infusion of genotypically 
matched donor stem cells without cytoreduction, immune 
reconstitution will take place within several weeks, and 
evidence of good lymphocyte function will be apparent 
by 2 to 3 months.637 Signifi cant aGVHD or cGVHD is 
uncommon. Dramatically improved long-term survivor-
ship from the range of approximately 50% in the 1970s 
to greater than 90% currently appears attributable to 
more rapid and precise diagnosis, followed by transplan-
tation in patients at a younger age and in better condi-
tion, and to improved supportive care for the associated 
infectious complications.638,639

The optimal approach for children lacking a matched 
sibling donor is less clear, and two different strategies 
have been used: T-cell–depleted haploidentical transplan-
tation generally using a parent as the donor or, more 
recently, transplantation from a matched unrelated donor. 

Box 9-3  Immunodefi ciency Disorders Treated by 
Stem Cell Transplantation

Classic severe combined immunodefi ciency disease (B−)
Common severe combined immunodefi ciency disease (B+)
Adenosine deaminase defi ciency
Reticular dysgenesis
Omenn’s syndrome
Severe combined immunodefi ciency disease associated 

with short-limbed dwarfi sm and ectodermal dysplasia
Familial erythrophagocytic lymphohistiocytosis
HLA class II defi ciency (bare lymphocyte syndrome)
Purine nucleoside phosphorylase defi ciency
X-linked lymphoproliferative disease
Leukocyte adhesion defi ciency (CD11/18 defi ciency)
Wiskott-Aldrich syndrome
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Early experience with haploidentical HSCT was ham-
pered by graft rejection, frequent severe GVHD, and 
opportunistic infection, which resulted in poor long-term 
survival. The development of T-cell depletion protocols 
improved the outcomes for haploidentical noncondi-
tioned HSCT. The advantage of this approach is that 
neither cytoreductive therapy nor GVHD prophylaxis is 
needed, and thus peritransplant mortality is low. T-cell 
function usually takes several months to appear, patients 
generally do not have B-cell function mandating lifelong 
IVIG replacement, and graft rejection necessitating a 
second or even third transplant occurs in approximately 
20% of patients. Buckley reported her 30-year experience 
using with approach and achieved a 78% survival rate. 
T-cell function normalized and was most robust in chil-
dren who were diagnosed early and underwent transplan-
tation within the fi rst 28 days of life.640 There is some 
concern about the longevity of T-cell function inasmuch 
as markers of ongoing thymic-dependent T-cell produc-
tion diminished markedly when evaluated years after 
HSCT.641,642 This has led, particularly in Europe, to the 
more frequent adoption of complete cytoreduction and 
the use of matched unrelated donors as a stem cell source 
for patients lacking a matched sibling donor. This 
approach allows the development of a fully functional 
donor immune and hematopoietic system. These advan-
tages must be weighed against the time taken to identify 
an unrelated donor and the risk of GVHD, the increased 
risk of acute infectious morbidity and mortality associ-
ated with myeloablative therapy, and long-term sequelae, 
including the likelihood of infertility. Recent reports indi-
cate that use of an unrelated donor confers a survival 
advantage over mismatched related donors (80% versus 
52%), as well as improved reconstitution of a full T-cell 
repertoire.639 The role of nonmyeloablative HSCT and 
the ability of this approach to decrease acute toxicity and 
mitigate long-term sequelae is being investigated but may 
be a particularly attractive option in children with severe 
organ dysfunction at the time of HSCT.643-645

Wiskott-Aldrich Syndrome

WAS is an X-linked disorder in which progressive T-cell 
immunodefi ciency is associated with eczema, small plate-
lets, and absolute thrombocytopenia. The pathogenesis 
of this disorder is associated with aberrant expression of 
the WAS protein, which is involved in cytoskeletal orga-
nization, as well as T- and NK-cell activation.646 This 
disorder is reviewed in detail in Chapter 23. As with 
SCID, matched sibling allogeneic SCT was fi rst under-
taken in children with WAS in the late 1960s, and full 
correction of the hematologic manifestations was reported 
in 1978.647 Both TBI- and busulfan-based regimens have 
been used successfully in conditioning patients with 
WAS, and the reported survival rate of almost 90% in 
patients with matched sibling donors is among the best 
of any patient cohort undergoing allogeneic SCT.648-651 
This approach was thus extended to patients with mis-
matched family or unrelated donors. Early reports were 

not encouraging, with survival rates of less than 40% and 
signifi cant problems related to graft rejection and the 
development of post-transplant B-cell lymphoprolifera-
tive disease.652-654 Recent data have been more encourag-
ing.655,656 In a review of the National Marrow Donor 
Program (NMDP)/IBMTR registry cases, Filipovich and 
associates found that 85% of boys receiving an unrelated 
donor transplant before the age of 5 survived, an outcome 
similar to that seen with sibling donors. In addition, 
cGVHD was limited in severity and ultimately completely 
resolved in most affected children.655 Thus, most children 
affl icted with WAS are now expeditiously referred for 
transplantation from the best available donor, with a pal-
liative approach consisting of splenectomy and chronic 
IVIG administration being used only in rare cases.

Inherited Hematopoietic Disorders

Thalassemia
Thalassemia major (or Cooley’s anemia) is the most 
common transfusion-dependent anemia in the world. 
Chronic transfusion therapy and chelation to prevent the 
associated iron overload have modifi ed the natural history 
of thalassemia and transformed a disease that was uni-
formly fatal in early childhood into a chronic process with 
progressive end-organ dysfunction.657,658 Over time, even 
medically compliant patients are at risk for complica-
tions, including endocrine dysfunction, hepatic cirrhosis, 
cardiac disease, and transfusion-associated viral infec-
tions. In the developed world with sophisticated medical 
management, life expectancy is 25 to 55 years, depending 
mostly on compliance with chelation therapy, but in the 
developing world, the majority of patients still die before 
their third decade of life.658,659

Successful application of HSCT as a curative 
approach for thalassemia major was fi rst reported in 
1982.660 Subsequently, a very large experience reported 
by Lucarelli and co-workers49 unquestionably established 
the feasibility of SCT for thalassemia, and more than 
2000 patients worldwide have received transplants,661 the 
overwhelming majority from a matched sibling donor 
using a busulfan-based conditioning regimen.662 The 
Pesaro classifi cation system, based on the presence of 
hepatic fi brosis as assessed by liver biopsy, the degree of 
hepatomegaly (an uncertain measurement), and a history 
of inadequate chelation, allows risk stratifi cation of poten-
tial transplant patients younger than 17 years. Class I 
patients have no risk factors, class 2 patients have one or 
two risk factors, and class 3 patients have all the risk 
factors. The probabilities of overall survival, EFS, and 
graft rejection for patients undergoing HSCT from a 
matched family donor were 94%, 94%, and 0%, respec-
tively, for class I patients and 80%, 77%, and 9% for class 
2 patients. Class 3 patients had only a 53% thalassemia-
free survival rate because of increased graft rejection and 
transplant-related mortality.49,663 Newer approaches with 
increased immunosuppression using any combination of 
hydroxyurea, azathioprine, and fl udarabine have yielded 
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improved results for class III patients, with a thalassemia-
free survival rate of 80% in patients younger than 17 
years.664 Post-HSCT management of preexisting hepatic 
and cardiac iron overload and viral infections is essential 
for optimal outcome and may allow cirrhosis to be 
reversed.665,666 Positive effects on bone mineral density in 
children may also occur.667 Although matched sibling 
HSCT is undoubtedly effi cacious, the decision to pursue 
aggressive chelation strategies versus accepting the short- 
and long-term risks associated with HSCT remains dif-
fi cult and should occur on an individual basis after 
consultation with both hematologists and transplant phy-
sicians. Historically, HSCT from an unrelated donor had 
a dismal prognosis in this disease,661 and HSCT was 
considered only if a suitable family donor was available. 
However, improvements in HLA typing and supportive 
care have had a global impact on transplant outcomes 
with unrelated donors, and thus HSCT may now be a 
reasonable option for selected patients with fully matched 
donors. As with sibling donors, the best results occur in 
those with less advanced disease, and thalassemia-free 
survival rates of 80% to 100% for class 1 or 2 patients 
have been reported in small series.668,669

Sickle Cell Disease

Allogeneic HSCT offers a curative approach for patients 
with sickle cell disease (SCD). Because the clinical course 
of SCD is highly variable and, particularly with the advent 
of pneumococcal prophylaxis, childhood morbidity and 
mortality are low, it is diffi cult to know which patients 
should undergo HSCT. Initial studies offered HSCT to 
the subgroup of patients with the most life-threatening 
or debilitating symptoms: those with stroke, recurrent 
acute chest syndrome, or recurrent painful crises. In the 
seminal report by Walters and colleagues, the DFS rate 
after busulfan-based myeloablative conditioning was 
73%, and the overall survival rate was 91% at 4 years; 
end-organ damage was stabilized in patients with sus-
tained donor engraftement.670 Improved management of 
transplant complications in general and increased atten-
tion to SS-specifi c toxicities (additional immunosuppres-
sion to decrease graft rejection, antiseizure prophylaxis, 
strict management of hypertension) have resulted in con-
sistent gains in cure rates,671 with EFS rates of greater 
than 95% in patients who underwent transplantation 
after January 2000.672 Newer approaches such as the use 
of hydroxyurea to decrease the risk of graft rejection by 
infl uencing pretransplant bone marrow cellularity673 or 
the use of a nonmyeloablative approach to decrease 
transplant-related morbidity and mortality674 or even pre-
serve fertility remain to be evaluated.

HSCT has historically been considered only for 
patients who have an available matched sibling donor. A 
multi-institutional survey of factors having an impact on 
the use of HSCT in this population found that less than 
15% of affected children had an acceptable sibling 
donor.670 The role of unrelated donor HSCT in patients 
with the most severe manifestations of disease or in those 

unable to receive long-term transfusion therapy is 
unknown, but multi-institutional trials are currently 
being developed.675 Unrelated umbilical cord donors are 
a theoretically attractive option given the decreased inci-
dence of GVHD and the ability to use donors who have 
greater HLA disparity. Small numbers of transplants 
have been reported with successful outcomes, although 
both GVHD and graft rejection remain obstacles to 
widespread use.676

The choice to proceed to matched sibling HSCT 
remains complicated, particularly if the disease manifes-
tations are moderate or intermittent. No prospective 
randomized trials are available to inform the decision, 
and therapy with hydroxyurea, chronic transfusion, and 
HSCT each have associated risks and benefi ts. HSCT 
clearly has the highest upfront risk but also offers the only 
curative modality. The Belgian experience illustrates that 
children who undergo transplantation at a young age 
before signifi cant complications occur do best, with a 
DFS rate of 93% and overall survival rate of 100%,677 
and serious late complications of SS disease affecting 
long-term survival, such as pulmonary hypertension, 
continue to be identifi ed. Unfortunately, even in the 
reports of HSCT showing the most favorable outcomes, 
patients are likely to be infertile,678 and the risk for 
extensive cGVHD is low but real.672 Patients (when 
of an appropriate age) and parents must be aware of 
the possible therapeutic options so that they can be 
informed and active participants in the decision-making 
process.679

Fanconi’s Anemia

Fanconi’s anemia (FA) is an autosomal recessive disorder 
clinically characterized by a highly variable physical phe-
notype, progressive marrow failure, and a marked pro-
pensity for the development of AML and certain solid 
tumors (see Chapter 8). HSCT can be curative for the 
hematologic manifestations of FA, but early experience 
revealed excessive regimen-associated morbidity and 
mortality, and in vitro studies confi rmed hypersensitivity 
to alkylating agents and radiation.680,681 The development 
of specialized conditioning regimens mostly using low 
doses of both cyclophosphamide and radiation has 
spurred the application of HSCT as a treatment option, 
and results with HLA-identical sibling donors are excel-
lent if performed early in life before the development of 
MDS or leukemia,682,683 with 2-year DFS rates as high as 
95%.684 In addition, the fi rst reported transplant using 
UCB as a stem cell source was successfully undertaken 
in a child with FA by using cells from an HLA-identical 
sibling.133

In contrast, the outcome with alternative donors has 
been markedly worse, with survival rates of approximately 
30%685-687; graft failure and GVHD were the major obsta-
cles. In a recent review of 98 FA patients undergoing 
unrelated donor HSCT, patients younger than 10 years 
who had fewer than 20 transfusions and received a 
fl udarabine-containing regimen and T-cell–depleted 
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marrow allografts had better outcomes, with a 3-year 
survival rate of 52%.688 Thus, the prognosis for FA 
patients undergoing alternative donor SCT has greatly 
improved over time, and early referral for discussion of 
HSCT is indicated for patients with marrow failure. Data 
are limited on the use of HSCT in FA patients in whom 
frank leukemia has developed. Anecdotal reports suggest 
that there are occasionally long-term survivors, but death 
from regimen-related toxicity or leukemic relapse is the 
norm. Recent reports suggesting that these children can 
tolerate cytoreductive therapy before HSCT may ulti-
mately lead to better outcomes.689 Although HSCT can 
restore normal hematopoiesis, meticulous follow-up of 
these patients is essential because they retain a signifi cant 
risk for the development of solid tumors, particularly 
squamous cell carcinomas of the upper gastrointestinal 
tract and anogenital region. The peak incidence is in the 
second and third decades of life, and it is unclear whether 
the preparatory regimen for HSCT increases the under-
lying risk inherent in the disease.690,691

Diamond-Blackfan Anemia

Diamond-Blackfan anemia (DBA) is a rare heritable 
condition manifested as pure red cell aplasia as a result 
of an intrinsic erythroid progenitor defect. Approximately 
a third of patients have associated physical abnormalities, 
including short stature, cardiac or urogenital abnormali-
ties, cleft palate, and microcephaly.692 Haploinsuffi ciency 
of ribosomal protein S19 (RPS19) is seen in 20% to 
25% of patients. DBA is generally diagnosed in the fi rst 
months of life and is characterized by anemia, macrocy-
tosis, and reticulocytopenia (see Chapter 8). Although 
approximately two thirds of children initially respond to 
corticosteroid therapy, signifi cant numbers either fail to 
respond or lose response over time.693 The toxicity of this 
approach, whether sequelae of chronic transfusions or 
prolonged corticosteroid and cyclosporine use, is signifi -
cant, in addition to the potential for leukemia developing 
in early to mid adulthood.693 Although responses may 
wax and wane, 15% to 25% of children may obtain a 
durable spontaneous remission.694 Allogeneic HSCT can 
offer a curative option. The fi rst transplant was performed 
in 1976,695 and of the 354 patients registered in the DBA 
registry of North America, 20 have undergone HSCT 
from family or unrelated donors.696 Transplants using 
matched sibling donors were performed with a non–radi-
ation-based regimen and resulted in an 87% DFS rate. 
Patients undergoing alternative donor transplantation 
fared poorly, with a 14% survival rate. Sixty-one patients 
with DBA who underwent HSCT were reported to the 
IBMTR between 1984 and 2000. The 3-year survival rate 
was 64%, and having a matched sibling donor and a 
performance status of at least 90% before HSCT con-
ferred the best prognosis.697 More recently, the Japanese 
Aplastic Anemia Registry reported a 100% 5-year sur-
vival rate in 13 patients with DBA who received an allo-
geneic transplant from either sibling or unrelated bone 
marrow donors; however, 3 of 3 patients receiving unre-

lated cord blood transplants experienced graft failure.698 
Thus, transplantation from a suitable bone marrow donor 
is a reasonable option, particularly patients who fail to 
have a sustained response to steroids.

Granulocyte Platelet and 
Macrophage Disorders

Limited numbers of patients with a variety of qualitative 
and quantitative disorders of myeloid cell function have 
achieved successful reconstitution of hematopoietic cells 
with allogeneic SCT, usually with a busulfan-based 
regimen (Box 9-4; also see specifi c diseases in Chapter 
21). HSCT has been used successfully for both quantita-
tive granulocyte disorders such as severe congenital neu-
tropenia (SCN or Kostmann’s syndrome) and qualitative 
disorders such as leukocyte adhesion defi ciency (LAD), 
Chédiak-Higashi syndrome (CHS), and chronic granu-
lomatous disease (CGD). Patients with SCN have a 21% 
cumulative incidence of MDS/AML and an 8% cumula-
tive incidence of mortality from sepsis at 10 years.699 
Those who do not respond to G-CSF and those in whom 
clonal hematopoiesis develops should proceed expedi-
tiously to HSCT. The SCN registry reported 9 of 11 
long-term survivors after related or unrelated HSCT, 
with 1 survivor having signifi cant cGVHD.700 Patients 
with LAD or CD11/CD18 defi ciency have impaired neu-
trophil adhesion, migration, and phagocytosis, and severe 
infections usually develop early in life. HSCT with related 
or unrelated donors can be curative.701,702 Patients with 
stable-phase CHS may have minimal symptoms but 
usually progress to an accelerated phase in the fi rst or 
second decade of life. Acceleration is characterized by 
pancytopenia, hepatosplenomegaly, and serious infec-
tions and is uniformly fatal. HSCT offers a curative 
option even when patients remain chimeric, and as in 
other transplant settings, patients with less advanced 
disease have improved outcomes.703,704 Medical manage-
ment of CGD has dramatically improved survival, but 
HSCT may still be appropriate in patients experiencing 
recurrent severe infections. After myeloablative condi-
tioning, 22 of 27 patients were cured.705 Active infection 
at the time of HSCT was associated with severe GVHD 
and a worse outcome, so thorough pretransplant evalua-
tion and treatment are essential.

Single-patient reports and small series indicate that 
HSCT can be curative in patients with congenital platelet 
disorders, including amegakaryocytic thrombocytopenia 

Box 9-4  White Blood Cell Disorders Treated by 
Stem Cell Transplantation

Chédiak-Higashi syndrome
Kostmann’s syndrome
Chronic granulomatous disease
CD11/18 defi ciency (leukocyte adhesion defi ciency)
Neutrophil actin defects
Shwachman-Diamond syndrome
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and severe forms of Glanzmann’s thrombasthenia. Most 
patients had matched sibling donors and received a 
busulfan-based conditioning regimen. The overall results 
are encouraging, but regimen-related deaths do occur, 
and thus the risks associated with HSCT should be bal-
anced against the risks of bleeding episodes and chronic 
transfusion therapy.706-708

Primary hemophagocytic lymphohistiocytosis is the 
most common congenital macrophage disorder. It is 
inherited in an autosomal recessive manner and is a 
disease of infancy or early childhood. Patients have fever, 
hepatosplenomegaly, and pancytopenia as a result of 
abnormal proliferation of macrophages and accumula-
tion in the liver, spleen, bone marrow, and CNS. Remis-
sion may be attained with immunomodulation consisting 
of steroids, cyclosporine, and epipodophyllins, but allo-
geneic HSCT is the only curative modality.709 As with 
other diseases, once HSCT from matched related donors 
was shown to be feasible,52 the treatment was extended 
to unrelated donors, usually with a busulfan, etoposide, 
and cyclophosphamide conditioning regimen, and DFS 
rates of 45% to 65% were achieved.710-712 Children who 
were in remission after pretransplant therapy did best, 
but cures were still seen in the setting of some degree of 
disease activity at HSCT. Newer approaches include the 
use of reduced-intensity conditioning, and a small series 
reported a 75% DFS rate at a median of 30 months after 
HSCT; interestingly, three of the nine survivors showed 
mixed chimerism, albeit with high-level T-cell engraft-
ment, thus suggesting that as with other immunodefi -
ciencies, restoration of T-cell function versus complete 
myeloablation may suffi ce for cure.713

Osteopetrosis

This rare disorder of osteoclast dysfunction leads to an 
inability to resorb and remodel bone and the resulting 
formation of excessive mineralized osteoid and cartilage. 
Infantile or “malignant” osteopetrosis is inherited in an 
autosomal recessive manner and causes a severe pheno-
type. In addition to poor growth and bony encroachment 
on optic and other cranial nerve foramina causing vision 
and hearing impairment, eradication of the marrow space 
ensues with progressive pancytopenia.714 Murine studies 
revealed that osteoclasts arise from hematopoietic pre-
cursors of the monocytic lineage, and disease reversal was 
accomplished by engraftment of bone marrow from unaf-
fected animals.715 Successful HSCT in humans was fi rst 
reported in 1977, and its applicability has subsequently 
been shown in many reports,716-718 mostly using a 
busulfan-based conditioning regimen. Recently, the 
European Group for Blood and Marrow Transplantation 
(EBMT) reported the long-term outcome of 122 chil-
dren undergoing allogeneic HSCT between 1980 and 
2001.719 The 5-year DFS rate was 73% in those receiving 
transplants from an HLA-identical sibling versus approx-
imately 40% in those receiving transplants from mis-
matched family donors or matched unrelated donors. 
The major causes of failure were lack of engraftment, 

attributed in part to disruption of the underlying marrow 
microenvironment, and pulmonary complications, par-
ticularly pulmonary hypertension. Conservation of vision 
was most likely in those who underwent transplantation 
before 3 months of age. Patients, especially those older 
than 2 years at transplantation, are at risk for hypercal-
cemia as engraftment occurs, and therefore meticulous 
monitoring of calcium levels is essential in the peritrans-
plant period.718 At present, HSCT is the only curative 
option, although calcitriol,720 interferon gamma,721 and 
prednisone722 have been used to slow progression or 
ameliorate symptoms, or both. Donor identifi cation and 
subsequent HSCT should occur expeditiously as soon as 
the diagnosis is confi rmed because neurologic impair-
ment can occur rapidly and may be irreversible, even with 
successful hematopoietic engraftment.

Storage Disorders

Storage disorders are characterized by accumulation of 
substrate due to an underlying enzymatic defi ciency. This 
disrupts cellular function and leads to organ impairment. 
Historically, few treatment options other than palliative 
and supportive modalities have been available. More 
recently, the availability of alglucerase (Ceredase) enzyme 
infusion has dramatically altered the course of patients 
with Gaucher’s disease.723 Although similar inroads have 
not yet been made in other diseases, the concepts of gene 
transfer and somatic cell therapy, as well as infusion of 
enzymes produced by recombinant techniques, are being 
investigated in animal models of specifi c diseases. The 
rationale for SCT as a therapeutic maneuver is based on 
the assumption that the most severely affected cell popu-
lation is hematopoietic in origin or that suffi cient transfer 
of enzyme via enzyme-replete cells can prevent subse-
quent as well as reverse existing damage. However, the 
capacity for repair or arrest of damage to affected organ 
systems, especially the CNS, remains unproven for many 
storage disorders. Age and neurodevelopmental status 
before HSCT are consistently the strongest predictors of 
outcome. Although life expectancy may be prolonged, 
children severely affected at the time of HSCT are 
unlikely to experience signifi cant improvement in neuro-
cognitive function. In addition, donor selection is a sig-
nifi cant issue inasmuch as siblings may be homozygous 
or heterozygous for the affected gene. Use of a heterozy-
gous donor does not have an impact on outcome in 
hematologic disorders such as thalassemia, but whether 
heterozygosity provides adequate enzyme levels to correct 
an ongoing process has not been elucidated for this group 
of disorders.

Several excellent reviews of the results of HSCT for 
specifi c storage disorders have been published, with the 
largest body of literature involving the mucopolysac-
charidoses and the leukodystrophies.724-727 Only for 
mucopolysaccharidosis IH (Hurler’s syndrome), X-linked 
adrenoleukodystrophy, and infantile globoid cell leuko-
dystrophy (Krabbe’s disease) are there suffi cient data to 
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suggest that HSCT is indicated in carefully selected 
cases.728 Patients with Hurler’s disease who undergo 
HSCT before 2 years of age and achieve donor engraft-
ment can maintain preservation of neurocognitive func-
tion and motor development, although the skeletal 
abnormalities (dysostosis multiplex) do not improve 
because chondrocytes have diffi culty clearing glycosami-
noglycan.729,730 Most transplants for storage disorders 
have been performed with matched family donors. Graft 
failure with autologous recovery has also had a negative 
impact on success; patients receiving unrelated donor731 
T-cell–depleted grafts or reduced-intensity conditioning 
are at particular risk.732 Recently, the use of unrelated 
UCB donors has provided a rapidly available source of 
stem cells, as well as being a more permissive source in 
terms of HLA matching and thus increasing the number 
of acceptable donors. Encouraging outcomes have been 
reported, although follow-up has been relatively short. 
After umbilical cord HSCT, 17 of 20 children with 
Hurler’s syndrome are long-term survivors with normal 
enzyme levels,733 11 of 11 asymptomatic newborns with 
globoid cell leukodystrophy have normal enzyme levels 
and are making developmental gains,734 and 3 of 3 young 
asymptomatic boys with adrenoleukodystrophy have 
stable MRI fi ndings and normal neurologic examination 
results.735 As seen previously with marrow donors, older 
children with adrenoleukodystrophy and progressive 
MRI changes had rapid deterioration of neurologic func-
tion and poor outcomes. Thus, although a subset of 
patients with storage disorders can benefi t from HSCT, 
particularly those who are young, have minimal symp-
toms, or have indolent forms of a disease, patients with 
aggressive infantile forms or those who have signifi cant 
neurologic impairment at the time of referral will 
need alternative therapeutic interventions to improve 
outcome.
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456 DISORDERS OF ERYTHROCYTE PRODUCTION

Most of the chapters thus far have been devoted to 
descriptions of specifi c disorders that result in anemia. 
The purpose of this chapter is to provide both a more 
general classifi cation of the anemias and an initial diag-
nostic approach to patients with this laboratory fi nding. 
Details of the diagnostic procedures used for ultimate 
diagnosis of the various anemias are omitted because 
they are presented in their respective chapters.

DEFINITION OF ANEMIA

Anemia is generally defi ned as a reduction in red cell 
mass or blood hemoglobin concentration. The limit for 
differentiating anemic from normal states is generally set 
at 2 standard deviations (SD) below the mean for the 
normal population. This defi nition will result in 2.5% of 
the normal population being classifi ed as anemic. Con-
versely, values for hemoglobin-defi cient individuals are 
distributed in such a fashion that some are placed within 
the normal range. These individuals, who have the poten-
tial for a hemoglobin concentration in the upper part of 
the normal range, may be recognized only after a response 
to treatment. Defi nition of the lower limit of normal for 
both pediatric and adult patients is critically dependent 
on the population used to establish the normal range 
of values.1 Hematocrit, hemoglobin, and mean corpus-
cular volume (MCV) are signifi cantly lower in African 
American than in whites. A third of this difference can 
be accounted for by the α-globin −3.7-kilobase (kb) dele-
tion.2 In the absence of a race-specifi c normal range, the 
fact that African Americans generally have lower hemo-
globin levels than whites do (approximately 0.5 g/dL) 
could result in 10% of normal African American children 
being consider anemic just because the proper normal 
range is not used.3 Figure 10-1 presents pediatric refer-

ence ranges for hemoglobin in non-Hispanic whites, 
African Americans, and Mexican Americans that were 
obtained from the National Health and Nutrition Exami-
nation Survey (NHANES) III database.

Because the primary function of the red cell is to 
deliver and release adequate quantities of oxygen to 
tissues to meet their metabolic demands, it is apparent 
that some measures of both body oxygen metabolism and 
accompanying cardiovascular compensation are required 
to complement the current laboratory defi nition of 
anemia. The fact that hemoglobin concentration alone is 
insuffi cient to judge whether a patient is “functionally 
anemic” is best illustrated in a patient with cyanotic 
congenital heart disease or chronic respiratory insuffi -
ciency or in one with mutant hemoglobins that alter 
hemoglobin’s affi nity for oxygen (see Chapter 18).

With these caveats in mind, a useful statistical defi ni-
tion of anemia that recognizes the effect of age and 
sex on the designation of anemia is provided in Table 
10-1.4

CLASSIFICATION OF ANEMIAS

Anemias may be classifi ed on the basis of physiology or 
morphology. A combination of both approaches is often 
used in the initial differential diagnosis.

The best approach for providing an understanding 
of the multiple disorders capable of producing anemia is 
to separate the causes of anemia into two categories of 
functional disturbances:

1. Disorders of effective red cell production, in which the 
net rate of red cell production is depressed. This can 
be due to disorders of erythrocyte maturation, in 
which erythropoiesis is largely ineffectual, or to an 

TABLE 10-1  Normal Mean and Lower Limits of Normal for Hemoglobin, Hematocrit, and Mean Corpuscular 
Volume

Age (yr)

HEMOGLOBIN (g/dL) HEMATOCRIT (%)
MEAN CORPUSCULAR 

VOLUME (mm3)

Mean Lower Limit Mean Lower Limit Mean Lower Limit

0.5-1.9 12.5 11.0 37 33 77 70
2-4 12.5 11.0 38 34 79 73
5-7 13.0 11.5 39 35 81 75
8-11 13.5 12.0 40 36 83 76
12-14
 Female 13.5 12.0 41 36 85 78
 Male 14.0 12.5 43 37 84 77
15-17
 Female 14.0 12.0 41 36 87 79
 Male 15.0 13.0 46 38 86 78
18-49
 Female 14.0 12.0 42 37 90 80
 Male 16.0 14.0 47 40 90 80
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absolute failure of erythropoiesis. In the former, bone 
marrow contains many erythroblasts that die in situ 
before reaching the reticulocyte stage. In the latter, 
there is absolute erythroblastopenia.

2. Disorders in which rapid erythrocyte destruction 
or red cell loss is primarily responsible for the 
anemia.

These two categories are not mutually exclusive. More 
than one mechanism may be present in some anemias, 
but one functional disorder is generally the major reason 
for the patient’s anemia. Box 10-1 lists the anemias most 
commonly encountered in infancy and childhood and 
classifi es them into three categories of functional 
disturbance.

Anemias may also be classifi ed on the basis of red 
cell size and then further subdivided according to red cell 

morphology. In this type of classifi cation, anemias are 
subdivided into microcytic, normocytic, and macrocytic 
anemias. This classifi cation is also arbitrary, and catego-
ries are not mutually exclusive. For example, macrocytic 
reticulocytes abound in the hemolytic anemias. There-
fore, although mature erythrocytes in the various hemo-
lytic anemias may be normocytic, the MCV of all the 
cells may be larger than normal because of the contribu-
tion of reticulocytes to the volume measurement.5 Volume 
distribution curves may reveal the contribution of a 
subset of large cells to the MCV. Furthermore, during 
the course of a disease, classifi cation of the patient’s 
anemia may change from one category to another as a 
result of other clinical or pathologic variables. In Box 
10-2 the more common anemias of infancy and child-
hood are classifi ed on the basis of their characteristic cell 
size.
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FIGURE 10-1. Pediatric reference ranges for hemoglobin in non-Hispanic whites (top row), non-Hispanic blacks (middle row), and Mexican 
Americans (bottom row). (Data were kindly provided by Dr. George Cembrowski and obtained from the National Health and Examination Survey 
(NHANES) III. Presented at the 2004 meeting of the International Society for Laboratory Hematology [Cembrowski GS, Chan J, Cheng C, Bamforth FJ. 
NHANES 1999-2000 data used to create comprehensive health-associated race-, sex- and age-stratifi ed pediatric reference intervals for the Coulter MAXM. 
Lab Hematol. 2004;10:245-246]. Data can also be accessed at http://www.mylaboratoryquality.com. See Reference Intervals.)
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Automated Cell Counting

The most widely used methods for determination of 
hemoglobin, hematocrit, and red cell indices are 
now fully automated. When compared with manual 
techniques, automated methods have the advantages 
of greater precision and reproducibility and the capacity 
for completing a large number of measurements 
quickly.

One of two general principles is used in most of the 
more popular automated hematology analyzers. They 
may simply be classifi ed as the electrical impedance prin-
ciple and the laser light scatter principle.

In automated cell counters using the electrical imped-
ance principle (Abbott, Abbott Park, IL; ABX, Kyoto, 
Japan; Beckman-Coulter, Miami, FL; Sysmex, Kobe, 
Japan), cells passing through an aperture cause changes 
in electrical resistance that are counted as voltage pulses, 
which are proportional to cell volume. The electrical 
pulses are amplifi ed and counted during the time that an 

A. DISORDERS OF RED CELL PRODUCTION IN 
WHICH THE RATE OF RED CELL 
PRODUCTION IS LESS THAN EXPECTED FOR 
THE DEGREE OF ANEMIA

 1. Marrow failure
  a. Aplastic anemia
   Congenital
   Acquired
  b. Pure red cell aplasia
    Congenital
    Diamond-Blackfan syndrome
    Aase’s syndrome
   Acquired
   Transient erythroblastopenia of childhood
  Other
  c. Marrow replacement
   Malignancies
   Osteopetrosis
   Myelofi brosis
    Chronic renal disease
    Vitamin D defi ciency
  d.  Pancreatic insuffi ciency–marrow hypoplasia 

syndrome
 2. Impaired erythropoietin production
  a. Chronic renal disease
  b. Hypothyroidism, hypopituitarism
  c. Chronic infl ammation
  d. Protein malnutrition
  e.  Hemoglobin mutants with decreased affi nity for 

oxygen
B. DISORDERS OF ERYTHROID MATURATION 

AND INEFFECTIVE ERYTHROPOIESIS
 1. Abnormalities in cytoplasmic maturation
  a. Iron defi ciency
  b. Thalassemia syndromes

  c. Sideroblastic anemias
  d. Lead poisoning
 2. Abnormalities in nuclear maturation
  a. Vitamin B12 defi ciency
  b. Folic acid defi ciency
  c. Thiamine-responsive megaloblastic anemia
  d. Hereditary abnormalities in folate metabolism
  e. Orotic aciduria
 3.  Primary dyserythropoietic anemias (types I, II, III, 

IV)
 4. Erythropoietic protoporphyria
 5.  Refractory sideroblastic anemia with vacuolization of 

marrow precursors and pancreatic dysfunction/
defi ciency

C. HEMOLYTIC ANEMIAS
  1. Defects in hemoglobin
   a. Structural mutants
   b. Synthetic mutants (thalassemia syndromes)
  2. Defects in the red cell membrane
  3. Defects in red cell metabolism
  4. Antibody mediated
  5. Mechanical injury to the erythrocyte
  6. Thermal injury to the erythrocyte
  7. Oxidant-induced red cell injury
  8. Infectious agent–induced red cell injury
  9. Paroxysmal nocturnal hemoglobinuria
 10.  Plasma lipid–induced abnormalities in the red cell 

membrane

EVALUATION OF THE ANEMIC PATIENT

The initial diagnostic approach to an anemic patient 
includes a detailed history and physical examination and 
a minimum of essential laboratory tests. Tables 10-2 and 
10-3 list the features of the history and physical examina-
tion that are most helpful in providing clues to the cause 
of the anemia. The initial laboratory tests should include 
a determination of hemoglobin and hematocrit; measure-
ment of red cell indices, platelet count, white blood cell 
count and differential, and reticulocyte count; and exam-
ination of a peripheral blood smear. After this initial 
assessment, other useful and simple laboratory proce-
dures may be used, including, when indicated, measure-
ment of erythrocyte porphyrin and serum ferritin 
concentration, supravital staining of erythrocytes, hemo-
globin electrophoresis, a screening test for the presence 
of unstable hemoglobins, a direct and indirect Coombs 
test, a screening test for glucose-6-phosphate dehydroge-
nase defi ciency, and examination of bone marrow.

Box 10-1 Physiologic Classifi cation of Anemia
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Box 10-2  Classifi cation of Anemias Based on Red 
Cell Size

A. MICROCYTIC ANEMIAS
 1. Iron defi ciency (nutritional, chronic blood loss)
 2. Chronic lead poisoning
 3. Thalassemia syndromes
 4. Sideroblastic anemias
 5. Chronic infl ammation
 6.  Some congenital hemolytic anemias with unstable 

hemoglobin
B. MACROCYTIC ANEMIAS
 1. With megaloblastic bone marrow
   a. Vitamin B12 defi ciency
   b. Folic acid defi ciency
   c. Hereditary orotic aciduria
   d. Thiamine-responsive anemia
 2. Without megaloblastic bone marrow
   a. Aplastic anemia
   b. Diamond-Blackfan syndrome
   c. Hypothyroidism
   d. Liver disease
   e. Bone marrow infi ltration
   f. Dyserythropoietic anemias
C. NORMOCYTIC ANEMIAS
 1. Congenital hemolytic anemias
   a. Hemoglobin mutants
   b. Red cell enzyme defects
   c. Disorders of the red cell membrane
 2. Acquired hemolytic anemias
   a. Antibody mediated
   b. Microangiopathic hemolytic anemias
   c. Secondary to acute infections
 3. Acute blood loss
 4. Splenic pooling
 5. Chronic renal disease (usually)

TABLE 10-2 Historical Factors of Importance in Evaluating Patients with Anemia

Age Nutritional iron defi ciency is never responsible for anemia in term infants before 6 months of age; rarely 
seen in premature infants before the time that they have doubled their birth weight. Anemia occurring in 
the neonatal period is generally the result of recent blood loss, isoimmunization, or initial manifestation of 
a congenital hemolytic anemia or congenital infection

Anemia fi rst detected at 3 to 6 months of age suggests a congenital disorder of hemoglobin synthesis or 
hemoglobin structure

Gender Consider X-linked disorders in males (G6PD defi ciency, pyruvate kinase defi ciency)
Race Hemoglobins S and C more common in blacks; β-thalassemia more common in whites; α-thalassemia trait 

most common among black and yellow races
Ethnicity Thalassemia syndromes most common among patients of Mediterranean origin. G6PD defi ciency observed 

more often among Sephardic Jews, Filipinos, Greeks, Sardinians, and Kurds
Neonatal A history of hyperbilirubinemia in the newborn period suggests the presence of congenital hemolytic 

anemia, such as the hereditary spherocytosis of G6PD defi ciency. Prematurity predisposes to the early 
development of iron defi ciency

Diet Document sources of iron, vitamin B12, folic acid, or vitamin E in the diet. A history of pica, geophagia, or 
pagophagia suggests the presence of iron defi ciency

Drugs Oxidant-induced hemolytic anemia, phenytoin (Dilantin)-induced megaloblastic anemia, drug-induced 
aplastic anemia

Infection Hepatitis-induced aplastic anemia, infection-induced red cell aplasia, hemolytic anemia
Inheritance Family history of anemia, jaundice, gallstones, or splenomegaly
Diarrhea Suspect small bowel disease with malabsorption of folate or vitamin B12. Suspect infl ammatory bowel 

disease with blood loss. Suspect exudative enteropathy with blood loss

G6PD, glucose-6-phosphate dehydrogenase.

accurately metered volume of the suspension is drawn 
through the aperture. These devices can directly measure 
MCV and compute the hematocrit from the MCV and 
red blood cell count.

In automated cell counters using the laser light 
scatter principle (Abbott, Abbott Park, IL; Siemens 
Medical Solutions Diagnostics, Tarrytown, NY), single 
cells passing through a laser beam induce scattering of 
laser light, which can be detected and translated into 
measurements of cell size. In the instruments produced 
by Siemens, red cells fi rst undergo isovolumetric spher-
ing, and then MCV and the mean corpuscular hemoglo-
bin concentration (MCHC) are measured from the 
low-angle forward light scattering and the high-angle 
(refractive index) light scattering, respectively.6-9

Some of the potential errors that can be generated 
by automated cell counters for hemoglobin, hematocrit, 
and red cell indices are listed in Table 10-4.10 Cold agglu-
tinins in high titer tend to cause spurious macrocytosis 
with low red cell counts and very high MCHCs. Warming 
either the blood or the diluent may eliminate this 
problem.

Electronic cell counting provides a useful means of 
categorizing anemias based on the MCV and MCHC. 
The red cell volume distribution width (RDW) is derived 
from the red blood cell histogram that accompanies each 
analysis. The RDW is an index of the variation in red cell 
size and thus can be used to detect anisocytosis. In a 
normal patient, the histogram is virtually symmetrical. 
RDW is calculated as a standard statistical value, the 
coeffi cient of variation in distribution of red cell volume. 
The formula can be expressed as

RDW = SD/MCV × 100
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TABLE 10-3 Physical Findings as Clues to the Cause of Anemia

Skin Hyperpigmentation Fanconi’s Aplastic Anemia

Petechiae, purpura Autoimmune hemolytic anemia with thrombocytopenia, hemolytic-
uremic syndrome, bone marrow aplasia, bone marrow infi ltration

Carotenemia Suspect iron defi ciency in infants
Jaundice Hemolytic anemia, hepatitis, aplastic anemia
Cavernous hemangioma Microangiopathic hemolytic anemia
Ulcers on lower extremities S and C hemoglobinopathies, thalassemia

Facies Frontal bossing, prominence of the 
malar and maxillary bones

Congenital hemolytic anemias, thalassemia major, severe iron defi ciency

Eyes Microcornea Fanconi’s aplastic anemia
Tortuosity of the conjunctival and 
retinal vessels

S and C hemoglobinopathies

Microaneurysms of the retinal 
vessels

S and C hemoglobinopathies

Cataracts Glucose-6-phosphate dehydrogenase defi ciency, galactosemia with 
hemolytic anemia in the newborn period

Vitreous hemorrhages S hemoglobinopathy
Retinal hemorrhages Chronic, severe anemia
Edema of the eyelids Infectious mononucleosis, exudative enteropathy with iron defi ciency, 

renal failure
Blindness Osteopetrosis

Mouth Glossitis Vitamin B12 defi ciency, iron defi ciency
Angular stomatitis Iron defi ciency

Chest Unilateral absence of the pectoral 
muscles

Poland’s syndrome (increased incidence of leukemia)

Shield chest Diamond-Blackfan syndrome
Hands Triphalangeal thumbs Red cell aplasia

Hypoplasia of the thenar eminence Fanconi’s aplastic anemia
Spoon nails Iron defi ciency

Spleen Enlargement Congenital hemolytic anemia, leukemia, lymphoma, acute infection, 
portal hypertension

TABLE 10-4 Sources of Spurious Results in Hemoglobin and Red Cell Count Parameters

Erroneous increase in Hb Lipemia (hypertriglyceridemia, fat emulsion, type I and IV hyperlipoproteinemias)
Elevated WBC counts (threshold varies from 50 to 250 × 109/L)
Immunoglobulins (monoclonal IgG, IgM, IgA in Waldenström’s or multiple myeloma)
Hemolysis (when free plasma Hb is markedly elevated because of intravascular hemolysis)

Erroneous increase in RBC 
counts

High WBC count (especially if greater than 100 × 109/L)

Erroneous increase in MCV Hyperglycemia (secondary to dilution of a severe hyperglycemic sample)
Hypernatremia
Sample storage at room temperature

Erroneous decrease in RBC 
counts

Cold agglutinin (in association with high MCV and high MCHC)
Clotting (abnormal mixing, overfi lling of sample)

Hb, hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; RBC, red blood cell; WBC, white blood cell.
From Zandecki M, Genevieve F, Gerard J, Godon A. Spurious counts and spurious results on haematology analysers: a review. Part II: white blood cells, red 

blood cells, haemoglobin, red cell indices and reticulocytes. Int J Lab Hematol. 2007;29:21-41.

Because RDW refl ects the ratio of SD and MCV, a 
wide red cell distribution curve in a patient with mark-
edly increased MCV may still generate a normal RDW 
value. RDW in normal individuals ranges from 11.5% to 
14.5%, but it may vary as a function of the model of the 
electronic cell counter used. Normal values for infants 
and children appear to range from 1.5% to 15.0%. The 
hemoglobin distribution width (HDW) is calculated in a 
similar manner from the histogram for MCHC. Coulter 

instruments do not directly measure the red cell hemo-
globin concentration. The MCHC and HDW values pro-
vided by these instruments are sensitive to variations in 
MCV and should be used with caution in the differential 
diagnosis of anemias.

Bessman and associates have provided a classifi ca-
tion of anemias based on MCV and RDW. An updated 
version that includes MCHC and HDW appears in Table 
10-5.11



 Chapter 10 • Diagnostic Approach to the Anemic Patient 461

Visual analysis of the red cell histograms generated 
by automated cell counters provides essential clues for 
the diagnosis of anemias. The presence of either micro-
cytes or macrocytes and increased RDW can readily be 
appreciated. Histograms for MCHC are particularly 
useful because they allow prompt identifi cation of dehy-
drated hyperchromic cells in sickle cell disease, heredi-
tary spherocytosis, hereditary xerocytosis, and immune 
hemolytic anemias. Moreover, a careful study of volume 
and hemoglobin concentration histograms allows rapid 
differentiation of iron defi ciency and β-thalassemia trait 
and differentiation of hemoglobin H and hemoglobin H/
CS disease. Figure 10-2 provides the histograms for 
MCV and MCHC in a normal control and in patients 
with β-thalassemia trait, iron defi ciency, and sickle cell 
disease.

Automated reticulocyte counting is also available in 
several hematology analyzers. Automated counting is 
more precise and accurate than manual counting.12,13 
Absolute reticulocyte counts are easily obtained with 
these instruments, thereby obviating the limitations of 
counting reticulocytes only as a percentage or correcting 
for changes in hematocrit (corrected reticulocyte count). 
An additional useful feature of automated reticulocyte 
counters is that stress reticulocytes can easily be identi-
fi ed by their increased volume and RNA content.13-15 
Cellular indices for reticulocytes such as volume, hemo-
globin concentration, and hemoglobin content are also 
available in the Siemens and Sysmex instruments. The 
reticulocyte hemoglobin content16 has been shown to be 
a valuable parameter in identifying iron defi cient states 
in young children and toddlers.17,18

The Blood Film

Although automatic blood fi lm machines are now the 
vogue in clinical laboratories, fi lms made on coverslips 
are preferable to those made on glass slides because a 
greater proportion of blood on the coverslip fi lm is tech-
nically suitable for microscopic examination. Proper pro-

TABLE 10-5  Relationship of Mean Corpuscular Volume (MCV) and Red Cell Volume Distribution Width (RDW) in 
a Variety of Disease States

RDW

MCV

Low Normal High

Normal Heterozygous α- and β-thalassemia Normal Aplastic anemia
Lead poisoning

High Iron defi ciency Early iron defi ciency Newborns, prematurity
Hemoglobin H disease Liver disease Vitamin B12 or folate defi ciency
S β-thalassemia Mixed nutritional defi ciencies

HIGH MCHC/HDW HIGH MCHC/HDW
Immune hemolytic anemia Immune hemolytic anemia
SS and SC disease
Hereditary 
spherocytosis/xerocytosis

HDW, hemoglobin distribution width; MCHC, mean corpuscular hemoglobin concentration.

cessing of blood fi lms on coverslips is fast becoming a 
lost art. The details of preparation and examination can 
be found in a variety of manuals of laboratory hematol-
ogy, but the lucid and succinct instructions of Wintrobe 
deserve reproduction here19:

1. Use a small drop of blood, only 2 to 3 mm in diame-
ter, taken either from a stylet wound, as described 
earlier, or from a syringe or needle tip used in veni-
puncture immediately after the venipuncture has been 
performed (anticoagulants are not to be used because 
they will alter the morphologic appearance).

2. Hold the coverslips only by their edges, placing one 
crosswise over the other, and allow the blood to spread 
between them for about 2 seconds.

3. Quickly but gently separate the coverslips by pulling 
them laterally, in opposite directions to one another 
but in the plane of the spreading fi lm, just before the 
fi lm reaches the edges (do not squeeze or lift the cov-
erslips from one another).

4. Quickly air-dry the fi lms, either by placing them face 
up on a clean surface if the humidity is low or by 
moving them through the air while holding them by 
their edges with your fi ngertips.

If the procedure has been carried out successfully, 
the blood will be spread evenly, and there will be no holes 
or thick areas in the preparation. A multicolored sheen 
will be seen on the surface of the dried, unstained fi lm if 
light glances off it at the proper angle because the thin 
layer of closely fi tting cells acts like a diffraction grating. 
Later, under the microscope after staining, the red cells 
will be seen next to each other, but neither overlapping 
nor in rouleau formation, and central pallor will be 
visible; lymphocytes will have a readily distinguished 
cytoplasm rather than a minimal zone bearing closely on 
the nucleus as occurs with thick fi lms or those that dry 
too slowly.

Examination of a peripheral blood fi lm is the single 
most useful procedure in the initial evaluation of a patient 
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Normal
MCV ~ 80 fL
MCHC ~ 33 g/dL
RDW 11–15.5
HDW 1.8–3.2

RBC volume Hgb concentration

~ MCV ~ MCHC

RDW

80

small big light dense

33

HDW

Fe deficiency
MCV 67 fL
MCHC 32 g/dL
RDW 17
HDW 3.4

Thal trait
MCV 67 fL
MCHC 32 g/dL
RDW 15
HDW 3

SS disease
MCV 89 fL
MCHC 35 g/dL
RDW 20
HDW 5

FIGURE 10-2. Histograms for mean corpuscular 
volume (MCV, left column) and mean corpuscular 
hemoglobin concentration (MCHC, right column) in 
a normal control subject (fi rst row), a patient with 
iron defi ciency (second row), a subject with hetero-
zygous β-thalassemia (third row), and a patient with 
homozygous hemoglobin S disease (bottom row). 
Goal posts are placed at 60 and 120 fL for MCV 
and at 28 and 41 g/dL for MCHC. HDW, hemoglo-
bin distribution width; RBC, red blood cell; RDW, 
red cell volume distribution width.

with anemia. The blood fi lm should fi rst be examined 
under low power to determine the adequacy of cell dis-
tribution and staining. Signs of poor blood fi lm prepara-
tion include loss of central pallor in red blood cells, 
polygonal shapes, and artifactual spherocytes. Artifactual 
spherocytes, in contrast to true spherocytes, show no 
variation in central pallor and are larger than normal red 
cells. One should never attempt to interpret a poorly 
prepared blood fi lm.

After the adequacy of the blood fi lm is determined 
by low-power examination, the blood fi lm should be 

examined fi rst under 50× magnifi cation and then under 
1000× magnifi cation. Cells should be graded for size, 
staining intensity, variation in color, and abnormalities in 
shape. Red cell hemolytic disorders can be classifi ed 
according to their predominant morphology. An approach 
to such a classifi cation is presented in Box 10-3 and is 
discussed in detail in Chapters 14 through 17.

The blood fi lm should also be examined for the pres-
ence of basophilic stippling and red cell inclusions. The 
signifi cance of some of these fi ndings is described in 
Table 10-6.
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Box 10-3 Classifi cation of Red Cell Hemolytic Disorders by Predominant Morphology*

SPHEROCYTES

Hereditary spherocytosis
ABO incompatibility in neonates
Immunohemolytic anemias with IgG- or C3-coated red 

cells†

Acute oxidant injury (hexose monophosphate shunt 
defects during hemolytic crisis, oxidant drugs, and 
chemicals)

Hemolytic transfusion reactions†

Clostridium welchii septicemia
Severe burns, other red cell thermal injury
Spider, bee, and snake venom
Severe hypophosphatemia
Hypersplenism‡

BIZARRE POIKILOCYTES

Red cell fragmentation syndromes (microangiopathic and 
macroangiopathic hemolytic anemias)

Acute oxidant injury‡

Hereditary elliptocytosis in neonates
Hereditary pyropoikilocytosis

ELLIPTOCYTES

Hereditary elliptocytosis
Thalassemias
(Other hypochromic-microcytic anemias)
(Megaloblastic anemias)

STOMATOCYTES

Hereditary stomatocytosis
Rhnull blood group
Stomatocytosis with cold hemolysis
(Liver disease, especially acute alcoholism)
(Mediterranean stomatocytosis)

IRREVERSIBLY SICKLED CELLS

Sickle cell anemia
Symptomatic sickle syndromes

INFRAERYTHROCYTIC PARASITES

Malaria
Babesiasis
Bartonellosis

SPICULATED OR CRENATED RED CELLS

Acute hepatic necrosis (spur cell anemia)
Uremia
Red cell fragmentation syndromes‡

Infantile pyknocytosis
Embden-Meyerhof pathway defects‡

Vitamin E defi ciency‡

Abetalipoproteinemia
Heat stroke‡

McLeod blood group
(After splenectomy)
(Transiently after massive transfusion of stored blood)
(Anorexia nervosa)‡

TARGET CELLS

Hemoglobins S, C, D, and E
Hereditary xerocytosis
Thalassemias
(Other hypochromic-microcytic anemias)
(Obstructive liver disease)
(After splenectomy)
(Lecithin–cholesterol acyltransferase defi ciency)

PROMINENT BASOPHILIC STIPPLING

Thalassemias
Unstable hemoglobins
Lead poisoning‡

Pyrimidine 5′-nucleotidase defi ciency

NONSPECIFIC OR NORMAL MORPHOLOGY

Embden-Meyerhof pathway defects
Hexose monophosphate shunt defects
Unstable hemoglobins
Paroxysmal nocturnal hemoglobinuria
Dyserythropoietic anemias
Copper toxicity (Wilson’s disease)
Cation permeability defects
Erythropoietic porphyria
Vitamin E defi ciency
Hemolysis with infections‡

Rh hemolytic disease in neonates†

Paroxysmal cold hemoglobinuria*‡

Cold hemagglutinin disease†

Hypersplenism
Immunohemolytic anemia†‡

*Nonhemolytic disorders of similar morphology are enclosed in parentheses for reference.
†Usually associated with a positive Coombs test.
‡Disease sometimes associated with this morphology.

DIAGNOSTIC APPROACH

After the laboratory tests have been performed, the results 
may be used in an initial attempt to diagnostically char-
acterize the patient’s anemia, as illustrated by the simple 
algorithm in Figure 10-3. This algorithm provides two 
additional diagnostic steps after the initial characteriza-

tion of anemia based on the complete blood cell count, 
reticulocyte count, and cellular indices.

If the diagnosis of hemolytic anemia is considered, it 
is useful to consider the potential pathophysiology before 
ordering useless and expensive screening tests. The 
authors have used a simple and reliable approach to 
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TABLE 10-6 Diagnostic Signifi cance of Red Cell Inclusions

Inclusion Staining Agent Diagnostic Signifi cance

Basophilic stippling Wright stain Represents aggregated ribosomes. May be observed in thalassemia 
syndromes, iron defi ciency, syndromes accompanied by ineffective 
erythropoiesis and pyrimidine 5′-nucleotidase defi ciency; particularly 
prominent in unstable hemoglobinopathies and lead poisoning

Howell-Jolly bodies Wright stain Represent nuclear remnants. Observed in asplenic and hyposplenic states, 
pernicious anemia, dyserythropoietic anemias, and severe iron defi ciency 
anemia

Cabot’s rings Wright stain Appear as basophilic rings, circular, or twisted fi gures-of-eight. Considered 
to be nuclear remnants or artifacts. Observed in lead poisoning, pernicious 
anemia, and hemolytic anemias

Heinz’ bodies Brilliant cresyl 
blue, methyl violet

Represent denatured or aggregated hemoglobin. Observed in patients with 
thalassemia syndromes or unstable hemoglobins, after oxidant stress in 
patients with enzyme defi ciencies of the pentose phosphate pathway, and in 
patients with asplenia or chronic liver disease

Siderocytes Prussian blue 
counterstained 
with safranin O

Represent nonhemoglobin iron within erythrocytes. Seen in increased 
numbers in the peripheral circulation after splenectomy. Observed in 
increased numbers in patients with chronic infection, aplastic anemias, or 
hemolytic anemias

ANEMIA

RED CELL INDICES
MCV, MCHC, MCH, RDW, HDW

PERIPHERAL SMEAR

DIRECT ANTIGLOBULIN TEST Hb
ELECTROPHORESIS

G6PD screening test
Osmotic fragility

Bone marrow
aspirate/biopsy

Hb ISOELECTROFOCUSING
AND OTHER TESTS FOR

RARE Hb VARIANTS

Tests for unstable Hbs

CYTOGENETIC STUDIES

RBC enzyme panel

Membrane protein studies
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RETICULOCYTE COUNT AND INDICES

HISTORY
PHYSICAL EXAMINATION

NONHEMATOLOGIC DISEASES:
(Renal, thyroid, metabolic, others)

Indirect bilirubin
LDH, haptoglobin
Serum B12
Serum, RBC folate
Serum ferritin, iron,
   TIBC
Circulating transferrin
   receptor
Serum lead and RBC ZPP

FIGURE 10-3. Algorithm for the differential diagnosis of anemia. Initial characterization of the anemia is based on the complete blood cell count, 
reticulocyte count, cellular indices, erythrocyte morphology, and history. This step is followed by two additional diagnostic steps: either to confi rm 
a relatively common type of anemia or to diagnose one of the uncommon types of anemia. G6PD, glucose-6-phosphate dehydrogenase; Hb, 
hemoglobin; HDW, hemoglobin distribution width; LDH, lactate dehydrogenase; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular 
hemoglobin concentration; MCV, mean corpuscular volume; RBC, red blood cell; RDW, red cell volume distribution width; TIBC, total iron-
binding capacity; ZPP, zinc protoporphyrin.
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pathophysiologic analysis that involves consideration of 
the potential assaults on the red cell from the farthest 
point to the inner core of the erythrocyte (Fig. 10-4).

The most common cause of rapid red cell loss with 
reticulocytosis is hemorrhage. In infants and children, 
unusual causes include hemorrhage beneath the scalp 
and intraabdominal, urinary tract, and pulmonary hem-
orrhage. In the latter two situations, hyperbilirubinemia 
is not present. Indeed, if the hemorrhage is chronic and 
leads to iron defi ciency, the plasma will be pale.

Sequestration in an abnormal spleen will usually 
cause spherocytosis, but if the hypersplenism is associ-
ated with liver disease, target cells will also be present. In 
this condition, the osmotic fragility test will reveal a sensi-
tive and a resistant population of erythrocytes.

Vascular damage to erythrocytes may be associated 
with thrombocytopenia and can be caused by hemangio-
mas (Kasabach-Merritt syndrome); intravascular coagu-
lation, usually secondary to sepsis; damaged artifi cial 
heart valves; and renal vascular disease and severe hyper-
tension. Schistocytes, which resemble military helmets of 
various nationalities, are usually present, and siderinuria 
and hemoglobinuria are often detected.

Abnormalities in plasma are frequent causes of 
hemolysis. Antibodies usually induce spherocytosis by 
causing splenic sequestration, but sometimes they merely 
fi x complement and cause hemoglobinuria without mor-

phologic change. Many drugs and toxins can damage red 
cells either by oxidant injury with resultant schistocytosis 
or by direct lysis, as illustrated by bacterial lipases in 
septic shock. Acute hemolysis may also be caused by 
excessive release of hepatic copper in Wilson’s disease. 
No morphologic change is noted.

Primary membrane abnormalities that cause hemo-
lysis are usually congenital and are associated with spe-
cifi c morphologic changes. An exception is paroxysmal 
nocturnal hemoglobinuria, which is an acquired mem-
brane defect associated with no morphologic change. The 
congenital membrane defects are usually due to abnor-
malities in structural membrane proteins, such as in 
hereditary spherocytosis, but they may involve cation 
channels (hydrocytosis and xerocytosis) and, rarely, 
membrane lipids (abetalipoproteinemia).

The red cell itself may contribute to its own quietus, 
as exemplifi ed by glucose-6-phosphate dehydrogenase 
defi ciency, pyruvate kinase defi ciency, and defi ciencies of 
the other enzymes involved in erythrocyte metabolic 
pathways. Morphologic alterations are not predictable.

Finally, the red cell may be sabotaged by its own 
hemoglobin, such as in sickle cell anemia, the thalasse-
mias, and the unstable hemoglobinopathies.

If the clinician considers these options in an inclusive 
but systematic fashion, direct screening tests can be 
ordered and expert consultation avoided.

HEMORRHAGE (pale plasma, normal morphology, or microcytosis)

HYPERSPLENISM (spherocytosis, target cells)

VASCULAR DAMAGE (helmet cells, hemoglobinuria)

PLASMA FACTORS (spherocytes, bite cells)

MEMBRANE (various shapeopathies)

METABOLIC (bite cells,
contracted cells)

G6PD– and PK–

PNH, HS, permeability defects

antibodies, toxins, drugs, Cu2+

heart valve, hemangioma, renal vascular disease, DIC

liver disease, portal vascular disorders, “primary” splenomegaly

including pulmonary hemorrhage

HBOPATHY
(sickle, target)
SS, SC, thal

FIGURE 10-4. Assaults on the red cell from 
the vasculature to the “center” of the cell. The 
site of damage is in capital letters, the labora-
tory fi ndings in parentheses, and the common 
causes in the lower part of the square. Cu2+, 
copper; DIC, disseminated intravascular coag-
ulation; HBOPATHY, hemoglobinopathy; HS, 
hereditary spherocytosis; PK, pyruvate kinase; 
PNH, paroxysmal nocturnal hemoglobinuria; 
SC, hemoglobin SC; SS, hemoglobin SS; thal, 
thalassemia.
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Before the mid-1920s, pernicious anemia was a disease 
dreaded as much as drug-resistant leukemia is today. With 
its characteristic megaloblastic bone marrow, pernicious 
anemia was a fatal illness until it was successfully treated 
with dietary liver in 1926.1 It is now known that megalo-
blastic anemia is most often caused by a nutritional defi -
ciency of folates or by a specifi c malabsorption of cobalamin 
(vitamin B12) known as pernicious anemia (Box 11-1). 
Precise means for diagnosing and treating these defi cien-
cies are available. Over the past 80 years, hematologists 
have gained detailed knowledge of the synthesis, biology, 
biochemistry, and molecular biology of both cobalamin 
and folate. It is extraordinary that this knowledge base 
continues to grow as new discoveries are made.

This chapter reviews aspects of this knowledge as it 
pertains to pediatric patients in particular. Emphasis is 
placed on clinical and laboratory diagnosis and on the 
treatment of overt defi ciencies of cobalamin and folate. 
In addition, attention is focused on subclinical defi ciency 
states as they relate to populations at increased risk, 
including premature newborns, the elderly, those infected 
with human immunodefi ciency virus (HIV), and those 
with elevated plasma total homocysteine levels. Consid-
eration is given to the role of these vitamins in the pre-
vention of neural tube defects (NTDs) and cardiovascular 
disease and in the pathogenesis of cancer. Finally, current 
knowledge of inborn errors of cobalamin and folate 
metabolism is presented.

Box 11-1 Causes of Megaloblastic Anemia

COBALAMIN (VITAMIN B12)

Defects in Absorption
Inadequate gastric intrinsic factor as a result of
 Pernicious anemia
 Gastritis
 Total gastrectomy
 Mutations in GIF (intrinsic factor gene)
Achlorhydria and pepsin defi ciency
Disease of the small intestine
 Surgical resection or bypass of the terminal ileum
 Regional enteritis (Crohn’s disease)
 Tropical and nontropical sprue
 Infi ltrative disease (Whipple’s syndrome, lymphoma)
 Competition by parasites (fi sh tapeworm, blind loop 

 syndrome)
 Imerslund-Gräsbeck syndrome
 Drugs (colchicines, p-aminosalicylic acid, neomycin)
 Transcobalamin defi ciency

Inadequate Nutrition
Strict vegetarians (vegans)
Maternal defi ciency affecting the fetus or infant

Defects in Transport
Transcobalamin defi ciency

Defects in Metabolism
Nitrous oxide intoxication
Inherited (cblC, cblD, cblE, cblF, and cblG disease)

FOLATES

Defects in Absorption
Hereditary folate malabsorption
Tropical and nontropical sprue
Infi ltrative diseases of the small bowel (Whipple’s 

syndrome, lymphoma)

Inadequate Nutrition
Insuffi cient or poorly selected diet
Maternal defi ciency affecting the fetus or infant

Increased Requirement
Alcoholism
Pregnancy
Lactation
Hemolytic anemia
Hyperthyroidism
Anticonvulsant therapy
Lesch-Nyhan syndrome
Prematurity
Homocystinuria
First trimester during neural tube closure

Folate Inhibitors
Antifolates (methotrexate, pyrimethamine, trimethpoprim)
Sulfones

Inherited Defects
Methylenetetrahydrofolate reductase defi ciency
Methionine synthase defi ciency (cblE and cblG disease)
Others

OTHER CAUSES

Defects in Purine and Pyrimidine Synthesis
Inherited
 Orotic aciduria
Acquired
 Myelodysplasia and leukemia
 Drug induced
 Human immunodefi ciency virus infection

Other
3-Phosphoglycerate dehydrogenase defi ciency
Thiamine-responsive anemia
Scurvy
Pyridoxine-responsive anemia



 Chapter 11 • Megaloblastic Anemia 469

DEFINITIONS

Megaloblastic anemia is a macrocytic anemia that is usually 
accompanied by leukopenia and thrombocytopenia. It is 
characterized by a specifi c megaloblastic bone marrow 
morphology that affects erythroid, myeloid, and platelet 
precursors. In this chapter the terms cobalamin and 
vitamin B12 are used interchangeably to refer to corrins 
that have coenzyme activity or that can be converted to 
coenzymes in cells (see later). The term folates refers to 
synthetic folic acid and to the various natural folate coen-
zymes, including reduced dihydrofolates (DHFs) and 
tetrahydrofolates (THFs) and their single-carbon substi-
tuted forms. Natural folate coenzymes are substrates for 
the enzyme folate polyglutamate synthetase and are con-
verted by it to folate polyglutamates containing predomi-
nantly six or seven γ-linked glutamate residues. Most 
folates are present in nature as reduced and substituted 
folate polyglutamates. These, too, are included under the 
general term folates.

HISTORY

Anemia associated with morphologically abnormal eryth-
rocytes had been observed in patients with pernicious 
anemia from 1876 to 1877.2-4 By 1883, macrocytosis had 
been described. In 1891, Ehrlich stained and described 
megaloblastic erythroid precursors.5 Giant myeloid band 
forms were observed in megaloblastic bone marrow in 
1920, and the presence of increased numbers of nuclear 
segments in circulating neutrophils (“hypersegmenta-
tion”) was described in 1923. Megaloblastic changes in 
bone marrow during relapse, with return of normal mor-
phology during remission, were reported in 1921, 5 to 
6 years before therapy for the disease was developed. In 
1926, Minot and Murphy1 described conversion of meg-
aloblastic bone marrow to normoblastic bone marrow 
along with reticulocytosis and correction of the anemia 
after treatment with dietary liver. The sequence of these 
events has been summarized in several reviews.2-4

Among many subsequent observations, the following 
are among the most important:

 1. Similar clinical syndromes (pernicious anemia of 
pregnancy and tropical anemia) were described by 
Wills in 1931 and subsequently demonstrated to be 
due to defi ciency in folates.6

 2. It was shown that in pernicious anemia, because of 
atrophy (destruction) of the gastric mucosa,7 the 
stomach does not secrete enough of the intrinsic 
factor needed for absorption of cobalamin from the 
gut.8 The disease is caused by failure to absorb ade-
quate quantities of cobalamin.4,9

 3. Cobalamin injections were found to correct perni-
cious anemia,10 and administration of folate to resolve 
the anemia that was described by Wills. Each vitamin, 
when given in large doses, could produce some effect 

on the hematologic abnormalities caused by defi -
ciency of the other.11,12

 4. The cobalamin-binding protein transcobalamin was 
shown to play a role in endocytosis-mediated uptake 
of cobalamin by cells.13,14

 5. Assays for cobalamin and folates in serum and tissues 
permitted chemical defi nition of the defi ciencies in 
patients with megaloblastic anemia.15-17

 6. It was recognized that subacute combined degenera-
tion of the spinal cord (SCDSC), a neurologic syn-
drome, often accompanied classic pernicious anemia 
but not the megaloblastic anemia caused by folate 
defi ciency.1,18

 7. It was shown that pernicious anemia is an auto-
immune disease19 caused by lymphocyte-mediated 
destruction of gastric parietal cells, with the possible 
immunologic target being H+,K+-adenosine triphos-
phate (ATPase) on the parietal cell membrane.20-22

 8. Inherited defects in the metabolism of cobalamin 
and folates that may cause abnormal development in 
addition to megaloblastic anemia were identifi ed.23-26 
Identifi cation of the genes affected in these inherited 
defects has provided insight into cobalamin and 
folate metabolism in human cells.

 9. Purifi cation and subsequent cloning of the genes for 
intrinsic factor, transcobalamin, and haptocorrin, 
accumulation of information about their structure, 
and study of their receptors defi ned the function of 
these proteins.27-32

10. The pathways for cobalamin biosynthesis by bacte-
ria, including aerobic and anaerobic pathways, were 
elucidated.33

11. Elevated plasma methylmalonic acid and total homo-
cysteine were found to refl ect functional defi ciency 
of cobalamin and either folates or cobalamin, respec-
tively, even in patients with vitamin levels within the 
normal range.34

12. It was demonstrated that NTDs, including spina 
bifi da, can be prevented by maternal folate supple-
mentation during the periconceptional interval.35,36

13. It was shown that the plasma total homocysteine 
level, recognized to be a risk factor for arterioscle-
rotic vascular disease,37 could be decreased by folate 
supplementation and that polymorphisms in genes 
involved in folate metabolism could modulate the 
total homocysteine level.38 The total plasma homo-
cysteine level may also infl uence the incidence of 
bowel and other cancers.39

HEMATOLOGIC DESCRIPTION

Bone Marrow and Blood

The causes of megaloblastic anemia are classifi ed in 
Box 11-1.

Megaloblastic bone marrow is hyperplastic, with 
erythropoiesis stimulated by increased levels of erythro-
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poietin acting on erythroid progenitor cells. Megaloblas-
tic erythroid cells are prone to undergo programmed cell 
death, or apoptosis,40,41 thereby leading to a left shift with 
young erythroid precursors predominating in the bone 
marrow. This “ineffective erythropoiesis” results in ele-
vated serum levels of lactate dehydrogenase, bile pig-
ments, and iron derived from dying erythroid precursors. 
Mature erythrocytes have abnormal shapes and are of 
various sizes, and their mean cell volume (MCV) is much 
greater than normal. Macrocytic and misshapen erythro-
cytes survive for a shorter time in blood than normal 
erythrocytes do.

Erythroid precursors have a normal DNA content 
together with an elevated RNA content. They have 
increased RNA per unit of DNA and are thus larger than 
normal cells at the same level of maturation.42 Their 
nuclear chromatin appears looser than normal on stained 
smears (Fig. 11-1), which gives the characteristic appear-
ance of the megaloblast. Maturation of the nucleus and 
cytoplasm is asynchronous, with the nucleus appearing 
less mature than the cytoplasm. For example, polychro-
matophilic erythroblasts with considerable accumulation 
of hemoglobin in the cytoplasm may have vesicular, open, 
or immature nuclei, and more mature orthochromic 
erythroblasts may contain nuclei that are not the dense, 
small, purple-staining pyknotic nuclei of normal ortho-
chromes. Experienced observers usually recognize mega-
loblastic erythropoiesis by noting the vesicular and open 
nuclear pattern in the earliest erythroblasts (proerythro-
blasts and basophilic erythroblasts) (see Fig. 11-1).

Myeloid precursors are larger than normal, with 
giant metamyelocytes and band neutrophils being the 
most striking features. These cells may persist in bone 
marrow for 10 to 14 days after the start of treatment.43 
Giant metamyelocytes and band neutrophils are not seen 
in the megaloblastoid bone marrow of patients with leu-
kemia or myelodysplasia. Similar abnormalities probably 
affect megakaryocyte precursors but have not been well 
described. Neutropenia and thrombocytopenia occur 

more often with severe megaloblastic anemia, although 
both may occur in the absence of anemia.

Neutrophil hypersegmentation (Fig. 11-2) is defi ned as 
the presence of one or more six-lobed neutrophils or fi ve 
or more neutrophils with fi ve well-separated lobes among 
100 segmented neutrophils. Multilobed neutrophils are 
a characteristic feature of the peripheral blood of cobala-
min- and folate-defi cient patients.

Other Tissues

Macrocytosis of buccal cells has been reported in patients 
with megaloblastic anemia. Similar abnormalities have 
been described in cells of the tongue, vaginal epithelium, 
urinary tract, and nasal epithelium. Decreased height of 
gastric cells and enterocytes has also been described. 
These changes reverse after treatment of the megaloblas-
tic anemia.44,45

COBALAMIN (VITAMIN B12)

Chemistry of Cobalamins
Cobalamins, members of the class of molecules called 
corrins, have the chemical structure shown in Figure 
11-3. They consist of a planar corrin ring, similar to but 
distinct from that of porphyrins such as heme, with a 
central cobalt atom that coordinates with four nitrogen 
atoms of the corrin ring. A nucleotide, 5,6-dimethylbenz-
imidazole, coordinates with the cobalt atom below the 
plane of the corrin ring and attaches covalently as well 
to the corrin ring. The central cobalt atom may exist in 
three different oxidation states: the oxidized trivalent 
state (cob[III]alamin), the divalent state (cob[II]alamin), 
and the fully reduced monovalent state (cob[I]alamin). 
A number of different groups may be attached to the 
cobalt atom in the upper axial position (position “X” in 
Fig. 11-3) when it is in the cob(III)alamin state. Corrins 
that have coenzyme activity or can be converted to coen-

FIGURE 11-1. Bone marrow with megaloblasts. (Courtesy of Dr. A.V. 
Hoffbrand, Royal Free Hospital, London.) FIGURE 11-2. Multilobar neutrophil. (Courtesy of Dr. A.V. Hoffbrand, 

Royal Free Hospital, London.)
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zyme forms within the cell include cobalamins with CN 
(cyanocobalamin, CNCbl), OH (hydroxycobalamin, 
OHCbl), H2O (aquocobalamin, H2OCbl), SH (sulfi toco-
balamin, SOCbl), glutathionyl (glutathionylcobalamin, 
GSCbl), methyl (methylcobalamin, MeCbl), or 5′-
deoxyadenosyl (adenosylcobalamin, AdoCbl) bound in 
the upper axial position, as well as cob(II)alamin and 
cob(I)alamin.46,47

Nutritional Sources and Requirements

Although cobalamin is required for metabolism by pro-
karyotes, animals, and many algae, it is synthesized only 
by prokaryotes. Two distinct pathways for de novo cobal-
amin synthesis have been identifi ed, one anaerobic and 
the other requiring molecular oxygen.48,49 Eukaryotes 
lack a biochemical pathway for de novo cobalamin syn-
thesis and are dependent on diet for their cobalamin 
requirement. Some algae contain large amounts of cobal-
amin, which they apparently acquire through a symbiotic 
relationship with cobalamin-synthesizing bacteria.50 
Cobalamin is not required as a vitamin by higher plants, 
which neither synthesize nor accumulate cobalamin and 
thus do not contribute it to the diet.

The recommended dietary allowance of cobalamin 
for adults has been set at 2.4 μg/day, with the aim of 

ensuring absorption of 1 μg/day, assuming absorption of 
about 50% from food.51 The World Health Organization 
has recommended a daily cobalamin intake of 1 μg for 
normal adults; 1.3 and 1.4 μg daily for lactating and 
pregnant women, respectively; and 0.1 μg/day for infants. 
Studies of chromosomal damage and uracil misincorpo-
ration into DNA in different populations suggest that this 
level may need to be higher, 7 to 10 μg/day, to ensure 
genomic stability.52-54

Because all of the cobalamin needs of humans are 
met through the diet, inadequate intake causes defi ciency. 
Typical diets in developed countries contain more than 
adequate amounts of cobalamin, although cobalamin 
defi ciency may occur in vegans, who consume no animal 
products whatever. Elsewhere, cobalamin defi ciency may 
occur frequently in populations whose diet contains little 
meat.51 On the Indian subcontinent, the concentration 
of vitamin B12 in serum and tissues is low in vegans, 
in lactovegetarians, and in nonvegetarians whose diets 
nevertheless contain little meat.55-57 Low cobalamin levels 
have also been reported in populations in the Middle 
East, elsewhere in Asia, Africa, Mexico, and Central and 
South America.

SCDSC secondary to cobalamin defi ciency has been 
described in vegans, but its frequency appears to be very 
low.58,59 The reason for this is unknown and merits further 
study.

Cobalamin-Binding Proteins

Effective transmembrane transport of cobalamins into 
mammalian cells at the low cobalamin levels found in 
nature requires mediation of cobalamin-binding proteins 
interacting with receptors on the cell surface that recog-
nize the cobalamin-protein complex. Three cobalamin-
binding proteins play roles in the uptake and transport 
of cobalamin: intrinsic factor, transcobalamin (previously 
called transcobalamin II), and haptocorrin (also called 
transcobalamin I, transcobalamin III, cobalaphilin, 
and R binder). These proteins have similar primary 
sequences and intron/exon structure, thus suggesting 
that they have arisen by duplications of an ancestral 
gene.60,61 They show 33% overall homology with each 
other, and specifi c regions demonstrate as much as 60% 
to 80% identity.62

Intrinsic Factor

Intrinsic factor, a 45-kd glycoprotein, is synthesized in 
gastric parietal cells in humans and is required for 
effi cient uptake of dietary cobalamin in the intestine. It 
is readily digested by pepsin, but not by trypsin.63 Intrin-
sic factor binds cobalamins less tightly (Kd = 0.1 to 
1.0 nmol/L) than transcobalamin or haptocorrin does.64 
However, its binding affi nity for cobalamins is far greater 
than that for nonfunctional corrin analogues such that 
the latter are not absorbed from the intestine. Intrinsic 
factor is encoded by the GIF (gastric intrinsic factor) 
gene on chromosome 11q13.65
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FIGURE 11-3. Cobalamin (vitamin B12, Cbl) consists of a planar 
corrin ring (black) that coordinates with a central cobalt atom (red), 
with a 5,6-dimethylbenzimidazole base (blue) covalently attached to 
the corrin ring and coordinating with the cobalt atom. X (green) repre-
sents the upper axial ligand, which varies in different biologic and 
pharmacologic cobalamins. When X is methyl, the compound is 
methylcobalamin (MeCbl); when it is adenosyl, the compound is 5-
deoxyadenosylcobalamin (AdoCbl); when it is CN, the compound is 
cyanocobalamin (CNCbl); and when it is OH, the compound is 
hydroxycobalamin (OHCbl).
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Transcobalamin

Transcobalamin mediates the entry of cobalamin into a 
variety of cell types. It is found in plasma, cerebrospinal 
fl uid (CSF), seminal fl uid, and transudates and is syn-
thesized in a variety of cells, including fi broblasts, mac-
rophages, enterocytes, renal cells, hepatocytes, spleen, 
heart, gastric mucosa, and endothelium.66 Transcobala-
min is a nonglycosylated protein with a molecular weight 
of 43 kd.67 Plasma turnover is rapid.68 It binds cobalamin 
tightly (Kd = 5 to 18 pmol/L) to form holotranscobalamin 
(holo-TC) but has low affi nity for corrins without vitamin 
B12 activity. The TCN2 gene is localized to chromosome 
22q12-13.61

Haptocorrin

The TCN1 gene on chromosome 11q11-q1269 encodes 
the haptocorrins, a family of proteins of approximately 
46 kd that contain the same protein backbone but differ 
in their degree of glycosylation. They are synthesized by 
myeloid and probably other cells. Haptocorrins are 
present in many secretions, including plasma, bile, saliva, 
tears, breast milk, amniotic fl uid, and seminal fl uid, as 
well as in extracts of granulocytes, salivary gland, plate-
lets, hepatoma cells, and breast tumors.66,70,71 The fully 
glycosylated haptocorrin found in plasma has a low iso-
electric point and a half-life of 9 days; haptocorrins with 
higher isoelectric points are cleared more rapidly from 
plasma into bile. Seventy percent to 90% of the cobala-
min in plasma is bound to haptocorrin (holohaptocorrin, 
holo-HC), with the remainder being associated with 
transcobalamin; however, only transcobalamin-bound 
cobalamin is available for uptake by cells other than 
hepatocytes. Haptocorrins have the greatest affi nity for 
cobalamins of all of the cobalamin-binding proteins 
(Kd = 3 to 7 pmol/L). In addition, they have considerable 
binding affi nity for other corrins that lack vitamin B12 
activity. An important function of haptocorrins in vivo 
may be the binding and excretion of such cobalamin 
analogues into bile.72

Cobalamin Binding

The three-dimensional structure of human transcobala-
min has recently been determined. The protein has a 
two-domain structure with an N-terminal α6-α6 barrel 
and a smaller C-terminal domain. One molecule of cobal-
amin is bound between the two domains in the base-
on conformation.73 Similar studies with intrinsic factor or 
haptocorrin are complicated by their carbohydrate 
content, but studies of isolated domains from intrinsic 
factor and modeling of the three-dimensional structures 
of intrinsic factor and haptocorrin are con sistent with a 
similar binding mechanism for cobalamin.74,75

Absorption of Dietary Cobalamins

Cobalamin in food is almost entirely protein bound. It is 
released from protein by the action of acid and pepsin in 

the stomach, where it binds to the haptocorrin present 
in saliva and gastric secretions. In the duodenum, the 
haptocorrin-cobalamin complex is broken down by pan-
creatic proteases with release of cobalamin, which then 
binds the intrinsic factor secreted by gastric parietal 
cells.76 The intrinsic factor–cobalamin complex binds to 
receptors in the apical brush border of enterocytes in the 
distal ileum. Free cobalamin is not recognized by these 
receptors. The maximum quantity of intrinsic factor–
cobalamin that can be bound to receptors in the human 
intestine is about 1.5 μg.44

The ileal receptor is made up of two proteins, cubilin 
(the product of the CUBN gene on chromosome 10p12.1) 
and amnionless (the product of the AMN gene on chro-
mosome 14q32), and has been named “cubam.” Cubilin 
is a 460-kd protein that consists of a 113-residue N-
terminal region, followed by 8 epidermal growth factor–
like repeats and 27 110–amino acid CUB domains.77 
It binds a variety of ligands in addition to intrinsic 
factor–cobalamin, including receptor-associated protein, 
albumin, apolipoprotein A-I/high-density lipoprotein, 
transferrin, immunoglobulin light chains, and vitamin 
D–binding protein.62 It is present in the renal proximal 
tubule and yolk sac, as well as the ileum.77 Amnionless is 
an approximately 48-kd protein that is expressed in the 
same tissues as cubilin.78 In a dog model it binds tightly 
to cubilin and appears to be essential for the production 
of mature cubilin and its transport to the apical brush 
border surface.79 Expression of both cubilin and amnion-
less is required for uptake of intrinsic factor–cobala-
min.79-81 Another multiligand endocytic receptor, megalin, 
is coexpressed with cubilin, but it may not play any role 
in intestinal cobalamin uptake.77

Intrinsic factor–cobalamin is rapidly internalized by 
endocytosis after binding to its receptor.82 Attachment of 
cobalamin to transcobalamin appears to occur within 
enterocytes after its release from intrinsic factor, which 
is subsequently degraded.83-85 Holo-TC appears in the 
portal circulation after about 4 hours. Involvement of 
the lysosomal compartment in uptake of intrinsic 
factor–cobalamin is suggested both by impairment 
of cobalamin uptake by agents that interfere in lysosome 
function86 and by the fi nding of impaired uptake of 
cobalamin in patients with the cblF disorder, in whom 
release of free cobalamin from the lysosome into the 
cytoplasm is impaired.87

Cobalamin is excreted in bile, binds to intrinsic 
factor in the small intestine, and is reabsorbed. This 
enterohepatic circulation is interrupted in pernicious 
anemia such that depletion of cobalamin stores occurs 
more rapidly. Normal body losses have been estimated 
to be in the range of 2 to 4 μg cobalamin per day.

Cobalamin defi ciency may develop in patients with 
heavy infestations of the fi sh tapeworm Diphyllobothrium 
latum, which has been shown to be capable of releasing 
cobalamin from intrinsic factor and accumulating it.88 
Removal of massive quantities of fi sh tapeworm from 
patients has corrected megaloblastic anemia. However, it 
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is likely that cobalamin defi ciency caused by the worm is 
restricted to patients with marginal secretion of intrinsic 
factor or malabsorption of dietary cobalamin. The recent 
increase in ingestion of raw fi sh may provide new cases 
for study and treatment.

Cobalamin malabsorption has been observed in 
some patients with intestinal blind loops or stenotic areas 
of the small bowel.76 Malabsorption decreased after treat-
ment with antibiotics (e.g., tetracyclines), thus suggesting 
that bacteria proliferating in stagnant intestinal areas 
compete with the host for cobalamin in the intestinal 
lumen, but the exact nature of the process remains 
unclear. The increased serum folate level observed in 
many of these patients is attributed to the synthesis of 
large amounts of folates by intestinal bacteria.

Entry of Cobalamin into Cells

Transcobalamin carries just a fraction of the cobalamin 
present in blood, but only cobalamin bound to transco-
balamin is available for uptake by cells other than hepato-
cytes. Uptake is mediated by a specifi c membrane receptor 
present in many types of cells.13,64,89 Several groups have 
purifi ed holo-TC receptors from mammalian cell mem-
branes that have differing properties.90-93 The primary 
sequence of the physiologic receptor is not known, and no 
gene has been identifi ed. There is rapid binding of holo-
TC to the receptor at the cell surface, followed by slower 
internalization with degradation of transcobalamin and 
release of free cobalamin.94,95 Internalization involves 
endocytosis, with holo-TC entering the lysosomal com-
partment; the process is disrupted by treatment with 
lysosomotropic agents such as chloroquine or ammonium 
chloride, which prevent acidifi cation of the lysosome.14,96 
Transfer of free cobalamin from the lysosome to the cyto-
plasm appears to require a specifi c transport system, but 
it has not been characterized. This system is defective in 
patients with cblF disease and results in accumulation of 
free cobalamin within the lysosome.97,98

Cellular Cobalamin Metabolism

Cobalamin functions as a coenzyme in two reactions in 
humans (Fig. 11-4). MeCbl is required in the synthesis 
of methionine from homocysteine and 5-methyltetrahy-
drofolate (5-methyl-THF). This reaction is mediated by 
the cytoplasmic enzyme methionine synthase (5-methyl-
THF:homocysteine S-methyltransferase, International 
Union of Biochemistry Enzyme Commission [EC] 
2.1.1.13)99,100:

Reaction 1

Homocysteine + 5-methyl-THF → Methionine + THF

AdoCbl (Ado-B12) is required for the conversion of 
methylmalonyl-coenzyme A (CoA) to succinyl-CoA, 
which is mediated by the mitochondrial enzyme 
methylmalonyl-CoA mutase (EC 5.4.99.2)101:

Reaction 2

Methylmalonyl-CoA → Succinyl-CoA

In prokaryotes, a variety of other enzymes use 
cobalamin for reactions that do not appear to occur in 
mammalian cells.

Once inside the cell, cobalamin is partitioned between 
the cytoplasm, where it is required for the activity of 
methionine synthase, and the mitochondria, where it is 
required by methylmalonyl-CoA mutase. Synthesis of the 
cobalamin coenzyme derivatives MeCbl and AdoCbl 
requires reduction of exogenous cobalamin, which is 
typically in the cob(III)alamin state, to cob(I)alamin 
before addition of the upper axial ligand. The early steps 
in this process remain poorly understood. GSCbl may 
play a role.102 In bacteria, reduction of cob(III)alamin to 
cob(I)alamin requires the activity of two separate reduc-
tases catalyzing the sequential reduction of cob(III)alamin 
to cob(II)alamin and cob(II)alamin to cob(I)alamin.103 A 
number of enzymes that catalyze these reactions in vitro 
have been identifi ed in mammalian mitochondrial and 
microsomal extracts,104-107 but their physiologic relevance 
has not been established. Two classes of inborn error of 
cobalamin metabolism, cblC and cblD, affect early steps 
in cellular cobalamin metabolism. The cblC disorder 
results in decreased synthesis of both AdoCbl and MeCbl; 
the cblD disorder may result in decreased synthesis of 
AdoCbl, MeCbl, or both. The genes underlying these 
disorders, MMACHC (cblC)108 and MMADHC (cblD),109 
have been identifi ed, but their functions have not been 
established.

Methionine Synthase

Methionine synthase is the major pathway for remeth-
ylation of homocysteine in humans. The reaction 
catalyzed by methionine synthase involves transfer of a 
methyl group from 5-methyl-THF to an enzyme-bound 
cob(I)alamin prosthetic group to generate MeCbl; the 
methyl group is subsequently transferred from MeCbl 
to homocysteine to form methionine and regenerate 
cob(I)alamin.99,100 Maintenance of the enzyme-bound 
cobalamin in its active, fully reduced state requires the 
activity of a second protein, methionine synthase reduc-
tase. Once every 100 to 200 turnovers, the enzyme-bound 
cobalamin spontaneously oxidizes to cob(II)alamin; 
methionine synthase reductase catalyzes reductive 
remethylation to regenerate MeCbl by using S-adenosyl-
methionine (AdoMet) as methyl group donor110,111:

Reaction 3

Homocysteine + AdoMet → Methionine + AdoHcy

The gene encoding human methionine synthase, 
MTR, has been localized to chromosome 1q43.112-114 It 
consists of 33 exons spanning over 60 kilobases (kb) of 
genomic DNA115 and encodes a gene product of 1265 
amino acids. The protein is 55% identical with cobala-
min-dependent methionine synthase (MetH) from 
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Escherichia coli,113 in which enzyme function has been 
extensively studied. The E. coli enzyme is modular, with 
an amino-terminal homocysteine-binding domain,116 a 
methyl-THF–binding domain,116 a cobalamin-binding 
domain,117 and a C-terminal activation domain that con-
tains the AdoMet binding site required for methionine 
synthase reductase–catalyzed reductive methylation.118 
X-ray crystallography studies have demonstrated the 
importance of a triad of amino acids (equivalent to 
Asp783, His785, and Ser836 of the human synthase) in 
binding cobalamin to the enzyme. This is a component 
of an extended cobalamin-binding motif common to 
several cobalamin-utilizing enzymes, including methyl-
malonyl-CoA mutase.119 The human enzyme has a similar 
arrangement of domains. Crystallography studies have 
shown structural differences in the activation domain, 
which interacts with the fl avin mononucleotide–binding 
domain of methionine synthase reductase rather than the 
fl avodoxin/fl avodoxin reductase system used by the E. coli 
enzyme.120

When MeCbl is bound to methionine synthase, its 
dimethylbenzimidazole base is displaced from the cobalt 

and its place is taken by the histidine residue (the “base-
off” conformation), which facilitates the methyl transfer 
reactions of the catalytic cycle.119 The histidine residue 
does not appear to be essential for the reductive methyla-
tion reaction.121 Conformational changes in the protein 
result in apposition of the 5-methyl-THF–binding and 
the homocysteine-binding domains to the upper surface 
of the bound cobalamin at appropriate times during the 
catalytic cycle, as well as apposition of the activation 
domain to the upper surface of the bound cobalamin 
during reductive methylation.122

Methionine Synthase Reductase

The human methionine synthase reductase gene (MTRR) 
on chromosome 5p15.2-15.3 was identifi ed and cloned 
on the basis of homology to the fl avodoxin/fl avodoxin 
reductase system that plays a similar role in the E. coli 
cobalamin-dependent methionine synthase.110 MTRR 
encodes a 698–amino acid protein that is a member of 
the FNR family of electron transferases. Methionine syn-
thase reductase has been shown to support the reduced 
nicotinamide adenine dinucleotide phosphate (NADPH)-
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dependent activation of methionine synthase in vitro.111 
It may also act as an H2OCbl reductase, as well as a 
stabilizing methionine synthase.123

Methionine Metabolism

Methionine is an essential amino acid in humans. The 
role of methionine synthase is to remethylate the homo-
cysteine generated during cellular metabolism, thereby 
helping maintain adequate methionine levels, as well as 
preventing the accumulation of potentially toxic homo-
cysteine. It also represents the only means of converting 
methyl-THF to THF because the reaction catalyzing 
the synthesis of methyl-THF from methylene-THF is 
irreversible under physiologic conditions. A cobalamin-
independent enzyme, betaine–homocysteine methyl-
transferase (EC 2.1.1.5), catalyzes homocysteine 
remethylation in the liver124; however, in situations in 
which methionine synthase is decreased, as in inborn 
errors of metabolism or cobalamin defi ciency, the betaine-
utilizing enzyme is insuffi cient to prevent accumulation 
of homocysteine and its sequelae.

Cellular methionine may be used in protein synthesis 
or adenosylated to form AdoMet by the enzyme adeno-
sine triphosphate (ATP)–L-methionine S-adenosyltrans-
ferase (EC 2.5.1.6):

Reaction 4

Methionine + adenosine → AdoMet + 2Pi

AdoMet acts as a methyl group donor in at least 39 
different AdoMet-dependent transmethylation reactions, 
including DNA methyltransferase 1, which catalyzes the 
methylation of cytosine residues at CpG sites of DNA, 
as well as enzymes catalyzing the methylation of RNA, 
lipids, proteins (including histones), neurotransmitters, 
and thiols.125 These reactions generate S-adenosylhomo-
cysteine (AdoHcy), which in turn can be hydrolyzed to 
homocysteine and adenosine by the enzyme S-adenosyl-
homocysteine hydrolase (EC 3.3.1.1):

Reaction 5

AdoMet + R → AdoHcy + CH3-R

Reaction 6

AdoHcy → Homocysteine + adenosine

Intracellular homocysteine is generated from methi-
onine by this cycle. Homocysteine may be remethylated 
by methionine synthase or betaine–homocysteine meth-
yltransferase, or it may react with serine to form cysta-
thionine in a reaction catalyzed by cystathionine 
β-synthase (EC 4.2.1.22). Accumulation of intracellular 
homocysteine results in increased levels of AdoHcy by 
mass action because the equilibrium of the reaction cata-
lyzed by AdoHcy hydrolase favors synthesis rather than 
hydrolysis of AdoHcy.126 AdoHcy in turn inhibits various 
AdoMet-dependent methyltransferases,125 with potential 
adverse effects on numerous systems.

Synthesis of Adenosylcobalamin

The system responsible for transport of cobalamin from 
the cytoplasm to the mitochondria is not well under-
stood, nor is the reduction state of the cobalamin that 
traverses the mitochondrial membrane known. Cobala-
min uptake by isolated mitochondria was observed only 
in swollen mitochondria; under these conditions, OHCbl, 
AdoCbl, and MeCbl were taken up more effectively than 
CNCbl was.127 Uptake was apparently achieved by diffu-
sion, followed by binding of cobalamin to a mitochon-
drial protein, presumably methylmalonyl-CoA mutase, 
thereby resulting in unidirectional uptake. It is not clear 
how well cobalamin uptake under these conditions 
refl ects physiologic processes.

Synthesis of AdoCbl occurs before the coenzyme 
becomes bound to methylmalonyl-CoA mutase. The ter-
minal step in this process, adenosylation of cob(I)alamin 
by ATP–cob(I)alamin adenosyltransferase (Reaction 7), 
occurs in mitochondria:

Reaction 7

Cob(I)alamin + ATP → AdoCbl + triphosphate

The gene encoding this enzyme, MMAB, has been 
identifi ed and cloned. It is localized to chromosome 
12q24 and encodes a 250–amino acid protein that is a 
member of the PduO family of ATP–cob(I)alamin ade-
nosyltransferases,128,129 one of three classes of cob(I)alamin 
adenosyltransferase that have been identifi ed in bacteria. 
In addition to catalyzing the adenosylation of cob(I)alamin, 
adenosyltransferase may also act as a chaperone and 
deliver cobalamin in an activated (base-off) state to 
methylmalonyl-CoA mutase.130-132

Another protein, the product of the MMAA gene on 
chromosome 4q31.1-2, is also required for the function 
of methylmalonyl-CoA mutase.133 MMAA encodes a 
protein of 418 amino acids that is a member of a family 
of auxiliary P-loop guanosine triphosphatases (GTPases), 
which includes proteins that function as chaperones in 
the assembly of metal cofactors. Studies of MeaB, an 
orthologue of MMAA from Methylobacterium extorquens, 
have shown that it interacts physically with methylmalo-
nyl-CoA mutase.134,135 MeaB (and by extension MMAA) 
may act in the GTP-dependent assembly of holomethyl-
malonyl-CoA mutase from apoenzyme and AdoCbl and 
in the protection of radical intermediates during enzyme 
activity.136

The majority of intracellular cobalamin exists bound 
to proteins; it appears that cobalamin is not retained in 
cells unless it is protein bound. Cytoplasmic cobalamin 
seems to consist exclusively of MeCbl bound to methio-
nine synthase, whereas most cobalamin in the mito chondria 
is AdoCbl bound to methylmalonyl-CoA mutase.138

Methylmalonyl-CoA Mutase

The mitochondrial enzyme methylmalonyl-CoA mutase 
catalyzes the fi nal step in the pathway that converts pro-
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pionyl-CoA, generated during the catabolism of branched-
chain amino acids, odd-chain fatty acids, and cholesterol, 
to succinyl-CoA. Mutase is encoded by the MUT gene 
on chromosome 6p12-21.2.139,140 The human enzyme is 
a homodimer consisting of 77-kd subunits, with two mol-
ecules of AdoCbl bound per dimer.141,142 The protein is 
synthesized in the cytoplasm as a precursor containing a 
leader sequence and is processed to a mature protein in 
mitochondria.143 The structure and function of bacterial 
methylmalonyl-CoA mutase (from Propionibacterium 
shermanii) have been studied extensively. This enzyme is 
a heterodimer composed of an α and a β subunit. The 
human enzyme shows 60% sequence identity to the α 
subunit, the only subunit of the bacterial enzyme that 
binds AdoCbl,144 and the results of studies of P. shermanii 
methylmalonyl-CoA mutase seem to be relevant to the 
human enzyme.

Methylmalonyl-CoA mutase contains the same 
extended cobalamin-binding motif present in methionine 
synthase. As with methionine synthase, the enzyme-
bound cobalamin cofactor is in the base-off conforma-
tion, with a histidine residue from the enzyme replacing 
the dimethylbenzimidazole base at the central cobalt.145 
Binding of substrate to holoenzyme results in change 
from an “open” enzyme conformation to a “closed” con-
formation in which the active site is completely buried, 
coupled with displacement of the adenosyl group from 
the cobalt. Subsequent exchange of a carbonyl-CoA 
radical and a hydrogen atom located on vicinal carbons 
of the substrate results in conversion of methylmalonyl-
CoA to succinyl-CoA.101

Biochemical Effects of Cobalamin Defi ciency

The biochemical consequences of cobalamin defi ciency 
result from decreased activity of the cobalamin-depen-
dent enzymes methionine synthase and methylmalonyl-
CoA mutase. Decreased activity of methionine synthase 
results in elevated levels of its substrate homocysteine in 
blood and excretion of homocystine in urine. Methionine 
levels in blood may be decreased or in the low-normal 
range. Decreased activity of methylmalonyl-CoA mutase 
results in accumulation of methylmalonic acid in blood 
and urine.

Diagnosis of Cobalamin Defi ciency

Commonly, macrocytic anemia occurs and is accompa-
nied by neutropenia and thrombocytopenia. The MCV is 
120 fL or greater unless coexisting iron defi ciency or a 
chronic infl ammatory process is present.146-149 The blood 
smear contains oval macrocytes and multilobed neutro-
phils. However, changing technology, including the use of 
automated cell counters, and the varying competence of 
technologists reporting blood smears may mean that oval 
macrocytes and multilobed neutrophils are not always 
reported. The bone marrow is usually megaloblastic.

Abnormal biochemical fi ndings include increased 
levels of lactate dehydrogenase, bilirubin, and iron in 

serum, as well as increased transferrin saturation, which 
refl ects “ineffective erythropoiesis.” Serum cholesterol, 
lipid, and immunoglobulin levels may be decreased. 
These changes are not specifi c to cobalamin defi ciency 
but are corrected with cobalamin therapy.150,151 Increased 
serum gastrin and pepsinogen levels and antibody to 
gastric parietal cells, which signals the presence of atro-
phic gastritis, are equally nonspecifi c152,153 because they 
do not distinguish those who lack intrinsic factor. The 
presence of antibody to intrinsic factor in serum is highly 
specifi c and indicates that the patient has cobalamin defi -
ciency or that it will develop. However, it is present in 
70% or less of patients.19,152,154

Serum Cobalamin Levels

The most direct evidence of cobalamin defi ciency is an 
abnormally low serum cobalamin level. Although early 
studies using microbiologic assays showed that the serum 
cobalamin level was almost always less than 100 pg/mL 
(78 pmol/L) in patients with megaloblastic anemia sec-
ondary to cobalamin defi ciency,155 megaloblastic bone 
marrow is found in only 20% to 30% of patients with 
serum cobalamin levels less than 100 pg/mL. Therefore, 
signifi cant cobalamin defi ciency can occur without 
hematologic manifestations. Neurologic manifestations 
of cobalamin defi ciency may appear before macrocytosis 
and classic megaloblastic anemia develop.156

The serum cobalamin level has been shown to refl ect 
hepatic cobalamin in small numbers of subjects,44 but the 
signifi cance of low serum cobalamin levels without clini-
cal evidence of cobalamin defi ciency, abnormal metabo-
lism of methylmalonate or homocysteine, or an abnormal 
deoxyuridine suppression test has not been determined. 
In many cases these patients are treated with cobalamin, 
with variable clinical benefi t.157,158

In contrast, signifi cant cobalamin defi ciency may 
occur in the absence of low serum cobalamin levels in 
patients who do not have megaloblastic anemia. In 
one study the serum cobalamin level was greater than 
100 pg/mL in 30% to 40% of patients demonstrated to 
have signifi cant cobalamin defi ciency; in 3% to 5%, the 
serum cobalamin level was in the normal range.156,159 
This failure of the assay to provide a near-perfect clinical 
correlation160 is due in part to technical defects, including 
the specifi city of the cobalamin binder used in some com-
mercial ligand-binding assays. It also refl ects the limits of 
the sensitivity and specifi city of newer assays161,162 when 
used as the sole measure of cobalamin defi ciency, par-
ticularly when the assay is applied to populations lacking 
clinical features of cobalamin defi ciency. In patients with 
megaloblastic anemia, the fi nding of a normal to increased 
level of serum folate, together with a reduced ratio of 
erythrocyte to serum folate, provides strong but indirect 
evidence of cobalamin defi ciency.163

These studies suggest that evidence of functional 
cobalamin defi ciency in addition to serum cobalamin 
levels (e.g., macrocytosis, multilobed neutrophils, and 
elevated levels of plasma methylmalonic acid and total 
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homocysteine) should be sought when cobalamin suffi -
ciency is evaluated in such populations, as well as in 
individuals in whom defi ciency is suspected. The fi nding 
of increased serum levels of methylmalonic acid and total 
homocysteine provides evidence of functional cobalamin 
defi ciency at the cellular level.

In patients who cannot absorb cobalamin, there is 
evidence that the amount of cobalamin bound to trans-
cobalamin (holo-TC) decreases before the reduction in 
total serum cobalamin (mostly holo-HC) occurs.164 
Attempts to improve the clinical accuracy of serum 
cobalamin determination have focused on measurement 
of holo-TC, the physiologic component. Recent improve-
ments have been made in the assay,165,166 but the benefi t 
of this measure over serum cobalamin is the subject of 
continued study.158,167-169

Tests of Cobalamin Absorption

In cases of defi cient intestinal cobalamin transport, the 
diagnosis of cobalamin defi ciency used to be confi rmed 
by the demonstration of correction of cobalamin malab-
sorption by the administration of cobalamin with a source 
of intrinsic factor (urinary excretion tests, or Schilling 
tests I and II). Indeed, correction of the cobalamin mal-
absorption by feeding intrinsic factor and radiolabeled 
cobalamin together confi rmed that a lack of intrinsic 
factor is the cause of the malabsorption and established 
that the patient has pernicious anemia.170 Unfortunately, 
this “gold standard” for investigating cobalamin absorp-
tion is no longer readily available because of the increas-
ing diffi culty of obtaining both radiolabeled cobalamin 
and intrinsic factor. Native human intrinsic factor is no 
longer available, and hog intrinsic factor is rarely used 
because of health concerns.171 Under development is a 
new test for cobalamin absorption in which changes in 
serum holo-TC are measured after a physiologic divided 
dose of cobalamin with plant-derived recombinant human 
intrinsic factor.172-174

Dietary Cobalamin Malabsorption

Malabsorption of dietary cobalamin is a disorder charac-
terized by the inability to release cobalamin from food or 
its binding proteins.175-177 It is measured by feeding sub-
jects eggs, meat, or liver from birds or animals fed radio-
labeled cobalamin. It is basically restricted to research 
laboratories and needs to be standardized in each. Patients 
have reduced serum cobalamin levels with normal free 
cobalamin absorption (Schilling test). Many have atro-
phic gastritis and reduced gastric peptic activity. Dietary 
cobalamin malabsorption affects about 40% of subjects 
with low serum cobalamin levels and is thus the most 
common cause of cobalamin defi ciency. Proton pump 
inhibitors, which inhibit gastric acid secretion, can also 
induce dietary cobalamin malabsorption.178

Single-Sample Fecal Excretion Test

The single-sample fecal excretion test of cobalamin 
absorption avoided the pitfalls of tests that relied on 

urinary excretion. Labeled cobalamin (free or bound to 
food) was fed with a nonabsorbable dye (carmine red) 
together with nonabsorbable [51Cr]chromic chloride. A 
sample of carmine red–stained stool was counted for 51Cr 
and 57Co and the ratio of counts compared with that 
in the sample that was fed. In normal subjects, 36% to 
88% of a 1- to 2-μg dose of 57Co-labeled cobalamin was 
absorbed.179 This test is not readily available.

Measurement of Plasma Methylmalonic Acid 
and Total Homocysteine

The presence of methylmalonic acid in the urine of 
patients with pernicious anemia and its disappearance 
days or weeks after treatment with cobalamin was 
described in 1962.180 Almost all subjects who are cobala-
min defi cient, both children and adults,181 accumulate 
methylmalonic acid in plasma.34,182-185 Indeed, elevated 
plasma levels of methylmalonic acid may be found before 
the appearance of macrocytosis, anemia, or other clinical 
features of cobalamin defi ciency.

Homocysteine accumulates in the plasma of patients 
defi cient in cobalamin, folate, or both.34,156,159,181,186-188 
Plasma homocysteine binds to free SH groups on pro-
teins, and low concentrations may not be detected unless 
released from proteins by reducing agents, which yields 
the total plasma homocysteine concentration. Elevated 
total plasma homocysteine levels are found in more 
than 80% of patients who are defi cient in cobalamin or 
folates.

An increased neutrophil lobe count and elevated 
total plasma homocysteine and methylmalonic acid levels 
indicate functional cobalamin defi ciency and add to the 
interpretation of serum cobalamin and holo-TC mea-
surements.189 Although elevated plasma methylmalonic 
acid is more specifi c than total homocysteine for cobala-
min defi ciency, this test is more diffi cult to perform 
and is less widely available. Methylmalonic acid and 
total homocysteine levels, as well as holo-TC levels, are 
increased in patients with renal impairment. The rela-
tionship of elevated levels of total plasma homocysteine 
to NTDs, cerebral and cardiovascular disease, and the 
incidence of cancer is discussed later in this chapter.

Positive Therapeutic Test

Correction of hematologic, biochemical, and neurologic 
abnormalities after treatment with cobalamin represents 
a positive therapeutic test (Fig. 11-5). A single injection 
of 10 μg CNCbl is given. The test is positive if megalo-
blastic changes in the erythroid series in bone marrow 
disappear within 48 hours and at least two of the follow-
ing occur:

1. Fifty percent decrease in serum iron or lactate dehy-
drogenase within 48 hours

2. Increase in the reticulocyte count 5 to 10 days after 
treatment

3. Correction of thrombocytopenia over a 2-week 
period
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4. Correction of neutropenia over a 2-week period
5. Decrease in MCV by 5 fL or more after the reticulo-

cytosis has subsided
6. Correction of anemia over a period of 2 to 4 weeks
7. Decrease in the neutrophil lobe count from the ele-

vated to the normal range over a 4-week period
8. Decrease in elevated plasma methylmalonic acid and 

total homocysteine levels over a 2-week period

A diagnosis of folate defi ciency can be established by 
treating the patient with a low dose of folic acid (in the 
range of 0.5 mg/day by mouth for 2 to 3 days) and moni-
toring for metabolic normalization and reticulocytosis in 
the succeeding 2 weeks. It should be noted that a dose 
of 2 to 5 mg of folic acid can induce reticulocytosis in 
most patients with cobalamin defi ciency and 100 to 
1000 μg of cobalamin can induce reticulocytosis in 
patients with folate defi ciency.

Serum Cobalamin in Folate Defi ciency

The serum cobalamin level may be decreased, even into 
the defi cient range, in patients with megaloblastic anemia 
secondary to folate defi ciency. The level increases over a 
period of 7 days with folate treatment unless the patient 
is defi cient in cobalamin as well.190 These changes may 
refl ect alterations in the distribution of cobalamin 
between cells and plasma.

Deoxyuridine Suppression Test

The deoxyuridine suppression test191,192 is based on the 
hypothesis that the activity of thymidylate synthase is 
decreased in cells defi cient in cobalamin or folates because 
of lack of the folate coenzyme 5,10-methylene-THF 
polyglutamate. Such defi cient cells have increased intra-
cellular deoxyuridylate as a result of this decreased activ-
ity, and incubation of these cells with deoxyuridine would 
further expand the deoxyuridylate pool. In the test, bone 
marrow cells are incubated fi rst with deoxyuridine and 
then with 3H-labeled thymidine, each for 1 hour, and 

the quantity of 3H incorporated into cell DNA is 
determined.

In normal cells, thymidylate synthase converts deoxy-
uridine to thymidine during the initial incubation, with 
the amount of 3H-thymidine subsequently incorporated 
reduced to less than 10% of that observed when deoxy-
uridine preincubation is omitted. In bone marrow cells 
from a patient who is defi cient in cobalamin or folates, 
preincubation with deoxyuridine reduces incorporation 
of 3H-thymidine into DNA to only 30% to 40%.

This defect in suppression of 3H-thymidine incorpo-
ration into DNA in cobalamin-defi cient cells can be cor-
rected by the addition of either MeCbl or 5-formyl-THF 
(folinic acid) during preincubation with deoxyuridine. 
Addition of 5-methyl-THF to deoxyuridine corrects the 
defect in folate-defi cient but not in cobalamin-defi cient 
cells. There is uncertainty regarding the biochemical pro-
cesses actually being modulated during this test, but 
the deoxyuridine suppression test reliably discriminates 
between cobalamin and folate defi ciency, except in 
patients with concomitant iron defi ciency.

Treatment of Cobalamin Defi ciency

Severe Defi ciency
Patients with severe anemia may have accompanying 
heart failure because of the anemia itself, sodium reten-
tion, and myocardial hypoxia. Initial treatment includes 
the administration of oxygen and diuretics and slow red 
blood cell (RBC) transfusion to avoid circulatory over-
load. Clinical disasters have occurred during initial 
therapy. Treatment of severely anemic adults with perni-
cious anemia was associated with immediate death in 
14% in one study193; however, more recent studies 
have not confi rmed this result.152 Disasters include life-
threatening hypokalemia and cerebral and cardiovascular 
accidents (usually strokes secondary to thrombosis or 
embolism). To minimize the risk for severe metabolic 
disturbances such as hypokalemia in these patients, an 
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FIGURE 11-5. Timeline of clinical response of cobalamin defi ciency after the administration of 10 μg of cyanocobalamin.
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initial dose of 10 μg CNCbl may be given subcutaneously 
for 2 days. This therapy is suffi cient to normalize serum 
lactate dehydrogenase and iron levels and induce reticu-
locytosis in 5 to 7 days, but insuffi cient to normalize 
plasma methylmalonic acid and total homocysteine levels 
and replete body stores. For severely affected children, 
the dose of CNCbl is 0.2 μg/kg/day subcutaneously for 
2 days.

The hypokalemia appears to be due to a shift of 
potassium from the extracellular to the intracellular com-
partment, accompanied by a delay in renal potassium 
retention. The clinician should anticipate this complica-
tion and provide a potassium supplement if needed. The 
role of potentially thrombogenic hyperhomocysteinemia 
in causing thrombosis and stroke during recovery is not 
known. These complications of initial therapy may affect 
children with severe cobalamin defi ciency as well.

Conventional Therapy

Bone marrow aspiration should be performed before a 
transfusion is given to establish the presence of megalo-
blastic anemia and avoid the decrease in erythroid hyper-
plasia and changes in cell morphology induced by it. The 
RBC folate blood sample must be obtained before trans-
fusion. Serum cobalamin and folate values are not altered 
much by transfusion but should be obtained beforehand 
as well.

Complete correction of megaloblastosis and associ-
ated metabolic changes requires anywhere from 15 to 
150 μg of CNCbl. Conventional therapy has been 
1000 μg of CNCbl or OHCbl by injection daily for 1 
week, followed by 100 μg of CNCbl weekly for 1 month 
and then monthly thereafter. This therapy is believed to 
replete and sustain body cobalamin stores. Recently, oral 
and parenteral therapy with CNCbl or OHCbl has been 
compared and found to yield comparable benefi ts, par-
ticularly in regard to correction of the megaloblastic 
anemia.194-196 Indeed, oral therapy with 1 to 2 mg cobala-
min daily is cheaper and better tolerated and has become 
standard treatment in many countries. Whether oral 
therapy arrests the neurologic toxicity as quickly as par-
enteral dosing does is not yet known.197 The answer 
would depend on the rapidity of delivery of the initial 
oral dose to the central nervous system (CNS) and on 
patient-to-patient variability. Another potential problem 
relates to “timed-release” cobalamin tablets with dissolu-
tion times of 3 to 6 hours, which are available in some 
countries and have been provided to patients by pharma-
cists.198 “Timed-release” tablets have not been the subject 
of study. For these reasons it would be prudent to give 
an initial injection of cobalamin to patients with neuro-
logic involvement.

Dementia and depression often respond rapidly to 
therapy, whereas other neurologic abnormalities improve 
gradually over a period of 6 months and may not return 
to normal. However, complete recovery from SCDSC 
in a bedridden patient with positive Babinski refl exes 
has been observed within 1 to 2 weeks after the start 

of cobalamin treatment (B. A. Cooper, personal 
communication).

Patients with pernicious anemia require indefi nite 
replacement therapy. A prudent monthly dose is 100 μg 
CNCbl subcutaneously, although some patients require 
higher doses. Similar repletion plus maintenance of 
stores is achieved with injections of 1000 μg of OHCbl 
every 3 months199 or 1000 μg OHCbl for 14 days every 
6 to 12 months. The strong tissue binding of OHCbl 
permits such infrequent injections. Oral therapy consist-
ing of 1 to 2 mg of cobalamin at intervals, with lower 
dosing in children and monitoring of plasma cobalamin 
levels periodically, is also an option. In some patients with 
pernicious anemia, cobalamin levels in serum or plasma 
can be maintained in the normal range with the daily 
ingestion of 50 to 200 μg CNCbl taken remote from 
meals.

In a few patients antibodies develop against the 
transcobalamin-cobalamin complex.200,201 These antibod-
ies do not appear to affect health but can result in very 
high levels of cobalamin in plasma. It is unclear whether 
this rare cobalamin allergy is more common after OHCbl, 
MeCbl, or CNCbl injections.

Cobalamin resistance is defi ned as correction of 
abnormal metabolite levels and clinical features in sub-
jects with normal serum cobalamin values by treatment 
with pharmacologic doses of cobalamin. The cobalamin 
resistance encountered in subjects with diabetes, renal 
insuffi ciency, and advanced age may be attributable to 
kidney failure.202-206

In patients with apparent dietary cobalamin malab-
sorption, normal serum cobalamin levels and tissue stores 
can be maintained by feeding 10 to 25 μg CNCbl daily. 
Such treatment should be monitored periodically by 
measuring serum cobalamin, methylmalonic acid, total 
homocysteine levels, or any combination of the three. In 
children with inherited defects of cobalamin metabolism, 
injection of 1000 μg OHCbl two to three times per week 
is recommended. The effectiveness of therapy in such 
cases is monitored by measuring total serum homocys-
teine, methylmalonic acid, and methionine levels.

Development of Cobalamin Defi ciency

Cobalamin defi ciency may take years to develop because 
of the long half-life of cobalamin within the body (about 
0.05% to 0.2% is lost per day)207 and the large hepatic 
stores of the vitamin. The earliest manifestation in perni-
cious anemia results from loss of gastric intrinsic factor 
with reduced absorption of cobalamin from the diet, 
accompanied by a decrease in holo-TC.164 Thereafter, 
levels of cobalamin in the liver and plasma decrease pro-
gressively. In most but not all subjects, the plasma cobala-
min level falls below the normal range before clinical 
manifestations of defi ciency are detected.156,159

The appearance of hypersegmented neutrophils 
and increased methylmalonic acid and total homocysteine 
levels in plasma may precede the development of classic 
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megaloblastic anemia. However, bone marrow morphol-
ogy may show abnormalities, and oval macrocytes may be 
observed on blood smear. Neurologic and mental disease 
may develop at this stage and not be recognized as being 
related to cobalamin defi ciency in the absence of anemia, 
elevated MCV, or decreased concentration of cobalamin 
in plasma.156,159 More prolonged defi ciency results in 
anemia with a megaloblastic bone marrow accompanied 
by neutropenia and thrombocytopenia. These conditions 
are most commonly (but not exclusively) seen in patients 
with the most severe anemia.155

Patients with defi ciency of cobalamin but without 
symptoms may be identifi ed by laboratory testing, may 
have unexplained neurologic signs or dementia, or may 
demonstrate the full picture of megaloblastic anemia. 
Progression is more rapid in patients with low cobalamin 
stores and in those with an additional metabolic insult 
(exposure to nitrous oxide, simultaneous defi ciency of 
folate, or exposure to antifolates).

Pernicious Anemia

Pernicious anemia is the most common cause of severe 
cobalamin defi ciency in adults in developed countries. It 
results from the lymphocyte-mediated immune destruc-
tion of intrinsic factor–producing gastric parietal cells. 
This acquired lack of intrinsic factor results in malab-
sorption of cobalamin. Patients who lack intrinsic factor 
after gastric resection and those few with a genetic muta-
tion yielding defective or undetectable intrinsic factor are 
not considered to have pernicious anemia.

Pernicious anemia is characterized by autoantibodies 
directed against the gastric parietal cells (specifi cally 
against parietal cell H+,K+-ATPase) and against intrinsic 
factor. Antibodies against gastrin and pepsinogen may be 
present as well. Progression of this type A chronic atro-
phic gastritis to gastric atrophy and clinical anemia takes 
decades. Thus, the frequency of pernicious anemia 
increases with age, with most new cases being detected in 
the fi fth to seventh decades of life. In the seventh decade 
and later, the incidence of pernicious anemia reaches 250 
to 500 cases per 100,000. However, rare cases have been 
described in children. Men and women are equally 
affected. Studies in Sweden, Denmark, and the United 
Kingdom between 1942 and 1968 reported an incidence 
of 100 to 130 cases per 100,000. As the population ages, 
the frequency of pernicious anemia will increase as well.

Pernicious anemia occurs predominantly in whites. 
It is less common in blacks, in whom it may appear at a 
younger age,208 and it has been reported in Asians.209 
Pernicious anemia is more common in northern Europe-
ans than in those of Mediterranean origin. This north-
south gradient of case incidence was also detected within 
the United Kingdom and Holland.44

The existence of families with multiple affected indi-
viduals210 and concordance for pernicious anemia in 
monozygotic twins211 suggest a genetic component, 
although the mode of inheritance is not simple. Attempts 

to link pernicious anemia with HLA phenotypes have 
been inconclusive. Pernicious anemia may be associated 
with other autoimmune disorders, including chronic 
autoimmune thyroiditis, insulin-dependent diabetes mel-
litus,212 Addison’s disease, Graves’ disease, vitiligo, myas-
thenia gravis,213 and possibly Sjögren’s syndrome.214 
Hypothyroidism is common and should be evaluated 
clinically and by measurement of hormone levels.215

Patients with pernicious anemia are at increased risk 
for carcinoma of the stomach,216,217 which may be found 
before, coincident with, or years after the diagnosis is 
made. Annual gastroscopy with biopsy of suspicious areas 
is recommended. Patients showing mucosal dysplasia or 
chromosomal changes suggesting a premalignant state 
require more frequent assessment. The current lack of 
tests to demonstrate cobalamin malabsorption adds 
extreme complexity to deciding which cobalamin-
defi cient patients require such monitoring.

Classic Clinical Findings

Cobalamin defi ciency, caused by either dietary defi ciency 
or intestinal malabsorption, is manifested clinically 
through its effects on rapidly proliferating tissues, prin-
cipally bone marrow and the lining of the intestinal tract, 
as well as the nervous system. The result is illness in 
which megaloblastic anemia, gastrointestinal symptoms, 
or neurologic degeneration (or any combination) may 
predominate.

Megaloblastic Anemia

Pernicious anemia is often manifested as severe macro-
cytic anemia accompanied by neutropenia and thrombo-
cytopenia. The gradual onset of the anemia, to which the 
patient adjusts by gradually curtailing activity, means that 
the patient may be largely asymptomatic except for some 
weakness. Impending or actual congestive heart failure 
may be present, as may postural or activity-induced 
shortness of breath. Usually, some neurologic or mental 
symptoms and signs are also present, as are soreness of 
the tongue (glossitis) and other intestinal symptoms.

Gastrointestinal Features

In some patients the anemia and neurologic defi cits are 
relatively mild and the predominant symptoms are gastro-
intestinal, including loss of appetite with minor (5% to 
10%) weight loss, nausea, constipation, occasional diar-
rhea, and glossitis aggravated by spicy or “acidic” foods. 
Failure to notice mild macrocytic anemia or elicit neuro-
logic abnormalities may result in unwarranted intestinal 
imaging and visualization. Although the gastrointestinal 
symptoms may be secondary to the “megaloblastic” 
changes in gut cells, the relationship of morphologic 
changes in buccal, esophageal, and enteric cells to glossi-
tis, anorexia, constipation, and diarrhea is uncertain.45

Neurologic Disease

The neurologic syndrome of cobalamin defi ciency is 
known as subacute combined degeneration of the spinal cord. 
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SCDSC consists of demyelination and degeneration of 
the posterior and lateral columns of the spinal cord, along 
with a peripheral neuropathy that is more severe in the 
lower than the upper extremities.218,219 Decreased vibra-
tion and position sense is usually the fi rst objective mani-
festations of SCDSC, with pyramidal tract signs being 
observed later. The latter may be masked by a decrease 
in tendon refl exes secondary to the peripheral nerve 
lesions.220-222 Cerebral symptoms and optic nerve degen-
eration also occur. Magnetic resonance imaging (MRI) 
may reveal white matter changes.203 SCDSC can occur 
with little evidence of anemia and includes some or all 
of the following features:

• Degeneration of the posterior spinal columns, which 
results in decreased vibration sense below the iliac 
crests in 48%, loss of position sense in the feet in 42%, 
and ataxia in 64% of patients.

• Degeneration of the pyramidal tracts, which causes 
spasticity and dorsifl exion of the toes (Babinski refl ex) 
in 56% of patients.

• Peripheral neuropathy with distal paresthesia, anesthe-
sia, and muscular weakness in 90% of patients.

• Dementia mimicking Alzheimer’s disease.
• Depression, with or without dementia, in 90% of 

patients and affecting virtually all symptomatic 
patients.

• Optic atrophy, which is very rare in pernicious 
anemia.

Decreased vibration sense, recently described as the 
“mobile phone sign,”223 and paresthesias in the legs prob-
ably affect most patients with symptomatic pernicious 
anemia, but SCDSC affects no more than 30%. In one 
series, paresthesias were noted in 30% of patients, whereas 
SCDSC was present in only 6% to 9%.

In many patients with SCDSC, MCV is elevated and 
the serum cobalamin level is in the defi cient range. 
However, patients with neurologic disease but without 
anemia may have serum cobalamin levels above the range 
of defi ciency. Therefore, the diagnosis of cobalamin 
defi ciency in patients with neurologic problems should 
not be excluded on the basis of a normal serum cobala-
min level.157 Similarly, in patients with senile dementia 
or Alzheimer’s disease, elevated levels of plasma methyl-
malonic acid and total homocysteine should be 
sought.224

The pathogenesis of the neurologic lesions in SCDSC 
is unclear. Similar neurologic lesions can be induced in 
primates (including humans) and pigs by chronic expo-
sure to nitrous oxide,225 which also produces megaloblas-
tic anemia in humans. Nitrous oxide reacts with the 
cob(I)alamin generated during the catalytic cycle of 
methionine synthase and causes oxidation of the cobala-
min prosthetic group and generation of a reactive oxidant, 
possibly a hydroxyl radical, that can attack and deactivate 
the enzyme.226,227 The nitrous oxide–induced neurologic 
lesion can be prevented in monkeys and pigs with methi-

onine supplements.225,228 Similarly, SCDSC is observed 
in patients with inborn errors that affect the function of 
methionine synthase in the presence of normal methyl-
malonyl-CoA mutase activity (the cblE and cblG disor-
ders). These data suggest that SCDSC is the result of 
decreased remethylation of homocysteine, perhaps as a 
result of changes in the activity of AdoMet-dependent 
transmethylases.

The frequency of SCDSC as the initial feature of 
pernicious anemia appears to have increased over the 
past 40 years. In a study published in 1961,229 10% to 
15% reported neurologic symptoms. Hall found neuro-
logic signs in 35% of patients with this disease.230 In 
1988, a study in California reported neurologic or mental 
disorders in 50% of patients with cobalamin defi ciency.231 
It is unclear whether the spectrum of the disease has 
changed or whether more patients without anemia are 
being recognized through the availability of RBC volume 
determination (MCV), as well as assays for serum 
cobalamin.

Subclinical or Preclinical Pernicious Anemia

Erythrocyte macrocytosis, detected by electronic blood 
cell analysis, identifi es patients with pernicious anemia 
and others with cobalamin defi ciency. Still others are 
identifi ed through screening programs in at-risk popula-
tions, such as the institutionalized, the elderly, and those 
with neurologic or psychiatric impairments. The diagno-
sis is usually established by fi nding a low serum cobala-
min or plasma holo-TC level together with an elevated 
plasma methylmalonic acid or total homocysteine 
level.188,189,232-237 Current strategies to evaluate suspected 
cobalamin-defi cient patients have been addressed and 
controversies highlighted.162,171,238,239 Most disturbing are 
clinic-based studies in which patients with macrocytic 
anemia or neurologic defi cits, or both, are tested and 
then treated with cobalamin irrespective of the test results. 
Some of those with normal metabolite levels clearly 
respond clinically.157 Regardless of whether clinical mani-
festations of cobalamin defi ciency are present, many 
patients showing biochemical evidence of defi ciency 
volunteer that they “feel better” after treatment with 
pharmacologic doses of cobalamin.

Maternal and Pediatric 
Cobalamin Defi ciency

Maternal Cobalamin Defi ciency
Cobalamin defi ciency in newborns is most often the 
result of defi ciency in the mother.240 Mothers following 
vegan, vegetarian, macrobiotic, and other special diets are 
at particular risk. Not surprisingly, poverty and malnutri-
tion lead to cobalamin defi ciency in mothers and chil-
dren in many parts of the world.241-244

Severely defi cient mothers may be sterile,245 but 
those with depleted cobalamin stores because of a cobal-
amin-defi cient diet or early pernicious anemia may bear 
cobalamin-defi cient infants. These mothers have low 
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serum and milk cobalamin levels, and their infants are 
born with low cobalamin stores that are not repleted 
during breast-feeding. If the mother has circulating anti–
intrinsic factor antibodies, they may cross the placenta 
and impair intestinal cobalamin absorption during the 
initial weeks of life, particularly if the antibody titer is 
high.246 Rare, asymptomatic, nonanemic cases of mater-
nal pernicious anemia have been described.57,247-249

Maternal dietary cobalamin defi ciency is usually 
associated with a strict vegetarian (vegan) diet entirely 
free of animal-derived nutrients,250 but low serum cobal-
amin levels are also found in lactovegetarians and lacto-
ovovegetarians. This is particularly so in immigrants to 
the West, where hygienic standards minimize the bacte-
rial content of foods believed to be an important source 
of dietary cobalamin in Asian countries.251

Eating the macrobiotic diet described by Kushi and 
Jack,252 which contains little animal protein, can deplete 
maternal cobalamin stores in as little as 3 years. Elevated 
urinary methylmalonic acid was found in 15 of 16 breast-
fed infants of vegetarian mothers who ate a macrobiotic 
diet. Methylmalonic acid levels correlated inversely with 
maternal serum cobalamin levels, half of which were low. 
Maternal milk cobalamin levels were also low, and levels 
below 362 pmol/L correlated inversely with infant urinary 
methylmalonic acid. Functional cobalamin defi ciency 
such as this appears to be much more widespread than 
hitherto thought.250,253 Twenty-fi ve of 58 pregnant Cana-
dian adolescents 14.5 to 19 years of age had plasma 
cobalamin values in the suboptimal range (<148 pmol/L) 
at 36 weeks’ gestation, and 71% of them had hyper-
segmented neutrophils.254

Up to 20% of normal pregnancies are associated with 
lower than normal serum cobalamin levels in mothers. 
These levels return to normal after delivery.255 In a recent 
study, low maternal cobalamin levels were accompanied 
by elevated total homocysteine and methylmalonic acid 
levels and were the principal predictors of low cobalamin 
and raised total homocysteine and methylmalonic acid 
levels in the newborn. These abnormalities persisted for 
6 weeks in the newborns. The authors concluded that 
cobalamin status in the neonatal period was strongly 
associated with maternal cobalamin status and parity.256 
The fact that parity increased the risk of low cobalamin 
status in mothers suggests that diet alone may be insuf-
fi cient to replenish maternal cobalamin stores and that 
cobalamin supplements may be needed during pregnancy 
and after.

Healthy pregnant Korean women were less likely to 
have folate defi ciency and more likely to have cobalamin 
defi ciency than nonpregnant women were.257 At the fi rst 
antenatal visit, 61% of Nepali women had elevated serum 
methylmalonic acid, and 49% had low serum cobalamin 
values.258 These authors recommended cobalamin sup-
plements for this population. Worldwide cobalamin defi -
ciency has been the subject of a detailed review.51

Less common causes of maternal cobalamin defi -
ciency are gastric resection with loss of intrinsic factor–

producing mucosa, fi sh tapeworm infestation, intestinal 
bacterial overgrowth, and sprue affecting the terminal 
ileum (see Box 11-1). Crohn’s disease, ulcerative colitis, 
and surgical resection involving the terminal ileum may 
cause cobalamin malabsorption as well. Inhalation of the 
anesthetic gas nitrous oxide inactivates methionine syn-
thase. Suffi cient exposure to nitrous oxide can cause 
severe functional cobalamin defi ciency with megaloblas-
tic anemia and SCDSC in mothers or infants.259,260 
The effect of nitrous oxide exposure on the fetus during 
maternal nitrous oxide inhalation is unknown.

Cobalamin Defi ciency in Newborns 
and Infants

Detection of cobalamin defi ciency in newborns and 
infants can be challenging for clinicians, but the stakes 
are high because early treatment can prevent irreversible 
neurologic damage. The diagnosis is based on a high 
index of suspicion leading to demonstration of a low 
serum cobalamin level, an increased plasma total homo-
cysteine level, and an increased plasma methylmalonic 
acid level, confi rmed by response to parenteral cobalamin 
therapy. Assessment of the mother’s diet and cobalamin 
status is important because maternal cobalamin defi -
ciency is the most common cause of cobalamin defi -
ciency in newborns and infants.

In adults, incipient folate or cobalamin defi ciency is 
often suggested by a raised MCV, indicative of macrocy-
tosis. Unfortunately, this is far less useful in detecting 
such defi ciencies in children. In a study of 146 children 
6 months to 12 years of age with an MCV of 90 fL or 
greater, macrocytosis was related to drug ingestion (anti-
convulsants, zidovudine, immunosuppressive agents) in 
51 of the cases. Other conditions associated with macro-
cytosis were congenital heart disease (20 cases), Down 
syndrome (12 cases), reticulocytosis (11 cases), marrow 
failure/myelodysplasia (6 cases), and miscellaneous causes 
(21 cases). No cause was found in 24 cases. No cases of 
cobalamin or folate defi ciency were observed.261

In infants born to cobalamin-defi cient mothers, 
severe cobalamin defi ciency can develop in the early 
weeks of life. Indeed, cobalamin defi ciency has become 
equated with severe megaloblastic anemia in children. 
This restrictive association is based on studies published 
in the 1960s and 1970s and supported by more recent 
individual case reports.262-265 For example, frank megalo-
blastic anemia developed in a 10-month-old, exclusively 
breast-fed white boy. His mother had undergone a gastric 
bypass procedure for morbid obesity 2 years before her 
pregnancy and was not anemic despite a low serum 
cobalamin level and an abnormal Schilling test that cor-
rected with intrinsic factor.266 Cobalamin defi ciency has 
been reported after surgery for necrotizing enterocolitis, 
particularly when resection has included part of the 
terminal ileum.267

A functional lack of cobalamin can be recognized by 
an elevated plasma or urinary methylmalonic acid level, 
an elevated total plasma homocysteine level, or a low 
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plasma cobalamin level in infants born to cobalamin-
defi cient mothers or mothers consuming vegetarian, 
macrobiotic, and other diets low in animal protein. Many 
such infants may not be anemic or may have received 
transfusions. They can show variable neurologic defi cits. 
Even such subclinical cobalamin defi ciency, untreated, 
can result in long-term neurologic or psychomotor 
impairment.

Plasma methylmalonic acid and total homocysteine 
levels were elevated eightfold and twofold above controls 
in 41 infants receiving a macrobiotic diet. Levels were 
inversely related to serum cobalamin levels, which were 
remarkably low. The mothers had been on a macrobiotic 
diet for 3 or more years, had breast-fed their infants, and 
had later fed them according to macrobiotic principles. 
Despite the absence of hematologic or neurologic defi -
cits, these children showed growth retardation and 
impaired psychomotor development when compared 
with omnivorous control children.181,268 In some mal-
nourished or diet-following child populations at risk, 
even those with the least evidence of defi ciency may 
develop below their full potential. Cobalamin status 
should be determined in all children suspected of failure 
to thrive.

In children, perhaps more than adults, functional 
or quantitative cobalamin defi ciency is often clinically 
obscure. Defi ciency of cobalamin is rarely recognized in 
newborns seen after several months of life with failure to 
thrive, apathy, anorexia, refusal of solid foods, develop-
mental regression, or any combination of these prob-
lems.265,269,270 Megaloblastic anemia may be present or 
not. Neurologic defi cits may need to be sought with care. 
The extent to which dietary folates or folate supplements 
may mask the clinical picture is unknown. Among 
more recent case reports, several have emphasized the 
persistence of neurologic defi cits despite cobalamin 
therapy.248,256,271-277 Cranial MRI studies have shown 
severe cerebral atrophy and retarded myelination,263 but 
the neurologic defi cits persisted even after complete reso-
lution of all MRI abnormalities.278

Dietary lack of cobalamin in newborns and infants 
appears to be more common than previously thought, is 
not restricted to those following specifi c defi ned diets, 
and is not well enough known. For example, a study to 
assess the effi cacy and safety of lowering dietary intake 
of total fat, saturated fat, and cholesterol to decrease 
low-density lipoprotein cholesterol in children failed to 
adequately assess cobalamin nutriture. Self-reported 
cobalamin intake was signifi cantly reduced, but levels of 
cobalamin and methylmalonic acid were not mea-
sured.279,280 Cobalamin defi ciency should have been of 
concern with a diet favoring vegetable over animal 
protein.

The ability of the placenta to accumulate cobalamin 
results in higher newborn than maternal plasma cobala-
min and holo-TC levels281,282; as a result, cobalamin defi -
ciency is rarely present at birth, although stores of 
cobalamin may be reduced. Thus, the increase in meth-

ylmalonic acid level may occur after screening for heredi-
tary organic acidurias, including methylmalonic aciduria, 
has been performed. However, in premature infants, 
cobalamin supplements proved more effective than those 
containing folate in reducing the severity of the anemia 
of prematurity.283 Additional therapeutic trials could 
provide more precision in our knowledge of the cobala-
min status of newborns.

The consistency of reports documenting the perma-
nence of neurologic damage induced by cobalamin defi -
ciency in newborns, often despite therapy,256,272,273,276,278 
suggests the need to add cobalamin to folate supplements 
before and during pregnancy. Added cobalamin would 
reduce the occurrence of both NTDs284 and nutritional 
cobalamin defi ciency in newborns, along with its risk of 
permanent neurologic damage.

The other major causes of inadequate cobalamin 
availability in newborns, detected within the fi rst year of 
life or sometimes years later, are inborn errors of cobala-
min metabolism (described in a later section).

Treatment of cobalamin defi ciency in newborns and 
infants needs to be aggressive to arrest and reverse the 
neurologic and psychomotor damage. An initial cobala-
min injection is recommended. Parenteral cobalamin at 
daily and then weekly doses of 100 to 1000 μg CNCbl, 
OHCbl, or MeCbl provides the best hope of success and 
replenishes cobalamin stores. However, oral therapy may 
be effective as well (see earlier). After the initial month, 
cobalamin injections (or oral dosing) can be spread out 
further. Once neurologic recovery has occurred, oral 
cobalamin daily doses of 5 to 10 μg CNCbl or another 
form can be continued. There are reports of a self-limited 
“infantile tremor syndrome” arising during cobalamin 
therapy.248,271,285

Cobalamin Defi ciency in Older Children 
and Adolescents

Cobalamin defi ciency in older children and adolescents 
shares many causes seen in adults. It may result from 
diets lacking cobalamin, prepared by parents or selected 
by teenagers.286 Gastric and intestinal diseases may result 
in malabsorption of cobalamin. Pernicious anemia is 
extremely rare in children younger than 10 years and rare 
in teenagers. Obese children, particularly teenagers, are 
at increased risk of having low cobalamin levels.287 
Low serum cobalamin levels and decreased cobalamin 
absorption as determined by the Schilling test have been 
reported in patients infected with HIV but without 
acquired immunodefi ciency syndrome.243,288-290 Treat-
ment with current highly active antiviral therapy improves 
cobalamin status. Moreover, treatment with cobalamin 
and folate reduces total homocysteine levels in such 
patients.291

In a survey on the effects of marginal malnutrition 
on human function carried out in rural Mexico, a defi -
cient plasma cobalamin level was found in 19% to 41% 
of individuals. In preschool children, 8% and 33% had 
defi cient and low plasma cobalamin levels, respectively, 
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that persisted for more than a year. Plasma holo-TC was 
also low. Breast milk cobalamin was low in 31 of 50 lac-
tating women. Defi ciency was attributed to dietary lack 
of cobalamin combined with intestinal malabsorption.292 
In a study of 113 Guatemalan women and their infants, 
plasma cobalamin was low in 47% of mothers. Most had 
low holo-TC levels as well. Dietary lack combined with 
Giardia lamblia infection appeared to account for the 
cobalamin defi ciency. Urinary methylmalonic acid was 
elevated in 12% of infants.241

Megaloblastic anemia developed in an 18-year-old 
woman undergoing diet therapy for phenylketonuria and 
led to assessment of cobalamin status in 37 adolescent 
and young adult phenylketonuria patients. Six had 
low (<150 pmol/L) and six had borderline low (150 to 
200 pmol/L) plasma cobalamin levels.293

Cobalamin defi ciency was identifi ed in a series of 
infants of families eating a macrobiotic diet, and parents 
were persuaded to liberalize the family diet. A decade 
later, adolescents from these families were found to have 
persisting cobalamin defi ciency with low cobalamin and 
raised methylmalonic acid and total homocysteine levels. 
These adolescents had impaired cognitive function in 
comparison to controls.294,295

Inborn Errors of Cobalamin Uptake 
and Transport

Defi ciency of Intrinsic Factor
Fewer than 100 children have been identifi ed with mega-
loblastic anemia and developmental delay as a result of 
an absence of effective intrinsic factor (intrinsic factor 
defi ciency or congenital pernicious anemia, Mendelian 
Inheritance in Man [MIM] 261000). Evidence of cobala-
min defi ciency usually appears after the fi rst year but 
before the fi fth year of life, although clinical defi ciency 
has appeared as late as 12 years of age in patients with 
partially defective intrinsic factor.296 Patients have an 
abnormal Schilling test result that is corrected by exoge-
nous intrinsic factor, but unlike classic pernicious anemia, 
they have normal gastric acid secretion and normal fi nd-
ings on gastric cytologic examination. In some cases no 
detectable intrinsic factor is produced297,298; in others, 
there is immunologically reactive but nonfunctional 
intrinsic factor, including intrinsic factor that has reduced 
affi nity for cubam,299 reduced affi nity for cobalamin,300 
or increased susceptibility to proteolysis.301 Several muta-
tions have recently been described in the GIF gene in 
patients with intrinsic factor defi ciency,302,303 including 
some patients in whom Imerslund-Gräsbeck syndrome 
was clinically diagnosed (see the next section).

Imerslund-Gräsbeck Syndrome

Imerslund-Gräsbeck syndrome, or megaloblastic anemia 
1 (MIM 261100), is usually accompanied by clinical 
manifestations of cobalamin defi ciency in children 
between the ages of 1 and 5 years, although they may 
appear later.304-307 At least 300 cases have been described. 

Patients typically have failure to thrive, recurrent gastro-
intestinal or respiratory infections, pallor, and fatigue. 
Megaloblastic anemia is usually present. Neurologic 
signs may be relatively mild.307 In many cases there is 
proteinuria that is neither of the classic glomerular or 
tubular type.308 The disorder was initially recognized 
among Finns and Norwegians, but it is now more fre-
quently diagnosed in patients from eastern Mediterra-
nean countries. Patients have normal intrinsic factor, 
no evidence of antibodies to intrinsic factor or 
H+,K+-ATPase, and normal intestinal morphology. 
There is a selective defect in cobalamin absorption 
that is not corrected by exogenous intrinsic factor. It 
is now recognized that Imerslund-Gräsbeck syndrome is 
a result of defi ciency of the intrinsic factor–cobalamin 
receptor complex, cubam. The proteinuria is a result of 
disruption of cubam function in the proximal tubule of 
the kidney.

A number of mutations in the CUBN and AMN 
genes have been identifi ed in patients with Imerslund-
Gräsbeck syndrome.80,81,309 All the cases in Finland were 
due to CUBN mutations (three different mutations), 
whereas all Norwegian cases were due to AMN muta-
tions (two mutations). Mutations of both CUBN and 
AMN were identifi ed in patients of Middle Eastern 
origin.309,310 In some Imerslund-Gräsbeck families, no 
mutations were identifi ed and linkage to either CUBN or 
AMN was excluded, thus suggesting that mutations in at 
least one additional gene may cause this disorder. Several 
patients originally thought to have Imerslund-Gräsbeck 
syndrome on the basis of clinical studies have subse-
quently been shown to have mutations in the GIF gene,303 
thereby leading to the suggestion that sequencing of the 
GIF, CUB, and AMN genes represents a possible fi rst-
line strategy in diagnosing these diseases.

Treatment involves intramuscular injection of cobal-
amin, initially at 1 mg OHCbl daily for 10 days, followed 
by monthly injection afterward.305 Successful treatment 
has also been reported with oral CNCbl.172

Transcobalamin Defi ciency

Fewer than 50 patients with transcobalamin defi ciency 
(MIM 275350) are known.311,312 In these patients severe 
anemia develops at a much earlier age than in patients 
with other causes of cobalamin malabsorption, usually in 
the fi rst months of life. Other symptoms include failure to 
thrive, weakness, and diarrhea in addition to pallor. The 
anemia is clearly megaloblastic, but some patients have 
pancytopenia or even isolated erythroid hypoplasia.313 
The presence of immature white cell precursors in a 
marrow that is otherwise hypocellular can lead to the mis-
diagnosis of leukemia. Neurologic disease has appeared 
from 6 to 30 months after the onset of symptoms.314-317 
Severe immunologic defi ciency with defective cellular 
and humoral immunity has been reported, as has defec-
tive granulocyte function. In many patients serum cobala-
min levels are normal315 because most of the serum 
cobalamin is bound to haptocorrin. Many patients have 
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no detectable transcobalamin, whereas others have immu-
nologically reactive transcobalamin and one patient 
had transcobalamin capable of binding cobalamin, 
although the complex did not mediate vitamin uptake 
into cells.318,319 Some patients have abnormal intestinal 
uptake of cobalamin that is not corrected by exogenous 
intrinsic factor on the Schilling test, thus indicating a role 
for transcobalamin in cobalamin transport across the 
enterocyte.

Although all the transcobalamin in fetal and cord 
blood is of fetal origin, infants with no detectable trans-
cobalamin in their plasma do not demonstrate manifesta-
tions of cobalamin defi ciency until several days after 
birth. Homocystinuria was present in two patients and 
methylmalonic aciduria in three of fi ve patients before 
they received cobalamin therapy.311 After discontinuation 
of therapy, methylmalonic aciduria may return.

Mutations in the TCN2 gene on chromosome 22q12-
13 have now been identifi ed in several patients with 
transcobalamin defi ciency,312,320,321 including deletions, 
nonsense mutations, and a mutation resulting in activa-
tion of a cryptic intronic splice site. Transcob alamin is 
synthesized by cultured cells, including fi broblasts and 
amniocytes, and prenatal diagnosis is possible even when 
the specifi c mutation in a family is not known.322

Serum cobalamin levels must be kept very high if 
transcobalamin-defi cient patients are to be treated suc-
cessfully. Levels ranging from 1000 to 10,000 pg/mL 
have been required and are achieved with doses of oral 
OHCbl or CNCbl twice weekly (500 to 1000 μg) or with 
systemic administration of CNCbl or OHCbl (1000 μg) 
weekly or more often. Folate in the form of folic or folinic 
acid has been successful in reversing the hematologic 
fi ndings in most patients, but it should not be given as 
the sole therapy because of the danger of hematologic 
relapse and neurologic damage, which was induced 
in one patient by folate supplementation without 
cobalamin.311

Haptocorrin (R Binder, Transcobalamin I or III) 
Defi ciency

Defi ciency or complete absence of haptocorrin in plasma, 
saliva, and leukocytes has been described in several indi-
viduals.323-327 It is unclear, however, whether haptocorrin 
defi ciency is a cause of disease in any of these patients. 
Although serum cobalamin levels are low, holo-TC levels 
are normal and the patients are not clinically defi cient in 
cobalamin. The original report described two brothers, 
one of whom had optic atrophy, ataxia, long tract signs, 
and dementia.323 A later patient had fi ndings resembling 
SCDSC.327 Haptocorrin may play a role in the scavenging 
of cobalamin analogues that may be toxic to the brain.72

Inborn Errors of Cobalamin Metabolism

A number of inborn errors of cobalamin metabolism, 
designated cblA to cblG, have been identifi ed (Table 
11-1). These disorders result in homocystinuria, methyl-
malonic aciduria, or both, depending on whether synthe-
sis of MeCbl, AdoCbl, or both cobalamin cofactors is 
affected. Only disorders in which synthesis of MeCbl is 
impaired, either alone (cblE, cblG, cblD variant 1) or in 
combination with AdoCbl synthesis (cblC, cblD, cblF), 
are characterized by megaloblastic anemia.

The diagnosis of inborn errors of cobalamin metabo-
lism is usually carried out with the use of cultured fi bro-
blasts from patients because the pathways for cobalamin 
metabolism are expressed in these cells. Measurement in 
intact fi broblasts of function of the cobalamin-dependent 
enzymes methionine synthase and methylmalonyl-
CoA mutase and measurement of conversion of labeled 
CNCbl to its coenzyme derivatives MeCbl and AdoCbl 
defi ne the biochemical phenotype. Cell complementation 
analysis is used to accurately identify which complemen-
tation class a patient’s mutation falls into.328,329 This is 
particularly important for groups such as cblE and cblG, 

TABLE 11-1  Diagnostic Studies of Inborn Errors of Cobalamin: Correlation of Genetic Complementation Group 
with Biochemical Phenotype and Major Clinical Manifestations

Clinical Manifestations

COMPLEMENTATION GROUP

cblA cblB cblC cblD cblDv1 cblDv2 cblE CblF cblG

MAJOR CLINICAL FINDINGS
Megaloblastic anemia − − + + + − + + +
Methylmalonic aciduria + + + + − + − + −
Homocystinuria − − + + + − + + +
LABORATORY FINDINGS: INTACT CELLS
[57Co]CNCbl uptake N N D D N N N I N
AdoCbl (%) D D D D N D N D N
MeCbl (%) N N D D D N D D D
Propionate incorporation D D D D N D N D N
Methyl-THF incorporation N N D D D N D D D

AdoCbl (%), adenosylcobalamin as a percentage of total cellular cobalamin; cblDv1, cblD variant 1; cblDv2, cblD variant 2; D, decreased; I, increased; 
MeCbl (%), methylcobalamin as a percentage of total cellular cobalamin; N, normal; −, fi nding is absent; +, fi nding is present.
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which are otherwise identical at the clinical and cellular 
levels.

Inborn errors of cobalamin metabolism are autoso-
mal recessive disorders, with each class being the result 
of mutations at a different gene. Most of the genes 
responsible have been identifi ed, and molecular diagnosis 
is often possible. Common mutations have been identi-
fi ed, as well as mutations that occur frequently in specifi c 
ethnic groups, but most mutations are restricted to a 
single family. Molecular diagnosis of a new patient with 
no family history therefore requires sequencing of the 
entire gene. Thus, analysis of patient fi broblasts in culture 
remains critical for establishing the diagnosis, especially 
in families in which the responsible mutations are not 
known.

Prenatal diagnosis by biochemical analysis of cul-
tured amniocytes or chorionic villus cells has been sought 
for most of the classes of inborn errors of cobalamin 
metabolism.330-333 Analysis of amniocytes appears to be 
more reliable than that of chorionic villus cells. In addi-
tion, gas chromatography–mass spectroscopy or liquid 
chromatography–tandem mass spectroscopy has been 
used to detect the presence of methylmalonic acid or 
homocysteine in amniotic fl uid. It is now possible to 
carry out prenatal diagnosis by molecular genetic analysis 
when the causative mutations segregating in the family 
have previously been identifi ed. Two independent 
methods should be used for prenatal diagnosis to mini-
mize the risk of false-negative or false-positive results.333

Functional Methionine Synthase Defi ciency

Functional methionine synthase defi ciency is character-
ized by elevated plasma homocysteine, homocystinuria, 
and hypomethioninemia without methylmalonic acid-
uria. On the basis of complementation analysis, two dis-
tinct groups of patients have been identifi ed: cblE and 
cblG. The clinical and biochemical fi ndings in the two 
disorders are virtually identical. Patients are usually seen 
initially in the fi rst 2 years of life, but some have not been 
symptomatic until adulthood. The most common fi nd-
ings in both cblE and cblG disease include megaloblastic 
anemia and various neurologic problems, including 
developmental delay and cerebral atrophy.334 Other fi nd-
ings include electroencephalographic abnormalities, nys-
tagmus, hypotonia, hypertonia, seizures, blindness, and 
ataxia. Findings in patients with adult onset of symptoms 
have typically involved neurologic or psychiatric symp-
toms. In one patient with onset at 21 years of age, mul-
tiple sclerosis was diagnosed.335 Methylmalonic aciduria 
is usually absent, thus indicating normal function of the 
second cobalamin-dependent reaction catalyzed by meth-
ylmalonyl-CoA mutase, although one cblE patient had 
transient methylmalonic aciduria.336 The signifi cance of 
this observation is not known.

Fibroblasts from both cblE and cblG patients show 
decreased synthesis of MeCbl and decreased activity of 
methionine synthase in the presence of normal AdoCbl 

synthesis and methylmalonyl-CoA mutase activity.334 In 
fi broblasts from a minority of cblG patients, there is no 
binding of labeled cobalamin to methionine synthase.337 
The specifi c activity of methionine synthase is decreased 
in cblG cell extracts under all assay conditions, whereas 
in cblE fi broblasts, decreased specifi c activity is observed 
only when the assay is conducted under suboptimal 
reducing conditions, a fi nding refl ecting decreased activ-
ity of methionine synthase reductase.334,338

The cblG disorder is the result of mutations in the 
MTR gene, which codes for methionine synthase.112,339,340 
Twenty different mutations in the MTR gene, including 
missense and nonsense mutations, deletions, and splice 
site mutations, have been identifi ed. One mutation, 
c.3158C→T (p.P1173L), is especially frequent and rep-
resented a third of all disease-causing alleles in a panel 
of cblG patients.115 This mutation was present only in the 
heterozygous state, thus suggesting that homozygotes 
may not be viable. The cblE disorder is the result of 
mutations at the MTRR gene, which encodes methionine 
synthase reductase. Eighteen different MTRR mutations 
have been identifi ed in cblE patients.110,341-344 The most 
frequent are the intronic mutation c.903+469T→C, 
which leads to the insertion of 140 bp of intronic sequence 
into mRNA, and c.1361C→T (p.S454L), which is 
observed in patients of Iberian origin and may be associ-
ated with a milder phenotype.

Generally, systemic therapy with OHCbl, at fi rst 
daily and then once or twice weekly, has been used to 
treat these disorders. This corrects the anemia and meta-
bolic abnormalities. The neurologic fi ndings have been 
diffi cult to reverse, particularly in cblG disease, thus 
emphasizing the importance of early diagnosis and 
therapy. A mother carrying a fetus identifi ed by prenatal 
diagnosis as having the cblE disorder was treated from 
the second trimester with systemic OHCbl.330 The baby 
was treated from birth and has done very well. It is uncer-
tain how much prenatal therapy contributed to this 
favorable outcome.

Combined Defi ciency of 
Adenosylcobalamin and Methylcobalamin

The cblC, cblD, and cblF disorders are characterized by 
decreased synthesis of both MeCbl and AdoCbl, with 
resultant defi cient activity of both methionine synthase 
and methylmalonyl-CoA mutase. Affected individuals 
have combined homocystinuria and methylmalonic acid-
uria. The disorders apparently affect early steps in cobal-
amin metabolism subsequent to hydrolysis of holo-TC 
in lysosomes. In the cblF disorder, the defect appears to 
affect the transfer of free cobalamin from lysosomes to 
the cytoplasm (see Fig. 11-4). The processes affected in 
the cblC and cblD disorders remain unknown.

The cblC Disorder

The cblC disorder (MIM 277400) is the most common 
of the inborn errors of cobalamin metabolism, with more 
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than 300 patients identifi ed. Patients have homocystin-
uria and methylmalonic aciduria; in addition, hypo-
methioninemia and cystathioninuria are present. The 
infant is usually seen in the fi rst year of life because of 
lethargy, poor feeding, failure to thrive, and developmen-
tal delay.345 Most patients have megaloblastic anemia, 
and some have hypersegmented neutrophils and throm-
bocytopenia. In others, onset of the disorder occurs later 
in childhood346,347 or in adulthood,348-350 with fi ndings 
of spasticity, myelopathy, delirium, dementia, or psycho-
sis. A characteristic pigmentary retinopathy with peri-
macular degeneration has been observed in several 
patients347,351-353; other ocular manifestations have also 
been reported.354,355 Some patients have had features of 
hemolytic-uremic syndrome.356 Other reported fi ndings 
in cblC disease include erosive dermatitis, hydrocepha-
lus, and hepatic failure.357,358

Fibroblasts from cblC patients show decreased syn-
thesis of both MeCbl and AdoCbl and decreased func-
tion of both methionine synthase and methylmalonyl-CoA 
mutase. Endocytosis of the transcobalamin-cobalamin 
complex and release of cobalamin from lysosomes into 
the cytoplasm occur normally,95 but total intracellular 
cobalamin levels are markedly decreased in most cases as 
a result of the inability of cells to retain cobalamin that 
is not bound to intracellular proteins.

The gene mutated in the cblC disorder, MMACHC 
on chromosome 1p34.1, has recently been identifi ed.108 
The function of its gene product is not yet understood. 
Mutations have been identifi ed in more than 200 cblC 
patients. One mutation, c.271dupA, accounted for 40% 
of the identifi ed mutations and is present primarily in 
patients of European or western Asian descent. Several 
additional recurrent mutations showed clustering on the 
basis of ethnicity. There is some evidence of genotype-
phenotype correlation. The common c.271dupA muta-
tion, as well as a c.331C→T (p.R111X) mutation, was 
associated with early-onset cblC disease, whereas a 
c.394C→T (p.R132X) mutation was associated with 
late-onset disease.108,359

Therapy for cblC disease can be diffi cult, particularly 
in patients with early onset. About a third of patients with 
onset in the fi rst month of life die.345 Some patients have 
improved with OHCbl therapy, 1 mg/day by injection, as 
assessed by a reduction in methylmalonic acid and homo-
cystine excretion. Studies suggest that OHCbl rather 
than CNCbl should be used.360 Therapy with MeCbl or 
AdoCbl has been used, but it is unclear whether these 
agents offer a therapeutic advantage. Systemic OHCbl 
treatment was much more effective than oral therapy, and 
betaine (250 mg/kg/day) appeared to be helpful when 
used in combination with OHCbl. Neither folinic acid 
nor carnitine had any effect.360 Therapy with daily oral 
betaine and biweekly injections of OHCbl resulted in a 
reduction in methylmalonic acid levels, normalization of 
serum methionine and homocysteine concentrations, 
and resolution of lethargy, irritability, and failure to 
thrive. However, complete reversal of the neurologic and 

retinal fi ndings did not occur, which emphasizes the need 
for early diagnosis and treatment. Even with good meta-
bolic control, surviving patients generally have moderate 
to severe developmental delay.345 The prognosis appears 
to be better in patients with a later age at onset.

The cblD Disorder

The cblD disorder (MIM 277410) was initially described 
in a single sibship in 1970. One patient was initially seen 
at 14 years of age with a history of mild mental retarda-
tion, severe behavioral pathology, and a poorly defi ned 
neuromuscular problem. There were no hematologic 
fi ndings in this patient. His younger brother, clinically 
asymptomatic, was shown to have the same disorder. 
Cerebrovascular disease secondary to thromboembolism 
was detected at the age of 18 years in one of the broth-
ers.361 Both had methylmalonic aciduria and homocys-
tinuria.362 Fibroblasts from both brothers showed a 
biochemical phenotype indistinguishable from that of 
cblC fi broblasts, with decreased synthesis of both AdoCbl 
and MeCbl and decreased function of both methionine 
synthase and methylmalonyl-CoA mutase. Differentia-
tion of cblD from cblC was achieved by complementa-
tion analysis.363

Recently, the cblD disorder has been diagnosed in 
additional patients with rather different clinical and bio-
chemical fi ndings.364 Two patients had isolated homocys-
tinuria in the absence of methylmalonic aciduria (cblD 
variant 1). A third patient had methylmalonic aciduria in 
the absence of homocystinuria (cblD variant 2). Clinical 
fi ndings and the results of fi broblast studies for the 
patients with cblD variant 1 were identical to those of 
patients with cblE or cblG. Findings in the patient with 
cblD variant 2 were similar to those of patients with cblA 
disease. The gene on chromosome 2q23.2 affected in the 
cblD disorder (MMADHC) has recently been identi-
fi ed.109 The function of the MMADHC gene product is 
not known. Mutations affecting its C-terminal region 
were associated with isolated homocystinuria, mutations 
affecting the N-terminal region were associated with 
isolated methylmalonic aciduria, and truncating muta-
tions were associated with combined homocystinuria and 
methylmalonic aciduria. It has been suggested that 
MMADHC is involved in channeling cobalamin to its 
cytosolic and mitochondrial targets.

The cblF Disorder

At least nine patients with the cblF disorder (MIM 
277380) are now known. Clinical fi ndings have been 
variable, with none shared by all the patients who have 
been studied. Frequent fi ndings include small size for 
gestational age, poor feeding, failure to thrive, growth 
retardation, and persistent stomatitis. Macrocytic anemia, 
neutropenia, thrombocytopenia, and pancytopenia have 
been observed. Two patients had minor facial abnormali-
ties, and one had dextrocardia.97,365-368 Typically, hyper-
homocysteinemia and methylmalonic aciduria are 
present, although elevated homocysteine could not be 
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detected in the blood of the fi rst patient described. 
Cobalamin absorption and serum cobalamin levels have 
been decreased in some patients.87,366,367 One patient died 
suddenly despite apparent clinical response to therapy 
with cobalamin.365

Fibroblasts from cblF patients show both decreased 
function of cobalamin-dependent enzymes and decreased 
synthesis of MeCbl and AdoCbl. Unlike cblC and cblD 
fi broblasts, large amounts of intracellular cobalamin 
accumulate, almost all of it unmetabolized free CNCbl 
present within lysosomes.97,98,369 The defect in cblF 
appears to impair transport of the cobalamin that has 
been released from transcobalamin across the lysosomal 
membrane into the cytoplasm. The gene affected in this 
disorder has not been identifi ed. Abnormal intestinal 
absorption of cobalamin has been observed in two cblF 
patients, thus suggesting that the same lysosomal trans-
port system plays a role in the transport of cobalamin 
across ileal cells.87,366

The patients with cblF disease appear to respond to 
systemic therapy with OHCbl, although the fi rst patient 
responded to oral cobalamin.97,365-368 A concern in cblF 
disease is that patients may accumulate cobalamin in 
lysosomes to such an extent that it impairs other lyso-
somal functions.

The Methylmalonic Acidurias

Inborn errors affecting activity of the second cobalamin-
dependent enzyme, methylmalonyl-CoA mutase, result 
in accumulation of large amounts of methylmalonic acid 
in blood, urine, and CSF in the absence of hyperhomo-
cysteinemia. Methylmalonic acid levels are much higher 
than those seen in adults with cobalamin defi ciency, and 
these patients are prone to life-threatening acidotic crises. 
Patients with isolated methylmalonic aciduria have been 
classifi ed on the basis of biochemical studies and somatic 
cell complementation into three classes: mut (mutations 
in the gene encoding methylmalonyl-CoA mutase) and 
cblA and cblB (affecting synthesis of the AdoCbl coen-
zyme required for methylmalonyl-CoA mutase activity). 
Methylmalonic aciduria has also been observed in patients 
with mutations affecting the genes encoding methylmalo-
nyl-CoA epimerase (MCEE)370,371 and succinyl-CoA 
synthase (SUCLA2).372,373 The incidence of all forms 
of methylmalonic aciduria in Massachusetts is about 1 in 
29,000.

Methylmalonyl-CoA Mutase Defi ciency (mut)

Disorders of the mutase apoenzyme result in methylma-
lonic aciduria that is not responsive to cobalamin therapy. 
Mutase defi ciency has been subdivided into two classes: 
mut0 cell lines have no residual mutase activity, whereas 
mut− cell lines show some residual mutase activity in the 
presence of added OHCbl, possibly refl ecting enzyme 
with decreased affi nity for AdoCbl. Several mut0 cell lines 
synthesize no detectable protein, whereas others synthe-
size unstable proteins, and at least one has a mutation 

that interferes with translocation of mutase to the mito-
chondria.374 Similarly, variable levels of mRNA have been 
demonstrated in different mut0 lines. There is no comple-
mentation between mut0 and mut− cell lines, but intra-
genic (interallelic) complementation has been seen among 
some mut lines.375,376

Clinically well at birth, patients with mutase defi -
ciency rapidly become symptomatic with protein feeding. 
They usually come to medical attention because of leth-
argy, failure to thrive, muscular hypotonia, respiratory 
distress, and recurrent vomiting and dehydration. In 
normal children, the methylmalonic acid level is generally 
less than 15 to 20 μg/g of creatinine; in contrast, in meth-
ylmalonic aciduria, excretion is usually greater than 
100 mg and may be as high as several grams per day. In 
addition to methylmalonic aciduria, these patients may 
have ketones and glycine in blood and urine and meta-
bolic acidosis with elevated levels of ammonia. Many also 
have hypoglycemia, leukopenia, and thrombocytopenia. 
One study377 demonstrated that methylmalonic acid 
inhibits the growth of bone marrow stem cells in a con-
centration-dependent manner. Follow-up of children 
identifi ed by newborn screening378 has revealed a number 
who excrete methylmalonic acid and have mutase defi -
ciency, as demonstrated by complementation analysis, 
and yet are clinically well and have never been acidotic. 
It is unclear whether these children are at risk for cata-
strophic acidosis later in life.

The MUT gene on chromosome 6p12-21.2 spans 
40 kb and consists of 13 exons.140,379 Nearly 200 muta-
tions have been identifi ed in the MUT gene.380,381 Many 
of these mutations are private, but several are common 
within specifi c ethnic groups, including c.2150G→T 
(p.G717V) in mutase-defi cient patients of African 
origin,382 c.349G→T (p.E117X) in Japanese patients,383 
and c.323C→T (p.R108C) in American Hispanic 
patients.381

Therapy consists of protein restriction, with the goal 
of limiting the amino acids that are the major source of 
propionate in humans. Formula defi cient in valine, iso-
leucine, methionine, and threonine is used. Mutase-
defi cient patients are not responsive to vitamin B12. 
Therapy with carnitine has been advocated in patients 
who are defi cient.384,385 Lincomycin and metronidazole 
have been used to reduce enteric propionate production 
by anaerobic bacteria.386-388 Even with therapy the prog-
nosis is guarded, and brain infarcts and renal dysfunction 
have been reported as late complications.389

Adenosylcobalamin Defi ciency 
(cblA and cblB Disease)

The cblA and cblB disorders result in cobalamin-
responsive methylmalonic aciduria and an intracellular 
defi ciency of AdoCbl. They are distinguished by comple-
mentation analysis and by the fact that cblA cell extracts, 
but not cblB cell extracts, support the synthesis of AdoCbl 
from exogenous CNCbl. Intact fi broblasts from patients 
with both disorders do not synthesize AdoCbl from 
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CNCbl. A similar phenotype is seen in patients with the 
cblD variant 2 disorder,364 including the patient previ-
ously placed in the cblH complementation class.390 The 
cblB disorder results from mutations in the MMAB gene, 
which encodes ATP:cob(I)alamin adenosyltransferase.128 
The cblA disorder results from mutations in the MMAA 
gene, which encodes a protein of as yet unknown 
function.133

Most children with cblA or cblB disease become ill 
within the fi rst year of life. Symptoms are similar to those 
seen in mutase defi ciency but are less severe. Most cblA 
patients (90%) respond to cobalamin, with almost 70% 
being well at the age of 14 years. Less than half of cblB 
patients (40%) respond to therapy, and only 30% survive 
long-term.391 Therapy involves the systemic use of either 
OHCbl or CNCbl. It is not clear whether AdoCbl offers 
any therapeutic advantage. Prenatal treatment of a fetus 
with defi cient AdoCbl synthesis, ascertained via amnio-
centesis, by giving oral vitamin B12 to the mother392 
yielded a good therapeutic result. It is uncertain whether 
therapy starting at birth would have been equally 
effective.

The cblA and cblB disorders are inherited as auto-
somal recessive traits. Thirty mutations in the MMAA 
gene have been identifi ed in cblA patients.133,393-395 One 
mutation, c.433C→T (p.R145X), accounted for 43% of 
mutant alleles in a study of primarily North American 
patients.393 This mutation was observed much less fre-
quently in Japanese cblA patients; in this population, a 
c.503delC mutation, not detected in other patient popu-
lations, was frequent (8 of 14 mutant alleles).394 Twenty-
three mutations in the MMAB gene have been identifi ed 
in cblB patients.128,395,396 Many are predicted to affect the 
active site of the enzyme, identifi ed from the crystal 
structure of its bacterial orthologue.397,398 A c.556C→T 
(p.R186W) mutation represented 33% of affected alleles 
in the largest of these studies.396

FOLATE

Chemistry of Folates

Folates are heterocyclic compounds consisting of a 
pteroyl group conjugated with one or more glutamic acid 
units (Fig. 11-6). Folic acid, or pteroylglutamic acid, is 
an oxidized folate consisting of pteroic acid conjugated 
with a single glutamate residue. Biologically active folates 
are derived from folic acid by reduction of its pterin ring 
to form DHF and THF, by the addition of single carbon 
units at different redox states to nitrogens 5 or 10 of the 
pterin, and by conjugation of up to seven total glutamate 
residues by γ-carboxyl bonding. Intracellular folates exist 
primarily as one carbon group–substituted tetrahydrofo-
late polyglutamates. Folate derivatives that play an impor-
tant role in cellular metabolism include 5-methyl-THF; 
5,10-methylene-THF; 5,10-methenyl-THF; 10-formyl-
THF; 5-formyl-THF; and 5-formimino-THF. Folic acid 

itself is available commercially as a stable yellow powder. 
It has low solubility in aqueous solutions and at acidic 
pH. 5-Formyl-THF (folinic acid, leucovorin) is a stable 
reduced folate that is available commercially. Other 
reduced folates are photolabile and susceptible to destruc-
tion by oxidation; they readily break at the carbon 9–
nitrogen 10 bond to produce inactive catabolites.399

Nutritional Sources and Requirements

Folate is widely available in vegetables, fruit, and 
meat.44,400,401 Foods with very high folate content include 
liver, kidney, orange juice, and spinach402-404; however, the 
reduced folates in food are labile to light and oxidation 
and are partly destroyed during processing and cooking. 
Inadequate folate intake is the most common etiology 
of folate defi ciency causing megaloblastic anemia. The 
dietary folate requirement is a matter of dispute. The 
daily intake recommended by the World Health Organi-
zation is listed in Table 11-2. It should be noted that 
techniques for measurement of folate in diets can vary 
widely and give different results. The mean dietary folate 
intake in populations in which folate defi ciency is un -
usual is about 3 μg of total folates per kilogram of body 
weight per day. This is about 150 μg/day for women and 
200 μg/day for men. Folate levels measured in 500 liver 
specimens from such a population, most obtained from 
victims of trauma, appeared to be adequate.405 In volun-
teers ingesting diets of known folate content, plasma and 
erythrocyte folate levels remained within the normal 
range when intake was 150 to 200 μg/day.406,407 Intake of 
this magnitude was calculated for normal subjects by 
measurement of a catabolite of folate (p-acetamidoben-
zoyl glutamate) that is excreted in urine.408,409 The recog-
nition that the elevated total plasma homocysteine levels 
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in many patients with cerebral and cardiovascular disease 
are reduced with folate supplements, plus the reduction 
in NTDs as a result of giving mothers a folate supple-
ment in the periconceptional period (even those with 
normal folate levels), suggests that effective folate defi -
ciency can exist in individuals with apparently normal 
folate concentrations and no megaloblastic anemia.

Efforts to promote folate suffi ciency through con-
sumption of a healthy balanced diet have not been suc-
cessful, and since January 1998, folic acid fortifi cation of 
all enriched cereal grain products has been mandated in 
the United States,410 Canada, and parts of South America. 
Current levels of folate fortifi cation are 140, 150, and 
220 μg/100 g of fl our in the United States, Canada, 
and Chile, respectively.411 As a result, the incidence of 
NTD-affected pregnancies has decreased by 26% in the 
United States and by 48% in Canada.412,413 Serum 
and RBC folate levels are higher as well. However, less 
than 10% of women of childbearing age have reached 
the recommended RBC folate level of greater than 
906 nmol/L,414,415 which has been shown to reduce the 
risk for NTDs substantially.416 There have been repeated 
pleas to increase the level of folic acid fortifi cation.417 To 
date, adding folate to food seems to have not “masked” 
the anemia of pernicious anemia.411 Concerns about 
folate fortifi cation delaying the diagnosis of cobalamin 
defi ciency and promoting cancer growth and issues of 
choice have delayed mandating the addition of folate to 
the diet in Europe and elsewhere.418

Because 50% of pregnancies are unplanned, it is 
recommended that a 0.4-mg folic acid daily supplement 
be taken by women during the childbearing years to 
ensure adequate folate during the initial 30 days after 
conception.414

Human milk provides enough folate for the infant, 
but heat-sterilized bovine milk may not. Goat’s milk con-
tains little folate, and severe folate defi ciency develops in 
children maintained on it alone.419

Subjects with Increased Folate Requirements

Maternal folate intake beyond that recommended to 
maintain normal RBC and serum folate levels may be 
necessary for maximum gain in birth weight and preven-
tion of NTDs. Although folate defi ciency can be recog-
nized through its hematologic effects, with the lack of 

such defects combined with normal total plasma homo-
cysteine levels being interpreted as folate suffi ciency, 
studies linking folate status with NTDs and with arterio-
sclerotic vascular disease (see later) suggest the need to 
re-examine what is meant by “folate suffi ciency.” 
Increased folate intake may be required for reduction of 
the risk of cardiovascular and cerebrovascular disease in 
at least some adults. Whether this refl ects a greater need 
for folate in the general population or in one or more 
subpopulations with altered folate metabolism remains 
to be determined.

Folate requirements appear to be greatest in newborn 
infants and young children420; in pregnant women, in 
whom folate is shunted to the developing fetus and 
urinary folate loss is increased; and in lactating women, 
who secrete 50 μg of folate or more per liter of milk. 
Folate in milk is concentrated above and does not corre-
late with the level of plasma folate.421 Other groups with 
greater than normal folate requirements include patients 
with tropical and nontropical sprue and other malabsorp-
tive states; those taking antiepileptic medications422; 
women taking high-dose oral contraceptives423; and 
patients with hemolytic anemia, especially those with 
sickle cell anemia and thalassemia.

Physiology of Folates

Absorption of Folates from the Gut
Dietary folates are principally folate polyglutamates. They 
are hydrolyzed within the gut lumen or brush border or 
in the lysosomes of enterocytes to folate monoglutamates 
by γ-glutamylhydrolase. Transport of monoglutamates 
occurs primarily in the proximal small intestine and is 
promoted by a specifi c carrier-mediated system that is 
most active at acidic pH and shows similar affi nity for 
reduced and oxidized folates.424-428 Folate appears in 
portal venous blood within 15 minutes of entering the 
stomach and reaches a maximum level in portal venous 
plasma about 1 hour later. Reduced folates, such as 
5-formyl-THF, are rapidly converted to 5-methyl-THF 
during absorption.429 A second potential source of folate 
is that synthesized by bacteria in the colon, some of 
which exists as monoglutamates. There is evidence for a 
folate transport system in the colon with the same prop-
erties as in the small intestine system.430-432 It may con-
tribute to whole body folate homeostasis or at least 
support the folate requirements of colon cells.

Intestinal folate uptake has been attributed to the 
reduced folate carrier (RFC), which is expressed in 
human enterocytes, primarily at the brush border mem-
brane but also to some extent at the basolateral mem-
brane.433-435 However, RFC-mediated folate uptake in 
vitro is optimal at neutral pH and shows a preference for 
reduced folates over folic acid, and no mutations have 
been detected in the SLC19A1 gene, which encodes the 
RFC, in patients with hereditary folate malabsorption. 
This suggested that folate uptake under physiologic 
conditions is mediated by another carrier system.436,437 

TABLE 11-2  Recommended Intake of Folate and 
Cobalamin (Food and Agriculture 
Organization of the United Nations, 
1988)

Age Folate (mg/kg/day) Cobalamin (mg/day)

Infants 3.6 0.1
Ages 1-6 3.3
Adults 3.1* 1.0

*For pregnant or lactating women, supplement with 300 to 1000 μg/day of 
folate and 0.3 to 0.4 μg/day of cobalamin.
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Recently, a proton-coupled folate transport protein with 
an acidic optimal pH and similar affi nity for reduced 
folates and folic acid has been identifi ed in the intestine 
and choroid plexus438; identifi cation of mutations in the 
gene encoding this protein in patients with hereditary 
folate malabsorption has demonstrated that this is the 
physiologic intestinal folate transporter.

Some folates presented to the liver and some hepatic 
folates are excreted into bile and reabsorbed.439,440 This 
enterohepatic circulation mediates slower and more even 
absorption than would occur in its absence. There is evi-
dence that the enterohepatic circulation of folates is 
impaired with alcohol ingestion,440,441 thereby contribut-
ing to folate defi ciency.442,443 The effi ciency of absorption 
of folic acid, folate polyglutamates, and dietary folate 
varies in different subjects. In general, absorption of syn-
thetic folic acid is about twice as effi cient as that of folate 
in food, whereas folate from folate-fortifi ed cereal grain 
food is absorbed about 1.7 times as effi ciently as dietary 
folate.444

Transport of Folates in Plasma

Plasma folate consists almost entirely of 5-methyl-THF.445 
Most of it is unbound; some may be bound to albumin, 
and a small proportion is bound to a folate-binding 
protein446-448 derived from the cell surface protein 
folate receptor α by cleavage of its membrane-
anchoring domain.449,450 Plasma folate-binding protein 
levels are increased in pregnancy, in folate defi ciency, in 
renal failure, with breast and ovarian cancers, and with 
some types of infl ammation. Its function in plasma is 
unclear.451-453 It is present in milk, where it may function 
to improve absorption of folate by the newborn.454,455

Entry of Folates into Cells

Three distinct systems for cellular uptake of folates have 
been identifi ed in mammals. The RFC supports a low-
affi nity, high-capacity system for uptake of reduced folates 
and methotrexate (an antifolate cancer drug) at high 
concentrations (in the micromolar range); it is less effec-
tive in the uptake of folic acid. The RFC appears to be 
an important folate transporter in many types of cells, 
including hemopoietic cells, and has been extensively 
studied in tumor cells. It is encoded by the SLC19A1 
gene on chromosome 21q22.3.456-460 There is consider-
able heterogeneity among transcripts produced from this 
gene.461-463 Although silencing of SLC19A1 results in 
decreased folate uptake in rat intestinal cells in vitro,464 
the RFC does not appear to be the major specifi c intes-
tinal folate transporter in humans under physiologic 
conditions. Inactivation of SLC19A1 in mice results in 
neonatal lethality because of failure of erythropoiesis.465

A second high-affi nity, low-capacity system for folate 
uptake, active at nanomolar folate concentrations, is 
mediated by members of the folate receptor family, which 
bind 5-methyl-THF (the predominant circulating form 
of folate) and folic acid. Three isoforms of the folate 
receptor are known. Two of these, designated folate 

receptor α and folate receptor β, are encoded by separate 
genes, designated FOLR1 and FOLR2, on chromosome 
11q13.3-11q13.5.466 The genes are similar structurally 
but differ in their 5′ untranslated regions and in their 
transcriptional regulatory elements. The folate receptors 
are attached to the cell surface by a glycosylphosphati-
dylinositol anchor.450 The circulating folate-binding 
protein referred to in the previous section is derived from 
folate receptor α by cleavage from this anchor. It has been 
suggested that folate receptors, as well as other glyco-
sylphosphatidylinositol-anchored proteins, are seques-
tered in cell surface structures called caveolae, where 
folate is taken up by a process called potocytosis.467 
However, it is also possible that folate uptake occurs by 
endocytosis.468 Uptake of folate bound to circulating 
folate-binding protein may be mediated by the large mul-
tiligand receptor megalin, which is expressed in intesti-
nal, renal, and other epithelia.469

The contribution of these folate receptors to total 
folate uptake by cells is not known. The level of cell 
surface folate receptors increases greatly in cultured 
mouse cells grown in very low folate concentrations, thus 
suggesting that they play an important role in cellular 
folate uptake under these conditions.470 In addition, 
homozygosity for an inactivated FOLR1 gene in trans-
genic mice results in embryonic lethality in the absence 
of high-dose folate supplementation.471 Treatment of 
pregnant rats with antibodies to folate receptors results 
in embryonic defects that are preventable with folate 
supplementation.472 The presence of autoantibodies to 
folate receptors in mothers has been associated with the 
occurrence of NTDs in humans.473

A third folate transport protein, the proton-coupled 
folate transporter (PCFT), has recently been described. It 
is expressed in enterocytes and choroid plexus cells, has 
an acidic optimal pH, and transports reduced and oxi-
dized folates with similar effi ciency.438 Identifi cation of 
mutations in its gene in individuals with hereditary folate 
malabsorption suggests that this carrier is responsible 
for both intestinal folate uptake and transport of folates 
across the blood-brain barrier at the choroid plexus.438

Biochemistry of Folates

Intracellular folate metabolism involves the transfer of 
one-carbon groups at various oxidation states from 
glycine, serine, histidine, and formate to THF; intercon-
version of different THF derivatives; and transfer of 
one-carbon units to other molecules in the synthesis of 
purines, thymidine, and methionine. A scheme of folate 
metabolism is illustrated in Figure 11-7.

Reduction of folic acid to DHF and reduction of 
DHF to THF are catalyzed by the enzyme DHF reduc-
tase (EC 1.5.1.3.):

Reaction 8

Folic acid + NADPH + H+ → DHF + NADP
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Reaction 9

DHF + NADPH + H+ → THF + NADP

This enzyme shows higher affi nity and a higher reac-
tion rate for DHF than for folic acid. DHF reductase is 
required for reduction of any exogenous folic acid or 
DHF present in the diet, as well as for reduction of DHF 
generated from methylene-THF in the reaction catalyzed 
by thymidylate synthase.

A majority of intracellular folates exist as polygluta-
mylated derivatives, which usually contain a total of 
six or seven glutamate residues.474 Synthesis of these 
folate polyglutamates depends on activity of the enzyme 
folylpoly-γ-glutamate synthetase (EC 6.3.2.17), which 
adds glutamate residues one at a time to reduced folates 
by using ATP as an energy source.

Reaction 10

Folate Glun + glutamate + ATP → 
Folate Glun+1 + ADP + Pi

DHF and THF are the preferred substrates for 
human folylpoly-γ-glutamate synthetase, whereas 5-sub-

stituted derivatives (5-methyl-THF and 5-formyl-THF) 
are poor substrates.475 The affi nity of folate polygluta-
mates for most folate-dependent enzymes is much greater 
than that of the corresponding monoglutamates. This is 
critical for cellular folate metabolism because intracellu-
lar folate concentrations are far lower than the affi nity 
constants determined in vitro for most folate-dependent 
enzymes when folate monoglutamate substrates are 
used. Moreover, folate polyglutamates are channeled 
between active sites in multifunctional enzymes such as 
C1-THF synthase and glutamate formiminotransferase-
cyclodeaminase (FTCD), whereas monoglutamates must 
diffuse between the active sites.476 Folate polyglutamates 
do not readily cross the cell or mitochondrial membranes. 
Polyglutamylation of folates within cells thus contributes 
to the ability of cells to retain reduced folates in the pres-
ence of low extracellular concentrations.

Folate polyglutamates are converted to monogluta-
mates by the enzyme γ-glutamylhydrolase (EC 3.4.22.12), 
located in lysosomes and in the intestinal brush bor -
der.477,478 Folate monoglutamates cross cell membranes 
much better than polyglutamates do, and adequate cellu-
lar nutrition is impossible without this hydrolysis.
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Sources of One-Carbon Units
Intracellular folates exist predominantly as polyglutamate 
derivatives, and these are the forms that the various 
cobalamin-dependent enzymes interact with. In the bio-
chemical schemes described in the following sections, the 
length of the polyglutamate chains of the folate coen-
zymes is not indicated.

The majority of one-carbon units for folate metabo-
lism in mammalian cells are derived from catabolism of 
the amino acids serine and glycine. Interconversion of 
serine and glycine is catalyzed by the enzyme serine 
hydroxymethyltransferase (EC 2.1.2.1):

Reaction 11

THF + serine → 5,10-Methylene-THF + glycine

Breakdown of glycine is catalyzed by the glycine 
cleavage system (EC 2.1.1.10), a four-protein complex 
composed of P protein, H protein, L protein, and T 
protein:

Reaction 12

Glycine + THF + NAD+ →
5,10-Methylene-THF + CO2 + NH4

+

T protein catalyzes the transfer of a one-carbon 
group from H protein to THF to form 
methylene-THF.479,480

Both these reactions are reversible, although there is 
no evidence that the glycine cleavage system catalyzes the 
fi xation of NH3 and CO2 to form glycine in vivo. Serine 
hydroxymethyltransferase can catalyze the conversion of 
glycine to serine when cells are exposed to high levels of 
glycine.481 The enzyme is present in both cytoplasm and 
mitochondria; the two forms are products of separate 
genes.482 The glycine cleavage system is present only in 
mitochondria.

Another source of one-carbon units for folate metab-
olism is through the degradation of histidine, which gen-
erates formiminoglutamate. This compound reacts with 
THF to form 5-formimino-THF in a reaction catalyzed 
by glutamate formiminotransferase (EC 2.1.2.5). 
Formimino-THF is subsequently deaminated to form 
5,10-methenyl-THF in a reaction catalyzed by formim-
ino-THF cyclodeaminase (EC 4.3.1.4):

Reaction 13

Formiminoglutamate + THF →
5-Formimino-THF + glutamate

Reaction 14

5-Formimino-THF + H+ →
5,10-Methenyl-THF + NH3

Both these reactions are catalyzed by a single bifunc-
tional enzyme, FTCD, which is an octomeric protein 
arranged as a tetramer of dimers in a planar ring483,484 
and present only in the liver and kidney. Although 

increased urinary excretion of formiminoglutamic acid 
(FIGlu) is a biochemical feature of folate defi ciency, it is 
not measured frequently because of technical diffi culties 
and lack of specifi city.

Interconversion of Folate 
Coenzyme Derivatives

Methylene-THF is converted to 5-methyl-THF by the 
enzyme methylene-THF reductase (MTHFR, EC 
1.5.1.20).

Reaction 15

5,10-Methylene-THF + NADH →
5-Methyl-THF + NAD+

Methyl-THF is the predominant form of folate in plasma 
and intracellular fl uids. It is required for activity of the 
cobalamin-dependent enzyme methionine synthase, as 
discussed in the section on cobalamin metabolism (Reac-
tion 1). The reaction catalyzed by methionine synthase is 
the only means of regenerating THF from 5-methyl-THF 
in humans. Because the reaction catalyzed by MTHFR 
is irreversible under physiologic conditions and is inhib-
ited by AdoMet, when activity of methionine synthase is 
impaired as a result of cobalamin defi ciency or mutations 
affecting its activity, folate becomes trapped as methyl-
THF and is unavailable for other folate-dependent reac-
tions (the methyl trap hypothesis).485 Methyl trapping is 
the reason that both folate and cobalamin defi ciencies 
result in megaloblastic anemia.

5,10-Methylene-THF can also be oxidized by meth-
ylene-THF dehydrogenase (EC 1.5.1.5, Reaction 16) to 
form 5,10-methenyl-THF, which is then converted to 
10-formyl-THF by the enzyme methenyl-THF cyclohy-
drolase (EC 3.5.4.9, Reaction 17). These two activities, 
together with formyl-THF synthetase (EC6.3.4.4, Reac-
tion 18), are carried out in the cytoplasm of vertebrates 
by a trifunctional enzyme 486,487 that has been designated 
C1-tetrahydrofolate synthase.

Reaction 16

5,10-Methylene-THF + NADP+ →
5,10-Methenyl-THF + NADPH + H+

Reaction 17

5,10-Methenyl-THF + H2O → 10-Formyl-THF + H+

Reaction 18

THF + ATP + formate → 10-Formyl-THF + ADP + Pi

A second mitochondrial 5,10-methylene-THF dehy-
drogenase that preferentially uses NAD rather than 
NADP has been identifi ed.488 It is part of a bifunctional 
enzyme that also includes cyclohydrolase activity and 
appears to have arisen by duplication of the gene encod-
ing C1-THF synthase, followed by loss of its formyl-THF 
synthetase domain and change in its cofactor depen-
dence.489 The mitochondrial bifunctional enzyme is 
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expressed in embryonic and transformed cells, but not in 
normal adult tissues.488 Mitochondrial formyl-THF syn-
thetase activity has also been identifi ed. This activity is 
catalyzed by an enzyme that was originally described as 
a mitochondrial C1-THF synthase490 but was subse-
quently shown to lack dehydrogenase and cyclohydrolase 
activity.491 This enzyme also appears to have originated 
by duplication of the C1-THF synthase gene with sub-
sequent loss of 5,10-methylene-THF dehydrogenase 
and methenyl-THF cyclohydrolase activity because of 
mutations.

Conversion of 5,10-methenyl-THF to 5-formyl-
THF is catalyzed by the enzyme methenyl-THF synthe-
tase (EC 6.3.3.2).

Reaction 19

5-Formyl-THF + ATP →
5,10-Methenyl-THF + ADP + Pi

5-Formyl-THF does not serve as a cofactor for any 
reaction in cellular metabolism. Methenyl-THF synthe-
tase is inhibited by 10-formyl-THF, which exists in equi-
librium with 5,10-methenyl-THF.492 This supports the 
suggestion that 5-formyl-THF acts as a storage form of 
folate493,494 that can be converted to metabolically active 
forms when intracellular levels of 10-formyl-THF fall.

Utilization of Folate One-Carbon Units

Reactions that involve the use of one-carbon units attached 
to reduced folates include synthesis of methionine, with 
5-methyl-THF used as methyl donor (see Reaction 1). 
Synthesis of thymidylate from deoxyuridylate, the fi nal 
step in de novo thymidine synthesis, is catalyzed by thymi-
dylate synthase (dTMP synthase, EC 2.1.1.45). In the 
course of this reaction, folate serves as both a one-carbon 
donor and a reductant, with the 6-hydrogen of 5,10-
methylene-THF being transferred to the methyl group of 
dTMP. The DHF generated in this reaction is reduced to 
THF by DHF reductase (see Reaction 9).

Reaction 20

5,10-Methylene-THF + dUMP → DHF + dTMP

Two steps during de novo purine biosynthesis use 
10-formyl-THF as a one-carbon donor to generate 
carbons 2 and 8 of the purine ring. Conversion of glyc-
inamide ribonucleotide (GAR) to formylglycinamide 
ribonucleotide (FGAR) is catalyzed by GAR transformy-
lase (EC 2.1.2.2).

Reaction 21

GAR + 10-formyl-THF → FGAR + THF

Conversion of amino-4-imidazolecarboxamide ribo-
nucleotide (AICAR) to formamido-4-imidazolecarbox-
amide ribonucleotide (FAICAR) is catalyzed by AICAR 
transformylase (EC 2.1.2.3). AICAR transformylase 
exists as a bifunctional enzyme with the enzyme that 

catalyzes the fi nal reaction in purine biosynthesis, inosine 
5′-monophosphate (IMP) cyclohydrolase.495

Reaction 22

AICAR + 10-formyl-THF → FAICAR + THF

Compartmentalization of Cellular 
Folate Metabolism

Because folate polyglutamates are unable to cross the 
mitochondrial membrane, cytosolic and mitochondrial 
folates form separate compartments. Folate-metabolizing 
enzymes in mitochondria differ from those present in the 
cytosol and represent products of alternative splicing (as 
folylpoly-γ-glutamate synthetase) or separate genes. It 
has been suggested that the mitochondrial NAD-depen-
dent methylene-THF dehydrogenase favors the synthesis 
of formyl-THF whereas the cytosolic NADPH-depen-
dent enzyme favors methylene-THF synthesis. Expres-
sion of the mitochondrial enzyme, which occurs only in 
rapidly proliferating tissues, would result in the synthesis 
of formate, which after crossing the mitochondrial mem-
brane could be used for synthesis of the 10-formyl-THF 
needed for purine biosynthesis in the cytoplasm.496

Folate Defi ciency

Next to iron defi ciency, folate defi ciency is the most 
common micronutrient defi ciency. It is prevalent world-
wide and coexists with poverty, malnutrition, and chronic 
parasitic, bacterial, and viral infections. Women are more 
frequently affected than men. Inadequate diet, overcook-
ing of vegetables with loss of folates, and malabsorption 
secondary to tropical sprue are important contributors. 
Interestingly, vegetarian diets low in animal protein can 
provide more folate than omnivorous diets such as those 
eaten in the West.181 Also at increased risk are the elderly, 
the very young, and pregnant and lactating mothers. In 
addition, many Europeans and North Americans fail to 
consume 200 μg of folates daily. Megaloblastic anemia 
secondary to folate defi ciency is common worldwide, as 
is anemia with megaloblastosis in patients with multifac-
torial malnutrition and ill health. The fi nding of elevated 
total plasma homocysteine levels in patients with cere-
brovascular and cardiovascular disease and their reduc-
tion with folate supplements, plus the reduction in NTDs 
as a result of giving mothers a folate supplement in the 
periconceptional period (even those with normal folate 
levels), raise questions about the defi nition of dietary 
folate suffi ciency (see later).

Diagnosis of Folate Defi ciency

The hematologic diagnosis of folate defi ciency is similar 
to that for cobalamin defi ciency. The bone marrow is 
indistinguishable from that in defi ciency of cobalamin, 
and the same abnormalities may be noted in clinical chem-
istry data. In most patients who are defi cient in folate, 



 Chapter 11 • Megaloblastic Anemia 495

serum and erythrocyte folate levels are low. The level of 
serum folate (normal range, 4 to 20 ng/mL [8.8 to 
44.0 nmol/L]) decreases rapidly during folate deprivation 
and falls into the range of defi ciency (<3 ng/mL or 
6.6 nmol/L) within 2 weeks of cessation of folate intake.497 
The erythrocyte folate level decreases slowly (normal, 200 
to 800 ng/mL [440 to 1800 nmol/L]) because defi cient 
erythrocytes replace suffi cient ones during the 3- to 4-
month turnover of RBCs. Most defi cient subjects have 
erythrocyte folate values that are less than 150 ng/mL 
(330 nmol/L). With chronic low folate intake or malab-
sorption, both values fall into the defi cient range, whereas 
patients in whom defi ciency develops rapidly from alcohol 
abuse, from receiving unsupplemented intravenous amino 
acids, or from some antibiotics may have low serum folate 
levels only. The level of FIGlu in a 24-hour urine sample 
with or without a histidine load is often elevated in patients 
with folate defi ciency but is infrequently measured.

Total plasma homocysteine, but not methylmalonic 
acid, is increased in the majority of patients with folate 
defi ciency.498 The result of the deoxyuridine suppression 
test with bone marrow cells is abnormal and is corrected 
by the addition of 5-formyl-THF, 5-methyl-THF, or 
other folates during preincubation with deoxyuridine 
(see earlier).

Erythrocyte Folate Levels in 
Cobalamin Defi ciency

Erythroid precursors in the bone marrow accumulate 5-
methyl-THF from plasma and convert it to THF by 
means of the cobalamin-dependent enzyme methionine 
synthase. THF is converted to THF polyglutamates and 
retained in mature RBCs as 5-methyl-THF polygluta-
mates. The reaction catalyzed by methionine synthase is 
impaired in cobalamin-defi cient cells, and 5-methyl-THF 
is a poor substrate for polyglutamylation, such that 
patients defi cient in cobalamin have lower erythrocyte 
folate levels together with normal or raised serum folate 
levels.163,499 This interpretation of the cause of erythrocyte 
folate changes in cobalamin defi ciency is known as the 
“methylfolate trap hypothesis.”

Treatment of Folate Defi ciency

Five mg of folic acid daily by mouth (100 μg/kg body 
weight for children) is suffi cient to correct folate defi -
ciency, whether dietary or secondary to malabsorption. 
The megaloblastic anemia responds to very small doses 
of folic acid (200 to 500 μg/day), and the response pro-
vides verifi cation of the diagnosis because that caused by 
cobalamin defi ciency does not respond to such low doses 
of folate. Daily treatment with 1 mg is more than ade-
quate. Larger doses are usually given because folic acid 
is available in 5-mg tablets. There is concern that folate 
can exacerbate the neurologic damage in patients with 
cobalamin defi ciency by delaying diagnosis and treat-
ment. In patients with inborn errors of cobalamin metab-
olism mistreated with folate, neurologic degeneration has 
occurred.361

Above oral doses of 200 μg of folic acid, unmetabo-
lized folic acid appears in the circulation.500 However, 
such unmetabolized folic acid has never been associated 
with toxicity in patients such as those with sickle cell 
disease or other hemolytic anemias who are receiving 
long-term folic acid supplements. Likewise, the unnatu-
ral isomer dl-5-formyl-THF has never been associated 
with toxicity.

Reduction in plasma zinc in newborns was attributed 
to a dose of 1 mg oral folic acid daily, but not to doses 
of 0.05 to 0.2 mg/day.501 Although such lower doses are 
both effective and prudent, there are no fi rm data attrib-
uting toxicity to folic acid.

Nutritional folate defi ciency requires an improved 
diet or a folate supplement, or both. For patients with 
folate malabsorption, 5 to 15 mg/day of folate should yield 
normal or high serum and erythrocyte folate levels.

Clinical responses have been reported in a small 
number of patients with dementia, restless leg syndrome, 
and other neurologic ailments treated with large doses of 
folic or folinic acid.502-504

Maternal and Pediatric Folate Defi ciency

Maternal Folate Defi ciency

The major problem with folate insuffi ciency in children 
occurs before rather than after birth. It has been well 
established that maternal folate defi ciency in the pericon-
ceptional period is the cause of more than 50% of cases 
of NTDs, including spina bifi da, meningomyelocele, and 
anencephaly.35,36,505 Intrauterine growth retardation has 
also been linked to reduced maternal folate levels and 
increased total homocysteine levels.506

Folate defi ciency is common in mothers, particularly 
where poverty and malnutrition are common, intestinal 
malabsorption is prevalent, and dietary supplements are 
not provided.507 It is usually accompanied by iron defi -
ciency. The growing fetus imposes an increased demand 
for folate, which is further increased in mothers with 
thalassemia minor or sickle cell disease.

Several researchers have reported lower serum or RBC 
folate levels in users of oral contraceptive agents (OCAs) 
in the past. However, these results preceded the develop-
ment of lower-dose OCA preparations. This question was 
re-evaluated in adolescent Canadian females aged 14 to 
19 years. Twenty-one percent were using current OCAs, 
most frequently Triphasil (Wyeth-Ayerst Canada), 
Marvelon (Organon Canada), Ortho 7/7/7 (Ortho Phar-
maceutical), and Cyclen (Ortho Pharmaceutical). Smok-
ing and OCA or alcohol use were not linked to low serum 
or RBC folate levels.508 However, OCA use was associated 
with an unexplained 33% lower serum cobalamin level. 
Thus, current OCA use seems to not predispose women 
to future maternal folate insuffi ciency.

Levels of plasma folate are higher in cord than mater-
nal blood. Perfusion of the human placental cotyledon 
revealed a two-step maternal-to-fetal transfer of methyl-
THF consisting fi rst of a concentrative component. Folate 
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is bound to placental folate-binding proteins/folate recep-
tors on the maternally facing chorionic surface. Gradual 
release of methyl-THF from this bound pool added to 
incoming folates generated an intervillous blood folate 
level three times that in the maternal circulation. In the 
second step, folates were passively transferred to the fetal 
circulation along a downhill concentration gradient.509

Except in extreme cases, this mechanism was believed 
to protect the fetus in utero from maternal folate defi -
ciency. Nevertheless, three early abortions and two still-
births were associated with hyperhomocysteinemia and 
the homozygous thermolabile 677C→T allele of MTHFR 
in a woman with low plasma folate. Because treatment 
with folate and pyridoxine normalized the homocysteine 
level and favored a subsequent successful pregnancy, it 
may be that some recurrent miscarriages are associated 
with hyperhomocysteinemia.510 Maternal folate defi -
ciency is also related to fetal hypotrophy. In a small well-
nourished population, there was a signifi cant correlation 
between birth weight and both folate status of the mother 
at 32 weeks of pregnancy and the decrease in her RBC 
folate levels before delivery.511 Maternal serum folate 
concentrations at 18 and 30 weeks correlated negatively 
with the extent of fetal growth retardation in a study of 
289 pregnant women.512 In 832 women, a low mean daily 
folate intake was linked to a doubling of the risk for 
preterm delivery and low infant birth weight.513 These 
fi ndings suggest that maternal folate status may affect 
other birth outcomes beyond causing NTDs. Thus, pref-
erential transfer of folate to the fetus from the placenta 
may provide limited protection against the deleterious 
effects of maternal folate insuffi ciency.

A survey conducted in the United States after food 
fortifi cation has found modest, yet statistically signifi cant 
reductions in transposition of the great arteries (12%), 
cleft palate only (12%), pyloric stenosis (5%), upper limb 
reduction defects (11%), and omphalocele (21%). More 
substantial subgroup decreases were observed for renal 
agenesis in programs that conduct prenatal surveillance 
(28%), for common truncus among Hispanics (45%), 
and for upper limb reduction defects among Hispanics 
(44%).514

Defi ciency in Newborns and Infants

Levels of plasma and RBC folate fell and total plasma 
homocysteine levels increased during pregnancy in 404 
healthy Danish mothers.515 Despite this fi nding, folate 
defi ciency in the infant as a result of folate defi ciency in 
the mother is unusual. Clinical folate defi ciency is seldom 
present at birth. However, the rapid growth in the fi rst 
few weeks of life demands increased folate. There is a 
need for folate supplements at this time, particularly for 
premature infants.283 Maternal milk folate levels remain 
elevated during the development of maternal folate defi -
ciency but decrease once defi ciency is present.

Folate must be added to hyperalimentation solutions 
given to newborns in intensive care units. Infections 
or other illnesses may increase folate needs. Hemolysis 

secondary to vitamin E defi ciency, glucose-6-phosphate 
dehydrogenase defi ciency, or rarer RBC enzyme defi cien-
cies increases demand for folates. Folate absorption is 
reduced with chronic diarrhea. As mentioned earlier, 
folate defi ciency develops in infants fed goat’s milk.419

Folate defi ciency in infants may not be manifested 
as classic megaloblastic anemia. After transfusion, 
neutropenia and thrombocytopenia may be the only 
hematologic features. Where general malnutrition exists, 
features of folate defi ciency may be overshadowed by the 
clinical picture of marasmus or protein-calorie malnutri-
tion. The increased requirement for growth and the lack 
of long-term folate stores make folate defi ciency a regular 
component of starvation. Because folate is stored mainly 
in the liver, hepatitis and other diseases of the liver may 
disturb stores and precipitate folate defi ciency. Inborn 
errors of folate metabolism are rare but of considerable 
interest (discussed later).

Defi ciency in Older Children and Adolescents

Malnutrition is the most common cause of folate defi -
ciency in older children. Subgroups at particular risk 
include those with sickle cell disease, thalassemia major, 
hepatitis, HIV infection, and malabsorption. Certain 
drugs and medications predispose to folate defi ciency. 
Folate defi ciency has been reported in patients taking 
chronic antiepileptic medications and older, high-dose 
oral contraceptives.422,423 Antifolate drugs such as triam-
terene and sulfi soxazole-trimethoprim inhibit human 
DHF reductase to some degree and may induce folate 
defi ciency. Alcohol abuse is associated with folate defi -
ciency and affects a proportion of children and 
adolescents.

Folates and Neural Tube Defects

Folate insuffi ciency in the fi rst trimester of pregnancy has 
been implicated in the occurrence of NTDs in infants.516,517 
Studies have demonstrated that folate supplementation 
during the periconceptional period (from initiation of 
pregnancy to closure of the neural tube at about 1 month 
of gestation) reduces the occurrence36 and recurrence35 
of NTDs by 50% to 70%. Pregnancies at particular risk 
may be identifi ed by the maternal total plasma homocys-
teine level or by MTHFR polymorphism status.518-520 The 
most effective way to ensure that pregnant women receive 
suffi cient folate during this period is to fortify foods with 
folate.521 Fortifi cation of fl our and other enriched grain 
products with synthetic folic acid has been compulsory 
in the United States and other countries since 1998.522 
This fortifi cation has been associated with a decrease in 
the prevalence of NTDs.514,523,524

Periconceptional folate supplementation may also be 
associated with a decreased risk of having a child with 
nonsyndromic cleft lip with or without cleft palate,525-527 
although not all studies support such an association.528,529 
No consistent effect of the c.677C→T MTHFR poly-
morphism on orofacial clefting has been observed.530
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Folates and Down Syndrome

Folate insuffi ciency or gene polymorphisms (or both) 
have been linked with other birth defects, in particular 
Down syndrome.531,532 A raised total plasma homocyste-
ine concentration is a risk factor for Down syn -
drome.533-536 In some studies, the MTRR 66A→G, MTR 
2756A→G, MTHFR 677C→T, MTHFR 1298A→C, 
and RFC1 80A→G polymorphisms in association with 
elevated total homocysteine or decreased folate or cobal-
amin increased the maternal risk of having a child with 
Down syndrome,533,537-540 although other studies do not 
support this fi nding.539,541,542 There is a signifi cant increase 
in the frequency of Down syndrome in mothers who have 
had a child with spina bifi da and vice versa.543 Fortifi ca-
tion of food with folate has not decreased the incidence 
of Down syndrome as yet, perhaps because a much higher 
level of folate is needed to prevent the genomic instability 
associated with marginal folate defi ciency.531

Folates and Arteriosclerotic 
Vascular Disease

The premature occurrence of arteriosclerosis in patients 
with severe homocystinuria fi rst implicated homocyste-
ine as an atherogenic factor.544 It was subsequently dem-
onstrated that a thermolabile variant of MTHFR was 
associated with moderate elevation of the total plasma 
homocysteine concentration and the development of ath-
erosclerotic disease.545 Thermolability was shown to be 
due to homozygosity for the T allele of a 677C→T poly-
morphism in MTHFR that causes conversion of alanine 
to valine at position 222 of the protein; such conversion 
results in an approximately 50% decrease in enzyme 
activity when present in the homozygous state.38 Epide-
miologic studies have shown a signifi cant association 
between elevated total plasma homocysteine levels 
and cardiovascular disease and a modest, but statistically 
signifi cant increased risk of cardiovascular disease in 
patients with the 677T allele of MTHFR.546 Heterozy-
gosity for cystathionine β-synthase defi ciency may 
account for a small number of cases of elevated plasma 
homocysteine as well.37 Patients participating in the 
Framingham Heart Study showed a strong correlation 
between homocysteine levels, carotid stenosis, and low 
folate levels.547

Treatment of subjects who have elevated total plasma 
homocysteine levels with vitamin B6, folic acid, or betaine 
normalizes the homocysteine level548; such therapy may 
prevent recurrent or occurrent arteriosclerotic disease.549 
However, three large studies of cobalamin, pyridoxine, 
and folate treatment to lower total plasma homocysteine 
failed to reduce the risk for major cardiovascular events 
in patients with vascular disease.550-553 Nevertheless, the 
power of these individual studies may be insuffi cient to 
detect the current assessment of an 11% and 19% 
expected reduction in the incidence of heart attacks and 
strokes, respectively, for a 25% reduction in the total 

homocysteine level, and conclusions may need to await 
a meta-analysis of data from up to a dozen of such 
studies.554

Folates and Cancer

Epidemiologic studies have found an association between 
folate defi ciency and premalignant changes in several 
epithelial tissues, including the cervix,555 bronchus,556 
and colon.39 Some studies demonstrated an apparent 
reversal of the pathologic lesions with folate supplemen-
tation. Diffi culty differentiating between megaloblastic 
and dysplastic changes may have confounded these 
results. The relationship between folate levels and carci-
nogenesis has been studied in colorectal cancer. Dietary 
folate correlates inversely with risk for colorectal adenoma 
and cancer, and serum homocysteine levels are higher in 
subjects with colorectal neoplasia.557 Results from studies 
of other types of cancer are less clear. A quandary exists 
that although folate may assist in stabilizing the genome 
and thus reducing the rate of mutations and the inci-
dence of certain cancers, it may also promote the growth 
of some malignancies already present.

Folate Antimetabolites

Antifolates are analogues of folic acid that block folate 
metabolism, thereby interrupting DNA synthesis and 
causing cell death. They inhibit the enzyme DHF reduc-
tase as the primary target.

Methotrexate is an anticancer agent effective in com-
bination chemotherapy for carcinoma of the breast, lung, 
bone, ovary, head, neck, and elsewhere. It contributes to 
cure of choriocarcinoma and childhood acute lympho-
blastic leukemia. Methotrexate is also used for its immu-
nosuppressive and antiproliferative properties in the 
treatment of psoriasis, rheumatoid arthritis, and graft-
versus-host disease after bone marrow transplantation. 
Cancer and leukemia cells develop resistance to metho-
trexate in a variety of ways, including diminished trans-
port of methotrexate (and reduced folates) into the cell; 
amplifi cation of the DHFR gene, with overproduction of 
DHF reductase; mutations in the DHFR gene resulting 
in a DHF reductase with decreased binding affi nity for 
methotrexate; decreased folate polyglutamate synthetase 
activity, with resultant diminished polyglutamyla -
tion of methotrexate; or increased γ-glutamylhydrolase 
activity, with decreased retention of methotrexate 
polyglutamates.558

Newer antifolates have been synthesized and tested 
over the past 40 years.

Pyrimethamine is an antimalarial drug with greater 
affi nity for parasitic than human DHF reductase. Tri-
methoprim is an antifolate with antibacterial activity and 
higher affi nity for bacterial than human DHF reductase. 
In combination with sulfi soxazole, which interferes with 
bacterial synthesis of folic acid, there is a double syner-
gistic antifolate attack on bacteria. Bactrim and Septra 
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are such combinations widely used to treat urinary tract 
and other infections. They are effective in preventing 
Pneumocystis carinii pneumonia in immunocompromised 
patients undergoing chemotherapy or in persons infected 
with HIV.

Inborn Errors of Folate Transport 
and Metabolism

Hereditary Folate Malabsorption
Hereditary folate malabsorption (MIM 229050) has 
been reported in fewer than 20 patients.559-564 It is char-
acterized by megaloblastic anemia, diarrhea, mouth 
ulcers, failure to thrive, and usually, progressive neuro-
logic deterioration. A majority of the patients documented 
have been girls. Megaloblastic anemia and low serum 
folate levels appear in the fi rst few months of life, with 
excretion of FIGlu and orotic acid in urine. Patients with 
hereditary folate malabsorption fail to absorb folic acid 
or reduced folates across the intestinal membrane and 
the choroid plexus, thereby resulting in decreased folate 
levels in both blood and CSF. Uptake of folate into cul-
tured and uncultured cells is normal.

Mutations in the SLC46A1 gene on chromosome 
17q11.2, which encodes the PCFT, have now been iden-
tifi ed in six patients with hereditary folate malabsorp-
tion.438,565 Identifi cation of mutations in patients with 
hereditary folate malabsorption and segregation studies 
in one family make it clear that this is an autosomal 
recessive disorder.438,565 The reason for the preponder-
ance of females among patients remains unknown.

Hematologic changes respond to relatively low levels 
of folate, but levels in CSF may remain low.566 The clini-
cal response to therapy with folates has varied. Both oral 
and parenteral administration of folate in pharmacologic 
doses has corrected the hematologic abnormalities in 
some patients, with less effect in correcting the low folate 
levels in CSF. Folinic acid and methyltetrahydrofolic acid 
may be more effective in entering CSF. In some cases, 
seizures were reduced in number, and in others, seizures 
worsened with folate therapy.361 It is essential to maintain 
levels of folate in both blood and CSF in the range associ-
ated with folate suffi ciency. Oral doses of folates in excess 
of 100 mg daily or systemic therapy may be needed. 
Intrathecal folate may be needed if CSF levels remain 
low.

Cellular Folate Uptake Defects

A series of patients with well-characterized abnormalities 
in folate uptake into cells have been described. It remains 
unclear whether any of these abnormalities represent 
primary defects.

In one large family, the prevalence of severe hema-
tologic disease was very high, with anemia, pancytopenia, 
and leukemia in 34 individuals resulting in the death of 
18.567,568 The proband had severe aplastic anemia that 
responded to folate therapy. Uptake of methyl-THF was 
markedly reduced in stimulated lymphocytes from the 

proband and four family members despite normal uptake 
of folic acid. The proband and his son also had a lesser 
reduction in methyl-THF uptake in bone marrow cells. 
In one son the transport defect developed only after he 
became neutropenic, thus suggesting that the abnormal-
ity may not be the primary defect. In another family, the 
proband and three daughters had dyserythropoiesis 
without anemia.569 An abnormality in methyl-THF 
uptake was detected in RBCs and bone marrow cells 
but not in lymphocytes. There was little correlation in 
the family between clinical fi ndings and cellular folate 
uptake.

Methylenetetrahydrofolate 
Reductase Defi ciency

MTHFR defi ciency is the most common inborn error of 
folate metabolism (Table 11-3), and at least 85 cases are 
known.25,26,570 The clinical manifestations are variable, 
with many patients initially seen during infancy with 
severe neurologic disease leading to death, others initially 
seen as adults, and some remaining clinically asymptom-
atic.571 Most come to medical attention as infants because 
of developmental delay, breathing disorders, gait abnor-
malities, seizures, and macrocephaly. Patients have been 
described with schizophrenia and severe MTHFR 
defi ciency, which has focused attention on the role of 
MTHFR defi ciency in psychiatric disease.572-574

Homocystinuria is always present in patients with 
MTHFR defi ciency, with the homocystine level ranging 
from 15 to 667 μmol/24 hr (mean, 130),25 lower than 
levels in patients with homocystinuria secondary to cys-
tathionine β-synthase defi ciency. More than one deter-
mination of homocystine excretion may be needed 
because false-negative values occur. Serum methionine is 
in the low-normal range or decreased, whereas in cysta-
thionine β-synthase defi ciency, methionine is elevated. 
Values range from 0 to 18 μmol/L (mean, 12 μmol/L; 
normal range, 23 to 35 μmol/L).25 Neurotransmitter 
levels in the CSF of a few patients have been low. Mega-
loblastic anemia is rarely present, in contrast to other 
disorders in which synthesis of methionine from homo-
cysteine is impaired (cobalamin defi ciency, cblC, cblD, 
cblE, cblF, and cblG). This refl ects the lack of trapping 
of folate as methyl-THF in MTHFR defi ciency and its 
availability for purine and pyrimidine biosynthesis.

Findings at autopsy in patients with MTHFR defi -
ciency575-580 include dilation of cerebral vessels, internal 
hydrocephalus, and microgyria. Perivascular changes, 
demyelination, macrophage infi ltration, gliosis, and astro-
cytosis have been reported. A major cause of death was 
arterial and cerebral venous thrombosis.575 The neurovas-
cular fi ndings in severe MTHFR defi ciency resemble 
those seen in classic homocystinuria secondary to cysta-
thionine β-synthase defi ciency. Patients with the classic 
fi ndings of SCDSC, similar to that seen in cobalamin 
defi ciency, have been reported.579,580 Because methyl-
THF is the only form of folate that can cross the 
blood-brain barrier, MTHFR defi ciency may result in 
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functionally low levels of folate in the brain. Neurologic 
fi ndings in MTHFR defi ciency may be the result of low 
methionine levels and decreased function of AdoMet-
dependent methyltransferase reactions. Alternatively, 
decreased CNS folate levels may result in impaired 
purine and pyrimidine synthesis. Because MTHFR has 
dihydropteridine reductase activity,581 it may also have a 
direct role in neurotransmitter synthesis.

The diagnosis of severe MTHFR defi ciency is estab-
lished by measurement of enzyme activity in the liver, 
leukocytes, or cultured fi broblasts or lymphocytes. The 
specifi c activity of MTHFR in cultured fi broblasts is 
dependent on the stage of the culture cycle, with activity 
being severalfold greater at confl uence than during loga-
rithmic growth582; it is thus important to compare activi-
ties of patient samples and control cell lines at confl uence. 
MTHFR activity, the proportion of total intracellular 
folate that is methyl-THF, and the extent of labeled 
formate incorporation into methionine are inversely cor-
related with clinical severity.583,584 When compared with 
normal enzyme, enzyme from many individuals, includ-
ing several patients with severe MTHFR defi ciency, is 
unstable when incubated at 55º C, especially in the pres-
ence of the cofactor fl avin adenine dinucleotide.545,585

The human MTHFR gene on chromosome 1p36.3 
is 2.2 kb in length and consists of 11 exons; it encodes 
an active protein of about 70 kd.586,587 MTHFR defi -
ciency shows autosomal recessive inheritance. To date, 41 

mutations of the MTHFR gene have been identifi ed.588-595 
None occurs frequently in patients from different fami-
lies. Prenatal diagnosis has been reported with amnio-
cytes and chorionic villus cells.26,594,596-598 In most cases, 
MTHFR activity in cell extracts was measured. Because 
the known MTHFR mutations are private, mutation 
analysis has been limited to families in which the muta-
tions have been sequenced. The existence of common 
intragenic polymorphisms has allowed the use of linkage 
analysis to establish the diagnosis.599

In addition to mutations that result in severe MTHFR 
defi ciency, several common polymorphisms have been 
identifi ed. One of them, a 677C→T (cDNA)/A222V 
(protein) sequence change, results in reduction of 
MTHFR activity by approximately 50% of control values 
when the T allele is present in the homozygous state.38 
The T allele represents 30% to 50% of MTHFR alleles 
in many European, North American, and Japanese popu-
lations600; its frequency is much lower in Africans and 
African Americans. This polymorphism is the cause of 
MTHFR thermolability in both patients with severe 
MTHFR defi ciency and normal individuals. A second 
polymorphism, 1298A→C (cDNA)/E429A (protein), 
reduces MTHFR activity to 68% of the wild-type value.601 
Several additional polymorphisms have been identifi ed 
whose effects on enzyme activity are not known.602,603

MTHFR defi ciency is diffi cult to treat, with a 
poor prognosis once neurologic involvement is evident. 

TABLE 11-3 Inherited Defects of Folate Metabolism

Hereditary Folate Malabsorption MTHFR Defi ciency FTCD Defi ciency

CLINICAL FINDINGS
Prevalence ≈20 cases > 85 cases 13 cases
Megaloblastic anemia A N* N*
Developmental delay A A N*
Seizures A A N*
Speech abnormalities N N A*
Gait abnormalities N A N*
Peripheral neuropathy N A N*
Apnea N A N*

BIOCHEMICAL FINDINGS
Homocystinuria, homocystinemia N A N
Hypomethioninemia N A N
FIGlu-uria A* N A
Folate absorption A N N
Serum folate A A N*
Red cell folate A A* N*

DEFECTS DETECTABLE IN CULTURED FIBROBLASTS
Whole Cells
Methyl-THF uptake N N N
Methyl-THF content N A N

Extracts
FTCD activity Activity undetectable in cultured fi broblasts
MTHFR activity N A N

*Exceptions described in some cases.
A, abnormal (i.e., clinical or laboratory fi ndings present); FIGlu, formiminoglutamic acid; FTCD, formiminotransferase-cyclodeaminase; MTHFR, methylene-

THF reductase; N, normal; THF, 5,6,7,8-tetrahydrofolate.
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Therefore, it is important to diagnose MTHFR defi -
ciency as early as possible. The following agents have 
been used for therapy:

1. Folates, to maximize any residual enzyme activity
2. Methyl-THF, to specifi cally replace the missing 

product of MTHFR
3. Methionine, to correct defi ciency of this amino acid, 

which requires methyl-THF for synthesis
4. Pyridoxine, because it is a cofactor for cystathionine 

synthase and thus may lower homocysteine levels
5. Cobalamin, because MeCbl is a cofactor for methio-

nine synthase
6. Carnitine, because of its requirement for 

adenosylmethionine
7. Betaine, because with homocysteine, it is a substrate 

for betaine methyltransferase, an enzyme that also 
converts homocysteine to methionine and is primarily 
active in the liver.

Betaine has the double advantage of raising methio-
nine and decreasing homocysteine levels. However, 
because betaine methyltransferase is a liver enzyme, the 
effects of betaine on the brain are thought to be mediated 
through changes in circulating levels of metabolites. A 
summary of the treatment protocols for individual 
patients with MTHFR defi ciency has been published.25 
Such protocols have been highly variable and, for 
the most part, unsuccessful until the introduction of 
betaine. Therapy with methionine alone or combined 
with methyl-THF has not been effective. A regimen con-
sisting of oral betaine, folinic acid, cobalamin, and vitamin 
B6 has been suggested.604 Therapy with betaine after 
prenatal diagnosis has resulted in the best outcome 
reported to date.605

Glutamate Formiminotransferase Defi ciency

Glutamate formiminotransferase defi ciency results from 
mutations in the bifunctional (glutamate formimino-
transferase plus cyclodeaminase) enzyme encoded by the 
FTCD gene. It is not clear whether this disorder is associ-
ated with any consistent clinical fi ndings. Fewer than 20 
patients have been described. FIGlu excretion, either 
constitutively or in response to a histidine load, is the one 
constant feature of formiminotransferase defi ciency. 
Patients have ranged in age from 3 months to 42 years 
at diagnosis. Two distinct phenotypes have been described. 
The severe form is characterized by mental and physical 
retardation, abnormal electroencephalographic activity, 
and dilation of the cerebral ventricles with cortical 
atrophy. No mental retardation occurs in the mild form, 
but excretion of FIGlu is greater. Analysis of mutations 
in the FTCD gene has not supported the hypothesis606 
that the mild form is due to a defect in formiminotrans-
ferase activity whereas the severe form results from a 
block in cyclodeaminase.607

Several patients had macrocytosis and hypersegmen-
tation of neutrophils, three had delayed speech, two had 

seizures, and two had mental retardation as their initial 
signs. Two were identifi ed because they were siblings of 
known patients. Mental retardation was described in the 
majority of the original patients from Japan,608-610 but in 
only three of the remaining eight patients.25,611-613 Ele-
vated FIGlu excretion and increased FIGlu levels in 
blood after a histidine load, as well as high to normal 
serum folate levels, have been reported. Plasma amino 
acid levels, including histidine, are usually normal; 
however, hyperhistidinemia and hyperhistidinuria have 
been found on occasion, as have low plasma methionine 
levels. Excretion of hydantoin-5-propionate, the stable 
oxidation product of the FIGlu precursor 4-imidazolone-
5-propionate, and excretion of 4-amino-5-imidazolecar-
boxamide, an intermediate in purine synthesis, have also 
been reported.

Hepatic enzyme activity was measured in fi ve patients 
and was higher (14% to 54% of control values) than 
would be expected if its defi ciency caused the disease. 
Because FTCD enzyme activity is expressed in the liver 
and kidney only, cultured cells cannot be used to confi rm 
the diagnosis of formiminotransferase defi ciency. There 
have been reports of measurement of formiminotransfer-
ase activity in erythrocytes, but these have not been 
confi rmed.25

The human FTCD gene on chromosome 21q22.3 
consists of 15 exons and generates multiple transcripts.614 
Three FTCD mutations have been identifi ed in patients; 
one patient also had a deletion that eliminated one copy 
of the FTCD gene.607 Expression of the mutations in vitro 
demonstrated that they reduced enzyme activity to 30% 
to 50% of control values, in line with the results of liver 
assays of affected individuals.606 These studies confi rmed 
that mutations in the FTCD gene underlie cases of 
formiminotransferase defi ciency and demonstrated auto-
somal recessive inheritance of the disorder.

Two patients in one family611 responded to folate 
therapy with decreased FIGlu excretion, whereas six 
other patients did not.25 One of two patients responded 
to methionine supplementation.612,613 Because the rela-
tionship between clinical expression and FIGlu excretion 
is uncertain, the value of reducing FIGlu excretion is 
unknown.

Amino-4-Imidazolecarboxamide 
Ribonucleotide Transformylase Defi ciency

A single patient has been reported with defi ciency of 
AICAR transformylase (MIM 60868), one of the 10-
formyl-THF–dependent reactions in de novo purine bio-
synthesis. The patient had profound mental retardation, 
epilepsy, dysmorphic features, and congenital blindness. 
Megaloblastic anemia was not observed. Very high levels 
of AICAR, as well as its diphosphate and triphosphate 
derivatives, were observed in patient erythrocytes. Two 
mutations were identifi ed in the ATIC gene on chromo-
some 2q35, which encodes the bifunctional AICAR 
transformylase–IMP cyclohydrolase enzyme. Enzyme 
assay demonstrated a profound defi ciency in AICAR 
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transformylase activity, with IMP cyclohydrolase activity 
being 40% of control values.615

Other Possible Inborn Errors of 
Folate Metabolism

Three patients have been reported to have DHF reduc-
tase defi ciency,616 but alternative genetic lesions affecting 
other enzymes involved in folate or cobalamin metabo-
lism have subsequently been identifi ed in two of the 
patients.361,617 Three patients were reported to have 
methenyl-THF cyclohydrolase defi ciency, but the diag-
nosis was retracted in a later publication from the same 
group.610

3-PHOSPHOGLYCERATE 
DEHYDROGENASE DEFICIENCY

Megaloblastic anemia has been reported in two brothers 
with 3-phosphoglycerate dehydrogenase (EC 1.1.1.95) 
defi ciency (MIM 601815),618 a rare disorder (six patients 
in four families have been reported) that results in 
impaired ability to synthesize serine from 3-phosphoglyc-
erate. Although serine is a nonessential amino acid, 
impairment of this pathway results in severely decreased 
levels of serine in serum and CSF,619 thus demonstrating 
that diet alone does not provide suffi cient serine to 
support normal metabolism. Patients with this disorder 
are characterized by macrocephaly beginning before 
birth, with severe psychomotor delay and intractable sei-
zures developing during the fi rst year of life. Cataracts, 
hypogonadism, adduction of the thumbs, and thrombo-
cytopenia were present in some patients.

The disorder is characterized biochemically by mark-
edly decreased levels of serine in CSF and by decreased 
plasma serine after an overnight fast. The low levels of 
serine in CSF may refl ect relatively low affi nity of the 
neutral amino acid transporter for serine, which leaves 
the CNS particularly dependent on de novo serine syn-
thesis to meet its metabolic needs.619 The level of methyl-
THF in CSF is also reduced.618 Under normal conditions, 
serine is the major source of one-carbon units for cellular 
folate metabolism, and serine defi ciency may therefore 
result in decreased levels of folate coenzyme forms. 
Patients have been treated with high doses of serine and 
in some cases with glycine as well. Treatment has resulted 
in correction of the biochemical defi cits and decreased 
frequency of seizures, but no progress in psychomotor 
development has been observed in patients when treat-
ment was started after 1 year of age.620 One affected 
individual who was identifi ed by prenatal diagnosis and 
was treated with serine beginning in the prenatal period 
has shown normal development.621

Two mutations in the PHGDH gene on chromosome 
1q12 have been identifi ed in patients with 3-phospho-
glycerate dehydrogenase defi ciency. Five patients, 
including the brothers with megaloblastic anemia, were 
homozygous for a c.1468G→A (p.V490M) mutation; the 

sixth patient was homozygous for a c.1273G→A 
(p.V425M) mutation. Both mutations resulted in 
decreased dehydrogenase activity in vitro.622

THIAMINE-RESPONSIVE 
MEGALOBLASTIC ANEMIA

Thiamine-responsive megaloblastic anemia (TRMA; 
MIM 249270) is a rare autosomal recessive disorder 
characterized by megaloblastic anemia, diabetes mellitus, 
and sensorineural deafness that responds to pharmaco-
logic doses of thiamine.623-625 Additional clinical fi ndings 
have included optic atrophy, cardiomyopathy, and stroke-
like episodes. The bone marrow is characterized by mega-
loblastic changes and ringed sideroblasts. The disorder 
has been reported in fewer than 30 families.

Dietary thiamine is taken up by cells and converted 
to its active coenzyme derivative thiamine pyrophosphate 
by the enzyme thiamine pyrophosphokinase (EC 2.7.6.2). 
Thiamine pyrophosphate is required for the activity of 
four known mammalian enzymes: transketolase, pyruvate 
dehydrogenase, α-ketoglutarate dehydrogenase, and 
branched-chain ketoacid dehydrogenase.

TRMA has been shown to be caused by muta -
tions affecting the SLC19A2 gene on chromosome 
1q23.3.626-629 This gene encodes a thiamine transporter 
protein that has homology to the RFC (which is encoded 
by the gene SLC19A1). TRMA fi broblasts have decreased 
thiamine uptake relative to control fi broblasts and, unlike 
control cells, undergo apoptosis when incubated in 
medium lacking thiamine.630 At least 14 mutations in the 
SLC19A2 gene have been reported in patients with 
TRMA.626
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are of no metabolic utility. To achieve stable solubility 
under physiologic conditions, iron must be complexed to 
iron-binding agents termed chelators. Chelators are syn-
thesized by all organisms ranging from microbes (e.g., 
deferoxamine produced by Streptomyces pilosis) to humans 
(e.g., transferrin in human plasma). These molecules are 
crucial to the acquisition of iron from the environment 
and to its transport and storage within the body.

Iron-Protein Complexes

Iron-protein complexes capitalize on the properties of the 
metal to perform metabolic functions. Stable coordina-
tion complexes form between iron and electron-donating 
amino acids in proteins. Iron acts as the chemical work-
horse, and protein structure dictates biologic specifi city.

Individual iron atoms can interact directly with 
amino acid side groups in proteins, as in ribonucleotide 
reductase. Alternatively, iron may form coordination 
complexes with other small molecules. Protoporphyrin 
IX donates four of the six electrons needed to form a 
stable coordination complex with iron. Heme, the iron–
protoporphyrin IX complex, is so stable that removal of 
the iron moiety requires the enzyme heme oxygenase. 
The functional properties of heme are determined by the 
nature of the associated protein or small molecule ligands 
supplying the remaining two electrons. The best-
characterized heme protein is hemoglobin, in which a 
globin histidine residue donates the fi fth electron and 
the sixth comes from molecular oxygen.1 This confi gura-
tion enables hemoglobin to transport oxygen safely 
throughout the body.

Iron and sulfur atoms can form stable complexes 
(“clusters”) that catalyze enzymatic reactions. The Krebs 
cycle enzyme aconitase, for example, contains an iron-
sulfur (Fe/S) cluster. As discussed later in this chapter, 
the iron content of the Fe/S cluster of a related aconitase-
like molecule allows it to “sense” iron concentrations 
within the cell and to act as an iron regulatory protein 
(IRP) to modulate the translation of genes of iron 
metabolism.

Iron Toxicity

The ability of iron to catalyze redox reactions also 
accounts for its toxicity. As an enzymatic cofactor, the 
metal is involved in the restructuring of cellular compo-
nents, including proteins, carbohydrates, and nucleic 
acids. Unbound iron has unbridled redox activity, 
however, and may wreak havoc. We live in an oxygen-rich 
atmosphere and our bodies require oxygen for many 
metabolic processes. However, oxygen is highly reactive 
and thus is toxic. The reactive oxygen intermediates 
superoxide (O2

−) and hydrogen peroxide (H2O2) are gen-
erated by normal cellular reactions. Oxidative stress 
develops when production of reactive oxygen species 
exceeds the body’s processing capacity. Under these 
circumstances, reactive oxygen intermediates may be 

Box 12-1 Iron-Containing Proteins*

HEME PROTEINS

Hemoglobin
Myoglobin
Cytochrome a, b, c
Cytochrome P-450
Tryptophan-1,2-dioxygenase
Catalase
Myeloperoxidase

IRON-DEPENDENT ENZYMES

Aldehyde oxidase
Reduced nicotinamide adenine dinucleotide 

dehydrogenase
Tyrosine hydroxylase
Succinate dehydrogenase
Prolyl hydroxylase
Tryptophan hydrolase
Xanthine oxidase
Ribonucleotide reductase
Aconitase
Phosphoenolpyruvate carboxykinase

*Partial list.
Adapted from Griffi n IJ, Abrams SA. Iron and breastfeeding. 

Pediatr Clin North Am. 2001;48:401-413.

Iron lacks the glitter of gold and the sparkle of silver but 
outshines both in biologic importance. This plebeian 
metal is vital to the function of a wide variety of critical 
enzymes, including catalases, aconitases, ribonucleotide 
reductase, peroxidases, and cytochromes, that exploit the 
fl exible redox chemistry of iron to execute a number of 
chemical reactions essential for our survival (Box 12-1). 
In addition, we depend on hemoglobin, another iron-
containing protein, to transport inhaled oxygen from the 
lungs to peripheral tissues. Human existence is inextri-
cably linked to iron, and disturbances in its metabolism 
may have dire consequences.

PHYSIOLOGIC CHEMISTRY OF IRON

Iron and Oxidation

The key to the biologic utility of iron is its ability to exist 
in either of two stable oxidation states: Fe2+ (ferrous) or 
Fe3+ (ferric). This property permits iron to act as a redox 
catalyst by reversibly donating or accepting electrons. An 
excellent example is the electron transport chain of oxi-
dative phosphorylation, in which adenosine triphosphate 
(ATP) is generated from glucose by the orderly transfer 
of electrons through a network of iron-containing mito-
chondrial cytochromes.

When dissolved in aqueous solution, ferrous iron 
rapidly oxidizes to its ferric form, which is insoluble at 
physiologic pH. The resulting ferric hydroxide salts (rust) 
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converted to injurious free radicals by the iron-catalyzed 
Fenton reaction2:

O Fe O Fe2
3

2
2− + ++ → +

Fe H O Fe HO OH2
2 2

3+ + −+ → + +i

O H O O HO OH2 2 2 2
− −+ → + +i

Hydroxyl radicals (HO•) attack many biologic macro-
molecules, including proteins and DNA. They also 
promote peroxidation of membrane lipids, a problem 
exacerbated by iron overload and pathologic membrane 
binding of iron. Intracellular structures are particularly 
susceptible to iron-dependent peroxidation. In iron-
overloaded cells, injured lysosomes become fragile and 
leaky.3 Release of lysosomal proteases causes further cell 
injury and may ultimately lead to cell death. This process 
contributes to the severe tissue damage seen in the liver, 
heart, joints, and pancreas of patients with iron overload 
disorders (see later).

Iron is not normally present in cell membranes. 
However, in both sickle cell disease and thalassemia, iron, 
heme, ferritin, and denatured hemoglobin adhere to the 
inner surface of the red cell plasma membrane and 
thereby contribute to the pathogenesis of these congeni-
tal anemias.4,5 The membrane complex containing dena-
tured hemoglobin has been termed hemichrome.6 The red 
cell anion transport protein band 3 appears to nucleate 
the formation of these iron aggregates.7,8 Injured cells 
decorated with membrane iron deposits are removed by 
a functioning spleen in patients with thalassemia and 
hemoglobin SC disease, but they circulate in functionally 
asplenic patients with homozygous hemoglobin SS 
disease. Membrane-associated iron promotes free radical 
formation and further membrane damage, marked by 
generation of the lipid peroxidation product malonyldi-
aldehyde and by cross-linking of membrane proteins.4,5 
Membranes become rigid and thus contribute to the 
formation of irreversibly sickled cells that occlude the 
microcirculation.

Sometimes reactive oxygen intermediates can be 
benefi cial. Neutrophils contain a membrane-associated 
reduced nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase that produces superoxide to kill 
ingested microorganisms (reviewed by Clark9). Super -
oxide and secondary reactive oxygen intermediates are 
potent antimicrobial agents. Congenital defects in this 
NADPH oxidase, collectively termed chronic granuloma-
tous disease (see Chapter 21), are characterized by a 
serious defect in defense against bacterial pathogens.

Neutrophils and iron also injure tissues in infl amma-
tory diseases such as rheumatoid arthritis.10 Synovial 
macrophages ingest red cell hemoglobin introduced by 
intermittent joint hemorrhage. Iron is deposited in the 
synovial membrane, proximate to superoxide and hydro-
gen peroxide generated by neutrophils and macrophages 
participating in the infl ammatory reaction. Iron catalyzes 
the conversion of these compounds to free radical species, 
which promote lipid peroxidation. Iron therapy exacer-

bates this process. In contrast, antioxidants and iron che-
lators retard free radical generation, thereby affording 
some theoretical protection against injury in rheumatoid 
arthritis.11,12

These deleterious properties of iron are threatening 
only when the element is in a “free” state or in an abnor-
mal compartment within the cell. Protection of cell struc-
tures from iron-dependent free radical damage is crucial 
to survival. When iron is bound to protein either directly 
or in the form of heme, the generation of free radicals is 
largely abrogated. Thus, tight chelation of iron is a means 
of controlling its reactivity. As discussed later, cytoplas-
mic ferritin allows iron to be stored safely within cells by 
sequestering it in an innocuous form. Expression of fer-
ritin is induced by oxidative stress.13 Both prokaryotic 
and eukaryotic cells contain ferritins, and mice lacking 
one of the two ferritin genes do not develop past the early 
embryonic stages.14 Thus, ferritin appears to be necessary 
for most, if not all living cells.

ACQUISITION AND DISTRIBUTION 
OF IRON

Although the average adult has 4 to 5 g of iron, a meticu-
lous balance exists between dietary uptake and loss. 
About 0.5 to 1 mg of iron is lost each day through slough-
ing of cells from skin and mucosal surfaces (Fig. 12-1).15 
Because menstruating females lose an average of an addi-
tional 1 mg of iron daily, their dietary iron requirement 
is increased.16 Neither the liver nor the kidney has a sig-
nifi cant capability to excrete iron in humans. Conse-
quently, absorption appears to be the primary means of 
regulating body iron stores.17 During neonatal and child-
hood growth spurts, iron requirements increase in 
response to augmentation of body mass.

Iron Absorption

Iron absorption occurs predominantly in the proximal 
duodenum.18,19 The physical state of iron entering the 
duodenum greatly infl uences its absorption. At physio-
logic pH, ferrous iron is rapidly converted to the insolu-
ble ferric form. Acid produced by the stomach serves to 
lower the pH in the duodenum and thereby enhance the 
solubility and uptake of iron (see later). Heme is absorbed 
separately from and more effi ciently than inorganic iron,18 
independent of duodenal pH. Consequently, meat is an 
excellent nutritive source of iron. Heme iron absorption 
is poorly understood, but a heme oxygenase inhibitor has 
been shown to block heme catabolism in the intestine 
and result in an iron-defi cient state.20

A number of dietary factors infl uence iron absorp-
tion.21 Ascorbate and citrate increase iron uptake, in part 
by acting as weak chelators to help solubilize the metal 
in the duodenum. Iron is readily transferred from these 
compounds to the absorptive epithelium. Conversely, 
plant phytates, bran, and tannins inhibit iron absorp-
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gradient. DMT1 functions only at low pH; it has little or 
no activity at neutral pH. DMT1 is widely expressed, but 
duodenal levels increase dramatically in iron-defi cient 
animals.27,28

DMT1 can also transport other divalent metal ions, 
including Cd2+, Co2+, Cu2+, Mn2+, Pb2+, and Zn2+.27 Com-
petition studies have shown that lead, manganese, cobalt, 
and zinc can share the intestinal absorption pathway 
used by iron. Increased iron absorption induced by iron 
defi ciency also enhances the uptake of these elements. 
Because iron defi ciency often coexists with lead intoxica-
tion, this interaction has vast public health signifi cance 
and can produce particularly serious medical complica-
tions in children.29 Interestingly, as discussed later, copper 
absorption and metabolism appear to be handled by an 
entirely different mechanism.

After iron enters the absorptive enterocyte through 
the action of DMT1, it has at least two possible fates. It 
can be retained by the cell and subsequently be lost when 
the enterocyte dies and is sloughed into the intestinal 
lumen, or it can be transported across the basolateral 
membrane to enter the body. Iron retained by the entero-
cyte is used for cellular metabolism or incorporated into 
ferritin. Exported iron leaves the cell through the action 
of a unique basolateral transmembrane iron transporter, 
ferroportin (FPN1, also known as SLC40A1, MTP1, 
IREG1).30-33

Basolateral iron transfer also requires a change in 
the oxidation state of the metal, probably mediated by 
the multicopper ferroxidase hephaestin,34,35 which bears 
strong homology to the plasma protein ceruloplasmin. A 
comprehensive model of intestinal iron absorption, pri-
marily derived from studies in mice, is shown in Figure 
12-2. This model pertains only to nonheme iron trans-
port; details of heme iron uptake have not yet been 
worked out. A candidate intestinal heme transporter was 
reported but subsequently proven to be a folate trans-
porter instead.36 Although this is a good representation 
of what takes place in mice, it is possible that human iron 
absorption is signifi cantly different.

Normally, only about 10% of dietary nonheme iron 
entering the duodenum is absorbed. However, this value 
increases signifi cantly with iron defi ciency.37 In contrast, 
iron overload reduces, but does not completely eliminate 
absorption, thus reaffi rming the fact that body iron stores 
regulate absorption. Finch37 and subsequent investigators 
have designated this modulation the “stores regulator.” 
In addition, both iron defi ciency anemia and the anemia 
associated with ineffective erythropoiesis induce a marked 
increase in iron absorption. This effect is greater than that 
seen with variations in iron stores, and it has been desig-
nated the “erythroid regulator.”37 Additionally, hypoxia 
increases iron absorption, independent of anemia.

The peptide hormone hepcidin links the actions of 
all these regulators through a unifying molecular mecha-
nism. Hepcidin is a 25–amino acid peptide produced in 
the liver from a larger precursor (reviewed by Nemeth 
and Ganz38). It circulates in serum and binds to the iron 
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FIGURE 12-1. The body’s iron economy. Although the average adult 
has 4 to 5 g of body iron, only 1 mg of dietary iron enters and leaves 
the iron economy on an average day. Dietary iron enters through the 
duodenum and becomes bound to plasma transferrin for delivery to 
tissues. The erythron is the largest site of iron utilization, but all cells 
require the metal. Storage iron is found primarily in the liver. Reticu-
loendothelial macrophages carry out iron recycling. Iron is lost from 
the body with bleeding and with exfoliation of skin and mucosal cells. 
Fe2 − TF, diferric transferrin. (Adapted with permission from Andrews 
NC. Iron homeostasis: insights from genetics and animal models. Nat Rev 
Genet. 2000;1:208-217.)

tion.21-23 These compounds also chelate iron but prevent 
its uptake by the absorption machinery (see later).

Through a combination of genetic and biochemical 
approaches, much has been learned about the absorption 
of nonheme iron over the past decade. Nonheme iron 
arrives at the apical surface of the absorptive duodenal 
enterocyte in its ferric (Fe3+) form. It is reduced through 
the action of a brush border ferric reductase. This enzyme 
may be duodenal cytochrome b, a heme protein that is 
homologous to b561 cytochromes.24 Expression of duode-
nal cytochrome b is signifi cantly greater in the proximal 
duodenum than elsewhere and increases in iron 
defi ciency.

Ferrous (Fe2+) iron is then taken up by the enterocyte 
through the action of divalent metal transporter 1 
(DMT1, formerly known as Nramp2, DCT1).25-27 Trans-
port requires movement of protons along with metal ions 
in the same direction (symport) to generate an electrical 
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adult produces 200 billion red cells daily to achieve a red 
cell renewal rate of 0.8% per day. Each red cell contains 
more than 1 billion atoms of iron, and each milliliter of 
packed red blood cells contains 1 mg of iron. To meet 
this daily need for 2 × 1020 atoms (or 20 mg) of elemental 
iron, iron is recycled from senescent red cells and returned 
to the circulation. Plasma iron turnover (PIT) represents 
the mass turnover of transferrin-bound iron in the circu-
lation (expressed as milligrams per kilogram per day).48 
Accelerated erythropoiesis increases PIT and enhances 
iron uptake from the gastrointestinal tract.49 Although 
hepcidin appears to be the effector molecule that alters 
intestinal absorption, an upstream, circulating factor 
that communicates the iron needs of the erythron must 
exist.37,50 Several candidate factors have been considered 
unlikely, including transferrin51 and erythropoietin.52

This erythroid control of hepcidin expression is 
particularly apparent in patients with thalassemia inter-
media, in whom marked iron overload develops even 
without transfusions. The accelerated (but ineffective) 
erythropoiesis taking place in thalassemia substantially 
boosts iron absorption. Hepcidin expression is markedly 
decreased.53-56 Increased PIT also leads to increased 
gastrointestinal iron absorption in pregnancy, in 
which PIT is accelerated by placental removal of iron. 
This increases the availability of the element to meet 
the needs of the growing and developing fetus. Decreased 
expression of hepcidin is probably involved in this situa-
tion as well, but defi nitive studies have not yet been 
reported.

Intercellular Iron Transport

As illustrated in Figure 12-1, only a small proportion of 
total body iron enters and leaves the body each day. 
Consequently, intercellular iron transport is quantita-
tively more important than intestinal absorption. The 
greatest mass of iron is found in erythroid cells, which 
make up about 60% to 80% of the total body endowment 
in normal individuals. The reticuloendothelial system 
recycles a substantial amount of iron from effete red cells 
that approximates the amount used by the erythron for 
production of new hemoglobin.

Approximately 0.1% (4 mg) of total body iron circu-
lates in plasma as an exchangeable pool. In normal indi-
viduals, nearly all circulating plasma iron is bound to 
transferrin. Transferrin serves three purposes: (1) it 
renders iron soluble under physiologic conditions, (2) it 
prevents iron-mediated free radical toxicity, and (3) 
it facilitates transport into cells. Transferrin is by far the 
most important physiologic supplier of iron to red cells.57 
In fact, plasma transferrin serves to deliver iron to most 
tissues of the body. It is an 80-kd glycoprotein that has 
homologous N-terminal and C-terminal iron binding 
domains.58 The molecule is related to several other pro-
teins, including ovotransferrin in bird and reptile eggs,59 
lactoferrin in extracellular secretions and neutrophil 
granules,60,61 and melanotransferrin (p97), a protein pro-
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FIGURE 12-2. Duodenal iron transfer. The microstructure of the iron 
absorption apparatus is depicted in this cartoon. Iron is taken up by 
enterocytes lining the duodenal villi. These absorptive cells start out as 
undifferentiated precursors in the intestinal crypts. Crypt cells appear 
to be programmed for an iron absorption “set-point” that is determined 
in response to iron needs. As the cells differentiate, they migrate up the 
villi and begin to express iron transporter proteins. According to current 
models, nonheme iron uptake occurs in mature enterocytes through 
the enzymatic reduction of iron, transmembrane import into the cell 
by DMT1, transmembrane export from the cell by ferroportin, and 
enzymatic oxidation by hephaestin before loading onto apotransferrin 
to produce diferric transferrin (HOLO-TF). (Adapted with permission 
from Andrews NC. Iron homeostasis: insights from genetics and animal 
models. Nat Rev Genet. 2000;1:208-217.)

exporter ferroportin on the basolateral surface of absorp-
tive enterocytes, which causes ferroportin to be internal-
ized and degraded.39 In this way, hepcidin controls 
cellular iron egress. Hepcidin thus regulates iron absorp-
tion at the level of the intestinal epithelium in that any 
iron unable to leave the enterocytes is lost when these 
cells senesce and are sloughed into the gut lumen.

Expression of hepcidin is induced in response to 
iron overload40,41 and infl ammation42,43 and repressed in 
response to increased erythropoietic activity43,44 and 
hypoxia.43 Regulation appears to be at the level of hepci-
din gene transcription. However, the signals that govern 
hepcidin transcription in response to these stimuli are 
incompletely understood. Only the infl ammatory cyto-
kine interleukin-6 has been defi nitely shown to be involved 
in regulation of hepcidin expression by physiologic 
changes outside the liver.45-47

Most of the total body iron is ultimately incorporated 
into hemoglobin in erythroid precursors. An average 
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duced by melanoma cells.62 The functions of these related 
proteins are incompletely understood.

The liver is the major site of synthesis and secretion 
of transferrin.63 Other tissues, including Sertoli cells of 
the testis, oligodendrocytes of the central nervous system 
(CNS), lymphocytes, muscle cells, and mammary cells, 
can, however, also produce the protein.64-69 Local synthe-
sis within the brain and testis apparently provides trans-
ferrin for these tissues because serum transferrin does not 
penetrate their unique capillary barriers. The blood-testis 
barrier prevents free fl ow of proteins from the circulation 
into the lumen of the seminiferous tubules. The Sertoli 
cells of the testis synthesize a signifi cant quantity of trans-
ferrin that bathes developing germ cells.68,69 These rapidly 
dividing cells require substantial amounts of iron for 
normal growth and differentiation. The transferrin sup-
plied by Sertoli cells is believed to be vital to spermato-
cyte development. However, forced overexpression of 
transferrin in the testes appears to be deleterious for 
spermatogenesis.70

Transferrin mRNA and protein have also been 
detected in oligodendrocytes.65 Like the testis, the CNS 
has limited access to serum molecules because of the 
blood-brain barrier. Unlike the testis, however, the CNS 
has no cohort of rapidly proliferating cells. Iron may be 
needed instead to support a vast array of redox reactions 
that produce specialized neurotransmitter compounds 
such as γ-aminobutyric acid. The question of whether 
synthesis of transferrin by oligodendrocytes is absolutely 
required for distribution of iron to neural tissues remains 
unanswered. Interestingly, however, mice with an 
inactivating mutation in the transferrin gene71 have 
been reported to have subtle abnormalities in CNS 
architecture.72

Activated T lymphocytes also synthesize and secrete 
transferrin.67 At rest, mature T cells do not generate 
transferrin and do not express surface transferrin recep-
tors. After mitogenic stimulation, however, both proteins 
are produced.67,73 Synthesis of transferrin is restricted to 
CD4+ helper lymphocytes. Transferrin mRNA produc-
tion and transferrin receptor synthesis by these cells 
precede cell division and have been postulated to be part 
of an autocrine regulatory loop.67

Transferrin genes have been cloned from many dif-
ferent species. A basic similarity exists both in the protein 
structure of the transferrin molecule and in its genomic 
organization. Human transferrin mRNA is 2.3 kilobases 
(kb) in length and encodes 679 amino acids, including a 
19–amino acid leader sequence.74 It is located on chro-
mosome 3q, near genes for the transferrin receptor and 
melanotransferrin (p97).

Transferrin production is regulated at multiple levels. 
Several cis-acting control regions exist upstream of the 
gene. The transferrin promoter contains binding sites for 
tissue-specifi c nuclear factors that activate transcription 
differentially in the liver and other tissues (e.g., Sertoli 
cells).75 Transferrin gene expression is also modulated by 
iron, hormones, and infl ammatory stimuli.76-80 In the 

setting of iron defi ciency, serum transferrin levels rise 
substantially as a result of enhanced synthesis of transfer-
rin mRNA by the liver.78 In contrast, infl ammation 
depresses levels of both serum transferrin and serum 
iron, the latter through the action of the iron regulatory 
hormone hepcidin. The total amount of diferric transfer-
rin has been proposed to modulate expression of the iron 
regulatory hormone hepcidin.81

Control of transferrin gene expression contrasts with 
that of the transferrin receptor. Transferrin is abundant 
and serves as a buffer to prevent the toxicity of free iron. 
Consequently, its expression does not have to be altered 
acutely to respond to external events. Primary control of 
transferrin expression at the level of message transcrip-
tion allows modulation of systemic iron metabolism in 
response to a variety of factors such as infl ammation or 
the hormonal changes of pregnancy. Liver-derived serum 
transferrin levels fall in patients with genetic or acquired 
iron overload, although mRNA levels have been reported 
to be unchanged.82 This suggests that hepatic transferrin 
is also controlled at the level of translation or secretion. 
Interestingly, the quantity of transferrin mRNA in non-
hepatic tissues (including the testis, kidney, and spleen) 
is not affected by iron defi ciency. The liver-derived trans-
ferrin, therefore, appears to have the unique responsibil-
ity of responding to iron status.

X-ray crystal structures have been determined for 
transferrin and related proteins (reviewed elsewhere83-85). 
All members of the transferrin protein superfamily exhibit 
similar polypeptide folding. The N-terminal and C-
terminal domains are globular moieties of about 330 
amino acids; each of these domains is divided into two 
subdomains, with the iron and anion binding sites located 
in the intersubdomain cleft on either side of a central 
plane of symmetry, thus suggesting an origin by gene 
duplication from a primordial protein containing a single 
iron binding site. The binding cleft opens with iron release 
and closes with iron binding.86 The N-terminal and C-
terminal binding sites are very similar. No cooperativity 
exists in binding of iron by the two sites, and the protein 
can be proteolytically cleaved into two halves, each of 
which retains iron-binding capability.87,88 Transferrin 
binds ferric iron much more avidly than ferrous iron.89

The precise mechanism by which iron is loaded onto 
transferrin as it leaves intestinal epithelial cells or reticu-
loendothelial cells is unknown. Ferroportin has been 
postulated to mediate iron export from these cells. 
The copper-dependent ferroxidase ceruloplasmin and its 
homologue hephaestin probably also play a role. Com-
pelling evidence indicates that ceruloplasmin is involved 
in mobilizing tissue iron stores to produce diferric trans-
ferrin.90-92 Transferrin binds iron avidly with a dissocia-
tion constant of approximately 10−22 mol/L.89 Ferric iron 
binds only in the company of an anion (usually carbon-
ate), which serves as a bridging ligand between the metal 
and protein and excludes water from two coordination 
sites.89,93,94 Without the anion cofactor, iron binding is 
negligible; with it, ferric transferrin is resistant to all but 
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the most potent chelators. The remaining four coordina-
tion sites provided by the transferrin protein are a histi-
dine nitrogen, an aspartic acid carboxylate oxygen, and 
two tyrosine phenolate oxygens.83,95,96 The available evi-
dence suggests that anion binding takes place before iron 
binding. Release of iron from transferrin involves proton-
ation of the carbonate anion to loosen the metal-protein 
bond.

The sum of all iron binding sites on transferrin con-
stitutes the total iron-binding capacity (TIBC) of plasma. 
Thus, on a molar basis, TIBC is twice the concentration 
of transferrin protein because each transferrin molecule 
can bind two iron atoms. Under normal circumstances, 
about a third of transferrin’s iron binding pockets are 
fi lled. Consequently, except for the situation of iron over-
load, in which all transferrin binding sites are occupied, 
non–transferrin-bound iron in the circulation is present 
at very low concentrations.97 The distribution of plasma 
and tissue iron can be traced with the use of 59Fe as a 
radioactive tag by reinfusing a subject with autologous 
transferrin loaded with radiolabeled iron. Blood samples 
can be analyzed at timed intervals to determine the rate 
of loss of the radioactive label. Such ferrokinetic studies 
indicate that the normal half-life of iron in the circulation 
is about 75 minutes.48 The absolute amount of iron 
released from transferrin per unit time is the PIT (see 
earlier).

Such radioactive tracer studies indicate that at least 
80% of the iron bound to circulating transferrin is deliv-
ered to the bone marrow and incorporated into newly 
formed reticulocytes.98,99 Other major sites of iron deliv-
ery include the liver, which is a primary depot for stored 
iron, and the spleen. Hepatic iron is found in both reticu-
loendothelial cells and hepatocytes. Reticuloendothelial 
cells acquire iron primarily by phagocytosis and break-
down of aging red cells; they extract the iron from heme 
and return it to the circulation bound to transferrin. 
Hepatocytes take up iron by at least two different path-
ways. The relative amounts of iron in each of these cell 
types depend on clinical circumstances, as discussed in 
detail later.

Given the preeminent role of bone marrow in the 
clearance of labeled iron from the circulation, ferroki-
netic studies provide a window on erythropoietic activity. 
Conditions that augment erythrocyte production increase 
PIT. For example, hemolytic anemias such as hereditary 
spherocytosis and sickle cell disease induce rapid delivery 
of transferrin-bound iron to the marrow. In contrast, 
disorders that reduce red cell production, such as 
Diamond-Blackfan anemia and aplastic anemia, prolong 
PIT.

When erythrocytes are produced and released into 
the circulation in a normal fashion, the process of eryth-
ropoiesis is termed effective. In patients with certain 
anemias, however, the abnormal, nascent red cells are 
destroyed before they leave the marrow cavity. In this 
situation, erythropoiesis is ineffective, which means simply 
that the erythropoietic precursors have failed to accom-

plish their primary task: delivery of intact erythrocytes to 
the circulation. The ferrokinetic profi le in this case shows 
rapid removal of iron from transferrin with delayed entry 
of label into the pool of circulating red cell hemoglobin. 
β+-Thalassemia is an important example of this pattern. 
In β+-thalassemia, ineffective erythropoiesis is coupled 
with markedly enhanced PIT.

Intracellular Iron Metabolism

Transferrin and the Transferrin Cycle

Although transferrin was fi rst characterized more than 
60 years ago,100 its receptor eluded investigators until 
the early 1980s, when monoclonal antibodies prepared 
against tumor cells were found to recognize the transfer-
rin receptor glycoprotein.101 Subsequently, receptor-
mediated endocytosis of iron bound to transferrin has 
been characterized in detail. A diagram showing key fea-
tures of the transferrin receptor is presented in Figure 
12-3. Each subunit of the disulfi de-linked homodimer 
contains 760 amino acids.102-104 Oligosaccharides account 
for about 5% of the 90-kd subunit’s molecular mass.105 
Four glycosylation sites (three N linked and one O linked) 
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FIGURE 12-3. Structure of the dimeric transferrin receptor. The N-
terminals of both subunits are inside the cell, and the C-terminals 
are outside. The 61–amino acid (aa) intracellular domain has three 
structural features that appear to play a role in endocytosis: a tyrosine-
threonine-arginine-phenylalanine (YTRF) amino acid motif, a phos-
phorylated serine residue (encircled “P”), and a covalently linked 
molecule of palmitic acid (solid circle). The transmembrane domain is 
28 amino acids long. The extracellular domain has 671 amino acids, 
including disulfi de linkages (C-S-S-C), as well as four glycosylation 
sites (branched lines). A potential protease cleavage site is located 
between amino acids 100 and 101.
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are found in the protein.106,107 Glycosylation-defective 
mutants have fewer disulfi de bridges, less transferrin 
binding, and less cell surface expression. The transmem-
brane domain, located between amino acids 62 and 89, 
functions as an internal signal peptide because there 
is none at the N-terminal end.108 A molecule of fatty 
acid (usually palmitate) is also covalently linked to each 
subunit at the internal edge of the transmembrane domain 
and may play a role in membrane localization. Interest-
ingly, nonacylated mutants mediate faster iron uptake.109,110 
The transferrin binding regions of the protein have not 
been defi nitively identifi ed. However, the crystal struc-
ture of the ectodomain of the transferrin receptor has 
been reported.111 Although no one has yet succeeded in 
cocrystallizing the receptor with transferrin, binding 
studies of mutant transferrin receptor proteins have 
yielded important insights.112

Iron is taken into cells by receptor-mediated endo-
cytosis of diferric transferrin (Fig. 12-4).113-116 Receptors 
on the outer face of the plasma membrane bind iron-
loaded transferrin with very high affi nity. The C-terminal 
domain of transferrin appears to mediate receptor 

binding.117 Diferric transferrin binds with much higher 
affi nity than monoferric transferrin or apotransferrin 
does.118-120 The dissociation constant (Kd) for bound 
diferric transferrin ranges from 10−7 to 10−9 mol/L at 
physiologic pH, depending on the species and tissue. The 
Kd of monoferric transferrin is approximately 10−6 mol/L. 
The concentration of circulating transferrin is about 
25 μmol/L. Therefore, cellular transferrin receptors are 
ordinarily fully saturated.

After binding to its receptor on the cell surface, 
transferrin is internalized through a constitutive mecha-
nism that begins with invagination of clathrin-coated pits 
and the formation of endocytic vesicles. This process 
requires the short, 61–amino acid intracellular tail 
of the transferrin receptor molecule.121-124 Receptors 
with truncated N-terminal cytoplasmic domains do not 
recycle properly. This portion of the molecule contains 
a conserved tyrosine-threonine-arginine-phenylalanine 
(YTRF) sequence that functions as a signal for endocy-
tosis. Genetically engineered addition of a second YTRF 
sequence enhances receptor endocytosis.125

An ATP-dependent proton pump lowers the pH of 
the internalized endosome to about 5.5.126-128 Acidifi ca-
tion of the endosome weakens the association between 
iron and transferrin and promotes a conformational 
change in the transferrin receptor to enhance binding of 
apotransferrin and facilitate release of iron.129 An endo-
somal ferrireductase must reduce iron from the Fe3+ state 
to Fe2+, either at the same time that it is released from 
transferrin or soon afterward. This reductase was recently 
shown to be STEAP3, a membrane protein localized to 
transferrin cycle endosomes in erythroid precursors.130 
Related proteins may serve similar functions at other 
sites.131

The iron released from transferrin must leave the 
endosome and enter the cytoplasm and mitochondria for 
use in heme biosynthesis, Fe/S cluster formation, storage, 
and other purposes. This transmembrane transport step 
is also mediated by DMT1.132,133 DMT1 is unusual in 
that it is expressed on two very different types of mem-
branes—the apical membrane of intestinal enterocytes 
and the endosomal membrane of transferrin uptake ves-
icles in nonpolarized cells. Once transported out of the 
endosome or across the plasma membrane, iron must be 
delivered to sites of use or stored in the form of ferritin. 
Unlike copper (see later), however, there are no known 
cytosolic protein chaperones for iron, and how iron tra-
verses the cell is unknown. In erythroid cells, iron is 
delivered across the mitochondrial inner membrane by 
mitoferrin 1 (SLC25A37),134 where it is incorporated 
into heme by the enzyme ferrochelatase.

The fate of transferrin and the transferrin receptor 
is distinct from that of iron. Rather than entering lyso-
somes for degradation, as do ligands in other receptor-
mediated endocytosis pathways, intact receptor-bound 
apotransferrin recycles to the cell surface, where neutral 
pH promotes detachment into the circulation. Thus, 
preservation and reuse of transferrin are accomplished 
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FIGURE 12-4. The endocytotic transferrin cycle. Apotransferrin 
(APO-TF) binds two atoms of iron per molecule to form diferric 
transferrin (HOLO-TF). Diferric transferrin binds to the transferrin 
receptor (TFR) on the cell surface. The complex is internalized by 
invagination of clathrin-coated pits to form specifi c endosomes. The 
endosomes import protons, thus lowering the pH within the organelle 
and decreasing the affi nity of transferrin for iron. Liberated iron is 
translocated through the endosome membrane to the cytoplasm by 
DMT1. The iron released is shuttled to mitochondria for synthesis of 
heme and to ferritin for storage. The apotransferrin-transferrin receptor 
complex recycles to the cell surface, where neutral pH promotes release 
of apotransferrin into serum for reuse. Details are given in the 
text. (Adapted with permission from Andrews NC. Iron homeostasis: insights 
from genetics and animal models. Nat Rev Genet. 2000;1:208-217.)
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by pH-dependent changes in the affi nity of transferrin 
for its receptor.126,128,135 Exported apotransferrin binds 
additional iron atoms and undergoes further rounds of 
iron delivery to cells. The average transferrin molecule, 
with a half-life of 8 days, may be used hundreds of times 
for delivery of iron.

Topologically, the cell exterior and the endosome 
interior are equivalent compartments. The primary role 
of the transferrin–transferrin receptor interaction is to 
sequester iron near the cell membrane, thereby increas-
ing the likelihood of iron uptake. DMT1 may reside on 
the plasma membrane of the cell before endocytosis. If 
so, it should be oriented to transport iron directly into 
the cell, without the assistance of transferrin (as dia-
grammed in Fig. 12-4). Such non–transferrin-bound iron 
uptake activities have been characterized in tissue culture 
cells (see later). This uptake system could function con-
stitutively but ineffi ciently in tissues in which pH is low 
enough to provide protons for DMT1 function.

It was once a widely accepted belief that the transfer-
rin cycle was important, if not necessary for uptake of 
iron by all mammalian cells. However, two lines of evi-
dence indicate that such is not the case. First, mice and 
human patients with severe defi ciencies of plasma trans-
ferrin have iron defi ciency anemia but excess iron in 
nonhematopoietic tissues.57,71,136-141 This fi nding indicates 
that uptake of iron bound to transferrin is important for 
red blood cell hemoglobinization and maturation but 
transferrin is not essential for delivery of iron to most 
other tissues. Second, mouse embryos lacking transferrin 
receptor die midway through gestation as a result of 
severe anemia, but nonhematopoietic tissues appear to 
generally be intact.142 Aside from the erythron, only the 
developing CNS shows an apparent requirement for 
transferrin receptor. In its absence, primitive neuroepi-
thelial cells undergo apoptosis at a greatly increased rate. 
Taken together, these observations indicate that the 
transferrin cycle is of primary importance in erythro-
poiesis and neurogenesis but of lesser importance in 
other mammalian tissues, at least early in embryonic 
development.

Non–Transferrin-Bound Iron Uptake

Both hypotransferrinemia and iron overload lead to 
complete saturation of available plasma transferrin, and 
non–transferrin-bound iron circulates in a chelatable, 
low-molecular-weight form (reviewed by Cabantchik and 
colleagues143). This iron is weakly complexed to albumin, 
citrate, amino acids, sugars, and other small molecules, 
and it behaves differently from iron associated with trans-
ferrin. Nonhematopoietic tissues (particularly the liver, 
endocrine organs, kidneys, and heart) preferentially take 
up non–transferrin-bound iron. Radiolabeled iron admin-
istered to mice with and without available transferrin-
binding capacity is distributed in markedly different 
patterns.57 In normal animals with excess plasma iron-
binding capacity, hematopoietic tissues are the primary 
sites of uptake. When free transferrin iron binding sites 

are absent, however, most iron is deposited in the liver 
and pancreas, thus indicating that these organs serve as 
the initial iron reservoirs in the situation of iron overload. 
Notably, this pattern of distribution is similar to that seen 
in idiopathic hemochromatosis.

Kaplan and co-workers have studied cellular assimi-
lation of iron from FeNH4 citrate in HeLa cells.144,145 
Intriguingly, they found that its transferrin-independent 
uptake increases in direct proportion to the concentra-
tion of this compound, similar to hepatic uptake of 
non–transferrin-bound iron in patients with saturated 
transferrin. They speculated that this is a protective alter-
native pathway that removes the toxic metal from the 
circulation. Other investigators have described similar 
uptake in a hepatic cell line and have shown that it is 
interrupted by the addition of chelating compounds.146

A nontransferrin iron uptake mechanism with differ-
ent properties has been described in K562 erythroleuke-
mia cells.147,148 In the absence of ferric transferrin, uptake 
of iron into K562 cells is sensitive to treatment with 
trypsin, thus suggesting that it requires a protein carrier. 
Higher ambient iron concentrations do not increase cel-
lular iron uptake. As discussed earlier, this transport may 
be accomplished by the same machinery responsible for 
passage of iron out of transferrin cycle endosomes into 
the cytoplasm. These two processes accomplish essen-
tially the same task. However, the fact that DMT1 func-
tions only at acidic pH suggests that it probably does not, 
by itself, account for all non–transferrin-bound iron 
transport.

Non–transferrin-bound iron is highly toxic to cells.149 
Plasma non–transferrin-bound iron can potentiate the 
formation of free radicals through the Fenton reaction 
(see earlier) and thereby induce cell membrane damage. 
Cardiac cells are particularly susceptible to this damage. 
Hence, therapeutic chelation must effectively remove 
plasma non–transferrin-bound iron.

Role of Iron in Cell Proliferation 
and Differentiation

Iron is indispensable for DNA synthesis and a host of 
metabolic processes. Iron starvation arrests cell prolifera-
tion, presumably because ribonucleotide reductase and 
other enzymes require the metal.150 Although transferrin 
receptors are expressed on all dividing cells in numbers 
that roughly refl ect their growth rate,151 the erythron is 
the tissue that relies most heavily on delivery of iron by 
transferrin, as discussed in detail earlier. However, the 
transferrin cycle also appears to play a signifi cant, if 
expendable role in other cell types.

Studies of mature T lymphocytes exemplify the 
general relationship between expression of transferrin 
receptor and cell proliferation. Transferrin receptors, 
absent from resting T cells, have long been recognized 
as a marker of T-cell activation. Initiation of cell division 
by a mitogen such as phytohemagglutinin dramatically 
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increases both surface expression of transferrin receptor 
and iron uptake.152 Along the same lines, tumor cells 
upregulate transferrin receptor expression to optimize 
acquisition of iron for proliferation.

Blockade of transferrin receptor function can halt 
cell division. For instance, certain monoclonal antibodies 
against the transferrin receptor curb proliferation of 
tumor cells in vitro and in vivo.153-158 Some 159 of these 
antibodies actually prevent binding of transferrin to its 
receptor, whereas others suppress receptor recycling but 
do not abrogate ligand binding.154 Interestingly, some 
reports have suggested that the transferrin receptor may 
have an additional role in activated T cells, apart from its 
iron uptake function. Anti–transferrin receptor monoclo-
nal antibodies have been described that can trigger T-cell 
activation and secretion of interleukin-2. These antibod-
ies presumably activate a signal transduction pathway 
beginning with the transferrin receptor but independent 
of iron traffi cking. The transferrin receptor also appears 
to have a role in early lymphocyte development. Embry-
onic stem cells in which both transferrin receptor genes 
have been inactivated fail to differentiate into circulating 
lymphocytes in vivo in chimeric mice.159 It is not yet clear 
whether this is due to defective iron delivery or perturba-
tion of some other, as yet unknown function of the trans-
ferrin receptor.

Chelators that deplete intracellular iron and limit its 
bioavailability in extracellular fl uids further demonstrate 
the central role of iron in cell proliferation. Agents such 
as deferoxamine, desferrithiocin, and pyridoxal isonicoti-
noyl hydrazone inhibit the growth of a variety of tumor 
cells in culture160,161 and greatly reduce T-cell prolifera-
tion.162-165 A likely inhibitory mechanism is iron depriva-
tion, with reduced ribonucleotide reductase activity and 
lower levels of deoxyribonucleotides. This, in turn, leads 
to mitotic arrest in the S phase of the cell cycle.166 
The addition of iron to the medium reverses the growth 
inhibition. Chelators may also induce apoptosis, or pro-
grammed cell death, through other mechanisms that are 
not yet understood.

Erythroid precursors need an extraordinary amount 
of iron to support hemoglobin synthesis and differentia-
tion into mature red cells. The density of transferrin 
receptors on the cell surface is modulated during ery-
throid development. Transferrin receptors fi rst appear in 
measurable numbers on colony-forming unit–erythroid 
(CFU-E) cells and increase to 300,000 per cell on pro-
erythroblasts and as many as 800,000 per cell on baso-
philic erythroblasts at the time of maximal iron uptake. 
Numbers then fall to 100,000 per cell on circulating 
reticulocytes and to negligible levels on mature red 
cells.167 A precise correlation exists between iron require-
ment and transferrin receptor number, thus indicating 
that the abundance of transferrin receptors on the cell 
surface is a major determinant of erythroid iron uptake. 
In culture, a monoclonal antibody to the transferrin 
receptor that permits ligand binding but subsequently 
slows receptor recycling partially blocks erythroid iron 

uptake. The level of iron uptake is suffi cient for cell divi-
sion but not hemoglobin synthesis.168

Beug’s group169 demonstrated that an anti–transfer-
rin receptor monoclonal antibody blocks differentiation 
of chick erythroid cells at the erythroblast or early reticu-
locyte stage and promotes premature, pyknotic cell death. 
The antibody apparently prevents normal cycling of 
transferrin receptors and inhibits effi cient iron uptake. Its 
effects were specifi c for erythroid differentiation because 
it did not inhibit proliferation of a variety of other cell 
lines. Ferric salicylaldehyde-isonicotinyl-hydrazone (Fe-
SIH) was added to antibody-treated cells to determine 
whether direct delivery of iron by this compound could 
rescue the normal erythroid program. Interestingly, Fe-
SIH only partially restored maturation of antibody-
treated avian cells. The investigators postulated that 
insuffi cient levels of heme or hemoglobin might shut off 
production of the proteins required for differentiation. 
These data are in accord with those of Ponka and 
Schulman,170 who have shown that the rate of heme syn-
thesis is infl uenced by the effi ciency of iron uptake. A 
wealth of literature demonstrates that oxidized heme 
(hemin) promotes differentiation of erythroleukemia cell 
lines in tissue culture.171-174 Conversely, defi cient heme 
biosynthesis abrogates chemical induction of differentia-
tion in an erythroleukemia cell line subclone.175

Other reports indicate that heme biosynthesis indi-
rectly regulates the transcription of globin, transferrin 
receptor, and ferritin genes.176-178 Heme also regulates 
globin mRNA translation by an elegant mechanism 
involving a kinase that binds heme to modulate transla-
tion factor activity (reviewed by Chen179). Although some 
of the precise mechanisms remain to be elucidated, it is 
clear that iron uptake, heme biosynthesis, and globin 
protein production are coordinately regulated. Inter-
related regulatory networks apparently allow red cell 
precursors to maximize hemoglobin formation without 
accumulating excess globin proteins, unbound iron, or 
toxic protoporphyrin intermediates.

REGULATION OF PROTEINS OF 
IRON METABOLISM

Ferritin

Once inside the cytoplasm, iron is probably bound by 
unidentifi ed carrier molecules that may assist in delivery 
to various intracellular locations, including mitochondria 
(for heme biosynthesis) and ferritin (for storage). The 
identities of the intracellular iron carrier molecules 
remain unknown. The amount of iron in transit within 
the cell at any given time is small and diffi cult to measure. 
This minute pool of transit iron, which is believed to be 
in the Fe2+ oxidation state, is the biologically active and 
potentially toxic form of the element. Metabolically inac-
tive iron, stored in ferritin and hemosiderin, is nontoxic 
and in equilibrium with this exchangeable transit iron.
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Both prokaryotes and eukaryotes produce ferritin 
molecules for iron storage. Mammalian ferritin molecules 
are complex 24-subunit heteropolymers of H (for heavy 
or heart) and L (for light or liver) protein subunits. L 
subunits are 19.7 kd in mass, with isoelectric points of 
4.5 to 5.0; H subunits are 21 kd in mass, with isoelectric 
points of 5.0 to 5.7. The subunits of the ferritin molecule 
probably arose by gene duplication, although the degree 
of nucleotide sequence homology between the two is only 
about 50%. They assemble to form a sphere with a central 
cavity in which up to several thousand atoms of crystal-
line iron can be stored in the form of poly-iron-phosphate 
oxide.180 Eight channels through the sphere are lined by 
hydrophilic amino acid residues (along the threefold axes 
of symmetry), and six more are lined by hydrophobic 
residues (along the fourfold axes).181 Strong interspecies 
amino acid conservation is seen in the residues that line 
the hydrophilic channels, whereas marked variation is 
seen in those along the hydrophobic passages. The hydro-
philic channels terminate with aspartic acid and glutamic 
acid residues and are lined by serine, histidine, and 
cysteine residues (all of which potentially bind metal 
ligands).

Although the two ferritin chains are homologous, 
only H ferritin has ferroxidase activity. A mechanism 
involving dioxygen converts ferrous to ferric iron, thereby 
promoting incorporation into ferritin.182,183 The composi-
tion of ferritin shells varies from H-subunit homopoly-
mers to L-subunit homopolymers and includes all 
possible combinations between the two. Isoelectric focus-
ing of ferritin from a particular tissue reveals multiple 
bands representing shells with different subunit composi-
tions. These isoferritins, as they are called, show tissue-
specifi c variation. Ferritin from liver, for instance, is rich 
in L subunits, as is that from the spleen. In contrast, the 
heart has ferritin rich in H subunits. Increased H-subunit 
content correlates with increased iron utilization, whereas 
increased L-subunit content correlates with increased 
iron storage.184 The H-to-L ratio increases with increased 
cell proliferation.185 Thus, ferritin provides a fl exible 
reserve of iron.

Despite the fact that it does not, itself, have enzy-
matic activity, a mutation in L ferritin has been shown 
to cause a distinctive iron deposition disease in humans. 
In patients carrying a nucleotide insertion altering the 
carboxy-terminus of L ferritin, iron overload develops in 
the basal ganglia and leads to a neurodegenerative disease 
with variable extrapyramidal features.186

Ferritin molecules aggregate into clusters that are 
engulfed by lysosomes and degraded. The end product 
of this process, hemosiderin, is an amorphous agglomer-
ate of denatured protein and lipid interspersed with 
iron oxide molecules.187 In cells overloaded with iron, 
lysosomes accumulate large amounts of hemosiderin, 
which can be visualized by Prussian blue (Perls) staining. 
Although the iron enmeshed in this insoluble com -
pound constitutes an end-stage product of cellular 
iron storage, it remains in equilibrium with soluble 

ferritin. Ferritin iron, in turn, is in equilibrium with iron 
complexed to low-molecular-weight carrier molecules. 
Therefore, introduction of an effective chelator into the 
cell captures iron from the low-molecular-weight “toxic” 
iron pool, draws iron out of ferritin, and eventually 
depletes iron from hemosiderin as well, though only very 
slowly. As might be expected, the bioavailability of hemo-
siderin iron is much lower than that of iron stored in 
ferritin.

The large number of processed pseudogenes that 
exist for each subunit initially confounded pinpointing 
the chromosomal location of ferritin genes. Functional 
ferritin genes for the H and L subunits are located 
on human chromosomes 11 and 19, respectively.188 
In addition, there is an intronless gene encoding a 
mitochondrion-specifi c, H-like ferritin molecule located 
on human chromosome 5q.189 The function of mitochon-
drial ferritin remains uncertain, although the fact that its 
expression is increased in erythroid precursors from 
patients with sideroblastic anemia suggests that it is 
involved in mitochondrial iron management.189,190

Ferritin formation is controlled at multiple levels—
transcription, message stabilization, translation, and 
subunit assembly. In the liver and in HeLa cells, iron 
rapidly induces the synthesis of L-subunit mRNA, with 
no effect on H-subunit transcription.191,192 In contrast, 
induced differentiation of HL-60 promyelocytic leuke-
mia cells and mouse erythroleukemia cells increases pro-
duction of H-subunit mRNA.193,194 Tumor necrosis factor 
induces H-chain transcription in human myoblasts.195 
Iron, heme, reactive oxygen species, and oxidative stress 
all enhance transcription and translation of the ferritin 
heavy chain (reviewed by Rouault196).

Cytoplasmic ferritin mRNA forms a stable complex 
with several proteins. Both iron and interleukin-1β 
enhance translation of ferritin messenger ribonucleopro-
tein.197 Infl ux of iron into cells shifts the message onto 
the ribosomes, thereby enhancing the synthesis of ferritin 
subunits.198 This translational control mechanism involves 
an RNA-protein interaction that links the expression of 
genes encoding ferritin, the transferrin receptor, enzymes 
of heme biosynthesis, DMT1, ferroportin, and other 
proteins. Munro and colleagues198 initially showed that 
ferritin synthesis was regulated at the level of message 
translation. Comparison of the 5′ untranslated regions of 
ferritin mRNA encoding both heavy and light chains 
showed striking conservation of a 28-bp sequence motif 
that was predicted to form a stable RNA stem-loop struc-
ture and was necessary for translational control of ferritin 
(Fig. 12-5, inset).199,200

Subsequently designated the iron response element 
(IRE), this RNA stem-loop is recognized by at least two 
specifi c RNA-binding proteins called IRP1 and IRP2 
for iron regulatory proteins 1 and 2. IRP1 is a 98-kd 
soluble polypeptide with striking homology to the mito-
chondrial tricarboxylic acid cycle enzyme aconitase.201 
The crystal structure of IRP1 bound to an IRE was 
recently reported.202
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FIGURE 12-5. IRE/IRP regulation. Two mechanisms of action of iron regulatory proteins (IRPs) are shown. An IRP molecule binds to an iron 
response element (IRE) stem-loop structure located in noncoding mRNA sequences. A consensus IRE structure is shown in the inset. Under low-
iron conditions, IRP binds avidly to RNA. With abundant iron, no binding occurs. Binding of IRP to IRE elements in the 5′ untranslated region 
(UTR) (e.g., in ferritin mRNA) blocks translation. In contrast, binding of IRP to 3′ UTR IRE elements (e.g., in transferrin receptor mRNA) pre-
vents site-specifi c nucleolytic cleavage, thereby stabilizing the message. In this way, a single regulatory element plays two different roles in the 
translational regulation of proteins involved in cellular iron metabolism.

IRP1 and mitochondrial aconitase have identical 
amino acid residues in the region corresponding to the 
aconitase active site, and IRP1 probably serves as the 
major cytosolic aconitase. The enzymatic active site of 
IRP1 contains a 4Fe/4S cluster. When the iron concen-
tration in the cytosol is high, the cluster is complete, and 
this form of IRP1 has aconitase activity but cannot bind 
mRNA. Under these circumstances, the ferritin message 
is translated effi ciently. Conversely, when the iron con-
centration is low, aconitase activity is absent, RNA 
binding is avid, and ferritin message translation is blocked 
because translation initiation complexes cannot form 
properly.203-208 Thus, IRP1 is a dual-function protein, 
with ambient iron controlling the switch by its participa-
tion in the 4Fe/4S cluster. Other molecules that modulate 
the switch include ascorbic acid, nitric oxide, and 
heme.209-211 This mechanism allows ferritin protein 
expression to be rapidly downregulated without degra-
dation of mRNA. The importance of IRP-mediated 
translational control is underscored by the fact that 
hyperferritinemia and ferritin-containing cataracts 
develop in patients with mutations in the L-ferritin IRE 
but these patients do not have abnormalities in iron 
homeostasis.212,213 Furthermore, it appears that an iron 
overload disorder resembling hereditary hemochromato-
sis develops in rare patients with mutations in the H-

ferritin IRE, presumably because increased H-ferritin 
expression leads to increased cellular iron assimilation, 
retention, or both.214

A second IRE-binding protein, IRP2, also modulates 
post-transcriptional expression of mRNA by binding to 
IREs in much the same way. Initially isolated in the liver, 
IRP2 has been found in all tissues examined and is more 
abundant than IRP1 in some.215,216 Although the two 
proteins differ in molecular mass (90 kd for IRP1 and 
118 kd for IRP2), the key difference is that IRP2 lacks 
aconitase activity217 and does not contain an Fe/S cluster 
to function as a “ferrostat.” Rather, IRP2 protein levels 
are modulated directly by iron or by heme and the mol-
ecule is actively degraded when iron or heme (or both) 
are abundant.215,218-220 IRP1 and IRP2 function differ-
ently when oxygen tension changes, and IRP2 appears to 
be more important in vivo, in settings in which tissue 
oxygen tension is relatively low.221

The Transferrin Receptor

IRPs also modulate expression of the transferrin receptor 
gene. The gene encoding the transferrin receptor is 
located on human chromosome 3q26.2-qter, near the 
gene encoding transferrin at 3q21.222 It consists of 19 
exons spread over 31 kb.223 The transferrin receptor 



 Chapter 12 • Disorders of Iron Metabolism and Sideroblastic Anemia 533

mRNA is approximately twice the length needed to 
encode the receptor protein. Its lengthy 3′ untranslated 
region contains fi ve potential RNA stem-loop structures 
that are structurally similar to those of the ferritin 
IREs.224-226 These conserved regions of the mRNA bind 
the same proteins as the IREs of the ferritin mRNA do.226 
The attached protein increases the stability of the trans-
ferrin receptor message by obscuring an endonucleolytic 
cleavage site.227 The result is a larger amount of transfer-
rin receptor mRNA in the cell. A defi cit of cellular iron, 
then, raises transferrin receptor mRNA levels at least in 
part through enhanced message stability. However, IRE 
regulation is probably not responsible for the primary 
increases in transferrin receptor number in erythroid 
cells because this occurs at the transcriptional level and 
is unaffected by iron status. Relatively little is understood 
about the tissue-specifi c transcriptional regulation of the 
transferrin receptor.228

The versatile regulatory functions of IREs may also 
confer iron-dependent regulation on other proteins. IREs 
are present in the 5′ untranslated regions of the mRNA 
encoding the erythroid form of the heme biosynthetic 
enzyme δ-aminolevulinic acid synthase, mitochondrial 
aconitase, and ferroportin.30,31,33,229-231 A single 3′ IRE is 
found in one splicing isoform of DMT1 mRNA.232 As 
the rate-limiting enzyme in heme biosynthesis, the IRE 
in the erythroid form of δ-aminolevulinic acid synthase 
produces a conceptually satisfying link between iron and 
heme production. However, the functions of the IREs in 
the other mRNAs are not yet understood. It is postulated 
that all IREs serve the common purpose of coupling 
changes in the iron status of the cell with its ability to 
utilize and store the element (see Fig. 12-5). When the 
intracellular iron concentration is low, the IRE of ferritin 
mRNA binds IRP and reduces ferritin synthesis because 
additional iron storage capacity is not needed in this cir-
cumstance. Simultaneously, the level of transferrin recep-
tor mRNA increases as the IRP stabilizes the message, 
thereby increasing expression of the transferrin receptor. 
Together, these events increase the fl ow of iron into cells 
while protecting against iron toxicity. When iron levels in 
the cell are high, the opposite scenario is operative. 
Although the IRPs accomplish these regulatory feats 
under extremes of iron status, the importance of IREs 
and IRPs in modulating gene expression in normal 
humans and animals is not fully understood. Recently, 
novel IRE-containing genes have been identifi ed, with 
roles less directly related to iron homeostasis.233-235

In an attempt to sort out the unique functions of 
IRP1 and IRP2 and to evaluate their roles in vivo, tar-
geted mutagenesis was used to generate mutant mice 
lacking each of the proteins.236-241 Surprisingly, IRP1 
knockout mice had no identifi able defects, but IRP2 
knockout mice had abnormalities in several tissues. Ini-
tially, the most striking aspect of the IRP2 knockout 
phenotype was a late-onset neurologic disorder associ-
ated with abnormal deposition of iron in white matter 
tracts and nuclei throughout the brain.239 The mice dem-

onstrated ataxia, bradykinesia, and tremors. However, 
these fi ndings could not readily be explained by known 
activities of IRP2, and a second group reported that an 
independently targeted line of mice did not have obvious 
neurodegeneration.238 It is possible that the discrepancy 
may be explained by differential severity of a neurologic 
phenotype on different genetic backgrounds. More 
recently, both groups have reported that IRP2-defi cient 
mice have mild microcytosis because of functional ery-
throid iron defi ciency, as well as other subtle perturba-
tions in systemic iron homeostasis.236,242

Serum Ferritin and Transferrin Receptors

Although most ferritin is located within cells, a measur-
able amount of the protein exists in serum. Intracellular 
concentrations, particularly in the liver, are several orders 
of magnitude higher than serum concentrations. There-
fore, a small amount of cellular lysis could liberate a rela-
tively large amount of ferritin. However, the vast majority 
of serum ferritin appears to be secreted. There are prob-
ably several cell types that are sources of secreted extra-
cellular ferritin, including iron-recycling macrophages 
and hepatocytes. Circulating ferritin consists almost 
exclusively of L-chain subunits.243 In contrast, intracel-
lular ferritin contains a mixture of H and L subunits. In 
addition, unlike intracellular ferritin, circulating ferritin 
is glycosylated, thus suggesting that it passes through the 
endoplasmic reticulum and Golgi apparatus as do other 
secreted proteins.

Serum ferritin levels decline with iron defi ciency and 
rise with iron loading.244 In the absence of liver disease, 
infection, or chronic infl ammation, serum ferritin is 
roughly proportional to total body iron stores. The 
correlation between serum ferritin levels and body 
iron stores is useful in the evaluation of patients with 
possible iron defi ciency or iron overload. A low serum 
ferritin level (less than 12 μg/L) invariably represents 
iron defi ciency, and high serum ferritin levels are found 
in patients with iron overload. Extreme serum ferritin 
levels should be interpreted cautiously, however, because 
the correlation between ferritin levels and body iron 
stores is approximately linear only for storage reserves 
of iron ranging between 1 and 3 g. In addition, normal 
circulating ferritin values vary with sex and age. These 
considerations must be factored into any evaluation of 
iron stores based on ferritin values, particularly in 
children.

Various conditions modify serum ferritin levels. 
Infl ammation increases the serum ferritin concentration 
severalfold.245 Infections, particularly chronic conditions 
such as tuberculosis or osteomyelitis, may also increase 
levels substantially, presumably because of the associated 
infl ammatory response. Chronic renal disease and chronic 
liver disease are likewise associated with elevated levels. 
A number of tumors are variably associated with an 
increased level of circulating ferritin. For example, ferri-
tin is an important prognostic factor in childhood neu-
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roblastoma, in which serum ferritin levels correlate with 
disease severity.246

The mechanisms by which infl ammation and tumors 
increase the quantity of plasma ferritin are not fully 
understood. Treatment with interleukin-1β, a prime 
mediator of the infl ammatory response, increases synthe-
sis of ferritin in human hepatoma cells,197 whereas tumor 
necrosis factor has been shown to increase ferritin mRNA 
levels in murine cells in culture.195 These cytokines may 
also increase ferritin synthesis in cells secreting the 
protein. In addition, the infl ammatory cytokine interleu-
kin-6 induces hepcidin expression,45 which results in 
increased macrophage iron storage and probably contrib-
utes to increased serum ferritin. Furthermore, serum 
ferritin elevated out of proportion to iron stores is a hall-
mark feature of ferroportin disease (see later).247

Soluble transferrin receptors are also found in serum. 
Small vesicles containing transferrin receptors are shed 
from reticulocytes during their maturation to erythro-
cytes.248 In addition to these vesicle-associated receptors, 
the extracellular portion of the transferrin receptor 
lacking its transmembrane anchor can be found in the 
circulation.249-251 One mechanism by which soluble trans-
ferrin receptors are generated is a membrane-associated 
protease activity that clips the molecule between amino 
acids 100 and 101, at the base of its extracellular 
stem.252,253 This cleavage is potentiated by mutation of an 
O-linked glycosylation site at amino acid 104, thus sug-
gesting that differential glycosylation may play a regula-
tory role.254 The transferrin binding domain is intact in 
these soluble receptors, and they are likely to be com-
plexed with transferrin in serum.

Because maturing red cells shed their transferrin 
receptors, the amount of soluble transferrin receptor in 
plasma reasonably refl ects the degree of erythropoiesis. 
Measurement of serum levels of soluble transferrin recep-
tor provides a means of estimating erythropoietic activity 
that is simpler than the relatively cumbersome PIT deter-
mination.255 Serum transferrin receptor (sTfR) is present 
in substantially lower amounts in patients with aplastic 
anemia relative to normal individuals. In contrast, values 
in patients with anemia caused by ineffective erythropoi-
esis are markedly increased. Patients with iron defi ciency 
also have increased levels of circulating soluble transfer-
rin receptors. This may result in part from the increase 
in cellular transferrin receptor expression produced by 
iron starvation and in part from the increased erythroid 
turnover associated with the ineffective erythropoiesis of 
iron defi ciency. sTfR and serum ferritin values can be 
considered together as the ratio of sTfR to the log of 
ferritin (sTfR-F index). Values greater than 1.5 suggest 
iron defi ciency alone or in combination with an infl am-
matory condition; values less than 1.5 are characteristic 
of the anemia of chronic infl ammation.256 The sTfR-F 
index also appears to be sensitive enough to detect iron 
defi ciency before iron-restricted erythropoiesis is clini-
cally apparent.257 sTfR and the sTfR-F index are both 
decreased in patients with iron overload.258,259

EXTREMES OF IRON BALANCE

Iron disorders are invariably abnormalities in iron 
balance, distribution, or both. Iron defi ciency is primarily 
due to acquired causes. In contrast, primary iron over-
load usually results from genetic abnormalities that 
perturb the regulation of intestinal iron absorption. Dis-
orders affecting other steps in transport may be mani-
fested as inappropriate iron accumulation in some tissues 
and iron defi ciency in other tissues.

Iron Defi ciency

Epidemiology of Iron Defi ciency

Iron defi ciency is the most frequent and widespread 
nutritional defi ciency in the world260 because it is common 
in developing and developed countries alike. In fact, iron 
defi ciency is the only micronutrient defi ciency that is also 
prevalent in virtually all developed countries.260 To this 
end, one of the U.S. national health objectives for 2010 
is to reduce iron defi ciency in vulnerable populations 
such as toddlers and women of childbearing age by 3% 
to 4%.261

Increasing rates of breast-feeding and the availability 
of iron-fortifi ed formula (see later), in conjunction with 
initiatives such as the U.S. Special Supplemental Food 
Program for Women, Infants and Children and the Amer-
ican Academy of Pediatrics’ promotion of formula in 
place of cow’s milk, have greatly reduced the prevalence 
of iron defi ciency anemia in infants in developed coun-
tries. Nonetheless, iron defi ciency, both with and without 
anemia, remains relatively common. According to the 
Fourth National Health and Nutrition Examination 
Survey (NHANES IV), iron defi ciency without anemia 
exists in 7% of toddlers aged 1 to 2 years, 9% of adoles-
cent girls, and 16% of women of childbearing age.262 
Adolescents participating in strenuous training are 
another pediatric subpopulation at risk for iron defi -
ciency. For example, young military recruits and elite 
adolescent athletes have an increased risk of nonanemic 
iron defi ciency.263-265

Socioeconomic factors are associated with iron 
defi ciency anemia in children. For example, infants and 
children of low-income and minority backgrounds have 
higher documented rates of iron defi ciency anemia.266-268 
Although food insecurity is known to be associated with 
iron defi ciency anemia,269 other factors such as bottle-
feeding patterns may also play a role in the prevalence of 
iron defi ciency.270 The iron status of young children cor-
relates closely with the iron status of their mothers, thus 
indicating that a constellation of factors in the child’s 
environment infl uence iron intake and therefore iron 
status.271

Phases of Development of Iron Defi ciency

Because most of the body’s iron is directed toward syn-
thesis of hemoglobin, erythrocyte production is among 
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the fi rst casualties of iron defi ciency to become clinically 
apparent in usual laboratory evaluations. However, it 
actually represents a late stage of iron depletion. Iron 
defi ciency progresses through three discernible phases:

1. Prelatent iron defi ciency occurs when tissue stores are 
depleted, without a change in hematocrit or serum 
iron levels. This stage of iron defi ciency may be 
detected by low serum ferritin measurements.

2. Latent iron defi ciency occurs when reticuloendothelial 
macrophage iron stores are depleted. The serum iron 
level drops and TIBC increases without a change in 
hematocrit. This stage may be detected by a routine 
check of fasting, early morning transferrin saturation. 
Erythropoiesis begins to be limited by a lack of avail-
able iron, and sTfR levels increase. The reticulocyte 
hemoglobin content (CHr) decreases because newly 
produced erythrocytes are iron defi cient.272 The bulk 
of the erythrocyte population appears normal. For this 
reason, sole reliance on indicators derived from the 
entire erythrocyte population frequently fails to detect 
this stage of iron defi ciency.272,273

3. Frank iron defi ciency anemia is associated with eryth-
rocyte microcytosis and hypochromia. It is detected 
when iron defi ciency has persisted long enough that 
a large proportion of the circulating erythrocytes were 
produced after iron became limiting.

Etiology of Iron Defi ciency

The development of iron defi ciency is a result of the 
interaction between iron intake, physiologic iron require-
ments, and the potential for blood loss.

Inadequate Iron Intake

Dietary Sources. Heme, derived from animal tissues, 
is the most readily absorbed form of iron. Uptake occurs 
independently of gastric pH and, like the uptake of 
nonheme iron, is increased in patients with high marrow 
erythroid activity. Much of the world’s population eats 
little or no meat, with their nutrition derived from culti-
vated grasses such as rice. These plants are relatively poor 
sources of iron,22 which contributes to the fact that iron 
defi ciency anemia is the most common nutritional anemia 
worldwide.

In developing countries, nutritional iron defi ciency 
is often compounded by chronic blood loss from parasitic 
infections and malaria (see later). In industrialized coun-
tries, however, iron defi ciency is usually due to insuffi -
cient dietary intake to meet physiologic needs. Because 
of their rapid growth and increased need for iron, infants, 
toddlers, female adolescents, and childbearing women 
are especially vulnerable.

Consumption of cow’s milk may contribute to iron 
defi ciency through several mechanisms. Cow’s milk and 
human milk both have low iron content, but the bioavail-
ability of iron in human milk is greater.274 Therefore, the 
transition from human milk to cow’s milk may place tod-
dlers at risk for iron defi ciency. Indeed, the prevalence of 

iron defi ciency increases with the duration of bottle-
feeding of cow’s milk.270 Cow’s milk also compounds iron 
defi ciency by replacing iron-rich foods in the diet. In 
addition, components of cow’s milk, such as calcium and 
caseinophosphopeptide, can directly interfere with iron 
absorption.275,276 Furthermore, whole cow’s milk contains 
proteins that may irritate the lining of the gastrointestinal 
tract in infants, and even low-grade but chronic hemor-
rhage may produce signifi cant iron defi ciency.277 The neo-
natal growth spurt requires a tremendous quantity of 
iron, thus compounding the disadvantages of cow’s milk. 
For these reasons, current recommendations exclude 
cow’s milk from the infant’s diet in the fi rst year of life, 
limit subsequent consumption of cow’s milk to 24 ounces 
per day, suggest that non–breast-fed infants should receive 
iron-fortifi ed formulas, and advise an additional source of 
iron for infants who are breast-fed after 4 to 6 months of 
age, when they have depleted the excess iron that was 
present in newborn stores and erythrocytes.278,279

Poor Bioavailability. Although iron is abundant in the 
environment, it is nearly insoluble in aqueous solution, 
which makes acquisition of the common element a major 
challenge. Most environmental iron exists as insoluble 
salts. Gastric acidity assists in conversion to absorbable 
forms, but the effi ciency of this process is limited.280 
Many plant products contain iron, but absorption fre-
quently is limited both by low solubility and by powerful 
natural chelators that bind ambient iron. Phytates 
(organic polyphosphates) found in wheat products, for 
example, bind iron with tremendous avidity. The chal-
lenge of acquiring suffi cient iron from the environment 
may have been an important factor in the spread of genes 
for hemochromatosis disorders.

High gastric pH reduces the solubility of inorganic 
iron and thereby impedes absorption. Surgical interven-
tions, such as vagotomy or hemigastrectomy for peptic 
ulcer disease, formerly were the major causes of impaired 
gastric acidifi cation with secondary iron defi ciency, par-
ticularly in adults. The histamine H2 blockers and the 
more recently introduced acid pump blockers, used to 
treat peptic ulcer disease and acid refl ux, may cause 
defective iron absorption.281,282 There is, however, little 
evidence that they substantially alter iron status in those 
without preexisting iron defi ciency.283-285

The impaired function of gastric parietal cells associ-
ated with pernicious anemia not only reduces the pro-
duction of intrinsic factor but also lessens gastric acidity 
and hence compromises absorption of iron. In addition, 
megaloblastic enterocytes absorb iron poorly. Frank 
iron defi ciency can accompany the anemia produced by 
cobalamin defi ciency.286-288 However, the rarity of perni-
cious anemia in children makes this complication uncom-
mon in pediatric populations.

A number of environmental factors can produce 
dietary iron defi ciency by interfering with iron absorp-
tion, including metals such as cobalt, which share the 
iron absorption machinery. Lead may fall into this cate-
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gory, although it remains to be defi nitively established 
whether DMT1 is the primary intestinal lead transporter 
in vivo.27 Regardless of the mechanism, it is clear that 
iron defi ciency increases the rate of uptake of both iron 
and lead from the gastrointestinal tract. Iron defi ciency 
and lead intoxication frequently coexist.

Malabsorption. Some disorders disrupt the integrity 
or surface area of the enteric mucosa and thereby hamper 
iron absorption (Box 12-2). Infl ammatory bowel disease, 

Box 12-2 Causes of Iron Defi ciency Anemia

INADEQUATE ABSORPTION

Poor bioavailability (absorption of heme Fe > Fe2+ > Fe3+)
Antacid therapy/high gastric pH
Bran, tannins, phytates, starch
Other metals (Co, Pb)
Loss/dysfunction of absorptive enterocytes

INSUFFICIENT/INACCESSIBLE IRON STORES

Gastrointestinal Blood Loss
Epistaxis
Gastritis
Ulcer
Meckel’s diverticulum
Milk-induced enteropathy
Parasitosis
Varices
Tumor or polyps
Infl ammatory bowel disease
Arteriovenous malformation
Colonic diverticula
Hemorrhoids

Vaginal Blood Loss
Increased menstrual fl ow
Tumor

Urinary Blood Loss
Chronic infection
Tumor

Pulmonary Blood Loss
Pulmonary hemosiderosis
Tuberculosis
Bronchiectasis

Infl ammation/infection

Defects in intestinal iron uptake (e.g., TMPRSS6 
mutations)

INADEQUATE PRESENTATION TO 
ERYTHROID PRECURSORS

Atransferrinemia
Anti–transferrin receptor antibodies

ABNORMAL INTRACELLULAR TRANSPORT/UTILIZATION

Erythroid iron traffi cking defects (e.g., DMT1 mutations)
Defects in heme biosynthesis

particularly Crohn’s disease, may injure extensive seg-
ments of the small intestine, including the jejunum and 
duodenum. Invasion of the submucosa by infl ammatory 
cells and disruption of the tissue architecture impair 
iron absorption and uptake of dietary nutrients.289 Occult 
gastrointestinal bleeding exacerbates the problem. The 
result is iron defi ciency anemia complicated by the 
anemia of chronic infl ammation. Furthermore, Crohn’s 
disease frequently involves the terminal ileum, with the 
concurrent development of cobalamin defi ciency. These 
disorders are not diagnostic enigmas. Patients with exten-
sive bowel involvement are very ill. Diminishing the 
underlying infl ammatory process best treats the iron 
defi ciency.

Tropical sprue and celiac disease can also interfere 
with iron absorption.289 Degeneration of the intestinal 
lining cells along with chronic infl ammation causes 
profound malabsorption, although some patients with 
deranged iron absorption lack gross or even histologic 
changes in the structure of the bowel mucosa. The anemia 
in these patients is often complicated by a superimposed, 
generalized nutritional defi ciency.290 Celiac disease fre-
quently improves with ingestion of a gluten-free diet, 
with secondary correction of the anemia.

Iron absorption may be disrupted when substantial 
segments of bowel, particularly the proximal duodenum, 
are removed surgically. Intractable infl ammatory bowel 
disease, traumatic abdominal injury, and structural com-
plications such as intestinal volvulus or intussusception 
all may necessitate intestinal resection. Iron defi ciency 
develops slowly afterward and may not become evident 
for several years after the surgical procedure.

Malabsorption of iron is rare in the absence of gross 
or microscopic structural defects of the intestine or the 
anemia of chronic infl ammation (see later). However, 
several families with an autosomal recessively inherited 
predisposition to iron defi ciency and systemic iron mal-
utilization have been described.291-294 These individuals 
exhibit iron defi ciency anemia at early age that is char-
acterized by a nearly complete lack of response to oral 
iron supplementation and a slow, incomplete response to 
parenteral iron therapy—so-called iron-refractory, iron 
defi ciency anemia (IRIDA). Recently, it has been shown 
that individuals with IRIDA have biallelic inactivating 
mutations in the TMPRSS6 protein, a transmembrane 
serine protease expressed in the liver, that leads to 
inappropriate hepcidin overexpression and eventuates 
in impaired iron absorption and iron recycling.294,295 
Although mutations in DMT1 might also be expected to 
lead to a somewhat similar congenital iron defi ciency 
anemia phenotype, in fact, reported patients with DMT1 
mutations have iron-restricted erythropoiesis in the 
setting of systemic iron overload.296-300

Systemic Iron Loss

Gastrointestinal Blood Loss. Blood loss is the leading 
cause of iron defi ciency worldwide. The gastrointestinal 
tract is both the site of iron uptake and the most common 
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site of blood loss, particularly when bleeding is not readily 
apparent. However, bleeding from other sites should also 
be considered if iron defi ciency has not otherwise been 
explained.

Anatomic defects of the gastrointestinal tract com-
monly cause blood loss and consequent iron defi ciency. 
The most frequent congenital defect is Meckel’s diver-
ticulum, which results from a persistent omphalomesen-
teric duct. This abnormality can produce abdominal pain 
and, occasionally, intestinal obstruction in young chil-
dren. Adolescents with Meckel’s diverticulum may have 
occult blood loss and secondary iron defi ciency.301 Peptic 
ulcer disease is extremely uncommon in children but 
should be considered as a cause of gastrointestinal blood 
loss when the clinical setting suggests it.

Other structural defects of the gastrointestinal tract 
may cause bleeding as well. Arteriovenous malformations 
involving the superfi cial blood vessels occur in patients 
with hereditary hemorrhagic telangiectasia (Osler-Weber-
Rendu syndrome). These defective vessels frequently 
bleed to a degree that engenders iron defi ciency. Although 
the disorder is transmitted as an autosomal dominant 
trait, the characteristic vascular lesions rarely attain clini-
cal signifi cance before young adulthood. The condition 
is easily recognized because the mucosal lining of the 
oropharynx and nasal cavity exhibits characteristic 
telangiectases.

The leading cause of gastrointestinal blood loss 
worldwide is parasitic infestation. Hookworm infection, 
caused primarily by Necator americanus or Ancylostoma 
duodenale, is endemic to much of the world and is often 
asymptomatic. Microscopic blood loss leads to signifi -
cant iron defi ciency, particularly in children.302 More 
than 1 billion people, most in tropical or subtropical 
areas, are infested with parasites. Combined, their total 
daily blood loss exceeds 11 million L. The larvae spawn 
in moist soil and penetrate the skin of unprotected feet. 
Hookworm infection, once prevalent in the southeastern 
United States, declined precipitously with better sanita-
tion and routine use of footwear when outside.

Trichuris trichiura, the culprit in trichuriasis or whip-
worm infection, is believed to infest the colon of 600 to 
700 million people. Only 10% to 15% of these individu-
als have worm burdens suffi ciently great to produce clini-
cal disease. However, most are children between the ages 
of 2 and 10 years. Growth retardation, in addition to iron 
defi ciency, occurs with heavy infestation.303 Trichuriasis 
is the most common helminthic infection encountered in 
Americans returning from visits to tropical or subtropical 
regions of the world.

Urinary Blood Loss. Occasionally, blood loss into the 
urinary tract outstrips iron absorption. However, urinary 
blood loss is usually apparent and suffi ciently alarming 
that patients seek medical attention before substantial 
iron defi ciency develops. Iron defi ciency resulting from 
hematuria secondary to renal disease is relatively 
uncommon.

The best characterized cause of signifi cant renal 
blood loss is Berger’s disease, which produces relapsing 
episodes of gross or microscopic hematuria. The disorder 
occurs most commonly in older children and young 
adults. It is characterized by diffuse mesangial prolifera-
tion or focal and segmental glomerulonephritis. Diffuse 
mesangial deposits of IgA are the hallmark of the disor-
der. Although the disease spontaneously remits in some 
children, progression to end-stage renal disease may 
occur. Occasionally, Goodpasture’s syndrome produces 
substantial urinary blood loss. Immunofl uorescent stain-
ing of biopsy specimens reveals the characteristic anti-
bodies to basement membrane lining the glomeruli. 
Blood loss into the urinary bladder can occur in associa-
tion with infectious cystitis. Hematuria to the point of 
iron defi ciency is extremely uncommon, however.

Pulmonary Blood Loss. Although pulmonary blood 
loss may be suffi ciently severe to produce iron defi ciency, 
it is distinctly rare. Idiopathic pulmonary hemosiderosis 
primarily affects children and young adolescents (reviewed 
by Specks304). This potentially deadly disorder is charac-
terized by slow but intractable hemorrhage into the bron-
chioles and alveoli. Iron defi ciency anemia is a major part 
of the clinical picture of pulmonary hemosiderosis inas-
much as pulmonary macrophages are distinct from the 
normal iron-recycling circuit and iron trapped within 
these cells is effectively lost from the functional systemic 
pool. Consequently, a paradoxical situation evolves in 
which iron defi ciency anemia develops in the presence of 
a surfeit of total body iron. Bronchoalveolar lavage reveals 
hemosiderin-laden macrophages that are characteristic of 
the disorder. Chronic pulmonary infection with bronchi-
ectasis, once considered to be a frequent cause of pulmo-
nary hemorrhage, is now rare. Formation of toxic products 
is induced by the iron that accumulates in these cells, 
which leads to the activation of macrophages. These cells 
begin to damage the delicate lining of the bronchoalveo-
lar tree and produce severe fi brosis. Oxygen exchanges 
poorly across the damaged alveolar surfaces, thereby low-
ering the effi ciency of oxygen/carbon dioxide exchange. 
Late in the course of pulmonary hemosiderosis, the 
radiographic picture of the lungs is striking and frequently 
shows marked retraction and scarring.305 The restrictive 
lung disease and substantial pulmonary arterial shunting 
across the lung may eventually be fatal.

Most often the cause of pulmonary hemosiderosis 
evades elucidation. In a number of patients, it occurs in 
conjunction with disorders of immune dysfunction, 
including celiac disease306 and Goodpasture’s syn-
drome.307,308 Treatment of the associated disorder can 
lead to remission of the pulmonary process, consistent 
with an immunologic mechanism of the lung injury.309 
Chloroquine treatment has been used with modest 
success in some patients.310 Cyclophosphamide has pro-
duced responses in a number of patients.311 A combina-
tion of prednisone and azathioprine has also been used.312 
Other immunosuppressive agents may prove to be even 
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more effective as immunologic suppressers in the treat-
ment of this condition, but the infrequency of the disor-
der means that a large, multicenter trial is needed to 
collect defi nitive treatment information. Although the 
prognosis was once believed to be very poor for all 
patients with idiopathic pulmonary hemosiderosis, more 
recent data suggest that such may not be the case.309

Menstrual Blood Loss. Blood loss associated with 
menstruation predisposes women to iron defi ciency. In a 
sample of healthy, menstruating, nonpregnant Danish 
women 18 to 30 years of age not receiving iron supple-
mentation, serum ferritin levels correlated inversely with 
the duration and intensity of menstrual bleeding.313 Men-
orrhagia or dysfunctional uterine bleeding may lead to 
frank iron defi ciency anemia. In many cases, dysfunc-
tional uterine bleeding is due to anovulation, a common 
phenomenon in pubertal females. Progestational agents 
or oral contraceptives may ameliorate the dysfunctional 
uterine bleeding or menorrhagia. If this approach does 
not resolve the abnormal bleeding, other causes such as 
pelvic abnormalities or disorders of hemostasis, particu-
larly von Willebrand’s disease, should be considered. 
Women with menorrhagia, especially menorrhagia 
present since menarche, have a high incidence of von 
Willebrand’s disease (13%), which in the general popula-
tion is 1% to 2%.314,315

Consequences of Iron Defi ciency

Although anemia is the most prominent manifestation of 
iron defi ciency, there may be other clinically signifi cant 
sequelae of iron defi ciency, even in the absence of anemia. 
Organ and tissue dysfunction, including impaired immu-
nity, decreased muscle performance and neurocognitive 
function, and poor weight gain, may occur with iron 
defi ciency. Signifi cant inroads in understanding some of 
these effects, particularly cognitive dysfunction in young 
children, have been made in the past few years.

Neurocognitive Effects

The association between iron defi ciency anemia and 
impaired neurocognitive function is well established, and 
this association holds even when potential confounders 
such as psychosocial and environmental factors are taken 
into account. Infants and toddlers, who are undergoing 
critical neurocognitive development, may be at particular 
risk for such effects.316

Iron defi ciency that has not yet progressed to anemia 
is also associated with impaired mental and motor func-
tioning.317,318 For example, when tested with the Bayley 
Scale of Infant Development, nonanemic, iron-defi cient 
infants had lower developmental scores than iron-
suffi cient infants did, and these abnormalities were 
detected in children as young as 9 to 12 months.317 In 
addition, the degree of developmental defi cits in infants 
may correlate with the level of iron defi ciency.319 Older 
populations of children, such as nonanemic iron-
defi cient preschoolers, have lower mental development 

scores,320 and school-age children and adolescents have 
lower math and verbal scores than their iron-suffi cient 
peers do.320-323

In some investigations, dietary iron supplementation 
has reversed the cognitive dysfunction.317,318,323 For 
example, in the study of 9- to 12-month-old infants cited 
earlier, iron replacement increased Mental Development 
Index scores substantially in only 7 days.317 Numerous 
other studies, however, failed to show improvement in 
depressed performance.319,324-326 Lozoff and colleagues 
have also demonstrated that these effects remain evident 
as long as 19 years later and that children of low socio-
economic status may be disproportionately affected.327

Iron defi ciency may increase the risk for lead 
exposure through either pica or increased absorption. 
Concomitant lead toxicity can further hamper the psy-
chological development of these children.328 Information 
on the long-term effects of iron defi ciency during infancy 
highlights the importance of early detection and inter-
vention. Health care providers must therefore work 
actively to prevent and detect iron defi ciency during 
infancy.

The mechanism by which iron defi ciency impairs 
neurologic function is unknown. Iron defi ciency could 
impair neurotransmitter mechanisms. It has been shown 
to decrease expression of dopamine receptors in the rat 
brain.329 Iron defi ciency may also interfere with myelina-
tion and alters myelin proteins and lipids in oligodendro-
cytes.330 In addition, several enzymes in neural tissue 
require iron for normal function.331 The cytochromes 
involved in energy production, for example, are predomi-
nantly heme proteins.

Pica. Pica, the compulsive consumption of non-
nutritive substances, is a recurrent symptom in patients 
with iron defi ciency. The precise pathophysiology of pica 
is unknown, but it is probably attributable to CNS iron 
defi ciency. Patients often consume laundry starch, ice, 
soil, or clay. Both clay and starch can bind iron in the 
gastrointestinal tract and exacerbate the defi ciency.332,333 
A dramatic example of the problems produced with 
clay consumption occurred in the 1950s in iron-defi cient 
children along the border between Iran and Turkey.334,335 
These youngsters had other peculiar abnormalities, 
including massive hepatosplenomegaly, poor wound 
healing, and a bleeding diathesis. Presumably, the chil-
dren initially had simple iron defi ciency associated with 
pica, including geophagia. The soil contained compounds 
that bound both iron and zinc.335 Secondary zinc defi -
ciency was thought to cause the hepatomegaly and other 
unusual features.334

Epithelial Changes

Iron defi ciency produces signifi cant gastrointestinal tract 
abnormalities, refl ecting the enormous proliferative 
capacity of this tissue. Angular stomatitis and glossitis 
with painful swelling of the tongue may develop. The 
fl attened, atrophic, lingual papillae make the tongue 
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smooth and shiny. A rare complication of iron defi ciency 
is the Plummer-Vinson syndrome with the formation of 
a postcricoid esophageal web. Long-standing, severe iron 
defi ciency affects the cells that generate the fi ngernails 
and produces koilonychia, or spooning. The nail sub-
stance is soft, so ordinary pressure on the fi ngertips, as 
occurs with writing, for instance, produces a concave 
deformity. Most of these abnormalities are now uncom-
mon in industrialized nations.

Iron Defi ciency Anemia

On physical examination, pallor, tachycardia, spleno-
megaly and a systolic murmur may be appreciated. The 
microcytic, hypochromic anemia of iron defi ciency 
impairs tissue oxygenation and produces the symptoms of 
pallor, weakness, fatigue, and lightheadedness. Thalasse-
mia trait (see Chapter 20) also produces microcytic cells 
and is sometimes confused with iron defi ciency. Iron defi -
ciency alters red cell size unevenly. Electronic blood ana-
lyzers determine the mean red cell volume (MCV), as well 
as the range of variation in red cell size (expressed as the 
red cell distribution width [RDW]). RDW and the cell 
hemoglobin distribution width (both determined as part 
of electronically processed complete blood cell counts) 
are normal in patients with thalassemia trait but high in 
those with iron defi ciency.336 Other common features of 
thalassemia trait are basophilic stippling and target cells. 
These characteristics are not suffi ciently distinctive to be 
diagnostically useful, however. A simple, reliable approach 
is to examine the color of plasma. It is watery in iron defi -
ciency and straw colored in thalassemia trait.

The plasma membranes of iron-defi cient red cells are 
abnormally stiff, and such cells are more prone to hemol-
ysis.337 This rigidity could contribute to poikilocytic 
changes, seen particularly with severe iron defi ciency. 
Small, stiff, misshapen cells are cleared by the reticulo-
endothelial system, thereby further contributing to low-
grade hemolysis. The cause of this alteration in membrane 
fl uidity is unknown.

Thrombocytosis with platelet counts in the range of 
500,000 to 700,000 cells/fL occurs frequently in iron-
defi cient patients. Megakaryocytes and normoblasts are 
derived from a common committed progenitor cell, the 
colony-forming unit–granulocyte, erythrocyte, macro-
phage, megakaryocyte (CFU-GEMM). Thrombopoietin, 
the molecule that stimulates the growth of megakaryo-
cytes and the production of platelets, is homologous to 
erythropoietin (see Chapter 6). The high levels of eryth-
ropoietin produced by iron defi ciency anemia conceiv-
ably could cross-react with megakaryocyte thrombopoietin 
receptors and modestly raise the platelet count. However, 
this hypothesis has not been proved experimentally.

Diagnosis of Iron Defi ciency

Because they are inexpensive and widely available, hema-
tologic markers are frequently used to assess iron status. 
A hemoglobin content less than the 5th percentile in a 
reference population is often used to defi ne anemia. 

Changes in erythrocyte parameters accompanying iron 
defi ciency anemia include a decrease in MCV, refl ecting 
microcytosis, and an increase in RDW, refl ecting aniso-
cytosis, as described earlier. Because these parameters 
represent averages of the entire red blood cell population, 
iron defi ciency must be present for some time before it 
deviates from these measures.

The American Academy of Pediatrics and the U.S. 
Centers for Disease Control and Prevention recommend 
the use of hemoglobin to screen children at risk for iron 
defi ciency. Because only the later stages of iron defi ciency 
result in anemia, relying on hemoglobin (or hematocrit) 
to screen for iron defi ciency misses many children who 
are, in fact, iron defi cient and in whom adverse conse-
quences, such as potentially irreversible neurocognitive 
impairment, may have already begun to occur. For 
example, based on NHANES data, a hemoglobin con-
centration of less than 11 g/dL has a sensitivity of 30% 
for detecting iron defi ciency, as defi ned by ferritin, eryth-
rocyte protoporphyrin, and transferrin saturation.338 That 
adverse consequences of iron defi ciency may occur in the 
absence of anemia highlights the importance of diagnos-
tic approaches that detect iron defi ciency early, without 
relying on hematologic indicators that are altered only 
after iron defi ciency has progressed.

Biochemical parameters based on iron metabolism 
are often used to diagnose and in fact defi ne iron defi -
ciency. A low serum ferritin level is a very specifi c and 
early indicator of iron defi ciency. Plasma iron concentra-
tions fall as iron is depleted, but they are also affected by 
diurnal variation and dietary intake. The availability of 
plasma iron binding sites, or TIBC, increases as iron 
stores fall. Serum iron concentration divided by TIBC 
may be calculated to yield transferrin saturation, a 
measure of occupied binding sites on transferrin. These 
biochemical tests may be altered by physiologic states 
unrelated to iron stores. For example, ferritin, serum 
iron, and TIBC are acute phase reactants. In the setting 
of infl ammation, ferritin, a positive acute phase reactant, 
may overestimate iron stores. Ferritin has in fact been 
shown to be a poor indicator of iron defi ciency in the 
pediatric population.272

Because of the limitations of both hematologic and 
biochemical tests, novel methods of diagnosing iron defi -
ciency have been sought. sTfR is a truncated form of the 
receptor that is cleaved from reticulocytes and erythroid 
cells and circulates in plasma largely attached to transfer-
rin. sTfR is upregulated in iron defi ciency. Though not 
uniformly available in all clinical laboratories, it may be 
an important adjunct in diagnosing iron defi ciency,339,340 
particularly insofar as it may help distinguish iron defi -
ciency anemia from the anemia of infl ammation.341

CHr is another test available only in selected labora-
tories because it is unique to instruments manufactured 
by Bayer (Tarrytown, NY). CHr was recently evaluated 
prospectively as a means of routinely screening infants 
and toddlers.273 In this setting a CHr cutoff of 27.5 pg 
had 83% sensitivity and 72% specifi city, whereas a hemo-
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globin concentration of less than 11 g/dL was a poor 
predictor of iron defi ciency, with only 26% sensitivity. 
CHr has also been used to accurately assess the iron 
status of potential adult blood donors.342

Treatment of Iron Defi ciency

The most important steps in the evaluation and treat-
ment of iron defi ciency are determining the cause and 
correcting the abnormality. Malignancy of the gastroin-
testinal tract, the most worrisome etiology in adults with 
iron defi ciency, is vanishingly rare in children. Growth 
spurts, poor dietary patterns, menstrual losses, and 
benign gastrointestinal bleeding are much more common. 
After initial diagnostic investigations, oral iron supple-
mentation usually replaces stores most effi ciently.

Oral Supplementation

Iron salts offer inexpensive, effective therapy for iron 
defi ciency. Although ferrous sulfate is most often recom-
mended, patients frequently complain of gastrointestinal 
discomfort, constipation, and bloating, as well as stool 
discoloration, thus making its use unacceptable to many. 
Interestingly, in a randomized, controlled trial comparing 
3 mg/kg/day of ferrous sulfate drops with placebo in 
278, 12-month-old infants, there was no difference in 
the frequency of vomiting, diarrhea, or fussiness, and 
infants in the placebo group had a higher incidence of 
constipation (95% versus 1%).343 Iron is frequently pro-
vided to children at a dose of 3 mg/kg/day divided into 
three-times-a-day dosing. Single-dose daily regimens, 
however, are tolerated as well as three-times-a-day regi-
mens.344 Administration of iron on an empty stomach at 
night will lessen the gastrointestinal diffi culties. The 
decreased gastrointestinal motility of sleep will also 
enhance absorption.

The absorptive capacity of the normal duodenum for 
iron is essentially saturated with about 25 mg of elemen-
tal iron in ionic form. Ferrous gluconate, which is roughly 
equivalent in cost, contains about 50 mg of elemental 
iron per tablet. This form of replacement may produce 
fewer problems than ferrous sulfate and is excellent 
as the initial treatment of iron defi ciency. Ascorbic 
acid supplementation enhances iron absorption, although 
it has a relatively minor effect in individuals ingesting 
normal, balanced diets.345 Combination tablets contain-
ing iron salts and ascorbic acid are signifi cantly 
more expensive than separate tablets for each. Even 
with faithful use of oral iron, adequate replacement of 
body stores in patients with moderate iron defi ciency 
anemia requires several months. With ongoing blood loss, 
replacement of stores with oral iron becomes very 
diffi cult.

Polysaccharide/iron complexes differ from iron salts. 
Polar oxygen groups in the sugars form coordination 
complexes with iron atoms. The well-hydrated micro-
spheres of polysaccharide iron remain in solution over a 
wide range of pH values. Most patients tolerate this form 
of iron better than the iron salts, even though the 150 mg 

of elemental iron per tablet is substantially greater than 
that provided by iron salts.

Iron supplements must be stored in a childproof 
manner. Unintentional iron poisoning from iron supple-
ments is a leading cause of poisoning-related injury in 
young children and frequently occurs when children 
obtain improperly stored iron.346

Box 12-3 lists potential causes of a poor response 
to oral iron supplementation. A variety of barriers, 
including treatment-associated factors and system-wide 
barriers, contribute to the shortcomings in iron defi -
ciency screening and correction that have been 
documented.347

Parenteral Iron Replacement

Parenteral iron is now available in the United States in 
three intravenous forms: iron dextran, iron gluconate, 
and iron sucrose.348-351 This medication is indicated when 
(1) oral iron is poorly tolerated; (2) rapid replacement of 
iron stores is needed; (3) gastrointestinal iron absorption 
is compromised; or (4) erythropoietin therapy is neces-
sary, particularly in renal dialysis patients. Iron dextran 
can also be administered by intramuscular injection, but 
this route is discouraged because it can be painful and 
leakage into subcutaneous tissue produces long-standing 
skin discoloration. A “Z-track” injection into the muscle 
minimizes the chance of subcutaneous leakage. The 
suboptimal muscle mass frequently associated with 
nutritional defi ciency further complicates this mode of 
replacement. Intravenous infusion circumvents these 
problems altogether. With either route of administration, 
a small test dose should be given and the patient observed 
by a physician for 30 minutes to rule out an anaphylactic 
reaction to the medication. Such reactions do occur but 
are infrequent. The newer iron sucrose and iron gluco-
nate preparations are believed to be less likely to cause 
complications, but there is less accumulated experience 
with these preparations, and many practitioners still use 
iron dextran routinely.

Box 12-3 Reasons for Poor Response to Oral Iron

Noncompliance
Ongoing blood loss
Insuffi cient duration of therapy
High gastric pH
 Antacids
 Histamine H2 blockers
 Gastric proton pump inhibitors
Inhibitors of iron absorption/utilization
 Lead
 Aluminum intoxication (hemodialysis patients)
 Chronic infl ammation
 Neoplasia
Incorrect diagnosis
 Thalassemia disorder
 Sideroblastic anemia
 Anemia of chronic infl ammation



 Chapter 12 • Disorders of Iron Metabolism and Sideroblastic Anemia 541

maternal iron status, to approximately 0.3 mg/L after 5 
months of lactation (reviewed by Griffi n and Abrams353). 
The iron is present in several forms: in casein, in whey, 
in fat, and to a small extent, in the abundant protein 
lactoferrin. The rate of absorption of iron from human 
milk has been estimated to be 20% to 50%, which is 
adequate early in life when iron stores are still high but 
inadequate to meet an older infant’s needs. Based on all 
available information, the Committee on Nutrition of the 
American Academy of Pediatrics has recommended the 
following278:

1. Breast milk should be provided for at least 5 to 6 
months when feasible. During that period, young 
infants can mobilize iron from their large stores. Iron 
supplementation of 1 mg/kg/day should be provided 
to infants who are exclusively fed breast milk beyond 
6 months of age.

2. Infants who are not breast-fed should be nourished 
with an iron-supplemented formula (at least 12 mg/L) 
until the end of the fi rst year of life.

3. Iron-enriched cereals should be among the fi rst foods 
introduced with a solid diet.

4. Cow’s milk should be avoided during the fi rst year 
because it contains substances that chelate iron and it 
sometimes induces occult gastrointestinal hemorrhage 
in young infants.

Maternal Iron Stores and Effects on the Fetus

When the mother is iron defi cient, the placenta is con-
cerned only with the welfare of the fetus and will con-
tinue to remove iron from the mother to support fetal 
development, even at the cost of negative maternal iron 
balance. For years, investigators debated the effect of 
maternal iron defi ciency on the fetus. Early fi ndings 
by Cook and colleagues indicated that the iron storage 
status of the mother does not affect the infant’s iron 
status as measured by ferritin.354 The controversy 
was fueled by the indirect and imprecise assays of 
neonatal iron status, such as the cord blood ferritin 
level or transferrin saturation. These parameters in cord 
blood are subject to all the vicissitudes that affect their 
values in later life. Accurate determination of neonatal 
iron status was diffi cult, if not impossible. The one point 
on which nearly universal agreement existed was that 
neonatal anemia secondary to maternal iron defi ciency 
is rare.

It is likely that in fact maternal iron status over a wide 
range of values does affect the iron stores of the neonate. 
The most compelling data have come from a study of 
women who underwent elective abortions.355,356 The iron 
status of the mothers was determined from transferrin 
saturation, plasma ferritin levels, and hemoglobin values. 
This information was correlated with the iron status of 
the fetuses, which was determined by atomic absorption 
spectroscopy of the complete abortus. This procedure 
determined the absolute fetal iron content. Fetal iron 
stores varied linearly with maternal hemoglobin, which 

Ten percent to 15% of patients experience transient 
mild to moderate arthralgias the day after intramuscular 
or intravenous administration of iron dextran. Acetamin-
ophen usually relieves the discomfort effectively. Iron 
dextran is generally avoided in patients with rheumatoid 
arthritis because it may provoke painful fl ares of their 
disease.12 The symptoms may result from release of 
infl ammatory cytokines such as interleukin-1 and tumor 
necrosis factor. Iron dextran is cleared from the circula-
tion by macrophages, which are probably activated to 
release proinfl ammatory peptides.

In uncomplicated cases of iron defi ciency, intrave-
nous replacement may produce subjective improvement 
in symptoms within a few days. Peak reticulocytosis 
occurs after about 10 days, and complete correction of 
the anemia takes 4 to 6 weeks, although the hematocrit 
rises suffi ciently in 1 or 2 weeks to provide symptomatic 
relief for most patients.345 CHr is a very sensitive measure 
of response.352 Brugnara and colleagues have demon-
strated that a rise in CHr is appreciated within 2 to 4 
days of the administration of intravenous iron.352

Refractory bleeding that cannot be prevented, as 
occurs, for example, with hereditary hemorrhagic telan-
giectasia, presents a management problem. Oral iron 
supplementation often fails to keep pace with losses. 
Blood transfusions replace red cells in the short term and 
iron in the long term, but infection and alloimmunization 
make such therapy unacceptable for many patients. Inter-
mittent iron replacement with infusions of intravenous 
iron is the most reasonable alternative. Replacements 
should occur over short intervals two or three times a 
year, with the aim of repleting body stores. A simple 
formula can be used to determine the replacement dose 
of iron dextran:

Dose (mL) = 0.0442 × (Desired Hb − Observed Hb) ×
Lean body weight + (0.26 × Lean body weight)

Alternatively, there is a calculator provided on 
the Internet at http://www.infed.com/calcltor.htm. The 
maximum adult dose of iron dextran is 14 mL.

Over many years this treatment can produce massive 
deposition of hemosiderin (from iron dextran) in macro-
phages, the liver, and the pancreas despite the fact that 
plasma transferrin is iron defi cient because of increased 
iron delivery to erythroid precursors. This supports the 
concept that tissue iron content is unimportant for eryth-
ropoiesis and that erythropoiesis relies exclusively on iron 
from transferrin.99,142

Iron Replacement in Infants

Because the fetus accumulates iron at the mother’s 
expense in the third trimester of pregnancy, full-term 
infants are born with adequate iron stores to last approxi-
mately 6 months. Preterm infants are at greater risk for 
iron defi ciency, with their stores depleted by 3 to 4 
months of age.

Human breast milk initially contains relatively high 
amounts of iron, but the level decreases, independent of 
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ranged between 6 g/dL (severe iron defi ciency) and 13 g/
dL (adequate, though possibly low iron stores).

Fetal iron stores, in turn, may infl uence neonatal 
outcomes. Maternal iron defi ciency before midpregnancy 
is associated with an increased risk for preterm delivery. 
Maternal anemia detected during the last trimester of 
pregnancy is not associated with an increase risk for 
preterm birth. This anemia probably refl ects the expan-
sion of maternal plasma volume rather than actual mater-
nal iron stores.

Neonatal iron stores are also infl uenced by other 
maternal factors apart from iron stores. Maternal diabe-
tes is associated with decreased fetal stores, as evidenced 
by lower cord blood ferritin and an increased demand for 
iron refl ected by higher soluble transferrin receptor 
levels.357 This may be due to neonatal polycythemia and 
increased erythropoietic drive associated with maternal 
diabetes. Similarly, maternal smoking is also associated 
with increased cord hemoglobin and decreased iron 
stores.358

The infant’s gestational age is related to the develop-
ment of adequate iron stores, as described earlier. The 
timing of umbilical cord clamping at birth may also affect 
neonatal iron stores. A randomized, controlled trial of 
delayed clamping (2 minutes after delivery) versus usual 
clamping found that infants in the delayed umbilical cord 
clamping group had higher ferritin and total body iron 
stores at 6 months of age.359 The effect of delayed clamp-
ing was particularly pronounced in infants otherwise at 
risk for iron defi ciency, such as those not receiving iron-
fortifi ed milk or formula, mothers with low ferritin levels 
at birth, and lower-birth-weight infants.

Iron supplementation of gravidas during the fi rst 28 
weeks is associated with higher mean birth weight and a 
lower incidence of low-birth-weight infants, but not 
maternal anemia or higher preterm delivery rates.360 
Consequently, at this time there is insuffi cient evidence 
to support or reject the routine practice of prophylactic 
iron supplementation during pregnancy as opposed to 
supplementing iron-defi cient gravidas or pregnant women 
at risk for iron defi ciency.

Iron Overload

The Evolutionary Advantage of Iron Overload

The fact that multiple mutations in diverse populations 
all lead to iron overload (see later) raises the possibility 
that these conditions once conferred a selective advan-
tage. As previously noted, iron defi ciency is the most 
common nutritional cause of anemia in the world. Anemia 
was probably a selective disadvantage earlier in human 
history. A genetic change that increased the effi ciency of 
iron absorption may therefore have been an advantage. 
A person who survived into the third decade would have 
reproduced and passed genes to the next generation, 
including those that increase iron absorption. Survival 
into the fi fth decade, when severe iron overload begins 

to produce problems, was uncommon until recently. 
However, a problem develops with this tidy theory when 
the inhabitants of Asia are considered. The incidence of 
iron overload is reportedly quite low in this region of the 
world, the home of most of the Earth’s population.

Hereditary Hemochromatosis

Hereditary hemochromatosis is a condition that origi-
nates from a genetic predisposition to iron overload as a 
result of mutations in one of several genes involved in iron 
metabolism (see later). It is caused by an alteration in the 
iron absorption mechanism that fractionally increases the 
uptake of dietary iron.361,362 Although the rate and extent 
of iron loading vary widely among patients, dangerous 
levels of tissue iron develop in many people by middle age. 
Iron deposits in cells of the liver, heart, endocrine tissues, 
and skin. It promotes oxidative cell damage, which leads 
to fi brosis and, when unrecognized, to the classic mani-
festations of “bronze diabetes,” including liver dys -
function, increased melanization of the epidermis, and 
pancreatic insuffi ciency.363 Because erythropoiesis is 
normal, iron can be removed through phlebotomies per-
formed regularly. If untreated, hemochromatosis may be 
a lethal disease and result in death from cirrhotic liver 
failure or, less often, from cardiomyopathy.

Pediatricians are often asked to evaluate children 
who have close relatives with hemochromatosis. This is a 
complicated task because iron loading occurs gradually 
over a period of many years and may not be apparent 
before adulthood. Although the genes responsible for 
most forms of hemochromatosis have been identifi ed, at 
this time commercial laboratories test for only one form 
of the disease. However, this situation is likely to change 
over the next few years and simplify presymptomatic 
diagnosis. Until then, assessment should take into account 
the family history, serum transferrin saturation, serum 
ferritin levels, and if indicated, quantitative liver iron 
determined by analysis of a biopsy sample (Fig. 12-6).

In the United States, Canada, Australia, and the 
northwestern part of Europe, most patients with hemo-
chromatosis are homozygous for a unique missense 
mutation designated C282Y (for cysteine 282 to tyro-
sine) in the gene encoding HFE, a protein that resembles 
class I major histocompatibility (MHC) molecules.364 
The HFE gene lies on chromosome 6p, near the HLA-A 
locus. It was discovered through a positional cloning 
approach that took advantage of the fact that patients 
with the C282Y mutation are descended from a common 
ancestor who probably lived in a Celtic population in the 
British Isles 60 to 70 generations ago.365

Like class I MHC proteins, HFE forms a heterodi-
mer with β2-microglobulin and is expressed on the cell 
surface. However, unlike other family members, HFE 
cannot bind a small peptide. Its structure, as determined 
by x-ray crystallography, does not allow enough space 
within the groove that is involved in peptide binding by 
MHC class I molecules.366 Some insight into the function 
of HFE was gained from observations that it forms a 
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high-affi nity complex with the transferrin receptor.366 
HFE binds to a site that overlaps the binding site for 
ferric transferrin, which results in competition between 
HFE and transferrin for occupancy of the transferrin 
receptor.367 Studies in transfected cells overexpressing 
HFE indicate that the HFE-transferrin receptor associa-
tion alters cellular iron uptake. However, the effect of 
HFE on iron homeostasis is not directly attributable to 
its effect on cellular iron uptake. As discussed later, we 
now know that HFE and several other forms of hemo-
chromatosis result from aberrant expression of the iron 
regulatory hormone hepcidin.

In patients with HFE hemochromatosis, serum 
transferrin becomes saturated with iron before clinical 
signs appear. The increased serum iron is deposited in 
parenchymal cells of the liver, heart, pancreas, and other 
tissues. In knockout mice lacking murine Hfe, an iron 
overload disorder develops that closely resembles human 
hemochromatosis.368,369 The mutant allele for HLA-
linked hemochromatosis is prevalent in the United States. 
Studying a cross section of the American population, 
Steinberg and colleagues found that 9.5% of non-
Hispanic whites, 2% of non-Hispanic blacks, and 
approximately 5% of the population overall were C282Y 
carriers.370 Testing for the HFE C282Y mutation allows 
identifi cation of patients in whom clinical hemochroma-
tosis may develop. Heterozygotes rarely have clinically 
signifi cant iron overload, but homozygotes are at risk. 
Published data give confl icting estimates of the propor-
tion of patients homozygous for C282Y in whom com-
plications of the disease will develop; such estimates 
range from less than 1% to greater than 20%. It is clear, 
however, that some individuals have severe iron loading 
as young adults whereas others may never manifest signs 

or symptoms of hemochromatosis. There must be both 
environmental and genetic modifi ers that affect the extent 
of iron loading. Current efforts are aimed at defi ning 
these modifi ers to aid in predicting in which genetically 
at-risk individuals clinically signifi cant iron overload will 
develop.

Other polymorphisms and potential mutations have 
been described in the HFE coding sequence. One of 
these polymorphisms, H63D (histidine 63 to aspartic 
acid) is prevalent throughout the world and found in as 
many as a quarter of asymptomatic patients. Although 
clinical laboratories currently test for and report the 
H63D polymorphism, most patients with one or two 
copies of the H63D allele are probably not at risk for iron 
loading. Other polymorphisms associated with altered 
amino acids or altered mRNA splicing have also been 
reported (reviewed by Camaschella and co-workers371). 
Some of these polymorphisms do appear to be associated 
with iron overload, but most clinical laboratories do not 
look exhaustively for them.

Since the identifi cation of HFE, it has become clear 
that there are at least four other types of hemochroma-
tosis. A disorder that may be clinically indistinguishable 
from HFE-associated hemochromatosis results from 
homozygosity for mutations in the gene encoding trans-
ferrin receptor 2 (TFR2).372 TFR2 is highly homologous 
to the transferrin receptor, particularly in its extracellular 
domain, but it binds transferrin with much lower affi n-
ity.373,374 It is primarily expressed in the liver and in ery-
throid cells. Its function remains incompletely understood, 
as does the reason why loss of the protein results in iron 
overload. Similar to the transferrin receptor, TFR2 forms 
a protein complex with HFE, which is believed to be 
involved in regulation of hepcidin expression.375

Parent or sibling with iron overload

C282Y present C282Y not present

C282Y present

Gene test for HFE C282Y
in patient

Normal

Gene test for HFE C282Y
in child

Both low or normal Elevated

Fasting Tf sat,
ferritin

Repeat iron studies
periodically

Consider
liver biopsy
phlebotomy

+_

STOP

Consider
phlebotomy
liver biopsy

+_

One or both elevatedBoth low or normal

Repeat iron studies
periodically

Fasting Tf sat,
ferritin

FIGURE 12-6. Algorithm for the workup of children at risk for iron overload. (Adapted with permission from Andrews NC. Inherited iron overload 
disorders. Curr Opin Pediatr. 2000;12:596-602.)
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Two other types of hemochromatosis are easier to 
distinguish from HFE-associated hemochromatosis. 
Juvenile hemochromatosis, also called type 2 hemochro-
matosis, is a more severe disorder with accelerated iron 
loading that typically leads to death by the third decade.376 
Patients have iron deposition in the same pattern as that 
seen in those with HFE-associated hemochromatosis, but 
the rapid accumulation of metal leads to a different clini-
cal picture dominated by cardiac disease and endocrine 
dysfunction. Patients are often identifi ed when they fail 
to enter puberty. If these patients are recognized before 
end-stage organ disease develops, they can be treated 
by aggressive phlebotomy. Juvenile hemochromatosis is 
inherited in an autosomal recessive pattern and is caused 
by mutations in HAMP, the gene encoding hepcidin,377 
or in an unrelated gene encoding hemojuvelin (HJV, also 
called HFE2, RGMC).378 Hemojuvelin is a cell surface 
protein that acts as a bone morphogenetic protein (BMP) 
coreceptor to stimulate hepcidin expression, presumably 
in response to as yet unidentifi ed BMP signals.379 
Targeted disruption of the murine hemojuvelin gene 
results in a phenotype very similar to human juvenile 
hemochromatosis, with a near absence of hepcidin mRNA 
expression.380,381

Although all of the forms of hemochromatosis dis-
cussed thus far (caused by mutations in HFE, TFR2, 
HAMP, and HJV) are associated with inappropriately 
low hepcidin production, there is one hemochromatosis 
disorder that is not. A subset of patients carrying muta-
tions in SLC40A1, the gene encoding ferroportin, have 
autosomal dominant hemochromatosis that is similar to 
other forms of the disease.382-384 Apparently, these muta-
tions render ferroportin resistant to hepcidin regulation. 
A second class of ferroportin mutations cause a distinct 
autosomal recessive disorder characterized by macro-
phage iron loading, an early rise in serum ferritin levels, 
comparatively less saturation of transferrin with iron, and 
no major increase in total body iron stores.247,385,386 Both 
forms of “ferroportin disease” are autosomal dominant 
because functional ferroportin exists in cells as a multi-
mer and mutation of one subunit is deleterious for trans-
port function.387

African Iron Overload Syndrome

During the 1960s, several groups of investigators reported 
that iron overload occurred at a very high rate among 
sub-Saharan Africans.388-391 Many patients had massive 
iron stores approaching or exceeding those seen in indi-
viduals with hemochromatosis. Some indigenous inhabit-
ants of the region prepared alcoholic beverages in 
nongalvanized steel drums, thus raising the possibility 
that iron overload resulted from the high iron content of 
these beverages. Iron loading was thought to be exacer-
bated by an increase in gastrointestinal iron absorption 
induced by alcohol. The term Bantu siderosis was coined 
to describe the condition.391

Later reports suggested that African iron overload 
was not simply the result of increased intake.392-394 In only 

a fraction of the group who drank the beverage did iron 
overload develop. In fact, a more extensive study showed 
that similar degrees of iron overload occurred in people 
who consumed little, if any of this brew. Although the 
pattern of inheritance has not been defi nitively worked 
out, the disorder may be autosomal codominant, with 
obligate heterozygotes expressing an intermediate level of 
iron loading. African iron overload is not associated with 
HFE mutations.395

Intriguingly, African iron overload syndrome most 
closely resembles nonhemochromatosis ferroportin 
disease in the cellular distribution of iron. In contrast to 
other forms of hereditary hemochromatosis, in which the 
iron is almost entirely confi ned to parenchymal cells, 
reticuloendothelial macrophages display massive iron 
deposition in the African variety of iron overload.388 
A common missense mutation in ferroportin, Q248H, 
has been implicated as a possible genetic factor.396,397 
However, the ultimate clinical consequences of iron over-
load are similar to those seen in all other forms of hemo-
chromatosis, irrespective of the cause of the accumulation. 
African iron overload syndrome is not confi ned to any 
ethnic group, although it appears to be restricted to the 
inhabitants of sub-Saharan Africa. In some areas, the 
incidence may be as high as 10%, which makes it one of 
the most common, clinically signifi cant iron disorders in 
any population.

An important, unanswered question is whether 
mutated genes causing this syndrome are found in 
people of African descent elsewhere in the world. 
No comprehensive study of iron overload has been per-
formed in African Americans, but preliminary data 
suggest that a substantial portion of this population may 
be at risk.398,399 There has not yet been an exhaustive 
examination of hemochromatosis disease genes in this 
group.

Neonatal Hemochromatosis

Neonatal hemochromatosis (NH) is a rare condition 
characterized by neonatal liver failure associated with 
systemic iron overload, parenchymal iron deposition, 
thrombocytopenia, and coagulopathy in the absence of 
evidence of any known causative agent or condition, 
including Down syndrome, metabolic liver disease (e.g., 
tyrosinemia, galactosemia), congenital infection (e.g., 
herpesviruses), or congenital anemia (e.g., α-thalassemia, 
hydrops fetalis secondary to ABO/Rh incompatibility) 
(reviewed elsewhere400-403). In addition to fetal diseases, 
NH has been associated with maternal autoimmune dis-
orders, including lupus erythematosus and Sjögren’s syn-
drome. Although iron chelation and antioxidant cocktails 
have been studied and occasionally have led to some 
clinical improvement, the outcome in NH is nearly 
always fatal in the absence of prompt hepatic transplanta-
tion.404-406 The rare individuals who have survived without 
transplantation have recovered full organ function,407,408 
and the disease usually does not recur in those who have 
undergone transplantation successfully, thus suggesting 
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that the hepatic insult is developmental or transient in 
nature.

Mutations in several of the “adult” hemochromatosis 
genes have not been identifi ed in NH patients, and there 
is substantial evidence of a nonmendelian or otherwise 
unconventional hereditary predisposition to NH.401,402,409 
Specifi cally, the possibility of mitochondrial inheritance 
or inheritance of a maternally imprinted gene has been 
raised by the discovery of several kindreds in which 
women have borne affected children fathered by different 
men. However, neither of these types of inheritance can 
account for the tendency for a mother’s fi rst pregnancy 
to be spared of or mildly affected by the disorder whereas 
subsequent pregnancies have a greater than 50% risk for 
the development of clinically overt NH. These latter 
observations, in particular, have spawned the current 
leading hypothesis that NH is the consequence of prena-
tal alloimmune liver injury.410,411 In this model, which 
parallels the paradigm of neonatal alloimmune thrombo-
cytopenia (see Chapter 33), the mother is sensitized to a 
fetal antigen during a fi rst pregnancy and subsequent 
pregnancies provoke an amnestic immune response that 
results in a severe clinical phenotype. What the antigen 
might be or how it perturbs iron metabolism is unknown. 
Nonetheless, a recent clinical trial demonstrated that 
clinically signifi cant liver disease can be avoided in the 
vast majority of at-risk fetuses by treating the expectant 
mother with intravenous immunoglobulin beginning in 
the early second trimester of gestation, thus further sub-
stantiating the alloimmune hypothesis.412

Iron Overload Caused by Erythroid 
Hyperplasia and Ineffective Erythropoiesis

The connection between hematopoiesis and iron absorp-
tion is most strikingly apparent in patients with ineffec-
tive erythropoiesis. With disorders such as β+-thalassemia 
(thalassemia intermedia) and X-linked sideroblastic 
anemia, the fractional absorption of ingested iron is 
increased. Patients with these disorders can manifest iron 
overload without transfusion.413

The mechanism by which bone marrow activity 
modulates gastrointestinal iron absorption is only par-
tially understood. A soluble factor appears to be released 
that depresses hepcidin production.414 Recently, it was 
reported that GDF15, a member of the transforming 
growth factor β superfamily, is induced in patients with 
thalassemia and that GDF15 suppresses expression of 
hepcidin by human hepatocytes.415 It is not yet clear, 
however, whether this is the major or the only factor 
contributing to the “erythroid regulator.”

In humans, depressed hepcidin levels and, conse-
quently, robust absorption of iron from the gastrointes-
tinal tract are associated most often with ineffective 
erythropoiesis.56 Some patients with pyruvate kinase defi -
ciency, a condition frequently associated with reticulo-
cyte counts as high as 70%, manifest iron overload 
without transfusion. Hemolytic anemias with effective 
erythropoiesis rarely lead to iron loading. Without some 

compounding variable, such as hereditary hemochroma-
tosis trait, iron loading without transfusion is not gener-
ally seen with conditions such as sickle cell anemia or 
hereditary spherocytosis, in which the erythroid cells 
mature and leave the bone marrow before they are 
destroyed.

Consequences of Iron Overload

The effects of iron overload on some organs, such as the 
skin, are trivial, whereas hemosiderotic harm to other 
organs, such as the liver, can be fatal. Few notable symp-
toms precede advanced injury. Abdominal discomfort, 
lethargy, depression, arthralgias, erectile dysfunction, 
and fatigue are common but nonspecifi c complaints. 
Dyspnea with exertion and peripheral edema indicate 
signifi cant cardiac compromise and refl ect advanced iron 
loading.

As the major site of iron storage, the liver is a con-
spicuous target for excessive iron deposition. Mild to 
moderate hepatomegaly develops early, followed by 
shrinkage produced by fi brosis and micronodular cir-
rhosis. Hepatic tenderness may be present, but hemo-
siderotic liver damage produces little infl ammation. 
Consequently, signifi cant hepatic iron deposition and 
even fi brosis can occur with very little increase in serum 
transaminase levels. Disturbances in liver synthetic func-
tion indicate advanced disease. Liver biopsy is still the 
“gold standard” for determining the extent of hepatic 
iron deposition, although noninvasive imaging techniques 
do have a role. Hematoxylin-eosin staining reveals a 
brownish pigment in the hepatocytes that staining with 
Perls Prussian blue unmasks as iron. Large amounts of 
iron are also deposited in Kupffer cells in patients with 
ferroportin disease, African iron overload syndrome, or 
transfusional iron overload. Electron microscopy reveals 
substantial hemosiderin aggregates in addition to large 
quantities of ferritin.

Congestive cardiomyopathy is the most common 
heart problem that occurs with iron overload, but other 
abnormalities have been described, including pericardi-
tis, restrictive cardiomyopathy, and angina without coro-
nary artery disease.416-419 There is strong correlation 
between the cumulative number of blood transfusions 
and functional cardiac derangements in children with 
thalassemia.420 Findings on physical examination are sur-
prisingly benign, even in patients with heavy cardiac iron 
deposition. Once evidence of cardiac failure appears, 
however, heart function deteriorates rapidly, and medical 
intervention is frequently ineffective. Biventricular failure 
produces pulmonary congestion, peripheral edema, and 
hepatic engorgement. These potentially lethal cardiac 
complications have, in some cases, been reversed by 
vigorous iron extrication.421

Iron deposition in the bundle of His and the Purkinje 
system can lead to conduction defects.422,423 Sudden 
death is common in these patients, presumably as a result 
of arrhythmias. At one time, patients treated with the 
chelator deferoxamine for transfusional iron overload 
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received supplements of ascorbic acid in the range of 15 
to 30 mg/kg/day to promote iron mobilization. Reports 
of sudden death prompted cessation of this practice.424 
Given carefully at lower doses (2 to 4 mg/kg) by an expe-
rienced practitioner, ascorbic acid is a safe adjunct to 
chelation therapy in patients with transfusional iron 
overload.

Cardiac dysfunction can also occur with very little 
tissue iron deposition. The total quantity of iron is less 
important than the unbound, or “toxic,” iron fraction in 
the circulation. The concentration of unbound iron in 
tissues is extremely low and virtually impossible to 
measure. This toxic iron is precisely the component that 
is bound and neutralized by iron chelators. Therefore, 
cardiac damage is best prevented in patients with trans-
fusional iron overload by maintaining a constant, low 
level of chelator in the circulation (and consequently in 
the tissues where the protection is rendered).

Dysfunction of the endocrine pancreas is common 
in patients with iron overload.425,426 Overt diabetes mel-
litus requiring insulin therapy develops in some patients. 
The disturbances in carbohydrate metabolism may be 
more subtle, however. An oral glucose tolerance test often 
unmasks abnormal insulin production. Vigorous removal 
of excess iron may reverse the islet cell dysfunction.427 
Exocrine pancreatic function, in contrast, is usually well 
preserved.

Pituitary dysfunction may produce several endocrine 
disturbances.428 Reduced gonadotropin levels are 
common. When coupled with primary reductions in 
gonadal synthesis of sex steroids, sexual maturation is 
delayed in children with transfusional iron overload.429 
Secondary infertility is common. Although Addison’s 
syndrome is uncommon with iron overload, production 
of adrenocorticotropic hormone is occasionally defi cient. 
A metapyrone stimulation test shows delayed or dimin-
ished pituitary secretion of this hormone.430 Thyroid 
function is usually well preserved in patients with iron 
overload. In contrast, parathyroid activity is frequently 
compromised. Functional hypoparathyroidism can be 
demonstrated in many patients by inducing hypocalce-
mia with an intravenous bolus of ethylenediaminetet-
raacetic acid (EDTA) while monitoring the production 
of parathyroid hormone.431

Hyperpigmentation is a nonspecifi c skin response to 
a variety of insults, including excessive exposure to ultra-
violet light, thermal injury, and drug eruptions. Cutane-
ous iron deposition damages the skin and enhances 
melanin production by melanocytes. Ultraviolet light 
exposure and iron are often synergistic in the induction 
of skin pigmentation, and consequently, many patients 
with siderosis tan very readily. Fair-skinned people who 
tan poorly may never exhibit hyperpigmentation despite 
very large body iron burdens. In contrast, a striking, 
almond-colored hue frequently develops in patients with 
moderate baseline pigmentation. With a particularly 
heavy iron overload, visible iron deposits sometimes 
appear in the skin as a grayish discoloration.

Arthropathy is a common problem in patients with 
hereditary hemochromatosis but rare in patients with 
secondary iron overload.432,433 Patients with hemochro-
matosis typically exhibit involvement of small joints, par-
ticularly in the hands, but large joints, such as the hip, 
may also be involved. Chondrocalcinosis is a late but 
characteristic feature of the arthropathy seen in heredi-
tary hemochromatosis. Other troubling musculoskeletal 
problems include severe, recurrent cramps and disabling 
myalgias. Muscle biopsy shows iron deposits in myocytes, 
but the pathophysiologic connection to the pain and 
cramps is unclear.

Iron Overload and Opportunistic Infections

Withholding iron from potential pathogens is believed to 
be a natural part of the host defense repertoire.434 Because 
transferrin binds iron with extremely high affi nity and 
two thirds of the iron binding sites of the protein are 
normally unoccupied, there is very little free iron avail-
able in plasma and extracellular fl uids. Not surprisingly, 
both transferrin and its homologue lactoferrin are bacte-
riostatic in vitro for many bacteria.435-437 However, the 
very high transferrin saturations attained in patients with 
iron overload compromise the bacteriostatic properties 
of the proteins, and transferrin can serve as a source of 
iron for some microorganisms.438 Various infections with 
unusual organisms have been reported in patients with 
iron overload (Box 12-4).439-442 Host defense is compro-
mised even further in patients with sideroblastic anemia 
and secondary iron overload because of abnormal neu-
trophil function. Although aggressive antimicrobial 
therapy is often successful, some infections, such as the 
mucormycosis produced by Rhizopus oryzae, are usually 
fatal.

Acute Iron Poisoning

Acute iron poisoning from the accidental ingestion of 
large doses of medicinal iron is a medical emergency. 
Signifi cant gastrointestinal symptoms occur with doses 
as low as 20 mg/kg of elemental iron, and systemic toxic-
ity becomes evident with ingestions of 60 mg/kg (reviewed 
by McGuigan443). Treatment consists of removing as 

Box 12-4  Infectious Agents Associated with Iron 
Overload

BACTERIAL

Listeria monocytogenes
Yersinia enterocolitica
Salmonella typhimurium
Klebsiella pneumoniae
Vibrio vulnifi cus
Escherichia coli

FUNGAL

Cunninghamella bertholeatiae
Rhizopus oryzae
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much residual iron as possible from the gastrointestinal 
tract and administering intravenous deferoxamine, which 
chelates the toxic non–transferrin-bound iron.443,444 It is 
appropriate to consult a toxicologist or poison center for 
assistance.

DISORDERS OF IRON UTILIZATION

Anemia of Chronic Infl ammation

The anemia of chronic infl ammation, also called the 
anemia of chronic disease, is a well-recognized condition 
associated with a broad spectrum of maladies. It was 
elegantly described in a classic review by Cartwright 
almost half a century ago.445 Typically a mild to moderate, 
normochromic and normocytic anemia, the RDW is 
slightly elevated as a result of a mild anisocytosis. This is 
often the only hint on the blood smear that the anemia 
is due to insuffi cient iron available for erythropoiesis. 
Serum iron and serum transferrin levels are usually low. 
Serum ferritin levels are generally increased but may not 
be when coexistent with iron defi ciency. Similarly, sTfR 
levels are normal unless iron defi ciency accompanies the 
disorder. Not surprisingly, the diagnosis of anemia of 
chronic infl ammation may be challenging to make. 
Infl ammation is the key to the condition.

Bone marrow examination with Perls Prussian blue 
stain usually reveals deposits of iron in the reticuloendo-
thelial cells. This characteristic feature of the anemia of 
chronic infl ammation refl ects ineffective iron recycling. 
Normoblasts that fail to mature properly and effete 
erythrocytes are engulfed by reticuloendothelial macro-
phages in the marrow, liver, and spleen. The phagocytes 
degrade the protein and lipid and recycle the iron from 
hemoglobin onto transferrin for reuse. The anemia of 
chronic infl ammation disturbs this cycle, with iron left 
trapped in the reticuloendothelial cells.

Much has been learned about the pathogenesis of the 
anemia of chronic infl ammation over the past few years. 
Initially, studies of patients with an unusual metabolic 
disorder complicated by anemia and hepatic adenomas 
provided a clue that increased hepcidin expression might 
account for both the reticuloendothelial block and the 
decreased intestinal iron absorption characteristic of the 
anemia of infl ammation.44 Subsequent investigations 
confi rmed that hepcidin expression was elevated in 
patients with infl ammation associated with a variety of 
infectious and noninfectious conditions.42,446 Hepcidin 
production is induced by the infl ammatory cytokine 
interleukin-6 through a direct effect on the hepcidin 
promoter.45-47,447

Patients with the anemia of chronic infl ammation 
may have unusually low plasma erythropoietin levels for 
their degree of anemia.448 This fi nding was previously 
attributed to proinfl ammatory cytokines, which were 
shown to suppress production of erythropoietin by cells 
in culture.449 However, erythropoietin responsiveness is 

also suppressed in an animal model of anemia of infl am-
mation developed by transgenic expression of hepcidin 
in noninfl amed animals.450 In addition, hepcidin has been 
reported to have a direct effect on erythroid colony for-
mation in vitro.451 Taken together, these fi ndings suggest 
that induction of hepcidin in response to infl ammation 
results in most, if not all of the characteristic features of 
the anemia of infl ammation.

Control of the infl ammation (e.g., by colectomy in 
patients with ulcerative colitis) usually eliminates the 
anemia and corrects the disturbances in iron metabolism. 
In general, the anemia is recalcitrant when the infl amma-
tion is uncontrolled. However, it is likely that new treat-
ment strategies will be developed that take advantage of 
our current understanding of the pathogenesis of the 
anemia of infl ammation and regulation of hepcidin 
production.

SIDEROBLASTIC ANEMIAS

The sideroblastic anemias are a heterogeneous group of 
congenital and acquired bone marrow disorders defi ned 
by the presence of pathologic iron deposits within the 
mitochondria of erythroid precursors. On Prussian blue 
or Perls iron-stained bone marrow aspirate smears or 
biopsies, these iron-encrusted mitochondria appear as 
coarse granules that typically form a halo or “ring” 
around the nucleus, thus giving rise to the term “ringed 
sideroblast,” which is, by defi nition, an abnormal cell452 
(Fig. 12-7). Mitochondrial localization of the iron depos-
its can be confi rmed by electron microscopy, but it is not 
used routinely for diagnostic purposes. A recent report 
suggests that the iron deposits may contain a mitochon-
drial ferritin molecule encoded by a nuclear gene that 
is distinct from those encoding H- and L-ferritin 
polypeptides.189,190

Up to 30% to 40% of the erythroid precursors in 
normal, iron-replete bone marrow contain several fi ne, 
more peripherally placed iron deposits that represent iron 

FIGURE 12-7. Prussian blue stain of a bone marrow aspirate from a 
patient with sideroblastic anemia. The granules that circle the nucleus 
of the normoblasts are iron-laden mitochondria.
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in cytosolic ferritin. Such cells are termed “sideroblasts” 
and are absent or decreased in iron defi ciency or the 
anemia of infl ammation. “Siderocytes” are mature, enu-
cleated peripheral blood erythrocytes that contain stain-
able iron, which may be the consequence of residual 
mitochondria from ringed sideroblasts or cellular ferritin, 
organelle, and nucleic acid concretions left over from 
terminal erythroid maturation.452 Both are recognized as 
“Pappenheimer bodies” on conventional Wright-Giemsa–
stained peripheral blood smears and are abundant 
in patients with sideroblastic anemia and a number of 
other anemias, including thalassemia syndromes and 
hemoglobinopathies.

In addition to the obligatory ringed sideroblasts, the 
bone marrow in patients with sideroblastic anemia is 
typically hypercellular with erythroid hyperplasia. Inef-
fective erythropoiesis frequently eventuates in elevated 
body iron stores and may be so severe that it results in 
clinically signifi cant iron overload with secondary organ 
dysfunction. All patients are anemic, and thrombocyto-
penia and neutropenia develop in some, particularly 
acquired, neoplastic forms. The anemia may be normo-
cytic, microcytic, or macrocytic and is typically charac-
terized by a relative reticulocytopenia (Table 12-1 and 
Box 12-5; reviewed by Fleming453 and Bottomley454).

Congenital Sideroblastic Anemias

Genetically defi ned, congenital sideroblastic anemias 
may be inherited in an autosomal recessive, an X-linked 
recessive, or infrequently, a maternal fashion (reviewed 
elsewhere453,454). Most cases of congenital sideroblastic 
anemia are considered to be inherited conditions but defy 
genetic characterization at the present time. In classifying 
the known causes of congenital sideroblastic anemia, it 
is helpful to consider the MCV of the anemia, whether 
other hematopoietic cell lineages are affected, and 
whether syndromic associations or other distinctive clini-
cal fi ndings are present (see Table 12-1).

TABLE 12-1 Clinical and Genetic Features of the Molecularly Defi ned Congenital Sideroblastic Anemias

XLSA XLSA/A TRMA MLASA PMPS

Inheritance X-linked X-linked Autosomal Autosomal Sporadic/maternal*
Gene ALAS2 ABCB7 SLC19A2 PUS1 Variable
Sex M > > F M M = F M = F M ≈ F
Carrier + + −/+ ND NA
MCV ↓↓ ↓ ↑ N/↑ ↓
Erythrocyte PPIX ↓ ↑ N/↑ ND ↑
Vitamin response Pyridoxine — Thiamine — —
Other affected tissues/
cell lines

— Nv My, Meg, Nv, P, H M My, Meg, P, L, K, Nv, M

*Nearly all cases of PMPS are sporadic, but rare maternally inherited cases are reported.
↓, Decreased; ↑, increased; H, heart; K, kidney; L, liver; M, muscle; MCV, mean corpuscular volume; Meg, megakaryocytic; MLASA, mitochondrial myopathy 

with lactic acidosis and sideroblastic anemia; My, myeloid; N, within normal limits; NA, not applicable; ND, not determined; Nv, nervous system; P, pancreas; PMPS, 
Pearson’s marrow-pancreas syndrome; PPIX, protoporphyrin IX; TRMA, thiamine-responsive megaloblastic anemia; XLSA, X-linked sideroblastic anemia; XLSA/A, 
X-linked sideroblastic anemia with ataxia.

Modifi ed from Fleming MD. The genetics of inherited sideroblastic anemias. Semin Hematol. 2002;39:270-281; and Bottomley SS. Congenital sideroblastic 
anemias. Curr Hematol Rep. 2006;5:41-49.

Box 12-5 Acquired Sideroblastic Anemias

TOXIC

Ethanol
Lead

DRUG

Chloramphenicol
Isoniazid and other antituberculous drugs
Penicillamine
Lincomycin

NUTRITIONAL

Copper defi ciency

NEOPLASTIC

Myelodysplastic syndromes
 Refractory anemia with ringed sideroblasts
 Refractory anemia with ringed sideroblasts and marked 

thrombocytosis

Adapted from Ammus S, Yunis AA. Drug-induced red cell 
dyscrasias. Blood Rev. 1989;3:71-82.

X-Linked Sideroblastic Anemia

X-linked sideroblastic anemia (XLSA) is the prototype 
of all congenital sideroblastic anemias. As the name 
implies, the disorder is linked to the X chromosome and 
disproportionately affects men and boys, although females 
may be affected because of skewed X-chromosome inac-
tivation or Turner’s syndrome.455-457 The cardinal features 
of XLSA include (1) a congenital microcytic, hypochro-
mic anemia with a large RDW and erythrocyte dimor-
phism (particularly in carrier females) and Pappenheimer 
bodies apparent on the peripheral blood smear; (2) an 
abundance of ringed sideroblasts, especially in late ery-
throid precursors; and (3) a variable clinical response to 
pharmacologic doses of pyridoxine (vitamin B6).454 Sys-
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temic iron overload may also develop as a result of 
chronic, severe, ineffective erythropoiesis.458,459 Nearly all 
patients with XLSA have missense mutations in the 
protein-coding regions of the erythroid-specifi c isoform 
of the heme biosynthesis enzyme δ-aminolevulinic 
acid synthase (ALAS2) (reviewed elsewhere453,454); rare 
patients have promoter mutations,460 and unusual affected 
females carriers harbor nonsense or frameshift muta-
tions.461 The missense mutations tend to cluster in amino 
acids surrounding the catalytic site or the subunit inter-
face of the homodimer, thereby leading to enzymes with 
decreased stability or decreased affi nity for the cofactor 
pyridoxal phosphate, which can account for the clinical 
response to large doses of pyridoxine.462 Because ALAS2 
is the rate-limiting step in heme biosynthesis in the ery-
thron, mutations inevitably impair the production of 
heme in developing erythroblasts. How heme defi ciency 
leads to the hallmark ringed sideroblast is uncertain; 
however, the characteristic hypochromia and microcyto-
sis are almost certainly the result of the protean effects 
of heme on erythroid transcription, mRNA stability, and 
translation.

The age at clinical onset of XLSA varies greatly. 
Anemia develops in some individuals within a few months 
of birth, whereas in others it occurs later in childhood 
and often even in adulthood. Generally, the anemia is 
progressive, with transfusions often required to maintain 
an adequate hemoglobin level. Frequent transfusions can 
hasten the development of iron overload. Oral pyridoxine 
therapy is useful in many patients with XLSA. Often, 
however, correction of the anemia is incomplete. Some 
patients become more pyridoxine responsive after their 
excess body iron stores are depleted.463 A few children 
who failed pyridoxine therapy have responded to the 
parenteral administration of pyridoxal-5-phosphate.464 
Unfortunately, many children with XLSA improve little, 
if at all with either of these interventions. Because pyri-
doxine is inexpensive and lacks deleterious side effects, 
all children with sideroblastic anemia should receive a 
trial of vitamin therapy. Splenectomy is ill advised because 
of thrombotic risks.454 There is one case report of suc-
cessful allogeneic peripheral stem cell transplantation for 
refractory sideroblastic anemia.465

X-Linked Sideroblastic Anemia with Ataxia

X-linked sideroblastic anemia with ataxia (XLSA/A) is a 
very rare, distinct X-linked form of sideroblastic anemia 
caused by missense mutations in the mitochondrial ATP-
binding cassette transporter ABCB7.466-468 Patients with 
XLSA/A typically have static or slowly progressive cere-
bellar ataxia and only later are found to have a mild sid-
eroblastic anemia with morphologic features similar to 
those of classic XLSA.469,470 However, they do not require 
transfusion therapy, systemic iron overload does not 
develop, and they do not respond to pyridoxine therapy. 
ABCB7 and its yeast orthologue Atm1p are essential 
genes involved in the biogenesis of cytosolic Fe/S clus-
ters.471-477 Interestingly, another protein implicated in Fe/
S cluster biogenesis in yeast and zebra fi sh, GRX5, has 

been shown to be mutated in a single patient with severe 
sideroblastic anemia and iron overload.478-480 In all cases, 
these Fe/S cluster biogenesis mutants appear to disrupt 
regulation of IRP1 RNA binding activity,477,479 thus 
raising the possibility that this is a common mechanism 
for the development of sideroblasts.

Thiamine-Responsive Megaloblastic Anemia

Children with thiamine-responsive megaloblastic anemia 
(TRMA), also known as Rogers’ syndrome, exhibit a 
characteristic triad of megaloblastic anemia with ringed 
sideroblasts, diabetes mellitus, and deafness.481,482 The 
clinical manifestations of TRMA are progressive and may 
also include optic atrophy and nonthrombotic, nonem-
bolic strokes. The anemia is characteristically macrocytic, 
and erythroid maturation in bone marrow, as the name 
implies, is megaloblastic and associated with variable 
numbers of ringed sideroblasts. Patients may also 
have leukopenia. The gene responsible for TRMA 
encodes a transmembrane thiamine transporter desig-
nated SLC19A2.483-486 TRMA patients are not thiamine 
defi cient but rather have a defect in high-affi nity thiamine 
uptake in a number of cell types.487 The megaloblastic 
marrow maturation is probably related to defective 
thiamine-dependent steps in nucleic acid synthesis488; 
however, the pathogenesis of sideroblasts remains 
obscure. Therapy with pharmacologic doses of thiamine 
ameliorates the anemia and may abrogate progression of 
the neurologic and pancreatic phenotypes.481,489,490

Pearson’s Marrow-Pancreas Syndrome

Pearson’s marrow-pancreas syndrome (PMPS) is a fatal, 
multisystemic disorder of infancy with marked distur-
bances in bone marrow and pancreatic function.491 
The initial manifestation is often a severe, transfusion-
dependent macrocytic anemia associated with a variable 
degree of neutropenia and thrombocytopenia. Marrow 
examination characteristically shows vacuolization in the 
erythroid and myeloid precursors and ringed sidero-
blasts.492 Exocrine pancreatic dysfunction as a result of 
pancreatic fi brosis is characteristic, and hepatic, renal, 
and neurologic dysfunction develops in some patients as 
well. The variability and pleiotropy of the disorder can be 
accounted for by the fact that PMPS is a mitochondrial 
cytopathy; nearly half of the patients share heteroplasmy 
for a common, nearly 5-kb deletion of mitochondrial 
DNA that is associated with other mitochondrial disor-
ders, particularly Kearns-Sayre syndrome, and the distri-
bution of defective mitochondrial genomes will necessarily 
infl uence expression of the disorder.493,494 Defective energy 
production appears to be the central disturbance, and no 
treatment other than supportive care currently exists.

Mitochondrial Myopathy with Lactic Acidosis 
and Sideroblastic Anemia

Mitochondrial myopathy with lactic acidosis and sidero-
blastic anemia (MLASA) is a recently recognized auto-
somal recessive disorder of mitochondrial dysfunction 
caused by mutations in the gene for pseudouridine syn-
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thase 1 (PUS1).495-500 Most cases are associated with a 
unique founder mutation present in the Persian-Jewish 
population. Individuals with MLASA have highly vari-
able neurologic abnormalities that most characteristically 
consist of exercise intolerance and lactic acidosis but may 
include severe hypotonia, muscle wasting, developmental 
delay, and mental retardation. The anemia, which is typi-
cally slightly macrocytic, is equally variable despite a 
common genotype, with some patients having asymp-
tomatic anemia and others requiring transfusional 
support. PUS1, which localizes to mitochondria, the 
cytosol, and nuclei, is one of several enzymes that modify 
uridine residues in long-lived RNA (e.g., tRNA) to the 
alternate base pseudouridine. This modifi cation is thought 
to enhance the stability of these molecules and enhance 
protein translation.

Acquired Sideroblastic Anemias

A number of drugs and toxins that impair heme biosyn-
thesis or perturb mitochondrial iron metabolism can 
produce sideroblastic anemia (Box 12-5) (reviewed by 
Ammus and Yunis501). The most important of these agents 
is lead. This element inhibits several enzymes in the heme 
biosynthetic pathway, including δ-aminolevulinic acid 
dehydratase, coproporphyrinogen oxidase, and ferroche-
latase.502 Lead screening, therefore, is mandatory in any 
child suspected of having sideroblastic anemia because 
lead poisoning can be treated. Isoniazid also produces 
sideroblastic anemia by causing functional depletion of 
pyridoxine, which inhibits heme biosynthesis.503,504 Pro-
phylactic treatment with pyridoxine is now part of the 
standard therapeutic regimen with this drug.

Acquired, clonal neoplastic sideroblastic anemias 
such as refractory anemia with ringed sideroblasts 
(RARS) and other myelodysplastic syndromes (MDSs) 
are exceptionally uncommon in the pediatric age group, 
except perhaps in children who have previously received 
chemotherapy for cancer.505 The extent to which the con-
siderable experience with these disorders in adults might 
be applicable to children is uncertain; however, when 
compared with other categories of MDS, RARS has a 
lesser propensity to evolve to acute leukemia and may 
often be associated with iron overload in the absence of 
signifi cant transfusional support.506 Intriguingly, some 
patients have been shown to have mutations within the 
mitochondrial genome that alter the coding sequence for 
cytochrome c oxidase.507

COPPER METABOLISM

Copper Physiology and Transport

A total of 100 to 150 mg of copper is present in an adult 
human. As with iron, the fetus accumulates large amounts 
of copper near the end of gestation, particularly in the 
liver, where concentrations are 5 to 10 times greater at 

birth than in adulthood. These stores do not decrease to 
adult levels until 5 to 15 years of age. The liver has the 
highest copper content, which together with muscle and 
bone, accounts for 50% to 75% of total body copper. The 
normal net copper intake is 2 to 5 mg in an adult and 
0.04 to 0.15 mg/kg in a growing child. After about 6 
months of age, normal plasma copper levels range 
between 70 and 140 mg/dL. Values are lower in early 
infancy.508 Depressed plasma copper levels are a good 
indicator of early copper defi ciency; however, functional 
tests of enzymatic activity (e.g., ceruloplasmin) may be 
better.

Like iron, copper is essential for normal cell growth 
and metabolism but toxic in excess. Unlike iron, however, 
copper balance is regulated by excretion, as well as by 
absorption.509,510 The gastrointestinal tract absorbs about 
30% of the copper present in an average diet. The liver 
promptly disposes of much of that copper in bile, whereas 
a lesser amount is lost through the intestinal mucosa.511

Plasma copper, which is held much more constant 
than plasma iron, exists in two forms. Albumin and amino 
acids loosely bind 10% to 15% of circulating copper. 
Ceruloplasmin, a multicopper ferroxidase, tightly binds 
the remaining copper in plasma. Ceruloplasmin was once 
thought to be a copper transport protein; however, it is 
now clear that it functions primarily to change the oxida-
tion state of iron, thereby aiding in release of iron from 
storage cells, including hepatocytes and macrophages (as 
discussed earlier). In human patients512-515 and mice92 
lacking ceruloplasmin, a distinct clinical syndrome char-
acterized by neurodegeneration, hepatic iron overload, 
diabetes, impaired iron recycling by reticuloendothelial 
cells, and mild iron defi ciency anemia develops.

Copper is an essential component of cytochrome 
oxidase, the terminal oxidase of the electron transport 
chain required for combining hydrogen with oxygen to 
form water. As such, the element is essential for the oxi-
dative generation of ATP. The enzyme tyrosinase is a 
copper-containing protein required for the synthesis of 
melanin. Thus, copper-defi cient animals have depressed 
levels of cytochrome oxidase in most tissues, along with 
loss of hair pigment. Another copper metalloenzyme, 
lysyl oxidase, plays a role in the cross-linking of collagen 
and elastin. Lysyl oxidase defi ciency may cause the vas-
cular defects, including aortic aneurysm, seen in copper-
defi cient animals and patients with Menkes’ disease (see 
later).509

Copper traffi cking is relatively well understood 
(reviewed by Kim and colleagues516). A multitransmem-
brane domain protein, CTR1, appears to be the 
major transporter that brings copper into mammalian 
cells.517-519 Knockout mice lacking CTR1 die early in 
gestation with fi ndings that may be attributable to severe 
copper defi ciency. Once copper is inside cells, it moves 
to its sites of utilization escorted by specifi c chaperone 
proteins (reviewed elsewhere520,521). These proteins appear 
to be conserved from yeast to mammals. Targeted disrup-
tion of one of these proteins, Atox1, in mice leads a 
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poorly viable, copper-defi cient phenotype, thus indicat-
ing that its copper chaperone function is important but 
not essential.522

Two inherited defects of human copper metabolism 
have given insight into copper transport within cells. 
Menkes’ disease, or Menkes’ kinky hair syndrome, is a 
congenital disorder characterized by a low serum copper 
concentration, reduced activity of copper metalloen-
zymes, slow growth, hypopigmented kinky hair, cerebral 
degeneration, and an X-linked pattern of inheritance.523 
Parenteral copper administration, like all other attempts 
to treat the disease, is ineffective, and death before 3 years 
of age is typical. By contrast, in the autosomal recessive 
disorder Wilson’s disease, the predominant clinical phe-
notypes—liver disease and neurodegeneration—are due 
to copper cytotoxicity.

Positional cloning led to identifi cation of the genes 
mutated in Menkes’ and Wilson’s diseases.524-529 Each 
is a P-type adenosine triphosphatase transmembrane 
copper transporter (Cu-ATPase) containing Gly-Met-
Thr-Cys-X-X-Cys copper-binding motifs at their N-
termini. The Menkes protein is involved in transport of 
copper in intestinal enterocytes, as well as a number of 
other cell types. Defi ciency of the Menkes proteins leads 
to paradoxical systemic copper defi ciency as a result of 
impaired intracellular intestinal copper transport accom-
panied by intracellular copper accumulation in certain 
cell types, particularly the kidney. By contrast, defi ciency 
of the Wilson disease Cu-ATPase leads to cellular copper 
accumulation in the liver, basal ganglia, and kidney, along 
with impaired production of ceruloplasmin and hepato-
biliary copper excretion. Interestingly, although Menkes’ 
disease patients are copper defi cient, anemia is not a 
prominent feature of the syndrome (see later). Wilson’s 
disease may be manifested in children as fulminant 
hepatic failure associated with severe acute intravascular 
hemolysis.530,531

Hematologic Aspects of Copper Defi ciency

Copper defi ciency commonly causes hypochromic, 
microcytic anemia among farm animals in areas of the 
world where the soil is poor in copper.532-535 In humans, 
the predominant clinical feature of copper defi ciency 
is most commonly peripheral neuropathy. Because of 
milk’s low copper content (about 0.12 mg/L), infants 
who consume a diet consisting largely of milk may be at 
risk for marginal copper nutrition or defi ciency.536 Nutri-
tional copper defi ciency can be due to extraordinary 
dietary circumstances, such as inadvertent omission of 
copper from intravenous alimentation formulations for 
an extended time or treatment of severely malnourished 
patients with a copper-defi cient milk diet.509,510,537 
Impaired copper absorption may be a consequence of a 
variety of renal and gastrointestinal disturbances, includ-
ing nephrotic syndrome, infl ammatory bowel disease and 
other forms of malabsorption, or bariatric or other intes-
tinal surgery.538,539 Excessive zinc supplementation may 

also lead to copper defi ciency because zinc readily induces 
intestinal epithelial metallothionein, which preferentially 
chelates intestinal copper and prevents absorption.509,540 
Coexisting iron defi ciency or severe malnutrition can 
obscure the manifestations of copper defi ciency.

In humans, the anemia of copper defi ciency is most 
typically normocytic, but it may be microcytic or macro-
cytic. Leukopenia with very marked neutropenia is par-
ticularly prevalent; thrombocytopenia is unusual. Bone 
marrow aspirates from copper-defi cient individuals 
are often hypocellular and show a relative erythroid 
hyperplasia with prominent vacuolization of erythroid 
precursors and variable degrees of dyserythropoiesis or 
megaloblastoid changes (or both), with or without the 
presence of ringed sideroblasts. As many recent reports 
indicate, resistance to treatment with typical hematemics 
combined with the morphology may suggest the errant 
diagnosis of MDS (reviewed by Haddad and associ-
ates541). The coexistence of peripheral neuropathy, also 
typical of copper defi ciency, may suggest the correct 
diagnosis. Osteoporosis may occur with severe copper 
defi ciency.

Oral treatment with 0.1 to 0.3 mg/kg of copper per 
day (two or three times the estimated daily requirement) 
as 0.5% copper sulfate (containing about 2 mg of copper 
per milliliter) produces prompt reticulocytosis and cor-
rection of the anemia and neutropenia. Intravenous 
copper may also be given in severe defi ciency states. 
Generally, the dietary imbalance that produced the 
defi ciency can be corrected when the problem is 
recognized.

LEAD POISONING

Sources of Lead

Lead is a toxic metal without any function in the human 
body. Because of its useful properties, lead has been 
mined for several centuries. As a result, progressively 
larger amounts have been removed from the depths of 
the earth and introduced into the biosphere. Enough lead 
has found its way into humans that at least in the indus-
trialized parts of the world, all people have some lead in 
the body and hence in the blood. It has thus become 
customary to refer to the blood lead values found in 
apparently healthy populations as “normal” blood lead 
levels. This term is an obvious misnomer because it 
implies some kind of minimum physiologic requirement 
for lead.

Airborne lead enters the human body through inha-
lation; about 35% is absorbed and 15% to 18% is 
retained.542 Intake of airborne lead is greater in children 
because they breathe at a lower height, where the lead 
concentration is greater, and have a greater respiratory 
rate per unit of body weight.543 Sources of inhaled lead 
include combustion engines that burn leaded fuel and 
primary and secondary (recycling) lead smelters. Lead 
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can also be ingested through the intake of contaminated 
food, water, and beverages. Lead absorption is increased 
by defi ciencies of essential minerals, such as iron and 
calcium.544 High maternal lead levels can result in fetal 
lead toxicity.545

Children living in older houses are exposed to the 
additional risk of lead in paint. Although lead in air, food, 
and beverages can be considered “low-dose” sources, lead 
in paint is by far the most concentrated source. As much 
as 40% lead by weight is present in dried paint used 
before World War II. Since then, lead levels in paint have 
been progressively reduced. For many years it was 
believed that lead poisoning in children occurs primarily 
as a result of pica (the urge to ingest nonfood material), 
with consequent ingestion of paint chips.546 Although this 
is not an uncommon occurrence, it is neither the only 
nor even the prevailing mechanism of ingestion of lead 
paint. Small children, through their ordinary hand-to-
mouth activities (such as thumb sucking) directly ingest 
dust and thus take in large amounts of lead. Despite 
legislative efforts and scientifi c advances in the United 
States, millions of dwellings still contain leaded paint. 
These dwellings present an obvious risk, particularly to 
children of the poor, who tend to live in the oldest houses. 
The state of repair of the dwelling is almost as important 
as the lead content of the paint; peeling or fl aking paint 
is obviously more accessible to small children. Because 
iron defi ciency often induces pica, lead poisoning is more 
common in iron-defi cient children.

Less common sources of lead include fumes from old 
battery casings; illegally distilled whiskey; printed paper, 
particularly colored magazines; and lead-painted toys. An 
uncommon source of lead that may result in severe poi-
soning is improperly glazed earthenware vessels used to 
store acidic beverages (such as fruit juices or cider).

Biochemical and Hematologic 
Effects of Lead

Lead has strong affi nity for the sulfhydryl groups of cys-
teine, the amino group of lysine, the carboxyl groups of 
glutamic and aspartic acids, and the hydroxyl group of 
tyrosine. Lead binds to proteins, modifi es their tertiary 
structure, and inactivates their enzymatic properties. 
Enzymes that are rich in sulfhydryl groups appear to be 
most sensitive. Mitochondria are particularly sensitive to 
lead. Many prominent effects of lead on heme synthesis 
are mediated through alterations of the mitochondrial 
membrane. Heme synthesis starts and ends inside the 
mitochondria; intermediate steps take place in the cyto-
plasm. In all cells, heme is an essential component of 
molecules of the cytochrome system, also located inside 
the mitochondria. Additionally, in erythropoietic precur-
sors, very large amounts of heme are formed to make 
hemoglobin. Lead interferes at several points in the heme 
synthetic pathway in all cells. The two most important 
steps affected are those catalyzed by δ-aminolevulinic 

acid dehydratase (a cytoplasmic enzyme) and ferrochela-
tase (an intramitochondrial enzyme). Both these enzymes 
depend on critical sulfhydryl groups for their activities. 
The inhibition by lead of ferrochelatase, which catalyzes 
the ultimate insertion of iron into protoporphyrin, results 
in the accumulation of protoporphyrins in maturing 
erythrocytes. Ultimately, despite the presence of a normal 
or increased intracellular content of iron, the mitochon-
dria are starved for iron. Metalloporphyrins inhibit several 
mitochondrial enzymes, and the increased concentration 
of zinc protoporphyrin resulting from lead toxicity further 
impairs mitochondrial function.547 There is a relationship 
between the concentration of lead that inhibits ferroche-
latase in mitochondria and the ambient concentration of 
iron in the medium. At any concentration of lead, inhibi-
tion of ferrochelatase is most marked when the iron con-
centration is the lowest.548 This biochemical mechanism 
explains the greater elevation of erythrocyte protopor-
phyrin observed, at equal lead exposure, in children with 
concomitant iron defi ciency.549 A progressive, exponen-
tial increase in erythrocyte protoporphyrin concentration 
is observed at blood lead levels of 5 to 90 μg/dL.550 The 
erythrocyte protoporphyrin level is an indicator of adverse 
metabolic effects. It is very effective as a screening test 
for severe lead poisoning, but it cannot be used to screen 
for blood lead levels below 40 to 50 μg/dL.

The bulk of lead in blood (>90%) is contained in 
erythrocytes, but blood lead content is independent of 
the hematocrit. Basophilic stippling results from deposi-
tion of ribosomal DNA and mitochondrial fragments.551 
Moderate basophilic stippling may be seen in iron defi -
ciency and thalassemia trait, but stippling is particularly 
prominent in the polychromatophilic erythrocytes in 
lead poisoning, unstable hemoglobinopathies, including 
severe β-thalassemia, and pyrimidine-5′-nucleotidase 
defi ciency. Anemia is observed in children with lead poi-
soning, primarily in severe cases or in those with con-
comitant iron defi ciency.548 This is not an unexpected 
fi nding because the defect in heme synthesis affects only 
a very small fraction of the total protoporphyrin produc-
tion and clinically signifi cant anemia usually develops in 
the late stages. It is not uncommon to observe severe 
neurologic toxicity in the absence of anemia in children. 
On the other hand, lead intoxication and iron defi ciency 
anemia tend to occur in the same lower socioeconomic 
population and are aggravated by each other. Iron-
defi cient children are more severely affected because iron 
defi ciency increases lead ingestion through pica, increases 
lead absorption, enhances the defect in heme synthesis, 
and increases the toxicity of lead.

Other enzymes of heme biosynthesis are also affected 
by lead, but less severely. Uroporphyrinogen synthetase 
activity is inhibited only by a rather high (10−4 mol/L) 
lead concentration.547 Coproporphyrinogen decarboxyl-
ase, another mitochondrial enzyme, also is inhibited by 
lead.547 There is a marked increase in urinary copropor-
phyrin levels in lead intoxication. Measurement of urinary 
coproporphyrin has been widely used for the diagnosis 
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of childhood lead poisoning, particularly in emergency 
departments. Although this test has been superseded by 
the easier measurement of erythrocyte protoporphyrin, it 
is important to recognize its usefulness in discriminating 
between recent and past lead exposure. Because of the 
protracted persistence of protoporphyrin within erythro-
cytes, signifi cant elevations may be observed as long as 
2 to 3 months after exposure to lead.552 In contrast, 
increased coproporphyrin production, as a result of its 
high solubility, is immediately refl ected in excess urinary 
excretion. Hence, when exposure to lead is current, both 
the erythrocyte protoporphyrin level and the urinary cop-
roporphyrin level are increased; when exposure to lead is 
no longer present, there is a discrepancy between the 
elevated erythrocyte protoporphyrin level and normal 
urinary coproporphyrin excretion.

The process of heme synthesis is not exclusive to 
the erythron. All cells contain essential heme proteins, 
particularly in the respiratory cytochrome system, also 
located in the mitochondria. The most visible effects of 
lead on heme synthesis are those detectable in peripheral 
blood because this is the easiest tissue to sample. However, 
the ubiquitous presence of active heme synthesis in the 
mitochondria of all body cells and the affi nity of lead for 
mitochondria result in widespread impairment of cellular 
function. Lead intoxication inhibits the synthesis of cyto-
chrome P-450, the key enzyme in the mixed oxidase 
system. It appears likely that the toxic effects of lead, 
particularly in the nervous system, refl ect the derange-
ment in heme synthesis.553

In adults, peripheral neuropathy, abdominal colic, 
and anemia are the most common initial signs of lead 
poisoning. In children, the clinical effects of excessive 
exposure to lead are apparent primarily in the CNS; 
alterations in renal function and anemia occur only in the 
most severe cases. Acute encephalopathy can be the fi rst 
manifestation of severe childhood lead poisoning. The 
onset is usually marked by seizures, often intractable, 
followed by coma and cardiorespiratory arrest. The syn-
drome may be fatal within 24 to 48 hours. Survivors 
often suffer permanent neurologic damage.554 Acute 
encephalopathy may be accompanied by Fanconi’s 
syndrome with aminoaciduria, glycosuria, and 
hyperphosphaturia.555

Chronic symptoms of lead toxicity are vague and 
include abdominal pain, vomiting, general malaise, and 
behavioral changes. These symptoms are nonspecifi c 
and of little diagnostic help, particularly in the youngest 
children, aged 1 to 3 years, who are the most frequently 
affected. The threshold blood lead level at which enceph-
alopathy occurs in children is diffi cult to defi ne. Acute 
lead poisoning with clinical signs other than encephalopa-
thy has been observed at blood lead levels ranging 
between 60 and 450 μg/dL. On the other hand, it is pos-
sible to observe blood lead levels as high as 200 μg/dL in 
children without overt neurologic symptoms. The prob-
ability of overt neurologic problems increases with the 
blood lead level and becomes signifi cant when the blood 

lead level rises above 70 μg/dL. For these reasons and 
because of the impending risk of an unpredictable clinical 
deterioration, children found to have blood lead levels of 
70 μg/dL or greater should be treated as medical emer-
gencies, even in the absence of symptoms.556

As a result of the greater awareness of childhood lead 
poisoning by physicians, extensive screening programs in 
large cities, and the reduction of lead in the air subse-
quent to the wider use of lead-free gasoline, severe lead 
poisoning is extremely rare. Additionally, there is a greater 
awareness of the subclinical effects of lead and the fact 
that there is no threshold below which body lead levels 
can be considered safe. In view of the evidence of adverse 
effects of exposure to lead, even at low levels, there has 
been progressive lowering of the “acceptable” blood lead 
level. Therefore, it is important to not confuse “interven-
tion level” (decided on pragmatic considerations) with 
“safe” levels.

The insidious nature of lead toxicity mandates the 
detection of excessive exposure in apparently asymptom-
atic children before irreparable damage occurs. Screen-
ing for lead poisoning is made particularly diffi cult by the 
fact that the most commonly affected children are those 
of preschool age, who are also the least accessible, as a 
group, to mass testing. Screening in this age group is 
most often performed by pediatricians at routine offi ce 
visits. It would be desirable, instead, for screening pro-
grams to reach out to the community and focus on the 
most economically deprived children, who have the least 
access to medical care, as well as the highest risk.

Nationwide programs for screening children must be 
directed primarily at identifying those in need of medical 
attention. The defi nition of lead poisoning now includes 
the category of children with blood lead levels of 10 to 
19 μg/dL. Yet it has been shown that at this level the 
potential loss of IQ is so low that most people would 
agree that it is trivial.557,558 Although medical intervention 
is not necessary for this group, educational and dietary 
advice is recommended. Children in need of medical 
attention are those with blood lead levels of 20 μg/dL or 
higher. Above this level, cognitive issues become signifi -
cant.557,558 Severe lead poisoning is defi ned as levels above 
45 μg/dL.

Treatment of Lead Poisoning

The fi rst and most essential step in treating childhood 
lead poisoning is identifi cation and removal of the source 
of lead. Without elimination of the exposure, any treat-
ment is futile. Environmental analysis, including home 
visits, is recommended to ascertain and remove the 
source of lead. Although complete removal of lead from 
the environment remains a formidable task for modern 
society, it offers the only viable solution to prevent lead 
toxicity in children. Multiple studies have shown that 
neurotoxicity is unlikely to be reversible, regardless of 
treatment, once lead intoxication is discovered. Because 
lead exposure is additive, removal of automobile-
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generated lead from the air has already had a profound 
impact on the problem of urban lead poisoning. However, 
residual lead-based paint continues to be a major 
problem.

Children who are symptomatic require urgent treat-
ment. However, because the symptoms of lead poisoning 
may be elusive, treatment is indicated even in their 
absence if there is clear evidence of excessive body burden 
of lead. The goal of treatment is prevention of subclinical 
damage without producing complications of the therapy 
itself; it is necessary to exercise judicious compromise. 
Two parenteral treatments are used in severe lead poison-
ing: dimercaprol (formerly called BAL for British anti-
lewisite) and CaNaEDTA. Both these agents chelate lead 
and induce its excretion. Dimercaprol is an oily, mal-
odorous compound that is unpleasant to patients. It 
forms an emetic compound with iron, so iron therapy 
should not be given to a patient receiving dimercaprol.559 
It is dissolved in peanut oil and thus is contraindicated 
in children allergic to peanuts. Approximately half of 
patients treated with dimercaprol have side effects, many 
of which can be ameliorated by the concurrent use of 
antihistamines.556

CaNaEDTA is water soluble and best administered 
by continuous intravenous infusion. When administered 
intramuscularly (a less preferable and much more painful 
option), 2% procaine should be added to avoid severe 
local pain. CaNaEDTA may itself be toxic, particularly 
to the kidneys. Overdosage may induce tubular necrosis 
directly or renal toxicity as a result of hypercalcemia. 
CaNaEDTA is also able to chelate zinc, thus presenting 
another risk. Because δ-aminolevulinic acid dehydratase, 
a zinc-dependent enzyme, is already damaged by lead, 
the additional removal of zinc leads to its complete paral-
ysis. This results in a burst of neurotoxic δ-aminolevulinic 
acid into plasma, which may aggravate (and even induce) 
convulsions. For these reasons, CaNaEDTA should never 
be given alone to symptomatic children or to asymptom-
atic children with blood lead levels of 70 μg/dL or greater; 
instead, it should be given after administration of dimer-
caprol to prevent these acute effects.559 An additional 
note of caution is necessary with regard to the use of 
EDTA. Besides CaNaEDTA, a commercial preparation 
of disodium EDTA is also available and occasionally used 
for hyperparathyroidism. Disodium EDTA should never 
be used for the treatment of lead poisoning because it 
may induce acute hypocalcemia, which may be fatal. 
Only CaNaEDTA should be used for the treatment of 
lead poisoning. Hospital pharmacies should exercise 
maximum caution in dispensing disodium EDTA, which 
could be fatal if erroneously given to a child with lead 
poisoning but without hypercalcemia.

Because of their different pharmacologic properties, 
dimercaprol and CaNaEDTA are advantageously used in 
combination to treat children with symptomatic lead poi-
soning, with or without concomitant encephalopathy, 
as well as asymptomatic children with blood lead levels 
greater than 70 μg/dL.556 The combined use of dimer-

caprol and CaNaEDTA is both safer and more effective 
than the use of CaNaEDTA alone. Treatment should 
always start fi rst with dimercaprol to avoid precipitating 
encephalopathy.559 Involvement of an experienced toxi-
cologist is strongly advised for safe, effective management 
of these patients.

Succimer is a derivative of dimercaprol in which the 
methyl groups are replaced by carboxylic groups. This 
results in excellent water solubility, thus allowing it to be 
used orally. Although the advantages of an oral chelator 
are obvious, it is crucial to be cautious in the use of suc-
cimer because with its great water solubility and affi nity 
for lead, it may result in increased absorption if used in 
a lead-laden environment. For this reason, succimer 
should be used only when it is absolutely certain that the 
child has been removed from the lead-containing envi-
ronment and is in a safe home. In a recent trial, succimer 
was shown to be effective in reducing blood lead levels 
in patients with levels of 20 to 45 μg/dL.560 Importantly, 
however, it did not reverse neurologic and cognitive defi -
cits. For this reason, the authors concluded that it is not 
indicated in children with moderate lead levels (20 to 
45 μg/dL). Experience with this drug in treating children 
with blood lead levels of 70 μg/dL or higher is very 
limited. In these cases, as well as in symptomatic chil-
dren, it may still be prudent to treat with a combination 
of dimercaprol and CaNaEDTA.

Regardless of the treatment, it is important to remem-
ber that improvement in blood lead levels does not mean 
that all lead has been removed. Blood levels are likely to 
rebound 1 to 2 weeks after therapy as tissue lead (par-
ticularly from bone) enters the circulation. Children with 
a large body burden of lead, such as those with clinical 
symptomatology or blood lead levels in excess of 70 μg/
dL, invariably require several cycles of chelation therapy 
before a substantial reduction in the body burden of lead 
is obtained.559 The need for additional cycles of therapy 
can be established by measurement of urinary lead excre-
tion during the fi rst days of treatment. The lead excreted 
should be related to the amount of EDTA given. Chil-
dren who excrete lead in larger proportions are in greater 
need of additional cycles of therapy. It is not uncommon 
for a child to require several months of chelation therapy, 
initially with both dimercaprol and CaNaEDTA and later 
with CaNaEDTA alone, before urinary lead excre -
tion declines and the blood lead level stabilizes below 
30 μg/dL. Only at that point can chelation therapy be 
stopped.559
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The porphyrias are disorders caused by reduced activity 
of enzymes that constitute the heme biosynthetic pathway. 
Almost all are inherited. The porphyric disorders, with 
the exception of porphyria cutanea tarda (PCT), are 
uncommon, and clinical manifestations in children are 
quite rare. Porphyrins are planar molecules composed of 
four pyrrole rings connected by four methene groups and 
are also referred to as tetrapyrroles (Fig. 13-1A). Porphy-
rins are intensely colored compounds (the word por-
phyria is derived from the Greek porphuros, meaning 
red-purple). All porphyrins, because of the alternating 
single- and double-bond structure of the porphyrin mac-
rocycle, avidly absorb light in a region near 400 nm of 
the spectrum (the Soret band). Porphyrins also have four 
minor absorption bands at higher wavelengths. Once 
excited by light, porphyrins emit photons in the red 
region of the spectrum, a phenomenon responsible for 
their fl uorescent properties. The emitted photons mediate 
the skin damage, which occurs in sun-exposed skin in 
some of the porphyric disorders.

The porphyrin precursors δ-aminolevulinic acid 
(ALA) and porphobilinogen (PBG) (a monopyrrole) are 
colorless compounds that do not fl uoresce. Recent evi-
dence suggests that these compounds are responsible 
for the neurovisceral manifestations of several of the 
porphyric disorders. A convenient classifi cation scheme 
divides the porphyric disorders into three groups accord-
ing to their clinical manifestations (Box 13-1). Alterna-
tive schemes have been proposed by which the porphyrias 
are classifi ed according to the organ in which the enzy-
matic defect is most apparent (hepatic porphyrias versus 
erythropoietic porphyrias), but these schemes are less 
useful to the clinician. Most heme synthesis takes place 
in erythroid precursors and is used for the generation of 
hemoglobin, but approximately 15% of the daily produc-
tion takes place in the liver,1 mainly for the formation of 
cytochrome P-450 enzymes. Heme is also a component 
of numerous other cellular proteins, including cyto-
chromes, myoglobin, catalase, peroxidase, guanylate 
cyclase, and others; the heme biosynthetic pathway is 
present in all cells.

With the exception of ferrochelatase (FECH), the 
terminal enzyme in the pathway that catalyzes the inser-

tion of iron into protoporphyrin IX, all enzymes in the 
pathway that use cyclic tetrapyrroles require fully reduced 
porphyrinogens as substrates. Porphyrinogens are fl exi-
ble, colorless, reduced compounds with hydrogen atoms 
added to each of the bridge carbons and to nitrogens of 
the pyrrole rings (see Fig. 13-1B). Porphyrinogens are 
very sensitive to oxidation. When the heme biosynthetic 
intermediates uroporphyrinogen and coproporphyrino-
gen are oxidized to the corresponding porphyrins, they 
can no longer serve as substrates (Fig. 13-2) and are 
excreted in urine and stool. Protoporphyrinogen oxidase 
(PPO) also requires the reduced compound protopor-
phyrinogen as substrate. Nonenzymatic oxidation of the 
substrate to protoporphyrin results in excretion of proto-
porphyrin in stool.

Hans Fischer2 originally developed the porphyrin 
nomenclature currently used. Protoporphyrin IX was the 
ninth isomer of protoporphyrin synthesized by Fischer 
and corresponded to the only isomer of protoporphyrin 
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Box 13-1 Clinical Classifi cation of the Porphyrias

PHOTOSENSITIVITY SYMPTOMS

Congenital erythropoietic porphyria (4)*
Porphyria cutanea tarda (5)†

Hepatoerythropoietic porphyria (5)*
Erythropoietic protoporphyria (8)*

NEUROVISCERAL SYMPTOMS

Aminolevulinate dehydratase porphyria (2)*
Acute intermittent porphyria (3)‡

PHOTOSENSITIVITY AND NEUROVISCERAL SYMPTOMS

Hereditary coproporphyria (6)‡

Variegate porphyria (7)‡

Numbers in parentheses designate the enzymatic defect 
responsible for the disorder (see Fig. 13-2).

*Clinical manifestations usually recognized in childhood.
†Clinical manifestations rarely recognized in childhood.
‡Clinical manifestations rarely occur before puberty except in 

children with homozygous or compound heterozygous 
genotypes.
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found in nature. Uroporphyrinogen and coproporphy-
rinogen can occur in four isomeric forms, but only the I 
and III forms occur in nature. The I and III isomers of 
uroporphyrinogen differ solely in the position of the 
acetate and propionate side chains on the D ring (see Fig. 
13-1), but only the III isomer can ultimately be converted 
to protoporphyrin IX and heme.

In eukaryotic cells, the heme biosynthetic pathway 
is divided between three compartments: the mitochon-
drial matrix, the mitochondrial intermembrane space, 
and the cytosol (Fig. 13-2). The pathway enzymes 
have been intensively studied in recent years. All of 
the genes have been cloned, and mutations responsible 
for the porphyrias have been identifi ed. The crystal struc-

tures of all the enzymes have been determined, and 
these structures have provided models for the mecha-
nisms of catalysis and the effects of specifi c mutations 
(Table 13-1).

Here, we will dissect the complex heme biosynthetic 
pathway into four basic processes, and each porphyric 
disorder will be described in the context of the process 
that is defective:

1. Formation of the pyrrole
2. Assembly of the tetrapyrrole
3. Modifi cation of the tetrapyrrole side chains
4. Enzymatic oxidation of protoporphyrinogen IX to 

protoporphyrin IX and insertion of iron
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TABLE 13-1 Porphyrias, Causative Genes, Chromosomal Locations and Protein Codes

Disease Gene Location OMIM EC PDB

None ALA-S1 3p21.1 125290 2.3.1.37 2BWN*
X-linked sideroblastic anemia ALA-S2 Xp11.21 301300 2.3.1.37
Aminolevulinate dehydratase defi ciency porphyria ALA-D 9q34 125270 4.2.1.24 1PV8
Acute intermittent porphyria PBG-D 11q23.3 609806 4.3.1.8 1PDA*
Congenital erythropoietic porphyria URO3-S 10q25.2 263700 4.2.1.75 1JR2
Porphyria cutanea tarda URO-D 1p34 176100 4.1.1.37 1URO
Hereditary coproporphyria CPO 3q12 121300 1.3.3.3 1R3Q
Variegate porphyria PPO 1q22 600923 1.3.3.4 1SEZ*
Erythropoietic protoporphyria FECH 18q21.3 177000 4.99.1.1 2HRC

*Structure of bacterial homologue.
EC, Enzyme Commission number; OMIM, Online Mendelian Inheritance in Man; PDB, Protein Data Base.

FORMATION OF THE PYRROLE

The d-Aminolevulinate Synthases

Regulatory mechanisms controlling heme synthesis in 
erythroid precursors and in the liver differ. In the liver, 
heme biosynthesis must respond rapidly to changing 
metabolic requirements. In erythroid cells, the pathway 
is regulated to permit a high steady-state level of heme 
synthesis, and regulation is tied to the availability of iron. 
The fi rst and rate-limiting enzyme in the pathway in all 
cells condenses glycine and succinyl coenzyme A to yield 
ALA (Fig. 13-3). This highly exergonic reaction occurs 
in the mitochondrial matrix and involves cleavage of the 
thioester bond of succinyl coenzyme A. Two ALA syn-
thase (ALA-S) enzymes have evolved to accommodate 
the requirements of the liver (and other tissues) and the 
unique demands of the erythron. The fi rst, ALA-S1, is 
expressed ubiquitously but at very low levels in erythroid 
precursors. The dominant form of ALA-S in erythroid 
cells is ALA-S2. The gene encoding ALA-S1 maps to the 
short arm of chromosome 3,3 whereas ALA-S2 is encoded 
on the X-chromosome.4 The two forms of ALA-S are 
62% identical at the amino acid level.5 Although these 
two forms of ALA-S are regulated differently, both 
forms require pyridoxal 5-phosphate (PLP) as a cofactor, 
and both are expressed as homodimers. Pyridoxine defi -
ciency is therefore associated with hypochromic 
anemia.

ALA synthases are highly conserved between species, 
and the crystal structure of a bacterial ALA-S (from 
Rhodobacter capsulatus) has been determined6 (Fig. 13-4). 
The crystal structure supports the enzyme mechanism 
that had been suggested by biochemical studies.7

In eukaryotes, both forms of ALA-S are synthesized 
in the cytosol and then translocated to the mitochondrial 
matrix, the site of generation of succinyl coenzyme A by 
the tricarboxylic acid cycle. Both forms contain an amino-
terminal mitochondrial targeting sequence that also 
contains heme binding domains designated as heme 
regulatory motifs (HRMs).8 Binding of heme to the 
HRM inhibits mitochondrial import of both forms of 
ALA-S, which represents a post-translational point of 
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densation with succinyl coenzyme A (succinyl-CoA), followed by 
release and recycling of CoA. The origin of the carbon atoms in ALA 
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end-product feedback inhibition of the pathway.9 The 
effect is greater for ALA-S1 than for ALA-S2. In addi-
tion, developing erythroid cells express a heme trans-
porter that prevents the accumulation of unbound heme 
in the cytosol (FLVCR).10

The genes for both ALA-S1 and ALA-S2 are tran-
scriptionally regulated, but by quite different mecha-
nisms. Extensive studies in avian embryonic liver cells 
indicated that hemin, a chloride salt of heme, represses 
transcription of ALA-S1,11 but the precise mechanism 
responsible for this effect has not been defi ned. Tran-
scription of ALA-S1 is upregulated by the peroxisomal 
proliferator–activated receptor γ coactivator 1α (PGC-
1α),12 a coactivator of nuclear receptors and transcription 
factors.13 Transcriptional regulation of ALA-S1 by PGC-
1α is mediated by the interaction of Nrf-1 (nuclear regu-
latory factor 1) and FOXO-1 (a forkhead family member) 
with the ALA-S1 promoter.14 When cellular glucose levels 
are low, transcription of PGC-1α is upregulated,15,16 
thereby leading to increased levels of ALA-S1 and creat-
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humans, but downregulation of ALA-S1 by infusion of 
glucose or hemin (or both) forms the basis of therapy for 
acute porphyric attacks.17

In contrast to ALA-S1, ALA-S2 is transcriptionally 
regulated by erythroid-specifi c factors (including GATA1) 
that interact with promoter sequences found in many 
genes differentially regulated in red cells.24 Translational 
regulation also plays a major role in regulating expression 
of ALA-S2. The ALA-S2 transcript contains a 5′ iron 
responsive element (IRE) that interacts with an IRE-
binding protein (IRP).25 The IRE-IRP complex prevents 
translation of ALA-S2 mRNA. Addition of an iron-sulfur 
cluster (Fe/S) to IRP1 changes the conformation of the 
protein and reduces its affi nity for IRE. Fe/S clusters are 
generated and exported by mitochondria, thus linking 
regulation of heme biosynthesis in the red cell to the 
availability of iron and mitochondrial function.26-28 Muta-
tions in ALA-S2 cause X-linked sideroblastic anemia. 
This disorder and the spectrum of causative ALA-S2 
mutations are described in detail in Chapter 12.

d-Aminolevulinate Dehydratase

Once synthesized, ALA exits mitochondria by an 
unknown mechanism probably involving a transporter. 
In the cytosol, two molecules of ALA undergo a conden-
sation reaction catalyzed by aminolevulinate dehydratase 
(ALA-D, also known porphobilinogen synthase) to form 
the monopyrrole porphobilinogen (Fig. 13-6). The crystal 
structure of human ALA-D and ALA-D from many other 
species indicates that the enzyme functions as a tetramer 
of homodimers formed from eight identical subunits.29,30 
Each of the homodimers contains one active site.31 Each 
of the eight subunits binds a zinc atom, and the enzyme 
is inactivated by replacement of the zinc with lead, hence 
the hypochromia of lead poisoning. Four zinc molecules 
are essential for catalysis. The remaining four zincs serve 
to stabilize the tertiary structure of the enzyme.32-34 Each 
active site binds two molecules of ALA through the for-
mation of Schiff base linkages with active-site lysine resi-
dues, one for each of the two substrate molecules. One 
molecule of ALA contributes the acetate side chain and 
the aminomethyl groups of PBG. The other contributes 
the propionate side chain and the pyrrole nitrogen (Fig. 
13-6).

In contrast to ALA-S, there is a single ALA-D gene 
located on chromosome 9q3434a (see Table 13-1). The 
gene consists of two alternatively spliced noncoding 
exons (1A and 1B) and 11 coding exons34b (see Fig. 
13-5). The translational start site is located in exon 2. A 
housekeeping promoter is located upstream of exon 1A, 
and a second erythroid-specifi c promoter is located 
between exons 1A and 1B. The erythroid promoter con-
tains binding sites for erythroid-specifi c transcription 
factors, including GATA1.34b Although the housekeeping 
and erythroid transcripts differ, they both encode identi-
cal proteins because they share the same translational 
start site in exon 2.

CoA

PLP

Succinate

Glycine

FIGURE 13-4. The active site of aminolevulinate synthase (ALA-S) 
from Rhodobacter capsulatus. Pyridoxal phosphate (PLP, orange) forms 
a covalent linkage with a lysine residue. Glycine is bound through a 
transient Schiff base with PLP. Condensation with the succinate moiety 
of succinyl CoA (CoA in green) allows the release of CoA, ALA, and 
PLP. The PLP cofactor is then bound again for subsequent rounds of 
catalysis. (Figure based on the coordinates 2BWN, available from the 
Protein Data Bank.)

ing conditions capable of precipitating acute attacks of 
the neurovisceral porphyrias. Upregulation of PGC-1α 
probably explains the clinical observation that fasting 
may precipitate attacks whereas glucose infusions are 
useful therapeutically.17,18

There are two alternate splice forms of ALA-S1 in 
humans. The major form lacks exon 1B (Fig. 13-5) and 
is destabilized by heme.19,20 The minor form includes 
exon 1B and is resistant to heme-mediated destabiliza-
tion.21 It is apparent that heme regulates ALA-S1 by 
multiple mechanisms, including transcription, transla-
tion, and translocation of the protein from the cytosol to 
the mitochondria. The regulatory effects of heme are 
mediated by the concentration of heme in small “pools” 
of heme not bound to hemoproteins.22,23 Factors deplet-
ing unbound heme pools result in induction of ALA-S1, 
an effect that is the prime factor in precipitating acute 
attacks of the neurovisceral porphyrias. No disease-
causing mutations of ALA-S1 have been identifi ed in 
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A common polymorphism of ALA-D, K59N,35 has 
been detected in approximately 10% of white individu-
als,36,37 3% of African Americans,36 and 6% to 11% of 
Asians.37 This polymorphism has been designated the 
ALA-D2 allele. The ALA-D2 allele retains normal enzyme 
activity and appears to have higher affi nity for both zinc 
and lead than the ALA-D1 allele does.38 Lead entering 
plasma is rapidly taken up by red cells and binds to 
ALA-D by displacing zinc and inactivating the enzyme.39 
Multiple studies have shown an association between the 
ALA-D2 allele and high blood lead levels,36,38 but it 

remains unclear whether this allele is associated with 
increased susceptibility or increased resistance to lead 
toxicity.39

Although the quaternary structure of human ALA-D 
is that of a homo-octamer, recent studies have also 
detected a homohexamer form of ALA-D composed of 
three homodimers. The homohexamer has low enzyme 
activity. The octameric and hexameric forms of ALA-D 
are described as morpheeins, which indicates that disso-
ciation of the high-activity octamer is followed by a con-
formational change and then reassembly as the structurally 



 Chapter 13 • The Porphyrias 577

different low-activity hexamer. Conformational changes 
in the component dimers may result from substrate 
binding, but the most dramatic effects result from ALA-
D mutations causing ALA-D porphyria.

In all tissues the enzymatic activity of ALA-D greatly 
exceeds the activity of ALA-S. The abundance of ALA-D 
in comparison to all of the heme biosynthetic enzymes 
has been ascribed to the fi nding that ALA-D plays several 
roles: it serves as a proteasome inhibitor affecting the 
adenosine triphosphate (ATP)/ubiquitin-dependent deg-
radation of proteins, plays a role in chaperone-assisted 
protein folding, and is an enzyme in the heme biosyn-
thetic pathway.40

Aminolevulinate Dehydratase 
Defi ciency Porphyria

ALA-D defi ciency porphyria (ADP) is caused by homo-
zygosity or compound heterozygosity for mutations of the 
ALA-D gene.

Frequency. ADP is an autosomal recessive disorder 
resulting from loss-of-function mutations of ALA-D. The 
disorder is exceedingly rare, and fewer than 10 cases have 
been reported, 2 in one family.41 Most of the cases have 
represented compound heterozygotes. Eleven disease-
causing ALA-D mutations have been described, 10 of 
which are point mutations leading to amino acid substi-
tutions.42,43 The sole exception is the deletion of two 
sequential bases resulting in a frameshift yielding a pre-
mature stop codon.44 Estimates of the frequency of het-
erozygosity for loss-of-function alleles of ALA-D, based 
on half-normal or less enzyme activity in the erythrocytes 
of asymptomatic northern Europeans, range from 1% to 
2%.45,46 The extreme rarity of homozygosity or com-
pound heterozygosity for ALA-D mutations suggests a 
high incidence of embryonic lethality when two mutant 
alleles of ALA-D are present.

Clinical Manifestations. The clinical manifestations of 
ADP resemble those of the neurovisceral porphyrias but 
vary greatly in severity. The fi rst two cases reported by 
Doss and colleagues47,48 in Germany involved unrelated 
15-year-old boys. Both suffered recurrent attacks of 
abdominal pain, nausea, vomiting, constipation, tachy-
cardia, and a motor neuropathy causing paralysis. In a 
third German patient reported by Doss and associates,49 
symptoms also developed at age 15, including abdominal 
pain and a severe polyneuropathy. All three German 
patients were compound heterozygotes for ALA-D 
mutations.

The youngest reported patient with ADP was a 
Swedish boy in whom muscle hypotonia was recognized 
at birth. At the age of 3 years, recurrent attacks of ab -
dominal pain, vomiting, and motor polyneuropathy 
developed. This child also proved to be a compound 
heterozygote for ALA-D mutations.50 A liver transplant 
was performed at the age of 6 under the assumption that 
the metabolic defect was most profound in the liver. No 

change in excretion of ALA was observed after the 
transplant, thus strongly suggesting that red cells were 
the major source of this porphyrin precursor. The child 
died at the age of 9 of pneumonia and respiratory 
defi ciency.51

The oldest reported patient with ADP was a Belgian 
man in whom a motor neuropathy and markedly increased 
urinary excretion of ALA developed at the age of 63.52 
ALA-D activity in his erythrocytes was dramatically 
reduced to 1% of normal controls. The syndrome devel-
oped together with a clonal myeloproliferative disorder, 
namely, polycythemia vera. Molecular studies revealed 
heterozygosity for a loss-of-function mutation (G133R) 
present in the polycythemia clone that became clinically 
manifested with clonal expansion.53 This represents the 
only case in which a fully penetrant phenotype occurred 
in a heterozygote.

In two other cases, partial biochemical evidence of 
ALA-D defi ciency was detected in heterozygotes, but by 
a completely different mechanism. The fi rst was a healthy 
Swedish newborn undergoing neonatal screening for 
hereditary tyrosinemia.54 Erythrocyte ALA-D activity 
was 12% of normal, and there were slight elevations in 
urinary ALA and coproporphyrin, as well as an increase 
in erythrocyte protoporphyrin. The child proved to be 
heterozygous for an F12L mutation, a catalytically inac-
tive mutant that also affects the secondary structure of 
the protein and favors the formation of (with wild-type 
protein) the low-activity hexameric form of ALA-D.43,55 
Despite the ALA-D defect, the child remained healthy 
and developed normally.

The second case of partial biochemical expression in 
a heterozygous ALA-D mutant occurred in a 23-year-old 
American man and was also due to the F12L mutation.56 
This patient had an acute porphyric attack that was 
clinically and biochemically compatible with hereditary 
coproporphyria (HCP). Indeed, a mutation of copropor-
phyrinogen oxidase (CPO) was identifi ed. Because 
of a greater than usual increase in urinary ALA excretion 
and an increase in erythrocyte zinc protoporphyrin, 
an additional defect in ALA-D was suspected. 
Subnormal erythrocyte ALA-D activity was detected, 
and molecular studies revealed heterozygosity for the 
F12L mutation.

Pathogenesis. The pathogenesis of the symptom 
complex associated with ADP is poorly understood. It 
has been suggested that ALA may act as a neurotoxin 
based on structural similarities between ALA and gluta-
mate and ALA and γ-aminobutyric acid (GABA).57 High 
concentrations of ALA may interact with GABA recep-
tors or inhibit uptake of glutamate. ALA has been dem-
onstrated to bind to GABA receptors in vitro, and GABA 
receptors are highly expressed by oligodendrocytes.58 In 
addition, oligodendrocytes are highly sensitive to gluta-
mate-dependent metabolic pathways, which could be 
impaired by the effect of ALA on glutamate uptake.59 A 
possible role for ALA as a neurotoxin is supported in 
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patients with hereditary tyrosinemia, who exhibit neuro-
visceral symptoms associated with marked inhibition of 
ALA-D by succinylacetone60 (see later).

Laboratory Diagnosis. Although ADP is rare, it should 
be suspected when an acute attack of abdominal pain 
suggests the possibility of a porphyric attack, especially 
when a prominent distal motor neuropathy is present. 
The dramatic reduction in ALA-D activity (to levels of 
5% or less) results in the urinary excretion of large 
amounts of ALA and normal or minimally increased 
levels of PBG, a fi nding that distinguishes ADP from 
other neurovisceral porphyrias. Urinary excretion of cop-
roporphyrin is markedly increased. The mechanism 
responsible for the increase in urinary excretion of cop-
roporphyrin is not known, but similar fi ndings occur 
when ALA-D is inhibited in lead poisoning and when 
ALA is administered orally to normal individuals.61 Zinc 
protoporphyrin accumulates in erythrocytes in patients 
with ADP, again by a poorly understood mechanism.

Heterozygous parents and siblings of probands with 
ADP have approximately half-normal ALA-D activity as 
measured in red cell lysates. Erythrocyte ALA-D assays 
are available in reference laboratories in the United States 
and Europe. Gene sequencing is available for mutation 
analysis of ALA-D through the Department of Human 
Genetics at the Mount Sinai School of Medicine in 
New York.

It is important to emphasize that ALA-D activity can 
be subnormal in disorders other than ADP. Patients with 
lead poisoning often exhibit clinical signs and symptoms 
similar to those found in patients with ADP and other 
neurovisceral porphyrias. Lead in plasma is taken up by 
red cells and inhibits ALA-D activity by displacing zinc 
atoms from the enzyme.39 The result is excess ALA in 
blood and urine, excess urinary excretion of copropor-
phyrin, and accumulation of zinc protoporphyrin in 
erythrocytes, fi ndings also associated with ADP. The 
abnormal accumulation and excretion of porphyrins may 
be due, in part, to inhibitory effects of lead on CPO and 
FECH62 but are more likely due to disposition of the 
excess ALA, as occurs in ADP. Lead poisoning can be 
distinguished from ADP by measuring the blood lead 
level.

Patients with hepatorenal tyrosinemia type I, an 
autosomal recessive disorder caused by defi ciency of 
fumarylacetoacetate hydrolase (FAH), manifest acute 
episodes of porphyric-like neurologic crises and secrete 
large amounts of ALA in urine.63 The FAH defect results 
in the generation of succinylacetone, a structural ana-
logue of ALA and a potent inhibitor of ALA-D.64

A single patient with an acquired reversible, uniden-
tifi ed inhibitor of ALA-D, high urinary ALA levels, and 
a porphyria-like acute attack has been reported.65 In 
addition, both styrene and bromobenzene have been 
shown to inhibit ALA-D in rats.66,67 Humans exposed to 
these compounds have moderately decreased erythrocyte 
ALA-D activity but do not suffer clinical consequences.

ADP is a rare disorder that must be differentiated 
from other causes of ALA-D defi ciency. Biochemical and 
molecular evidence is essential to establish the diagnosis 
of ADP.

Treatment. Clear recommendations for the treat-
ment of ADP are diffi cult because the number of reported 
cases is small and the results of therapy have been vari-
able. Suppression of ALA-S1 by the infusion of heme 
(heme arginate) proved effective in three German patients 
(all adolescent boys),48,49 and infusions of glucose, nar-
cotic analgesics, and hemin were effective in a 14-year-
old American boy.42 Hemin infusion proved ineffective in 
a Swedish infant.50 The Swedish child underwent liver 
transplantation at the age of 7,68 but there were few bio-
chemical or clinical changes. The fi ndings in the Swedish 
infant suggest that the main source of excess ALA was 
the erythron.

Avoidance of drugs known to induce acute attacks in 
other neurovisceral porphyrias, generally by depleting 
hepatic heme pools and inducing ALA-S1, is suggested 
but has not been proved to be useful.

ASSEMBLY OF THE TETRAPYRROLE

Porphobilinogen Deaminase

A polymer of four molecules of PBG is generated by 
porphobilinogen deaminase (PBG-D, a.k.a. hydroxy-
methylbilane synthase), a cytosolic enzyme. The polymer, 
an unstable tetrapyrrole, is designated hydroxymethylbi-
lane (HMB) (Fig. 13-7). PBG-D functions as a monomer, 
and the crystal structure of the enzyme from several 
sources has been determined.69 Purifi cation of PBG-D 
from both mammals and bacteria has yielded an enzyme 
with a dipyrrole (dipyromethane) in the active site. 
The dipyrrole serves as a cofactor and is required for 
enzyme activity. A novel mechanism has been proposed 
to explain how PBG-D acquires the dipyrrole.70 PBG-D 
fi rst binds HMB and then deaminates and polymerizes 
two additional molecules of PBG to form a hexapyrrole. 
The distal tetrapyrrole is cleaved and released as 
HMB. The proximal dipyrrole remains covalently bound 
through a thioester linkage and serves as the cofactor 
for subsequent rounds of catalysis71 (Fig. 13-8). The 
source of the fi rst HMB molecule to bind to PBG-D 
remains unexplained. Polymers of PBG can be formed 
nonenzymatically,72 but incubation of apo–PBG-D with 
PBG yields very little holoenzyme with the dipyrrole 
cofactor bound.73 It seems likely that the sequence 
of events involves nonenzymatic condensation of 
four molecules of PBG to form the aminomethylbilane, 
which interact with PBG-D. Though a poor substrate, 
aminomethylbilane is deaminated to form HMB, 
which is capable of forming a covalent thioester 
bond with PBG-D leading to assembly of the initial 
hexapyrrole.70
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FIGURE 13-7. Reaction catalyzed by 
porphobilinogen deaminase (PBG-D). 
A dipyrrole cofactor, dipyromethane 
(red), is covalently linked to the enzyme 
via a thioester bond. Four molecules of 
PBG are added, each releasing an amino 
group. Once a hexapyrrole has been 
formed, the terminal tetrapyrrole is 
cleaved and released as hydroxymethyl-
bilane (HMB). The acetate (a) and 
propionate (p) side chains of the mono-
pyrroles are labeled.

The human PBG-D gene has been cloned and 
mapped to chromosome 11q23-11qter.74,75 The gene 
spans 10 kilobases (kb) and contains 15 exons.76 Two 
separate promoters control transcription and allow tissue-
specifi c regulation of gene expression, a mechanism also 
used by ALA-D and uroporphyrinogen III synthase 
(URO3-S) (see Fig. 13-5). The housekeeping promoter 
lies upstream of exon 1 and is active in all tissues. The 
erythroid-specifi c promoter lies upstream of exon 2 and 
resembles other erythroid-specifi c promoters.77 Process-
ing of the transcript initiated by the housekeeping pro-
moter results in splicing of exon 1 to exon 3 and loss of 
exon 2. Transcription initiated by the erythroid promoter 
results in a transcript containing exons 2 through 15. 
Translation of erythroid mRNA is initiated at an AUG 
located in exon 3 because exon 2 lacks an AUG codon.76 
The AUG translational start codon in exon 1 of the 
housekeeping transcript is spliced in frame with the AUG 
in exon 3, thereby resulting in a protein 17 amino acids 
longer at the amino-terminus than the erythroid 
protein.78

Acute Intermittent Porphyria

Acute intermittent porphyria (AIP) is caused by muta-
tions of the PBG-D gene. More than 300 PBG-D muta-
tions have been described.79 The spectrum of mutations 
includes point mutations, deletions, duplications, and 
insertions, and they have been found in the housekeeping 
promoter, in exons 1 and 3 through 15, and in each of 
the 14 introns. Exon 12 appears to be a mutational hot 
spot with 46 identifi ed mutations.79

Frequency. AIP is transmitted as an autosomal domi-
nant trait, although occasional homozygotes or com-
pound heterozygotes have been reported.57,80-83 AIP is the 
most common of the acute neurovisceral porphyrias, but 
estimates of prevalence vary according to the screening 
method used (clinical manifestations, erythrocyte PBG-

D assays, molecular methods). Prevalence estimates 
based on clinical diagnoses range from 3 to 5 per 100,000 
in Finland, Australia, and the United States.84,85 Esti-
mates of prevalence in Sweden are higher at 1 in 10,000, 
mainly because of a founder effect in northern Sweden.86 
When subnormal erythrocyte PBG-D activity is used for 
screening, the incidence of AIP in European populations 
is as high as 20 to 200 per 100,000.87,88 Estimates based 
on erythrocyte PBG-D activity must be interpreted with 
caution because the normal range is wide, with consider-
able overlap between low-normal and high-activity carrier 
values. Additionally, improper sample processing, storage, 
and shipping lead to decreased enzymatic activity.17 
Molecular screening for PBG-D mutations on a large 
scale in a general population has not been done. It is 
likely that the prevalence of undetected gene carriers in 
the population may be high because most gene carriers 
remain free of symptoms throughout their lives and only 
10% to 20% experience acute attacks.89 In all series, 
clinical symptoms occur more commonly in women than 
men.

Clinical Manifestations. Clinical manifestations of 
AIP may occur before puberty in homozygotes or com-
pound heterozygotes for PBG-D mutations, but most 
cases occur after puberty.80,82,83,90 Pediatricians are likely 
to encounter adolescent patients with symptomatic AIP, 
particularly adolescent girls after menarche. Virtually all 
of the clinical signs and symptoms that characterize 
attacks of AIP are due to neurovisceral dysfunction 
(Table 13-2). Diffuse abdominal pain, often accompa-
nied by nausea, vomiting, abdominal distention, and con-
stipation, is the most common symptom of an acute 
attack.85,91-95 The abdominal pain is usually unremitting 
and severe but may occasionally be cramping. Decreased 
bowel sounds and even signs of ileus are generally present, 
although some attacks may be associated with enhanced 
gut motility and diarrhea. Tachycardia is present in up to 
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TABLE 13-2 Signs and Symptoms of an Acute Porphyric Attack

Signs and Symptoms Frequency* Comments

GASTROINTESTINAL
Abdominal pain Common Generally constant and not localized
Nausea and vomiting Common Accompanies abdominal pain
Constipation Common Urinary retention may occur also
Diarrhea Uncommon

NEUROLOGIC
Pain in the back, chest, neck, 
head, extremities

Occasional Pain may migrate to the abdomen. May be accompanied by a sensory 
neuropathy

Paresis Common More proximal than distal. Arms involved more often than the legs
Respiratory paralysis Uncommon Occurs with progressive motor neuropathy and paresis
Mental symptoms Occasional Ranges from agitation to psychosis
Convulsions Uncommon Mainly occurs with hyponatremia

CARDIOVASCULAR
Tachycardia Common Rate control with β-blockers may be needed
Systemic arterial hypertension Occasional May become chronic and affect renal function

*Common, greater than 61%; occasional, 21% to 60%; uncommon, less than 20%.

80% of attacks,94 but in some series the frequency is as 
low as 37%.91 Other symptoms secondary to sympathetic 
overactivity or autonomic neuropathy include hyperten-
sion, tremors, sweating, and restlessness. Anxiety is a 
particularly common symptom, both during acute attacks 
and between attacks.96 A variety of other neuropsychiatric 
symptoms associated with AIP ranging from hypomania 
to overt psychotic behavior have been described,97-99 and 
psychiatric symptoms may be the only manifestation of 
biochemically evident AIP.100,101

Peripheral neuropathy may occur with or without an 
acute attack of abdominal pain. The neuropathy, caused 
by axonal degeneration, is manifested mainly as muscle 
weakness in the extremities.102 Nerve conduction abnor-
malities may be minor, even with symptomatic weakness, 
but sophisticated studies of slow motor fi ber conduction 
have been abnormal, even in the absence of symp-
toms.103,104 Cranial neuropathies are uncommon, although 
blindness secondary to optic nerve involvement or occipi-
tal lobe involvement has been reported.105,106

Seizures may occur during an acute attack and are 
often associated with hyponatremia.107 When serum 
sodium levels are normal, it is diffi cult to determine 
whether the seizure is due to porphyria or to coexistent 
idiopathic epilepsy. In a large study including 268 patients, 
the lifetime prevalence of seizures was 5.1% in those who 
had suffered at least one acute attack and 2.2% in known 
carriers.107 Seizures occurring during latent periods are 
likely to be related to AIP. It is essential to establish a 
fi rm diagnosis of idiopathic epilepsy in patients with AIP 
who experience seizures because many antiseizure medi-
cations may precipitate acute attacks (see later). If sei-
zures are associated with the hyponatremia of an acute 
attack, prolonged antiseizure therapy is not necessary.

Hyponatremia is a common fi nding during acute 
attacks.91,108 Hyponatremia may be due to inappropriate 

secretion of antidiuretic hormone,109 but renal salt wasting 
has been implicated in patients with the lowest serum 
sodium levels.91 Serum sodium values below 120 nmol/L 
are generally found only in severe attacks.110

The likelihood of full recovery after an acute attack 
has increased dramatically over the last 25 years, undoubt-
edly because of the introduction of effective therapy with 
hemin or heme arginate (see later). The risk of death, 
however, has not been eliminated. A review of 136 
patients hospitalized with acute attacks at the University 
of Minnesota between 1940 and 1998 (i.e., both before 
and after the introduction of hemin therapy) found that 
29 (21%) had died during an acute attack.111 In a study 
from Finland and Russia, 7 of 55 patients (13%) died as 
the result of an acute attack between 1966 and 2002 
(hematin therapy was fi rst used in 1971112 but was not 
widely used until 1978113,114). In another study of 47 
Finnish patients ascertained between 1967 and 1989, six 
deaths (12.8%) occurred as the result of an acute 
attack.89

Pathogenesis. Heterozygotes for PBG-D mutations 
have approximately half-normal enzyme activity in all 
tissues, which is usually suffi cient for heme homeostasis. 
The enzymatic defect becomes manifested when demand 
for hepatic heme is increased and ALA-S1 is induced. 
The result is increased production of ALA and PBG, 
which creates a situation in which the half-normal activ-
ity of PBG-D becomes rate limiting and PBG (and ALA) 
accumulate in hepatocytes, circulate in plasma, and are 
excreted in urine. Drugs are the most commonly recog-
nized factors that increase the demand for hepatic heme, 
especially those metabolized by hemoprotein enzymes of 
the cytochrome P-450 family. Barbiturates, anticonvul-
sants, and steroid hormones are well-recognized precipi-
tating factors in patients with AIP, but other factors not 
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porphyria and performance of a highly specifi c laboratory 
test. An acute porphyria is frequently not considered 
until fruitless, expensive imaging studies (and often 
unnecessary surgical exploration) are complete.

Increased urinary excretion of PBG is the key diag-
nostic fi nding in patients suffering an acute attack of AIP, 
HCP, or VP. Most methods used to quantify urinary PBG 
excretion rely on formation of a violet pigment when the 
sample is reacted with p-dimethylaminobenzaldehyde 
(Ehrlich’s aldehyde). Because Ehrlich’s aldehyde reacts 
with other compounds secreted in urine, mainly urobi-
linogen, PBG must be partially purifi ed. Ion exchange 
chromatography effectively separates PBG and ALA 
from interfering substances.120 PBG can then be reacted 
with Ehrlich’s aldehyde. ALA is condensed with ethyl 
acetoacetate to form a pyrrole, which will react with 
Ehrlich’s aldehyde. Ion exchange chromatography is a 
rapid, specifi c assay when performed in an experienced 
laboratory and measures both ALA and PBG. Typical 
reference ranges for excretion of PBG are 0 to 18 μmol/
day (0 to 4 mg/day); values for ALA range from 0 to 
60 μmol/day (0 to 8 mg/day). In contrast, during an acute 
attack, urinary PBG excretion generally ranges from 220 
to 880 μmol/day and ALA excretion ranges from 100 to 
450 μmol/day.17

A simplifi ed method for measuring PBG at the 
bedside or in the emergency department uses a small 
anion exchange column packed in a kit that includes all 
the required reagents and a color chart. The trace PBG 
kit (Thermo Trace/DMA, Arlington, TX) can detect PBG 
at concentrations greater than 6 mg/L.121 The kit does not 
measure ALA.

Urinary porphyrin excretion (mainly uroporphyrin) 
is increased during acute attacks of AIP, but this fi nding 
is much less specifi c than increased excretion of PBG and 
ALA. Fecal and plasma porphyrin levels are generally 
normal. In contrast, increased urinary porphyrin excre-
tion during an acute attack of HCP or VP consists mainly 
of coproporphyrin, and stool porphyrin excretion is also 
increased. Markedly increased stool coproporphyrin and 
protoporphyrin are found in VP. Fluorescence scanning 
of diluted plasma at neutral pH readily distinguishes VP 
from the other neurovisceral porphyrias, even during 
asymptomatic periods.122,123

A word of caution is required when interpreting 
urinary porphyrin values. Minimal elevations of urinary 
coproporphyrin may be found in patients with liver 
disease, marrow disorders, and a host of other illnesses. 
An incorrect diagnosis of porphyria is commonly made 
by overinterpreting minimal elevations in urinary copro-
porphyrin, which can lead to a delay in establishing the 
true cause of the abdominal pain and other neurovisceral 
symptoms.

Assays of PBG-D activity in erythrocyte lysates have 
been widely used to confi rm the diagnosis of AIP and to 
detect asymptomatic family members once an index case 
has been identifi ed. Erythrocyte PBG-D activity is 
approximately half-normal in most patient with PCT. 

Box 13-2  Selected Drugs Unsafe for Patients 
with Neurovisceral Porphyrias*

Angiotensin-converting enzyme inhibitors
Barbiturates
Carbamazepine
Chlorpropamide
Danazol
Diphenylhydantoin
Ergots
Estrogens
Glutethimide
Griseofulvin
Mephenytoin
Metoclopramide
Primidone
Progesterone
Rifampin
Succinimides
Sulfasalazine
Sulfonamides
Sulfonylureas
Valproic acid

*A complete list of unsafe and safe drugs is available at two 
websites: http://www.porphyriafoundation.com and 
http://www.porphyria-europe.com.

directly connected with P-450 metabolism have also been 
incriminated, including fasting, dieting, and the stress of 
an acute illness.115-117 Most drugs taken by patients with 
AIP and other neurovisceral porphyrias have been clas-
sifi ed as unsafe, potentially unsafe, probably safe, or safe. 
Isolated case reports have resulted in many drugs being 
classifi ed as unsafe or potentially unsafe, so caution needs 
to be exercised when drawing conclusions. Some drugs, 
however, have repeatedly been associated with acute por-
phyric attacks and must be avoided. A selection of such 
drugs is presented in Box 13-2.

The current prevailing view is that symptoms of the 
porphyric attack result from the toxic effects of ALA or 
PBG (or both) rather than from a defi ciency of heme in 
neurons.57,118 The most striking evidence in support of 
this view is a report of a young woman with AIP who 
suffered repeated, life-threatening attacks. An allogeneic 
liver transplant normalized urinary excretion of ALA and 
PBG within a day and eliminated her recurrent neuro-
visceral attacks.118 In a second case, liver transplantation 
corrected the biochemical fi ndings in a patient with var-
iegate porphyria (VP).119 These impressive case reports 
support the causative role of hepatic overproduction of 
ALA and PBG in acute neurovisceral attacks, but it is 
premature to consider liver transplantation as a broadly 
applicable treatment, especially with the effi ciency of 
hemin or heme arginate infusions (see later).

Laboratory Diagnosis. The signs and symptoms of an 
acute porphyric attack are quite nonspecifi c, and correct 
diagnosis requires both consideration of a neurovisceral 
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Normal PBG-D activity, however, does not exclude a 
diagnosis of AIP because of differential splicing of the 
PBG-D transcript in the liver and the red cell. Mutations 
in exon 1 of the PBG-D gene affect activity of the enzyme 
in the liver, but the erythrocyte enzyme is encoded only 
by exons 2 through 15.76 Furthermore, the normal range 
for erythrocyte PBG-D activity is wide, and low-normal 
values overlap with high mutation carrier values. Falsely 
low values can be obtained when samples are processed, 
stored, or shipped improperly. It is important to empha-
size that a valid half-normal measurement of erythrocyte 
PBG-D activity does not distinguish between asymptom-
atic (latent) and clinically manifested cases of AIP. Only 
urinary PBG levels can make this distinction.

Detection of PBG-D mutations by DNA analysis has 
proved to be more reliable than PBG-D enzyme assays 
and is now the preferred method for confi rming a diag-
nosis of AIP and for identifying asymptomatic carriers. 
DNA studies have demonstrated that enzymatic assays 
may misclassify up to 15% of individuals tested.124,125 
Detection of mutations for AIP patients and their rela-
tives is now readily available through the Department of 
Human Genetics at the Mount Sinai School of Medicine 
in New York.

Treatment. Treatment of an acute attack of AIP (and 
the other neurovisceral porphyrias) is designed to repress 
the activity of hepatic ALA-S1 and to offer supportive 
care and relief of symptoms. Intravenous infusions of 
heme result in a rapid reduction in levels of ALA and 
PBG in plasma and urine.112,114,126 Heme binds to plasma 
hemopexin and albumin and is then taken up by hepa-
tocytes, where it expands the heme pool and represses 
ALA-S1. Many small, uncontrolled trials have demon-
strated both biochemical and clinical responses to infu-
sion of heme.112,114,126-130 In one study involving 22 patients 
suffering 57 acute attacks, all patients responded favor-
ably; however, therapy was most benefi cial when admin-
istered early in the attack,128 a fi nding confi rmed by 
others.129,131 A single placebo-controlled trial found dra-
matic biochemical benefi ts of heme infusion, although 
clinical benefi ts were more diffi cult to confi rm.132

Heme is not soluble at neutral pH, but solubilized 
hemin (heme chloride) and heme arginate have been 
administered to many patients. In the United States, a 
lyophilized preparation of hemin (Panhematin, Ovation 
Pharmaceuticals, Deerfi eld, IL) has been approved by 
the Food and Drug Administration for the treatment of 
acute porphyric attacks. Hemin is unstable when recon-
stituted with sterile water, and degradation may cause an 
anticoagulant effect and phlebitis at the site of infu-
sion.133,134 Phlebitis can be avoided by the use of intrave-
nous catheters that extend to larger veins (e.g., the 
superior vena cava). Instability and the locally irritating 
effects of lyophilized hemin can be attenuated by solubi-
lizing it in 25% albumin,127 a method now recom-
mended.17 The recommended regimen for heme therapy 
is 3 to 4 mg/kg infused once daily on 4 consecutive days. 

Clinical improvement generally occurs within 1 or 2 days, 
but when neuronal damage is severe because of a delay 
in initiating therapy, complete recovery may take months. 
The key to success is initiation of therapy as soon as an 
attack is recognized and completion of a 4-day course. 
Rare side effects of therapy include constitutional symp-
toms such as fever, myalgia, and malaise, but one case of 
marked hypotension135 and another of transient renal 
failure136 have been reported. The latter case was associ-
ated with an excessive dose (1000 mg) of hemin.

Heme arginate (Normosang, Orphan Pharmaceuti-
cals, Paris) is more stable than hemin in solution, is 
equally effective, and is widely available in Europe and 
South Africa but remains an experimental drug in the 
United States. Phlebitis is a rare complication with heme 
arginate,137 and the shelf life is considerably longer than 
that of hemin. Adenoviral-mediated expression of PBG-
D corrects the metabolic defect in a mouse model of 
AIP,138 but no studies have been performed in humans. 
Intravenous infusions of recombinant human PBG-D 
have been administered to normal subjects and asymp-
tomatic PBG-D mutation carriers.139 Transient decreases 
in plasma concentrations of PBG were noted, and no 
serious side effects occurred. No trials of recombinant 
PBG-D for the treatment of symptomatic AIP have been 
reported.

Intravenous infusions of glucose (300 to 500 g/day, 
administered as 10% glucose) may be effective when an 
attack is mild or until hemin is obtained17; however, 
glucose is far less effective than hemin. The mechanism 
of the glucose effect relates to the fi nding that transcrip-
tion of ALA-S1 is upregulated by PGC-1α12 and tran-
scription of PGC-1α is controlled by the availability of 
glucose. Under conditions of low glucose, PGC-1α pro-
duction is increased, thereby leading to increased levels 
of ALA-S1 and heme, conditions promoting a porphyric 
attack. Just the opposite would occur under conditions 
of high glucose. Regulation of ALA-S1 by PGC-1α ties 
together the observation that caloric deprivation can pre-
cipitate an acute porphyric attack with the benefi ts of 
high-dose glucose.140 Insulin may also downregulate 
PGC-1α,12 and it has been suggested that the combina-
tion of glucose and insulin may be more effective than 
glucose alone.18

Acute attacks require treatment of symptoms in ad -
dition to therapy directed at ALA-S1. Pain is often severe, 
and full doses of morphine or other opioids are both 
safe and effective. Phenothiazines in modest doses are 
safe and useful for control of nausea and anxiety.17 
Hypertension and tachycardia may respond to β-adren-
ergic blocking agents,141,142 but these drugs should be 
used with caution when patients are hypovolemic because 
increased catecholamine secretion is often an important 
compensatory mechanism. Seizures during an acute 
attack can be a particularly vexing problem inasmuch as 
most antiseizure drugs have the potential to worsen the 
intensity of the attack. Clonazepam and gabapentin may 
be safe,143-145 and benzodiazepines are probably safe.17 
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Hyponatremia and hypomagnesemia should be corrected 
because these abnormalities are common and may induce 
seizures.

Long-term management of patients with acute neu-
rovisceral porphyrias is focused on the prevention of 
future attacks. Avoidance of unsafe drugs is critical, as is 
maintenance of a balanced, calorically adequate diet. In 
some women, acute attacks occur only in the luteal phase 
of the menstrual cycle. In such cases, gonadotropin-
releasing hormone (GnRH) analogues can be highly 
effective.146,147 Prolonged use of GnRH analogues in 
young women may cause irreversible bone loss, but low-
dose transdermal estradiol may safely prevent this com-
plication.148,149 Both cyclic and noncyclic attacks may be 
prevented by frequent infusions of hemin113; however, the 
expense and the potential for iron overload (8 mg of iron 
per 100 mg of hemin) makes this option unattractive.

Levels of progesterone, an inducer of hepatic heme 
synthesis, are elevated in pregnancy, but pregnancy is 
well tolerated by most women with acute porphyrias. In 
a large series reported from Finland of 176 pregnancies 
in women with AIP or VP, porphyric symptoms occurred 
in less than 10%.89 Worsening symptoms during preg-
nancy may be due to harmful drugs,150,151 inadequate 
nutrition, or both.17

An unexplained fi nding in patients with AIP and VP 
is a 35- to 70-fold increased risk for the development of 

hepatocellular carcinoma.152-156 It has been suggested that 
DNA damage induced by ALA may be responsible for 
these observations.157,158

Uroporphyrinogen III Synthase

The product of the PBG-D reaction, HMB (see Fig. 
13-8), serves as the substrate for URO3-S. URO3-S cata-
lyzes the asymmetric cyclization of HMB to the III isomer 
of uroporphyrinogen. The reaction involves “fl ipping” of 
the D ring to yield the asymmetric product (Fig. 13-9). 
Rearrangement of the D ring occurs by a complex mech-
anism involving cleavage and formation of carbon-carbon 
bonds.159,160 Spontaneous cyclization of HMB can also 
occur (Fig. 13-10), but the product, uroporphyrinogen I, 
cannot ultimately be converted to heme. URO3-S func-
tions as a monomer. Although the primary sequence is 
highly divergent, the crystal structure of human URO3-S 
and a bacterial URO3-S is nearly identical.161,162 The 
structure of URO3-S from the bacterium Thermus ther-
mophilus has been determined with the uroporphyrinogen 
III product bound.162 The structure suggests that the 
enzyme prevents the formation of uroporphyrinogen I by 
positioning the A and D rings to favor the formation of 
uroporphyrinogen III (see Fig. 13-10).

The human URO3-S gene is localized to chromo-
some 10q25.2-26.3163 (see Table 13-1) and contains 10 
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coding exons.164 The translational start site is located in 
exon 2B (see Fig. 13-5). Both housekeeping and ery-
throid-specifi c transcripts are produced. The housekeep-
ing promoter lies upstream of exon 1.165 The housekeeping 
transcript results from a splicing event that joins exons 1 
and 2B. The erythroid-specifi c promoter lies within intron 
1 and contains eight GATA1 binding sites. The ery-
throid-specifi c transcript contains all of exon 2. Although 
the housekeeping and erythroid transcripts are expressed 

from different promoters, they produce identical 
proteins.

Congenital Erythropoietic Porphyria 
(Günther’s Disease)

Congenital erythropoietic porphyria (CEP) is a rare form 
of porphyria in humans caused by mutations in URO3-S. 
Fewer than 200 cases have been reported. The disorder 
is of historical interest in that it was the fi rst porphyria 
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to be recognized as an inherited trait and the fi rst to be 
characterized biochemically.166-168 CEP also occurs in 
squirrels,169 cows,170 and other species.171 More than 30 
URO3-S mutations have been reported, including exonic 
and promoter point mutations, deletions, insertions, and 
splice site mutations.172-176

Frequency. The rarity of CEP makes estimating its 
frequency diffi cult, but the disorder has been described in 
multiple ethnic groups.177 The frequency of heterozygos-
ity for URO3-S mutations is not known because heterozy-
gotes have no phenotype and population-based sequencing 
screens have not been done. Though rare, CEP is recog-
nized more frequently than ALA-D porphyria, perhaps 
because of the dramatic cutaneous phenotype.

Clinical Manifestations. Cutaneous photosensitivity 
is the most dramatic feature of CEP and is usually rec-
ognized in early infancy. The diagnosis may be suspected 
because of the dark brown color of urine-soaked diapers 
that demonstrate a distinctive, intense red-pink fl uores-
cence when illuminated with long-range ultraviolet light 
(e.g., Wood’s light)178 (Fig. 13-11). The severity of the 
skin lesions varies widely and is related to the amount of 
residual URO3-S activity,179 which in turn determines 
the magnitude of porphyrin accumulation and excretion. 
In most cases the photosensitivity is severe and character-
ized by skin fragility, bullous lesions, ulcerations, and 
secondary infections.177 If exposure to sunlight is not 
rigorously avoided, mutilation of the face and hands is 
the ultimate outcome (Fig. 13-12). A common fi nding in 

CEP and the other porphyric disorders associated with 
photosensitivity is the presumably protective response of 
extensive hypertrichosis.177 Photo-induced damage to 
nails and ocular structures may also occur.177,180,181 A 
unique fi nding in children with CEP is red-brown dis-
coloration of the teeth as a result of deposition of por-

FIGURE 13-11. The diaper from a child with congenital erythropoi-
etic porphyria. Urine porphyrins, primarily uroporphyrin I, fl uoresce 
with a brilliant pink color when illuminated with a Wood’s light.

A B

FIGURE 13-12. Skin changes in congenital erythropoietic porphyria (CEP). A, A 3-year-old boy with early facial photodermatitis. B, Severe 
case of CEP in an adult. Sun exposure has led to blistering, erosions, secondary infections, and subsequent photomutilation.
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phyrins in dentine and enamel during tooth development.182 
The teeth fl uoresce when illuminated with Wood’s light.

Hemolytic anemia of varying severity is found in 
nearly all cases, but detailed morphologic fi ndings in 
blood and bone marrow have been reported infrequently. 
Ineffective erythropoiesis may also be present. Poikilocy-
tosis, nucleated red cells, and basophilic stippling are 
common, and the marrow demonstrates erythroid hyper-
plasia and may manifest marked dyserythropoiesis.183-186 
Fluorescence microscopy may demonstrate fl uorocytes 
in peripheral blood, but this is more dramatic in bone 
marrow.171,183,186,187 Splenomegaly generally accompanies 
the hemolytic anemia, and the magnitude of splenic 
enlargement refl ects the severity of hemolysis. Leukope-
nia and symptomatic thrombocytopenia may occur as a 
result of splenic sequestration.188

A variety of osteolytic skeletal lesions have been 
described when the disease reaches the stage of mutila-
tion.177 Vitamin D defi ciency secondary to sun avoidance 
may play a role in the development of osteolysis.189 The 
role of porphyrins deposited in bone is uncertain, but at 
postmortem examination the skeleton is fl uorescent 
under long-range ultraviolet light.190

Pathogenesis. Loss-of-function mutations in URO3-
S lead to accumulation of the HMB substrate in ery-
throcyte precursors, which is readily converted 
nonenzymatically to uroporphyrinogen I (see Fig. 13-10). 
Residual URO3-S activity is generally less than 10% of 
normal. Uroporphyrinogen I may be auto-oxidized to 
uroporphyrin I or may serve as a substrate for uroporphy-
rinogen decarboxylase (URO-D) (see Fig. 13-2) and ulti-
mately generate coproporphyrinogen I. This results in a 
metabolic “dead end” inasmuch as the next enzyme in the 
pathway, CPO, is stereospecifi c and will accept only cop-
roporphyrinogen III as a substrate. Uroporphyrin I and, 
to a lesser extent, coproporphyrin I accumulate in ery-
throid precursors. Erythrocyte fragility and hemolysis 
result by an undefi ned mechanism and liberate porphy-
rins into plasma. Uroporphyrin I mediates the cutaneous 
photosensitivity191 and is excreted in urine. Coproporphy-
rin I is excreted in stool and, to a lesser extent, in urine.

Two phenotypic forms of CEP have been reported. 
In one, a partial defect in URO-D combined with a con-
genital dyserythropoietic anemia produced mutilating 
photosensitivity and massive uroporphyrinuria.192 The 
pattern of urinary porphyrin excretion differed from CEP 
in that large amounts of heptacarboxyl porphyrin were 
found in addition to even larger amounts of uroporphy-
rin. In the other, a mutation in the erythroid-specifi c 
transcription factor GATA1 resulted in subnormal 
URO3-S in red cells and a phenotype of CEP, thalasse-
mia intermedia, and thrombocytopenia.193

CEP may become evident in adult life, and clinical 
symptoms are generally less severe than in the more 
typical early-onset cases. In most of the adult-onset cases, 
moderate URO3-S defects became evident only when an 
acquired marrow disorder developed.194-199

Laboratory Diagnosis. Urinary porphyrin excretion is 
massively increased in CEP, in some cases up to 1000 
times normal. The pattern of porphyrin excretion, deter-
mined by high-performance liquid chromatography 
(HPLC), is characteristic. The dominant urine porphyrin 
is uroporphyrin I, with smaller amounts of coproporphy-
rin I.200,201 Assays of URO3-S have been performed on 
erythrocytes and cultured cells, but the assays are avail-
able in just a few research laboratories.202,203 The most 
practical way to confi rm the diagnosis of CEP is through 
direct sequencing of the gene, a procedure available 
through the Department of Human Genetics at the 
Mount Sinai School of Medicine in New York. URO3-S 
mutations can be detected in chorionic villi or cultured 
amniotic cells.204 This may be useful in subsequent preg-
nancies when parents have had a child with CEP.

Treatment. The only curative therapy for CEP is an 
allogeneic marrow transplant. Eleven patients with CEP 
who have undergone allogeneic transplantation have 
been reported.193,205-209 The published experience sug-
gests that early transplantation is preferred, but this 
approach is not universally applicable because of poten-
tial donor availability, treatment-related morbidity, and 
fi nancial constraints. Allogeneic transplants should prob-
ably be restricted to the more severe cases of CEP because 
conservative management can yield longevity of 40 to 60 
years.

The morbidity associated with marrow allografts 
could be avoided by autologous hematopoietic stem cell 
transplantation if stem cells could be stably transfected 
with normal URO3-S cDNA. This has been accom-
plished in a murine model of CEP with a lentivirus 
vector.210 Complete correction of the phenotype was 
achieved. No studies of this type have yet been reported 
in humans with CEP.

Avoidance of sunlight is at the core of conservative 
management and can be achieved with protective cloth-
ing and effective sunscreens. Conventional sunscreens 
containing para-aminobenzoic acid are ineffective, and 
opaque “pancake” makeup is preferred. Splenectomy 
may reduce the severity of hemolysis and correct the 
leukopenia and thrombocytopenia, but benefi cial effects 
on photosensitivity are often transient.211 Erythropoiesis 
and endogenous porphyrin production can be suppressed 
with aggressive transfusion regimens,212 although trans-
fusion-induced iron overload results.213

MODIFICATION OF THE TETRAPYRROLE 
SIDE CHAINS

Uroporphyrinogen Decarboxylase

Uroporphyrinogen III is converted to coproporphyrino-
gen III by sequential removal of the carboxyl groups 
of the four acetate side chains to yield four methyl 
groups. This reaction is catalyzed by cytosolic URO-D 
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lyzed by uroporphyrinogen decar-
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but coproporphyrinogen I is not a 
substrate for coproporphyrinogen 
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(Fig. 13-13). Decarboxylation of uroporphyrinogen III 
begins at the asymmetric D ring and proceeds in a clock-
wise manner.214 Uroporphyrinogen III is the preferred 
substrate. The enzyme will accept uroporphyrinogen I as 
a substrate, but the product, coproporphyrinogen I, 
cannot be converted to heme.

Human URO-D is encoded by a single gene located 
on chromosome 1p34215,216 (see Table 13-1). Unlike 
ALA-D, PBG-D, and URO3-S, there is no erythroid-
specifi c promoter in the URO-D gene.217 URO-D mRNA 
is highly expressed in developing erythrocytes, but the 
mechanism responsible for erythroid-specifi c upregula-
tion is not known.218

URO-D has been purifi ed from human erythro-
cytes,219,220 from bovine liver,221 and from yeast and bac-
teria.222 Unlike most decarboxylases, URO-D does not 
require cofactors or prosthetic groups for activity. Deter-
mination of the crystal structure of human URO-D has 
revealed that URO-D functions as a homodimer.223,224 
Each monomer contains an active-site cleft. The active 
site can accommodate only the fl exible porphyrinogen 
macrocycle225 (Fig. 13-14). Oxidation of the bridge 
carbons connecting the pyrrole rings renders the mole-
cule rigid and planar and may explain why uroporphyrin 
is not a substrate for URO-D.

Porphyria Cutanea Tarda

PCT is due to subnormal activity of URO-D in the liver. 
The disorder is characterized clinically by a photosensi-
tive dermatosis that is usually less severe than in CEP. 
Expression of the clinical phenotype is associated with 
one or more risk factors, including homozygosity for the 
C282Y mutation of the hemochromatosis gene (HFE), 
hepatitis C, alcohol abuse, and the use of medicinal estro-
gens.226-233 The frequency of these risk factors is far higher 
than the observed incidence of PCT, thus suggesting that 
susceptibility factors, either genetic or environmental and 
yet to be identifi ed, are important determinants of disease 
expression.234

Arg 37

Asp 86

FIGURE 13-14. Crystal structure of uroporphyrinogen decarboxyl-
ase with uroporphyrinogen III bound in the active site. Uroporphyrino-
gen III (green) is shown in the active site. The fully reduced bridge 
carbons permit uroporphyrinogen to adopt the domed confi guration 
positioning the 4-pyrrole nitrogens for hydrogen bonding with aspartic 
acid 86 (Asp86). The positive charge of arginine 37 (Arg37) interacts 
with the negatively charged propionate groups of uroporphyrinogen to 
correctly position the substrate in the active site. (Figure based on the 
coordinates 1R3Y, available from the Protein Data Bank.)

Two major variants have been identifi ed. The fi rst, 
designated familial PCT (F-PCT), is associated with het-
erozygosity for mutations at the URO-D locus.235-237 F-
PCT is transmitted as an autosomal dominant trait. 
Affected individuals display approximately half-normal 
URO-D activity and half-normal URO-D protein in all 
tissues.236,238 There is considerable variation in URO-D 
activity inasmuch as different mutations have varied 
effects on enzyme activity.239 F-PCT accounts for approx-
imately 25% of clinically observed cases.234,240,241 Most 
carriers of a mutant URO-D allele do not express a por-
phyric phenotype unless one or more of the risk factors 
mentioned earlier are also present.234 Clinical expression 
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of F-PCT in childhood is rare.242-247 The authors have 
evaluated three children with F-PCT, two of whom were 
brothers who were also homozygous for the C282Y HFE 
mutation.

The second major variant—and the most prevalent 
form of PCT—is designated sporadic PCT (S-PCT) and 
accounts for approximately 70% of cases.234 In S-PCT, 
reduced activity of URO-D is restricted to the liver. No 
URO-D mutations have been identifi ed in patients with 
S-PCT, and there is no evidence of a liver-specifi c URO-
D transcript.248 Nevertheless, S-PCT may cluster in 
families and thus suggests the presence of predisposing 
genetic factors.249 The concentration of URO-D protein 
is normal in all cells, including hepatocytes, yet when the 
disease phenotype is expressed, enzyme activity is mark-
edly reduced in the liver. A normal URO-D protein con-
centration coupled with subnormal URO-D enzymatic 
activity strongly suggests the presence of an enzyme 
inhibitor.250-252 Risk factors identifi ed when S-PCT is 
clinically evident are identical to those associated with 
F-PCT.226,234

A third rare variant of PCT occurs in children who 
have inherited two mutant alleles of URO-D.226,253-256 
This variant has been designated hepatoerythropoietic 
porphyria (HEP) because porphyrins accumulate in both 
the liver and red cells. Severely reduced levels of URO-D 
resulting from the genetic defect become rate limiting. 
Activity in red cell lysates is generally less than 10% of 
normal257 but may be as high as 20% in patients with a 
mild phenotype.255

A fourth variant of PCT, designated toxic PCT, has 
been associated with exposure to halogenated aromatic 
hydrocarbons. An epidemic of toxic PCT occurred in 
Turkey between 1956 and 1961 after the ingestion of 
wheat treated with the fungicide hexachlorobenzene.187,258 
Many of the Turkish cases were children. Later studies in 
animals established that halogenated aromatic hydrocar-
bons diminish hepatic URO-D activity.259-265 PCT in 
humans has also been reported after exposure to 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD)266,267 and to dichlo-
rophenols and trichlorophenols.268

Frequency. PCT is the most common of the por-
phyric disorders, but the incidence varies in different 
populations. In white populations of northern European 
origin, the incidence may be as high as 2 to 5 per 20,000, 
probably because of the high incidence of hemochroma-
tosis gene mutations in this group.268 In contrast, PCT is 
uncommon in African Americans but does occur in the 
Bantus of South Africa, in whom iron overload develops 
from drinking beer brewed in iron pots.269 PCT has 
occurred commonly in patients undergoing chronic 
hemodialysis270-272; however, substitution of erythropoie-
tin for red cell transfusions has reduced the incidence.

The high frequency of PCT, with a quarter of cases 
associated with URO-D mutations, would predict that 
HEP should not be rare. Instead, fewer than 40 cases 
have been reported.255 This is best explained by embry-

onic lethality of the extremely low residual activity of 
mutant URO-D enzymes or the lethal effect of null 
alleles.

Clinical Manifestations. Skin fragility on the dorsal 
aspect of the hands is often the initial fi nding, but blister-
ing lesions (bullae) then appear on all sun-exposed areas. 
The fl uid-fi lled bullae rupture and the denuded area 
heals slowly, often forming thick eschars and eventually 
hyperpigmented patches (Fig. 13-15). Facial hypertri-
chosis is common, particularly in children and women. 
Facial hypertrichosis may be localized to periorbital 
regions (Fig. 13-16A) or can be manifested in a lanugo-
like diffuse facial pattern with or without pigmentation 
(see Fig. 13-16B). In some patients, scleroderma-like 
skin changes develop, mainly in light-exposed areas.273,274 
When PCT becomes chronic, milia (small, cyst-like col-
lections of keratin) are common on the hands.275 Similar 
photocutaneous fi ndings have been seen in patients with 
pseudoporphyria, a disorder in which plasma and urine 
porphyrins are normal. The skin fi ndings are probably 
due to other photosensitizing compounds. Nonsteroidal 
anti-infl ammatory drugs have been implicated in most 
cases.276

The cutaneous manifestations of HEP can be very 
dramatic and may resemble those seen in CEP.277 Recur-
rent blisters and erosions complicated by infection can 
lead to severe scarring, scleroderma-like changes, and 
photomutilation.80,257 In other cases, the skin is less 
severely damaged and appears more like mild PCT.278,279 
Hemolytic anemia and splenomegaly may be present, 
fi ndings not associated with PCT.257

Evidence of abnormal liver function is nearly always 
present in patients with PCT, even in those without hepa-
titis C. In some reports, approximately 80% of males with 
PCT have been infected with hepatitis C,230,280 but the 
association of hepatitis C with PCT is lower in northern 

FIGURE 13-15. Hand of a patient with porphyria cutanea tarda. 
Bullous lesions form (note the large blister on the fi fth digit), rupture, 
and leave ulcerations that heal slowly. The resultant scars are both 
hypopigmented and hyperpigmented.
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enzyme activity is reduced to approximately 25% of 
normal, the same level of activity found in F-PCT.290,291 
These fi ndings indicate that the specifi c activity of hepatic 
URO-D is affected. Furthermore, the catalytic activity of 
URO-D returns to normal after phlebotomy-induced 
iron depletion,289 thus suggesting that an iron-dependent 
process is responsible for the reduction in specifi c activity 
of hepatic URO-D. Similar fi ndings, a reduction in URO-
D activity without a change in URO-D protein, have 
been noted in several animal models of PCT.292-296 Col-
lectively, these data suggest a common mechanism in the 
pathogenesis of PCT, namely, generation of an inhibitor 
of URO-D by an iron-dependent mechanism.

The inhibitor of URO-D in humans with PCT and 
in animal models of PCT has been identifi ed as uropor-
phomethene. Uroporphomethene differs from uropor-
phyrinogen by oxidation of a single bridge carbon between 
adjacent pyrrole rings297 (Fig. 13-18). Uroporphometh-
ene is suffi ciently fl exible to adapt to the spatial require-
ments of the active site of URO-D, but variance from the 
structure of uroporphyrinogen prevents the inhibitor 
from serving as a substrate.297

Generation of the uroporphomethene inhibitor prob-
ably requires liver-specifi c isozymes of cytochrome P-
450298; however, the mechanism of the iron effect remains 
unidentifi ed. Iron clearly plays a central role inasmuch as 
iron depletion through phlebotomy therapy reverses the 
clinical and biochemical phenotype. Replacement of iron 
removed by phlebotomy produces a prompt relapse.299 
Iron depletion prevents or dramatically attenuates the 
porphyric phenotype in animal models of PCT, and iron 

A

B

FIGURE 13-16. Facial hypertrichosis with porphyria cutanea tarda 
(PCT). A, Characteristic periorbital facial hair in a 60-year-old woman 
in whom PCT developed while receiving postmenopausal oral estrogen 
replacement. B, Diffuse lanugo-like facial hair in a 26-year-old woman 
in whom PCT developed while taking an oral contraceptive.

FIGURE 13-17. Percutaneous liver biopsy specimens from fi ve 
patients with porphyria cutanea tarda. The massive amount of porphy-
rins in hepatocytes results in striking fl uorescence under illumination 
with a Wood’s light.

Europe.280,281 The high concentration of porphyrins 
in the liver results in brilliant fl uorescence of liver 
biopsy samples illuminated with Wood’s light (Fig. 
13-17). Microscopic examination reveals needle-shaped, 
fl uorescent porphyrin crystals in hepatocytes.282 
Other histologic fi ndings are not specifi c,283 but increased 
hepatocellular iron stores are a nearly constant 
fi nding.284-286

Pathogenesis. More than 50 URO-D mutations have 
been identifi ed in patients with PCT.287,288 The functional 
consequences of many of these mutations have been 
studied,288 but heterozygosity for mutant URO-D alleles 
alone cannot explain the phenotype because half-normal 
URO-D activity is not rate limiting. Immunoreactive 
URO-D in the liver of patients with clinically evident F-
PCT is half-normal, yet enzyme activity is 25% of normal 
or less.289 No URO-D mutations are found in patients 
with S-PCT, and immunoreactive URO-D in all tissues 
is normal. When S-PCT becomes clinically evident, 
immunoreactive URO-D in the liver remains normal, but 
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supplementation accelerates development of the pheno-
type.231,264 Despite these data, PCT develops in very few 
patients with hemochromatosis or other disorders associ-
ated with iron overload. Hepatic iron loading, therefore, 
is not suffi cient to produce the PCT phenotype. Other 
factors, both genetic and environmental, appear to be 
required to create susceptibility to PCT.

The cutaneous fi ndings in PCT, as in other porphyr-
ias associated with photosensitivity, result from the inter-
action of light at a wavelength of approximately 400 nm 
(the Soret band) with porphyrins that accumulate in the 
skin.300 The photo-excited porphyrin returns to a stable 
state by emitting energy as a photon that disrupts mem-
branes and intracellular organelles.301 The photodynamic 
reaction activates infl ammatory mediators, which damage 
the epidermal basement membrane and cause fragility 
of the skin and blistering.302 Another prominent site of 
photodamage is at the vascular level of the skin, where 
thickening of superfi cial dermal vessel walls is a constant 
fi nding.303,304

Laboratory Diagnosis. Laboratory testing is essential 
for confi rmation of the clinical diagnosis of PCT and 
HEP. The appearance of the skin and skin biopsy fi ndings 
resemble those of other photosensitizing porphyrias and 
pseudoporphyria. A useful initial approach to establish-
ing that a porphyric disorder is present is to measure the 
total porphyrin content of plasma.305 A normal value 
excludes the diagnosis of PCT and HEP. If the plasma 
porphyrin level is high, additional testing is required to 
distinguish PCT and HEP from HCP and VP. Chro-
matographic separation and quantifi cation of urinary and 
stool porphyrins serve this purpose. In PCT and HEP, 
greatly increased amounts of uroporphyrin and heptacar-
boxyl porphyrin are excreted in urine (Fig. 13-19). 
Urinary excretion of coproporphyrin may be slightly 
increased.285,306 Daily urine porphyrin excretion averages 
3000 μg (normal, <50 μg) and may be considerably 
higher. Cutaneous symptoms are usually mild or absent 

when uroporphyrin excretion is less than 1000 μg/day. A 
distinctive tetracarboxylic porphyrin, isocoproporphyrin, 
is excreted in feces, but total fecal porphyrin excretion is 
normal or minimally increased.307 HEP can be distin-
guished from PCT by the presence of anemia and an 
increase in erythrocyte zinc protoporphyrin.308

Erythrocyte URO-D assays can be useful but are not 
widely available. Furthermore, distinguishing between F-
PCT and S-PCT is not critical for patient management. 
Very low activity of URO-D in erythrocyte lysates can 
distinguish HEP from F-PCT and would affect therapeu-
tic choices, but directly determining URO-D mutation 
status is more precise and facilitates genetic counseling.

In patients with PCT, additional laboratory testing is 
indicated to determine body iron burden (serum iron, 
total iron-binding capacity, and serum ferritin), liver 
function status, hemochromatosis genotype, and the 
presence or absence of antibodies to hepatitis C and 
human immunodefi ciency virus.

Treatment. Two effective forms of therapy have been 
widely used in patients with PCT, phlebotomy and low-
dose chloroquine. Phlebotomy is preferred in patients 
with marked increases in hepatic iron stores, as deter-
mined by liver biopsy and serum ferritin values. Removal 
of 500 mL of blood every 2 weeks for 3 to 4 months will 
usually surfi ce,285,309 but additional treatment is required 
for patients with hemochromatosis. The objective is to 
produce iron depletion, not iron defi ciency. A useful 
target is a serum ferritin value of approximately 50 μg/L. 
Skin lesions clear when urine porphyrin excretion falls 
below 1000 μg/day, but it may take a year or more for 
the urine to become completely normal. Relapses are 
infrequent, especially if risk factors (alcohol and oral 
estrogens) are avoided. Transdermal estrogen administra-
tion after phlebotomy-induced remission of PCT in 
women, however, appears to be safe.227

Low-dose chloroquine therapy is an effective alterna-
tive treatment and at some centers is preferred for patients 
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FIGURE 13-19. Urine porphyrin profi le in porphyria cutanea 
tarda (PCT). Urine porphyrins were separated by high-perfor-
mance liquid chromatography and quantifi ed fl uorometrically. 
The tracing from a normal person is shown in blue with the 
scale on the right (0 to 7 absorbance units). The profi le of urine 
porphyrins from a patient with PCT is shown in red, with the 
scale on the left (0 to 70 absorbance units). Uroporphyrin 
(URO) and 7-carboxyl porphyrin (HEPTA) predominate in 
the PCT sample, whereas coproporphyrin (COPRO) is the 
main porphyrin present in normal urine. The intermediate 
porphyrins with 6- and 5-carboxyl groups (HEXA and 
PENTA) are also increased in the PCT sample.

with modest iron overload.310 The time required to 
produce clinical remission is longer than with phlebot-
omy, but ultimately, the results are equivalent. Chloro-
quine at a dose of 125 mg by mouth twice weekly (or 
hydroxychloroquine at a dose of 100 mg by mouth twice 
weekly) will gradually reduce plasma and urinary por-
phyrins.311-313 Chloroquine concentrates in the liver, 
where a water-soluble complex with uroporphyrin is 
formed and promotes urinary excretion.314 Higher doses 
of chloroquine should be avoided because marked hepa-
totoxicity may occur, an effect that is unique to patients 
with PCT.315,316 There is some risk of retinopathy with 
low-dose regimens,317 and transient, modest elevations in 
transaminase values may occur.285 Because of these 
potential reactions to low-dose chloroquine regimens, 
many centers prefer phlebotomy unless comorbid condi-
tions render it unsuitable.

In contrast to PCT, phlebotomy is not effective 
therapy for HEP,257 and responses to chloroquine are 
infrequent and suboptimal.318 Treatment of HEP, as with 
CEP, is focused on symptomatic relief by avoidance of 
sunlight, use of protective clothing, and topical applica-
tion of opaque sun screens.

Coproporphyrinogen Oxidase

Coproporphyrinogen III, the product of the URO-D 
reaction, is transported across the outer mitochondrial 
membrane by an ATP-binding cassette transporter des-

ignated ABCB6.319 CPO, located in the mitochondrial 
intermembrane space, catalyzes sequential oxidative 
decarboxylation of the propionate groups of pyrrole rings 
A and B of coproporphyrinogen III to form protoporphy-
rinogen IX (Fig. 13-20). CPO uses two molecules of O2 
and releases 2 molecules of CO2 and H2O2.320 It has been 
suggested that the mechanism of the oxidative decarbox-
ylation requires molecular oxygen to act as the intermedi-
ate electron acceptor,321 but recent data suggest that 
oxygen reacts directly with the targeted pyrrole ring to 
yield a hydroperoxide that acts as the electron accep-
tor.322 The nuclear-encoded CPO protein possesses an 
unusually long leader sequence that is required for mito-
chondrial localization.9

CPO in humans, all eukaryotes, and some prokary-
otes is an oxygen-dependent enzyme.323 The crystal 
structure of both human and yeast oxygen-dependent 
CPO has been determined.321,324 The enzyme functions 
as a homodimer.323 The structure of CPO allows the 
enzyme to maintain the substrate as the reduced porphy-
rinogen, yet permits access of oxygen to the active site 
for the oxidative decarboxylation reaction and release of 
H2O2.321,324 The human CPO gene has been cloned and 
is located on chromosome 3q12.325 The CPO promoter 
region encodes an Sp-1–like element, a GATA site, and 
a novel regulatory element that interacts in a synergistic 
manner in erythroid cells.326 The GATA site is not 
required for transcription in nonerythroid tissues, but the 
novel regulatory element is necessary. There is increased 
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expression of CPO in erythroid cells, a fi nding consistent 
with erythroid upregulation mediated by the GATA 
site.327

Hereditary Coproporphyria

Mutations in CPO are the cause of HCP. The disorder 
is transmitted as an autosomal dominant trait with low 
penetrance. Affected individuals and nonpenetrant muta-
tion carriers have half-normal CPO activity.328 Acute 
neurovisceral attacks are identical to those that occur in 
patients with AIP, but photo-induced skin lesions are 
occasionally present. Onset before puberty is extremely 
rare, although several early-onset cases attributable to 
homozygosity or compound heterozygosity for CPO 
mutations have been reported.329,330 Homozygosity for a 
specifi c CPO mutation is responsible for a rare form of 
homozygous HCP, designated harderoporphyria, with 
onset in infancy and with a prominent erythroid pheno-
type.331 Harderoporphyrin is a tricarboxylic porphyrin in 
which the propionate on the A ring is oxidized to a vinyl 
group but the propionate on the B ring is not. Hardero-
porphyrin was named for an unusual porphyrin found in 
the rat harderian gland. It was later learned that the 
porphyrin found in the rat was a glycoconjugate of pro-
toporphyrin and not a tricarboxylic porphyrin, thus ren-
dering the term harderoporphyrin a misnomer.332

Frequency. The prevalence of HCP is not known, but 
it is clearly lower than the prevalence of AIP. Homozy-
gous HCP is very uncommon; however, important clini-
cal manifestations occur in children. Harderoporphyria 
is even more rare, with only six cases reported.

Clinical Manifestations. Acute neurovisceral attacks 
in patients with HCP are clinically indistinguishable from 
the acute attacks in patients with AIP. In a series of 53 
German patients,333 abdominal pain was the most 
common symptom (89%). Neurologic, psychiatric, and 
cardiovascular symptoms occurred in 25% to 33% of 
cases. Cutaneous symptoms occurred in only 14%. 
Similar fi ndings were reported in an earlier series from 

the United Kingdom, but the incidence of cutaneous 
fi ndings was slightly higher.334 The cutaneous fi ndings are 
the sole feature of HCP that distinguishes an attack from 
AIP. Most acute attacks of HCP are precipitated by drugs 
(see Box 13-2)335; however, attacks may also occur in 
association with menstrual cycles. The cutaneous photo-
sensitivity is manifested mainly as bullous lesions and is 
generally present only in acute attacks. The bullae resem-
ble those seen in PCT, but chronic scarring reactions are 
uncommon because the photosensitivity is intermittent. 
Rarely, intermittent photosensitivity may be the only 
clinical sign of HCP.334 In children who are homozygotes 
or compound heterozygotes for CPO mutations, the dis-
order is an early-onset phenocopy of clinically affected 
adults who are simple heterozygotes. Growth retardation, 
hypertrichosis, and skin pigmentation are additional fi nd-
ings in early-onset cases.329,330

The clinical manifestations of harderoporphyria 
are quite different. Hemolytic anemia, intense jaundice, 
and hepatosplenomegaly are present at or shortly after 
birth.331,336 Bullous skin lesions develop if therapy for 
neonatal jaundice is undertaken. The urine appears red. 
Nucleated erythrocytes are present on the peripheral 
blood smear. Exchange transfusions have been helpful. 
With time, the hepatomegaly resolves but the spleno-
megaly remains. The hemolytic anemia becomes partially 
compensated, and additional transfusions are not neces-
sary. The cutaneous photosensitivity persists, and by the 
teenage years, the skin resembles that seen in PCT. Acute 
neurovisceral attacks do not occur.

Five of the six reported cases of harderoporphyria 
occurred in three families, and in all cases homozygosity 
for a mutation present in exon 6 (K404E) was detected.337 
The sixth patient, a Japanese newborn with jaundice, 
hemolytic anemia, hepatomegaly, and photosensitivity, 
proved not to be homozygous for a CPO mutation. This 
infant was heterozygous for the K404E mutation, inher-
ited from the father, but enzyme activity was not mea-
sured in the child or the parents. A promoter mutation 
in one maternal allele was suspected as the cause of the 
harderoporphyria phenotype in the child.338
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Pathogenesis. Accumulation and excretion of copro-
porphyrin are best explained by loss-of-function muta-
tions in CPO, but acute neurovisceral attacks, as in AIP, 
require induction of hepatic ALA-S. More than 30 CPO 
mutations have been described in patients with HCP and 
homozygous HCP.339 The mutation responsible for har-
deroporphyria, K404E, is of special interest because it 
affects mainly the second decarboxylation reaction in the 
conversion of coproporphyrinogen III to protoporphy-
rinogen IX. One other mutation, R401W, that was found 
in a patient with HCP was expressed in vitro, and a defect 
in the second decarboxylation reaction was also found.339 
These fi ndings suggest that a region around residues 401 
and 404 is important for retaining the tricarboxylic inter-
mediate (harderoporphyrin) in the active site and permit-
ting the second oxidative decarboxylation. The distinctive 
erythroid phenotype of harderoporphyria is diffi cult to 
explain but must be related to a peculiar toxic effect of 
harderoporphyrin. The accompanying photosensitivity is 
probably due to the photodynamic properties of copro-
porphyrin. The roles of ALA and PBG in the pathogen-
esis of the acute neurovisceral attacks are as described 
for AIP.

Laboratory Diagnosis. Increased levels of fecal copro-
porphyrin III are the most prominent fi ndings and are 
always present in clinically affected cases.333 The ratio of 
coproporphyrin III to coproporphyrin I in feces is mark-
edly increased, even in asymptomatic heterozygotes.333 
Urinary excretion of coproporphyrin is strikingly 
increased during acute attacks but generally returns to 
normal during remission. Similarly, urinary excretion of 
ALA and PBG is increased during attacks but then 
returns to normal. The laboratory fi ndings in homozy-
gous HCP are the same; however, the abnormalities are 
more dramatic.

Laboratory fi ndings in harderoporphyria are charac-
terized by the presence of harderoporphyrin in feces 
along with increased amounts of coproporphyrin III. 
Urinary excretion of coproporphyrin is also increased, 
and trace amounts harderoporphyrin may be found. 
There is no increase in the urinary excretion of ALA or 
PBG. Modest increases in erythrocyte protoporphyrin 
are detected, but harderoporphyrin is not present in red 
cells.336,337 Iron overload as a consequence of chronic 
hemolysis and ineffective erythropoiesis has also been 
reported.337

Assays for CPO activity have been used but are dif-
fi cult to perform and are not widely available. Red cells 
are not a ready source of the enzyme because CPO is 
localized in mitochondria. Lymphocytes or cultured cells 
are required.72 DNA sequencing is the most direct 
approach, but the biochemical phenotype is so distinctive 
that a secure diagnosis can be made by simply analyzing 
fecal and urine porphyrins. Misdiagnosis of HCP is a 
common problem because urinary coproporphyrin excre-
tion may be minimally increased in many nonporphyric 
conditions.

Treatment. Acute neurovisceral attacks are treated as 
in AIP. Hemin therapy is useful.340 Although the skin 
lesions resemble those of PCT, phlebotomy and chloro-
quine are not effective. The chronic photosensitivity asso-
ciated with homozygous HCP and harderoporphyria is 
best managed by avoidance of sunlight, protective cloth-
ing, and opaque sunscreens. The extreme jaundice and 
hemolytic anemia in newborns with harderoporphyria 
responds to exchange transfusions. Phototherapy should 
be avoided. The chronic compensated hemolytic anemia 
requires supplementation with folic acid and may require 
orally administered iron chelators.

ENZYMATIC OXIDATION OF 
PROTOPORPHYRINOGEN IX TO 
PROTOPORPHYRIN IX AND INSERTION 
OF IRON

Protoporphyrinogen Oxidase

Protoporphyrinogen IX is oxidized to protoporphyrin IX 
by PPO (Fig. 13-21). PPO is functionally conserved in 
eukaryotes despite low sequence identity. PPO is an 
intrinsic protein of the inner mitochondrial membrane 
and requires molecular oxygen and the cofactor fl avin 
adenine dinucleotide (FAD). Three molecules of oxygen 
serve as terminal acceptors in the six-electron oxidation 
reaction, and hydrogen peroxide is generated rather than 
water.341-343 The reaction proceeds via three two-electron 
oxidations rather than one six-electron oxidation.344

 The crystal structure of tobacco PPO revealed that 
the enzyme functions as a homodimer.345 Each monomer 
contains one noncovalently bound FAD molecule. PPO 
is synthesized in the cytosol and locates to the outer 
surface of the inner mitochondrial membrane. The human 
PPO protein does not contain a cleavable leader sequence 
but contains a mitochondrial targeting sequence within 
the fi rst 175 residues. The 28 N-terminal residues have 
some features of a presequence that functions as an inde-
pendent mitochondrial targeting sequence.346 Deletion of 
these residues, however, does not prevent translocation 
to mitochondria, thus indicating that more distal regions 
are required for effi cient import and insertion into the 
inner mitochondrial membrane.347 There is a single 1.8-
kb transcript of PPO in all tissues.343 The human PPO 
gene is located on chromosome 1q22-q23.348,349 The 5′ 
fl anking region of human PPO contains a GATA1 binding 
site, which suggests the potential for erythroid-specifi c 
regulation. Induction of erythroid differentiation in 
mouse erythroleukemia cells with dimethyl sulfoxide 
leads to increased expression of PPO.349

Variegate Porphyria

VP is transmitted as an autosomal dominant trait result-
ing from subnormal activity of PPO.350 The clinical and 
biochemical features of the disease were fi rst described 
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in 1937,351 but VP was not recognized as a distinct por-
phyric disorder until the description by Dean and Barnes 
in 1955.352 The term VP was applied when it was recog-
nized that patients had either cutaneous photosensitivity, 
a predisposition to acute neurovisceral attacks, or both. 
Onset before puberty is extremely rare, but early onset 
with marked photosensitivity has been reported in chil-
dren homozygous for PPO mutations or with compound 
heterozygous genotypes.80

Frequency. The prevalence of VP in Europe is estab-
lished at 0.5 per 100,000.81 The prevalence is higher in 
Finland at 1.3 per 100,000,353 but the disease is extraor-
dinarily common in South Africa, where its prevalence is 
estimated at 3 per 1000 in the white population.91 The 
high prevalence in South Africa is due to a founder muta-
tion introduced from the Netherlands in 1688.354 The 
connection with the Netherlands has been confi rmed by 
haplotype association studies in South African and Dutch 
families with VP.355 Clinical penetrance in earlier reports 
was estimated at approximately 90%,356 but the advent 
of molecular genotyping and sensitive biochemical 
markers has reduced the estimate to approximately 40% 
of PPO mutation carriers.355,357

Clinical Manifestations. The acute attacks in patients 
with VP are identical to those seen in AIP but occur at a 
lower frequency and a later age.91 Skin manifestations in 
VP are similar to those in PCT358 and are of long dura-
tion. In a heterozygous western European population of 
103 clinically affected patients with VP, 59% had skin 
lesions only, 20% had acute neurovisceral attacks only, 
and 21% had both.359 This distribution is similar to that 
observed in a 1980 report from South Africa.356 In con-
trast, recent reports from South Africa and Finland indi-
cate a marked reduction in acute attacks and a less 
dramatic decrease in photosensitivity, changes thought 
to be due to systematic detection of mutant PPO alleles 
in families and avoidance of potentially harmful 
drugs.91,357

Homozygous VP in two young siblings was fi rst 
described by Korda and colleagues in 1984.360 The clini-

cal phenotype differed dramatically from adult-onset VP. 
Marked photosensitivity from birth, mental retardation, 
and seizures were described, although no acute neurovis-
ceral attacks occurred. Since then, more than a dozen 
additional cases have been described.361-366 Severe cuta-
neous manifestations beginning in infancy have been a 
constant fi nding. Short stature is common, but mental 
retardation and seizures are not. A peripheral sensory 
neuropathy and deformities of the hands were noted in 
some patients, but in no cases were neurovisceral attacks 
described.

Pathogenesis. A wide variety of PPO mutations in 
families with VP have been reported in different ethnic 
groups.357,359,367,368 A single mutation, R59N, is found in 
almost all cases in South Africa.369,370 There appears to 
be no correlation between specifi c mutations and the 
severity of the clinical syndrome. In all cases, the activity 
of PPO is approximately half-normal.371,372 The cutane-
ous manifestations of VP are due to the photodynamic 
properties of protoporphyrin and coproporphyrin. The 
acute neurovisceral attacks are due to episodic overpro-
duction of ALA and PBG. The extreme photosensitivity 
seen in early-onset VP is mediated by very elevated 
plasma porphyrins.373 Most of the early-onset cases have 
been heteroallelic for PPO mutations (i.e., compound 
heterozygotes) with markedly reduced PPO activity.365

Laboratory Diagnosis. When acute attacks of VP 
occur, fecal protoporphyrin and coproporphyrin and 
urinary coproporphyrin are markedly elevated.357 VP can 
be distinguished from HCP and AIP by detection in 
plasma of a characteristic fl uorescence emission spectrum 
with a maximum at 626 nm.122 This emission spectrum 
results from a dicarboxyl porphyrin bound to plasma pro-
teins.374 Detection of the 626-nm peak in plasma is a 
useful method of identifying asymptomatic gene carriers 
and is more sensitive than fecal porphyrin analysis.355,375 
Urinary ALA and PBG are increased during acute attacks 
but may be normal during remissions.

Homozygous VP is characterized by markedly 
increased erythrocyte zinc protoporphyrin levels and 
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elevated stool protoporphyrin and coproporphyrin levels. 
PPO activity can be measured in cells that contain mito-
chondria,376 but enzyme assays are not widely available. 
Direct fl uorometric measurement of plasma porphyrins 
is probably the most rapid method of establishing the 
diagnosis of VP. Sequencing of the PPO gene is being 
applied more widely and is available through the Depart-
ment of Human Genetics at the Mount Sinai School of 
Medicine in New York.

Treatment. Treatment of acute attacks is as described 
for AIP and HCP. Protection from sunlight is the only 
practical way to manage the photosensitivity. Phlebotomy 
therapy, chloroquine, and hemin are not effective.350,377,378 
A single patient with symptomatic VP has been treated 
with a liver transplant.119 The indication for transplanta-
tion was advanced alcohol-induced cirrhosis. After trans-
plantation, fecal porphyrin values returned to normal 
and no further cutaneous or neurovisceral symptoms 
occurred. Improved treatment, detection of latent family 
members, and avoidance of potentially harmful drugs 
have improved the outcome and reduced disease-related 
morbidity.91,355

Ferrochelatase

The fi nal step in the heme biosynthetic pathway, inser-
tion of iron into protoporphyrin IX, occurs on the matrix 
side of the inner mitochondrial membrane, a reaction 
catalyzed by FECH (Fig. 13-22). Human FECH has 
been crystallized and the enzyme functions as a homodi-
mer.379 Each monomer of FECH contains a nitric oxide–
sensitive 2Fe-2S iron-sulfur cluster bound to a 
cysteine-rich site at the C-terminal.380 It has been sug-
gested that a direct interaction occurs between PPO on 
the outer surface of the inner mitochondrial membrane 
and FECH on the inner surface.345 This arrangement 
would permit direct transfer of protoporphyrin IX from 
PPO to the active site of FECH. This mechanism has 
been questioned, however, inasmuch as experiments 
using isolated mitochondria indicate that a complex 

between enzymes is not required for synthesis of 
heme.381

The human FECH gene has been cloned and mapped 
to chromosome 18q21.3.382 The same transcriptional 
start site is used in erythroid and nonerythroid tissues 
and contains binding sites for both housekeeping and 
erythroid-specifi c promoter elements.383 FECH is syn-
thesized in the cytosol and targeted to mitochondria by 
sequences in the leader peptide,384 followed by cleavage 
to produce the active, mature protein. The fi rst 62 amino 
acids in the leader sequence are suffi cient for mitochon-
drial targeting, but an additional 11 residues are required 
for effi cient proteolytic processing.385 Expression of 
FECH is regulated by intracellular iron levels, probably 
related to the enzyme’s requirement for iron-sulfur clus-
ters.327 Additional regulatory effects occur through inter-
actions with hypoxia-inducible factor.386

Erythropoietic Protoporphyria

Erythropoietic protoporphyria (EPP) is an inherited dis-
order of heme biosynthesis characterized clinically by the 
onset in childhood or infancy of acute photosensitivity of 
sun-exposed skin. The disorder was fi rst recognized in 
1953 by Kosenow and Treibs387 but was clinically char-
acterized and named EPP by Magnus and associates in 
1961.388 The inherited nature of the disease was fi rst 
reported by Haeger-Aronsen in 1963.389 In most cases, 
EPP is due to defi cient activity of FECH associated with 
loss-of-function mutations of the FECH gene, but in 
some cases, EPP results from mutant alleles of the mito-
chondrial iron importer mitoferrin.390,391 In a minority of 
patients with EPP, the excess protoporphyrin IX gener-
ated in erythrocytes causes severe cholestatic liver disease 
requiring liver transplantation.392

Frequency. The prevalence of clinically manifested 
EPP has been diffi cult to estimate but is probably close 
to that of AIP. In the European immigrant population of 
South Africa, clinically evident EPP is estimated to occur 
in 6.6 individuals per million.393 The prevalence in the 
United Kingdom is approximately 7.7 per million.394 
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Prevalence estimates for Northern Ireland and the 
Netherlands have approached 13 per million,395,396 a 
fi nding attributed to a founder effect.397 A report from 
Slovenia estimated an even higher prevalence at 17.5 per 
million.398 EPP is pan-ethnic but is extremely rare in 
individuals of African descent.393

Clinical Manifestations. The dominant clinical feature 
of EPP is cutaneous photosensitivity in response to sun 
exposure with onset in infancy or childhood.399,400 The 
clinical picture is very different from that of the other 
photosensitizing porphyrias. A characteristic burning 
pain, erythema, and edema develop as an acute response 
to sun exposure.394 Early in the course of EPP, the burning 
discomfort may occur in the absence of objective cutane-
ous fi ndings.401,402 Bullous lesions, pigment changes, and 
scarring are very uncommon. Instead, the skin develops 
a leathery characteristic that mimics premature aging. 
The symptoms and objective skin fi ndings change little 
over time, but increased sun tolerance has been reported 
during pregnancy.403,404

A mild, microcytic anemia is common,400,405-407 pre-
sumably caused by impaired heme synthesis. Iron may 
accumulate in the cytosol and mitochondria of erythro-
blasts, but such fi ndings are uncommon.408 A similar 
microcytic anemia develops in a mouse model of EPP 
because of homozygosity for mutant FECH alleles.409 
Serum ferritin values in humans with EPP are reduced, 
but erythropoiesis does not appear to be limited by 
iron.406

Gallstones develop in approximately 10% of patients 
with EPP and tend to occur early in life.400,410 The gall-
stones contain protoporphyrin IX, which becomes insol-
uble in bile and alters the solubility of other components 
of bile.411,412 When gallstones develop in children, a diag-
nosis of EPP should be considered.413 Minor abnor-
malities in liver function tests, mainly elevations in 
transaminases, are common,399 and liver biopsy may 
demonstrate deposition of protoporphyrin and periportal 
fi brosis.400,414-417

Severe cholestatic liver disease progressing to portal 
hypertension and fatal decompensated cirrhosis will 
develop in between 1% and 5% of patients with 
EPP.392,418,419 Rarely, acute liver failure may be the initial 
feature of EPP.420,421 Approximately 50 fatal cases of 
EPP-related liver disease have been reported,392,395,422-424 
including two teenagers and an 11-year-old child.395

Pathogenesis. More than 85 mutations in the FECH 
gene have been detected.393,425,426 The mode of mendelian 
transmission had been described as autosomal dominant 
with incomplete penetrance, but heterozygotes express-
ing the clinical phenotype have consistently shown FECH 
activity between 15% and 20% of normal.427 This was 
explained by a proposed dominant negative effect in 
which both mutant-mutant homodimers and mutant–
wild type homodimers are catalytically inactive, with only 
wild type–wild type homodimers being responsible for 

the measured enzyme activity. This theory was discarded 
with the discovery of a hypomorphic FECH allele that is 
common in the population.428-430 An intragenic polymor-
phism (IVS 3-48C) in intron 3 is responsible for 
low expression of the hypomorphic allele. This polymor-
phism favors the use of a cryptic acceptor splice site 
63 bases upstream of the normal splice site. The aber-
rantly spliced mRNA contains a premature stop codon 
and is degraded by a nonsense-mediated decay mecha-
nism.430 The result is a lower steady-state level of wild-
type FECH mRNA. Virtually all clinically evident cases 
of EPP are due to coinheritance of the hypomorphic 
allele in trans to a loss-of-function mutant allele. This 
genetic combination was found in 98% of French patients 
with EPP431 and at a similar frequency in South African 
patients.393 The frequency of the IVS 3-48C hypomorphic 
allele varies widely in different populations and is 
related to the observed differences in the prevalence of 
EPP.431,432

The rare exception to the compound heterozygous 
mutant/hypomorph genotype is inheritance of two loss-
of-function FECH alleles. The autosomal recessive form 
of EPP was found in 3% of patients with EPP in the 
United Kingdom426 and in occasional cases from other 
countries.393,427,433-435 The autosomal recessive form of 
EPP may carry a higher risk for severe liver disease.

The genetics of EPP is complicated further by the 
discovery of a phenocopy caused by a mutation in the 
gene encoding mitoferrin, the principal mitochondrial 
iron importer.390,391 Eight patients from six families 
referred to a liver center because of advanced liver disease 
were found to be heterozygous for a 477-base insertion 
in intron 2 of the mitoferrin gene that generates a stop 
codon at codon 156 in exon 3. None of the patients had 
FECH-coding mutations or the IVS 3-48C polymor-
phism.390 One South African family with a highly pene-
trant EPP phenotype, yet no mutant FECH alleles, has 
also been described.393 Affected members of this family 
had high levels of erythrocyte zinc protoporphyrin rather 
than the usual free erythrocyte protoporphyrin, thus sug-
gesting that impaired iron delivery to mitochondria was 
the underlying defect.

Laboratory Diagnosis. The free erythrocyte protopor-
phyrin concentration is markedly increased in symptom-
atic EPP.400,436 Values ranging from 6- to 100-fold greater 
than normal have been reported. Elevated erythrocyte 
protoporphyrin levels are also found in patients with iron 
defi ciency and lead poisoning, but in these conditions the 
elevation is less dramatic and it is zinc protoporphyrin 
that is present.437 Zinc protoporphyrin can easily be dis-
tinguished spectrally from the free protoporphyrin found 
in EPP.438 Zinc protoporphyrin can also be distinguished 
from free protoporphyrin by chromatographic tech-
niques.72 An elevated plasma porphyrin level confi rms 
the presence of a porphyric disorder, but false-negative 
results may be obtained in patients with EPP because 
protoporphyrin is particularly susceptible to photodegra-
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dation.439 Care must be taken to shield the plasma sample 
from sunlight or fl uorescent lighting.

Fecal protoporphyrin excretion may be increased up 
to 15-fold, although values vary widely from patient to 
patient.440 Urinary excretion of ALA and PBG is normal. 
Protoporphyrin, a highly hydrophobic compound, is not 
excreted in urine.

Assays for FECH activity are not widely available. 
Detection of FECH mutations is the most direct approach 
to confi rm the diagnosis of EPP. Molecular studies are 
also the only reliable method for identifying asymptom-
atic cases in families with an affected proband.

Treatment. Treatment of EPP has two objectives. 
First, an attempt should be made to minimize the harmful 
effects of exposure to sunlight. Protective clothing and 
opaque sunscreens can be helpful, as with other photo-
sensitizing porphyrias. Tolerance to sunlight can be 
improved in most patients with EPP by inducing caro-
tenemia. This can best be accomplished by administering 
β-carotene beadlets (Lumitene, Tishcon Corp., Westbery, 
NY) in doses ranging from 120 to 300 mg/day.441,442 The 
only side effect is a dose-related, yellow-orange discolor-
ation of the skin.443,444 The mechanism of action of β-
carotene probably involves quenching of singlet oxygen 
species or free radicals.445

The second objective of therapy is to minimize the 
hepatotoxic effects of protoporphyrin. Cholestyramine 
can interrupt the enterohepatic circulation of protopor-
phyrin excreted in bile and promote fecal excretion. This 
has been moderately effective in some patients.411 Oral 
administration of bile salts (ursodeoxycholic acid or che-
nodeoxycholic acid) can increase excretion of protopor-
phyrin into bile.446,447 A variety of other measures have 
been used when liver function deteriorates, including 
plasmapheresis, hemodialysis, exchange transfusions, 
and suppression of erythropoiesis.392 In the small propor-
tion of patients with EPP in whom liver failure develops, 
liver transplantation is the only effective therapy.392,448,449 
Liver transplantation, however, does not address the 
underlying overproduction of protoporphyrin in the 
native marrow, and recurrent disease can develop in 
the transplanted liver.449-451 This complication was suc-
cessfully managed in a 15-year-old boy with a bone 
marrow allograft from an HLA-matched sibling who did 
not have EPP.452
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The vast majority of erythrocyte disorders that occur in 
the pediatric age group result from abnormalities within 
the red blood cell (RBC); that is, they are intracorpuscu-
lar defects. These intrinsic RBC defects include a wide 
variety of inherited genetic mutations, as well as acquired 
nutritional defi ciencies, and lead to defects in globin 
chain and heme synthesis, abnormal membrane struc-
tural proteins, or defective intracellular enzymes. Particu-
larly in the congenital conditions, intracorpuscular defects 
often result in a shortened erythrocyte life span, prema-
ture destruction of the erythrocytes (hemolysis), and 
anemia.

A less common category of erythrocyte disorders 
includes conditions characterized by abnormalities exter-
nal to the red cells, known as extracorpuscular defects. 
Examples include environmental stress (oxidation, 
toxins, heat, or mechanical injury), microangiopathic 
erythrocyte damage (hemolytic-uremic syndrome [HUS] 
or thrombotic thrombocytopenic purpura [TTP]), 
or immune-mediated RBC destruction. Like many of 
the intrinsic conditions, extrinsic erythrocyte disorders 
are typically associated with hemolysis and anemia.

Disorders that result from abnormal interactions 
between erythrocytes and the immune system are col-
lectively referred to as immune-mediated hemolytic 
anemia. The most common type is autoimmune hemo-
lytic anemia (AIHA), characterized by the presence of 
autoantibodies that bind to the erythrocyte surface mem-
brane and lead to premature red cell destruction. Specifi c 
characteristics of the autoantibodies, particularly the 
isotype, thermal reactivity, and ability to fi x complement, 
help shape the resulting clinical picture. In all patients 
with AIHA, however, the autoantibody leads to short-
ened RBC survival, hemolysis, and anemia. Additional 
types of immune-mediate hemolytic anemia refl ect 
abnormal interactions between erythrocytes and varied 
components of the complement and hemostasis systems, 
as well as the vessel wall. The reticuloendothelial system, 
primarily the spleen, plays a critical role in premature 
destruction of erythrocytes in all forms of immune-
mediated hemolytic anemia.

This chapter begins with a description of the spleen, 
whose anatomy and physiology provide a unique environ-
ment for the clearance of normal and abnormal erythro-
cytes. Three important clinical forms of primary AIHA 
are then described: (1) warm-reactive AIHA, character-
ized by an autoantibody (usually immunoglobulin G 
[IgG]) that binds preferentially to erythrocyte antigens at 
37° C, fi xes complement in some cases, and leads 
primarily to extravascular hemolysis; (2) paroxysmal cold 
hemoglobinuria (PCH), in which an IgG erythrocyte 
autoantibody binds optimally at 4° C, fi xes complement 
effi ciently, and causes mainly intravascular hemolysis; 
and (3) cold agglutinin disease, characterized by an 
autoantibody (typically IgM) that binds optimally to 
erythrocytes below 37° C, fi xes complement effi ciently, 
and also leads primarily to intravascular hemolysis. These 
three disorders are discussed together because of their 

many similarities, although differences in pathophysiol-
ogy and therapy are emphasized. Secondary forms of 
AIHA are then described, including Evans syndrome 
and autoimmune lymphoproliferative syndrome (ALPS). 
The next section describes paroxysmal nocturnal 
hemoglobinuria (PNH), a rare and fascinating acquired 
hematologic disorder that features hemolysis caused by 
abnormal interactions between erythrocytes and the 
complement system. Unlike true AIHA, the defect in 
PNH is intracorpuscular, but the clinical fi ndings may be 
similar. Advances in the understanding of PNH are 
described, including its recognition as an acquired clonal 
stem cell disorder and identifi cation of specifi c acquired 
mutations in the phosphatidylinositol glycan class A 
(PIGA) gene in affected patients. Finally, miscellaneous 
extracorpuscular disorders that lead to schistocytic 
hemolytic anemia are described, including congenital 
and acquired microangiopathy, preeclampsia, and envi-
ronmental stressors such as heat, toxins, or mechanical 
injury.

THE SPLEEN

Historical Perspective

Since ancient times the spleen has occupied a mysterious 
niche among organs within the human body. Its proposed 
functions and necessity for good health were subjects of 
debate and discussion for centuries, as recently reviewed.1 
Only in the last few decades has this enigmatic organ 
begun to yield its secrets and reveal its prominent 
and vital role in providing important hematologic and 
immunologic functions.

Hippocrates believed that the spleen helped balance 
the body’s “humors,” a process necessary to promote 
harmony and stability. Plato and Aristotle agreed with 
this notion of the spleen absorbing unhealthy body fl uids 
but further suggested, based on its location, that it assisted 
or balanced the liver. Galen noted the anatomic connec-
tions among the spleen, liver, and stomach and con-
cluded that the spleen had true digestive functions that 
included the fi ltering of humoral impurities. Subse-
quently, the spleen gained a reputation for controlling 
feelings and emotions, including laughter, ill temper, 
melancholy, and others. Shakespeare often referred to 
the spleen as an organ of anger, merriment, or other 
strong emotion.

During the Renaissance, when the study of anatomy 
and physiology became popularized, the spleen’s micro-
scopic patterns supported a role for fi ltration; however, 
only circulatory connections between the spleen and the 
stomach, liver, and other digestive organs could be identi-
fi ed. Moreover, survival of both animals and humans 
after surgical splenectomy demonstrated that the spleen 
was not absolutely required for life. Only in the modern 
era, with the discovery of individual blood cells, have 
investigators begun to elucidate the true functions of the 
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spleen. We now recognize that the spleen has vital roles 
in blood fi ltration and immunologic competence.

Anatomy and Physiology

The spleen can be identifi ed in human embryogenesis 
during week 5 of gestation, although the development of 
characteristic splenic architecture with infl ux of red and 
white blood cells occurs much later in gestation. At birth 
the spleen weighs about 10 g and then grows steadily to 
30 g at 1 year of age, to 60 g by 5 years, and fi nally to 
the adult size of approximately 200 g.2 The spleen is 
located under the confi nes of the left anterior aspect of 
the rib cage and can have a triangular, crescent, or rhom-
boidal shape. Though not accurate as a measure of total 
splenic volume, spleen size is usually estimated clinically 
by length alone, specifi cally, how far below the left costal 
margin the tip of the spleen can be palpated. Frequently, 
an enlarged spleen is most easily palpated at the midcla-
vicular line, but it can extend prominently toward the 
midline or even to the midaxillary line in some patients.

The spleen receives 3-5% of the total cardiac output, 
thus making it a highly perfused organ.3 Blood enters and 
leaves the spleen primarily through the splenic artery and 
vein, respectively, both located at the hilum on the 
concave (medial) side of the organ. Within the splenic 
parenchyma, the splenic arterial branches have little 
overlap, thereby allowing classifi cation of the spleen into 
lobes and segments separated by relatively avascular 
planes.

Histologically, the spleen can be separated into two 
distinct regions, the red pulp and the white pulp, so 
named because of the blood cells most commonly found 
in each area. The red pulp represents a large open circula-
tion within the spleen through which erythrocytes pass 
slowly for fi ltration and culling functions. In contrast, the 
white pulp consists primarily of collections of lympho-
cytes and macrophages that form small white nodules 
(1 to 2 mm in diameter) distributed throughout the 
splenic parenchyma. These two regions provide the vital 
functions of blood fi ltration and immunologic response, 
respectively, which are made possible through a unique 

circulation pattern found within the spleen. Figure 14-1 
illustrates the arterial and venous circulations of the 
spleen and the close proximity of the red and white 
pulp.

As the largest arteries within the spleen branch pro-
gressively into the smallest arterioles, the white pulp can 
be recognized as a circumferential ring of leukocytes that 
surround the vessel, also known as the periarterial (or 
periarteriolar) lymphoid sheath (PALS). The PALS con-
sists primarily of T lymphocytes, and this cylindrical 
cuff of cells becomes thinner as the artery becomes 
smaller. Spheroidal lymphoid follicles arise at intervals 
from the PALS, usually where arterial branch points 
occur, and these follicles contain primarily B lympho-
cytes (Fig. 14-2). When immunologically stimulated, 
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FIGURE 14-1. Blood circulation in the spleen. As blood enters the 
spleen, the arterial vessels are surrounded by lymphatic sheaths and 
nodules that constitute the white pulp. The majority of arterial 
blood terminates in the venous sinuses (red pulp), where fi ltration 
and quality control of erythrocytes take place. Erythrocytes return 
to the venous circulation via the venous sinuses. (From Fawcett D. 
A Textbook of Histology, 11th ed. Philadelphia, WB Saunders, 1985, 
p 474.)

FIGURE 14-2. Lymphoid follicles in the white pulp appearing as bud-
like outgrowths from the periarteriolar lymphoid sheath. (From Neiman 
RS, Orazi A [eds]. Disorders of the Spleen, 2nd ed. Philadelphia, WB 
Saunders, 1999, p 10.)
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these primary lymphoid follicles develop into secondary 
follicles with germinal centers, similar to the processes 
and architecture observed within lymph nodes. Lympho-
cytes within the white pulp are the benefi ciaries of plasma 
“skimmed” from the central arterial blood supply. 
Whereas blood cells tend to continue within the vessel, 
plasma elements enter the PALS via tiny vessels that arise 
perpendicular to the fl ow of blood. Soluble antigens are 
thus herded into the white pulp, where they encounter 
dendritic cells and macrophages that function as profes-
sional antigen-presenting cells and allow proper immune 
stimulation of T and B lymphocytes.

After plasma is redirected toward the white pulp, the 
blood cells that continue through the splenic circulation 
are mostly erythrocytes, and they form the red pulp as 
they exit the arteries. Occasionally, erythrocytes pass 
directly from the arterial to the venous circulation via 
traditional endothelialized capillaries, a process known as 
the closed (rapid) splenic circulation, which is primarily 
nutritive. Much more commonly, however, erythrocytes 
leave the arterial circulation and empty into large pools 
called the splenic cords, where they encounter macro-
phages and other immune effector cells. Erythrocytes 
must survive these intimate encounters in this hypoxic 
and acidic environment and then pass from the cords 
through an endothelialized barrier into the splenic sinuses 
and fi nally back to the venous circulation. This open 
(slow) circulation allows careful fi ltration of individual 
erythrocytes, with repair or phagocytosis of cells that 
cannot successfully negotiate the return trip.

Important Functions of the Spleen

All RBCs pass through the spleen many times each day.4,5 
The spleen serves as an effi cient fi lter for erythrocytes 
and is able to perform grooming (removal of antibodies 
or other surface molecules), culling (destruction of cells), 
and pitting functions (removal of intracellular material). 
While moving slowly through the hostile environment of 
the splenic cords, erythrocytes are carefully examined for 
abnormalities, a process constituting a biologic form of 
quality control. Macrophages in the red pulp identify 
abnormal erythrocytes, such as those that have IgG or 
complement on their surface, and either remove a portion 
of their membrane or fully engulf them. Newly made 
reticulocytes spend their fi rst day or two in the spleen,6 
during which the cells appear to be groomed with removal 
of cytoplasmic organelles and surface adhesion mole-
cules. Normal mature erythrocytes, in contrast, typically 
endure macrophage scrutiny without diffi culty. To leave 
the red pulp, erythrocytes must then pass back from the 
splenic cords through potential spaces in the endothelial 
lining of the splenic sinuses. To negotiate these tiny aper-
tures, known as the cords of Billroth, the erythrocytes 
must deform themselves substantially (Fig. 14-3). Cordal 
macrophages phagocytose erythrocytes that cannot 
deform themselves suffi ciently, such as senescent cells; 
as erythrocytes age, they lose volume, gain density, and 

eventually lose the deformability that allows reentry into 
the splenic sinus. In certain pathologic conditions, such 
as immune-mediated hemolytic anemia, as well as a 
variety of erythrocyte membrane, hemoglobin, and 
enzyme disorders, younger erythrocytes will also be 
trapped in the splenic cords. Erythrocytes with intra-
cellular inclusions, such as nuclear remnants known as 
micronuclei (Howell-Jolly bodies), denatured hemoglo-
bin (Heinz bodies), siderotic granules (Pappenheimer 
bodies), or malarial parasites, have their inclusions 
“pitted” out before they pass through the endothelial slits 
and return to the circulation.

The spleen also provides several important immuno-
logic functions. Skimming of plasma into the PALS 
allows particulate antigens to interact with dendritic cells 
and other antigen-presenting cells, which initiates the 
immune response for T- and B-lymphocyte response and 
proliferation. Polysaccharide antigens in particular 
require this unique immunologic environment for optimal 
antibody response.7,8 Intravenous antigens, such as those 
found during infection or after immunization, are pri-
marily processed by the spleen.9 Not surprisingly, normal 
splenic function is required for optimal early (IgM) 
response to most intravenous antigens, as well as the 
secondary (IgG) response.10 In contrast, antigens admin-
istered by the intramuscular or subcutaneous routes do 
not require normal splenic function for a robust immune 
response.11,12 Finally, blood-borne bacteria, particularly 
encapsulated organisms, are removed by splenic macro-
phages located in the PALS and in the cords. Without 
a functioning spleen, patients are susceptible to over-
whelming bacterial sepsis and to exaggerated parasitemia 
from Plasmodium, Babesia, or other organisms.13,14

To a much lesser extent, the human spleen can also 
serve as a reservoir for circulating blood cells. About 
50 mL of blood is usually contained in a normal spleen, 
as well as 30% of the platelet mass. In the abnormal state 
(see later), the spleen can enlarge and trap a larger portion 

FIGURE 14-3. Deformation of erythrocytes returning from the splenic 
cords (red pulp) back into the venous sinus. The erythrocytes must pass 
through very small potential spaces in the sinus wall known as the cords 
of Billroth. (From Neiman RS, Orazi A [eds]. Disorders of the Spleen, 2nd 
ed. Philadelphia, WB Saunders, 1999, p 18.)
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of the circulating blood cells, a condition known as hyper-
splenism. The spleen may also serve a small role in iron 
metabolism and homeostasis. Unlike the spleen in other 
species, however, it has no appreciable role in human 
hematopoiesis.

Abnormalities of the Spleen

Congenital asplenia is found in children with the rare 
Ivemark syndrome, in which the body has bilateral “right-
sidedness” with trilobed lungs and a centralized liver.15 
Cardiac defects are common, as well as a risk of infec-
tion.16 Even rarer patients have congenital asplenia with 
no other abnormalities.16a This resembles mice with a 
targeted deletion of Hox 11.16b Uptake of radionuclide 
by functioning splenic tissue can be diffi cult to document 
because the anatomic features are distorted and liver 
tissue can obscure any splenic uptake. Circulating eryth-
rocytes with Howell-Jolly bodies or intracellular vesicles 
that appear as “pits” or “pocks” allow the diagnosis of 
asplenia to be established noninvasively.17 Figure 14-4 
illustrates the Howell-Jolly bodies that are found in the 
peripheral blood smear of an asplenic person. The con-
verse arrangement of bilateral “left-sidedness” leads to 
congenital polysplenia with several spleens of varying 
size. In most patients the splenic tissue in polysplenia has 
normal function. Cardiac defects are common, as well as 
hepatobiliary abnormalities.18,19

Accessory spleens can be identifi ed in 15% of normal 
persons.20 In most of these individuals, a single accessory 
spleen measuring only 1 to 2 cm in diameter is present 

either in the splenic hilum or in the tail of the pancreas. 
Multiple accessory spleens can exist, however, as well as 
ectopic spleens in locations ranging from the abdomen 
to the pelvis and scrotum. The function of accessory 
spleens depends on the quality and quantity of blood 
fl ow; in most instances their fi ltration capabilities are 
minimal, but antibody responses may be present.

Splenoptosis, or wandering spleen, occurs when the 
spleen is not fi xed within the retroperitoneum.21 The 
resulting mass can be palpated anywhere in the abdomen 
and may require reattachment (splenopexy) or even splen-
ectomy if symptoms of sequestration or torsion develop.22 
Splenosis refers to the autotransplantation of splenic 
tissue into the omentum or peritoneal surfaces of the 
abdominal cavity. Splenosis typically occurs after fracture 
or rupture of the spleen as a result of spillage and sub-
sequent implantation of splenocytes. Although some pro-
tection against infection may be afforded by splenosis,23 
fi ltering functions and immunologic responses are limited 
by the relatively small total amount of splenic tissue and 
reduced blood supply.

Sequestration refers to enlargement of the spleen 
that occurs when blood enters the organ but is unable to 
exit properly. This condition is most often observed in 
children with sickle cell anemia when venous return of 
blood is hindered by intrasplenic sickling of erythrocytes 
within the red pulp. Splenic sequestration also occurs in 
other settings with abnormal erythrocytes, however, 
including congenital spherocytosis. Splenic sequestration 
can develop acutely with sudden pooling of blood within 
the spleen and result in rapid and painful expansion of 
the splenic parenchyma and capsule. Children exhibit 
pallor, fatigue, severe anemia, and occasionally hypovo-
lemic shock.24 Occasionally, splenic sequestration devel-
ops over a period of days or weeks and is then termed 
subacute or chronic because it is accompanied by rela-
tively asymptomatic splenomegaly.

Hypersplenism refers to the condition of splenomeg-
aly with non–immune-mediated trapping of peripheral 
blood cells and results in mild to moderate cytopenia.25 
Hypersplenism can develop in patients with abnormal 
erythrocytes, metabolic storage disorders, or other causes 
of chronic congestive splenomegaly. In these clinical 
settings, the spleen fi rst enlarges because of progressive 
trapping of erythrocytes or storage material and then 
subsequently becomes a reservoir for all circulating blood 
cells. Typically, the peripheral platelet count is lower than 
normal, but the leukocyte count can also be low. If 
surgery is required, peripheral blood counts normalize 
after splenectomy.

Surgery Involving the Spleen

Although the spleen has important hematologic and 
immunologic functions, in some instances surgical 
removal is benefi cial. A variety of congenital anomalies 
of the spleen, as well as numerous pathophysiologic 
processes, are indications for splenectomy.

FIGURE 14-4. Howell-Jolly bodies in peripheral blood erythrocytes. 
These nuclear remnants are identifi ed as small inclusions within circu-
lating erythrocytes and have several characteristic and required features 
by light microscopy: (1) they are spherical inclusions 0.5 to 2.0 μm in 
diameter, about the size of a small platelet; (2) they have a smooth 
contour and no surrounding halo, which distinguishes them from plate-
lets juxtaposed to an erythrocyte; (3) they are always in the same focal 
plane as the erythrocyte because they are intracellular; (4) they are 
never refractile, unlike talc or dust particles; and (5) they are homoge-
neous in appearance, unlike other intracellular inclusions such as Pap-
penheimer bodies or malarial parasites. Howell-Jolly bodies are normally 
removed when erythrocytes pass through the cords of Billroth into the 
venous sinus. Their presence in peripheral blood indicates lack of 
splenic fi ltrative function.
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Benign tumors of the spleen are relatively rare in 
childhood but primarily include congenital cysts (epider-
moid or lymphangiomatous) or pseudocysts that result 
from liquefaction of splenic parenchyma after infarction 
or hemorrhage. These tumors may require splenectomy, 
depending on their size. Malignant splenic tumors are 
almost always lymphomatous or leukemic in origin, with 
cancerous cells found diffusely or in a nodular pattern 
throughout the splenic parenchyma. Perhaps somewhat 
surprisingly, very few solid tumors metastasize to the 
spleen. As a general guideline, splenectomy is not usually 
indicated in the setting of malignancy.

Splenomegaly requiring splenectomy can develop in 
a variety of clinical settings, including metabolic storage 
disorders such as Gaucher’s disease, transfusion-acquired 
iron overload from chronic erythrocyte transfusions, or 
splenic congestion resulting from portal hypertension, 
among others. Commonly, splenectomy is the recom-
mended therapeutic option for splenic enlargement in 
patients with primary erythrocyte abnormalities. Con-
genital hemoglobin, enzyme, and membrane disorders 
lead to trapping of the abnormal erythrocytes within the 
splenic cords and gradual expansion of the red pulp. 
In these settings, splenectomy can relieve the signs 
and symptoms of splenomegaly, including abdominal 
discomfort, anemia, hypersplenism, and dependence on 
transfusions.

Total surgical splenectomy is generally performed by 
open laparotomy via a left subcostal incision. Laparo-
scopic splenectomy has become a popular and safe alter-
native in children26,27 but requires careful attention and 
may be technically diffi cult with very large spleens. With 
the laparoscopic approach, small amounts of residual 
splenic tissue may be left or accessory spleens may be 
missed,28 which can be a problem for patients with 
immune-mediated hematologic disorders. When splenec-
tomy is recommended for AIHA or immune thrombocy-
topenic purpura (ITP), all splenic tissue must be removed 
to prevent recurrent autoantibody production. Over the 
past decade, subtotal (partial) splenectomy has become 
a viable therapeutic alternative to total splenectomy. The 
partial splenectomy approach is possible because the 
spleen can be divided into distinct lobes and segments.29 
Removal of 80% to 90% of the enlarged spleen usually 
provides relief from splenomegaly while retaining 
suffi cient splenic tissue for immune competence. Partial 
splenectomy has been used successfully in children with 
nonparasitic splenic cysts,30 hereditary spherocytosis,31 
homozygous β-thalassemia,32 and sickle cell disease,33 
although splenic regrowth may limit its long-term effi -
cacy.34 Even children with massive splenomegaly can suc-
cessfully undergo partial splenectomy.35 Based on animal 
studies, a third of the normal spleen mass is required for 
normal plasma fi ltration and antibody formation.36 When 
compared to splenic tissue reimplanted either by surgical 
autotransplantation or splenosis,37,38 partial splenectomy 
provides superior retained immune function. Laparo-
scopic partial splenectomy combines these two new 

approaches and may represent an ideal option for selected 
patients who require surgical splenectomy; it is becoming 
more commonly available for children.39,40

The primary danger after total splenectomy is fatal 
bacterial sepsis, sometimes referred to as overwhelming 
postsplenectomy infection (OPSI). First recognized more 
than 50 years ago,41 bacteremia evolving rapidly into fatal 
sepsis with or without meningitis can abruptly develop 
in a patient without splenic function. Pathogens associ-
ated with OPSI are primarily encapsulated bacterial 
organisms and include Streptococcus pneumoniae, Hae-
mophilus infl uenzae type b, and Neisseria meningitidis. 
The presumed pathophysiologic origin of OPSI is loss of 
plasma fi ltration by the spleen, which allows bacteria to 
multiply within the bloodstream and evolve from low-
grade bacteremia to fulminant sepsis. Risk factors for 
OPSI include younger age at initial clinical evaluation, 
younger age at splenectomy, and failure to comply with 
prophylactic antibiotics or vaccinations. The true risk for 
the development of OPSI has been estimated in two large 
studies, although many of the patients were from the 
prevaccination era. First, in a literature review covering 
35 years from 1952 to 1987 (5902 patients), the inci-
dence of infection after splenectomy in children younger 
than 16 years was 4.4% with a mortality rate of 2.2%; 
for adults the corresponding values were 0.9% and 0.8%, 
respectively. Children younger than 5 years and especially 
infants had a much higher risk for sepsis.42 In a later 
survey of 226 splenectomized patients with hereditary 
spherocytosis that included 5461 years of postoperative 
follow-up, the estimated mortality rate was 0.73/1000 
years for the entire group, but somewhat higher for 
children.43 The introduction of polysaccharide and now 
protein-conjugated vaccines has greatly helped decrease 
the incidence of pneumococcal bacteremia and sepsis 
and will help offset the lack of splenic fi ltration function 
for children undergoing splenectomy. However, even 
with the use of presplenectomy immunization, prophy-
lactic antibiotics, and prompt medical attention for fever, 
a splenectomized child still has a fi nite risk of OPSI 
developing with substantial morbidity and mortality.

IMMUNE-MEDIATED HEMOLYTIC ANEMIA

Historical Perspective

Erythrocyte hemolysis characterized by anemia, short-
ened RBC survival, jaundice, and occasionally hemoglo-
binuria has been recognized as a clinical entity for more 
than a century.44,45 In the early 1900s it was noted that 
the serum from some patients with hemolytic anemia had 
the ability to agglutinate or hemolyze erythrocytes in 
vitro; such sera contained “agglutinins” or “hemolysins,” 
respectively, which suggested an immunologic basis for 
the hemolysis.46 The majority of patients with hemolytic 
anemia did not have these laboratory fi ndings, however, 
and the mechanism by which their erythrocytes were 
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destroyed was then unknown. In fact, for many years it 
was quite diffi cult to distinguish acquired immune 
hemolytic anemia (an extracorpuscular defect) from the 
intracorpuscular defect known as congenital hemolytic 
jaundice (now called hereditary spherocytosis).

A major advance occurred in 1945, when Coombs 
and co-workers reported the use of rabbit antihuman 
globulin serum to detect Rh agglutinins.47 This substance, 
soon referred to as the Coombs reagent, amplifi ed weak 
agglutinins present on sensitized red cells and allowed 
serologic identifi cation of previously undetectable auto-
antibodies on the erythrocyte surface. The authors 
presciently noted that their reagent “promises to be of 
practical use” but probably did not foresee that it would 
completely revolutionize the fi eld of immunohematology. 
Their subsequent demonstration that the sensitizing 
agent on erythrocytes was γ-globulin strengthened the 
idea of an autoimmune process,48 and it was later docu-
mented that IgG warm-reactive antibodies were the most 
common form of AIHA.49 By the late 1950s, it was 
fi nally possible to distinguish accurately between intrinsic 
erythrocyte defects and immune-mediated extrinsic 
erythrocyte destruction.50

Over the next 2 decades, several additional important 
advances were reported. Complement components, as 
well as γ-globulin, were found on the red cell surface of 
patients with immune-mediated hemolytic anemia, and 
by the late 1960s, the role of complement in immune-
mediated destruction of erythrocytes was fi rmly estab-
lished.51-55 Interactions between IgG-sensitized red cells 
and monocytes were investigated,56-58 including differ-
ences related to IgG subtypes59,60 or erythrocyte anti-
gens.61 These studies started to elucidate the complex 
immune mechanisms of erythrocyte clearance by the 
human reticuloendothelial system.

The development of an animal model, specifi cally, 
guinea pigs defi cient in complement components C3 or 
C4, represented an experimental breakthrough that led 
to greater understanding of both the pathophysiology62-64 
and treatment65,66 of immune-mediated hemolytic anemia. 
With this model, the important contributions of anti-
body, complement, and the reticuloendothelial system to 
the pathophysiology of erythrocyte hemolysis could be 
studied. Taken together, these laboratory investigations 
led to models of immune-mediated clearance of erythro-
cytes by the reticuloendothelial system that are still 
accepted today.

Over the next 15 years there were relatively fewer 
advances in the fi eld, chiefl y ones involving increased 
precision of serologic diagnosis,67,68 occasional new ther-
apeutic options,69-71 or large clinical reviews of patient 
outcome.72,73 Over the past 20 years, however, there has 
been an increase in our knowledge of the immunologic 
abnormalities and mechanistic pathways that may be 
important in the generation and expansion of erythrocyte 
autoantibodies in AIHA. In addition, novel therapies 
directed at specifi c targets in the immune system have 
emerged and expanded the treatment armamentarium 

for AIHA. The stage is set for research on individual T 
and B lymphocytes in patients with AIHA, with the goal 
of understanding the pathogenesis of AIHA at the 
molecular level. Specifi c questions remain unanswered 
regarding the formation of autoreactive antibodies, loss 
of self-tolerance, and lack of regulation and suppression 
of these autoantibodies by the immune system.

Classifi cation

AIHA can be classifi ed in a variety of ways, such as by 
the thermal sensitivity or isotype of the autoantibodies, 
but a simple and convenient classifi cation scheme sepa-
rates the disorders into a primary versus a secondary 
process (Box 14-1). In primary AIHA, hemolytic anemia 
is the only clinical fi nding, and there is no identifi able 
underlying systemic illness to explain the presence of 
erythrocyte autoantibodies. Some children with this form 
of AIHA will, however, have had a recent infectious 
illness. Warm-reactive AIHA is the most common form 
of primary AIHA in children and usually involves IgG 
autoantibodies that sensitize erythrocytes and lead to 
extravascular immune clearance and hemolysis. A second 
category of primary AIHA is PCH, which is especially 
common in children after a viral-like illness. PCH is a 
particularly interesting form of AIHA characterized by 
an IgG autoantibody that binds at cold temperatures, 
fi xes complement effi ciently, and causes intravascular 
hemolysis. The third major form of primary AIHA, cold 
agglutinin disease, is more commonly observed in adults, 
but in children it typically follows Mycoplasma infections. 
In this disorder, an IgM autoantibody binds to erythro-
cytes optimally below 37° C and fi xes complement; 
erythrocytes undergo either intravascular hemolysis or 
immune-mediated extravascular clearance from surface-
bound complement components.

Box 14-1  Classifi cation of Autoimmune 
Hemolytic Anemia (AIHA) in Children

PRIMARY AIHA*

Warm-reactive autoantibodies, usually IgG
Paroxysmal cold hemoglobinuria, usually IgG
Cold-agglutinin disease, usually IgM

SECONDARY AIHA†

Systemic autoimmune disease (e.g., lupus, malignancy)
Immunodefi ciency
Evans syndrome
Autoimmune lymphoproliferative syndrome
Infection (Mycoplasma, viruses)
Drug induced

*Occurs in the majority of affected children and often follows a 
viral-like syndrome, but in the absence of another systemic 
illness.

†Occurs in association with another systemic process.
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Secondary AIHA occurs in the context of another 
clinical diagnosis, with hemolytic anemia being only one 
manifestation of a systemic illness. Secondary AIHA can 
occur in patients with generalized autoimmune disease, 
such as systemic lupus erythematosus (SLE) or other 
autoimmune infl ammatory disorders. AIHA also occurs 
in patients with malignancy, immunodefi ciency states, 
exposure to drugs, or specifi c infections. Because AIHA 
may be the initial manifestation, however, it is imperative 
that each patient with AIHA be evaluated for the pres-
ence of an underlying illness. Evans’ syndrome is a unique 
entity that features autoimmune pancytopenia, although 
erythrocytes and platelets are most frequently involved. 
Evans’ syndrome often has a severe and relapsing clinical 
course, and most patients require aggressive systemic 
therapy. Finally, ALPS is now increasingly being recog-
nized as an important underlying condition in some 
children with AIHA.

PRIMARY AUTOIMMUNE 
HEMOLYTIC ANEMIA

Incidence

Primary AIHA is not a rare disorder. The disease has 
been estimated to affect 1 in 80,000 persons in the 
general population per year,74 thus making it more 
common than acquired aplastic anemia75,76 but less 
common than ITP.77 In the pediatric age group, AIHA 
may even occur in infants and toddlers, especially after 
an infection72,78,79; teenagers with AIHA are more likely 
to have an associated underlying systemic illness and 
therefore have secondary disease.80-82 Cold agglutinin 
disease can occur in the pediatric age group but is 
particularly common in older persons.83-86 In summary, 
AIHA can affect persons of any age, race, ethnicity, or 
nationality. The issue of gender preference is somewhat 
more controversial; in children, boys may be affected 
slightly more often, whereas affected teenagers are more 
commonly female.72,79,87

Natural History

The prognosis for the majority of children with primary 
AIHA is good.73,87-90 Overall, young patients with cold-
reactive erythrocyte autoantibodies appear to have a 
better clinical outcome than those with warm-reactive 
antibodies. The former patients tend to have an acute 
self-limited illness but may require aggressive short-
term supportive care. In contrast, the clinical course 
in children with warm-reactive AIHA is often chronic 
and characterized by intermittent remissions and 
relapses, and these patients generally require long-term 
therapy.

Older series reported a high mortality rate for patients 
with AIHA, but these studies included many adults with 

AIHA secondary to malignancy.49,91 Later series, includ-
ing several that focused exclusively on children, have 
demonstrated a much better prognosis. Buchanan and 
colleagues88 reported that 77% of children with AIHA 
had an acute self-limited disease and that the majority 
of children responded well to short-term therapy; 
these results have been confi rmed in later reviews. 
Mortality in children with primary AIHA appears to 
be no greater than 10%, with death occurring primarily 
in older children with chronic refractory disease, some 
of whom possibly had unrecognized Evans syndrome 
or ALPS.

Heisel and Ortega80 attempted to defi ne prognostic 
factors for AIHA in childhood. They concluded that chil-
dren between 2 and 12 years of age had the best prog-
nosis; these patients tended to have an abrupt onset of 
symptoms with low numbers of reticulocytes but other-
wise normal blood counts. The children who fared worse 
were either infants younger than 2 years or teenagers; 
these patients had a more prolonged onset of symptoms, 
had higher reticulocyte counts with nucleated erythro-
cyte precursors in their peripheral blood, and often had 
decreased platelet counts.80 Other studies have confi rmed 
the observation that younger children with an abrupt 
onset of symptoms have a better prognosis than older 
patients do.72,79

Clinical Manifestations

Proper evaluation of a pediatric patient with AIHA begins 
with a careful history and physical examination. Many 
children with AIHA fi rst come to medical attention 
because of signs and symptoms referable to anemia, such 
as pallor and weakness, and less commonly dizziness or 
exercise intolerance. The anemia is usually well compen-
sated from a cardiovascular standpoint, so symptoms of 
congestive heart failure or circulatory collapse are rare. 
Occasionally, a patient has jaundice, typically noted in 
the sclerae, as a result of accelerated erythrocyte destruc-
tion and increased bilirubin turnover. The symptom of 
dark urine generally refl ects intravascular hemolysis 
rather than bilirubin and has been described by patients 
in a variety of colorful and fl avorful terms, including cola, 
iced tea, mahogany, or even motor oil. Less commonly, 
the patient will report abdominal pain or fever.

Children with AIHA often have a benign previous 
medical history, although questions should be asked 
regarding previous similar episodes. The review of systems 
should include a query about recent or concurrent medi-
cations and careful questioning regarding the possibility 
of an underlying illness such as a systemic autoimmune 
disease, infl ammatory disorder, or malignancy. The family 
history is usually negative in AIHA; rare instances of 
apparent familial AIHA72,92,93 probably refl ect a tendency 
toward a generalized autoimmune disorder such as 
SLE.

On physical examination a child with AIHA is often 
pale and jaundiced with pallor and icterus, especially 
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apparent in the conjunctivae and palms. The patient 
should have no physical stigmata of congenital disorders 
such as Blackfan-Diamond anemia, Fanconi anemia, 
or constitutional aplastic anemia. Jaundice may be appar-
ent, particularly if the hemolysis is brisk, and is caused 
by the breakdown and recycling of unconjugated biliru-
bin from the destroyed erythrocytes. Depending on the 
skill of the examiner, scleral icterus can be detected at a 
bilirubin concentration of 2 to 3 mg/dL. Examination of 
the heart typically reveals tachycardia and an early sys-
tolic fl ow murmur as a result of the high-output anemic 
state. The liver and spleen may be palpable, in the latter 
case secondary to an increase in red pulp.94 However, 
the presence of massive splenomegaly, hepatomegaly, 
or enlarged lymph nodes should suggest an underlying 
infection or malignant process.

Routine Laboratory Evaluation

Similar to that seen with other forms of anemia in young 
patients, such as aplastic anemia or transient erythroblas-
topenia of childhood, the degree of anemia in AIHA may 
be surprisingly marked at initial evaluation. A child with 
AIHA often has a hemoglobin concentration of 4 to 
7 g/dL with no apparent cardiovascular compromise. 
RBC indices are not generally helpful in establishing the 
diagnosis because a normal mean corpuscular volume 
will refl ect the weighted average of small microsphero-
cytes and large reticulocytes. Erythrocyte agglutination 
within the sample tube may give an artifi cially large mean 
corpuscular volume on an automated counter.95 An 
elevated mean corpuscular hemoglobin concentration 
(>36 g/dL) is more suggestive of hereditary spherocytosis 
because a spherocyte has a smaller volume than a normal 
erythrocyte but contains the normal amount of hemoglo-
bin (see Chapter 15). The leukocyte count and platelet 
count should be within the normal range. Concurrent 
thrombocytopenia may indicate a bone marrow failure 
syndrome (e.g., aplastic anemia) or microangiopathic 
hemolytic anemia (e.g., HUS or TTP). The combination 
of AIHA and immune-mediated thrombocytopenia 
(Evans syndrome) is characterized by broader immune 
dysregulation.96 Granulocytopenia may also be present in 
Evans syndrome as a refl ection of the immune-mediated 
pancytopenia.

Evaluation of the peripheral blood smear is very 
useful in establishing the diagnosis of AIHA. Numerous 
small spherocytes are usually present in warm-reactive 
AIHA; splenic ingestion of a portion of the erythrocyte 
allows the cell to “sphere,” or re-form into a more entro-
pically favored spherical shape.56 Surface complement 
may also induce erythrocyte sphering.97 Occasionally, 
teardrop shapes or even schistocytes may be observed98; 
the presence of target cells is more consistent with a 
hemoglobinopathy or primary hepatic disease. Polychro-
masia is a common fi nding in AIHA because the bone 
marrow releases large numbers of reticulocytes and 
even nucleated RBCs to compensate for the accelerated 

erythrocyte destruction. Erythrophagocytosis, fi rst 
described in 1891,99 is an unusual fi nding on the periph-
eral blood smear but visually illustrates the process of 
immune-mediated clearance of erythrocytes by mono-
cytes and macrophages of the reticuloendothelial system. 
Figure 14-5A shows the peripheral blood smear from a 
patient with warm-reactive AIHA and illustrates numer-
ous small microspherocytes and large reticulocytes. 
Numerous Howell-Jolly bodies are present because this 
patient had previously undergone splenectomy. In con-
trast, Figure 14-5B shows the blood smear of a patient 
with hereditary spherocytosis and illustrates the morpho-
logic similarities between these two conditions. Sphero-
cytes are seen less commonly in cold-reactive AIHA, but 
erythrocyte agglutination can be observed on the blood 
fi lm if the binding affi nity of the antibody reaches room 
temperature. Figure 14-5C illustrates agglutinated red 
cells in a patient with cold-reactive (IgM-mediated) 
AIHA; at higher power, nucleated immature erythroid 
cells released prematurely from the bone marrow can be 
seen. Figure 14-5D illustrates the phenomenon of eryth-
rophagocytosis by a monocyte on the peripheral blood 
smear of a child with PCH.

Reticulocytosis is usually present in AIHA because 
of the bone marrow’s compensation for the shortened red 
cell survival in peripheral blood.100 Absolute reticulocyte 
counts are typically 200 to 600 × 109/L, which represents 
10% to 30% of the circulating erythrocytes. However, 
reticulocytopenia is well described in AIHA and probably 
occurs in 10% of pediatric patients.101-103 Several expla-
nations have been offered for a low reticulocyte count in 
the presence of accelerated erythrocyte clearance. The 
autoantibody may react with antigens on erythroid 
precursors and lead to immune-mediated clearance 
within the marrow by resident macrophages. Alterna-
tively, erythrocyte autoantibodies may induce apoptosis 
of bone marrow erythroblasts.104 Finally, AIHA may be 
characterized by a well-compensated anemia that remains 
subclinical until infection with parvovirus B19 tem-
porarily shuts off erythropoiesis and leads to worse and 
symptomatic anemia.105,106 Regardless of its mechanism, 
however, the presence of reticulocytopenia should not 
infl uence therapy or prognosis in AIHA.

Aspiration of bone marrow is not generally necessary 
for children with AIHA but may be helpful to exclude a 
malignant process, myelodysplasia, or a bone marrow 
failure syndrome. In AIHA, the marrow aspirate usually 
reveals marked erythroid hyperplasia with a myeloid-
erythroid ratio below unity. Mild dyserythropoiesis 
may be observed but should not be a common fi nding; 
substantial dyserythropoiesis should suggest an alterna-
tive diagnosis such as myelodysplasia.

Results of urine examination may be unremarkable. 
In patients with AIHA and intravascular hemolysis, 
however, free plasma hemoglobin is cleared through the 
renal fi ltration system, which leads to darkened urine. 
When hemoglobinuria is present, urine dipstick analysis 
will indicate the presence of blood, but microscopic 
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examination will reveal few if any RBCs. Chronic hemo-
globinuria will lead to accumulation of hemosiderin in 
uroepithelial cells, which can be detected in the urinary 
sediment.

The results of a variety of serum chemistry analyses 
may be abnormal because of erythrocyte hemolysis, but 
routine measurement should not be essential to establish 
the diagnosis of AIHA. Elevations in levels of lactate 
dehydrogenase and aspartate aminotransferase refl ect the 
release of intraerythrocyte enzymes; in contrast, the level 
of serum alanine aminotransferase or other hepatic 
enzymes should not be elevated in AIHA. The serum 
haptoglobin level is almost always low because this protein 
acts as a scavenger for free plasma hemoglobin. However, 
haptoglobin is not synthesized well in young infants and 
is an acute phase reactant107; for these reasons, quantita-
tion of serum haptoglobin may not be helpful in the 
evaluation of a patient with AIHA (or for that matter in 
any patient). The total serum bilirubin concentration is 
elevated in most patients with AIHA, although levels 
greater than 5 mg/dL are unusual and suggest hepatic 
impairment or the presence of Gilbert syndrome. 
Because the elevated bilirubin concentration in AIHA 
refl ects accelerated erythrocyte destruction rather than 

intrinsic hepatic disease, virtually all of the bilirubin 
is unconjugated. The direct (conjugated) fraction should 
not exceed 10% to 20% of the total bilirubin 
concentration.

Specialized Laboratory Evaluation

The most important and useful laboratory test to 
establish the diagnosis of AIHA is the direct antiglobulin 
test (DAT, formerly known as the Coombs test), which 
identifi es antibodies and complement components on the 
surface of circulating erythrocytes. Therefore, a thorough 
understanding of the individual laboratory steps that 
constitute the DAT is essential for accurate interpretation 
of the test results.

Anticoagulated erythrocytes from the patient are fi rst 
washed several times to remove all plasma proteins and 
are then incubated at 37° C with polyclonal rabbit anti-
serum that binds to human γ-globulin and human com-
plement (usually C3). First described more than 60 years 
ago,47 this “Coombs reagent” is clearly the most impor-
tant diagnostic laboratory tool for a patient with AIHA. 
IgM autoantibodies are pentameric and can act as a 
bridge between adjacent erythrocytes (Fig. 14-6A). In 

D

FIGURE 14-5. Examination of peripheral blood in autoimmune hemolytic anemia (AIHA). A, Blood from a patient with IgG (warm-reactive) 
AIHA illustrates many small microspherocytes and larger reticulocytes (×1000). B, Blood from a patient with hereditary spherocytosis illustrates 
the morphologic similarities between these two conditions. C, Agglutinated erythrocytes from a patient with IgM (cold-reactive) AIHA are clearly 
visible at low power (×400). D, Erythrophagocytosis by a peripheral blood monocyte (×1000).
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Also of interest is the observation that DAT results 
may be positive in an otherwise normal person.108 This is 
apparently a biologically false-positive result because no 
evidence of AIHA develops in these individuals, even 
with extended follow-up.118,119 Analysis of the immune 
system of such persons revealed normal T-cell subsets, 
although the number of B cells was signifi cantly 
increased.120

Differential Diagnosis

The typical patient with AIHA has clear evidence of 
hemolytic anemia, including jaundice and splenomegaly 
on physical examination and spherocytes with reticulo-
cytosis on the peripheral blood smear. In this setting the 
differential diagnosis includes certain forms of nonim-
mune hemolytic anemia, including intrinsic RBC mem-
brane or enzyme defects, as well as other rare extrinsic 
causes of hemolysis. Hereditary spherocytosis, described 
more fully in Chapter 15, can be confused with AIHA. 
A positive result in the osmotic fragility test, often errone-
ously considered to be pathognomonic for the diagnosis 
of hereditary spherocytosis, is also observed in patients 
with AIHA or congestive splenomegaly. Patients with 
other rare disorders such as clostridial sepsis121 or early 
stages of Wilson’s disease122 can likewise have numerous 
spherocytes and hemolytic anemia. Patients with 
microangiopathic hemolytic anemia, such as HUS 
or TTP, typically have more schistocytes than sphero-
cytes and usually have severe thrombocytopenia as 
well. In all clinical settings, the diagnosis of AIHA is 
most easily and accurately made on the basis of positive 
DAT results.

If the patient has anemia and reticulocytopenia, the 
differential diagnosis should include other acquired forms 
of hypoplastic anemia, such as transient erythroblastope-
nia of childhood or acquired aplastic anemia. In addition, 
patients with nonimmune hemolytic anemia in whom 
transient hypoplastic anemia develops as a result of par-
vovirus B19 infection may display this clinical picture.123 
In these patients the underlying hemolytic anemia 
may not be clinically recognizable until the parvovirus 
infection worsens the anemia and leads to clinical 
symptoms.
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FIGURE 14-6. Interactions between immunoglobulin molecules and the erythrocyte during agglutination tests and the direct antiglobulin test 
(DAT). A, An IgM autoantibody can simultaneously bind two erythrocytes because of its multiple antigen-binding sites. The large size of the IgM 
molecule allows it to bridge the zeta potential between erythrocytes and cause agglutination. B, An IgG autoantibody is too small to bridge the 
zeta potential. C, Hence there is no agglutination of erythrocytes unless the zeta potential is reduced. D, On addition of the Coombs reagent, a 
rabbit antiglobulin that recognizes human IgG, the zeta potential is successfully bridged and red cells agglutinate.

contrast, IgG autoantibodies are smaller and unable to 
bridge the surface repulsion between adjacent erythro-
cytes known as the zeta potential (Fig. 14-6B) unless 
the distance imposed by the zeta potential is reduced 
(Fig. 14-6C). The broad-spectrum Coombs reagent binds 
to erythrocyte autoantibodies, bridges the zeta potential, 
and causes agglutination (Fig. 14-6D).

A positive DAT result with the polyspecifi c Coombs 
reagent leads to testing with more specifi c antisera to 
discriminate between IgG and complement on the RBC 
surface. The presence of IgG on the erythrocyte is suffi -
cient evidence for an IgG autoantibody; simultaneous 
detection of complement indicates that the antibody can 
fi x complement as well. In contrast, the presence of com-
plement alone (with no IgG detected) suggests a cold-
reactive autoantibody that fi xes complement at lower 
temperatures but binds poorly to the erythrocyte at 37° 
C; in this setting, the serum should be analyzed for either 
the presence of an IgM autoantibody or the unique IgG 
Donath-Landsteiner autoantibody (described in a later 
section).

The DAT report for a patient with AIHA should 
describe the agglutination results of the polyspecifi c 
Coombs reagent and, if positive, the results of subse-
quent testing with the specifi c IgG and C3 reagents. DAT 
can be performed at temperatures lower than 37° C, such 
as 4° C, 10° C, or room temperature (23° C), to assist 
in the detection of cold-reactive autoantibodies and char-
acterization of their thermal reactivity and amplitude. 
DAT results are scored on the basis of the amount of 
agglutination, usually on a scale of 1 to 4.

On occasion, results of the DAT are negative despite 
good clinical evidence of autoimmune hemolysis.108 One 
explanation for this apparent paradox is that the amount 
of IgG present on the erythrocyte may be below the 
threshold for detection by standard Coombs reagent 
testing. In this setting a more sensitive assay for surface-
bound IgG, such as enzyme-linked immunosorbent 
assay,109 gel card analysis,110 or fl ow cytometry,111 may be 
helpful in identifying IgG on the cell surface. Alterna-
tively, the lack of surface IgG may indicate the presence 
of a surface antibody other than an IgG molecule, such 
as an IgA autoantibody68,112-114 or even a warm-reactive 
IgM autoantibody.115-117
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Characteristics of 
Erythrocyte Autoantibodies

The sine qua non of both primary and secondary AIHA 
is the presence of antibodies that bind to erythrocytes. 
As a direct consequence of the binding of these erythro-
cyte autoantibodies, circulating erythrocytes have a 
shortened life span with hemolysis and accelerated clear-
ance by the reticuloendothelial system. The clinical com-
plexity and variability of AIHA depend in large part on 
the immunologic characteristics of the autoantibody, 
including its isotype, thermal reactivity, ability to fi x 
complement, binding affi nity, and antigenic specifi city. 
Elucidation of each of these characteristics is important 
in understanding the pathophysiology and clinical course 
of AIHA in a given patient.86,124-129 Table 14-1 summa-
rizes the important characteristics of erythrocyte autoan-
tibodies in AIHA, with an emphasis on differences among 
the three major clinical conditions: warm-reactive AIHA, 
PCH, and cold agglutinin disease.

Antibody Isotype

One of the most important tasks for the immunohema-
tology laboratory in the evaluation of a new patient with 
AIHA is to determine the isotype of the erythrocyte 
autoantibody. In most cases the pathogenic antibody is 
identifi ed as an IgG molecule.74,89,130,131 In general, IgG 
autoantibodies bind to RBC antigens optimally at 37° C, 
hence the descriptive term warm-reactive autoantibodies. 
All IgG molecules are heterodimers, with two heavy 
chains linked noncovalently to two light chains. The 
heavy and light chains together form two variable antigen-
binding sites known as the Fab portions, and the heavy 
chains also contain a constant structural domain (the Fc 
portion) that includes the binding site for complement 
and the binding site for the Fc receptor.

There are four subtypes of IgG antibodies designated 
IgG1, IgG2, IgG3, and IgG4. These different subtypes 
have important implications for the fi xation of comple-
ment, hemolysis, and clearance by the reticuloendothelial 

system. IgG1 and IgG3 antibodies fi x complement better 
than IgG2 and IgG4 antibodies do.132,133 A patient who 
had only IgG4 autoantibody on his erythrocytes was 
reported to have little hemolysis, presumably because of 
weak interactions with the Fc receptor on macrophages.134 
Adapted from a review of several thousand patients with 
AIHA by Engelfriet and colleagues,131 Table 14-2 lists the 
relative occurrence of each IgG subclass identifi ed in 
patients with AIHA and warm IgG autoantibody. IgG1 
autoantibodies were by far the predominant subclass 
identifi ed, followed by multiple subclasses that typically 
included IgG1.

Less commonly, IgG antibodies are cold reactive; 
these autoantibodies are characteristic of childhood PCH 
but have also been reported rarely in cold hemagglutinin 
disease.135 In the unusual setting of a pregnant woman 
with AIHA, certain IgG autoantibodies can cross the 
placenta and cause acquired neonatal AIHA.136-138

In other patients with AIHA, IgM autoantibodies are 
identifi ed, particularly after infection with an organism 
such as Mycoplasma pneumoniae.139 In one series, IgM 
autoantibodies characterized a signifi cant proportion of 

TABLE 14-1 Common Characteristics of Erythrocyte Autoantibodies in Autoimmune Hemolytic Anemia

Characteristic Warm-Reactive Paroxysmal Cold Hemoglobinuria Cold Agglutinin

Immunoglobulin isotype IgG IgG IgM
Thermal reactivity 37º C 4º C 4º C
Fixes complement Variable Yes Yes
Direct antiglobulin test
 4º C Not performed IgG, C3 C3
 37º C IgG ± C3 C3 C3
Plasma titer Low/absent Moderate High
Hemolysin No Yes Variable
Antigenic specifi city Rh and others P I/i
Site of red blood cell destruction Spleen Intravascular Liver, intravascular

TABLE 14-2  Frequency of IgG Subclasses Identifi ed 
in Warm-Reactive (IgG Autoantibody) 
Autoimmune Hemolytic Anemia

IgG Subclass % Total Cases

IgG1 74.0
IgG2  0.7
IgG3  2.1
IgG4  0.9
Multiple, including IgG1 20.1
Multiple, not including IgG1  0.3
None detectable  1.9

Adapted from Engelfriet CP, Overbeeke MA, von dem Borne AE: Autoim-
mune hemolytic anemia. Semin Hematol 1992; 29:3-12.
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instances of AIHA in early childhood.140 The IgM mole-
cule is a pentameric structure that contains fi ve cova-
lently linked domains, each of which is structurally similar 
to a single IgG molecule. Because of their large size, IgM 
autoantibodies can span the zeta potential between adja-
cent erythrocytes. Erythrocytes that are connected by a 
bridging IgM molecule become too dense to remain in 
suspension and thus agglutinate.

IgG and IgM autoantibodies characterize the vast 
majority of instances of AIHA, but rarely an IgA autoan-
tibody is identifi ed.68,113,114,141 IgA antibodies do not react 
with the standard Coombs reagent, and therefore special 
research reagents must be used for their identifi cation.108 
Testing for IgA autoantibodies should be considered and 
specifi cally requested whenever the DAT fails to detect 
surface-bound IgG or C3 in a patient who otherwise 
appears to have AIHA. Finally, a combination of different 
isotypes, especially simultaneous IgG and IgM autoanti-
bodies, has been reported on several occasions.142-145

Thermal Reactivity

The thermal reactivity (sometimes called the thermal 
amplitude) of an erythrocyte autoantibody is another 
important parameter to determine. Although the core 
temperature of humans is 37° C, temperatures in super-
fi cial vessels (particularly in the face and digits) may fall 
below 30° C. Binding of antibody to erythrocytes can be 
considered a process of dynamic equilibrium, depending 
on the location of a given erythrocyte within the circula-
tion. The thermal reactivity of most IgG autoantibodies 
is 37° C, so binding to erythrocytes occurs best at normal 
body temperature. These antibodies are therefore referred 
to as warm-reactive autoantibodies. Occasionally, warm-
reactive IgM autoantibodies are identifi ed, although they 
are rare.115-117,140

Cold-reactive (Donath-Landsteiner) IgG autoanti-
bodies bind optimally at 4° C and are clinically important 
as the cause of PCH. Because of their unusual charac-
teristics, results of the DAT are often negative or dem-
onstrate only the presence of complement because 
cold-reacting antibodies are removed during the washing 
of erythrocytes. A special procedure must therefore be 
followed to detect the Donath-Landsteiner antibody 
characteristic of PCH. Specifi c testing for this antibody 
should be performed early in the clinical course, ideally 
before therapy is initiated.

The Donath-Landsteiner autoantibody is a biphasic 
hemolysin, which means that it binds to erythrocytes and 
fi xes complement at 4° C, but on warming to 37° C, the 
complement cascade is amplifi ed and leads to hemolysis. 
Two samples of blood should be drawn simultaneously 
from the patient and kept at 37° C to prevent in vitro 
autoantibody binding and hemolysis. The serum samples 
are separated from the erythrocytes by centrifugation 
(preferably at a warm temperature) and then incubated 
with normal erythrocytes and a source of complement, 
either in a melting ice bath or at 37° C. Both reactions 
are then warmed to 37° C and analyzed for the presence 

of hemolysis. In the fi rst sample, cold incubation allows 
the IgG autoantibody to bind and fi x complement, after 
which the subsequent warming step allows complement 
amplifi cation to occur with resultant RBC lysis. In 
contrast, the sample maintained at 37° C shows no lysis 
because no signifi cant IgG autoantibody binding occurred 
at the warmer temperature to allow complement 
fi xation.

In contrast to many IgG autoantibodies, IgM auto-
antibodies typically bind optimally to erythrocytes at 
0° C to 4° C and hence are called cold-reactive antibod-
ies. The thermal range over which the autoantibody is 
active is crucial and determines the amount of hemolysis 
observed (Fig. 14-7). An IgM autoantibody binds opti-
mally in the cold, but complement activation proceeds 
optimally at warmer temperatures. The overlap between 
the range of antibody activity and complement activation 
is the so-called zone of hemolysis.146

Complement Fixation

The ability of an erythrocyte autoantibody to fi x comple-
ment plays a critical role in the pathophysiology of 
immune clearance and the clinical manifestations of 
hemolysis because complement augments the destructive 
effects of the autoantibody. The process of complement 
deposition, amplifi cation, and pore formation involves a 
complex series of intravascular enzymatic events.

In the classical complement activation pathway, the 
Fc portion of the bound immunoglobulin molecule inter-
acts with C1q, the fi rst component of the complement 
cascade. Two IgG molecules in close proximity are 
required to bind C1q to the erythrocyte (Fig. 14-8A), 
whereas a single IgM molecule is suffi cient to bind C1q 
(Fig. 14-8B). Components C1r and C1s then bind to 
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FIGURE 14-7. Thermal reactivity curve of a cold-reactive IgM autoan-
tibody. The antibody is optimally reactive at 0° C to 4° C, whereas 
complement is fi xed most effi ciently at 37° C. The overlap area is the 
so-called zone of hemolysis and determines the amount of hemolysis 
observed. (Adapted from Issitt PD, Anstee DJ. Applied Blood Group 
Serology, 3rd ed. Miami, Montgomery Scientifi c Publications, 1985, p 545.)
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C1q to form a multiunit protein complex on the red cell 
surface. This active complex binds and enzymatically 
cleaves C4, followed by additional enzymatic events that 
lead to the deposition of component C3b on the surface 
of the erythrocyte. At this point the erythrocyte may be 
cleared by the spleen, liver, or other parts of the reticu-
loendothelial system that recognize C3b via specifi c 
surface receptors. Alternatively, amplifi cation of the com-
plement cascade may continue and lead to formation of 
the C5b-7 membrane attack complex, followed by fi xa-
tion of C8 and C9 and fi nally by polymerization of C9 
to form pores within the cell membrane (Fig. 14-9). 
These pores breach the erythrocyte membrane integrity 
and cause hemolysis of the cell.

IgM autoantibodies fi x complement very effi ciently 
because distinct binding sites within the IgM pentamer 
are close enough to bind C1q (see Fig. 14-8B). In fact, 
the “hemolysins” that were identifi ed at the turn of the 
century were actually IgM autoantibodies that fi xed com-
plement effi ciently and completely, thereby resulting in 
membrane pore formation and erythrocyte lysis. Rarely, 
IgM antibodies that do not fi x complement have been 
reported.140,147 In contrast, IgG autoantibodies do not fi x 
complement as effi ciently as their IgM counterparts, in 
part because of the necessity of two distinct IgG mole-
cules being in close proximity to allow the initial binding 
of C1q.51 If the target autoantigens on the erythrocyte 
membrane are not mobile or are spaced too far apart, 
complement cannot be fi xed. Moreover, all IgG mole-
cules do not have equivalent complement-fi xing ability; 
the IgG1 and IgG3 subclasses are able to fi x complement 
far better than the IgG2 and IgG4 subtypes can.132,133 
Donath-Landsteiner antibodies, even though they are 
IgG autoantibodies, fi x complement very effi ciently and 
thus lead to brisk intravascular lysis.

Antibody Binding Affi nity

The binding affi nity of an erythrocyte autoantibody 
for its antigen has implications both for the likelihood of 
in vitro detection and for the pathophysiologic process 
of erythrocyte clearance.125,129 An IgG autoantibody 
typically has high affi nity for its antigen on the erythro-
cyte surface and can therefore be identifi ed readily by 
the DAT. For this same reason, the indirect antiglobulin 
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FIGURE 14-8. Binding of C1, the fi rst component of complement, to antibodies. A, Binding of C1 to IgG molecules occurs through the Fc 
portion of the immunoglobulin molecule. Binding is inhibited by interference from the Fab arms, which is minimized when the hinge region is 
elongated, as in an IgG3 molecule; hence IgG3 fi xes complement more effi ciently than IgG4 does. B, Complement binding sites of IgM molecules 
are not available when the antibody is in its fl uid-phase planar form. When two of the monomers are affi xed, however, the IgM molecule assumes 
an arched form and C1 binding sites become available for reaction.

FIGURE 14-9. Electron micrograph of lesions that appear in the cell 
membrane after completion of the membrane attack complex. The dark 
lesions are hydrophilic complexes of protein about 10 nm in 
diameter.
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test may fail to detect an IgG autoantibody because 
there is very little unbound antibody circulating in 
plasma. In contrast, most IgM autoantibodies have 
little binding affi nity at 37° C and are therefore more 
easily detected as high-titer unbound antibody within 
plasma.

Antigenic Specifi city

When serologic specifi city in most patients with warm-
reactive AIHA is tested, reactivity with all cells tested is 
commonly identifi ed. This “panreactive,” “nonspecifi c,” 
or “no specifi city defi ned” pattern of reactivity suggests 
that the autoantibody is binding to a surface antigenic 
structure that is common to all human erythrocytes. 
Interestingly, the autoantibody may not react with cells 
that lack the entire Rh protein complex; experiments with 
these rare Rhnull erythrocytes provide evidence that the 
Rh protein cluster is the main antigenic determinant for 
many warm-reactive autoantibodies.53,146 Other studies 
have confi rmed that autoantibodies bind to Rh in about 
50% of patients with warm-reactive AIHA,127,128,148 
although other candidate autoantigens have been 
identifi ed.149

Occasionally, autoantibody reactivity against a par-
ticular Rh antigen such as c or e is identifi ed,85,150 but 
this is not common. Warm autoantibodies with defi ned 
specifi city against unusual protein antigens, including 
protein 4.1,151 band 3,152 Wrb,67 Kpb,153 N,154 and many 
others, have been described. Reactivity with the ABO 
blood group antigens155,156 or with other major systems 
such as Lewis or Kell is extremely rare in warm-reactive 
AIHA.131,146,157 In contrast, IgM autoantibodies often 
have reactivity against polysaccharides on the red 
cell rather than surface proteins. The I/i surface structure 
is a prototypical polysaccharide autoantigen on the 
red cell surface and is the target of many IgM 
antibodies that develop in response to infection.139 In 
addition to the important I/i surface antigens, other auto-
antigens have also been reported in cold-reactive 
AIHA,85,86,158-160 including the polysaccharide P autoan-
tigen in PCH.161

Elucidation of the antigenic specifi city of autoreac-
tive erythrocyte antibodies provides information that 
is useful for several reasons. One is the likelihood of 
fi nding compatible blood for transfusion. If an autoanti-
body is a panreactive antibody that binds to all cells 
with no apparent specifi city, fully compatible blood 
will probably not be found. Identifi cation of antigenic 
specifi city may also help predict intravascular lysis 
resulting from activation of complement. If the antigen 
is within the Rh complex, the antigenic density on 
erythrocytes makes complement activation remote and 
complement-mediated intravascular hemolysis less likely. 
The P antigen system, in contrast, is densely populated 
on the erythrocyte surface and capable of binding suffi -
cient Donath-Landsteiner IgG antibodies to fi x comple-
ment effi ciently and lead to substantial intravascular 
lysis.54

Immune Clearance of 
Sensitized Erythrocytes

Much of our understanding about the pathophysiology 
of immune-mediated erythrocyte clearance derives from 
experiments performed more than 30 years ago. An 
elegant series of in vitro and in vivo studies by Jandl and 
associates50,56,57,59 and by Rosse54,55,61 clarifi ed the roles of 
antibody, complement, and the reticuloendothelial system 
in the pathophysiology of autoimmune erythrocyte clear-
ance. In the early 1970s, Frank and colleagues developed 
a guinea pig model for AIHA that permitted dissection 
of the steps involved in the clearance of erythrocytes 
coated with antibody or complement. Using 51Cr-labeled 
RBCs that were sensitized in vitro with rabbit IgG or IgM 
anti–guinea pig erythrocyte antibodies, these investiga-
tors analyzed the rates and patterns of clearance, as well 
as the sites of sequestration. IgG-coated erythrocytes 
were removed predominantly by the spleen, regardless of 
concurrent complement activation, and the amount of 
surface IgG correlated with the rate of splenic clearance. 
The liver was the predominant clearance site when very 
large amounts of IgG were present. Fc receptors on mac-
rophages were responsible for the binding and phagocy-
tosis of IgG-coated erythrocytes.62,63 In contrast to these 
fi ndings for IgG-mediated hemolysis, IgM-coated eryth-
rocytes were cleared rapidly within the liver, and the 
amount of bound IgM correlated with the rate of eryth-
rocyte clearance. However, there was an absolute depen-
dence on complement for the clearance of IgM-coated 
cells, and macrophage receptors for the C3b molecule 
were responsible for binding and phagocytosis of eryth-
rocytes.62,64 Several investigators have attempted to mimic 
erythrocyte-monocyte interactions and correlate in vitro 
results with in vivo hemolysis,162-165 but with limited 
success.

These and other laboratory experiments, coupled 
with careful clinical observations, have led to the develop-
ment of a general understanding about immune-
mediated clearance of erythrocytes in AIHA (Fig. 14-10). 
In warm-reactive AIHA, the IgG autoantibodies coat 
autologous erythrocytes and may fi x complement. The 
sensitized cells pass through the spleen and other parts 
of the reticuloendothelial system, where they interact 
with complement and Fc receptors on macrophages. The 
human macrophage has three distinct classes of receptor 
for the Fc portion of the IgG molecule, designated FcγRI, 
FcγRII, and FcγRIII. Although each form of Fc receptor 
binds IgG with similar specifi city, binding affi nity varies 
for individual subclasses of IgG autoantibodies.166 The 
sensitized erythrocytes may be fully ingested by macro-
phages; however, if only a portion of the surface 
membrane is removed, the erythrocyte re-forms into a 
spherocyte that is identifi able on the peripheral blood 
smear. For IgG-coated erythrocytes, the majority of 
immune clearance occurs within the cords of the spleen167; 
hence the hemolysis is extravascular. If the IgG antibody 
fi xes complement, the erythrocyte can also be cleared by 
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macrophages bearing receptors for complement 
receptors.59,63,168

In cold agglutinin disease or PCH, the autoreactive 
antibody binds preferentially at 4° C and fi xes comple-
ment effi ciently. At normal body temperature there is 
virtually no antibody identifi able on the cell surface, 
but complement components, particularly C3b, can be 
identifi ed with the Coombs reagent. If complement is 
activated to completion on the cell surface in vivo, the 
erythrocytes will hemolyze intravascularly and cause 
hemoglobinemia, followed by hemoglobinuria. When 
C3b is present on the red cell surface without further 
activation of complement, however, macrophages within 
the reticuloendothelial system can bind the erythrocytes 
via specifi c complement receptors and engulf them in a 
manner similar to that in warm-reactive AIHA.169,170 
Complement-coated erythrocytes are cleared extravascu-
larly by macrophages located primarily within the liver 
rather than the spleen.

Therapy

The need to treat a patient with AIHA depends on the 
severity and rapidity with which the anemia develops. A 
child with relatively mild anemia (hemoglobin concentra-
tion of 9 to 12 g/dL), especially one who has recently had 
a viral-like illness, may benefi t from observation alone. If 
the patient has a more severe degree of anemia (hemo-
globin concentration of 6 to 9 g/dL) or if the hemoglobin 
concentration is observed to fall precipitously, therapy 
should be instituted. Optimal therapy depends on the 
clinical picture, as well as the form of AIHA. If the auto-
antibodies are cold reactive, for example, the patient 
should be kept warm with avoidance of all cold stimuli. 
Strict adherence to this recommendation is diffi cult, but 
it is often the best therapy for a patient with cold-reactive 
autoantibodies. If severe intravascular hemolysis is 
present, it is imperative that good renal blood fl ow and 
urine output be maintained.90

Therapy for acute warm-reactive AIHA in children 
should begin with close observation, judicious use of 
erythrocyte transfusions, and administration of corti-
costeroids. Additional therapy includes the administra-
tion of intravenous immunoglobulin (IVIG), plasma 

(exchange) transfusion in selected settings, and 
more recently, targeted therapy with rituximab. Other 
therapeutic modalities such as cyclosporine, vinblastine, 
danazol, azathioprine, cyclophosphamide, and other 
agents have not been widely used in the pediatric age 
group and therefore have a limited therapeutic role for 
childhood AIHA. Table 14-3 lists these various treatment 
modalities; clinical responses and mechanisms of action 
are described in later sections.

When the anemia is severe enough to cause cardio-
vascular compromise, usually at a hemoglobin level lower 
than 5 g/dL, the use of erythrocyte transfusions to provide 
additional oxygen-carrying capacity should be strongly 
considered. Although the transfusion process is compli-
cated and can be somewhat intimidating, erythrocyte 
transfusion may be lifesaving for a patient with AIHA, 
who may die as a result of complications related to 
anemia.171 If clinically warranted, erythrocyte transfu-
sions should never be withheld because of fear of a hemo-
lytic transfusion reaction. The fate of transfused cells will 
probably not be worse than that of the patient’s own 
erythrocytes, and they may provide temporary support 
until additional therapy slows the rate of hemolysis. In 
short, no child with AIHA should die of anemia.

The fi rst problem related to the transfusion of a 
patient with AIHA is identifi cation of compatible eryth-
rocytes. It is important to provide a relatively large 
amount of serum and cells for testing well in advance of 
an anticipated erythrocyte transfusion. Particularly if the 
antigenic specifi city is panreactive, the crossmatch will 
probably identify no units of blood that are fully compat-
ible. In this instance, certain units that are “least incom-
patible” with the patient’s serum will be identifi ed. For 
patients who have previously received transfusions, it is 
critical to identify alloantibodies that may be masked by 
the stronger autoantibody.172-174 Adsorption techniques 
are designed to remove autoantibodies and allow the 
identifi cation of clinically important alloantibodies.175,176

The second diffi culty associated with transfusion of 
a patient with AIHA is the actual transfusion itself. For-
tunately, acute symptomatic transfusion reactions are not 
seen frequently, even with transfusion of units of blood 
that may have strong in vitro reactivity with the patient’s 
serum.172,177 The transfused cells have an in vivo survival 
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FIGURE 14-10. Immune-mediated clearance of erythrocytes in 
autoimmune hemolytic anemia. In warm-reactive disease, IgG 
autoantibodies are bound to erythrocytes but typically do not fi x 
complement effi ciently. The coated cells enter the spleen and other 
parts of the reticuloendothelial system (RES), where they interact 
with Fc receptors on macrophages. Erythrocytes may be com-
pletely engulfed and destroyed by this interaction or may have only 
a portion of their membrane removed. In this case the red cells 
will reshape into spherocytes, which are then doomed on their 
next passage through the spleen. In cold-reactive disease, comple-
ment is typically fi xed very effi ciently, and intravascular lysis by 
the complement cascade can occur. Alternatively, the presence of 
surface-bound complement (C3) can lead to extravascular red cell 
destruction by the spleen and RES.
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that is approximately equivalent to that of endogenous 
erythrocytes, so they often have a benefi cial effect even 
if they circulate only for a short time. On occasion, 
however, the transfusion results in severe hemolysis with 
hemoglobinemia, hemoglobinuria, and renal failure. For 
this reason, it is prudent to begin the transfusion at a slow 
rate and check both plasma and urine samples periodi-
cally for free hemoglobin. For patients with cold-reactive 
antibodies, it is useful to warm the patient and the entire 
room; a blood warmer should be used to raise the tem-
perature of the transfused blood.

A recent report described the successful use of 
polymerized bovine hemoglobin to provide lifesaving 
oxygen-carrying capacity in a woman dying of AIHA.178 
Though intriguing as an alternative to erythrocyte trans-
fusion, the use of erythrocyte substitutes such as perfl uo-
rochemicals or cell-free hemoglobin-based oxygen 
carriers must be considered highly experimental at this 
time.179 Additional research in this area may identify safe 
alternatives to transfusions that may eventually benefi t 
children with AIHA.

The use of corticosteroids is widely accepted therapy 
for AIHA, particularly for patients with IgG antibodies. 
From the initial report more than 50 years ago,180 gluco-
corticoids have been used to interfere with the basic 
pathophysiologic process and immune destruction 
observed in AIHA. The guinea pig model of AIHA 
demonstrated that steroids increase the survival of both 
IgG- and IgM-sensitized erythrocytes by decreasing 
sequestration within the spleen and liver, respectively.63,64 
Corticosteroids are believed to inhibit Fc receptor–
mediated clearance of sensitized erythrocytes,66,181 which 
probably accounts for their effect within 24 to 48 hours 

of administration. Corticosteroids may also inhibit auto-
antibody synthesis, although this effect requires several 
weeks to occur.

In a patient with warm-reactive AIHA or PCH, a 
typical dosing regimen of corticosteroids is 1 to 2 mg/kg 
of methylprednisolone given intravenously every 6 to 8 
hours for the fi rst 24 to 72 hours, usually while the 
patient is the sickest. Oral prednisone at 2 mg/kg/day may 
then be used when the patient’s clinical condition is more 
stable. Typically, these high doses are required for only 2 
to 4 weeks, followed by slow tapering of the dose, which 
may take 3 months or longer. Tapering of the corticoste-
roid dose should be aimed toward the use of a single 
morning dose, preferably every other day, but must be 
based on the patient’s hemoglobin concentration, reticu-
locyte count, and DAT result. In general, tapering should 
be slower when active disease is evident. An overall 
response rate of approximately 80% has been reported.182 
On occasion, corticosteroid therapy may be benefi cial in 
cold agglutinin disease.183

IVIG became a popular therapy for ITP in the 
1980s.184 Able to induce a potent blockade of the reticu-
loendothelial system,185 IVIG was therefore an attractive 
option for the treatment of AIHA as well. Unfortunately, 
AIHA in many patients in early trials appeared to be 
refractory to IVIG therapy.186,187 Bussel and colleagues71 
then reported that very high doses of IVIG (5 g/kg given 
over a 5-day period) were necessary to produce a thera-
peutic benefi t, perhaps because the reticuloendothelial 
system was enlarged in AIHA patients. Even at this high 
dose, however, only approximately a third of patients 
with warm-reactive AIHA had a response to IVIG 
therapy.71,188 Prognostic factors that predicted response 

TABLE 14-3 Treatment Modalities for Autoimmune Hemolytic Anemia

Treatment* Dose Comments

Red blood cell transfusions Suffi cient to reach 6-8 g/dL Incompatibility may cause hemolysis
Alloantibodies may be present

Corticosteroids 1-2 mg/kg IV q6h acutely Effective for IgG more than IgM
High doses for short-term use only5-30 mg PO qod chronically

Intravenous immunoglobulin 1 g/kg/day for 1-5 days Expensive, inconvenient to administer
Effective in only a third of patients

Exchange transfusion or 
plasmapheresis

Daily until stable; effective for IgM more than IgG
Requires large-caliber intravenous access

Splenectomy Curative in 60-80% of patients
Risk of postsplenectomy sepsis

Rituximab 375 mg/m2 IV weekly × 4 B cell ablative, immunosuppressive
Danazol 50-800 mg/day PO Hepatic dysfunction

Androgenic side effects
Vincristine 1 mg/m2 IV every week Neurotoxicity
Cyclophosphamide 50-100 mg/day PO Carcinogenic
Azathioprine 25-200 mg/day PO Immunosuppressive
Cyclosporine 2-10 mg/kg/day PO Nephrotoxicity, hypertension

Immunosuppression

*See text for further description and discussion of each therapeutic agent.
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to IVIG included a lower pretreatment hemoglobin con-
centration and the presence of hepatomegaly.189 Based on 
these results, as well as on a variety of safety and cost 
issues,190 IVIG should not be considered standard treat-
ment for AIHA in children. However, continued investi-
gation of its potential role in modulation of the immune 
response may shed light on important mechanisms 
of autoantibody production and immune-mediated 
erythrocyte clearance.191

Exchange transfusion is a reasonable therapeutic 
option for AIHA in the acute setting because circulating 
erythrocyte autoantibodies, soluble activated comple-
ment components, and sensitized erythrocytes can all be 
removed from the patient simultaneously.192 Alternatively, 
however, plasmapheresis or plasma exchange has been 
used to remove pathogenic autoantibodies and parapro-
teins,193-196 even in very small children.197 It is generally 
accepted that patients with IgM autoantibodies respond 
better to plasmapheresis than those with IgG autoanti-
bodies do,198 presumably because of differences in the 
size and binding characteristics of the two molecules, 
although plasmapheresis can be effective in IgG-
mediated hemolysis as well.199 The larger size of IgM 
molecules keeps them within the intravascular space and 
amenable to removal by plasmapheresis. In contrast, 
IgG autoantibodies diffuse into the extravascular space; 
thus, plasmapheresis removes only a fraction of the total 
IgG autoantibodies. In addition, IgM autoantibodies are 
less tightly affi xed than IgG autoantibodies to erythro-
cytes at warm temperatures and are more likely to be 
removed by plasmapheresis. For this reason the extracor-
poreal circuit should be warmed during exchange trans-
fusion of a patient with cold-reactive autoantibodies.200 
Recently, however, the benefi ts of plasma exchange to 
improve survival of transfused blood cells has been 
questioned.201

For a child with chronic or refractory AIHA, more 
aggressive therapy is often required to alleviate the symp-
toms of anemia and help the child achieve a more normal 
lifestyle. Long-term use of corticosteroids or immuno-
globulin is generally unacceptable because of side effects, 
cost, and inconvenience. A variety of additional therapeu-
tic agents are available, however, as well as surgical inter-
vention. No simple treatment algorithm can be proposed 
that is correct for all children with AIHA. The clinician 
should individualize therapy for each patient based on 
the hematologic response and side effects.

Targeted therapy against the source of autoantibody 
production (antibody-secreting B lymphocytes) has 
recently become a reality. Rituximab (Rituxan) is a 
humanized murine monoclonal antibody directed against 
the human CD20 antigen, which is present only on B 
lymphocytes. Rituximab induces B-cell apoptosis202 and 
is highly effective therapy against B-cell lymphoma.203 
Recently reviewed as a therapeutic option for children 
with a variety of autoimmune hematologic disorders,204 
rituximab offers a relatively safe and effective treatment 
of chronic or refractory AIHA. The earliest reports 

involved adult patients with AIHA, but excellent response 
rates have now been reported in case reports and small 
series of children with AIHA.205-207 Rituximab quickly 
eliminates circulating B cells, and their recovery make 
take several months, yet serum immunoglobulin levels 
rarely decline and replacement IVIG is not clinically 
indicated. Reactivated viral infections have been reported 
rarely in immunosuppressed patients.204 Rituximab 
offers an opportunity to eliminate autoreactive B lym-
phocytes and “reboot” part of the humoral immune 
system, and in practice it can obviate the need for 
nonspecifi c chemotherapy and surgical splenectomy. 
Prospective trials with rituximab are warranted to 
determine its effi cacy versus more conventional therapy 
for childhood AIHA.

Splenectomy is the time-honored therapy for a 
patient with chronic AIHA.182,208 The rationale for sple-
nectomy is based in part on the animal model of AIHA, 
which demonstrated that IgG-sensitized erythrocytes 
were cleared almost exclusively within the spleen, regard-
less of whether complement was activated.65 In keeping 
with this model, patients with IgG autoantibodies respond 
better to splenectomy than do patients with IgM 
autoantibodies.209 However, preoperative prediction of 
the clinical response to splenectomy, based on splenic 
uptake of radiolabeled red cells,210 is variable at best.72,91 
In 12 patients with AIHA, Parker and colleagues211 found 
poor correlation between 51Cr-labeled red cell survival 
and eventual response to splenectomy. Only three of fi ve 
patients with a highly elevated spleen-to-liver uptake ratio 
had a clinical remission after splenectomy, whereas three 
of fi ve with a very low ratio also underwent remission 
after splenectomy. The authors concluded that radiola-
beled red cell survival studies were not reliable indicators 
of the clinical response to splenectomy in AIHA.211 Sple-
nectomy may also benefi t patients with AIHA by remov-
ing a major site of autoantibody production, similar to 
the pathophysiologic effect of antiplatelet autoantibody 
production in ITP.78

Coon212 reported 52 patients with AIHA who under-
went splenectomy. There was no surgical mortality and 
low morbidity, and an excellent response was seen in 
64% and improved status in another 21% of patients. 
However, splenectomy should be avoided in young chil-
dren if possible because of the risk of postsplenectomy 
sepsis secondary to encapsulated bacterial organisms. 
Before splenectomy, children should be immunized with 
polyvalent polysaccharide vaccines against S. pneumoniae 
and N. meningitidis to enhance the humoral immune 
response against these potentially lethal pathogens. 
The addition of protein-conjugated vaccines against 
S. pneumoniae and H. infl uenzae type b into the routine 
infant immunization series has helped provide additional 
effective immunity against these organisms. Children 
who undergo splenectomy should receive penicillin twice 
daily for at least 2 years after surgery; some clinicians 
prefer lifelong penicillin prophylaxis because fatal sepsis 
occurring years after splenectomy has been described.213,214 
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Erythromycin should be used if the patient is allergic to 
penicillin. After splenectomy, prompt medical attention 
should be sought for children with fever (temperature 
>38.5° C [101.5° F]) because of the possibility of bacte-
rial sepsis.

Additional therapeutic agents have been used less 
often in children with AIHA. High-dose pulse dexameth-
asone, which caused initial but fl eeting excitement for 
patients with chronic ITP, had a benefi cial effect for some 
adults with warm-reactive AIHA.215 Danazol, a semisyn-
thetic androgen, also has effi cacy in some patients with 
AIHA,70,216,217 although no young children were included 
in these reports. One report suggested that danazol was 
more effective when used as fi rst-line therapy in conjunc-
tion with corticosteroids,217 whereas another demon-
strated excellent responses even in patients with refractory 
AIHA who had previously received therapy, including 
splenectomy.70 The mechanisms of action of danazol are 
not known, but decreased titers of cell-bound IgG and 
complement have been noted in most patients who had 
a response.70 Danazol has been shown to decrease IgG 
production,218 thus suggesting that this therapy may have 
multiple mechanisms of action that could be benefi cial 
for a patient with AIHA. The primary side effects of 
danazol, however, are elevations in hepatic transaminases 
and mild masculinizing effects, which essentially pre-
clude its routine use in young or female patients.

Cytotoxic agents have been used in the treatment of 
AIHA, with the presumed intent of reducing autoanti-
body formation. Vincristine and vinblastine have limited 
use in the pediatric age group but should be considered 
for a patient with refractory AIHA.69,219,220 In vitro incu-
bation of platelets with vinca alkaloids, followed by trans-
fusion of these “loaded” platelets, has been used to poison 
the reticuloendothelial macrophages directly.219 Other 
cytotoxic agents, including cyclophosphamide, 6-
mercaptopurine, and 6-thioguanine, have been successful 
in adults, but no trials involving children with AIHA have 
been reported to date. A typical daily dose of cyclophos-
phamide for an adult with AIHA is 50 to 100 mg orally. 
Because these agents are generally myelosuppressive and 
potentially mutagenic,221 they should be used with great 
caution in children. The use of high-dose cyclophospha-
mide, designed to provide immunoablation without 
complete myeloablation, has been reported anecdotally 
for severe refractory AIHA.222-224 Of nine patients with 
chronic refractory AIHA who received high-dose cyclo-
phosphamide, six achieved complete remission and three 
had a partial remission. An important side effect of this 
immunoablative therapy is profound myelosuppression, 
although it was short-lived and not associated with serious 
infection.224 The long-term effi cacy of this aggressive 
approach remains unproven at the current time, but the 
regimen deserves prospective testing in selected children 
with life-threatening disease.

Azathioprine is an immunosuppressive agent that 
affects both the humoral and cellular arms of the immune 
response, but its greatest effects are on T lymphocytes.182 

By affecting helper T-cell function, azathioprine can 
interfere with autoantibody synthesis. Azathioprine is 
unlikely to induce clinical remission as a single drug but 
could be used as a corticosteroid-sparing agent. A treat-
ment dose of azathioprine ranges from 25 to 200 mg/day 
orally, and side effects include leukopenia, thrombocyto-
penia, and hepatic injury. Because the goal of azathio-
prine therapy is a reduction in autoantibody synthesis, 
responses may not be noted until after 3 months of 
therapy.182

Cyclosporine, another immunosuppressive agent 
that focuses primarily on T lymphocytes, has been 
reported to have been successful in a few patients with 
steroid-resistant AIHA.225 Because of the signifi cant side 
effects associated with long-term use of cyclosporine, 
however, including nephrotoxicity, hypertension, and 
even a risk of malignancy, it should not be used routinely 
in children with AIHA. Targeted therapy against T 
lymphocytes with Campath 1H monoclonal antibodies 
has shown promising but short-lived responses in refrac-
tory disease.226

Several additional miscellaneous agents have been 
reported anecdotally to have benefi cial effects in the 
treatment of AIHA. The response of a patient with 
cold agglutinin disease to interferon alfa therapy merits 
additional investigation.227 The effects of soluble growth 
factors on erythrocyte phagocytosis by macrophages 
in AIHA suggests a potential role for cytokine 
therapy.228

Finally, complete lymphoid ablation and myeloabla-
tion, followed by reconstitution with compatible healthy 
hematopoietic stem cells, could theoretically cure sys-
temic autoimmune diseases. The use of stem cell trans-
plantation for autoimmune disorders such as AIHA 
has been proposed, and suggested guidelines have 
been published.229 For children with refractory AIHA, 
transplantation of autologous stem cells has been 
attempted, but with limited success.230,231 Human leuko-
cyte antigen (HLA)-matched allogeneic stem cells may 
provide an additional graft-versus-autoimmunity effect,230 
although the current morbidity and mortality associated 
with allogeneic bone marrow transplantation must be 
carefully weighed against the adverse effects of conven-
tional therapy. Moreover, AIHA can actually develop 
after bone marrow transplantation for other indica-
tions,232,233 presumably in the setting of a weakened 
immune system with lymphocyte dysregulation. At this 
time, stem cell transplantation should not be considered 
a reasonable therapeutic option for children with primary 
AIHA unless they have refractory and life-threatening 
disease.

Pathogenesis of Autoantibody Formation

The erythrocyte autoantibodies produced in AIHA are 
clearly pathogenic, and the amount of antibody bound 
to the cell surface is proportional to the rate of erythro-
cyte removal by the reticuloendothelial system. Less is 
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known about the origin of autoantibody formation, 
however, and why certain individuals have in vivo expan-
sion of autoreactive lymphocytes that should normally be 
suppressed or eliminated by the immune system. The 
pathogenesis of autoantibody formation in AIHA has 
recently been reviewed,234,235 with several mechanisms 
proposed for the loss of self-tolerance, including cytokine 
imbalance, excessive lymphocyte activation, and molecu-
lar mimicry between self and foreign antigens, among 
others.

Older case reports suggest a genetic predisposition 
for the development of AIHA, with an association noted 
between AIHA and certain immune response genes, 
especially the HLA-B locus.236 Patients with HLA-B8237 
or HLA-B27238 may have an increased risk for AIHA,237 
whereas HLA-DQ6 may confer protection against 
AIHA.239 Genetic loci in mice associated with the devel-
opment of AIHA have been reported,240 and a single 
nucleotide polymorphism in the human CTLA-4 gene 
locus may confer increased risk for AIHA.241 Chromo-
somal abnormalities have been associated with the 
development of autoimmune cytopenia.242,243

Normal polyclonal antibodies develop after in vivo 
stimulation of B lymphocytes, especially after vaccination 
or infection. The erythrocyte autoantibodies that develop 
in most patients with AIHA also represent a polyclonal 
B-lymphocyte response; even classic warm-reactive AIHA 
will usually have multiple IgG isotypes and often detect-
able IgA autoantibodies.244 For AIHA to develop, these 
polyclonal autoreactive B lymphocytes must avoid the 
normal immune tolerance mechanisms of apoptosis and 
suppression and then proliferate without proper immune 
surveillance.245

Sequence analysis of the immunoglobulin gene rear-
rangements used by AIHA autoantibodies has revealed a 
restricted repertoire of variable gene usage and evidence 
of somatic mutations,246-248 which suggests that autoreac-
tive B lymphocytes in AIHA undergo traditional in vivo 
polyclonal antigen-driven selection and mutation. Self-
antigens that lead to the breakdown of normal immuno-
logic tolerance mechanisms could actually be neoantigens 
that develop during infl ammatory processes.249 Although 
the autoreactive cells generated during immune responses 
are typically eliminated by apoptosis or suppressed to 
prevent their deleterious effects, naturally occurring 
autoantibodies are easily detectable in most healthy indi-
viduals, often without apparent immunization against 
target antigens.250 Some of these autoantibodies have 
specifi city against immunoglobulins251 and presumably 
play a role in the suppression of other antibodies, thus 
illustrating a complex immunoregulatory process that 
can go awry and lead to the formation of pathogenic 
anti-RBC autoantibodies.252 Long-lived plasma cells can 
produce these pathogenic autoantibodies for extended 
periods.253 In the case of patients with chronic lympho-
cytic leukemia and AIHA, typically the leukemic cells 
have intraclonal diversity254 and may not directly produce 
pathogenic antibodies.255

Although B lymphocytes have the most critical role 
in autoantibody formation, the traditional concepts of 
self/nonself discrimination and antigen-driven somatic 
mutation that characterize adaptive immunity have 
recently been modifi ed with the elucidation of a more 
primitive innate immune system. Cell surface pattern 
recognition receptors, especially the Toll-like receptor 
family, allow binding of ligand to specifi c autoantigens 
and activation of B lymphocytes and dendritic cells, 
which can lead to autoantibody production.256 This “Toll 
hypothesis” is important for certain B-lymphocyte subsets 
with a low activation threshold, which leads to their 
expansion in autoimmune models and autoantibody 
secretion.257 Dysregulation of intracellular activation and 
signaling molecules, especially Lyn kinase, may also lead 
to enhanced autoantibody formation.258,259

In addition to B lymphocytes, it is also possible that 
other elements of the cellular immune system are involved 
in the pathophysiology that leads to AIHA. T lympho-
cytes orchestrate the immune response by interacting 
with antigen-presenting mononuclear cells and helping B 
cells produce specifi c antibody. Experimental results 
from a murine model of AIHA have implicated T lym-
phocytes in the pathogenesis of the disorder,260 and T-
lymphocyte reactivity with epitopes on the Rh and band 
3 molecules has been described.261-263 AIHA with sub-
stantial morbidity and mortality has been reported in 
patients after bone marrow transplantation264,265; the 
success of stem cell “add back” as treatment of this com-
plication266 suggests that T lymphocytes could be part 
of the pathogenesis of AIHA. AIHA also is a well-
recognized clinical manifestation of infection with 
human immunodefi ciency virus (HIV),267,268 which is 
known to have profound effects on the T-lymphocyte 
compartment.

The role of cytokines in the pathophysiology of AIHA 
is also under investigation. Increased levels of regulatory 
cytokines, including interleukin-4 (IL-4), IL-6, IL-10, 
and IL-13, have been reported in AIHA.269,270 An imbal-
ance of the IL-10/IL-12 ratio, refl ecting a prevalence 
of TH2 over TH1 cytokines, has also been observed.271 
Successful treatment of refractory AIHA with an anti-
human IL-6 receptor monoclonal antibody indicates 
the importance of cytokine signaling pathways in the 
pathophysiology of this disorder.272 Finally, altered 
expression of FcγRIII on macrophages appears to infl u-
ence the clearance of antibody-sensitized erythrocytes,273 
thus illustrating the importance of macrophages in the 
pathophysiology of AIHA and the potential for targeted 
therapy. Taken together, these data support the hypothe-
sis that polyclonal autoreactive B lymphocytes are present 
in the immune repertoire of normal individuals but 
expand and proliferate only after specifi c immune 
stimulation in certain clinical settings, such as genetically 
susceptible individuals or those with T-lymphocyte dys-
regulation or cytokine-mediated monocyte/macrophage 
abnormalities, with subsequent loss of normal tolerance 
mechanisms.
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SECONDARY AUTOIMMUNE 
HEMOLYTIC ANEMIA

The classifi cation scheme presented in Box 14-1 indi-
cates that AIHA can be a primary disorder or can occur 
in association with other underlying conditions. The 
latter cases are known as secondary AIHA because they 
occur in the setting of much broader immune dysregula-
tion. In one large series composed of mostly adults, 
patients with secondary AIHA represented more than 
half of the total patients with warm-reactive AIHA.131 All 
patients with AIHA should be evaluated for the presence 
of another underlying illness.

Systemic Disorders

A common form of secondary AIHA occurs in patients 
with SLE, another recognized autoimmune disease.274 
Other generalized autoimmune and infl ammatory dis-
orders, including Sjögren’s syndrome,275 scleroderma,276 
dermatomyositis,277 ulcerative colitis,278 Crohn’s disease,279 
and autoimmune thyroiditis,280 have been associated with 
AIHA. The belief is that these persons have a genetic 
susceptibility for immune dysregulation, which leads to 
the expansion and proliferation of autoreactive B lym-
phocytes and causes the systemic disorder, including 
AIHA.

AIHA can occur in the setting of malignancy and is 
sometimes identifi ed clinically before the diagnosis of 
cancer. In adults, the erythrocyte autoantibodies may 
refl ect an abnormal B-lymphocyte clone found in chronic 
lymphocytic leukemia,281 lymphoma,282 or multiple 
myeloma.283 AIHA may also occur in young patients with 
lymphoma,284,285 leukemia,286 or myelodysplasia.287 Sur-
vival of lymphoma patients in whom AIHA develops is 
poor.282 Although the cause of AIHA in patients with 
cancer is not known, an underlying immune defi ciency 
may be the origin of both the autoimmune phenomenon 
and the malignancy.

Immunodefi ciency

Immune cytopenia, including AIHA, can develop in chil-
dren with congenital immunodefi ciency, probably because 
of the lack of proper immune regulation.288 In some cases 
the underlying immunodefi ciency may not yet be clini-
cally recognized, as illustrated by four children with auto-
immune cytopenia (two with AIHA, two with ITP) who 
had unsuspected common variable immunodefi ciency 
(CVID).289 Autoimmune cytopenia will develop in about 
11% of patients with CVID, often during childhood.290 
Treatment of AIHA in patients with CVID is similar to 
that of primary AIHA; corticosteroids, IVIG, splenec-
tomy, and even rituximab have been used success -
fully.289-292 Wiskott-Aldrich syndrome (WAS) is another 
congenital immunodefi ciency that can lead to immune-
mediated cytopenia. In one large single-center cohort of 
55 patients, AIHA developed in 36% of the patients with 

WAS before the age of 5 years.293 Similarly, AIHA can 
also develop in patients with acquired immunodefi ciency. 
Patients infected with HIV are particularly susceptible to 
the development of erythrocyte autoantibodies,267,268 
probably because of both the polyclonal B-lymphocyte 
activation and lack of immune regulation by T lympho-
cytes. Children with marked immunosuppression, such 
as after solid organ transplantation, are susceptible to the 
development of AIHA.294 A recent report documented 
the effi cacy of rituximab for AIHA that developed in 
children after cardiac transplantation.295

Evans’ Syndrome

A special association exists between AIHA and other 
autoimmune cytopenias, especially thrombocytopenia. 
First described by Evans and colleagues more than 50 
years ago,96 the combination of autoimmune anemia and 
thrombocytopenia (and occasionally granulocytopenia) 
is known as Evans’ syndrome. In an older review of child-
hood Evans’ syndrome, the typical clinical course was 
noted to be chronic and relapsing, and the therapy was 
generally unsatisfactory.296 A recent review confi rmed 
this challenging and highly variable clinical course but 
noted that the advent of potent immunosuppressive 
drugs, rituximab, and stem cell transplantation now 
offers improved therapeutic options.297 A variety of 
immunoregulatory abnormalities have been suggested in 
this disorder,298 although no single underlying specifi c 
immune defect has been identifi ed. The autoantibodies 
are apparently directed against specifi c antigens on each 
of the various blood cell types; that is, the antibodies 
against erythrocytes, platelets, and occasionally granulo-
cytes are not cross-reactive.299 Because many children 
with Evans’ syndrome have refractory life-threatening 
disease, aggressive therapy is often warranted. Multiagent 
therapy including vincristine and cyclosporine has been 
advocated,300 and recently, stable remissions have been 
achieved with rituximab therapy alone.301 Historically, 
bone marrow transplantation for children with Evans’ 
syndrome has been associated with a poor clinical 
outcome, although some successful allogeneic transplants 
have been reported.297,302 The diagnosis of Evans’ 
syndrome is essentially one of exclusion because other 
conditions (described in subsequent sections) such as 
ALPS, microangiopathic hemolytic anemia, schistocytic 
anemia, and even PNH can mimic its clinical fi ndings.

Autoimmune Lymphoproliferative 
Syndrome

In 1967, Canale and Smith303 described a new condition 
of signifi cant generalized lymphadenopathy with manifes-
tations of autoimmune disease and a chronic clinical 
course that occurs before the age of 2 years; the authors 
presciently postulated a primary immunologic disorder. 
Decades later, two murine models of autoimmunity 
(lpr and gld mice) were noted to have similar features. 
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After these mice were found to have mutations in Fas and 
Fas ligand, respectively,304,305 similar mutations were iden-
tifi ed in the human condition,306-308 then named autoim-
mune lymphoproliferative syndrome. Children with ALPS 
have defective lymphocyte apoptosis as a result of failure 
of developing lymphocytes to undergo Fas-mediated cell 
death309; an excess number of TCRαβ+CD3+CD4−CD8− 
(double-negative) T lymphocytes are characteristically 
found in the lymph nodes and peripheral blood.310,311

National Institutes of Health criteria for establishing 
the diagnosis of ALPS have been published and include 
the following three required fi ndings: (1) chronic non-
malignant lymphoproliferation, (2) defective in vitro Fas-
mediated lymphocyte apoptosis, and (3) 1% or more 
double-negative T lymphocytes in the peripheral blood or 
lymphoid tissues. Supportive diagnostic evidence includes 
autoimmune antibodies and genetic mutations in the Fas-
mediated apoptosis pathway.312 Most patients with ALPS 
will have lymphadenopathy, organomegaly, and various 
autoimmune disorders, including AIHA or ITP. In one 
series of 34 consecutive patients, 21 (62%) had a positive 
DAT result, in most cases to IgG alone, although only 10 
had a history of hemolytic anemia.313 An elevated risk of 
malignancy, especially Hodgkin’s and non-Hodgkin’s 
lymphoma, has also been documented.314

The majority of ALPS patients have specifi c genetic 
mutations in either Fas or Fas ligand, although mutations 
in other genes within the Fas-mediated signaling pathway, 
such as caspase-8 or caspase-10, have also been identi-
fi ed.315 Approximately 25% of patients with ALPS have 
no genetic mutation that can yet be identifi ed. Perforin 
mutations in a clinical variant of ALPS has recently been 
reported,316 thus suggesting that a variety of genetic 
mutations leading to immunologic dysfunction may 
result in lymphoproliferation and autoimmunity. Clinical 
overlap between Evans syndrome and ALPS is also rec-
ognized; 12 children with the diagnosis of Evans syn-
drome were found to have elevated numbers of circulating 
double-negative T lymphocytes and defective Fas-medi-
ated apoptosis.317 Taken together, these data indicate that 
all children with AIHA, especially those with the diagno-
sis of Evans syndrome, should be evaluated carefully for 
an underlying immunologic disorder such as ALPS.

Infections

The majority of young children with PCH have recently 
had a viral-like illness,79,87,90 although an infectious patho-
gen is rarely identifi ed. Historically, PCH developed in 
patients with syphilis, but this is rarely observed today. 
On occasion, however, a well-defi ned infection can trigger 
AIHA with either warm-reactive or cold-reactive eryth-
rocyte autoantibodies. Numerous infectious agents have 
been reported, including M. pneumoniae,318 Epstein-Barr 
virus,319 varicella,320 hepatitis C,321 rubella,322 parvovi-
rus,323 mumps, and cytomegalovirus, among others. Most 
of these autoantibodies are IgM with a specifi city for the 
I/i polysaccharide antigen system on the red cells139; reac-

tivity of anti-I antibodies with mycoplasmal antigens sug-
gests that the autoantibodies may result from immunologic 
cross-reactivity.324

Acute bacterial infections can cause immune-
mediated hemolytic anemia from a different mechanism. 
The T antigen on the erythrocyte surface is known as 
a “cryptic” antigen because it is not normally available 
for antibody binding. In the presence of bacteria with 
neuraminidase activity, such as clostridial or pneumococ-
cal species, removal of sialic acid leads to exposure of the 
RBC T antigen. Because many people have naturally 
occurring cold-reactive IgM antibodies with anti-T spec-
ifi city, immune-mediated hemolysis and even microan-
giopathic schistocytic anemia can result.325,326 Although 
the practice is controversial, erythrocytes should proba-
bly be washed in this clinical setting to avoid transfusing 
additional anti-T antibodies.327

Drugs

Though not common in childhood, drug-induced auto-
antibodies must be included as a cause of secondary 
AIHA. Classically described after therapy with methyl-
dopa,328 red cell antibodies have been reported in associa-
tion with dozens of different pharmaceutical agents.329 
Medications of particular importance in the pediatric age 
range that can cause AIHA include a variety of antibio-
tics: penicillins,330,331 cephalosporins,332-334 tetracycline,335 
erythromycin,336 and ribavirin.337 Common agents such 
as acetaminophen338 and ibuprofen339 have also been 
implicated in hemolysis. Drug-induced hemolytic anemia 
typically results from the generation of antidrug anti-
bodies that cross-react with erythrocytes, although the 
drug may be required to form a hapten or even a ternary 
complex with the erythrocyte.329,340,341

Therapy

Therapy for patients with secondary AIHA must be 
twofold: the hemolytic anemia must be treated, and for 
best results the underlying systemic illness must be 
addressed as well. For example, treatment of a general-
ized autoimmune or infl ammatory disorder or adminis-
tration of antibiotics for a specifi c infection can also have 
a benefi cial effect on AIHA. Discontinuation of the 
offending drug will help ameliorate hemolysis from drug-
induced autoantibodies. In most cases of warm-reactive 
secondary AIHA, administration of corticosteroids is 
effective in reducing hemolysis. Short bursts or tapering 
courses of steroids can be used safely in patients with 
secondary AIHA, even if they are immunodefi cient. In 
contrast, splenectomy is less likely to be successful in 
adults with secondary AIHA in association with malig-
nancy than in those with primary AIHA.342 Successful 
results with rapamycin and arsenic trioxide in murine 
models of lymphoproliferation and auto immunity343,344 
suggest that novel therapeutic strategies may soon be 
available for patients with AIHA secondary to ALPS.
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PAROXYSMAL NOCTURNAL 
HEMOGLOBINURIA

A rare condition, PNH has fascinated hematologists for 
more than a century. In its classic manifestation, patients 
with PNH have ongoing intravascular hemolysis with 
intermittent episodes of dark urine (hemoglobinuria), 
most commonly on awakening in the morning. The 
hemolysis of PNH is due to abnormal interactions 
between erythrocytes and the complement system. 
However, unlike AIHA, PNH is actually an intracorpus-
cular defect because the hemolysis results from increased 
sensitivity of the patient’s erythrocytes to physiologic 
complement-mediated lysis. In addition, PNH is a 
complex disease with protean clinical manifestations, 
only one of which is hemolytic anemia. The secrets of this 
enigmatic disorder have only recently yielded to the 
efforts of modern molecular biology, culminating with 
identifi cation of the PIGA gene, which is mutated in 
patients with PNH. Current challenges relate to elucida-
tion of the pathogenetic events that lead to PNH, as well 
as issues of early diagnosis and optimal clinical 
management.

Historical Perspective

Clinicians fi rst described PNH in the latter part of the 
19th century,345,346 although it took many years to recog-
nize several important facts: (1) the dark pigment in 
urine was actually hemoglobin; (2) the serum of patients 
with PNH did not induce hemolysis of normal erythro-
cytes, thus distinguishing PNH from PCH; (3) the hemo-
lysis was due to an intrinsic defect in the patient’s own 
erythrocytes; and (4) the hemolysis was due to the lytic 
action of serum complement. Many of the initial insights 
into the pathophysiology of the hemolysis were due to 
the efforts of Dr. Thomas Ham, who fi rst clearly demon-
strated that acidifi ed serum enhanced the hemolysis of 
PNH erythrocytes347-349; the test that bears his name was 
for many years the defi nitive laboratory method to estab-
lish the diagnosis of PNH. It was later recognized that 
complement lysis sensitivity was not all or none in that 
patients often had a population of erythrocytes with 15- 
to 25-fold increased complement sensitivity (type III 
cells), another population with 3- to 5-fold increased 
sensitivity (type II cells), and a population of normal type 
I erythrocytes.350-352 Flow cytometry has now replaced 
the time-honored Ham test, as well as the sucrose lysis 
and complement lysis sensitivity tests, as the preferred 
diagnostic laboratory method for the diagnosis of 
PNH.353

Clinical Manifestations and Therapy

Passing of dark urine is the classic symptom for which 
the disorder is named. Patients with PNH have hemoglo-
binuria rather than hematuria as a result of chronic intra-
vascular hemolysis from complement. Although the 

original descriptions accurately indicated that dark urine 
occurs more often on awakening, the cause of this tem-
poral variation is not clear. Possibly, accelerated hemoly-
sis occurs during sleep because of the presence of relative 
hypercapnia leading to slight acidosis and complement 
activation, which becomes evident in the morning urine. 
Many patients with PNH have dark urine throughout 
the day, whereas this symptom never develops in some. 
The typical patient reports an episode every few weeks, 
although some have chronic unrelenting hemolysis. 
Patients may describe hemoglobinuria with colorful lan-
guage ranging from iced tea to cola to mahogany to 
motor oil, or they may describe the urine as various 
combinations of red, orange, brown, and black (Fig. 
14-11A). Stress or infections tend to trigger hemolysis, 
although there is often no identifi able reason. Therapy 
with oral corticosteroids (1 to 2 mg/kg/day of predni-
sone) can ameliorate the hemolysis and is often recom-
mended for 24 to 72 hours around the time of an acute 
hemolytic episode. Eculizumab, a humanized monoclo-
nal antibody against terminal complement protein C5, 
has recently been shown to signifi cantly reduce intravas-
cular hemolysis and improve quality of life in adults with 
PNH.354 Eculizumab is not currently licensed in the 
United States for the treatment of children with PNH.

The clinical manifestations of PNH include much 
more than simply hemolytic anemia.355 Box 14-2 lists the 
more common signs and symptoms observed in patients 
with PNH. In addition to hemolysis, patients with PNH 
tend to have an increased number of infections, particu-
larly those that are sinopulmonary and blood-borne. A 
more severe clinical complication is venous thrombosis, 
which occurs in a third of patients and often in unusual 
locations such as the hepatic veins, where it leads to 
Budd-Chiari syndrome (Fig. 14-11B), in the mesenteric 
veins, or in the sagittal veins (Fig. 14-11C). The compli-
cations of venous thrombosis can be fatal because the 

Box 14-2  Signs and Symptoms Commonly 
Observed in Paroxysmal 
Nocturnal Hemoglobinuria

Intravascular hemolysis
Dark urine
Iron defi ciency
Acute renal failure

Infections
Sinopulmonary
Blood-borne

Venous thrombosis
Occurs in a third of patients
Unusual locations

Defective hematopoiesis
Macrocytosis, pancytopenia
Association with aplastic anemia

Transition
Myelodysplasia
Nonlymphoblastic leukemia
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of disease.360 The incidence of leukemic transformation 
is only 1% to 3%, but this rate far exceeds that in the 
general population.

Though primarily a disease of adults, PNH defi nitely 
occurs in children and adolescents, and the diagnosis 
should be considered in any child with unexplained cyto-
penia or thrombosis. In a cohort of 26 young patients 
with PNH, several important differences from the clinical 
descriptions in adults were noted.361 In many children, 
PNH was initially misdiagnosed, with an average of 
almost 2 years from initial symptoms to the correct diag-
nosis. Very few children had dark urine as an initial 
symptom, and in only 65% of children did clinically 
evident hemoglobinuria ever develop. Thrombosis 
occurred in approximately a third of patients, and some 
died of this complication. All patients had laboratory 
evidence of defective or ineffective hematopoiesis, either 
at diagnosis or over the course of their disease. The sur-
vival curve for these patients indicated that the 10-year 
survival rate was only 60%, although several deaths were 
due to complications of pancytopenia in an era before 

FIGURE 14-11. Clinical manifestations of paroxysmal nocturnal hemo-
globinuria (PNH). A, Hemoglobinuria produced over a period of several 
days, with urine samples ranging from normal yellow to black. B, Massive 
hepatosplenomegaly that developed in a 14-year-old child with PNH and 
Budd-Chiari syndrome. C, A fatal superior sagittal sinus thrombosis that 
developed in a 16-year-old girl with PNH. In this T1-weighted coronal 
image at the level of the posterior internal cerebral veins, the normally 
expected black fl ow signal void in the superior sagittal sinus (white arrow) 
is replaced with an intermediate signal as a result of the thrombus. This 
appearance contrasts with the normal black venous fl ow void that is pre-
served in the internal cerebral veins (black arrowhead). (A, Courtesy of 
Dr. Wendell Rosse; C, courtesy of Drs. Frank Keller and Jeffrey Hogg.)

hypercoagulability observed in PNH is very diffi cult to 
treat, even with thrombolytic agents. The development of 
venous thrombosis is a risk factor for poor long-term 
survival, at least for white patients.356 In patients of Asian 
ancestry with PNH, however, venous thrombosis rarely 
develops, thus suggesting a genetic predisposition for the 
hypercoagulable state in PNH.357

Defective hematopoiesis is present in the majority of 
patients with PNH, either at initial evaluation or during 
the course of the disease.357 Although many patients are 
aplastic, most have peripheral macrocytic anemia with 
erythroid hyperplasia in the bone marrow; some evolve 
into severe aplastic anemia with hypoplastic marrow and 
suffer the clinical consequences of pancytopenia. Treat-
ment with antithymocyte globulin (ATG) seems to help 
a portion of patients, particularly those with hypoplastic 
marrow; the presence of a PNH clone may lead to some 
increased hemolysis358 but portends a favorable response 
to immunosuppressive therapy.359 Finally, PNH can 
evolve into myelodysplasia or acute nonlymphoblastic 
leukemia, which typically occurs within the fi rst 5 years 
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modern antibiotic and transfusion therapy. Because bone 
marrow transplantation can be curative therapy for 
PNH,362 it should be considered in selected patients with 
this disorder if an HLA-matched sibling donor is avail-
able. A recent summary of 11 pediatric patients with 
PNH from the Netherlands over a 20-year period reported 
successful transplantation in 4 of 5 patients.363 Trans-
plants from unrelated stem cell donors are associated 
with substantial morbidity and mortality, however, and 
despite anecdotal success363,364 cannot be recommended 
routinely for patients with PNH.

Biochemical Basis

Important clues to the etiology of PNH emerged in the 
1980s with the identifi cation of two complement regula-
tory proteins, CD55 (decay accelerating factor [DAF])365 
and CD59 (membrane inhibitor of reactive lysis).366 The 
abnormal peripheral blood cells in patients with PNH 
were noted to be lacking both CD55 and CD59. As a 
result of these defi ciencies, randomly deposited comple-
ment factors and C3 convertase complexes cannot be 
cleared from the erythrocyte membrane, which leads to 
formation of the membrane attack complex, pores, and 
cell lysis.350

The commonality of these two complement regula-
tory proteins goes beyond function because both use 
a novel motif for anchoring into the plasma membrane 
(Fig. 14-12). Unlike the majority of surface proteins, 
which contain a highly hydrophobic domain that serves 
as a transmembrane region between the intracellular 
domain and the extracellular domain of the polypeptide, 

certain proteins use a glycosylphosphatidylinositol (GPI) 
anchor for membrane attachment.367,368 GPI-linked 
proteins are covalently attached at their C-terminal to a 
variable glycan moiety, which is itself attached to a phos-
phatidylinositol molecule in the outer leafl et of the cell 
membrane lipid bilayer. This glycolipid structure is 
assembled within the endoplasmic reticulum and is 
coupled to the protein precursor as a preformed unit.368,369 
Initially described for the alkaline phosphatase enzyme,370 
GPI linkage is now known to be used by a diverse set of 
surface proteins (Box 14-3), including acetylcholin-
esterase,371 Thy-1,372 lymphocyte function–associated 
antigen,373 FcγRIII,374 the complement regulatory pro-
teins CD55 and CD59,365,366 CD157 involved in neutro-
phil diapedesis,375 and others. The functional advantages 
of GPI linkage for surface proteins remain speculative, 
but observations suggest increased lateral diffusional 
mobility,376,377 second messenger generation,378 signal 
transduction,379,380 and the ability to be cleaved from 
the cell surface into the extracellular milieu.381

The primary defect in PNH resides in the incom-
plete bioassembly of GPI anchors because all GPI-linked 
surface proteins have absent or diminished expression on 
the surface of the abnormal PNH cells.382-384 Biochemical 
analysis of GPI-defi cient cells has localized the defect in 
PNH to an early step in GPI anchor biosynthesis.385 
Mammalian mutant cell lines defi cient in GPI-linked 
surface proteins were then established and classifi ed into 
different complementation classes.386 Class A, C, and H 
mutants cannot transfer the initial N-acetylglucosamine 
to the phosphatidylinositol acceptor, which suggests that 
at least three genes control this step. Fusion experiments 
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FIGURE 14-12. Glycosylphosphatidylinositol (GPI) anchor for 
attachment of surface proteins to the cell membrane. The structure of 
a GPI-linked protein is shown on the left. The GPI anchor consists of 
a phosphatidylinositol molecule in the outer leafl et of the lipid bilayer 
connected to a glycan core composed of multiple sugars and side 
chains. The polypeptide is then linked to the anchor at its C-terminal 
via an amide bond. The result is a surface protein with a fl uid and 
mobile attachment to the cell surface. The entire polypeptide is present 
in the extracellular milieu. In contrast, a transmembrane protein is 
shown on the right and consists of an extracellular domain, a short 
transmembrane domain, and an intracellular domain.

Box 14-3  Important Surface Proteins Absent 
from Affected Hematopoietic Cells in 
Paroxysmal Nocturnal Hemoglobinuria

Complement regulatory proteins
Decay-accelerating factor (CD55)
Membrane inhibitor of reactive lysis (CD59)

Immunologically important proteins
Lymphocyte function antigen-3 (LFA-3, CD58)
Fc receptor gamma III (FcγRIII, CD16)
Endotoxin-binding protein receptor (CD14)

Receptors
Urokinase receptor (UPAR)
Folate receptor

Enzymes
Alkaline phosphatase
Acetylcholinesterase
5′-Ectonucleotidase

Proteins with unknown functions
CD24
CD48
CD52 (Campath-1)
CD66c
CD67
JMH-bearing protein
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of PNH cells with murine GPI-defi cient cell lines further 
identifi ed the defect as a class A mutation in all patients 
tested.385,387 Thus, despite the possibility of various enzy-
matic defects along the biosynthetic pathway of the GPI 
anchor, all patients with PNH reported to date have a 
class A defect.

Altered expression of GPI-linked surface proteins on 
the abnormal cells in PNH has led to a simpler and more 
accurate diagnostic test than the older methods of com-
plement-mediated lysis. Peripheral blood erythrocytes 
and granulocytes can be analyzed by fl ow cytometry for 
surface expression of GPI-linked proteins such as CD16, 
CD48, CD55, or CD59.353,355 Erythrocytes that are com-
pletely defi cient in GPI-linked surface proteins are 
present in almost all patients and correspond to the PNH 
type III cells. Partially defi cient cells can be detected in 
approximately 50% of patients and correspond to type II 
cells.353 Cells with normal GPI-linked surface expression 
(type I cells) are typically present as well. Identifi cation 
of these cell populations by fl ow cytometry analysis is 
illustrated in Figure 14-13. Surface expression of CD59 

on circulating erythrocytes from a patient with type I and 
type III cells is shown in Figure 14-13A, that for a patient 
with type I, II, and III cells in Figure 14-13B, and that 
for a patient with predominantly type III cells but a few 
type II cells in Figure 14-13C. Flow cytometry for a 
normal control is shown in Figure 14-13D. More recently, 
fl ow cytometric analysis of PNH has been improved by 
the introduction of a fl uorescent aerolysin (FLAER) 
reagent that binds to all GPI-linked surface proteins.388 
Flow cytometry using the FLAER reagent is highly sensi-
tive for PNH and has even led to a new category of 
disease known as “laboratory” or “subclinical” PNH 
because of the detection of extremely low numbers of 
PNH cells, sometimes below 0.01%.355

Molecular Basis

Analyses of glucose-6-phosphate dehydrogenase allo-
zymes389 and a monoclonal pattern of X-chromosome 
inactivation390 have documented that PNH is a clonal 
hematologic disorder. The abnormal clone is believed to 
originate at the level of a primitive multipotent bone 
marrow progenitor cell in that all cells of the myeloery-
throid lineage are affected, including erythrocytes, granu-
locytes, platelets, and monocytes. Lymphocytes and 
natural killer cells are also defi cient in GPI to varying 
degrees, however, thus suggesting that PNH is actually a 
clonal stem cell disorder. The abnormal PNH clone may 
be too minimal to be clinically apparent, can be relatively 
minor and affect 10% to 25% of circulating erythrocytes 
and granulocytes, or can become dominant with more 
than 95% GPI-defi cient circulating cells.355

The recognition that all patients with PNH have a 
class A complementation defect suggested that a single 
gene was responsible for this disorder. By using the strat-
egy of a human cDNA expression library, a gene was 
identifi ed that repaired the defect in a class A GPI-
defi cient cell line.391 Designated PIGA because it repaired 
the phosphatidylinositol glycan defect in a class A mutant, 
this cDNA encoded a novel polypeptide with homology 
to other known glycosyltransferases. PIGA was subse-
quently considered to be a candidate gene for PNH, and 
relatively quickly several groups reported that PIGA is 
the gene defective in PNH.392-396 Interestingly, the major-
ity of mutations are short insertions or deletions (one to 
two nucleotides) that occur throughout the coding region 
of the PIGA gene.397 These nucleotide changes cause 
frameshift mutations because the triplet nucleotide 
coding sequence is altered; usually a premature termina-
tion codon follows the frameshift mutation. Missense 
mutations that substitute a single amino acid residue 
account for the minority of PIGA abnormalities 
reported.398

Chromosomal assignment of PIGA to the X chromo-
some392,399 and assignment of other genes involved in GPI 
anchor biosynthesis (PIGF and PIGH) to autosomes399 
helped explain the predominant class A defect in 
PNH. Whereas a single PIGA mutation could result in 
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FIGURE 14-13. Immunophenotype analysis of erythrocytes in parox-
ysmal nocturnal hemoglobinuria by fl ow cytometry. Examples of 
surface CD59 expression are shown for three patients and a control 
subject. A, Data for unique patient number (UPN) 210, who had both 
type I and type III erythrocytes. B, Data for UPN 296 with type I, II, 
and III cells. C, Data for UPN 247, who had predominantly type III 
erythrocytes and a few type II cells. D, Normal expression from a 
control subject. (Data from Ware RE, Rosse WF, Hall SE. Immunopheno-
typic analysis of reticulocytes in paroxysmal nocturnal hemoglobinuria. Blood. 
1995;86:1586.)



 Chapter 14 • Autoimmune Hemolytic Anemia 639

abnormal GPI anchor biosynthesis, mutations in both 
alleles of other genes involved in GPI anchor biosynthesis 
would be required to produce clinically overt disease. 
Recently, an autosomal recessive form of GPI defi ciency 
has been reported400 to be due to an inherited point 
mutation in the promoter of PIGM, a mannosyltransfer-
ase-encoding gene critical in GPI anchor synthesis. In 
two unrelated consanguineous families, this inherited 
PIGM defi ciency led to venous thrombosis and neuro-
logic dysfunction, but not to bone marrow failure or 
hemolysis. This congenital variant of GPI defi ciency 
without evidence of bone marrow dysfunction suggests 
that the pathogenesis of PNH involves more than just 
absence of GPI anchor bioassembly.

Do PIGA Mutations Cause Paroxysmal 
Nocturnal Hemoglobinuria?

The pathophysiology of the various clinical manifesta-
tions of PNH presumably refl ects the absence or dimin-
ished expression of specifi c GPI-linked surface proteins. 
Hemoglobinuria is readily explained by the absence of 
surface CD55 and CD59, which allows chronic comple-
ment-mediated intravascular hemolysis. In contrast, the 
cause of the hypercoagulable state in PNH is not well 
understood. PNH platelets lack the GPI-linked comple-
ment regulatory proteins CD55 and CD59 and respond 
to the deposition of terminal complement components 
by vesiculation of portions of their plasma membrane. 
The resultant platelet microparticles have increased pro-
coagulant properties.401 PNH cells also lack the receptor 
for the GPI-linked urokinase plasminogen activator, 
which may result in impaired fi brinolysis.402 However, 
patients with PNH have normal plasma levels of natural 
anticoagulants, including proteins C and S, thrombo-
modulin, and antithrombin III, and no known inherited 
thrombophilic mutations.

The defective hematopoiesis that affects so many 
patients with PNH is also not well understood. Although 
GPI-linked surface proteins are likely to be important for 
normal hematopoiesis, no specifi c molecule has been 
identifi ed whose absence leads to marrow hypoplasia. An 
unusual association is well recognized between PNH and 
aplastic anemia, however, in that one usually evolves 
clinically into the other.403,404 For example, in some 
patients with severe aplastic anemia, PNH will eventually 
develop, often after successful immunosuppressive 
therapy such as ATG or cyclosporine.405 In contrast, in 
others with nearly normal blood counts and hypercellular 
bone marrow, hypoplasia will slowly develop, usually as 
a terminal event.357

Several models have been proposed for the patho-
genesis and development of PNH. A one-step model 
originally proposed more than 40 years ago stated that a 
single genetic defect leads directly to PNH.403 Although 
this model was attractive because of its simplicity, labora-
tory evidence using embryonic stem cells406 and murine 

models407 indicated that an acquired PIGA mutation did 
not lead to aplastic anemia or clonal dominance by the 
abnormal cells. A subsequent two-step model408,409 sug-
gested that aplastic anemia would occur fi rst and then a 
PIGA mutation would develop within a remaining stem 
cell. The resulting PNH progeny would then be able to 
grow preferentially over their normal hematopoietic 
counterparts. However, the identifi cation of multiple 
clones with distinct PIGA mutations in individual patients 
with PNH,396,410,411 coupled with the identifi cation of rare 
hematopoietic cells with PIGA mutations in normal 
healthy persons,412-414 indicates that the two-step model 
is also too simplistic.

As illustrated in Figure 14-14, a newer multistep 
model proposed that PIGA mutations develop initially as 
randomly acquired events,415 thus explaining their pres-
ence in the bone marrow and peripheral blood of normal 
adults. These PIGA mutant cells do not proliferate, 
however, unless marrow damage occurs, perhaps by 
autoimmune attack against primarily normal hematopoi-
etic progenitor cells. In the setting of marrow damage, 
additional genetic events, perhaps including those that 
confer resistance to apoptosis,416-418 then lead to a growth 

FIGURE 14-14. Multistep model for the pathogenesis and evolution 
of paroxysmal nocturnal hemoglobinuria (PNH). In contrast to previ-
ous models that hypothesized either a one-step or two-step model, a 
multistep process is proposed. PIGA mutations are acquired randomly 
and are present in most normal healthy persons. In the setting of an 
aplastogenic event with marrow injury, such as an autoimmune attack 
on hematopoiesis, surviving cells undergo a selection process. Genetic 
mechanisms, including those conferring resistance to apoptosis, allow 
continued clonal expansion and sometimes clonal dominance of the 
abnormal PNH clone. Additional genetic events occasionally lead to 
myelodysplasia or aplasia. AML, acute myeloid leukemia; MDS, myelo-
dysplastic syndrome. (From Ware RE, Heeney MM, Pickens CV, et al. 
A multistep model for the pathogenesis and evolution of PNH. In Omine M, 
Kinoshita T [eds]. Paroxysmal Nocturnal Hemoglobinuria and Related Dis-
orders: Molecular Aspects of Pathogenesis. Heidelberg, Germany, Springer-
Verlag, 2003.)



640 HEMOLYTIC ANEMIAS

advantage of the PIGA mutant cells, clonal expansion, 
and eventual clonal dominance. Later genetic events can 
lead to evolution to myelodysplasia or even malignant 
transformation into leukemia. This multistep model is 
supported by the recent description of two unrelated 
patients whose PIGA mutant cells also had an acquired 
rearrangement of the HMGA2 gene.419 The recognition 
that HMGA2 is a transcriptional factor gene deregulated 
in many benign lipomas and other mesenchymal tumors 
led the authors to suggest that PNH might also be con-
sidered a “benign tumor of the bone marrow.”419 This 
intriguing notion is supported by the observations that 
PNH cell populations are not typically malignant, expand 
but respect normal tissue boundaries, respond appropri-
ately to physiologic signals, and have no autonomous 
growth. Mutations in the HMGA2 gene, which is located 
on chromosome 12, have also been associated with clonal 
expansion in polycythemia vera.420

SCHISTOCYTIC HEMOLYTIC ANEMIA

Overview

The term schistocyte is derived from the Greek word 
σξιζω (schizo), which translates “to tear” and describes 
erythrocytes that are broken, torn, or sheared. These 
bizarre poikilocytes are sometimes referred to as schizo-
cytes, but because this term might be confused with the 
schizont phase of malarial erythrocyte infection, the term 
schistocyte is generally preferred. Schistocytic hemolytic 
anemia is characterized by the development of red cell 
fragments after exposure of erythrocytes to excessive 
environmental stress or shearing force within the vascu-
lature. This unusual form of hemolytic anemia arises 
in various pathophysiologic settings, but each clinical 
condition features increased external force on the 
erythrocytes.

RBCs encounter tremendous force as they travel 
normally through the circulation, including collisions, 
turbulence, pressure fl uctuations, shearing stress, and 
interactions with a variety of solid surfaces. Erythrocytes 
are exposed to some of the highest force in the left ven-
tricle as they pass through the aortic valve and fl ow into 
the aorta. Among these various forces, experiments have 
shown that shearing force is the most diffi cult for eryth-
rocytes to withstand and hemolysis occurs after a thresh-
old is reached. Erythrocytes can withstand shear force of 
up to 15,000 dynes/cm2 without hemolysis if this force 
arises at a fl uid-fl uid interface,421 but hemolysis occurs at 
much lower shear force at a fl uid-solid interface. In vitro, 
hemolysis occurs between 1500 and 3000 dynes/cm2, 
especially if the solid surface has irregularities.422,423 
Moreover, the mechanical fragility of erythrocytes is 
affected by temperature, lipids, viscosity, and plasma 
proteins.421

The clinical features of schistocytic hemolytic anemia 
refl ect primarily intravascular hemolysis because the 

erythrocytes are damaged and broken within the blood 
vessels. Anemia with pallor and fatigue is more common 
than jaundice, and dark urine is often present as the 
primary manifestation of intravascular hemolysis. Eryth-
rocyte fragmentation leads to hemoglobinemia and 
hemoglobinuria, as well as elevation of serum lactate 
dehydrogenase. The serum bilirubin level is usually mod-
estly elevated as a result of extravascular clearance of the 
damaged erythrocytes. Examination of the peripheral 
blood smear (Fig. 14-15) reveals schistocytes with char-
acteristic triangular or crescent shapes, which represent 
erythrocytes that have recently undergone fragmentation. 
Spherocytes (sometimes called spheroschistocytes) can 
also be present and represent broken cells that have 
resealed their membranes and formed into a sphere, 
analogous to the process that occurs in immune-
mediated hemolytic anemia. Teardrop shapes may be 
seen in response to the anemia, along with polychromasia 
(reticulocytosis). Depending on the pathophysiologic 

B

A

FIGURE 14-15. Schistocytic hemolytic anemia. A, Congenital schis-
tocytic anemia. B, Acquired schistocytic anemia. The peripheral blood 
smear (×1000) contains several erythrocytes with characteristic sheared, 
triangular, or crescent shapes refl ecting cells that have recently under-
gone fragmentation. Spherocytes are also identifi ed and represent 
broken cells that have resealed their membranes and adopted a spheri-
cal shape.
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changes, there may also be laboratory evidence of intra-
vascular coagulation and thrombocytopenia from platelet 
trapping or consumption. Schistocytic hemolytic anemia 
with renal failure and thrombocytopenia is called HUS; 
the additional presence of fever and neurologic dysfunc-
tion is called TTP.

Microangiopathic Hemolytic Anemia

The term microangiopathic hemolytic anemia was used 
almost 50 years ago by Brain and co-workers424 to describe 
schistocytic hemolysis in conjunction with “disease of 
small blood vessels.” Studying a large cohort of patients 
with schistocytic hemolytic anemia and acute or chronic 
renal failure, these authors demonstrated that the amount 
of erythrocyte fragmentation correlated with the degree 
of microangiopathic disease, and they postulated that 
schistocytes develop as a direct consequence of vascular 
injury. Histologically, microangiopathy was most promi-
nent in the kidney, where arteriolar damage and intralu-
minal thrombi were noted.424 An instructive case report 
of a patient with fatal microangiopathic hemolytic anemia 
appeared several years later; large numbers of microclots 
composed of fi ne fi brin strands were identifi ed within the 
renal and pulmonary arterioles.425 With scanning electron 
microscopy, individual erythrocytes were found to be 
tangled in the fi brin strands, which caused cellular defor-
mation, breakage, and sphering. Figure 14-16 illustrates 
a “hanged” red blood cell in this destructive intraluminal 
milieu.425 Identifi cation of these fi ne fi brin strands within 
the small arteriolar circulation provides a pathophysio-
logic mechanism for schistocyte formation: the small 
clots do not fully occlude the vessel; hence blood fl ows 
at arterial speed and pressure, and erythrocytes are 
sheared at this irregular fl uid-solid interface. Microangio-

pathic schistocytic hemolytic anemia can therefore occur 
in any disorder of the small blood vessels that features 
the intravascular formation of fi brin (or large von 
Willebrand factor [VWF] multimers, see later).

Genetic Basis

In the vast majority of patients, microangiopathic schis-
tocytic hemolytic anemia appears sporadically, although 
sometimes a trigger or associated medical condition can 
be identifi ed. However, the rare occurrence of congenital 
or familial microangiopathic hemolytic anemia in con-
junction with thrombocytopenia and renal dysfunction 
(HUS/TTP), with a clinical course that tends to be 
chronic and relapsing,426-428 suggested a genetic basis in 
some cases. Mutations in two distinct pathways have now 
been identifi ed in patients with familial disease, thereby 
providing insight into the pathophysiologic mechanisms 
of microangiopathic schistocytic hemolysis.

Abnormally large circulating multimers of VWF have 
been recognized for many years in patients with HUS/
TTP.428,429 Endothelial cells normally release VWF as 
very large multimers (sometimes reaching 5 to 20 million 
daltons) that undergo continuous limited proteolytic 
degradation by a VWF-cleaving protease. The ADAMTS13 
gene encoding this protease is located on chromosome 
9q34 and is a member of the ADAMTS (a disintegrin-
like and metalloproteinase with thrombospondin motifs) 
family of zinc metalloproteinase genes. Mutations in 
ADAMTS13 that lead to a defi ciency of VWF-cleaving 
protease activity have been identifi ed in families with 
relapsing TTP,430-432 thus demonstrating that physiologic 
degradation of VWF is essential for normal in vivo hemo-
stasis. Acquired defi ciency of the ADAMTS13 enzyme 
also occurs in association with autoantibody formation 
against the VWF-cleaving protease; ADAMTS13 inhibi-
tors can be detected in most patients with an initial acute 
episode of TTP, but not in cases of HUS.433,434 Very large 
undegraded VWF multimers presumably initiate or 
participate in intravascular coagulation, which leads to 
arteriolar fi brin and VWF deposition, platelet trapping, 
and microangiopathic schistocytic hemolytic anemia.

A seemingly different pathophysiologic process for 
the development of schistocytic hemolytic anemia involves 
abnormal complement regulation. Factor H is a 150-kd 
plasma protein that normally regulates the alternative 
pathway of complement activation. Without proper 
binding and inhibition of factor H, the C3b produced by 
C3 convertase is allowed to activate the alternative 
pathway unchecked. In a porcine model, factor H defi -
ciency is associated with dysregulated complement acti-
vation and the development of fatal glomerulonephritis.435 
In humans, missense mutations in the factor H gene 
(HF1) have been identifi ed in both dominant and 
recessive familial cases of microangiopathic hemolytic 
anemia.436,437 Similarly, mutations in the complement 
inhibitor factor I438 and membrane cofactor protein 
(MCP)439 have been associated with atypical HUS, 

FIGURE 14-16. Hanged red blood cell. A dense fi brin band is seen 
with several fi ner strands, over which erythrocytes can be found hanging. 
With the shearing force available within the arterial circulation, such 
erythrocytes will be broken across these thin fi brin strands and thereby 
result in schistocytes. (From Bull BS, Kuhn IN. The production of schis-
tocytes by fi brin strands [a scanning electron microscope study]. Blood. 
1970;35:104.)
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defi ned as disease not associated with exposure to Shiga 
toxin. Whether all these mutations in complement regula-
tory proteins lead directly to complement deposition 
within the kidney, which then leads to microangiopathy, 
has not been proved, but damage to the endothelium 
appears to be important.440 Perhaps complement activa-
tion and deposition onto the renal endothelium leads to 
exaggerated local release of VWF, which then promotes 
local microangiopathy in a mechanism analogous to that 
observed in patients with defi ciency of VWF-cleaving 
protease activity. Damage to the renal endothelium could 
create an irregular fl uid-solid interface against which the 
erythrocytes must pass, thus making schistocyte forma-
tion more likely.

Clinical Settings

As noted earlier, when microangiopathic schistocytic 
hemolytic anemia occurs with acute renal failure and 
severe thrombocytopenia, the triad is referred to as HUS; 
the concomitant presence of fever and neurologic dete-
rioration forms a pentad known as TTP. Both these 
related clinical syndromes typically occur sporadically 
and are associated with substantial morbidity and 
mortality. These disorders are discussed more fully else-
where in the book.

Schistocytic microangiopathy has also been reported 
in the setting of immune vasculitis. Schistocytic hemo-
lytic anemia can develop in patients with a variety of 
connective tissue disorders, including SLE,441 systemic 
sclerosis,442 diabetes mellitus,443 Kawasaki’s disease,444 
Wegener’s granulomatosis,445 and antiphospholipid anti-
body syndrome.446 The common pathophysiologic process 
is believed to involve renal involvement by the systemic 
process, especially small vessel (renal arteriolar) damage. 
Correlation of autoantibody titers with the degree of 
microangiopathy,446 coupled with a case report of neona-
tal lupus erythematosus with severe microangiopathic 
hemolytic anemia,447 suggests that autoantibodies can 
mediate this process. In the case of microangiopathic 
hemolytic anemia in association with SLE, the prognosis 
and outcome appear to be distinct, as opposed to the 
situation with relapsing TTP.448

On some occasions, microangiopathic schistocytic 
hemolytic anemia occurs in clinical settings that are asso-
ciated with widespread microangiopathy. Disseminated 
malignancy, especially adenocarcinoma of the breast or 
stomach, can lead to schistocytic hemolysis and throm-
bocytopenia.449,450 In patients with cancer, laboratory 
evidence of ongoing intravascular coagulation consistent 
with a widespread microangiopathic process is observed. 
Similarly, in patients with systemic infections, 
schistocytic microangiopathic hemolysis can occasionally 
develop.326,451,452 Disseminated intravascular coagulation 
can lead to schistocytic hemolysis as erythrocytes encoun-
ter systemic intravascular fi brin deposition. Schistocytic 
hemolytic anemia has also been described after alloge-
neic or autologous stem cell transplantation, usually in 

conjunction with thrombocytopenia and renal dysfunc-
tion. Microangiopathic hemolytic anemia that occurs as 
a late complication after transplantation is associated 
with substantial morbidity and mortality; the use of cal-
cineurin inhibitors such as tacrolimus as post-transplant 
immunosuppressive therapy is an added risk factor.453

Microangiopathic disorders associated with preg-
nancy include preeclampsia, characterized by hyperten-
sion and proteinuria, and the more dangerous eclampsia, 
which can lead to severe hypertension, seizures, and even 
death. In pregnant women, the development of schisto-
cytic hemolytic anemia, elevated liver enzymes, and a low 
platelet count is known as the HELLP syndrome. Long 
recognized but poorly understood, new evidence suggests 
that HELLP is often a severe manifestation of antiphos-
pholipid syndrome.454 This triad of abnormalities neces-
sitates aggressive management, including transfusions, 
plasmapheresis, and especially glucocorticoids.455 HELLP 
during a pregnancy may be the fi rst manifestation of 
antiphospholipid syndrome, but it often recurs and can 
lead to fetal demise even with aggressive heparin and 
aspirin therapy.456 Perhaps the best “therapy” is elective 
delivery of the infant, which usually leads to complete 
resolution of the syndrome.457 Although the etiology and 
pathophysiologic changes during HELLP have not been 
fully elucidated, clinical and laboratory observations 
indicate that schistocytic hemolytic anemia during preg-
nancy is an ominous development that warrants aggres-
sive intervention during gestation but usually resolves 
completely after delivery.

Microangiopathic hemolytic anemia can also occur 
after exposure to a variety of drugs and toxins. Cocaine 
abuse458 and the therapeutic use of quinine,459 immuno-
suppressants such as cyclosporine460 and FK506 (tacro-
limus),461 and antineoplastic and other agents462-465 have 
all been associated with the development of microangio-
pathic schistocytic hemolytic anemia. The pathophysio-
logic process of drug-induced microangiopathy is not 
known, but it probably follows nephrotoxicity with drug-
induced renal endothelial and microvascular damage. 
Loxoscelism, which refers to the systemic effects after 
Loxosceles reclusa (brown recluse) spider bites, can be 
associated with a brisk spheroschistocytic immune-
mediated hemolytic anemia that includes both intravas-
cular and extravascular hemolysis.466,467

Finally, schistocytic hemolysis can occur with 
hypertension. In patients with pulmonary hypertension, 
either as a primary disorder468 or secondary to congenital 
heart disease,469 microangiopathic hemolytic anemia can 
develop from changes within the pulmonary vasculature. 
Fibrin deposition in the pulmonary arterial and arteriolar 
circulation can shear erythrocytes effi ciently and lead to 
schistocyte formation. Severe systemic hypertension, 
sometimes referred to as “malignant” hypertension, can 
also lead to schistocytic hemolysis; the proposed patho-
physiologic process in this setting involves not only 
intrinsic renal arteriolar changes but also elevated 
arterial pressure, which increases the shearing force.470 
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Hypertension as a manifestation of antiphospholipid 
syndrome can be accompanied by thrombotic microan-
giopathy.471 Pharmacologic treatment of malignant 
hypertension can typically reverse the schistocytic hemo-
lytic process, although in rare case reports bilateral 
nephrectomy was required to control the hypertension 
and ameliorate the hemolytic anemia.470

Therapy

Treatment for patients with microangiopathic schisto-
cytic hemolytic anemia should be individualized accord-
ing to the degree of anemia and the presence of an 
associated medical condition. Whenever possible, specifi c 
therapy for the underlying process leading to the micro-
angiopathic anemia should be instituted. Transfusion 
support is warranted if the schistocytic hemolysis is 
massive or if the anemia is severe enough to be symp-
tomatic. The fate of transfused erythrocytes will probably 
be the same as that of endogenous RBCs; thus, transfu-
sions should be administered carefully and judiciously. 
However, erythrocyte transfusions can be lifesaving 
for patients with schistocytic hemolytic anemia and 
cardiovascular compromise.

Although a low platelet count can accompany micro-
angiopathic hemolytic anemia, hemorrhagic bleeding is 
not the norm, even with severe thrombocytopenia. Plate-
let transfusions are usually unnecessary and can actually 
lead to worsening of the patient’s condition because of 
in vivo aggregation and consumption.

In patients with congenital schistocytic hemolytic 
anemia, regular infusions of fresh frozen plasma can 
help ameliorate the laboratory abnormalities and prevent 
clinical complications.472,473 Particularly in patients 
with documented defi ciency of VWF-cleaving protease, 
prophylactic treatment with fresh frozen plasma can be 
effective, even with long-term use.474

Exchange plasmapheresis has emerged as the most 
effective acute intervention for patients with severe 
microangiopathic schistocytic hemolytic anemia due to 
TTP. The benefi cial effects of plasmapheresis derive from 
both the infusion of fresh frozen plasma and the removal 
of free hemoglobin, fragments of broken erythrocyte 
membranes, and any plasma substances promoting intra-
vascular coagulation and platelet aggregation. For patients 
in whom life-threatening disease develops, plasmaphere-
sis is the therapy of choice475,476 and is more effective 
than corticosteroids, aspirin, dipyridamole, or splenec-
tomy.477 Exchange plasmapheresis is now recommended 
early in the clinical course, soon after the diagnosis of 
TTP. However, the patient should be weaned from this 
therapeutic intervention slowly over a period of several 
weeks because relapses and periodic exacerbations are 
often observed when daily plasmapheresis is discontin-
ued. A patient with relapsing refractory microangiopathic 
hemolytic anemia secondary to autoantibodies to the 
VWF-cleaving protease may respond to rituximab 
therapy.478

Large Vessel Schistocytic 
Hemolytic Anemia

In addition to the microangiopathic processes that can 
lead to schistocyte formation, there are several large 
vessel or “macrovascular” disorders that also can cause 
mechanical shearing of erythrocytes. The most common 
of these large vessel schistocytic disorders occurs in asso-
ciation with hemangiomas, which can lead to hemolytic 
anemia with intravascular coagulation and severe throm-
bocytopenia (Kasabach-Merritt syndrome). Most of the 
cutaneous lesions that lead to Kasabach-Merritt syn-
drome are not actually hemangiomas at all; they have a 
kaposiform (spindle cell) hemangioendothelioma pattern 
on histologic examination, consistent with their aggres-
sive vascular proliferation.479,480 True capillary hemangio-
mas, though common in infancy, do not cause erythrocyte 
fragmentation. In contrast, large cavernous hemangio-
mas can develop in the liver, spleen, or other organs and 
cause schistocytic hemolytic anemia at any age.481-483 
However, no single effective therapy has been identifi ed 
for hemangiomas causing schistocytic hemolysis. 
Improvement has been reported anecdotally and in small 
series with the use of steroids and antifi brinolytic 
agents,484 embolization,485 laser therapy,486 local radiation 
therapy,487 and chemotherapy.488 Initial success with 
interferon alfa therapy has been dampened by reports 
of spastic diplegia in association with its use.489 Newer 
approaches directed against the angiogenesis process 
itself, such as the use of angiostatin or related mole-
cules,490 may eventually prove to be a successful targeted 
therapy for hemangiomas.

Schistocytic hemolytic anemia is also a well-described 
complication of valvular heart disease that results from 
excessive shearing force on the erythrocytes at the inter-
face with the abnormal heart valve. Although mild hemo-
lysis can occur with both congenital and acquired 
abnormalities of the heart valves, “cardiac” schistocytic 
hemolysis is most severe after the insertion or failure of 
a prosthetic heart valve.491,492 In the immediate post-
operative period, erythrocytes can be sheared on valvular 
surfaces that lack smooth endothelium, thereby leading 
to schistocyte formation, hemoglobinuria, and anemia. 
Flow disturbances identifi ed on echocardiography include 
rapid acceleration, fragmentation, and collision jets that 
lead to high shear stress and hemolysis.493 Occasionally, 
intravascular hemolysis is severe enough to cause massive 
hemolysis with profound anemia. Transfusions may be 
required in the short term while the patient awaits endo-
thelialization of the prosthetic valve, although erythropoi-
etin therapy may reduce the transfusion requirement.494 
Surgical correction is often required for patients with 
chronic or life-threatening transfusion-dependent intra-
vascular hemolysis. The successful use of pentoxifylline 
for this condition warrants further investigation.495

Finally, an infant with fetal schistocytic hemolytic 
anemia in association with an umbilical vein varix was 
reported.496 Turbulent fl ow through this large vessel was 
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noted by ultrasonographic examination, and severe schis-
tocytic hemolytic anemia was identifi ed at birth. The 
infant received aggressive supportive care, including 
erythrocyte transfusions, and survived.

Miscellaneous Forms of Schistocytic 
Hemolytic Anemia

The term “march hemoglobinuria” refers to the transient 
intravascular hemolysis that can occur after strenuous 
exercise.497 This relatively rare form of schistocytic hemo-
lytic anemia was originally noted in soldiers after pro-
longed marching drills and has been attributed to physical 
trauma to erythrocytes within the soles of the feet. The 
phenomenon seems to occur only in selected individuals, 
but it can be associated with severe hemoglobinuria and 
even renal failure.498 A better name for this form of hemo-
lysis might be “exertional hemoglobinuria” because it can 
occur after a variety of exercises, including running, 
swimming, karate, and even playing of conga drums.499-501 
One study reported that transfused erythrocytes also had 
shortened survival after exercise, thus documenting the 
extracorpuscular nature of the defect.502 Avoidance of the 
offending physical trauma is usually suffi cient to resolve 
the hemolysis. For persons in whom hemoglobinuria 
develops after running, insertion of protective insoles 
may protect against the physical pounding of 
erythrocytes.503

Thermal burns are the most common form of burn 
injury that causes anemia, although chemical burns can 
also induce hemolysis.504 Erythrocytes that are directly 
exposed to the burn become injured, and this damage 
either leads to their immediate lysis or results in shape 
changes that shorten their survival in vivo. If the damage 
is severe, the erythrocytes circulating through the skin at 
the time of the injury undergo intravascular hemolysis 
within hours, thereby giving rise to hemoglobinemia, 
hemoglobinuria, and anemia. Less damaged erythrocytes 
continue to circulate but undergo sphering and are pre-
maturely removed by the spleen.505 This extravascular 
hemolysis may occur several days or weeks after the burn 
injury and may lead to marked late-onset hemolytic 
anemia. Despite earlier reports suggesting a high inci-
dence of positive DAT results after burn injury, there is 
little evidence for immune-mediated hemolytic anemia 
in this setting.506

Although an initial burn injury may be suffi cient to 
cause anemia, concomitant therapies can also contribute 
to hemolytic anemia.507 For example, the liberal use of 
silver sulfadiazine provides an oxidative stress that can 
induce hemolysis, especially in patients with glucose-
6-phosphate dehydrogenase defi ciency.508 Many burn 
patients require transfusions of fresh frozen plasma, 
which can induce hemolysis via passively acquired 
isohemagglutinins. Finally, infections and the antibiotics 
used to treat these infections can induce hemolysis. 
Thus, hemolytic anemia associated with burns is often 

multifactorial. Immediate and delayed hemolytic anemia 
occurs as a direct consequence of the burn injury, whereas 
additional therapies can lead to further hemolysis.
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The erythrocyte membrane is the most thoroughly 
studied biologic membrane. It is a small structure, less 
than 0.1% of the cell’s thickness and only about 1% of 
its weight, but its easy accessibility has enabled research-
ers to characterize both its primary structure and a 
number of its important functions. During erythropoiesis 
it responds to erythropoietin and imports the billion or 
so iron atoms that each red cell needs to complete the 
synthesis of hemoglobin. It sequesters the reductants 
required to protect hemoglobin and other cell proteins 
from corrosion by oxygen and selectively retains other 
vital components, such as organic phosphates, manufac-
tured with precious adenosine triphosphate (ATP) energy, 
but lets metabolic detritus escape. Some evidence hints 
that it may even help regulate metabolism by reversibly 
binding and inactivating many glycolytic enzymes.1 In the 
circulation it carefully balances cation and water con-

centrations so that red cells do not shrivel or explode. 
Simultaneously, it exchanges tremendous numbers of 
bicarbonate and chloride anions (≈10 to 30 billion per 
second per red cell), which aids transfer of carbon dioxide 
from tissues to the lungs.2 It also maintains a slippery 
exterior so that red cells do not adhere to endothelial cells 
or aggregate and clog capillaries. Finally, buttressed by 
the “membrane skeleton,” a protein scaffold that lines the 
inner membrane surface, the membrane achieves the 
critical combination of strength and fl exibility needed to 
survive 4 months in the circulation. Failure of any of 
these or numerous other functions shortens red cell sur-
vival, a process termed hemolysis. In fact, all hemolysis 
is ultimately due to membrane failure.

The red cell membrane was originally characterized 
as an example of the fl uid mosaic model proposed by 
Singer and Nicolson more than 35 years ago.3 In this 
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TABLE 15-1 Composition of Normal Human Red Cell Membranes

Component Wt%
Grams per Membrane 
(×1013)

Approximate 
Number of 
Molecules per 
Membrane 
(×106)

% in 
Outer 
Half of 
Bilayer*

% in 
Inner 
Half of 
Bilayer*

Proteins and glycoproteins† 55  5.7‡  6
Lipids 45  4.7 475
 Phospholipids§ 28 3.0 250¶

  Sphingomyelin (SM) 6.8 0.73 60 85  15
  Phosphatidylcholine (PC) 7.0 0.75 65 70  30
  Phosphatidylethanolamine (PE) 7.4 0.79 65 20  80
  Phosphatidylserine (PS) 4.3 0.46 40  0 100
  Phosphatidylinositols (PI) 1.0 0.10  8  0 100
   PI 0.34 0.036 3
   PIP 0.22 0.024 2
   PIP2 0.39 0.042 3
  Phosphatidic acid (PA) 1.0 0.10  8 10  90
  Lysophosphatidylcholine
   (Lyso-PC)

0.3 0.03  3 Unknown Unknown

  Lysophosphatidylethanolamine
   (Lyso-PE)

0.3 0.03  3 Unknown Unknown

 Cholesterol§ 13 1.3 195 ≈50 ∼50
 Glycolipids¶  3 0.3  10 100  0
 Free fatty acids**  1 0.1  20 Unknown Unknown

100 10.4 481

*Based on data from Blau and Bittman,7 Low and Finean,8 Verkleij et al.,9 and Zachowski.10

†An average of three reported values by Fairbanks et al.11

‡Calculated from data in Table 15-2.
§Based on compiled data from Ferrell and Huestis.12

¶Number of phospholipid molecules per membrane based on an average molecular weight of 723 calculated from the average red cell phospholipid polar head 
group and fatty acid composition.13

¶Based on the data from Sweeley and Dawson.14

**An average of two reported values compiled by Cooper.15

PIP, phosphatidylinositol 4-phosphate; PIP2, phosphatidylinositol 4,5-bisphosphate.

model the erythrocyte membrane is composed of mobile, 
asymmetrically distributed proteins and lipids that inter-
act in a variety of ways. The model has been revised in 
the intervening 31/2 decades because many membrane 
proteins are not freely mobile but instead diffuse in com-
plicated patterns or are confi ned to discrete domains.4-6 
In this chapter we fi rst discuss normal membrane struc-
ture with an emphasis on aspects that are most involved 
in the genesis of membrane disease. We then focus on 
abnormalities of red blood cell membranes, particularly 
hereditary spherocytosis (HS) and hereditary elliptocy-
tosis (HE), the two most common and best-understood 
disorders.

MEMBRANE LIPIDS

Lipid Composition

Lipids account for about 50% of the weight of the red 
cell membrane (Table 15-1) or about 1.6% of the weight 
of the hemoglobin. Phospholipids and unesterifi ed (free) 
cholesterol predominate and are present in nearly equal 
proportions (cholesterol-phospholipid molar ratio of 
0.80).7,16,17 Small amounts of glycolipids, principally glo-
boside (73% of the glycosphingolipids) (Fig. 15-1), are 

also present.14 The average red cell contains about 250 
million phospholipid molecules, 195 million cholesterol 
molecules, 10 million glycolipid molecules, and 6 million 
protein molecules in a membrane whose total surface 
area is about 140 μm2.18 Phosphatidylcholine (PC), phos-
phatidylethanolamine (PE), sphingomyelin (SM), and 
phosphatidylserine (PS) are the predominant phospho-
lipids (see Table 15-1). Their structures are shown in 
Figure 15-1. Small amounts of phosphatidic acid (PA), 
phosphatidylinositol (PI), and lysophosphatidylcholine 
(Lyso-PC) are also present.

At physiologic pH, PS, PA, and PI have a net 
negative charge, whereas the other phospholipids are 
electrically neutral. The polar head groups of PC and SM 
tend to lie parallel to the membrane surface (Fig. 15-2). 
The head groups of PE and PS are smaller and more 
cone shaped, which may help them fi t in the inner 
bilayer.

With the exception of SM and Lyso-PC, the phos-
pholipids have two fatty acids attached to a glycerol back-
bone. They are usually of similar length and attached 
through an ester linkage, although sometimes, particu-
larly in PE, one of the fatty acids is a vinyl ether (plas-
malogen).13 Typically, the fatty acid attached to glycerol 
farthest from the polar head group (sn-1 position) is satu-
rated and the nearer (sn-2) one is unsaturated.19 PE and 
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FIGURE 15-1. Chemical structures of the major phospholipids and the major glycosphingolipid (globoside or GL-4) of the red blood cell (RBC) 
membrane. Note that phosphatidylcholine (PC) and sphingomyelin (SM) share the same polar moiety (choline) and that SM and globoside share 
the same nonpolar moiety (ceramide).

PS are more unsaturated than PC. In contrast, both 
acyl side chains are usually saturated in SM, and the 
amide-linked chain (see Fig. 15-1) is often very long 
and interdigitates with the hydrocarbon chains of the 
opposite side of the bilayer. The SM amide linkage also 
makes its interface region more polar. The lysophospho-
lipids have only one fatty acid and are named for the 
hemolysis induced because of their detergent-like 
properties.

Asymmetric Organization of Lipids in 
the Bilayer

The majority of phospholipids in the red cell membrane 
are in a planar bilayer with their polar head groups 
exposed at each surface and their hydrophobic fatty acyl 
side chains buried in the bilayer core. The phospholipid 
head groups tend to adopt regular, superlattice-like lateral 
distributions.20
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Phospholipid

Cholesterol

Glycerol

Choline

FIGURE 15-2. Approximate orientation of cholesterol 
and phospholipid (here phosphatidylcholine [PC]) mole-
cules to each other in the membrane bilayer. On average, 
the cholesterol rings are believed to associate with the fi rst 
8 to 10 carbons of the phospholipid acyl chains. Note that 
the fatty acyl chain attached to the sn-1 position of the 
glycerol on PC is saturated and straight whereas the 
sn-2 side chain is unsaturated and kinked (tan, carbon; 
light blue, hydrogen; yellow, oxygen; orange, phosphorus; 
green, nitrogen).

Glycolipids and Cholesterol

Glycolipids and cholesterol are intercalated between the 
phospholipids in the bilayer, with their long axes perpen-
dicular to the bilayer plane (see Fig. 15-2). Red cell gly-
colipids are located entirely in the external half of the 
bilayer, and their carbohydrate moieties extend into the 
aqueous phase. They carry many important red cell anti-
gens, including A, B, H, Lea, Leb, and P, and serve other 
important functions. The P glycolipid, for example, serves 
as the receptor for parvovirus B19,21 the agent responsi-
ble for most erythroid aplastic crises.

Cholesterol is present on both sides of the bilayer7,22 
and is nearly saturated in the red cell membrane—that 
is, its concentration is just below the concentration at 
which major changes in its organization and accessibility 
to enzymatic modifi cation occur.23 Its distribution is not 
known but it is probably slightly more prevalent in the 
outer half24,25 because of its high affi nity for SM, which 
is concentrated in the outer bilayer. However, because all 

of the membrane cholesterol is available for exchange 
within seconds (T1/2 ≈ 1 second)26 and has fi rst-order 
kinetics, inner and outer membrane cholesterol must be 
exchangeable at an even greater rate. This facilitates 
membrane bending because movement of cholesterol can 
offset the difference in surface pressure caused by bending 
and compression of one of the bilayers relative to the 
other. Depletion of cholesterol promotes inward curva-
ture of the membrane, whereas enrichment of cholesterol 
favors outward defl ection.23

Cholesterol molecules are relatively buried because 
the 3-OH group, the part of the molecule that is at the 
aqueous interface, lies approximately at the level of the 
carbonyl group of the phospholipid fatty acids (see Fig. 
15-2).19,27 Cholesterol has important functions in buffer-
ing the fl uidity of phospholipid side chains and in forming 
“lipid rafts,” as will be described. In addition, some cho-
lesterol binds directly to some membrane proteins and 
activates or inactivates them,28-30 probably through a 
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sterol-sensing domain.31 Whether this is important in the 
function of mature red cells is unknown.

Trans Asymmetry

Red cell membrane lipids, like membrane proteins (to be 
discussed), are asymmetrically distributed across the 
bilayer plane.32-34 Choline phospholipids (PC and SM) 
are concentrated in the outer half of the bilayer, whereas 
aminophospholipids (PE and PS) and PI are largely con-
fi ned to the inner half (see Table 15-1). The evidence has 
been critically reviewed.10,35-37

The asymmetric distribution of phospholipids refl ects 
a steady state involving a constant exchange (fl ip/fl op) of 
phospholipids between the two bilayer hemileafl ets.35,36 
In the red cell membrane this transmembrane diffusion 
is slow, lasting several hours to a day.38,39 In contrast, the 
enzymatic translocation of phospholipids in biologic 
membranes, described in the following paragraphs, is 
much faster (minutes). At least three distinct activities 
are involved in regulating membrane phospholipid asym-
metry. They are discussed in recent reviews.40-43

Flippase. The Mg-ATP–dependent aminophospho-
lipid translocase, or “fl ippase,” is responsible for localiza-
tion of PS in the inner leafl et by rapidly translocating it 
from the outer to the inner leafl et against an electro-
chemical gradient. The stoichiometry between PS trans-
location and ATP hydrolysis is close to one. PE is 
translocated to a slight degree. The half-times for trans-
location of PS and PE are about 5 and 60 minutes, 
respectively, at 37º C.44 Similar activity exists in all mam-
malian red cells45 and probably in all cells and some cell 
organelles. Flippase is likely to contain a critical cysteine 
because it is inhibited by sulfhydryl-modifying reagents.40 
It is also inhibited by the pseudosubstrates of P-type 
adenosine triphosphatases (ATPases), such as vanadate, 
and by high concentrations of Ca2+.

Unfortunately, despite almost 2 decades of effort, the 
aminophospholipid translocase is not fully character-
ized.40 Erythrocyte Mg2+-ATPase, purifi ed and reconsti-
tuted into proteoliposomes, enhances the movement of 
PS analogues, but the active fraction contains multiple 
proteins ranging from 35 to 120 kd. Although it is pos-
sible that the translocase contains multiple subunits, 
defi nitive proof that Mg2+-ATPase is responsible for fl ip-
pase activity has not yet been achieved.

One candidate for the aminophospholipid translo-
case is ATP8A1 (ATPase II), a Mg2+-ATPase fi rst 
described in bovine chromaffi n granules.46 Close homo-
logues of this protein are found in human red cells.47,48 
The cDNA predicts a unique P-type ATPase in which 
several amino acids that are involved in ion translocation 
in other P-ATPases are replaced by hydrophobic groups. 
Yeasts lacking a homologous protein, Drs2, are defective 
in aminophospholipid transport.46 However, the story is 
complicated because Drs2 is located in the Golgi appa-
ratus, not in the plasma membrane, and is one of a 
four similar and mostly redundant proteins in yeast.42 
Furthermore, the purifi ed murine ATP8A1 enzyme, 

despite having almost all the characteristics of the red cell 
aminophospholipid transporter when assayed in vitro, is 
not activated by N-methyl-PS,47 which is transported by 
the red cell membrane fl ippase, as well as native PS, so 
it is still unclear whether this enzyme is the physiologic 
aminophospholipid translocase. If not, the true translo-
case is probably closely related. The ATP8A1 gene has 
not yet been deleted, which will provide an important 
test.

Floppase. The Mg-ATP–requiring phospholipid 
translocase, or “fl oppase,” is responsible for movement 
of phospholipids from the inner to the outer leafl et of the 
bilayer,41 and it is less specifi c than the fl ippase.49,50 The 
outward lipid movement by the fl oppase is also much 
slower than the inward movement of PS by the fl ippase. 
Recent evidence suggests that the fl oppase is one of the 
family of ATP-binding cassette (ABC) transporters, of 
which the multidrug resistance transporter (ABCB1, 
MDR1, or P-glycoprotein) is the best known.

ABCB1 has broad specifi city for short-chain lipids 
and xenobiotics and is unlikely to be the fl oppase.41,42,51 
Similarly, ABCA1 (ABC1), which exports cholesterol 
and is defi cient in Tangier disease,52 is an unlikely candi-
date. This is also true for ABCB4 (MDR1), which is 
specifi c for PC51 and is involved in the secretion of PC 
into bile53 but is selectively expressed in the liver, not in 
red cells. However, there is some evidence in support of 
ABCC1 (MRP1).54,55 The effl ux of short-chain fl uores-
cent phospholipid analogues of PC, SM, and PS can be 
measured in erythrocytes and requires ATP and reduced 
glutathione. This activity is lost in mice lacking the gene 
equivalent to MRP1,54 and long-term (48-hour) inhibi-
tion of activity leads to loss of PC and SM from the outer 
bilayer but no change in the distribution of PE or PS.56 
However, it is not yet certain that ABCC1 can transport 
full-length, native phospholipids, which is a required 
property of the physiologic fl oppase.

Scramblase. In conjunction with the two ATP-
requiring transporters fl ippase and fl oppase, the 
Mg-ATP–independent, Ca2+-dependent phospholipid 
“scramblase” facilitates rapid, bidirectional movement of 
all phospholipids in the bilayer, thereby resulting in the 
collapse of phospholipid asymmetry,57 which may occur 
in less than a minute under some circumstances. Indeed, 
a high Ca2+ concentration can disrupt phospholipid asym-
metry by activation of the scramblase and inhibition of the 
fl ippase. It is generally accepted that under physiologic 
conditions (cytosolic Mg-ATP concentration in the milli-
molar range and Ca2+ in the submicromolar range), phos-
pholipid asymmetry is maintained by activation of the 
fl ippase and fl oppase and inactivation of the scramblase. 
Under these conditions, all phospholipids are slowly but 
continuously moved to the outer leafl et by the fl oppase, 
whereas the aminophospholipids PS and PE are immedi-
ately shuttled back to inner leafl et by the fl ippase.

A single polypeptide of approximately 37 kd with 
scramblase activity has been purifi ed from red cell mem-
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branes. It mediates the Ca2+-dependent redistribution of 
fl uorescently labeled phospholipids between leafl ets of 
reconstituted proteoliposomes,58 and the cloned protein 
(PLSCR) has other features suggesting that it binds Ca2+ 
and is attached to membranes.59,60 However, it does not 
appear to be the authentic red cell scramblase because 
blood cells from the knockout mouse are not defi cient in 
activation-induced lipid scrambling!61 Thus, the scram-
blase, like the fl ippase and fl oppase, remains to be con-
clusively identifi ed.

Loss of Phospholipid Asymmetry

High intracellular Ca2+ concentrations in red cells lead to 
loss of phospholipid asymmetry as a result of activation 
of the scramblase and inhibition of the fl ippase. Because 
normal red cells maintain very low intracellular Ca2+ 
concentrations, their membranes preserve an asymmetric 
phospholipid distribution through their entire 120-day 
life span.

Phospholipid Asymmetry Is Lost in Sickle and Thalas-
semic Red Cells. Changes in the equilibrium distribution 
of phospholipids could occur under conditions in which 
fl ippase is inhibited and either the scramblase is activated 
or fl oppase or scramblase activity accelerates to a degree 
that overwhelms the translocase, or both. A subpopula-
tion of circulating sickle red cells show exposure of PS 
on their surface.62 There is large variability in the numbers 
of sickle red cells that expose PS in sickle cell patients 
(0.5% to >10%). Phospholipid fl ip-fl op is increased and 
phospholipid asymmetry is lost in sickle cells,63-65 in 
which several forms of skeletal protein damage have been 
documented,66-68 including decreased phospholipid trans-
locase activity63 and uncoupling of the lipid bilayer from 
the underlying skeleton in the sickle cell spicules.69 A 
subpopulation of thalassemic red cells also show expo-
sure of PS on their surface,70 and phospholipid asym-
metry is altered in diabetic red cells,71 which like sickle 
cells,72,73 tend to adhere to endothelial cells.71

Externalized Phosphatidylserine Triggers Clotting and 
Phagocytosis. It is generally believed that red cells, as 
well as essentially all other cells, sequester aminophos-
pholipids on the cytoplasmic side of the plasma mem-
brane because the exposed lipids trigger the conversion 
of prothrombin to thrombin and promote intravascular 
clotting.74-76 Loss of phospholipid asymmetry may also 
activate the alternative complement pathway.77

In addition, macrophages bind and ingest cells, or 
even liposomes, that have PS exposed on their outer 
surfaces.78-81 Exposure of PS is one of the earliest events 
in apoptosis, and the PS receptor seems to have evolved 
to scavenge dead or dying cells that have activated scram-
blase during apoptosis.

Several adhesive surface receptors on macrophages, 
including CD14, CD36, CD68, and the class B scaven-
ger protein SR-BI,82 may participate in recognition and 
removal of PS-exposing cells during apoptosis. However, 
these receptors do not discriminate between PS and 

other anionic phospholipids. The PS-specifi c receptor is 
not yet fully defi ned. A candidate receptor called PSR 
has been cloned by using a monoclonal antibody that 
blocks binding of PS,83 and the phenotype in knockout 
mice is consistent with a protein that functions to clear 
dead cells84; however, subsequent work suggests that it is 
not the desired receptor (reviewed by Williamson and 
Schlegel85).

Finally, there is some speculation that the amino-
phospholipid translocase might foster endocytosis by 
“pumping” PS and PE into the inner bilayer.86 Even a 
small excess of inner bilayer phospholipids would tend to 
make the membrane invaginate (see later).

Scott’s Syndrome: A Defect in 
the Phospholipid Scramblase?

Scott’s syndrome is a very rare autosomal recessive dis-
order characterized by decreased scramblase activity.87,88 
As a consequence, activated platelets fail to expose suffi -
cient PS on their surface to assemble prothrombinase, 
and affected individuals have a bleeding tendency.89 
Erythrocytes and other cells also lack scramblase, but 
without apparent consequence. Whether this is due to 
mutations in the scramblase itself or is a secondary con-
sequence of some other defect is unknown. The putative 
red cell scramblase gene (PLSCR) has been sequenced 
and is normal.90

Eryptosis

Red Cells May Undergo a Kind of Apoptosis in Response 
to Oxidative Damage. It is unclear whether the PS recep-
tor participates in the removal of erythrocytes that bear 
surface PS, such as sickled cells or thalassemic cells, but 
it seems likely that it does. After an initial report by Bra-
tosin and colleagues in 2001,91 multiple recent papers by 
Lang and associates describe a process resembling apop-
tosis in damaged erythrocytes that they term “eryptosis” 
(reviewed by Lang and co-workers in 200692). The process 
seems to be a forme fruste of apoptosis because it is not 
induced by classic apoptotic agents such as staurosporine 
and because mature red cells lack mitochondria and 
nuclei.91 It is characterized by decreased red cell volume, 
membrane blebbing, activation of the protease calpain, 
and exposure of PS at the outer membrane leafl et, 
which leads to phagocytosis by macrophages. Eryptosis 
is triggered by oxidative stress, infl ux of Ca2+ ions, 
red cell dehydration, osmotic shock, prostaglandin E2, 
and a variety of other stimuli and is inhibited by 
erythropoietin.92

The process resembles that induced by caspases, and 
recent investigations show that mature red cells contain 
Fas, Fas ligand, Fas-associated death domain, and cas-
pases 8 and 3 and that oxidatively stressed cells recapitu-
late apoptotic events, including translocation of Fas into 
lipid rafts (see later), formation of a Fas-associated 
complex, and activation of caspases 8 and 3.93-95 Activa-
tion of Fas is also associated with inhibition of the ami-
nophospholipid translocase (fl ippase) and activation of 
the scramblase.96 Thus, exposure of PS on red cells, as 
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on nucleated cells, may often be the consequence of 
apoptotic events.

If these fi ndings can be confi rmed by other groups, 
they raise the possibility that the hemolysis in many con-
ditions may be mediated by eryptosis, especially condi-
tions associated with increased oxidant damage or cell 
dehydration (or both), such as sickle cell anemia, thalas-
semia, Heinz body hemolytic anemias, Hb CC disease, 
glucose-6-phosphate dehydrogenase (G6PD) defi ciency, 
and hereditary xerocytosis. Moreover, if this is true, inter-
ference with the process may be therapeutic.

Recent reports show that Foxos (Forkhead O genes) 
regulate the cellular response to oxidative stress97,98 and 
that the absence of Foxo3, in particular, leads to a marked 
decrease in expression of antioxidant enzymes in ery-
throid precursors and marked susceptibility of mature 
red cells to the reactive oxygen species that red cells 
generate during their daily oxygen-carrying duties or to 
exogenous oxidants. It will be interesting to see whether 
these red cells also die of eryptosis, as would be predicted 
from the aforementioned studies, and whether manipula-
tion of the Foxo pathway can be used to treat anemias 
characterized by oxidant damage.

Cis Asymmetry

Macroscopic Domains. Red cell lipids also exist in 
different domains within each of the bilayer planes (cis 
asymmetry). Fluorescent phospholipids partition into 
doughnut-shaped lipid domains up to several microns in 
diameter within the membrane of red cells or ghosts.99 
These lipid-rich domains are intrinsic structural features 
of the membrane, not just “gel-phase” or “fl uid-phase” 
domains.99 They increase in size when membrane pro-
teins aggregate, and they are lacking in large liposomes 
made solely of membrane lipids, which suggests that 
proteins play a role in their formation. How and why this 
occurs is a mystery.

Microscopic Domains: Protein-Bound Lipids. Lipids 
also partition on a more microscopic scale within the 
membrane. Early experiments100 detected a layer of 
tightly associated “boundary lipids” attached to mem-
brane proteins that intruded into the bilayer core, but 
subsequent work101 suggested that such lipids were bound 
only transiently (<10−7 second) and probably were not 
distinguishable from other lipids in the bilayer on the 
time scale of enzyme reactions and other cellular events. 
However, there are probably exceptions to this general-
ization because specifi c lipids are required for the enzy-
matic functions of some transport proteins, such as the 
sodium and calcium pumps or the cholesterol-binding 
proteins described earlier, and because some membrane 
proteins, such as glycophorin A (GPA; to be discussed), 
bind anionic (PS, PI) but not choline (PC, SM) phos-
pholipids102-104 and those lipids are relatively tightly 
bound.105 Positively charged amino acids are concen-
trated on the cytoplasmic side of the bilayer-spanning 
domains of glycophorins and other membrane proteins, 

in part because their position determines the orientation 
of the protein.106,107 Although it is not well documented, 
anionic phospholipids probably cluster near these regions 
of positive charge. Surface-bound membrane proteins 
such as spectrin and protein 4.1, which bind preferen-
tially to anionic phospholipids,108,109 may also contribute 
to the nonrandom topography of inner membrane phos-
pholipids, and conversely, the lipids appear to contribute 
to stability of the membrane skeleton.110

Membrane Lipid Rafts. Membrane lipid rafts refl ect 
lateral heterogeneity in the lipid bilayer of the plasma 
membrane and have been implicated in a variety of 
sorting and signaling processes in cells.111,112 They appear 
to be present in all cells and can be functionally isolated 
as detergent-resistant membranes by virtue of their prop-
erty of being insoluble in cold, nonionic detergents. Cho-
lesterol and SM are the principal lipids,111,113 although 
recent evidence suggests that the rafts also contain large 
amounts of phosphoinositides.114 The relatively saturated 
acyl chains in SM makes SM molecules pack tightly 
together and interact favorably with the cholesterol ring 
system. As a consequence, the SM-cholesterol complex 
is more resistant to solubilization with nonionic deter-
gents. Red cell lipid rafts contain a complex mixture of 
membrane proteins, including stomatin, fl otillin-1 and 
fl otillin-2, the Duffy protein receptor, heterotrimeric 
Gαs, and proteins bearing glycosylphosphatidylinositol 
(GPI) chains, such as CD55, CD58, and CD59.115-117 
Proteins with myristate or palmitate side chains may also 
tend to partition into the rafts,118-120 whereas proteins 
with prenyl side chains are excluded.119 The large integral 
membrane proteins that form intramembranous particles 
(to be discussed) are also excluded.113 Altogether, raft 
proteins constitute about 4% of the red cell’s membrane 
proteins. Depletion of cholesterol from the red cell mem-
brane abrogates raft formation and the ability of raft-
associated proteins to form membrane microdomains. 
When red cell cytosolic Ca2+ is increased, some of the 
lipid rafts are shed in large (micro) and small (nano) 
vesicles. The microvesicles are highly enriched in stoma-
tin, whereas the nanovesicles contain predominantly 
synexin, a protein involved in vesicle fusion, and sorcin.117 
The fl otillins are not found in either vesicle. This means 
that there are different kinds of lipid rafts in the mem-
brane, with different fates. Although the function of the 
rafts in normal red cell physiology remains to be deter-
mined, it is interesting to note that they appear to play a 
critical role in the membrane remodeling necessary for 
invasion of red cells by malarial parasites (reviewed by 
Murphy and colleagues121).

Bilayer Couple Hypothesis

The shape of the lipid bilayer is responsive to very slight 
variations (<0.4%) in the surface area of its inner and 
outer halves.122,123 This is termed the “bilayer couple 
effect.”124 It refl ects the tight packing of membrane lipids, 
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Expansion of the
outer leaflet

Echinocytosis

Expansion of the
inner leaflet

Stomatocytosis

FIGURE 15-3. Bilayer couple hypoth-
esis. Compounds or processes that 
selectively expand the outer leafl et of 
the lipid bilayer will produce uniform 
membrane spiculation (echinocytosis). 
Selective expansion of the inner leafl et 
of the bilayer leads to membrane 
invagination and cup-shaped red cells 
(stomatocytosis). (Adapted from Palek 
J, Jarolim P. Clinical expression and 
laboratory detection of red cell mem -
brane protein mutations. Semin Hematol. 
1993;30:249, with permission.)

the independent motion of lipids in each half of the 
bilayer, and the extreme thinness of the membrane (<0.1% 
of the diameter of the cell). Processes that expand the 
outer bilayer (or contract the inner) will produce uniform 
membrane spiculation, called echinocytosis (Fig. 15-3). 
Conversely, relative expansion of the inner bilayer will 
lead to membrane invagination and cup-shaped red cells 
(i.e., stomatocytosis). Strongly charged amphipathic com-
pounds, such as phospholipids, cause echinocytosis.123,125 
They are trapped in the outer bilayer by their fi xed charge. 
Permeable amphipaths (e.g., weak acids and bases that 
can cross the membrane in their uncharged form) will 
cause the membrane to extend toward the side of greater 
accumulation.126,127 In general, cationic compounds will 
accumulate in the negatively charged inner bilayer and 
anionic compounds will partition to the neutral outer 
bilayer. Even subtle effects, such as differences in the 
cross-sectional area of lipid head groups or fatty acyl tails, 
can lead to changes in membrane curvature.125

The bilayer couple hypothesis predicts that shape 
changes resulting from expansion of one lipid leafl et can 
be reversed by a commensurate alteration in the other. 
For example, the intensely spiculated red cells of patients 
with abetalipoproteinemia can be almost completely con-
verted to biconcave discs by the addition of small amounts 
(0.1 mM) of chlorpromazine, a cationic amphipath.128 
Unfortunately, this simple test has not been widely 
applied to pathologic red cells, so it is diffi cult to estimate 
how often bilayer couple effects dictate cell shape in 
vivo.

There is some evidence suggesting that shape is not 
totally explained by the bilayer couple hypothesis, which 

has led some researchers to support a protein scaffold 
theory, in which complex interactions of the spectrin-
actin network, the lipid bilayer, and intracellular water 
interact to shape the erythrocyte.129 The plasma lipid 
bilayer contributes bending rigidity; the membrane 
skeleton contributes stretch and shear elasticity.130

Membrane Phosphoinositides

The polar head group of this interesting class of 
phospholipids contains PI or its phosphorylated forms 
phosphatidylinositol 4-phosphate (PIP) and phosphati-
dylinositol 4,5-bisphosphate (PIP2). In nucleated cells, 
phosphoinositides are precursors of important intra-
cellular second messengers such as inositol 1,4,5-
triphosphate (IP3) and diacylglycerol. In mature 
erythrocytes, phosphoinositides represent 2% to 5% of 
the total phospholipids. They reside at the inner mem-
brane surface and undergo rapid phosphorylation and 
dephosphorylation.131 They help regulate Ca2+ transport; 
interact with membrane proteins such as glycophorin C 
(GPC), spectrin, and protein 4.1 (see later); and may 
infl uence discocyte-echinocyte shape transformation.

Lipid Mobility

Acyl Side Chains

Purifi ed Lipids Exist in Gel or Liquid Crystalline 
States. Purifi ed phospholipids exhibit discrete transi-
tions from the liquid crystalline to the gel phase that 
are dependent on the length and degree of unsaturation 
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of their acyl side chains. Above the temperature of this 
transition, the acyl side chains waggle very rapidly (108 
to 109 times per second) from side to side, with progres-
sively greater excursions as one proceeds from the glyc-
erol ester linkage to the terminal methyl group.132 The 
presence of a double bond in the acyl chain increases 
the disorder and fl exibility all along the hydrocarbon 
chain,133,134 especially toward the terminal methyl end. 
Below the temperature needed for transition from the 
liquid crystalline to the gel phase, acyl chains of purifi ed 
lipids are extended in stiff, parallel, hexagonally packed 
arrays that are more nearly solid than liquid.

Cholesterol Creates an Intermediate State between 
Gel and Liquid Lipids. Cholesterol buffers the extremes of 
the gel and liquid crystalline states. At temperatures 
above the gel-liquid phase transition, cholesterol partially 
immobilizes the acyl chains of phospholipids, particularly 
the proximal 8 to 10 carbons that are adjacent to the 
bulky steroid nucleus.132 Below this transition, choles-
terol disrupts ordering of the acyl chains, in effect pre-
serving membrane fl uidity.135,136 The net result is that 
cholesterol tends to abolish the gel-to–liquid crystalline 
transition and creates a condition of intermediate fl uidity 
in which the proximal ends of the hydrocarbon chains 
are extended and relatively rigid and the distal ends are 
disordered and fl uid.

The red cell membrane contains relatively large 
amounts of cholesterol (cholesterol-phospholipid ratio, 
0.8 mol/mol) and is relatively less fl uid than other plasma 
membranes.137 The inner bilayer is somewhat more fl uid 
than the outer,138 probably because it contains more 
unsaturated fatty acids. The signifi cance of this difference 
is unknown.

The steady-state polarization of fl uorescent probes 
such as 1,6-diphenyl-1,3,5-hexatriene is widely used to 
measure lipid “fl uidity.” However, it is diffi cult to know 
whether the polarization changes are due to true altera-
tions in lipid fl uidity or to changes in lipid organization 
that alter the location and spectroscopic properties of the 
probe or its interactions with membrane proteins.139

Lateral Diffusion

Phospholipids move about rapidly within each plane of 
model lipid bilayers.137,140,141 From the measured lateral 
diffusion constants (2 to 5 × 10−8 cm2/sec), one can cal-
culate that phospholipids exchange places with each 
other about 107 times per second. This rate is some -
what dampened in the red cell membrane (estimated 
diffusion constant of 1.4 × 10−8 cm2/sec),142 but the dif-
ference is about what would be expected in view of the 
effects of cholesterol on the lateral mobility of 
phospholipids.141

Lipid Renewal Pathways

Mature Erythrocytes Cannot Synthesize Lipids. Mature 
erythrocytes are unable to synthesize fatty acids, phos-

pholipids, or cholesterol de novo and depend on lipid 
exchange and fatty acid acylation as mechanisms for 
phospholipid repair and renewal (Fig. 15-4). Outer 
bilayer phospholipids (PC, SM) exchange slowly (approx-
imate turnover time of 5 days)143 with the phospholipids 
of plasma lipoproteins.144,145 Inner bilayer phospholipids 
(PS, PE) are unable to participate in this process and are 
virtually unexchangeable.143

Esterifi cation Depletes Red Cell Cholesterol. Fatty 
acids and lysophosphatides exchange more rapidly. Red 
cell membrane cholesterol (unesterifi ed) also exchanges 
readily with the unesterifi ed cholesterol in plasma lipo-
proteins (T1/2 = 7 hours), where it is partially converted 
to esterifi ed cholesterol by the action of lecithin-cholesterol 
acyltransferase (LCAT). Because the newly formed cho-
lesteryl ester cannot return to the red cell membrane 
(there is virtually no esterifi ed cholesterol in the mem-
brane), LCAT catalyzes a unidirectional pathway (see 
Fig. 15-4) that depletes the membrane of cholesterol and 
decreases its surface area. Conversely, if LCAT is absent 
or inhibited, excess membrane cholesterol accumulates 
and expands the membrane surface area.146

Fatty Acid Acylation May Repair Phospholipid Side 
Chains. The fatty acid acylation pathway is an active 
metabolic pathway that requires ATP energy. This system 
combines fatty acids with lysophosphatides (principally 
Lyso-PC) to remake the native phospholipid (see Fig. 
15-4).147-149 The acylase enzyme and its phospholipid 
products are located in the inner bilayer.150 In theory, this 
enzyme should facilitate the renewal of lost or damaged 
fatty acid side chains and should prevent the accumula-
tion of deleterious lysophosphatides within the mem-
brane; however, it is not certain that the phospholipases 
necessary to remove damaged fatty acids operate in the 
red cell.

These renewal pathways, though limited, permit slow 
replacement of membrane lipid components. Approxi-
mately 30 days is required before erythrocyte lipids reach 
equilibrium after a change in dietary fatty acids.151 Theo-
retically, this could be pathologically signifi cant in persons 
on unusual diets (e.g., infants receiving a high intake of 
medium-chain triglycerides); however, no pathologic 
consequences have been reported to date.

MEMBRANE PROTEIN COMPOSITION

The red cell membrane (or “ghost”) contains at least a 
dozen major proteins7 and more than 300 minor ones.152 
The major proteins of the red cell membrane (Fig. 15-5; 
Table 15-2) and their disorders have been intensively 
studied,168-170 and in most cases their genes have been 
cloned. It is important to realize that enumeration 
and characterization of all the proteins of the red cell 
membrane may never be achieved because the membrane 
is not a separate, discontinuous structure but one that 
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is in equilibrium with both the cytoplasm and the 
extracellular space. Many of the minor membrane 
proteins are technically challenging to isolate because 
of their low concentration, their insolubility, or their 
sensitivity to even minor variations in isolation 
conditions.

The protein constituents of the red cell membrane 
are classically defi ned by hypotonic hemolysis of red 
cells,171 followed by polyacrylamide gel electrophoresis 
(PAGE) in sodium dodecyl sulfate (SDS).7 In general, 
membrane proteins are classifi ed as either integral or 
peripheral. Integral membrane proteins penetrate or tra-
verse the lipid bilayer and interact with the hydrophobic 
lipid core. They include band 3, the anion exchange 
channel, and the glycophorins, which generate a negative 
charge at the cell surface, function as receptors, and 
display surface antigens (Fig. 15-6). Integral membrane 
proteins form the randomly distributed 8- to 10-nm 
intramembranous particles seen on freeze-cleave electron 
microscopy of red cell membranes. Peripheral proteins 
interact with integral proteins or lipids at the membrane 
surface but do not penetrate into the bilayer core. In the 
red cell, the major peripheral membrane proteins are 
located on the cytoplasmic membrane face and include 
enzymes such as glyceraldehyde-3-phosphate dehydroge-
nase (G3PD) and the structural proteins of the mem-
brane skeleton. The red cell membrane skeleton is 
operationally defi ned as the insoluble proteinaceous 
residue that remains after extraction of red cells172 or 
their ghosts173 with the nonionic detergent Triton X-100. 
The membrane skeleton contains 55% to 60% of the 
membrane protein mass and includes such proteins as 
spectrin, actin, protein 4.1, p55, adducin, dematin, tropo-
myosin (TM), tropomodulin (TMod), ankyrin, and part 
of band 3 and protein 4.2 (see Fig. 15-6).

PLASMA LIPOPROTEINS

Cholesterol ester

Lipid 
bilayer

Lyso-PC

Chol Chol Chol

LysoPC

LysoPC LysoPC

PS or PE
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PC

PC PC

FA FAFA Albumin-FA

PS or PE PS or PE

RED CELL

Aminophospholipid
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Scramblase
+Ca2+
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(Lecithin:cholesterol
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Fatty
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FIGURE 15-4. Pathways for lipid exchange and fatty acid replacement in the red cell membrane. Chol, cholesterol; FA, fatty acid; Lyso-PC, 
lysophosphatidylcholine; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PS, phosphatidylserine.
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FIGURE 15-5. Major proteins of the red blood cell membrane. The 
proteins are separated by sodium dodecyl sulfate gel electrophoresis 
with the Fairbanks-Agre gel system11,153 and stained with Coomassie 
blue. The glycophorins and the Rh proteins bind this dye poorly and 
are not visible. G3PD, glyceraldehyde-3-phosphate dehydrogenase. 
(Adapted from Costa FF, Agre P, Watkins PC, et al. Linkage of dominant 
hereditary spherocytosis to the gene for the erythrocyte membrane-skeleton 
protein ankyrin. N Engl J Med. 1990;323:1046, with permission.)
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TABLE 15-2 Major Erythrocyte Membrane Proteins

SDS Gel 
Banda Protein

Human 
Gene 
Name

MOLECULAR 
MASS (kd) Monomer 

Molecules per 
Cellc (×103) Oligomeric State

Proportiond 
(%)

Peripheral 
or Integral

Chromosome 
Location

Associated 
DiseasesGel Calcb

1 α-Spectrin SPTA1 240 281 242 ± 20 Heterodimer/
 tetramer/
 oligomer

14 P 1q21 HE, HPP, HS
2 β-Spectrin SPTB 220 246 242 ± 20 13 P 14q22-q23.2 HS, HE, HPP

2.1e Ankyrine ANK1 210 206 124 ± 11e Monomer 5e P 8p11.2 HS
2.9f α-Adducin ADD1 103 81 ≈30 Heterodimer/

 tetramer
1 P 4p16.3 HS (mice)

β-Adducin ADD2 97 80 ≈30 1 P 2p14-p13 HS (mice)
3f Band 3, AE1 SLC4A1 90-100g 102h ≈1200 Dimer or tetramer 26 I 17q21-q22 HS, SAO, RTA,

 HAc, HSt, HC
4.1 Protein 4.1 EPB41 80 + 78i 66j ≈200 Monomer 3 P 1p36.1 HE
4.2 Protein 4.2 EPB42 72 77 ≈250 ?Dimer 4 P 15q15 HSk

4.9f Dematinl EPB49 48 + 52 43 + 45 ≈140 Trimer 1 P 8p21.1 —
p55 MPP1 55 53 ≈80 ?Dimer 1 P Xq28 —

5f β-Actin ACTB 43 42 ≈500 Oligomer (≈14) 5 P 7p15-p12 —
Tropomodulin TMOD 43 41 ≈30 Monomer P 9q22.3 —

6 G3PD GAPDH 35 36 ≈500 Tetramer 5m P 12p13.31-p13.1 —
7f Stomatin EPB72 31 32 — — 4 I 9q34.1 None

Tropomyosin TPM3 27 + 29 ≈30n ≈70 Heterodimern <1 P 1q22-q23 —
8f Peroxiredoxin-1 PRDX1 23 22 ? ? 1-2 P 1p34.1 OH (mice)

Peroxiredoxin-2o PRDX2 23 22 ≈200o Dimer or decamer 1-2 P 19p13.2 (?13q12)o OH (mice)
PAS-1p Glycophorin A GYPA 36q 14h ≈1000 Dimer 3p I 4q28.2-q31.1 None
PAS-2p Glycophorin Cr GYPC 32q 14h ≈150 — 0.3p I 2q14-q21 HE
PAS-3p Glycophorin B GYPB 20q 8h ≈200 ?Dimer 0.4p I 4q28.2-q31.1 None

Glycophorin Dr GYPD 23q 11h ≈50 — 0.1p I 2q14-q21 HE
Glycophorin E GYPE —s 6h —s —s —s I 4q28.2-q31.1 —

aNumbering system of Fairbanks et al.11 Bands 1 to 8 refer to gels stained with Coomassie blue. PAS-1 to PAS-3 refers to gels stained with periodic acid–Schiff.
bCalculated from amino acid sequences.
cBased on an estimate of 5.7 × 10−13 g protein per ghost7 and on the approximate proportion of each protein, estimated from densitometry of SDS gels. The data for spectrin and ankyrin were measured directly by 

radioimmunoassay,154 as were the data for glycophorins.155

dProteins 1 to 8 were estimated from published11,156,157 and unpublished (Lux SE and John KM) data.
eProtein 2.1 is full-length ankyrin and is the major isoform. Other isoforms are evident on SDS gels, including band 2.2 (195 kd), band 2.3 (75 kd), and band 2.6 (145 kd). Band 2.2 is produced by alternative splicing. 

The origin of the other bands is unknown. The data shown are for ankyrin 2.1 except for the number of copies per cell and approximate proportion (wt%), which includes all isoforms.
fThe α- and β-adducins lie at the high-molecular-weight end of SDS gel band 3, a region that is sometimes called band 2.9. Band 4.9 contains both dematin and p55. Band 5 contains β-actin and tropomodulin. Band 7 

contains stomatin and tropomyosin, and band 8 contains peroxiredoxin-1 and peroxiredoxin-2.
gThe protein runs as a broad band on SDS gels because of heterogeneous glycosylation.
hThe calculated molecular weight does not include the contribution of the carbohydrate chains.
iProtein 4.1 is a doublet (4.1a and 4.1b) on SDS gels. Protein 4.1a is derived from 4.1b by slow deamidation.158 Its proportion is a measure of red cell age.
jProtein 4.1 homologues are encoded by at least four genes159 and exist in a very large number of isoforms.160-163 The major erythroid gene product is listed here.
kDefi ciency of protein 4.2 is associated with a variety of red cell morphologies, but spherocytes predominate.
lThe 52-kd isoform of dematin contains a 22–amino acid, N-terminal, adenosine triphosphate binding domain that the 48-kd dematin lacks.164,165 The two proteins are derived from the same gene. They form a trimer 

containing two 48-kd subunits and one 52-kd subunit.164

mThe amount of G3PD associated with the membrane varies from person to person (≈3 to 6 wt%).
nRed cell tropomyosin is a heterodimer of 27- and 29-kd subunits. There are about 70,000 copies of each chain per red cell. The two major human tropomyosin isoforms found in red cells are hTM5 and hTM5b and 

derive from the γ- and α-TPM3 genes, respectively.166 We have not been able to fi nd the exact sequence of these two isoforms.
oPeroxiredoxin-2 is also known as calpromotin, thioredoxin peroxidase B, thiol-specifi c antioxidant protein (TSA), protector protein (PRP), natural killer–enhancing factor B, acidic peroxidoxin, and torin. It translocates 

between the cytoplasm (dimer) and the membrane (decamer). There are about 14 million protein molecules in the cytoplasm but only about 200,000 on the membrane judging from SDS gels. The gene is located at 13q12 on 
the cytogenetic map and at 19p13.2 on the human genome sequence map. This dichotomy is currently unexplained.

pThe glycophorins are visible only on PAS-stained gels.
qMolecular weights, including carbohydrate, were estimated from mobility on SDS gels.156,167

rGlycophorins C and D are synthesized from the same mRNA but with different translational start sites.167

sGlycophorin E mRNA has been identifi ed, but it is not certain that the mRNA is translated.
G3PD, glyceraldehyde-3-phosphate dehydrogenase; HAc, hereditary acanthocytosis; HC, hereditary cryohydrocytosis; HE, hereditary elliptocytosis; HPP, hereditary pyropoikilocytosis; HS, hereditary spherocytosis; HSt, 

hereditary stomatocytosis; OH, oxidant hemolysis; RTA, renal tubular acidosis; SAO, Southeast Asian ovalocytosis; SDS, sodium dodecyl sulfate.
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FIGURE 15-6. Schematic model of the red cell membrane. The proteins are drawn roughly to scale, although it is not clear that spectrin ever 
folds away from the membrane in the manner shown. The relative positions of some of the proteins, particularly within the band 3 tetramer–Rh/
RhAG–protein 4.2–CD47 complex and the band 3 dimer–Kell–Xk–Rh–Duffy–GPC–GPA complex, are not known. Recent evidence suggests that 
band 3 dimers are located near the spectrin-actin junction, where proteins 4.1 and 4.2 bind, as well in untethered positions within the lipid bilayer. 
In addition, to show its various interactions, the actin protofi lament is drawn perpendicular to the membrane plane, jutting out into the cytoplasm, 
whereas it actually lies parallel to the membrane. The complexes of proteins associated with band 3 are not stoichiometric—that is, some proteins 
are present in much smaller numbers than others (e.g., Rh, Kell, Xk, Duffy, LW). As a consequence the band 3 complexes shown must vary in 
their composition. Ank, ankyrin; GPA, glycophorin A; GPB, glycophorin B; GPC, glycophorin C; RhAG, Rh-associated glycoprotein.

INTEGRAL MEMBRANE PROTEINS

Band 3 (AE1, SLC4A1)

Band 3, the major integral membrane protein of the red 
blood cell, accounts for 25% to 30% of the cell mem-
brane protein (≈1.2 million copies per cell). It is also 
called anion exchange protein 1 (AE1), but its offi cial 
title is solute carrier family 4 (anion exchanger), member 
1, or SLC4A1. The human band 3 gene is located on 
chromosome 17q21-q22 and encodes a 911–amino acid 
polypeptide of 102 kd.174,175 Band 3 migrates as a diffuse 
band on SDS gels (see Fig. 15-5) as a result of hetero-
geneous N-glycosylation with a short complex oligosac-
charide or an extended polylactosaminyl chain.176 
Residues 1 to 403 generate the 43-kd N-terminal cyto-
plasmic domain, which functions (1) as an anchor point 
for the membrane skeleton through interactions with the 
peripheral membrane proteins ankyrin, protein 4.1, and 

protein 4.2 and (2) as a binding reservoir for hemoglobin, 
denatured hemoglobin, and glycolytic enzymes. Residues 
509 to 911 form a 52-kd channel that exchanges HCO3

− 
and Cl−, thereby facilitating the critical function of red 
cells in the uptake of CO2 in tissues and subsequent 
release of CO2 in the lungs. The carboxy-terminal of band 
3, which resides on the cytoplasmic side of the mem-
brane, also binds carbonic anhydrase II.177

Cytoplasmic Domain

The N-Terminal Portion of Band 3 Is the Cytoplasmic 
Binding Domain. The cytoplasmic domain of band 3 is 
readily released from the red cell membrane as a 43-kd 
fragment after treatment with chymotrypsin or trypsin.178 
The fi rst 45 amino acids are highly acidic and stretch into 
the cytoplasm (Fig. 15-7). The remainder of the cytoplas-
mic domain is remarkably mobile, with expansion at high 
pH and contraction at low pH,181 because of a confor-
mational transition that is not fully understood.
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FIGURE 15-7. Organizational model of human erythrocyte band 3 (anion exchange protein, AE1). The protein is divided into two structurally 
and functionally distinct domains: an approximately 43-kd cytoplasmic domain (amino acids [aa] 1 to 359) that contains binding sites for several 
cellular proteins and an approximately 52-kd transmembrane domain (aa 360 to 911) that forms the anion exchange channel. The two regions 
can be separated by cleavage of chymotrypsin at the inner membrane (C1). A second chymotrypsin site (C2) is accessible at the external surface.
Cytoplasmic domain: The highly acidic N-terminal end (aa 1 to 45) binds deoxyhemoglobin, hemichromes, and the glycolytic enzymes phospho-
glycerate kinase (PGK), aldolase, and glyceraldehyde-3-phosphate dehydrogenase (G3PD). Enzyme attachment is blocked by phosphorylation of 
tyrosines 8 and 21. Antibodies to the N-terminal end also interfere with binding of ankyrin, but the main ankyrin site is aa 175 to 185. Protein 
4.1 binds to two sites with the (I/L)RRRY motif, near the end of the domain. The binding site for protein 4.2 has not been clearly identifi ed.
Membrane domain: One current model179 suggests that band 3 contains 13 α-helical membrane-spanning segments and two additional transmem-
brane (TM) regions with nonhelical conformations, all of which are connected by hydrophilic loops. Almost nothing is known about how the 
various TM segments are positioned relative to each other. There is good evidence that Glu681 is required for anion transport and that TM8 and 
probably TM1+2 and TM13 form part of the channel. Presumably, the unique nonhelical TM segments between TM regions 9-10 and 11-12 are 
also involved. Pro854 is the site of the Diegoa blood group antigen180 and must be extracellular. A complex carbohydrate structure is attached to 
Asn642. Carbonic anhydrase II (CA-II) binds to the C-terminal of band 3, and CA-IV binds to the extracellular loop between TM7 and TM8. 
Both are perfectly positioned to shuttle HCO3

− ions to or from plasma through band 3. (Adapted with permission from Walensky LD, Narla M, Lux 
SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP [eds]. Blood: Principles and Practice of Hematology, 2nd ed. Philadelphia, JB Lip-
pincott, 2003, pp 1709-1858, with permission.)
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The Acidic N-Terminal Sequence of Band 3 Binds 
Hemoglobin. Hemoglobin binds weakly to the acidic N-
terminal of band 3 (Kd [deoxy Hb] = 0.31 mM), but because 
the concentration of hemoglobin is so high in red cells, 
roughly half of the band 3 molecules are bound to hemo-
globin under physiologic conditions.182,183 X-ray crystal 
structures show that the fi rst 11 amino acids of band 3 
penetrate the 2,3-diphosphoglycerate (2,3-DPG) binding 
cavity in the center of hemoglobin.182 Because the cavity 
closes when hemoglobin is oxygenated, only deoxyhemo-
globin binds to band 3. Thus, band 3 lowers O2 affi nity, 
but when hemoglobin is only partially saturated with 
band 3, its cooperativity is also reduced.184 This has led 
to the idea that band 3–bound hemoglobin could prefer-
entially bind O2 at low pO2 values and then release it 
upon saturation with 2,3-DPG in the cytoplasm.184

Denatured Hemoglobin Molecules Copolymerize with 
the Cytoplasmic Domain of Band 3 and Form Aggregates, 
Which May Play a Role in Red Cell Senescence. Hemi-
chromes, a partially denatured form of hemoglobin, bind 
to band 3 more avidly than hemoglobin does, thereby 
resulting in the formation of hemichrome–band 3 aggre-
gates.183,185,186 This clustering of band 3 is believed to 
generate a cell surface epitope identifi ed by autologous 
IgG antibodies that targets the cell for phagocytosis (see 
the later section “Red Cell Membrane Alterations of 
Senescent Red Cells”).187 The formation of such a senes-
cence antigen by band 3 copolymerization with hemi-
chromes may also contribute to the clearance of sickle, 
β-thalassemic, and hemoglobin Köln red cells, all of 
which contain unstable hemoglobin that oxidatively 
degrades into hemichromes. Band 3 clustering can gener-
ate multivalent epitopes composed of surface sialylated 
poly-N-acetyllactosaminyl chains, which in turn can be 
recognized by anti–band 3 IgG autoantibodies and by 
macrophages directly.188

The N-Terminal Sequence Also Binds Glycolytic Enzymes, 
Which Probably Form a Membrane Metabolon. The fi rst 
23 amino acids of band 3 contain two tandem repeats 
terminating in the sequences DDY8ED and EEY21ED. 
Glyceraldehyde-3-phosphate dehydrogenase (G3PD),189 
phosphoglycerate kinase (PGK),190 and aldolase191,192 all 
bind in this region. Aldolase requires both sites to bind, 
G3PD binds separately to each, and PGK binds to the 
more distal site.193 In confi rmation, the red cells from a 
child with a mutant band 3 that lacks the fi rst 11 amino 
acids (Bd 3 Neapolis) contain no membrane-bound 
aldolase.194

Approximately 65% of G3PD, 50% of PGK, and 
40% of aldolase are membrane bound in the intact red 
cell,189,195 and they are inhibited when attached to the 
membrane.191,192,196 In addition, lactate dehydrogenase 
(LDH) and pyruvate kinase (PK) also localize to the 
membrane, even though they do not bind to band 3 (Fig. 
15-8).197 All fi ve enzymes are displaced into cytoplasm 
by an antibody to the N-terminal of band 3, by phos-

phorylation of tyrosines 8 and 21, which lie in the middle 
of the two binding sites, or by deoxygenation, which 
causes hemoglobin to bind to the N-terminal of band 3 
(see later).197

The data suggest that at least the distal enzymes in 
the glycolytic pathway form a complex (a “metabolon”) 
that is bound to band 3 and can be regulated by tyrosine 
phosphorylation, by the state of oxygenation,197-199 and 
perhaps by substrates and cofactors of the enzymes.189-191 
Antibodies show that the enzymes are present in discrete 
clumps along the membrane, which also supports this 
idea (see Fig. 15-8). It is not clear whether more proximal 
glycolytic or pentose phosphate pathway enzymes are 
also part of this putative metabolon, but there is evidence 
that diphosphoglyceromutase may be.200 Interestingly, 
the existence of a membrane-bound complex of glyco-
lytic enzymes was postulated more than 40 years ago201 
and was indirectly observed more than 25 years ago,202 
but the nuclear magnetic resonance (NMR) methods 
used in the latter studies were considered suspect at the 
time and the interpretation was not generally accepted.

The obvious reason for a complex of glycolytic 
enzymes would be to increase the effi ciency of the pathway 
by channeling glycolytic intermediates from one enzyme 
to the next (see Fig. 15-8). Furthermore, it would make 
sense if it were attached to band 3, which transports the 
phosphate needed to make ATP. However, a glycolytic 
metabolon might also have other functions. There is rela-
tively recent evidence that human red cells can com-
partmentalize ATP, thereby allowing its direct use by 
membrane pumps without release into the cytoplasm.203 
This is another discredited old idea204 that has been 
revived. Na+,K+-ATPase (the Na, K pump) is metaboli-
cally linked to ATP produced by PGK205 and may be 
physically associated with PGK or neighboring enzymes.202 
There are only about 290 Na+,K+-ATPase molecules per 
red cell,206 so perhaps other pumps are also involved.

Some mammalian band 3s lack the acidic N-
terminal binding sites on band 3 and do not bind G3PD, 
which suggests that the interaction of band 3 with glyco-
lytic enzymes either is a late evolutionary adaption207 or 
is inconsequential or an artifact. However, deoxygenation 
of intact human red cells increases glycolysis,208 and mild 
oxidants, which stimulate tyrosine phosphorylation in 
human erythrocytes, also elevate glycolytic rates.1

The Cytoplasmic Domain of Band 3 Functions as an 
Attachment Site for Membrane Skeleton Proteins. Ankyrin 
links the major membrane skeletal protein spectrin to the 
plasma membrane of the red cell by binding to a β-
hairpin loop formed by amino acids 175 to 185 in the 
cytoplasmic domain of band 3209; however, this is proba-
bly not the only binding site because removal of the β-
hairpin does not cause nearly as much hemolysis as loss 
of ankyrin or band 3 does.210 Binding blocks access to 
the N-terminal of band 3, which is nearby (Fig. 15-9; see 
also Fig. 15-7). Ankyrin’s linkage of spectrin to band 3 
forms the basis of the skeletal-membrane attachment, 
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FIGURE 15-8. Postulated glycolytic metabolon. A, Fluorescent imaging 
of band 3 and aldolase on the left and phosphofructokinase (PFK), lactate 
dehydrogenase (LDH), and pyruvate kinase (PK) on the right. Note that 
band 3 is uniformly and exclusively in the membrane whereas the fi ve 
enzymes are mostly attached to the membrane (some cytoplasmic stain-
ing, especially for LDH) and have a punctate appearance as though they 
are clustered. Glyceraldehyde-3-phosphate dehydrogenase (G3PD) 
stains similarly but is not shown. Aldolase, PFK, and G3PD bind to band 
3; PK and LDH do not. However all are displaced by a fragment of the 
band 3 binding site, by phosphorylation of the site, or by deoxyhemoglo-
bin, thus suggesting that all are bound in a complex or “metabolon.” B, 
Schematic of the postulated glycolytic metabolon. When the enzyme 
complex is bound to band 3 (right), it is inactive. The complex can be 
displaced and activated (left) by phosphorylation of Tyr8 and Tyr21 on 
band 3 or by binding of deoxyhemoglobin. There is some evidence that 
part of the adenosine triphosphate (ATP) produced is retained at the 
membrane and used by the Na+,K+-ATPase or other membrane pumps. 
Note that the inorganic phosphate needed for ATP production conve-
niently enters the cell through band 3. Band 3 also transports phospho-
enolpyruvate, pyruvate, and lactate, all substrates or products of the 
putative complex. (Photomicrographs from Campanella ME, Chu H, Low 
PS. Assembly and regulation of a glycolytic enzyme complex on the human 
erythrocyte membrane. Proc Natl Acad Sci U S A. 2005;102:2402-2407.)

which is essential to the mechanical and viscoelastic 
properties of the red cell. AnkyrinR preferentially binds 
to band 3 tetramers and may be required for stabilization 
of the tetramer.211,212 It is estimated that 70% of band 3 
exists as dimers and 30% as tetramers and higher-order 
oligomers, with the latter species predominantly associ-
ated with the membrane skeleton through interactions 
with ankyrin.

214

Protein 4.1, which links the spectrin-actin–based skel-
eton to the plasma membrane in part via interactions 
with GPC, has also been shown to bind to the cytoplas-
mic domain of band 3 at specifi c (I/L) RRRY sequences 
near the inner membrane surface (see Fig. 15-7).215,216 

However, there is controversy regarding whether pro -
tein 4.1 binds to band 3 in vivo.213,217 The different exper-
iments are diffi cult to reconcile, but recent in vivo 
experiments suggests that 4.1–band 3 interactions are 
important.218 Zebra fi sh with severe hemolytic anemia 
because of lack of band 3 can be rescued by expressing 
normal band 3 in their erythrocytes, but only if the band 
3 contains both (I/L)IRRRY sites. Deletion of one site 
halves the number of fi sh rescued, and deletion of both 
sites prevents any rescue from occurring.218 Because band 
3 and ankyrin compete for binding to tetrameric band 
3,213 it may be that protein 4.1 binds preferentially to 
dimeric band 3 (see Fig. 15-6).
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Protein 4.2, a 77-kd peripheral membrane protein of 
the red cell, also interacts with the cytoplasmic domain 
of band 3. The binding site is not well defi ned. Red cells 
from patients with the cytoplasmic band 3 mutations 
Glu40→Lys and Pro327→Arg show some defi ciency of 
protein 4.2, thus suggesting that both proximal and distal 
cytoplasmic band 3 sequences may be involved. It is not 
clear whether protein 4.2 binds to the ankyrin-linked 
band 3 tetramers or the “free” band 3 dimers, but indi-
rect evidence suggests the latter. In red cells from patients 
with HS who lack protein 4.2, the mobile fraction of 
band 3 rotates faster and shows greater lateral diffusion, 
and a greater fraction of band 3 is in the tetramer form, 
which suggests that band 3 dimers are preferentially lost 
as the cells become spheroidal.219,220 Because protein 4.2 
binds to the tail end of spectrin,221 we suspect that it 
bridges between band 3 dimers and spectrin and that 
band 3 dimers localize near the spectrin-actin junction 
(see Fig. 15-6), but additional experiments are needed to 
test this hypothesis. Whatever the organizational arrange-
ments, it appears that protein 4.2 depends on band 3 to 
be expressed in the membrane. Membranes from band 
3 knockout mice completely lack 4.2,222 and membranes 
from 4.2 knockout mice are partially defi cient in band 
3.223

Membrane Domain

The 52-kd Membrane Domain Contains an Anion 
Exchange Channel. The anatomy of the membrane 
domain of band 3 has been an active area of interest, with 
the goal of research efforts focused on understanding 
how the membrane domain’s topology enables the 1.2 
million channels in each red cell to exchange 1010 to 1011 
HCO3

− and Cl− anions per second.2 The membrane 
domain contains 13 α-helical membrane-spanning seg-

ments and two additional transmembrane regions with 
nonhelical conformations, all of which are connected by 
hydrophilic loops (see Fig. 15-7).179 A fatty acid is esteri-
fi ed to Cys843. Its function is unknown.

Chemical modifi cation of band 3 at Glu681 (which 
is found in transmembrane domain 8) by Woodward’s 
reagent K (WRK) abolishes chloride transport, thus 
implicating this critical glutamic acid in channel func-
tion.224 The key role of Glu681 in chloride translocation 
by human band 3 was confi rmed by mouse band 3 muta-
genesis (where Glu699 is the equivalent residue).225 The 
membrane domain of band 3 can also accomplish sulfate 
transport, which requires cotransport with a proton sup-
plied by glutamic acid.226 Interestingly, WRK modifi ca-
tion of band 3 does not interfere with sulfate transport 
except that proton cotransport is no longer required, 
thereby implicating Glu681 in the important proton 
donor step during sulfate transport.225 Because sulfate-
proton cotransport occurs in both inward and outward 
directions in the native protein and because Glu681 can 
be modifi ed from both sides of the membrane, Glu681 
must have access to both the intracellular and extracel-
lular faces of the membrane.

Identifi cation of Glu681 as a component of the band 
3 permeability barrier has prompted thorough investiga-
tion of the confusing topology of the latter half of the 
membrane domain.179,227-232 The current model, derived 
from this and other work, is shown in Figure 15-7. (1) 
Amino acids Met664-Ser690 form transmembrane 
domain 8 (TM8), which is longer than typical transmem-
brane domains. It appears to form part of the anion 
exchange channel. (2) Glu681 is located near the carboxy-
terminal of TM8, probably at the portion of the channel 
that separates the inside and outside of the cell. (3) 
Amino acids on a polar face of TM12 and TM13 are 
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FIGURE 15-9. Crystal structure of the band 3 cytoplasmic domain. The deduced structure of the band 3 tetramer is shown. One dimer is blue, 
the other green. This is the conformation that binds ankyrin. The ankyrin binding loop209 is colored a darker blue and the N- and C-terminal ends 
of the domain are marked by “N” and “C,” respectively. Note that the tetramer structure brings two ankyrin sites together on the same side of the 
molecule (arrowheads). Because ankyrin has two band 3 binding sites and would bind with much higher affi nity if both were engaged, this may 
explain why essentially only band 3 tetramers bind ankyrin.211,212 Note also that the C-terminal ends of the cytoplasmic domain, where protein 4.1 
binds, lie close to the ankyrin sites. This may explain why binding of ankyrin and 4.1 is mutually exclusive.213 (Redrawn from Walensky LD, Narla 
M, Lux SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP [eds]. Blood: Principles and Practice of Hematology, 2nd ed. Philadelphia, 
JB Lippincott, 2003, pp 1709-1858, with permission.)
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required for anion exchange, thus suggesting that these 
domains may line the channel and participate in trans-
port. Lys851, which reacts with an important inhibitor 
of anion exchange (4,4′-diisothiocyanostilbene-2,2′-
disulfonate [DIDS]) is part of the polar face on TM12. 
The neighboring Ser852-Leu857 amino acids appear to 
function as a substrate charge fi lter.232 (4) Eleven inde-
pendent patients with hereditary cryohydrocytosis or HS 
have been identifi ed who have fi ve different mutations in 
band 3 that astonishingly, cause the anion channel to 
become a cation conductance channel!233,234 The muta-
tions are clustered between the end of TM8 and the 
beginning of TM10, thus strongly suggesting that this 
region is also involved in the transport function. (5) 
There are nonhelical segments between TM9-TM10 and 
TM11-TM12 that are not externally accessible except 
for a segment in the middle of the latter loop (Pro815-
Arg827), which is sometimes accessible from the extra-
cellular space. (6) Arg656-Met663 (external loop from 
the carbohydrate side chain to TM8) may form a vesti-
bule-like structure that draws anions toward the trans-
port channel. Carbonic anhydrase IV, a GPI-linked 
protein, binds to band 3 in this region,235 probably 
between Arg656 and Ile661, and forms part of a CO2/
HCO3

− transport metabolon.

The Transport Channel Exchanges Chloride and Bicar-
bonate Rapidly (T1/2 = 50 msec), Which Facilitates CO2 Trans-
port from Tissues to the Lungs. In peripheral tissues, CO2 
is rapidly converted to HCO3

− at the surface of band 3 
by carbonic anhydrase IV and is transported into the red 
cell, or it diffuses into the cell and is then converted to 
HCO3

− by carbonic anhydrase II, which binds to the 

carboxy-terminal of band 3.177 The H+ by-product of the 
carbonic anhydrase reaction binds to hemoglobin and 
facilitates release of O2 to tissues (i.e., the Bohr effect); 
this process is reversed in the lungs (Fig. 15-10). As the 
red cell circulates, intracellular HCO3

− is exchanged for 
extracellular chloride. As a result, HCO3

− is transported 
in plasma, as well as within the red cell, which increases 
transport of CO2 from tissues to the lungs by approxi-
mately 60%.2 HCO3

−-Cl− exchange is believed to occur 
via a “ping-pong” mechanism whereby an intracellular 
anion enters the transport channel and is translocated 
outward and released, with the channel remaining in the 
outward confi guration until an extracellular anion enters 
and activates the reverse cycle.236 As discussed earlier, the 
amino acids of a subset of the transmembrane segments 
form the transport channel. Although monomeric band 
3 has been shown to independently transport anions,237 
image analysis of negatively stained, two-dimensional 
crystals of band 3 dimers has demonstrated an apparent 
channel at the contact site between two monomers, thus 
suggesting that anion transport may occur via the 
dimer.238 Further data suggest that band 3 dimerization 
produces allosteric effects that may modify channel 
function.239

Although HCO3
− and Cl− are the predominant physi-

ologically relevant anions exchanged by band 3, the spec-
ifi city of the channel is actually quite broad, and larger 
anions such as sulfate, phosphate, pyruvate, and super-
oxide are also transported, albeit at much slower rates.240 
Several potent and experimentally useful inhibitors of 
band 3 anion transport are also known, with the most 
commonly used being stilbene disulfonates such as 
DIDS.240

FIGURE 15-10. Function of band 3 in O2 and CO2 transport. A, Tissue CO2 is converted into HCO3
− and H+ in the red cell by carbonic anhy-

drase. Band 3–mediated exchange of HCO3
− for Cl− (Hamburger shift) allows HCO3

− to be carried in plasma, as well as in red cells, and increases 
CO2 uptake by about 60%. H+ binds to hemoglobin and facilitates release of O2 (Bohr effect) and tissue oxygenation. B, These processes are 
reversed in the lungs, with promotion of hemoglobin oxygenation and release of CO2. (After Weith JO, Anderson OS, Brahm J, et al. Chloride-
bicarbonate exchange in red blood cells: physiology of transport and chemical modifi cation of binding sites. Philos Trans R Soc Lond [Biol]. 1982;299:383.)
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The Extracellular Surface of the Band 3 Membrane 
Domain Is the Site of Specifi c Blood Group Antigens. 
Asn642, located in the extracellular loop between TM7 
and TM8, is derivatized with a complex lactosaminogly-
can that is variable in length and contains the I/i blood 
group antigens (see Fig. 15-7).241-243 In fetal cells, the 
carbohydrate chain is unbranched and has i specifi city, 
whereas in adults, there is a branched structure that 
yields I reactivity. In rare circumstances, the I antigen is 
absent from adult red cells as a result of a branching 
enzyme defi ciency.244 The extracellular domains of band 
3 also contain antigens of the Diego blood group system180 
and other polymorphisms accounting for many other 
antigen subtypes.245-252 The Wrb blood group antigen is 
generated by the association of band 3 with GPA in the 
red cell membrane (see next paraglaph).252

The Integral Membrane Protein Glycophorin A and 
the Membrane Domain of Band 3 Are Functionally 
Associated. Although explicit protein binding data have 
yet to confi rm a specifi c interaction between GPA and 
band 3, there is mounting evidence that the two red cell 
membrane proteins have a physiologically relevant asso-
ciation. Expression of the Wright (Wr) blood group 
antigen (a receptor for the malarial agent Plasmodium fal-
ciparum) requires interaction between GPA and band 3. 
Specifi cally, the presence of Glu658 in band 3 is required 
for normal expression of this blood group antigen,253 and 
an Ala65→Pro mutation in GPA has been shown to cause 
aberrant Wright antigen expression.254 Furthermore, a 
monoclonal antibody directed against the Wrb antigen 
immunoprecipitates both proteins.255 Anti-GPA antibod-
ies have been shown to immobilize GPA and band 3 in the 
red cell membrane as determined by in situ fl uorescence 
recovery after photobleaching (FRAP) assays.256

Coexpression of GPA and band 3 in Xenopus oocytes 
facilitates the expression of band 3. A loss-of-function 
mutation in band 3 at Gly701 leads to impaired protein 
targeting to the cell surface in Xenopus oocytes; the aber-
rant phenotype is rescued by coexpression of the mutant 
band 3 with GPA, which suggests a chaperone-like role 
for GPA in band 3 targeting.257 GPA also enhances band 
3 transport.258 The effect is signifi cant. For example, 
SO4

2− transport is diminished 60% in the absence of 
GPA.259 This appears to be due to an effect of GPA on 
band 3 fl exibility such that band 3 can adopt a rigid, 
high-transport structure when GPA is present and a 
more fl exible, lower-transport structure in its absence. 
Finally, red cells from band 3 knockout mice are com-
pletely defi cient in GPA, thus showing that band 3 is also 
important for expression and traffi cking of GPA.260

Band 3 Mutations

More than 20 different mutations in band 3 are known 
to cause HS as a result of decreased synthesis, membrane 
insertion, stability, and protein 4.2 binding of the aber-
rant band 3 protein. These are discussed in detail in the 
section “Hereditary Spherocytosis” later in the chapter. 

Deletion of amino acids 401 to 408 in band 3 causes 
Southeast Asian ovalocytosis (SAO),261,262 an autosomal 
dominant condition characterized by rounded ellipto-
cytic cells, mild or absent hemolysis, and the presence of 
unusually rigid and heat-tolerant red cells that resist 
malarial invasion.263 Multiple mutations in the membrane 
domain of band 3 and in the C-terminal tail have been 
independently associated with the autosomal dominant 
form of distal renal tubular acidosis (dRTA), a condition 
characterized by impaired distal nephron secretion of 
hydrogen ions (reviewed by Toye264). The phenotype is 
believed to result from faulty targeting of band 3 to the 
apical rather than the basolateral membrane of collecting 
tubule type A intercalated cells, as opposed to a defect in 
anion transport.265 Mutation of Gly701 (located in the 
intracellular loop between TM8 and TM9) is associated 
with autosomal recessively inherited dRTA, with the phe-
notype again deriving from faulty band 3 traffi cking.257 
Incomplete processing of the band 3 N-linked lactosami-
noglycan moiety as a result of a defi ciency in the relevant 
glycosyltransferase occurs in congenital dyserythropoi-
etic anemia type II (CDA II or hereditary erythroblastic 
multinuclearity with a positive acidifi ed serum lysis test 
[HEMPAS]), although it is probably not the primary 
molecular defect. A rare Pro868→Leu mutation in TM13 
of band 3 causes hereditary acanthocytosis; affected red 
cells exhibit decreased ankyrin binding and increased 
anion transport.266 Moreover, as noted earlier, mutations 
in band 3 that convert it from an anion to a cation 
channel are associated with phenotypes of hereditary 
cryohydrocytosis or HS.233 Interestingly, band 3 knock-
out mice can exhibit a fatal hypercoagulable state that is 
believed to derive from disruption of red cell membrane 
phospholipid asymmetry, which can produce a cell 
surface suitable for activating thrombosis.267 Knockout 
mice that survive the neonatal period have severe hemo-
lytic anemia, and the band 3–null red cells are sphero-
cytic with increased osmotic fragility (OF) because of 
membrane surface loss.222

Band 3 and Malaria

P. falciparum parasites are believed to invade red cells via 
two distinct pathways, one that is dependent on the sialic 
acids on GPA or GPC and a sialic acid–independent 
pathway that is linked to band 3. Recent work shows that 
expression of a parasite protein called PfRh4 correlates 
with switching to the sialic acid–independent pathway.268 
Liposomes containing purifi ed band 3 inhibit invasion,269 
as does a monoclonal antibody against extracellular epi-
topes of band 3.270 Peptides corresponding to the two 
nonhelical regions in Figure 15-7 also partially block 
invasion,271 thus suggesting that these regions serve 
as receptors. MSP1 (P. falciparum merozoite surface 
protein 1) furnishes the ligand.271

Nonerythroid Band 3

Band 3 is a member of a highly conserved anion exchanger 
gene family (also named solute carrier family 4A 
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[SLC4A]) that is composed of AE1 (SLC4A1),174,175 AE2 
(SLC4A2),272,273 AE3 (SLC4A3),274 and their associated 
spliceoforms. AE1 is expressed in erythrocytes, testes, 
and kidneys. The kidney isoform of AE1 is found in type 
A intercalated cells of the collecting tubules and lacks the 
N-terminal 66 amino acids that interact with glycolytic 
enzymes and certain membrane skeletal elements in red 
cells.275 Another splice variant of AE1 is found in cardiac 
myocytes.276 AE2 is widely distributed (e.g., kidney, 
stomach, lymphocytes, choroid plexus) and probably 
represents the general tissue anion antiporter. AE3 local-
izes to excitable tissues such as the heart, brain, and 
retina. The role of anion exchangers in polarized epithe-
lial cells, such as intercalated cells of the kidney, is to 
facilitate bicarbonate reabsorption and acid secretion. 
The CO2 that diffuses into the cell is converted to H+ and 
HCO3

− by carbonic anhydrase, which is associated with 
the anion exchanger at the basolateral membrane. 
Whereas H+ is ejected from the cell via the apical mem-
brane H+,K+-ATPase, HCO3

− exits at the basolateral 
membrane in exchange for chloride.

Glycophorins

The glycophorins are a family of integral membrane gly-
coproteins that account for the majority of the surface 
charge of the red cell. The extracellular domains of the 
glycophorins contain an abundance of sialic acid, which 

generates a layer of negative charge at the cell surface and 
thereby prevents adherence of red cells to each other and 
to the vessel walls. Surface epitopes of the glycophorins, 
including variants generated by protein defects, account 
for a wide diversity of blood group antigens in the MNSs 
system. Glycophorins also serve as receptors for infective 
agents such as P. falciparum. Recent data suggest that 
glycophorins may also function as chaperones by facili-
tating the targeting of specifi c integral membrane pro-
teins to the plasma membrane. The glycophorins belong 
to the broad family of integral membrane proteins that 
pass through the lipid bilayer as a single α helix. Because 
other members of the “single-pass” membrane proteins 
include growth factor receptors and receptor kinases, the 
glycophorins have been considered potential candidates 
for mediating transmembrane signaling in red cells.

Glycophorin A

The GPA gene is located on the long arm of chromosome 
4 (4q31) and encodes a 36-kd protein that is the major 
sialoglycoprotein of the red cell (∼106 copies per cell, see 
Table 15-2). Of historical note, GPA was the fi rst mem-
brane protein to have its complete amino acid sequence 
determined. Amino acids 1 to 61 give rise to the extracel-
lular N-terminal domain, which contains a complex 
oligosaccharide attached to Asn26277 and 15 serine or 
threonine O-linked tetrasaccharides with sialic acid moi-
eties (Fig. 15-11A).278,279 The carbohydrate component 
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FIGURE 15-11. Structure of red cell glycophorins. A, Organization of glycophorin A (GPA), the major red cell sialoglycoprotein. The external 
domain has 15 tetrasaccharides attached to serine or threonine residues and one complex oligosaccharide attached to asparagine 26. Residues 1 
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of GPA accounts for 60% of its molecular mass. Experi-
mentally, the glycophorins run anomalously on SDS gels 
because the abundant carbohydrate interferes with deter-
gent binding. In addition, the carbohydrate interferes 
with Coomassie blue staining such that special stains 
(e.g., periodic acid–Schiff) are required to visualize the 
glycophorins. The amino-terminal of GPA contains the 
site of the MN blood group antigens; specifi cally, amino 
acids 1 and 5 along with the sialic acid residues on adja-
cent O-linked tetrasaccharides dictate the antigenicity.280 
Whereas amino acids 1 and 5 are serine and glycine in 
MM red cells, leucine and glutamic acid in the corre-
sponding positions characterize NN cells (Table 15-3). 
The transmembrane domain of GPA is composed of 
amino acids 62 to 95 and traverses the lipid bilayer as a 
single α helix. The membrane domain interacts with 
negatively charged lipids such as PS and PI.102,313 Self-
association of the Leu75-Ile76-XX-Gly79-Val80-XX-
Gly83-Val84-XX-Thr87 motif within the transmembrane 
domain results in homodimerization into a right-handed 
pair of α helices.314,315 NMR spectroscopy has shown that 
Ile76, Val80, and Val84 on the α helix of one monomer 
interface with Leu75, Gly79, Gly83, and Thr87 on the 
second monomer.316 The extracellular domain also con-
tributes to this dimeric interaction,317 which is strong 
enough to resist dissociation by detergents.

Recent evidence shows that the cytoplasmic domain 
of GPA (amino acids 96 to 131) is important for enhanc-
ing the traffi cking of band 3 to the membrane317 and that 
the GPA–band 3 association increases band 3 anion 
transport (see the section “Band 3”).259 Conversely, GPA 
is also dependent on band 3 for traffi cking or for stable 
incorporation in the red cell membrane inasmuch as mice 
that lack band 3 also lack GPA.260

Interestingly, treatment of red cells with antibodies 
(or monovalent Fab fragments) to GPA induces cellular 
rigidity as measured by ektacytometry, and the quantity 
of GPA that becomes associated with the membrane skel-
eton in experimental systems increases.318 Both these 
changes are dependent on the presence of the cytoplasmic 
tail of GPA, which suggests that the cytoplasmic domain 
binds to the membrane skeleton in response to a trans-
membrane signal initiated by antibody treatment.319 
Hypothetically, the cellular rigidity induced by adherence 
of pathogens to glycophorins may serve the benefi cial role 
of heightening reticuloendothelial clearance of infected 
cells319 or may help impede invasion by parasites.

GPA has been used as a specifi c marker for the ery-
throid lineage because of its early detection in proeryth-
roblasts.320 In addition, assays to gauge radiation exposure 
and consequent somatic mutation based on measuring 
the frequencies of variant GPA phenotypes in red cells 
have been developed.321

Glycophorin B

The gene for glycophorin B (GPB) lies just downstream 
of GPA on chromosome 4 and is believed to have arisen 
by gene duplication.322,323 The fi rst 26 amino acids of the 
extracellular N-terminal domain are almost identical to 
the N blood group form of GPA except that the latter 
form lacks the N-linked complex oligosaccharide (see 
Fig. 15-11B).280 In addition to N blood group reactivity, 
GPB carries the S, s, and U blood group antigens, with 
the S and s antigens differing by substitutions at residue 
29 (S = Met, s = Thr) (see Table 15-3).324 Distally, GPB 
lacks a portion of the extracellular domain corresponding 
to exon 3 of GPA and almost all of the cytoplasmic 
domain.

TABLE 15-3 Variants of Glycophorins A, B, and E

Variant Defect References

AMINO-TERMINAL
M Ser-Ser*-Thr*-Thr*-Gly-Val... 280, 281
N Leu-Ser*-Thr*-Thr*-Glu-Val... 280, 281
Mc Ser-Ser*-Thr*-Thr*-Glu-Val... 282
Mg Leu-Ser-Thr-Asn-Glu-Val... 283
He (Henshaw) Trp-Ser*-Thr*-Ser*-Gly-Val... 284

OTHER
En(a−) Absence of glycophorin A† 156, 281, 285, 286
S−s−U− Absence of glycophorin B† 156, 287, 288
Mk Absence of glycophorins A and B† 156, 289
MiI (Miltenberger I), MiII, MiVII, 
MiVIII

Variants of glycophorin A that differ by one or two 
amino acids

290-294

MiIII, MiJ.L., MiV, MiVI, MiIX, MiX, 
Ph, Pj, Dantu, Sta (types A, B & C),

Variants caused by the formation of Lepore-like and 
anti-Lepore–like hybrids of glycophorins A, B, and E

156, 290, 295-310

Cad Carbohydrate variant with an abnormal O-linked 
oligosaccharide containing an extra β(1→4)-linked 
galactosamine on the penultimate galactose residue of 
both glycophorins A and B

311, 312

*O-glycosylation site (see Fig. 15-11).
†Caused by homologous recombination and unequal crossing over as a result of partial gene deletions.
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Glycophorins C and D

Glycophorin C (GPC) and glycophorin D (GPD) have 
a general domain structure similar to that of GPA and 
GPB (see Figure 15-11C), but they are encoded by a 
distinct gene located on chromosome 2 (2q14-2q21).325 
GPD is generated from the same mRNA as GPC by 
means of an alternative initiation codon.167 GPC is a 32-
kd protein bearing one N-linked oligosaccharide and 
approximately 12 O-linked oligosaccharides in the N-
terminal, extracellular domain. The desialylated form of 
GPC is exposed on the surface of early erythroid progeni-
tors (burst-forming unit–erythrocyte [BFU-E]) and is a 
useful marker of early normal or leukemic erythroid dif-
ferentiation.326 Normally, glycosylated GPC fi rst appears 
at the colony-forming unit–erythrocyte (CFU-E) stage.327 
Amino acids 41 to 50 of the extracellular domain contain 
the Gerbich blood group antigens. Like GPA and GPB, 
the transmembrane domain passes through the lipid 
bilayer as a single α helix. The cytoplasmic domain of 
GPC forms a ternary complex with protein 4.1 and p55 
and helps attach the spectrin-actin–based skeleton to the 
plasma membrane. The 30-kd membrane binding domain 
(MBD) of protein 4.1 interacts with amino acids 82 to 
98 of GPC and the corresponding residues 61 to 77 of 
GPD.328 p55 is a member of the membrane-associated 
guanylate kinase (MAGUK) family of proteins and con-
tains a single PDZ domain that binds to GPC at residues 
112 to 128 and to GPD at the corresponding amino acids 
91 to 107.328,329 The ternary complex of GPC/GPD, 
protein 4.1, and p55 (see Fig. 15-6) aids in maintaining 
and perhaps regulating red cell membrane deformability 
and mechanical stability. Unlike GPA and GPB, GPC 
and GPD are expressed in a variety of tissues (although 

at lower levels than in erythroid cells and with different 
glycosylation patterns)330,331 and may have an analogous 
functions in the membrane mechanics of nonerythroid 
cells.

Glycophorin E

The gene for glycophorin E (GPE) lies just downstream 
of GPB on chromosome 4 and encodes a 78–amino 
acid protein with structural similarities to GPB (see Fig. 
15-11B).332 The extracellular domain of GPE corre-
sponds to exon 2 of GPB, but the amino acid sequence 
specifi es blood group M rather than N.332 The transmem-
brane domain is encoded by exon 5 and contains an 
eight–amino acid insertion. Like GPB, GPE has a mark-
edly truncated cytoplasmic domain. GPE is believed to 
have arisen by gene duplication of GPB, which in turn 
derived from ancestral duplication of GPA.323 Thus, GPA, 
GPB, and GPE defi ne an erythroid-specifi c family of 
integral membrane sialoglycoproteins. The level of expres-
sion of GPE and its specifi c functional role have not been 
determined, and we cannot exclude the possibility that it 
is a pseudogene.

Glycophorin Mutations

Defects in Glycophorins A, B, and E Give Rise to Nearly 
40 Variant Phenotypes of the MNS Blood Group 
System.333 Complete loss of GPA, GPB, or both, often 
by gene deletion from unequal recombination of the 
neighboring loci, gives rise to En(a−), (S−s−), and MkMk 
red cells, respectively (see Table 15-3) (Fig. 15-12). 
En(a−) red cells, for example, are completely defi cient in 
GPA and have weak MN blood group antigens.285,286 The 
affected red cells compensate for a potential 60% loss of 
surface charge by increasing the glycosylation of band 3 
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FIGURE 15-12. Organization of the glycophorin A 
(GPA), B (GPB), and C (GPE) genes on chromosome 
4 and probable deletions in the En(a−), S−s−U−, 
Mk, Miltenburger type V (MiV), and Stones (Sta) 
variants. The MiV and Sta variants arise from unequal 
crossing over, analogous to the Lepore hemoglobins. 
In MiV red cells, the normal GPB gene is replaced 
by a fusion gene (Lepore-type recombination). In 
Sta erythrocytes, the product of the reciprocal exchange 
is inserted between the GPA and GPB loci, but no 
normal genes are lost (anti-Lepore–type recombina-
tion). (Adapted from Vignal A, London J, Rahuel C, 
Cartron JP. Promoter sequence and chromosomal organiza-
tion of the genes encoding glycophorins A, B, and E. Gene. 
1990;95:289-293.)
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such that the overall surface charge is reduced by only 
approximately 20%.287 Given the proximity and homol-
ogy of the GPA, GPB, and GPE genes, hybrid glycopho-
rin molecules may be generated by recombination events 
during meiosis. In the MiV variant, for example, Lepore-
like recombination yields a fusion gene containing the 
N-terminal of GPA and the C-terminal of GPB.304 In the 
Sta variant, anti-Lepore recombination produces the 
reverse hybrid (N-terminal GPB with C-terminal GPA), 
which is inserted between the normal GPA and GPB 
genes, neither of which is lost.304 Interestingly, none of 
the GPA and GPB variants produce detectable changes 
in erythropoiesis or in the shape, function, or life span of 
the affected red cells. Rare individuals with complete 
absence of GPA and GPB apparently exhibit no erythro-
cyte abnormalities.276 Similarly, GPA knockout mice have 
a normal phenotype except that they have 60% less O-
linked oligosaccharides than normal red cells do.334 Thus, 
either GPA, GPB, and GPE do not serve any critical 
basal functions in red cells or such functions are assumed 
by other proteins such as GPC or band 3 when GPA/
GPB/GPE is defi cient. If GPA really has no nonredun-
dant function, it is surprising that deletions and other 
mutations are not more common because GPA is a major 
receptor for P. falciparum malaria (see later) and must be 
under intense evolutionary pressure.

Variations in Glycoproteins C and D Affect the Gerbich 
Antigen System. Mutations in exons 1, 2, and most of 3 
modify the N-terminal extracellular domain of GPC and 
GPD and thus alter the antigenicity of red cells but do 
not affect cellular mechanical properties.331,335 Examples 
include Gerbich-type cells, which lack exon 2; Yus-type 
cells, which lack exon 3; and Webb-type cells, which have 
a missense mutation of GPC that converts Asn at posi-
tion 8 to Ser, thereby precluding N-glycosylation at this 
site.336,337 By contrast, in the Leach phenotype there is 
complete loss of GPC and GPD secondary to deletion 
of exons 3 and 4338,339 or a frameshift mutation.339 Affected 
individuals do not have signifi cant hemolysis, but their 
red cells are elliptocytic340,341 and exhibit decreased mem-
brane deformability and mechanical stability.335,342,343 
GPC-defi cient cells also demonstrate partial defi ciencies 
of protein 4.1 and p55,344 and therefore the disturbance 
in membrane mechanical properties exhibited by Leach 
cells probably derives from a defi ciency of the GPC/
protein 4.1/p55 ternary complex. Individuals with homo-
zygous protein 4.1 defi ciency likewise exhibit a defi ciency 
of GPC (≈70%) in their elliptocytic red cells,345,346 thus 
underscoring that the cellular content of each component 
of the ternary complex depends on the expression level 
of the others. Interestingly, absence of the Drosophila 
protein neurexin IV, which contains a cytoplasmic domain 
homologous to that of GPC, results in mislocalization of 
Coracle (the Drosophila homologue of protein 4.1) at 
septate junctions, with attendant defects in the formation 
of septate-junction septa and intercellular barriers (such 
as the blood-nerve barrier).347

Glycophorins as Receptors for 
Malarial Invasion

Experiments by Perkins published in 1981 identifi ed 
GPA as the probable red cell surface attachment site for 
P. falciparum upon merozoite invasion.348 Subsequently, 
erythrocytes defi cient in GPA were shown to resist malar-
ial invasion, presumably by lacking the requisite attach-
ment site for parasitic invasion.349 It has since been 
learned that there are alternative pathways for malarial 
invasion of red cells that depend on the strain of P. falci-
parum and the ability of the parasite to switch its invasion 
requirements.350 For example, sialic acid–dependent 
invasion results from binding of the merozoite protein 
EBA175 to the Neu5Ac-(α2,3)-Gal moiety on the O-
linked tetrasaccharides of GPA.351 Another sialic acid–
dependent but EBA175-independent pathway is believed 
to involve merozoite binding to GPB.352 The structure of 
EBA175 bound to the relevant glycan has recently been 
published.353 Identifi cation of specifi c P. falciparum strains 
that invade neuraminidase-treated red cells (i.e., desi-
alylated cells)350,354 and GPA/GPB-defi cient MkMk cells355 
highlighted the existence of a sialic acid–independent 
mechanism for malarial invasion. One such mechanism 
may involve merozoite adhesion to band 3.269

Protein 4.1–defi cient red cells (which exhibit partial 
GPC defi ciency) and GPC/GPD-defi cient Leach-type 
cells both demonstrate signifi cant resistance to malarial 
invasion in vitro,356 thus suggesting that GPC/GPD may 
also function as an extracellular attachment site for P. 
falciparum. The fact that up to 50% of the Melanesian 
population in the malarious coastal areas of Papua New 
Guinea have red blood cells that are Gerbich blood group 
negative as a result of a deletion in the third exon of the 
GPC gene also implicates GPC. Recently, GPC has been 
shown to be the receptor for a second sialic acid–depen-
dent pathway for falciparum malaria.357-359 The P. falci-
parum erythrocyte binding antigen 140 (EBA140, also 
called BAEBL) binds with high affi nity to the surface of 
human erythrocytes and facilitates entry of the parasite. 
EBA140 does not bind to Ge-negative red cells lacking 
exon 3, nor can the parasite invade such cells via this 
pathway. It appears that binding depends on the N-linked 
oligosaccharide of GPC, at least for one variant of 
EBA140.359 The existence of so many ways for the para-
site to invade erythrocytes, as well as the ability to switch 
between invasion pathways, obviously complicates efforts 
to create a malarial vaccine.

Stomatin

Stomatin, or band 7.2b, is of particular interest because 
it is diminished by 95% to 98% in the classic type of 
hereditary stomatocytosis, a severe hemolytic anemia 
characterized by red cell membranes that are extremely 
leaky to Na+ and K+ ions. The disease is discussed in a 
later section (“Inherited Disorders of Red Cell Cation 
Permeability and Volume”). Recent data make it clear 
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that hereditary stomatocytosis is not caused by the 
absence of stomatin, and its role in the pathophysiology 
of the disease is one of the biggest mysteries in the red 
cell membrane fi eld.

Stomatin is a Small Integral Membrane Protein That 
May Regulate an Na+ Channel. The 31.5-kd stomatin 
protein (approximately 28 kd on SDS gels) has been iso-
lated360,361 and cloned.361-363 It is a positively charged, 
homo-oligomeric (n = 9 to 12), phosphorylated (cyclic 
adenosine monophosphate [cAMP]-dependent kinase), 
palmitoylated integral membrane protein with a single 
transmembrane helix, a small external segment, and a rel-
atively large cytoplasmic domain.360,362-365 As noted earlier, 
it is located, at least in part, in membrane lipid rafts.115,116 
Stomatin is a member of a protein superfamily—the PID 
superfamily, which stands for proliferation, ion, and death. 
Red cells contain other members of this family, such as 
SLP-2366 and STORP,367 but nothing is known about their 
functions or interactions. The stomatin gene (EPB72) is 
located on chromosome 9 at 9q34.1.

Stomatin is expressed in all tissues and in red cells 
of all tested species, from human to frog,363 and stomatin-
like proteins, of which there are at least 50, are found 
throughout evolution, even in very primative organisms 
such as Rhizobium.368 A homologue of stomatin, MEC-2, 
has been cloned from Caenorhabditis elegans.369-372 It is 
involved in touch sensation and is linked to an Na+ 
channel called the DEG/ENaC channel. The channel is 
believed to be mechanically gated by linkage to the extra-
cellular matrix and the membrane skeleton or cytoskele-
ton. Displacement of the membrane (e.g., by touch) pulls 
the channel open. MEC-2 greatly increases the activity 
of the Na+ channel. The analogous protein, stomatin-like 
protein 3 (SLP-3), has recently been found in mice and 
has a similar function.373 When expressed in heterologous 
cells, human stomatin binds to H+-gated Na+ channels 
and mutes their transport activity.374 By analogy, stoma-
tin may localize, structurally support, activate, or regulate 
an Na+ channel in the red cell, perhaps one that is sensi-
tive to shear stress.

Stomatin Interacts with Peroxiredoxin-2 and the Red 
Cell Glucose Transporter. Stomatin also interacts with 
peroxiredoxin-2 (see later)375 and binds and represses 
Glut1, the erythrocyte glucose transporter.376,377 The rela-
tionship to peroxiredoxin-2 is interesting because this 
peroxide-reducing protein binds Ca2+ and translocates to 
the membrane,375,378 where it seems to be involved in 
activation of a K+ egress channel (the Gárdos channel).379 
The interaction with the glucose transporter reinforces 
the emerging concept that stomatin and its paralogues 
somehow regulate transporters.

Other Integral Membrane Proteins

Although band 3 and the glycophorins are the major 
integral membrane constituents of the red cell mem-

brane, a large number of other integral membrane pro-
teins with specifi c functions have also been identifi ed and 
characterized.

Aquaporin

Aquaporin-1 (AQP1), a 28-kd channel-forming protein 
(originally called CHIP28), is the major water channel 
in red cells.380 The human AQP1 gene is located on chro-
mosome 7p14 and encodes a 269–amino acid polypep-
tide with six membrane-spanning domains. Besides red 
cells, AQP1 is also expressed in the kidney and in endo-
thelial cells in lung. There are approximately 200,000 
copies of AQP1 per cell, and the protein carries antigens 
of the Colton blood group. It exists as a tetramer in the red 
cell membrane, and the crystal structure of the protein 
has recently been determined.381 Human red cells lacking 
AQP1 exhibit markedly reduced osmotic water permea-
bility. Humans with complete defi ciency of AQP1 have 
defective urinary-concentrating ability, as well as 
decreased pulmonary vascular permeability.382,383 AQP1 
knockout mice appear normal but become severely dehy-
drated and lethargic after water deprivation for 36 hours 
when compared with control mice.384 Interestingly, 
implanted tumors grow very poorly in AQP1(−/−) mice 
because of reduced vascularity and very poor cell migra-
tion.385 These studies show that AQP1 also has an unex-
pected role in cell migration and hence in angiogenesis 
and wound healing.

Aquaporin-3 is the glycerol permeability channel in 
human red cells and carries the high-frequency blood 
group antigen GIL.386,387 In mice, aquaporin-9 appears 
to be the glycerol channel.388

Rh Proteins (RhD, RhCE, and RhAG)

The Rh blood group system is composed of at least 40 
independent antigens carried by two nonglycosylated, 
palmitoylated proteins encoded by two homologous 
genes, RHD and RHCE, located on chromosome 1.389-391 
RHCE encodes the CcEe set of antigens and RHD 
encodes the D antigen. Rh antigen expression at the red 
cell surface requires the presence of Rh-associated glyco-
protein (RhAG), which exhibits 36% sequence identity 
with Rh proteins and is encoded by a gene located on 
chromosome 6. All three Rh proteins are predicted to 
have 12 membrane-spanning domains. There are approx-
imately 10,000 to 30,000 copies of RhD and RhCE 
proteins and 100,000 to 200,000 copies of RhAG per 
cell. The interaction between RhAG and Rh proteins in 
the membrane appears to be stabilized by C-terminal and 
N-terminal domain interactions. In addition to the inter-
action between the three Rh subunits, the Rh core 
complex also contains several other proteins391—LW gly-
coprotein (intercellular adhesion molecule 4 [ICAM-4]), 
integrin-associated protein (IAP, CD47), GPB, protein 
4.2, and ankyrin.392

Although the function of the Rh protein complex in 
the normal red cell has yet to be fully defi ned, RhAG 
functions as an ammonium transporter in mouse and 
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human red cells393 and can complement defects in ammo-
nium transport in yeast.394 It may also be partly responsi-
ble (along with aquaporin) for the exceptionally high 
permeability of CO2 in the erythrocyte.395 The impor-
tance of the Rh complex in regulating red cell membrane 
structure is revealed by the altered phenotype of Rhnull red 
cells, which exhibit stomatocytic morphology with loss of 
membrane surface area, cell dehydration, cation permea-
bility abnormalities, and shortened red cell survival 
leading to a mild compensated hemolytic anemia.396

Kidd Glycoprotein

The Kidd glycoprotein is the urea transporter in the red 
cell membrane.397 The human Kidd glycoprotein gene is 
located on chromosome 18q11-q12 and encodes a 391–
amino acid polypeptide with 10 membrane-spanning 
domains. There are 14,000 copies of Kidd glycoprotein 
per cell, and the protein carries the antigens of the Kidd 
blood group system.398 The urea transporter in red cells 
functions by rapidly transporting urea into and out of red 
cells as they pass through the high urea concentration in 
the renal medulla and thereby prevent red cell dehydra-
tion.399 Urea transport across Kiddnull red cell membranes 
is approximately a thousand times slower than across 
normal membranes.400 However, no changes in red cell 
shape or survival have been noted in persons who lack 
the Kidd glycoprotein.

Xk Protein

Xk protein (also called Kx), a 37-kd protein (444 amino 
acids) with 10 membrane-spanning domains, is encoded 
by a gene on the short arm of the X chromosome,401 
Although the Xk protein has structural but not sequence 
similarity with a family of proteins involved in transport 
of neurotransmitters, its transport substrate or substrates 
have not been defi ned. The Xk protein carries the Kx 
blood group antigen. In the red cell membrane the Xk 
protein is covalently linked to the Kell glycoprotein by a 
disulfi de bond.402 Lack of the Xk protein in McLeod’s 
syndrome results in acanthocytic red cells, compensated 
hemolytic anemia, and in later life, muscle wasting and 
choreiform movements.

Kell Glycoprotein

Kell glycoprotein is a 93-kd (732 amino acids) single-
pass type II membrane protein encoded by a gene on 
chromosome 7q33.403 It has sequence homology with a 
family of neutral endopeptidases and has been shown to 
be an endothelin-3 converting enzyme.404 In addition to 
cleaving the precursor of endothelin-3, Kell glycoprotein 
can also cleave the precursors of endothelin-1 and endo-
thelin-2, but much less effectively. Because endothelins 
are potent vasoactive peptides, it is thought that the Kell 
glycoprotein may be involved in the regulation of vascular 
tone. The Kell glycoprotein carries the antigens in the 
Kell blood group system. In contrast to the red cell 
pathology seen in Xk-defi cient red cells, Kell glycopro-
tein defi ciency does not result in red cell alterations.405

Duffy Glycoprotein
The Duffy glycoprotein is a promiscuous chemokine 
receptor406 that binds a variety of proinfl ammatory cyto-
kines of both the C-X-C class (acute infl ammation) and 
the C-C class (chronic infl ammation), including interleu-
kin-8 (IL-8), melanoma growth stimulatory activity 
(MGSA), monocyte chemotactic protein 1 (MCP-1), 
and RANTES (regulated on activation, normal T cell 
expressed and secreted). The Duffy glycoprotein gene is 
located on chromosome 1q22-23 and encodes a 333–
amino acid polypeptide with seven membrane-spanning 
domains.407 There are 6000 to 13,000 copies of Duffy 
glycoprotein per cell, and the protein carries the antigens 
of the Duffy blood group system. The Duffy glycoprotein 
is the receptor for the malarial parasite Plasmodium vivax, 
and Duffy glycoprotein–defi cient red cells are refractory 
to invasion by P. vivax.408 The function of Duffy glyco-
protein in normal red cell physiology remains to be 
defi ned.

Lutheran Glycoprotein

The Lutheran blood group glycoprotein (Lu gp) belongs 
to the immunoglobulin superfamily and is the receptor 
on erythroid cells for the extracellular matrix protein 
laminin409 (reviewed by Eyler and Telen410). It is also 
highly expressed in endothelial cells. The glycoprotein 
consists of fi ve disulfi de-bonded extracellular, immuno-
globulin superfamily domains, a single hydrophobic 
transmembrane domain, and a cytoplasmic tail. Two iso-
forms of this membrane protein (85- and 78-kd iso-
forms) are expressed by alternative splicing of a single 
gene located on human chromosome 19q13.2. Both iso-
forms bind laminin. The two isoforms are distinguished 
by differences in their cytoplasmic domains—the 78-kd 
isoform has a truncated cytoplasmic tail. There are 
approximately 1500 to 4000 copies of Lu gp on the 
mature red cell. Although the function of Lu gp in normal 
red cells remains to be defi ned, it has been shown to 
mediate adhesion of sickle red cells to laminin.411 Interac-
tions between the α4β1 integrin on sickle cells and the Lu 
gp on endothelial cells may also be important.412 Because 
Lu gp is expressed late during erythroid differentiation, 
it has been suggested that it may play a functional role 
in mediating erythroblast–extracellular matrix interac-
tions in the bone marrow that regulate egress of reticu-
locytes from bone marrow into the circulation.

LW Glycoprotein

The LW glycoprotein (LW gp, also termed ICAM-4) 
present on the red cell membrane also belongs to the 
immunoglobulin superfamily.413 It was recently 
reviewed.414 The glycoprotein consists of two extracellu-
lar immunoglobulin-like domains that show very strong 
sequence homology with the protein superfamily known 
as intracellular adhesion molecules (ICAMs). The 40- to 
42-kd LW gp is encoded by a gene on chromosome 19. 
There are approximately 4000 copies of LW gp on the 
mature red cell. Preliminary evidence suggests that extra-
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cellular domains of LW gp can interact with the integrins 
LFA1 (CD11/CD18),415 α4β1, and αV.416 LW gp is acti-
vated by epinephrine and may also play a role in adhesion 
of sickle cells.417 In contrast to Lu gp, which is expressed 
late during erythroid development, LW gp is expressed 
early during erythropoiesis. Based on this expression 
pattern, it has been suggested that LW gp may play a role 
in the erythroblast-macrophage interactions that are crit-
ical for erythropoiesis.

Glucose Transporter (Glut-1)

Glut-1 was the fi rst of 14 members of the glucose trans-
porter family identifi ed.417a It is an integral membrane 
protein with 12 transmembrane segments and is the 
major glucose transporter in many cells. Glut-1 also 
transports dehydroascorbic acid (DHA), an oxidized 
intermediate of vitamin C, and recent evidence suggests 
that this is its primary function in the red cell, and that 
Glut-4, a related glucose transporter, may transport most 
of the glucose.417b The switch of Glut-1 from glucose to 
DHA is associated with an increase in stomatin expres-
sion and doesn’t occur in patients with hereditary sto-
matocytosis and stomatin defi ciency.417b The red cell 

has roughly 400,000 copies of Glut-1 per cell, which is 
the highest number of any human cell. High erythroid 
expression of Glut-1 is limited to mammals that lack the 
ability to synthesize vitamin C.417b

Glut-1 associates with dematin and adducin in a 
complex that is presumably located near the spectrin-
actin molecular junctions417c (see Fig. 15-6). The data 
suggest that dematin and perhaps adducin bind to a 64-
amino acid cytoplasmic loop on Glut-1.

MEMBRANE SKELETON PROTEINS

Spectrin

Erythroid spectrin is the major constituent of the red cell 
skeleton and accounts for 50% to 75% of the membrane 
skeletal mass.172,173 The spectrin-based skeleton is 
anchored to the plasma membrane by an ankyrin-medi-
ated linkage to band 3418 and protein 4.1–mediated 
attachment to glycophorin C.419 Recent evidence that α-
spectrin binds protein 4.2221 suggests that there may be 
additional connections. As a result of these vertical attach-
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ments, spectrin represents approximately 25% of the 
membrane-associated mass of the red cell. Spectrin is 
composed of two large polypeptide chains that associate 
side by side in an antiparallel arrangement420; the 280-kd 
α chain and the 246-kd β chain are structurally similar 
but functionally distinct (Fig. 15-13). Electron micro-
graphs of spectrin reveal a slender, twisted, worm-like 
molecule that is 100 nm in length (Fig. 15-14).424 Spec-
trin is a highly fl exible protein that assumes a variety of 
conformational and oligomerization states; in concert 
with its associated membrane skeletal proteins, spectrin 
generates a deformable juxtamembranous meshwork that 
provides the circulating red cell with both stability and 
fl exibility.

The Spectrin Family in Humans Is Encoded by at Least 
Seven Distinct Genes. Two genes encoding α-spectrin and 
fi ve genes encoding β-spectrin have been characterized.425 
The αI (or αR) spectrin gene (SPTA) is located on chro-
mosome 1q22-q23 adjacent to the Duffy blood group 
and encodes the erythroid-specifi c α chain.426 The αII (or 
αG) spectrin (also called α-fodrin) gene (SPTAN1) has 
been mapped to chromosome 9q34.1 and encodes an 
α-spectrin homologue found in nearly all cells except 
mature red cells.427 The βI (or βR) spectrin gene (SPTB) 
is located on chromosome 14q23-q24.2 and encodes the 
β subunit of the erythroid-specifi c spectrin, designated 
βIΣ1.428 The βI gene promoter region contains specifi c 
GATA-1 and CACCC-related protein binding sites that 
account for specifi c, high-level expression in erythroid 
cells.429 Differential 3′ processing of βI-spectrin pre-
mRNA generates an alternative βI-spectrin subunit that 
is found in the brain (predominantly cerebellum) and 
muscle and designated βIΣ2.430

The βII (or βG) spectrin (also called β-fodrin) gene 
(SPTBN1) has been mapped to chromosome 2p21 and 
encodes the generally expressed β subunit of spectrin, 
which shares 60% amino acid identity with βI-spectrin.431 

Thus, erythrocyte spectrin (or spectrinR) is composed of 
αI and βIΣ1 chains, and the widely expressed spectrin 
(called fodrin, tissue spectrin, brain spectrin, or spec-
trinG) contains αII and βII subunits. Muscle spectrin is 
believed to contain predominantly αII and βIΣ2 subunits. 
Alternative splicing of the spectrin genes, in addition to 
interchangeability of the α- and β-chain isoforms in het-
erodimer formation, gives rise to a rich diversity of spec-
trin proteins that probably exhibit distinct localizations 
and functions.

The most recently cloned spectrin subunits, desig-
nated βIII, βIV, and βV, have been localized to chromo-
somes 11q13, 19q13.13, and 15q21, respectively.432-435 
βIII-spectrin is predominantly expressed in the central 
nervous system, especially the cerebellum. Defects in the 
protein are associated with spinocerebellar ataxia type 
V.436 βIV-spectrin associates with the electrogenic Na+ 
channel in the axon’s initial segments and the nodes of 
Ranvier in neurons by acting through ankyrinG (see 
later).433 Mice lacking this βIV-spectrin have the quiver-
ing (qv) mutation, characterized by progressive ataxia 
with hind limb paralysis, deafness, and tremor.437 A trun-
cated isoform of βIV-spectrin is associated with a sub-
nuclear structure (promyelocytic leukemia bodies) and 
may be part of a nuclear scaffold.434 βV-spectrin is 
detected prominently in the outer segments of photore-
ceptor rods and cones and in the basolateral membrane 
and cytosol of gastric epithelial cells.435 Presumably, these 
homologues of β-spectrin perform specialized functions 
related to their association with the intracellular and 
nuclear compartments.

Spectrins Consist Mostly of Tandem 106–Amino Acid 
Repeats. Each spectrin chain is composed of a series of 
106–amino acid repeats, and each repeat is formed by 
three α helices that are folded into a triple-helical 
bundle.422,438,439 The α- and β-spectrins contain 20 and 
16 full repeats, respectively.426,428 An SH3 domain within 
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the α chain is conventionally called repeat α10, though 
it is not a true spectrin repeat (see Fig 15-13A). As will 
be discussed, the α0 and β17 repeats are complementary 
partial repeats that join to form a full repeat and link 
spectrins together (see Fig. 15-13A). The primary 
sequence of each repeat exhibits extensive heptad (seven-
residue) symmetry, with conserved hydrophobic residues 
situated in the fi rst and fourth positions of each heptad 
motif (designated as positions a and d in Fig. 15-
15A).422,438 Each spectrin repeat forms a triple-helical 

structure that is approximately 5 nm long and 2 nm wide 
(see Fig. 15-15B) and rotated 60 degrees (right-handed) 
relative to the neighboring repeats.438

The prototypical three-dimensional structure of the 
spectrin repeats was determined by expression studies 
and x-ray crystallographic analysis of a spectrin repeat 
from αII-spectrin.438,439 The fi rst 28 amino acids of 
the repeat form a straight α helix designated helix A. 
The polypeptide chain then reverses itself and forms a 
second 34–amino acid, long straight α helix designated 
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helix B. After another reverse turn, a third α helix is 
formed and is composed of 31 amino acids with a bend 
in the middle of the structure. The three helices are 
arranged in a triangular array held together by hydropho-
bic interactions between the hydrophobic faces of the 
helices and by electrostatic interactions, particularly 
between helices A-C and B-C, where mostly polar amino 
acids are found in positions e and g of the helices (see 
Fig. 15-15C).

Interestingly, the three helices are tilted away from 
each other by 10 to 20 degrees such that the C-terminal 
end of each repeat is wider than the N-terminal end (see 
Fig. 15-15B). This tilted structure enables the subse-
quent repeat to attach without any adjustment in the 
architecture of the preceding repeats. Thus, the C helix 
of one triple-helical bundle connects to the A helix of the 
subsequent triple-helical bundle to form one long α helix 
(see Fig. 15-15D). The tight connection between repeats 
causes the B helix of a proximal repeat to overlap the A 
helix of the distal repeat; the resultant interaction between 
the two helices restricts movement at the junction between 
repeats, thereby limiting the overall range of motion of 
αII chains. Spectrin-type repeats in other proteins show 
similar features.421 However, the crystal structures of two 
connected repeats of chicken brain α-spectrin suggest 
that fl exibility in the spectrin structure may be preserved 
by conformational rearrangement within the repeat 
(causing movement in the position of an interhelical loop, 
for example) and by various degrees of bending at the 
linker region.440 The stability of individual spectrin repeats 
varies widely, and some repeats are unstable at physio-
logic temperatures, which would also introduce fl exibil-
ity.441 Two of the less stably folded repeats, α13-α14 and 
β8-β9, are adjacent to each other in the spectrin molecule 
(see Fig. 15-13) and may form a hinge.423 Measurements 
of the force required to unfold a spectrin repeat show 
that the repeats function as elastic springs.442 When intact 
red cells deform, certain spectrin repeats partially unfold, 
which presumably contributes to the elasticity.443

Side-to-Side Interactions between a and b Chains 
Results in Zipper-like Dimerization. Nucleation sites 
located at repeats 18 to 21 of the α chain and 1 to 4 of 
the β-chain are implicated in triggering the zipping up of 
α and β chains (see Fig. 15-13).444 The key interactions 
are between the A and B helices of β1 and the C and A 
helices of α21 and between the C and A helices of β2 
and the A and B helices of α20.445 These helices form 
complementary electrostatic surfaces that draw the two 
chains together.446 After the initial tight association of the 
complementary nucleation sites, a conformational change 
is propagated that causes the remainder of the α and β 
chains to pair together and form a supercoiled rope-like 
structure.444 However, the side-to-side interactions 
beyond the nucleation site are relatively weak,447 which 
may be important in allowing the α and β chains to slide 
past each other when the spectrin molecule fl exes in the 
plane of the heterodimer. A common polymorphism of 

the α-spectrin allele αLELY encodes α chains that lack 
one of the nucleation sites and therefore do not form 
stable heterodimers.448,449 This clinically relevant allele 
is discussed further in the section “Hereditary 
Elliptocytosis.”

Spectrin Tetramerization Occurs in Head-to-Head 
Fashion by Association of Incomplete Repeats at the Ends 
of the a and b Chains. The “self-association” sequences 
required for tetramerization are located at the N-terminal 
of the α-spectrin chain and the C-terminal of the β-
spectrin chain (i.e., at the opposite end of the chain from 
where the nucleation site is found; see Fig. 15-13).424,450 
For spectrin dimers to associate into tetramers, the dimer 
bonds located at the opposite end of the chains from the 
nucleation sites must reversibly open to allow the forma-
tion of two new αβ attachments. Thus, opening of the αβ 
contact, whether present as the internal bond of heterodi-
mers or the αβ attachment site for tetramers, is the rate-
limiting step in dimer-tetramer interconversion.451 The 
specifi c structure of the spectrin self-association site has 
been determined by analysis of mutant spectrins452 and 
synthetic spectrin fragments451,453 and by proteolytic 
studies.454 The free C helix at the N-terminal of α-spec-
trin (α0) associates with the free A and B helices at the 
C-terminal of β-spectrin (β17) to form a stable triple-
helical bundle repeat; in this manner, spectrin heterodi-
mers associate to form tetramers and higher-order 
oligomers in head-to-head fashion (see Fig. 15-13). The 
isolated α-chain C helix and the free β-chain A and B 
helices will associate only if there is at least one adjacent 
triple-helical repeat present. The formation of spectrin 
tetramers and higher-order oligomers is critical for main-
taining the mechanical strength of the membrane skele-
ton.455 Mutations in α- or β-spectrin that interfere with 
formation of the interchain triple-helical bundle prevent 
spectrin tetramerization and higher-order oligomeriza-
tion, thereby weakening the membrane skeleton; such 
defects in spectrin are the most common causes of hered-
itary elliptocytosis and hereditary pyropoikilocytosis.

Spectrin Exists Predominantly as Tetramers In Vivo. 
Whereas physiologic ionic strength and lower tempera-
tures (25º C) favor tetramer formation, low ionic strength 
and physiologic temperatures favor dissociation to 
dimers.456,457 At 0º C, the dimer-tetramer equilibrium is 
virtually kinetically frozen because of the high activation 
energy.450 The oligomerization state of spectrin can be 
studied directly by extracting spectrin from red cell mem-
branes at various temperatures and by manipulating in 
vitro conditions to alter the degree of oligomeriza-
tion.450,454,455,457 In red cell ghosts, driving the equilibrium 
toward dimerization produces exceedingly fragile struc-
tures, thus underscoring the importance of spectrin 
tetramerization in membrane skeletal stability.455 Quan-
titation of spectrin eluted from normal ghosts at 0º C 
indicates that approximately 5% of the spectrin is in the 
dimer form, 50% exists as a tetramer, and the remainder 
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is divided between higher-order oligomers and very-high-
molecular-weight complexes of spectrin, actin, protein 
4.1, and dematin.456

The Quaternary Structure of Spectrin In Vivo Is 
Unclear. Although electron micrographs show that spec-
trin has an end-to-end length of 200 nm, simple calcula-
tions show that spectrin tetramers must have a length of 
just about 65 to 75 nm in vivo if the hexameric spectrin 
array (see later) is only a single layer thick and has 
an area equal to the area of the red cell, 140 μm2. This 
correlates with the observed length of spectrin fi laments 
in unstretched skeletons.458 It is not completely clear 
how spectrin is folded in this physiologic fi lament. 
There is some evidence that the molecules condense by 
twisting the α and β subunits about a common axis. In 
this model, the degree to which the chains condense is 
regulated by varying the pitch and diameter of the twisted 
double strand; native spectrin dimers have approximately 
10 turns with a pitch of 7 nm and a diameter of 
5.9 nm.459,460 However, the available pictures do not show 
this structure very clearly, and it is hard to imagine how 
spectrin would become so highly wound during its syn-
thesis and assembly into the skeleton in vivo. More studies 
are needed.

Spectrin Contains Important Functional Domains 
Involved in Protein-Protein Interactions. In addition to the 
critical sequences involved in spectrin nucleation and self-
association, the α and β chains interface with other pro-
teins via defi ned structural domains (see Fig. 15-13).

Ankyrin Binding Site. The β subunit of spectrin con-
tains structural domains that interact with multiple mem-
brane skeletal proteins, including ankyrin, protein 4.1, 
actin, and adducin. The 15th repeat and the fi rst part of 
the 16th repeat of β-spectrin form the binding site for 
ankyrin.461 Spectrin’s strongest link to the erythrocyte 
plasma membrane is achieved by the interaction of β-
spectrin with ankyrin, which in turn binds to the integral 
membrane protein band 3.209,418,462 In nonerythroid cells, 
ankyrin homologues mediate the linkage of spectrin to 
other proteins of the plasma membrane, including 
Na+,K+-ATPase463 and voltage-dependent sodium 
channels.464

F-Actin, Protein 4.1, and Adducin Binding Sites. The N-
terminal 301 amino acids of β-spectrin bind protein 
4.1465 and actin466,467 and share sequence homology with 
several actin-binding proteins, including calponin, α-
actinin, dystrophin, fi lamin, ABP120, adducin, and 
fi mbrin. There are two of these “calponin homology 
domains” (CH1 and CH2) in tandem in β-spectrin. 
Recent studies show that protein 4.1 and actin bind to 
each of these domains.468 Binding to CH2, the more C-
terminal CH domain, is normally inhibited by an α helix 
at its N-terminal end, which may serve a regulatory role. 
Binding of protein 4.1 to the region is greatly enhanced 
by PIP2 (see Fig. 15-13).468

The interaction of spectrin with actin is enhanced 
by protein 4.1 binding.469-471 The tail ends of spectrin 
tetramers and oligomers bind to short, double-helical 
protofi laments of F-actin with the aid of protein 4.1. 
Approximately six spectrins can be accommodated on 
each actin protofi lament, and this leads to the character-
istic hexagonal network that forms the basic framework 
of the membrane skeleton (Fig. 15-16). The actin–protein 
4.1 complexes, which reside at the nodal junctions of the 
network, are associated with multiple other proteins, 
including adducin, dematin, TM, TMod, and p55. Assem-
bly of the spectrin-actin skeleton is further enhanced by 
adducin, a heteromeric calmodulin-binding phosphopro-
tein that recruits spectrin to the fast-growing ends of 
actin fi laments in addition to binding, bundling, and 
barbed-end capping of actin.472-475 The N-terminal 
domain and fi rst two spectrin repeats participate in 
forming the spectrin-adducin-actin complex.476

EF Hands: Ca2+ and Protein 4.2 Binding Sites and Role in 
Spectrin-Actin Binding. The C-terminal of α-spectrin, like 
α-actinin, contains two pairs of EF hands (see Fig. 15-
13), which are structures that bind and mediate the regu-
latory effects of calcium.477,478 The N-terminal EF hands 
(EF1,2) are structurally similar to calmodulin479 and bind 
Ca2+ with low affi nity (Kd = 0.48 mM). Binding of Ca2+ 
to EF1 triggers a conformational change that allows EF2 
to bind Ca2+.480 The C-terminal EF hands (EF3,4) are 
degenerate.

Recent work has shown that the EF hand domain 
binds protein 4.2 with high affi nity (Kd = 2.9 × 10−9 M).221 
Binding capacity is augmented by micromolar concentra-
tions of Ca2+, and the Ca2+ effect is blocked by calmodu-
lin, which itself binds to the EF hand domain in the 
presence of Ca2+. Because 4.2 binds to band 3, this sug-
gests that a portion of band 3 may also be located near 
the spectrin-actin junctions. It also suggests that protein 
4.2 may form a secondary site for attaching the mem-
brane skeleton to the lipid bilayer.

The relationships of the EF hand domain, the cal-
ponin homology domains, and F-actin are not known in 
spectrin but are likely to resemble those in α-actinin (Fig. 
15-17). That is, the EF hand domains are likely to abut 
the actin/4.1 binding CH domains and may help regulate 
actin binding. Previously, the EF domains have been con-
sidered impotent in erythroid spectrin, although they are 
known to bind Ca2+ and affect the function of αIIβII-
spectrin (fodrin).477 However, the discovery that deletion 
of just the C-terminal 13 amino acids in the EF domain of 
the sph1J mouse leads to a severe, spherocytic hemolytic 
anemia and failure of the mutant spectrin to assemble 
into the membrane skeleton484 shows that the EF domain 
must have an important physiologic function. In addition, 
PfEMP3, a protein from the malarial parasite P. falciparum 
that appears on the red cell membrane late in the para-
site’s life cycle, binds to α-spectrin in the EF domain 
region and disrupts the spectrin-actin-4.1 complex, 
perhaps as a precursor to release of new parasites into the 
circulation.482 These observations suggest that the EF 
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A

FIGURE 15-16. Electron microscopy of red cell membrane skeletons. The negative-stained 
skeletons have been stretched during preparation to reveal details of their structure. A, Low-
power magnifi cation to emphasize the ordered, net-like structure. B and C, High-power mag-
nifi cation and schematic showing the predominantly hexagonal organization of the skeleton. The 
location of various skeletal elements is shown in C. Sp4, spectrin tetramer; Sp6, spectrin 
hexamer. (From Palek J, Sahr KE. Mutations of the red blood cell membrane proteins: from clinical 
evaluation to detection of the underlying genetic defect. Blood. 1992;80:308.)
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FIGURE 15-17. Structural model, roughly to scale, of the 
tail end of spectrin deduced from the structure of α-
actinin.481 Top, View looking down on the membrane. The 
arrow indicates the direction of the actin fi lament. Bottom, 
View from within the plane of the membrane skeleton. The 
top view has been rotated 90 degrees toward the viewer 
(arrow pointing up out of the plane). CH1 and CH2 are 
the actin-4.1 binding sites in the N-terminal, actin binding 
domain of β-spectrin. EF1,2 and EF3,4 are the N-terminal 
and C-terminal pairs of EF hands, respectively, in the EF 
domain, which lies at the C-terminal end of α-spectrin. 
The intimate relationship between the EF hands and 
CH domains suggests that the EF hands may regulate 
actin binding, and recent evidence supports that 
hypothesis.482,483

domain is important for actin binding, and recent direct 
evidence supports this speculation. A minispectrin com-
posed of the actin binding and EF domains and the four 
adjacent spectrin repeats in each chain that form the 
nucleation site binds to F-actin with the aid of protein 4.1, 
as expected, but this binding is markedly decreased if the 
EF hands are missing or even if just the last 13 amino 
acids of α-spectrin are deleted, as in the sph1J mouse.483

SH3 Domain. The 10th “repeat” of α-spectrin encodes 
an Src homology (SH3) domain. SH3 domains generally 
function as sites of protein-protein attachment at cell 
membranes. The function of the erythroid α-spectrin 
SH3 domain and the protein or proteins that bind to it 
in the red cell are not known. One candidate belongs to 
a family of tyrosine kinase–binding proteins.485 Interest-
ingly, plasmepsin II, the aspartic protease of P. falciparum, 
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cleaves spectrin mainly within the SH3 domain of α-
spectrin, thus suggesting that specifi c targeting of the 
SH3 domain by P. falciparum may be part of the strategy 
to dismantle the membrane skeleton.486

PH Domain. All β-spectrins except the major erythroid 
isoform (βIΣ1) have a C-terminal extension that contains 
a pleckstrin homology (PH) domain.421,487 The special-
ized 100-residue PH domain has been identifi ed in pro-
teins involved in signal transduction (e.g., protein kinases 
and their substrates, phospholipase C isoforms, guano-
sine triphosphatases [GTPases], GTPase-activating pro-
teins, GTPase exchange factors) and in membrane 
skeletal organization (e.g. dynamin, β-spectrin) and is 
believed to mediate membrane targeting of proteins.487,488 
The muscle isoform of erythroid spectrin (βIΣ2) also 
contains a PH domain,430 and recent studies have shown 
that mature red cells contain some of this isoform, which 
is clumped in submicron-size patches within the mem-
brane skeleton.489 The erythroid spectrin PH domain 
binds with equal affi nity to PIP2 and phosphatidylinositol 
3,4,5-triphosphate.490,491 The function of the PH domain 
in red cells is untested, but it seems likely that it contrib-
utes to the attachment of spectrin to the membrane.

Phosphorylation Sites. Instead of a PH domain, the C-
terminal region of βIΣ1-spectrin contains a 52–amino 
acid extension just beyond the site of self-association that 
is phosphorylated by a membrane-associated casein 
kinase I (see Fig. 15-13).492,493 There are fi ve Ser and one 
Thr that are phosphorylated in sequential fashion.494 In 
vitro phosphorylation of β-spectrin has no effect on spec-
trin self-association.450,495,496 However, increased phos-
phorylation of β-spectrin in vivo has been shown to 
decrease membrane mechanical stability, whereas 
decreased phosphorylation strengthens the mechanical 
properties of the red cell membrane.497

Tryptic Domains. The tryptic domains of spectrin have 
important historical, structural, and clinical signifi cance. 
Gentle proteolysis of spectrin generates nine structural 
domains, each composed of several 106–amino acid 
repeats.420,498 Thus, spectrin was initially demonstrated to 
contain a series of proteolytically resistant domains joined 
by protease-sensitive regions. Five tryptic fragments rep-
resent most of the α chain and include the αI (80 kd), 
αII (46 kd), αIII (52 kd), αIV (52 kd), and αV (41 kd) 
domains; the β chain is digested into four domains, 
including βI (17 kd), βII (65 kd), βIII (33 kd), and βIV 
(74 kd). Many of the molecular defects in HE have been 
identifi ed as abnormalities in spectrin domain maps after 
proteolytic digestion (see “Hereditary Elliptocytosis”).

Spectrin Is Synthesized Early in Erythroid Develop-
ment. Spectrin is abundant in pronormoblasts499 and is 
detectable in undifferentiated erythroleukemia cells500 
and possibly in immature committed erythroid stem 
cells, BFU-E and CFU-E.501 α-Spectrin is synthesized in 

at least a threefold excess over that of β-spectrin502-504 and 
has a distinctly slower degradative pathway.505 The limited 
synthesis and more rapid degradation of β-spectrin 
suggest that its association with the membrane is the 
rate-limiting step in spectrin assembly.504,505 The differ-
ence in the rate of α- and β-spectrin production is 
relevant to the molecular pathophysiology that under -
lies spectrin-related red cell membrane disorders 
(see “Hereditary Elliptocytosis” and “Hereditary 
Spherocytosis”).

Mutations in Erythroid Spectrin Affect the Integrity of 
the Red Cell and Lead to Clinical Disease. Spectrin defects 
are the major cause of HE and are also important in the 
pathogenesis of HS (see “Hereditary Elliptocytosis” and 
“Hereditary Spherocytosis”).

Actin

The red cell contains β-actin, which is the actin subtype 
found in a wide variety of nonmuscle cells.506 Whereas 
red cell actin shares structural and functional similarities 
with the β-actin found in nonerythroid cells,507 the assem-
bly of protofi laments, or short, double-helical F-actin fi la-
ments composed of 12 to 14 monomers, is a characteristic 
feature of red cell actin.508 Actin protofi laments are sta-
bilized by (1) interactions with spectrin, protein 4.1, and 
tropomyosin; (2) capping of the pointed or slow-growing 
end by tropomodulin509; and (3) capping of the barbed 
or fast-growing end by adducin.510 Thus, another unique 
feature of the membrane-associated actin fi laments in red 
cells is that actin fi laments are capped by adducin instead 
of CapZ, the ubiquitous barbed-end capping protein of 
nonerythroid cells.511 Interestingly, this occurs despite 
the fact that red cells contain CapZ.511 However, when 
β-adducin is deleted in red cells, CapZ expression is 
upregulated ninefold, presumably as a compensatory 
mechanism.512

Actin protofi laments function within the red cell 
skeleton meshwork as junctional centers intertriangu-
lated by spectrin (see Fig. 15-16). The protofi laments lie 
parallel to the lipid bilayer within 20 degrees of the mem-
brane plane.513 This suggests that the protofi laments may 
also function as attachments between the membrane 
skeleton and the lipid bilayer. Spectrin dimers bind to 
the side of actin fi laments at a site near the tail of the 
spectrin molecule (see Figs. 15-13 and 15-17).466 Spec-
trin tetramers are bivalent and therefore cross-link actin 
fi laments, although binding is weak (Kd ≈ 10−3 M) and 
ineffectual in the absence of protein 4.1.470 Spectrin-actin 
interactions are specifi cally enhanced by protein 4.1 and 
adducin (see “Protein 4.1” and “Adducin”).

Rac1 and Rac2 GTPases regulate actin structures, 
and mice that lack both GTPases are prone to the devel-
opment of a microcytic hemolytic anemia with marked 
anisocytosis and poikilocytosis.514 Membrane skeletal 
junctions are aggregated, and there is pronounced irregu-
larity of the hexagonal spectrin meshwork. These changes 
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are accompanied by decreased cellular deformability, an 
increased actin-to-spectrin ratio, and increased phos-
phorylation (Ser724) of adducin, an F-actin capping 
protein. Actin and phosphorylated adducin are more 
easily extracted by Triton X-100 from Rac1(−/−)/Rac2
(−/−) red cells, indicative of weaker association to the 
cytoskeleton. Osteopontin phosphorylates or activates 
multiple proteins in human erythroblasts, including Rac-
1 GTPase and adducin. Osteopontin knockout mice are 
anemic and also show defects in F-actin fi laments.515 The 
results indicate that Rac GTPases regulate organization 
of the red cell membrane skeleton. It is unclear whether 
this occurs dynamically in the mature red cell or just 
during erythropoiesis.

Protein 4.1

Red cell protein 4.1 (technically the 4.1R homologue) is 
a major component of the erythrocyte membrane skele-
ton, with approximately 200,000 copies present in each 
red cell. Protein 4.1 confers both stability and fl exibility 
to circulating red cells by potentiating the interaction of 
spectrin tetramers with F-actin470,516 and by linking this 
membrane skeletal scaffold to the plasma membrane 
through vertical interactions with glycophorin C (GPC).419 
In the mature red cell, 4.1 exists as a 588–amino acid 
protein that is 4.7 nm in diameter and has a molecular 
weight of 66 kd, although it runs as an 80-kd protein on 
SDS gels. Two forms of the protein are resolved on high-
resolution SDS gels, an 80-kd protein designated 4.1a 
and a 78-kd protein designated 4.1b. Protein 4.1a derives 
from 4.1b by progressive deamidation of Asn502 during 
the life span of the red cell; thus, 4.1a is more prominent 
in senescent red cells.517 Proteolysis of 4.1 generates 
four structural domains: an N-terminal 30-kd mem -
brane binding domain (MBD) (also called the FERM 
domain518), a 16-kd linker domain, a 8- to 10-kd spec-
trin-actin binding domain (SABD), and a 22- to 24-kd 
C-terminal domain (CTD) (Fig. 15-18).519 Two post-
translational modifi cations of the CTD include the previ-
ously mentioned deamidation of Asn502 coincident with 
red cell aging517 and O-linked glycosidation of cytosolic 
4.1 with N-acetylglucosamine.520 The functional signifi -
cance of these modifi cations is unclear. Protein 4.1 is 
phosphorylated in vitro and in vivo by protein kinase A 
(PKA), protein kinase C (PKC), and casein kinase II. In 
each case, 4.1 phosphorylation leads to a marked decrease 
in its ability to bind spectrin and promote the spectrin-
actin interaction.521,522 PKC phosphorylation of 4.1 
inhibits its binding to membranes by blocking its interac-
tion with band 3523 and GPC.522

Spectrin-Actin Binding Domain (SABD)

Protein 4.1 Signifi cantly Enhances the Interaction of 
Spectrin with Actin. In physiologic solvent conditions, 
spectrin tetramers bind weakly to F-actin (Kd ≈ 10−3 M), 
whereas the addition of protein 4.1 generates a high-
affi nity ternary complex (Kd ≈ 10−12 M).470 The 10-kd 

domain of 4.1 specifi cally facilitates spectrin-actin inter-
actions516 and is encoded by an alternatively spliced exon 
16 and a constitutive exon 17.524,525 The 21–amino acid 
peptide encoded by exon 16 and amino acids 37 to 43 
encoded by the constitutive exon 17 form the spectrin 
binding site.524,525 The F-actin binding site526 is located 
within the fi rst 26 amino acids of exon 17, particularly a 
critical 8–amino acid sequence (LKKNFMES),527 and 
thus the actin site is straddled by the bipartite spectrin 
binding site.527,528 The stoichiometry of 4.1-actin binding 
is 1 : 1, and the interaction is highly cooperative such that 
binding of one 4.1 molecule induces a conformational 
change in the actin protofi lament that promotes further 
4.1 binding.526,528 Thus, the available data suggest that 
protein 4.1 facilitates spectrin-actin binding by bridging 
spectrin and actin in a strong ternary complex.

The interactions of spectrin, actin, and 4.1 within the 
red cell membrane skeleton are dynamic and thus enable 
red cell membranes to be stable yet deformable as the 
cells course through the circulation. Phosphorylation of 
protein 4.1 by PKA, which labels Ser331 in the 16-kd 
domain and Ser467 in the 10-kd domain, inhibits binding 
of 4.1 to spectrin-actin.529 The interaction is also inhib-
ited by tyrosine phosphorylation at Tyr418, which is 
located in the 10-kd domain.530 Formation of the ternary 
complex is further regulated by Ca2+ and calmodulin,531 
with attendant consequences on red cell membrane sta-
bility.532 The critical role of protein 4.1 in maintaining 
red cell membrane stability is underscored by the eryth-
rocyte membrane fragility and resultant hemolysis 
observed in patients who lack protein 4.1 (see “Heredi-
tary Elliptocytosis”). Interestingly, normal membrane 
stability is completely restored when patient red cell 
ghosts are reconstituted with a 64–amino acid fusion 
protein containing the spectrin-actin binding site (i.e., 
the 21 amino acids encoded by exon 16 and the fi rst 43 
amino acids encoded by exon 17).528 This fi nding high-
lights the critical functional role of the 10-kd domain of 
4.1 in red cell function.

The Spectrin-Actin Binding Domain Also Interacts with 
Myosin. Protein 4.1 binds to heavy meromyosin with 1 : 1 
stoichiometry and partially inhibits the actin-activated 
Mg2+-ATPase activity of myosin.533 This interaction may 
be relevant in modulating Mg2+-ATPase–dependent func-
tion in erythroid cells.533

Membrane Binding Domain (MBD)

The 30-kd Membrane Binding Domain of Protein 4.1 is 
Conserved among an Entire Family of Proteins Known as 
ERM Proteins. The ERM family is composed of a diverse 
and interesting group of proteins, including ezrin, radixin, 
moesin, merlin (or schwannomin), talin, coracle, 
and several tyrosine phosphatases (e.g., PTPH1, 
PTPMEG).534,535 Merlin, for example, is a tumor sup-
pressor protein that binds to the C-terminal end of αII 
(or αG) spectrin536 and regulates cell growth and organi-
zation of the actin-based cytoskeleton.537 The merlin gene 
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FIGURE 15-18. Protein 4.1. A, Alternative splicing map of protein 
4.1 mRNA. Erythrocyte 4.1 is translated from AUG-2 and includes a 
63–base pair (21–amino acid) erythroid-specifi c sequence (orange) that is 
critical for spectrin-actin interactions. The nonerythroid protein that 
begins at AUG-1 contains an additional headpiece (HP) domain. Many 
combinations of exons are expressed, particularly in the C-terminal 
domain, although many are observed only in nonerythroid tissues. Middle, 
Domain map of protein 4.1 indicating binding sites, phosphorylation 
sites, and the location of a C-terminal asparagine that is deamidinated in 
old red cells. The deamidation reaction accounts for the variability in the 
apparent molecular weight of the C-terminal domain. B, Structure of the 
protein 4.1 membrane binding (30K) domain. Various subdomains are 
marked where specifi c proteins bind. Critical amino acids in each region 
are numbered. (Adapted from Conboy JG. Structure, function, and molecular 
genetics of erythroid membrane skeletal protein 4.1 in normal and abnormal 
red blood cells. Semin Hematol. 1993;30:58; and Han BG, Nunomura W, 
Takakuwa Y, et al. Protein 4.1R core domain structure and insights into regula-
tion of cytoskeletal organization. Nat Struct Biol. 2000;7:871.)

is defective in neurofi bromatosis type 2 and is absent in 
virtually all schwannomas and many meningiomas and 
ependymomas. Despite the diverse functions of ERM 
proteins, they each use the conserved 30-kd MBD, or the 
FERM domain, to facilitate interactions with cellular 
membranes.

Protein 4.1 Links the Membrane Skeleton to the Plasma 
Membrane through Interactions with the Integral Mem-
brane Protein Glycophorin C/D. The majority of mem-
brane-associated 4.1 is bound to the carboxy-terminal of 
GPC/GPD via the 30-kd MBD (see Fig. 15-18).419 
Although 4.1 also associates with GPA in vitro, there is 
considerable evidence indicating that the physiologically 
relevant interaction is the association of 4.1 with GPC/
GPD. For example, (1) 4.1-defi cient red cells also lack 

GPC/GPD but not GPA419; (2) any residual GPC/GPD 
in 4.1-defi cient red cells is only loosely bound to the 
membrane skeleton and becomes tightly bound if the 
cells are reconstituted with 4.1419; (3) stripped, inside-out 
membrane vesicles from normal red cells bind fi ve times 
more 4.1 than do vesicles prepared from red cells lacking 
GPC/GPD155; (4) treatment of membrane vesicles with 
antibodies that block the 4.1 binding sites on GPC/GPD 
reduces the ability of 4.1 to promote spectrin-actin 
binding to the vesicles by 85%217; and (5) GPC/GPD-
defi cient red cells, like 4.1-defi cient cells, are elliptocytic 
and mechanically unstable, whereas GPA-defi cient cells 
are morphologically and structurally normal.327

Protein 4.1 and GPC/GPD can occur as a ternary 
complex with p55, a MAGUK protein. The residues 
Tyr94 to Arg166 of the 30-kd MBD of protein 4.1 inter-
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act with a positively charged peptide in the cytoplasmic 
domain of GPC localized to residues 82 to 98.155,538,539 
The residues Tyr214 to Glu246 of the 4.1 MBD bind to 
p55 at a positively charged, 39–amino acid segment 
found between the SH3 domain and the guanylate kinase 
domain538; p55, in turn, binds via its PDZ domain to the 
C-terminal amino acids 112 to 128 of GPC.328,540

The 4.1 Membrane Binding Domain Also Interacts with 
Other Integral Membrane Proteins of the Red Cell, Includ-
ing Band 3 and CD44. Binding sites for the 4.1 MBD 
include two positively charged motifs, LRRRY and 
IRRRY, located near the beginning of the band 3 trans-
membrane domain.541 Approximately 20% or less of the 
4.1 in red cells is believed to associate with band 3,542 
and 4.1–band 3 interactions do not link the spectrin-
actin–based skeleton to the plasma membrane.217 Instead, 
the protein 4.1–band 3 interaction may function to 
modulate the association of band 3 with ankyrin. In 
vitro, protein 4.1 competes with ankyrin for binding to 
band 3. Displacement of 4.1 from band 3 decreases 
membrane deformability and increases membrane 
mechanical stability, presumably because of the resultant 
increase in band 3–ankyrin interactions.213 Whether 4.1 
regulates band 3–ankyrin binding in vivo remains to be 
demonstrated. One experiment implies that it may. Zebra 
fi sh lacking red cell band 3 have a nearly bloodless phe-
notype, which can be rescued by injecting normal mouse 
band 3 cRNA into the early band 3(−/−) fi sh embryos.543 
Rescue is markedly reduced if mouse band 3 containing 
a mutation in either the LRRRY or IRRRY site is used 
and is nearly abolished if both sites are mutated.

The MBD also binds to CD44, a transmembrane 
glycoprotein present in erythroid and nonerythroid cells. 
The binding sites on CD44 are the positively charged 
motifs SRRRC and QKKKL, which are homologous to 
the interacting peptides found in band 3.544 Analogous to 
band 3, protein 4.1 competes with ankyrin for CD44 
binding and thus may regulate CD44-ankyrin interac-
tions.544 Ca2+-dependent and Ca2+-independent calmod-
ulin binding sites have been located within the MBD (see 
Fig. 15-18),545 and MBD interactions with transmem-
brane proteins are subject to regulation by Ca2+-calmod-
ulin. For example, Ca2+-calmodulin specifi cally reduces 
the affi nity of the 4.1-CD44 interaction,544 as well as 4.1 
interactions with band 3, GPC, and p55. Thus, the intra-
cellular concentration of Ca2+ is an important infl uence 
on the dynamic nature of protein 4.1’s MBD–integral 
membrane protein associations. The crystal structure of 
the MBD domain of protein 4.1 (see Fig. 15-18B) pro-
vides a mechanistic understanding of the binding of 4.1 
to various membrane proteins and the regulation of these 
interactions by Ca2+ and calmodulin.546

The discovery that both protein 4.1 and protein 4.2 
are located near the tail end of spectrin221 makes it likely 
that a subset of band 3 is also located there. The probable 
subset is band 3 dimers because the tetramers are known 
to bind ankyrin. The number of band 3 dimers (≈400,000) 
is suffi cient to accommodate both proteins (see Table 

15-2). The proximity of the calmodulin-like EF hands on 
α-spectrin to the calponin homology domains on β-spec-
trin, where 4.1 binds (see Fig. 15-17), also raises the 
interesting possibility that the EF hands interact with 
either the Ca2+-sensitive or the Ca2+-insensitive calmodu-
lin binding sites on 4.1.

Protein 4.1 Also Interacts with the Plasma Membrane 
through Direct Associations with Phosphatidylserine 
Moieties and Polyphosphoinositides. The interaction with 
negatively charged phospholipids may account for some 
of the low-affi nity binding of protein 4.1 to membranes, 
thus suggesting that the membrane may directly serve as 
a depot for 4.1 that is temporarily unbound from its 
protein targets. A recent study showed that binding of 
protein 4.1 to PS is a two-step process in which 4.1 fi rst 
interacts with serine head groups through the positively 
charged amino acids YKRS in the MBD domain and 
subsequently forms a tight hydrophobic interaction with 
fatty acid moieties.547 Importantly, it was shown that acyl 
chain interactions with 4.1 impair its ability to interact 
with band 3, GPC, and calmodulin.

PIP2 enhances binding of protein 4.1 to GPC and 
spectrin, inhibits its binding to band 3, and does not 
affect binding to p55.548 Furthermore, GPC is more 
readily extracted by Triton X-100 from ATP-depleted red 
cells, which implies that the 4.1-GPC interaction may be 
regulated by PIP2 in situ.

C-Terminal Domain (CTD)

Although the functions of the SABD and MBD of 4.1 
have been known for years, the functions of the 16-kd 
domain and CTD in red cells are poorly understood. 
Several human mutations in the 4.1 CTD have recently 
been identifi ed.549 Rather than affect the primary struc-
ture and assembly of 4.1 within the membrane skeleton, 
the CTD mutations depress the accumulation of 4.1 
mRNA and reduce the amount of functional protein in 
the red cell.549 The 4.1 CTD also contains a consensus 
sequence for binding to FKBP13, an immunophilin that 
is enriched in red cell membranes.550 The purpose of this 
interaction is unclear.

4.1 Genes

There are fi ve paralogous genes in the 4.1 family: 4.1R, 
4.1G, 4.1N, 4.1B, and 4.1O.

4.1R. The human 4.1R gene, designated EPB4.1, 
maps to human chromosome 1p36.1 and is more than 
200 kilobases (kb) in length. 4.1R is the erythroid form 
of protein 4.1, but it is expressed in some nonerythroid 
cells in the brain, kidney, heart, and stomach551,552 and 
has a number of interesting functions that are relevant 
only to nucleated cells. For example, the SABD binds to 
nuclear actin,553 and the CTD binds to NuMA,554 a 
nuclear mitotic apparatus protein involved in organizing 
the spindle apparatus during mitosis and in reassembling 
the nucleus at the end of mitosis.555 Overexpression of 
either domain interferes with nuclear assembly.556 Spe-
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cifi c spliceoforms of 4.1R contain defi ned residues that 
enable importin-mediated nuclear import557; these 4.1R 
spliceoforms are associated with the nuclear matrix and 
colocalize with several proteins involved in mRNA splic-
ing.558,559 In resting cells, 4.1R associates with centro-
somes,560 and in dividing cells, 4.1R colocalizes with the 
mitotic spindle and the midbody at defi ned time points 
during the cell cycle.559 Protein 4.1R is critical for spindle 
assembly and the formation of centrosome-nucleated 
and motor-dependent self-organized microtubule 
asters.561,562 The 4.1R MBD interacts with pICln, an 
actin-binding protein thought to play a role in cell volume 
regulation.563 It is hypothesized that pICln may join the 
4.1R-linked membrane skeleton to a volume-sensitive 
membrane channel.563 4.1R is also located in the tight 
junctions of epithelial cells, where the CTD specifi cally 
interacts with ZO-2, a tight junction MAGUK protein.564 
The exact functions of 4.1R at all these novel sites are 
unknown, as well as whether the functions are specifi c to 
4.1R rather than the other 4.1 paralogues.

4.1G. 4.1G is the closest homologue to 4.1R and is 
the general, widely expressed version of protein 4.1.550,565 
The human 4.1G gene (EPB41L2) has been mapped to 
chromosome 6q22-23. Mouse 4.1G is a 988–amino acid 
protein with a predicted molecular weight of 110 kd that 
is 53% identical to mouse 4.1R.550 4.1G colocalizes with 
the immunophilin FKBP13, which binds to the 4.1G 
CTD.550

4.1N. 4.1N is a neuronal homologue of 4.1R that is 
expressed in almost all central and peripheral neurons.566 
The human 4.1N gene (EPB41L1) maps to human chro-
mosome 20q11.2-13.1. Like 4.1R (see later), 4.1N has 
multiple spliceoforms, the predominant 135-kd form 
being found in the brain and a smaller 100-kd isoform 
enriched in peripheral tissues.566 Immunohistochemical 
studies reveal several patterns of neuronal staining, with 
localization in the neuronal cell body, dendrites, and 
axons.566 A distinct punctate-staining pattern is observed 
in certain neuronal locations, consistent with a synaptic 
localization; in neuronal cultures, 4.1N colocalizes with 
the postsynaptic density protein of 95 kd (PSD95, a post-
synaptic marker) and with glutamate receptor type 1 
(GluR1, an excitatory postsynaptic marker), thus con-
fi rming that 4.1N is a component of the synapse.566 By 
analogy to the role of 4.1R in red cells, 4.1N may func-
tion to confer stability and plasticity to the neuronal 
membrane via interactions with multiple binding part-
ners, including the neuronal cytoskeleton, integral mem-
brane channels and receptors, and MAGUK proteins. 
Like the 4.1R CTD, the 4.1N CTD also interacts with 
NuMA.567 PC12 cells stimulated to differentiate with 
nerve growth factor exhibit translocation of 4.1N into the 
nucleus concomitant with cell cycle arrest at the G1 
phase.567 Thus, nuclear 4.1N may mediate the antiprolif-
erative effect of nerve growth factor by antagonizing the 
role of NuMA in mitosis. Interestingly, 4.1N expression 

is detected in embryonal neurons at the earliest stage of 
postmitotic differentiation.566

4.1B. 4.1B is another neuronal paralogue of 4.1R 
that is focally expressed in brain and selected other 
tissues.568 Human 4.1B (EPB41L3) maps to human chro-
mosome 18p11.32. Alternative splicing produces a brain 
isoform that lacks the 21–amino acid peptide important 
in spectrin-actin binding, as well as a skeletal and heart 
muscle isoform that incorporates this sequence into the 
SABD.568 Interestingly, 4.1B is highly expressed in certain 
neuronal populations of the brain that do not contain 
4.1N, namely Purkinje cells of the cerebellum and tha-
lamic nuclei. This fi nding demonstrates the selective and 
complementary nature of 4.1 gene expression. 4.1B is 
enriched at sites of cell-cell contact.568

4.1O. Protein 4.1O is a smaller (553 amino acids) 
relative of protein 4.1 that contains a FERM domain and 
is primarily expressed in the ovary.569 Its gene is located 
on human chromosome 9q21-9q22. Nothing is known 
of its function.

Alternative Splicing of the 4.1R Gene

The 4.1R gene undergoes complex alternative pre-mRNA 
splicing. It contains at least 24 exons, 13 of which are 
alternatively spliced (see Fig. 15-18).160-163 The two major 
isoforms of 4.1R derive from alternate use of two distinct 
translation initiation codons. The 17-bp motif at the 5′ 
end of exon 2 encodes an in-frame ATG start site used 
by early erythroid cells and most nonerythroid cells to 
produce a 135-kd 4.1R isoform that contains a 209–
amino acid N-terminal extension. The upstream transla-
tion initiation sequence is spliced out late in erythroid 
differentiation and a downstream ATG is used instead 
to produce the prototypical 80-kd isoform of 4.1R 
found in mature red cells.570,571 Selective incorporation 
of exon 16 late in erythroid differentiation inserts a 
21–amino acid sequence into the 10-kd domain of 4.1R 
to generate the domain essential for spectrin-actin 
binding. In nucleated cells, incorporation of exon 5 and 
exon 16 into the 4.1R transcript yields a gene product 
capable of importin-mediated nuclear import.557 Selec-
tive exclusion of exon 17b from the CTD of 4.1R occurs 
in cultured mammary epithelial cells induced to divide, 
whereas nondividing cells in suspension uniformly 
include this exon; thus, incorporation of a specifi c exon 
correlates dramatically with changes in cell morphology 
induced by altering cell culture conditions.572 Under-
standing the functional signifi cance of each of the many 
4.1R spliceoforms continues to be an active area of 
research.

4.1R Mutations

Mutations in the human 4.1R gene cause hereditary 
elliptocytosis, a disease characterized by red cells with (1) 
elliptical rather than discoid morphology, (2) decreased 
membrane stability, and (3) decreased cir culatory half-



 Chapter 15 • Disorders of the Red Cell Membrane 695

life, all of which lead to varying degrees of hemolytic 
anemia (see “Hereditary Elliptocytosis”).573 Targeted 
deletion of 4.1R in mice produces an analogous pheno-
type of moderate hemolytic anemia with a decreased 
hematocrit and increased reticulocyte count.551 The 
erythrocytes of 4.1R knockout mice have an abnormal 
spherocytic morphology, decreased membrane stability, 
and reduced expression of 4.1R-interacting proteins, 
including spectrin, p55, Xk, Kell, Duffy, Rh, band 3, and 
GPC,551,551a suggesting that all these proteins may inter-
act directly or indirectly with 4.1R near the spectrin-actin 
junctions (see Fig. 15-6).551a Interestingly, knockout mice 
exhibit specifi c neurobehavioral defi cits in movement, 
coordination, balance, and learning that correspond to 
selective localization of 4.1R in granule cells of the cere-
bellum and dentate gyrus.552 Thus, the data generated by 
4.1R knockout mice underscore the relevance of 4.1R to 
the cellular physiology of both erythroid and nonery-
throid cells.

Protein p55

Protein p55 is a membrane-associated guanylate kinase 
(MAGUK) homologue found in the red cell membrane 
as part of a ternary complex with glycophorin C (GPC) 
and 4.1R.574 The p55 gene has been localized to Xq28 
and is situated just distal to the factor VIII locus.575 The 
protein is heavily palmitoylated, which contributes to its 
tight association with the plasma membrane.576 The 

structure of p55 is composed of fi ve domains, including 
an N-terminal PDZ domain, an SH3 domain, a central 
4.1R binding region, a tyrosine phosphorylation zone, 
and a C-terminal guanylate kinase domain (Fig. 
15-19).577 The single PDZ domain of p55 interacts with 
C-terminal residues 112 to 128 of GPC.328,329 The binding 
site lies in a hydrophobic groove on one side of the PDZ 
domain.578 The central 39–amino acid, positively charged 
motif binds to the 30-kd domain of 4.1R. Interestingly, 
this 4.1 binding domain is conserved in other MAGUK 
proteins.579 It is not known whether p55 shares functional 
characteristics with other MAGUKs, which participate, 
for example, in ion channel clustering, signal transduc-
tion, and regulation of cell proliferation and tumor sup-
pression. It is clear, however, that p55 forms a tight 
complex with GPC and 4.1R580 such that red cells lacking 
either 4.1R or GPC are also defi cient in p55.344 There 
are 80,000 copies of p55 per red cell,576 a number less 
than the available binding sites for p55 on GPC and 
4.1R. Thus, it remains to be determined whether there 
are functional differences between GPC-4.1R complexes 
that contain p55 and those that do not.

Adducin

Adducin is a heteromeric membrane skeleton protein 
that functions in regulated assembly of the spectrin-actin 
network. Adducin is composed of an 81-kd α subunit 
associated with either an 80-kd β subunit or a 70-kd γ 
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barbed-end capping protein and stabilizes actin network 
assemblies by preventing both elongation and depoly-
merization at the barbed ends of actin fi laments.473 CapZ, 
the major barbed-end capping protein found in most 
cells, is also present in red cells but is confi ned to the 
cytoplasm and binds to the membrane only if adducin is 
removed.511 Of note, the entire adducin protein is required 
for capping activity, consistent with the presence of stoi-
chiometric amounts of adducin and actin protofi laments 
in the red cell membrane skeleton.473

Adducin Activity Is Regulated by Phosphorylation and 
Ca2+-Calmodulin. The C-terminal MARCKS domain 
contains a serine phosphorylation site targeted by both 
PKA and PKC.590 There are also three additional PKA 
sites located in the neck domain of α-adducin (see Fig. 
15-20).590 PKA phosphorylation reduces both the affi nity 
of adducin for spectrin-actin complexes and the ability 
of adducin to enhance spectrin-actin binding.590 Phos-
phorylation of the MARCKS domain by PKC inhibits 
actin capping activity and prevents adducin-mediated 
recruitment of spectrin to actin protofi laments.591 The 
MARCKS domain also contains a Ca2+-dependent 
calmodulin binding site.590 PKA or PKC phosphoryla-
tion of the MARCKS domain inhibits calmodulin 
binding.590 Calmodulin binding reduces both adducin-
actin binding and adducin-mediated enhancement of 
spectrin-actin binding.475 Calmodulin also blocks the 
binding of a second spectrin molecule to an adducin-
actin-spectrin complex.472 Once bound to the MARCKS 
domain, calmodulin reduces the rate of PKA phosphory-
lation of β-adducin and the rate of PKC phosphorylation 
of α- and β-adducin.590 Despite these in vitro effects, it 
appears that PKC phosphorylation of adducin has little 
effect on red cell membrane mechanical stability.522 α-
Adducin is also subject to Rho kinase phosphorylation 
(see Fig. 15-20), which enhances the interaction of α-
adducin with actin fi laments and secondarily with spec-
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of adducin. This model of the structure 
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the three structural domains, the phos-
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PKA, protein kinase A; PKC, protein 
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from Matsuoka Y, Hughes CA, Bennett 
V. Adducin regulation. Defi nition of the 
calmodulin-binding domain and sites of 
phosphorylation by protein kinases A and 
C. J Biol Chem. 1996;271:25157.)

subunit.472,581,582 The predominant form of adducin in red 
cells is the a2β2 heterotetramer. The human genes for 
adducins α (ADD1), β (ADD2), and γ (ADD3) have been 
mapped to human chromosomes 4p16.3, 2p13-p14, and 
10q24.2-q24.3, respectively. Whereas α and γ subunits 
are widely expressed throughout the body, β-adducin 
is selectively expressed in brain and hematopoietic 
tissues.581-583 The subunits of adducin are approximately 
50% identical to each other at the amino acid level581,582 
and are composed of three distinct domains (Fig. 
15-20).581,584 The N-terminal 39-kd domain forms the 
globular head region, which is protease resistant and 
generally more basic than the remainder of the protein.585 
A 9-kd neck region links the N-terminal domain to the 
30-kd carboxy tail. The carboxy tail is protease sensitive, 
is composed almost entirely of hydrophilic residues, and 
contains a highly basic 22-residue C-terminal motif 
homologous to the myristoylated alanine-rich C kinase 
substrate (MARCKS) protein (see Fig. 15-20).581 There 
are multiple alternative spliceoforms of adducin subunits, 
many of which generate truncated isoforms that may 
subserve tissue-specifi c functions.586-589

Adducin Binds, Bundles, and Caps Actin, in Addition to 
Enhancing the Association of Spectrin with Actin. In solu-
tion, adducin exists as a mixture of heterodimers and 
tetramers, with the 39-kd head domains contacting one 
another to form a globular core.584 An important oligo-
merization site has been localized within the 9-kd neck 
domain.474 The adducin tails, which extend from the 
head and neck domains, interact directly with the fast-
growing ends of actin fi laments and together recruit spec-
trin to the membrane skeletal complex.474 The N-terminal, 
actin binding domain and the fi rst two repeats of β-spec-
trin are involved in complex formation.476 Adducin-actin 
interactions require both the C-terminal MARCKS 
domain and the oligomerization site present in the neck 
domain.474 In red cells, adducin also functions as the 
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trin. Myosin phosphatase dephosphorylates α-adducin, 
but this activity is inhibited by Rho kinase–mediated 
phosphorylation of myosin phosphatase.592 Thus, adducin 
activity is tightly regulated in vivo by Ca2+-dependent 
calmodulin binding and a complexity of differential 
phosphorylation states. In general, Rho kinase phosphor-
ylation tends to foster interaction of adducin with actin 
and spectrin, and PKA/PKC phosphorylation or calmod-
ulin binding tends to inhibit such interaction.

Adducin and Dematin Bind to Glut-1. Recently, Chishti 
and his colleagues have discovered that adducin and 
dematin both bind to Glut-1,417c a glucose and dehydro-
ascorbic acid transporter417a,417b (see Fig. 15-6). It is not 
clear whether adducin and dematin also bind to each 
other. Since Glut-1 is relatively abundant (~400,000 
copies per RBC), this complex forms a third major 
attachment site between the membrane skeleton and the 
lipid bilayer.

Red Cells Lacking b-Adducin Are Similar to Erythro-
cytes from Patients with Mild Hereditary Sphero-
cytosis. Mice with a targeted deletion of β-adducin have 
osmotically fragile, spherocytic, and dehydrated red 
cells.583 Incorporation of α-adducin into the membrane 
skeleton is decreased by 30%, perhaps because of 
decreased α-subunit stability in the absence of its hetero-
meric partner.583 Interestingly, there is a compensatory 
fi vefold increase in the amount of γ-adducin associated 
with the red cell membrane skeleton.583 The defective 
red cell phenotype and resultant hemolytic anemia 
produced by β-adducin defi ciency underscore a role of 
β-adducin in stabilizing the red cell membrane skeletal 
network.

Adducin Is Enriched at Sites of Cell-Cell Contact in Non-
erythroid Cells. The predominant adducin subunits found 
in nonerythroid cells are α- and γ-adducin,581,582 with β-
adducin expression mostly being limited to hematopoietic 
and neural tissues.583 In cultured epithelial cells, adducin 
promptly localizes to sites of intercellular contact in 
response to the addition of calcium (0.3 mM) to the 
medium. Treatment with nanomolar concentrations of 
phorbol esters, which stimulate PKC phosphorylation of 
adducin, redistributes adducin away from the cell-cell 
contact sites.593 Transfection of Madin-Darby canine 
kidney (MDCK) cells with a mutated, unphosphorylat-
able form of adducin results in a dramatic change in intra-
cellular localization from the usual intercellular contact 
sites to a diffuse, punctate cytoplasmic distribution. These 
data indicate that focal cytoskeletal assembly and stability 
are regulated by calcium and PKC-induced modulation 
of adducin function. Interestingly, phosphoadducin-spe-
cifi c antibodies localize the phosphorylated form of 
adducin in hippocampal neurons to postsynaptic sites, the 
specialized regions of neuronal membranes that undergo 
dynamic morphologic changes and membrane skeletal 
rearrangement in response to extracellular signals.591

Polymorphisms in the Adducin Genes Have Been 
Genetically Linked to Certain Forms of Essential 
Hypertension. In rat models, a single point mutation in 
the α-adducin gene accounts for 50% of hypertension 
cases, with the mechanism of action related to changes 
in actin polymerization and increased Na+,K+-ATPase 
activity, which results in elevated renal tubular salt reab-
sorption.594-596 A Gly460Trp polymorphism in α-adducin 
is associated with a salt-sensitive form of essential hyper-
tension in certain human populations,597 but not in 
others.598-601 Intracellular erythrocyte sodium content 
and renal fractional excretion of sodium are signifi cantly 
decreased, and Na+,K+-ATPase, Na+-K+-Cl− cotransport, 
and Li+-Na+ countertransport are increased in subjects 
with the 460Trp polymorphism.602,603 Homozygosity for 
the allele is estimated to be responsible for about 10% of 
cases of low-renin hypertension.

Dematin (Protein 4.9)

Dematin is an actin-binding protein that bundles actin 
fi laments into cables.604 Because actin bundles are not 
seen in electron micrographs of red cell skeletons, it 
probably has other functions in erythrocytes. One of 
these may be to help attach the membrane skeleton to 
Glut-1 and the lipid bilayer.417c The dematin gene has 
been mapped to human chromosome 8p21.1 and is 
widely expressed throughout the body. Red cells contain 
both a 48-kd gene product and a 52-kd spliceoform that 
incorporates a 22–amino acid insertion164,605; additional 
alternative spliceoforms have been identifi ed in the 
brain.606 The protein is composed of two domains, a rod-
shaped N-terminal tail and a C-terminal actin-binding 
headpiece that shares homology with villin, an actin-bun-
dling protein localized to the epithelial brush border.605 
The 22–amino acid insertion contains an ATP binding 
site within a conserved 11–amino acid motif that is also 
found in protein 4.2.165 The native protein exists as a 
trimer composed of two 48-kd subunits and one 52-kd 
subunit held together by disulfi de bonds.164 Dematin 
is phosphorylated by PKA and PKC,607 with cAMP-
dependent phosphorylation completely abolishing its 
actin-bundling capability.608 Phosphorylation at the 
cAMP-dependent site Ser74 induces a conformational 
change in the structure of the headpiece that is presum-
ably responsible for this change in function.609 Dematin 
interacts with the Ras–guanine nucleotide exchange 
factor Ras-GRF2 in extracts from brain, blocks transcrip-
tional activation of Jun by Ras-GRF2, and activates 
ERK1 via a Ras-GRF2–independent pathway.610 Because 
Rho GTPases regulate actin organization, dematin may 
help organize and stabilize actin within the membrane 
skeletal network.

Knockout of the dematin headpiece leads to a very 
mild spherocytic hemolytic anemia,611 thus suggesting 
that the actin-binding activity of dematin is either redun-
dant or not critical for membrane stability. When dematin 
and β-adducin knockouts are combined, the effect on 
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membrane shape, stability, and life span is much more 
severe.612 This suggests that the adducin–dematin–
Glut-1 complex is a physiologically important connec-
tion between the membrane skeleton and the lipid 
bilayer.

Tropomyosin

TM is a heterodimeric protein (reviewed by Gunning 
and colleagues613) that functions in red cells to stabilize 
F-actin protofi laments in uniform segments measuring 
37 nm long.166,614 The α-helical 27- and 29-kd subunits 
of TM form a rod-like coiled coil in vivo and migrate in 
the region of band 7 when subjected to SDS gel electro-
phoresis (see Fig. 15-5).615 The two major human TM 
isoforms found in red cells are designated hTM5 and 
hTM5b and derive from the γ- and α-TM genes, respec-
tively.166 hTM5 and hTM5b are each composed of 248–
amino acid residues, measure 33 to 35 nm in length, and 
have high affi nity for F-actin and TMod. They are shorter 
than muscle TM. Each actin protofi lament binds two TM 
molecules such that one TM binds to 1 of the 12 to 14 
monomeric actin fi laments contained in the protofi la-
ment double helix.615 Thus, all of the actin protofi laments 
within the red cell membrane skeleton are coated with 
TM, which strengthens the fi lamentous network. The 
corresponding sizes of TM and actin protofi laments have 
led to the hypothesis that TM functions as a molecular 
ruler, along with actin-capping proteins, in dictating the 
length of the actin protofi laments. The amino-terminal 
of TM binds with high affi nity to tropomodulin (TMod), 
the capping protein for the pointed or slow-growing end 
of actin. Two molecules of TM bind per TMod in a coop-
erative manner.616 This interaction limits the cooperativ-
ity of actin-TM associations, thereby restricting the 
length of actin fi laments beyond the length of TM itself.617 
Binding of TM to actin is unaffected by spectrin, but 
spectrin-actin interactions are inhibited by saturating 
concentrations of TM,618 and red cell membranes that 
lack TM are markedly more fragile than normal.619 The 
actin binding domain of β-spectrin is more easily 
exchanged into the membrane skeleton of TM-depleted 
red cell membranes, thus indicating that TM strengthens 
spectrin-actin-4.1 binding.619 Only endogenous TM and 
not the longer muscles isoforms can restore mechanical 
stability to the TM-depleted membranes. These fi ndings 
suggests that actin-TM interactions may dictate the site 
specifi city, strength, or extent of spectrin binding along 
the actin fi lament and that endogenous TM is required 
for these effects.

Caldesmon

Caldesmon is a 71-kd protein identifi ed in red cells in 
1 : 1 stoichiometry with TM. In conjunction with TM, 
actin-bound caldesmon has been shown to modify actin-
activated myosin ATPase activity.620 It has been specu-
lated that caldesmon may function as the inhibitory 

component of an incompletely characterized contractile 
system that may be present within the red cell.

Tropomodulin

TMod is a 41-kd protein that functions as an actin-
capping protein at the pointed or slow-growing end 
of actin fi laments. The C-terminal end of TMod has 
pointed-end actin-capping activity, whereas the N-
terminal portion binds with high affi nity to two molecules 
of TM,616 which results in further strengthening of 
actin capping.621 Among TM homologues, TMod binds 
with highest affi nity to the shorter nonmuscle erythrocyte 
isoforms (hTM5 and hTM5b) and not as well to the 
longer muscle TM.166,617,622 An intact coiled coil at 
the N-terminal of TM is required for TMod binding.623 
The interaction of TMod with TM inhibits the head-to-
tail associations of TM molecules along actin fi laments, 
thereby restricting the lengths of TM-stabilized actin fi la-
ments.624 TMod remains attached to the red cell mem-
brane even after removal of spectrin, actin, and TM. The 
membrane binding site for TMod and the signifi cance of 
this membrane interaction are unknown.

Myosin

Red cells contain a nonmuscle myosin composed of 
two light chains (19 and 25 kd) and one heavy chain 
(200 kd).625,626 The protein has two globular heads, a rod-
like tail that self-associates to form bipolar fi laments, and 
the characteristic actin-activated Mg2+-ATPase activity.626 
There are approximately 80 actin monomers for every 
myosin molecule in the red cell, an actin-myosin ratio 
comparable to that in other nonmuscle cells.627 Interest-
ingly, neonatal red cells have 2.5 times the myosin of 
adult cells, perhaps accounting for the enhanced motility 
of neonatal reticulocytes.628 The spectrin-actin binding 
domain of 4.1R binds to myosin and partially inhibits its 
actin-activated Mg2+-ATPase activity.533 Thus, 4.1R 
binding may function as a means of regulating myosin 
activity in erythroid cells.

Ankyrin

Erythrocyte ankyrin (ankyrin-1 or ankyrinR) is a 206-kd 
protein629 that links spectrin to band 3 and thus forms 
the basis of the skeleton-membrane attachment so criti-
cal to the mechanical and viscoelastic properties of the 
red cell. AnkyrinR is encoded by the ANK1 gene, which 
has been localized to the short arm of chromosome 8 
near the centromere (8p11.2).630 The protein is com-
posed of three domains: an 89-kd membrane domain 
(amino acids 2 to 827) that interacts with band 3 (and 
other integral membrane proteins in nonerythroid cells), 
a 62-kd spectrin binding domain (amino acids 828 to 
1382), and a 55-kd C-terminal domain (CTD) (amino 
acids 1383 to 1881) that modulates ankyrin’s interac-
tions with spectrin and band 3 (Fig. 15-21). Alternative 
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FIGURE 15-21. A, Model of the erythroid ankyrin (Ank1 or AnkR) structure. The membrane domain (89 kd) contains 24 “Ank” repeats (33 
amino acids each) grouped functionally into subdomains of six repeats. Their consensus sequence is shown at the top left in single-letter amino 
acid code. Dashes indicate less conserved residues. There are two binding sites for band 3, one involving repeats 7 to 12 and one involving repeats 
13 to 24. The spectrin domain (62 kd) contains the binding site or sites for spectrin. These two domains are the most conserved. The C-terminal 
(regulatory) domain (55 kd) is thought to modulate the binding functions of the other two domains. A conserved death domain (DD) resides at the 
beginning of this domain. It is similar to death domains in proteins involved in apoptosis, but its function in ankyrins is unknown. In the middle 
of the domain a highly acidic inhibitory region in exon 38 is spliced out of full-length ankyrin (ankyrin 2.1) to make ankyrin 2.2. At least eight 
isoforms of the last three exons exist. In addition, isoforms lacking exons 38 and 39, 36 through 39, and 36 through 41 have been detected. The 
asterisk and vertical line under it indicate the location of the translation terminator codon. The inset shows the structure of four consecutive ankyrin 
repeats.631 Each repeat forms an L-shaped structure. A β-hairpin loop (arrows) makes up the bottom of the L, and two antiparallel α-helical coils 
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bundles. The small triangles in the inset indicate the junction between adjacent repeats. B, Model of the membrane domain based on the structure 
of half the domain632 and viewed along the spiral axis. C, Model of the interaction between a dimer of the cytoplasmic domain of band 3 (gray 
and purple) and repeats 13 to 24 of ankyrin (green). Residues predicted to bind to ankyrin are shown in purple. (A, Redrawn from Walensky LD, 
Narla M, Lux SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP [eds]. Blood: Principles and Practice of Hematology, 2nd ed. 
Philadelphia, JB Lippincott, 2003, pp 1709-1858, with permission. B and C, redrawn from Michaely P, Tomchick DR, Machius M, Anderson RG. Crystal 
structure of a 12 ANK repeat stack from human ankyrinR. EMBO J. 2002;21:6387.)
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splicing, particularly in the CTD, generates several 
ankyrin species in the red cell and accounts for the pres-
ence of ankyrin bands 2.1, 2.2, 2.3, and 2.6 on SDS gel 
electrophoresis (see Fig. 15-5).629 Disruption of the 
ankyrin–band 3 interaction by exposing intact red cells 
to alkaline pH causes marked membrane instability, 
thereby emphasizing the importance of the ankyrin 
linkage to red cell phy siology.633 Indeed, defects in ankyrin 
are the most common cause of HS (see the section 
“Hereditary Spherocytosis”).634

Membrane Domain

The 89-kd N-Terminal Domain of Ankyrin Contains 24 
Consecutive 33–Amino Acid Repeats.629 The ankyrin 
repeats are organized functionally into four subdomains 
of six repeats each635 and contain two distinct and cooper-
ative binding sites for band 3.636 One band 3 binding site 
occurs at repeats 7 to 12 (subdomain 2) and the other at 
repeats 13 to 24 (subdomains 3 and 4) (see Fig. 15-21A 
and C). Thus, the presence of two binding sites on ankyrin 
for dimeric band 3 facilitates the tetramerization of band 
3 upon ankyrin binding.214 The high-affi nity binding inter-
face for ankyrin on the cytoplasmic domain of band 3 (Kd 
≈ 10−7 to 10−8 M) has been localized to an external loop 
(amino acids 175 to 185) in the middle of the cytoplasmic 
domain (see Fig. 15-9).637,638 Removal of this loop abol-
ishes affi nity for ankyrin.209 Surprisingly, however, red 
cells containing the loop-deleted ankyrin are only mildly 
spherocytic and unstable, much less so than red cells that 
lack ankyrin or band 3.210 This suggests that either there 
are additional ankyrin–band 3 interactions or that loss of 
ankyrin or band 3 affects other interactions attaching the 
lipid bilayer and membrane skeleton. Both may be true. 
There is some evidence that ankyrin also interacts with 
the N-terminal of band 3, both proteins interact with 
protein 4.2 (see later), and ankyrin and 4.2 both interact 
with spectrin and with elements of the Rh complex (see 
Fig. 15-6).392,639,640 The fact that the ankyrin binding site is 
mutated in Rh proteins and RhAG from some weak D 
and Rh(null) variants, respectively, suggests that the Rh-
RhAG/ankyrin interaction is crucial for biosynthesis or 
stability of the Rh complex.640

Ankyrin Repeats Are Found in Hundreds of Proteins in 
All Phyla and Are One of the Most Common Protein 
Sequence Motifs. The ankyrin repeat motif 641 functions 
as a site of protein-protein interaction in a broad range 
of proteins involved in development, cell cycle control, 
oncogenesis, transport, and many other functions.642,643 
Ankyrin repeats form a novel L-shaped structure consist-
ing of a β hairpin (bottom of the L) followed by two α 
helices that pack side to side in an antiparallel fashion 
(stem of the L) (see Fig. 15-21A and B).631,632,644 In 
ankyrin, the repeats correspond to individual exons.645 
They start at the tip of the β hairpin and line up side to 
side like overlapping L’s, with the hairpins forming a β 
sheet that is perpendicular to the plane of the α helices. 
The concave and convex surfaces of the connected repeats 
provide an ideal interface for protein-protein interac-

tions, thus making the ankyrin repeat a versatile binding 
partner. A model of the 24 repeats of ankyrin resembles 
one twist of a spring (see Fig. 15-21B), and recent 
mechanical studies show that ankyrin repeats have spring-
like properties646; some speculate that they may serve as 
mechanoreceptors to link external mechanical forces to 
signal transduction or changes in ion transport.646,647 A 
model of how red cell band 3 might interact with ankyrin 
is shown in Figure 15-21C.

Spectrin Domain

The central 62-kd domain of ankyrin binds to β-spectrin 
and attaches the spectrin-actin–based skeleton to the 
plasma membrane. Ankyrin-spectrin interactions are 
cooperative such that ankyrin binding promotes spectrin 
tetramer and oligomer formation.648 The spectrin binding 
interface involves regions at the beginning and middle of 
the domain (see Fig. 15-21A).649,650 The site in the middle 
of the spectrin domain is highly conserved among ery-
throid and nonerythroid ankyrins and probably repre-
sents a critical point of spectrin attachment; the amino 
acid sequence at the beginning of the domain is less well 
conserved among ankyrins and may account for selective 
interactions with distinct β-spectrin homologues.650 The 
binding site on spectrin is formed by the last third of 
β-spectrin repeat 14 and repeat 15 (see Fig. 15-13).461 
β-Spectrin repeat 15 is distinguished by the lack of a 
conserved tryptophan at position 45 of the repeat (amino 
acid 1811 of β-spectrin I) and by a nonhomologous 43-
residue segment in the terminal third of the repeat; the 
fi rst 30 residues of repeat 15 are highly conserved among 
erythroid and nonerythroid β-spectrins and are believed 
to be critical for ankyrin binding.461

C-Terminal (Regulatory) Domain

The 55-kd CTD contains sequences that regulate ankyrin 
interactions651,652 and has been dubbed the “regulatory 
domain.”629 Alternative splicing within the CTD yields at 
least 15 ankyrin isoforms that differ in size and presum-
ably function (see Fig. 15-21A).645 For example, one 
isoform of ankyrin, represented by band 2.2, lacks an 
acidic 162–amino acid peptide present in full-sized 
ankyrin (band 2.1). Omission of this sequence generates 
an activated ankyrin that exhibits enhanced binding to 
band 3 and spectrin652 and facilitates binding of ankyrin 
to additional distinct targets in nonerythroid mem-
branes.653 The identifi cation of a membrane-associated 
protease that cleaves ankyrin suggests that cleavage of a 
repressor region within the CTD may activate ankyrin.653 
The CTD also contains a region homologous to the 
“death domain” of proteins implicated in apoptosis,654 
thus suggesting that ankyrins may additionally play a role 
in this signaling pathway. The function of the death 
domain in red cell ankyrin is unknown, but the death 
domain of Ank3 interacts with Fas in renal epithelial cells 
and triggers apoptosis.655 There is a reasonable possibility 
that the C-terminal region of ankyrin also contains other 
functional domains because the most C-terminal amino 
acids are reasonably well conserved.
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Phosphorylation

Phosphorylation of ankyrin regulates its interactions with 
spectrin and band 3. In vitro, up to seven phosphates are 
added to ankyrin by casein kinase I656 and three to four 
phosphates are contributed by casein kinase II.657 
Unphosphorylated ankyrin preferentially binds to spec-
trin tetramers and oligomers rather than spectrin 
dimers.648,656,658 This preference is abolished by phos-
phorylation, which also reduces the capacity of ankyrin 
binding to band 3.659

Ankyrin Genes

There Are Three Ankyrin Genes: ANK1, ANK2, and 
ANK3. The corresponding proteins ankyrinR (ankyrin-1), 
ankyrinB (ankyrin-2), and ankyrinG (ankyrin-3) exhibit 
distinct patterns of expression in the body and have mul-
tiple spliceoforms. Whereas ankyrinB and ankyrinG both 
contain membrane and spectrin domains highly homolo-
gous to those of ankyrinR, distinctions arise from hetero-
geneous CTDs and domain insertions, differential 
cellular and intracellular localizations, and an eclectic 
array of binding partners. Nonerythroid ankyrins link the 
spectrin-actin–based skeleton to a large number of struc-
turally diverse integral membrane proteins other than 
band 3. Examples include transporters such as AE2, 
Na+,K+-ATPase, the electrogenic and amiloride-sensitive 
Na+ channels, the Na+-Ca2+ exchanger, H+,K+-ATPase, 
the Rh/RhAG ammonium transporter, the voltage-regu-
lated K+ KCNQ2/3 channels, and the hepatic system A 
amino acid transporter; receptors such as the IP3 receptor 
and the ryanodine receptor; and adhesive proteins such 
as CD44, E-cadherin, and the neural cell adhesion mol-
ecules neurofascin, L1, NrCAM, NgCAM, and neuro-
glian. Ankyrins are capable of associating with a wide 
variety of target proteins as a result of their versatile ANK 
repeats.643,660,661 There is no specifi c motif that specifi es 
an ankyrin binding site in these proteins. They seem to 
have developed by convergent evolution. The diversity of 
ankyrin homologues and spliceoforms has been impli-
cated in establishing and maintaining the spatial organi-
zation of integral membrane proteins within specialized 
subcellular compartments.

AnkyrinR Is Also Expressed in Nonerythroid Cells. In 
addition to its critical role as a component of the red cell 
membrane skeleton, ankyrinR is found in muscle cells, 
macrophages, endothelium, and specifi c neuronal popu-
lations. In muscle cells, for example, the full-sized ankyrinR 
localizes to the sarcolemma and nuclei and functions to 
stabilize the myocyte membrane skeleton.662 In addition, 
muscle cells express small ankyrinR spliceoforms (20 to 
26 kd) that contain homologous C-terminal sequences in 
addition to a unique, hydrophobic N-terminal extension. 
The hydrophobic peptide is believed to insert directly into 
the sarcoplasmic reticulum membrane and functions to 
stabilize the sarcoplasmic reticulum through an ankyrin-
based linkage to the contractile apparatus.662,663 In the 
brain, ankyrinR isoforms are fi rst expressed during the 

postmitotic phase of neuronal development664 and ulti-
mately localize to the cell bodies and dendrites of selective 
neuronal populations, with particularly robust expression 
in the Purkinje and granule cells of the cerebellum.665

AnkyrinB (ANK2) and AnkyrinG (ANK3) Are Both 
Expressed in Most Cells but Have Distinct Functions. An-
kyrinB and AnkyrinG are located on chromosomes 4q25-
q27 and 10q21, respectively. There are many splice 
variants of both ankyrins that add or delete various func-
tional domains and that are differentially expressed in 
different tissues.666,667 Among the variants are very large 
ankyrins that contain a large, extended, hydrophilic, fi la-
mentous tail domain inserted between the spectrin 
domain and the CTD.668

The 440-kd α-ankyrinB is specifi cally associated with 
the plasma membranes of unmyelinated and premyelin-
ated axons and, accordingly, is the predominant ankyrin 
found in neonatal brain.668 The inserted domain targets 
the protein to unmyelinated and premyelinated sites, and 
expression is subsequently downregulated upon axonal 
myelination.669 AnkyrinB knockout mice exhibit hypopla-
sia of the corpus callosum and pyramidal tracts, ventricu-
lomegaly, optic nerve degeneration, and death by 
postnatal day 21.670 This phenotype shares similarities to 
mice and humans with defi ciencies of L1, a member of 
the L1 CAM family of cell adhesion molecules. These 
data suggest that 440-kd α-ankyrinB, in conjunction with 
L1, plays an essential role in the maintenance of premy-
elinated axons during development.

AnkyrinB also exists in a complex with Na+,K+-
ATPase, the Na+-Ca2+ exchanger, and the IP3 receptor 
within the T tubules of cardiomyocytes.671 It is presumed 
that the complex shuttles Ca2+ from the sarcoplasmic 
reticulum across the plasma membrane. Loss-of-function 
mutations of ankyrin B are quite common in white popu-
lations (2%)672 and cause a dominantly inherited cardiac 
arrhythmia with an increased risk for stress-induced 
cardiac death (“sick sinus syndrome”).673,674

The 200-kd isoform of ankyrinG, which has a typical 
three-domain ankyrin structure, is expressed in the 
plasma membranes of many cells throughout the body, 
particularly epithelial and muscle cells.666 The 480- and 
270-kd spliceoforms of ankyrinG localize to axon initial 
segments and the nodes of Ranvier, an axonal membrane 
site where ion fl uxes propagate neuronal action poten-
tials.675 AnkyrinG cooperates with spectrin βIV437 to local-
ize voltage-gated Na+ channels, KCNQ2/3 channels, 
neurofascin, and NrCAM to axon initial segments and 
the nodes of Ranvier.675-678 Mice that fail to express anky-
rinG in the cerebellum become ataxic because of loss of 
Purkinje neurons, cannot localize voltage-gated sodium 
channels to axon initial segments, and have diffi culty 
initiating action potentials.679 Similarly, mice lacking 
spectrin βIV have diminished protein under the mem-
brane and membrane blebbing at the nodes of Ranvier 
and axon initial segments.680

AnkyrinG and βII-spectrin collaborate to stabilize the 
lateral domain of bronchial (and perhaps other) epithelial 
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cells and localize Na+,K+-ATPase and E-cadherin at sites 
of cell-cell contact.681-683 The two molecules also seem to 
be involved in biogenesis of the lateral membrane.681,682

Other ankyrinG isoforms are found in the endoplas-
mic reticulum, Golgi apparatus, and early endosomes684; 
in late lysosomes685; and in coated pits, where the repre-
sentative isoform binds to clathrin and plays a role in the 
budding of clathrin-coated pits during endocytosis.686

AnkyrinR Mutations

Mice with Normoblastosis (nb/nb) Produce a Defective 
Ankyrin That Causes Severe Hemolytic Anemia. Red cells 
from nb/nb mice contain a nonsense mutation in ankyrin 
just between the spectrin binding domain and the CTD 
that leads to the production of decreased amounts of a 
shortened (157 kd) ankyrin.687,688 As a result, nb/nb red 
cells are also moderately spectrin defi cient despite normal 
spectrin synthesis.503,687 The resultant red cells exhibit 
severe osmotic fragility and a shortened life span because 
of a defective membrane skeleton. Interestingly, ataxia 
also develops in mature nb/nb mice secondary to dropout 
of Purkinje cells in the cerebellum.689 AnkyrinR is highly 
expressed in the cerebellar Purkinje cells of normal 
mice; the observed reduction of ankyrinR in the Purkinje 
cells of nb/nb mice may contribute to cell fragility and 
degeneration.

ANK1 Mutations Are the Most Common Cause of 
Hereditary Spherocytosis in Humans. AnkyrinR mutations 
lead to combined defi ciencies of ankyrin and spectrin. 
The defective cells produce a variable clinical manifesta-
tion ranging from mild hemolysis to severe transfusion-
dependent anemia634 (see “Hereditary Spherocytosis”).

Protein 4.2

Protein 4.2 is an 80-kd peripheral membrane protein that 
participates in stabilizing the red cell membrane skeleton 
through interactions with band 3, CD47, spectrin, 
ankyrin, and the lipid bilayer. Protein 4.2 shares homol-
ogy with transglutaminases and is part of a transgluta-
minase gene cluster on chromosome 15q15, but it lacks 
transglutaminase activity, having an Ala instead of a 
required Cys at its active site.690,691 It is fi rst detected in 
late erythroblasts and is the last of the major erythrocyte 
membrane proteins to be made.692 There are eight spli-
ceoforms that arise from alternative splicing of exon 3, 
exon 5, or 90 bp in exon 1.692,693 The major form lacks 
the 90-bp segment. The others are all minor species in 
the mature red cell. The protein is found mostly in ery-
throid tissues694 and the lens.695 Reports of protein 4.2 
detected in other tissues by immunologic methods696 are 
not adequately controlled for antibody cross-reactivity 
with tissue transglutaminases.

Protein 4.2 Structure

Band 3 Binding. Protein 4.2 binds to band 3 with a 
Kd of 10−6 to 10−7 M. The band 3 binding site on 4.2 has 
been mapped to amino acids 187 to 211 (Fig. 15-22).697 
This sequence encompasses a palmitoylation site on 
Cys203, and palmitoylation enhances band 3 binding.697 
The binding site for protein 4.2 on band 3 has not been 
clearly identifi ed; however, red cells from patients with 
the cytoplasmic band 3 mutations Glu40→Lys and 
Pro327→Arg show some defi ciency of protein 4.2, thus 
suggesting that both proximal and distal cytoplasmic 
band 3 sequences may be involved (see Fig. 15-7). Red 
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FIGURE 15-22. A, Schematic of protein 
4.2 indicating its functional regions and 
post-translational modifi cations. aa, amino 
acid. B, Protein 4.2 sequence mapped 
onto the three-dimensional surface of a 
related transglutaminase, factor XIII. The 
dimer of factor XIII is shown, with one 
molecule in blue and one in magenta. Note 
that the spectrin binding site lies near the 
dimer interface and adjacent to the band 3 
binding site on one side of the molecule 
and that the ATP binding site lies on the 
opposite side of the molecule.
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cells that lack band 3 also lack protein 4.2 despite normal 
protein 4.2 synthesis.222 Conversely, band 3 is partially 
defi cient in red cells that lack protein 4.2.223 As noted 
earlier, it is not clear whether protein 4.2 binds to the 
ankyrin-linked band 3 tetramers or the “free” band 3 
dimers. Studies of band 3 mobility suggest that 4.2 binds 
to band 3 dimers, but 4.2 also binds to ankyrin, which 
attaches to band 3 tetramers.219,220 Because only a frac-
tion of protein 4.2 remains attached to the membrane 
skeleton (which retains ankyrin-linked band 3 tetramers) 
after band 3 dimers are extracted with Triton X-100,172 it 
probably binds to both.

Ankyrin Binding. Protein 4.2 also interacts with 
ankyrin. The two proteins associate in solution698 and 
there is indirect evidence that they interact on the mem-
brane. Red cells containing protein 4.2 Komatsu 
(Asp175→Tyr) lack 4.2, and the recombinant protein 
fails to bind ankyrin.699,700 Mapping studies localize 
the ankyrin binding site to a neighboring region (amino 
acids 187 to 200),701 just next to the band 3 binding site 
(see Fig. 15-22). It seems likely that ankyrin interacts 
with 4.2 bound to tetrameric band 3, but this is also 
unknown.

CD47 Binding. Recent work shows that protein 4.2 
interacts with the Rh complex through CD47.639,702,703 
Patients lacking protein 4.2 nearly lack CD47,639,702 and 
patients with partial defi ciency of 4.2 have less CD47 
attached to the membrane skeleton.138 However, mice 
lack this association702 (and, interestingly, protein 4.2 is 
easier to extract from the membrane in mice). On the 
other hand, mice and humans with absent CD47 or low 
expression of the protein do not have reduced protein 
4.2.702 This and other recent work392 provides convincing 
evidence for an association of the band 3 complex (band 
3, ankyrin, GPA, and 4.2) with the Rh complex (RhAg, 
Rh polypeptides, GPB, LW, and CD47).

Spectrin Binding. Korsgren and colleagues fi rst 
showed that protein 4.2 binds spectrin.219 They identifi ed 
both high- (Kd ≈ 10−9 M) and low-affi nity (Kd ≈ 10−7 M) 
sites. Reconstituting 4.2-stripped membrane vesicles with 
4.2 increased spectrin binding capacity from approxi-
mately 50% to about 80% of normal.219 The binding site 
on 4.2 has been mapped to amino acids 470 to 492 (see 
Fig. 15-22).704 This peptide contains a segment homolo-
gous to ERM proteins, such as protein 4.1.

Post-translational Modifi cations. Protein 4.2 has a 
nucleotide-binding P-loop (residues 342 to 352) and 
binds ATP with a Kd of around 10−6 M.165 This is well 
below the concentration of ATP in the red cell (1.5 to 
1.9 mM), so 4.2 should be nearly saturated with ATP 
under physiologic conditions. The consequences of this 
binding are unknown.

Protein 4.2 is myristoylated on its N-terminal 
glycine705 and is palmitoylated on Cys203,706 which sug-

gests that the protein may interact with lipid bilayers. It 
is likely that most of the 4.2 molecules are myristylated.705 
The extent of palmitoylation is unknown. The myristoyl 
group seems to infl uence cellular localization because 
nonmyristoylated 4.2 does not go to the plasma mem-
brane.707 As noted earlier, the palmitoyl group enhances 
binding of protein 4.2 to band 3 at least threefold.697

Topology. When the aforementioned sites are mapped 
onto the surface of factor XIII, a homologous transglu-
taminase, the putative spectrin and band 3 sites are pre-
dicted to lie quite close to each other on the front face 
of the molecule (see Fig. 15-22B). The ATP-binding 
loop, on the other hand, is predicted to lie on the rear 
face, adjacent to the dimer interface. The predicted spec-
trin site also lies next to the dimer interface on the front. 
Such topology suggests that it will be important to inves-
tigate the effects of ATP and spectrin binding on 4.2 
oligomerization and test whether spectrin and band 3 
cooperate or compete for binding to protein 4.2.

Protein 4.2 Defi ciency Is a Cause of 
Hereditary Spherocytosis and 
Ovalostomatocytosis

Mutations in the human protein 4.2 gene are associated 
with the production of dysmorphic and osmotically 
fragile red cells, which results in hemolytic anemia (see 
“Hereditary Spherocytosis”). Protein 4.2–null mice also 
exhibit mild HS.223 The defective red cells demonstrate 
loss of membrane surface area and defective cation trans-
port, with cell shrinkage being associated with increased 
Na+ permeability.223 Whereas the spectrin and ankyrin 
content of the 4.2-null red cells is normal, there is 
decreased band 3 protein and a corresponding decline in 
anion transport activity.223

Peroxiredoxins

There are six known mammalian peroxiredoxins (Prdx1 
to Prdx6). Peroxiredoxin-2 is the most common in red 
blood cells and is the third most abundant protein in the 
cell. Peroxiredoxin-1 and peroxiredoxin-6 are present in 
smaller amounts. The peroxiredoxins are widely distrib-
uted and conserved in evolution. They protect cells from 
insult by reactive oxygen species and regulate signal 
transduction pathways that infl uence cell growth and 
apoptosis.708

Peroxiredoxin-2

Peroxiredoxin-2, also known as thioredoxin peroxidase B, 
calpromotin, thiol-specifi c antioxidant protein, protector 
protein, natural killer–enhancing factor B, acidic peroxi-
doxin, torin, and band 8, is 198 resides in length (≈22 kd) 
and is a soluble cytoplasmic protein that translocates to 
the membrane in the presence of Ca2+. There are approxi-
mately 14 million copies per cell,379,709 but only about 
200,000 molecules appear to be associated with the 
membrane in normal red cells judging from the intensity 
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of band 8 on SDS gels. Accumulation of peroxiredoxin-2 
is maximal in early erythroid development, before the 
start of hemoglobin synthesis.710 In common with the 
glutathione peroxidases, peroxiredoxins are able to reduce 
hydrogen peroxide (H2O2) and lipid hydroperoxides to 
water or the corresponding alcohol, respectively. The 
activity of peroxiredoxin-2 depends on a pair of highly 
conserved cysteine residues that catalyze the peroxide 
reduction step. Thioredoxin is the hydrogen donor. Per-
oxiredoxin-2 is especially abundant in the adrenal glands, 
brain, and lung, as well as in blood.

In the red cell, peroxiredoxin-2 activates the Gárdos 
channel, a charybdotoxin-sensitive Ca2+-dependent, K+ 
channel, which leads to loss of K+ and water.379 Such acti-
vation is associated with increased Ca2+-dependent 
binding of dimeric peroxiredoxin-2 to the red cell mem-
brane as a pentamer of the dimers.375,378 Peroxiredoxin-2 
is especially abundant on the red cell membranes of sickle 
cells, particularly the dense, dehydrated fraction of sickle 
cells.711 Interestingly, peroxiredoxin-2 binds stomatin,375 a 
protein that is nearly absent in hereditary stomatocytosis, 
a severe hemolytic anemia associated with markedly 
increased Na+ and K+ permeability (see later discussion).

Recent experiments show that peroxiredoxin-2 is 
extremely effi cient at scavenging H2O2.712 It can rapidly 
detect and remove even the small amounts generated 
endogenously by hemoglobin auto-oxidation. In the 
process the enzyme is oxidized to a disulfi de-linked 
homodimer. Because there is very little thioredoxin 
reductase activity in red cells, the oxidized enzyme is 
recycled slowly. However, the concentration of peroxire-
doxin-2 is so high that it is still highly effective at protect-
ing the red cell against low concentrations of H2O2. This 
is shown by the fact that mice lacking peroxiredoxin-2 
have a Heinz body hemolytic anemia, with Heinz bodies 
appearing spontaneously at about 2 weeks of age.713 
Smears show burrs, spherocytes, and dense cells.

Peroxiredoxin-1

Despite its low concentration, peroxiredoxin-1 also seems 
to play an important oxidant-protective role in the red 
cell. In peroxiredoxin-1 knockout mice, severe oxidant-
type hemolytic anemias begin to develop at about 9 
months of age, and several types of cancer develop later.714 
The anemias feature an increase in reactive oxygen 
species, protein oxidation, hemoglobin instability, and 
Heinz body formation.

ORGANIZATION OF 
THE MEMBRANE SKELETON

By analogy, the skeleton is sometimes compared to a 
sweater, which reveals its nodes and individual fi laments 
when stretched, but not when collapsed. Stretched skele-
tons reveal complexes of F-actin (the nodes) cross-linked 
by molecular fi laments of spectrin in a geodesic dome-like 
arrangement when viewed by high-resolution, negative-
stain electron microscopy (see Fig. 15-16).508,715,716 

Dematin, adducin, and protein 4.1 colocalize with 
these complexes on immunoelectron microscopy (Fig. 
15-23).715 Most of the complexes are connected by spec-
trin tetramers (85%) and three-armed hexamers (10%) 
(see Fig. 15-16).716 Ankyrin- and band 3–containing glob-
ular complexes attach to spectrin about 80 nm from its 
distal end or 20 nm from the site of self-association (see 
Fig. 15-16). The average thickness of the skeletal protein 
layer has been estimated to be 3 to 6 nm from x-ray dif-
fraction data717 and 7 to 10 nm from electron micro-
graphs.718 These dimensions suggest that the skeleton is 
only one or two molecules thick on average, which means 
it must cover about 25% to 50% of the inner membrane 
surface area—and even more if a hydration shell around 
the proteins is included. This corresponds reasonably to 
micrographs of unspread skeletons, where the contracted, 
collapsed spectrin fi laments appear to cover most but not 
all of the inner membrane surface.458

A model of the membrane skeleton based on this and 
other evidence is shown in Figure 15-6. Similar models 
have existed, with gradual refi nement, since 1979.719 
Spectrin dimers are depicted as a twisted, fl exible poly-
mers joined head to head to form tetramers and higher-
order oligomers. Self-association occurs between the 
N-terminal end of the spectrin α chain and the C-termi-
nal end of the β chain (see Fig. 15-13), as described in 
detail in the earlier section on spectrin. Spectrin mole-

100 nm

Protein 4.1 Dematin (4.9) Adducin

Band 3Ankyrin

FIGURE 15-23. Immunogold labeling of proteins in red cell mem-
brane skeletons. Expanded membrane skeletons were incubated with 
affi nity-purifi ed antibodies to the membrane skeletal proteins indicated 
and then washed and stained with 5 nm gold-labeled anti-IgG. Note 
that protein 4.1, dematin, and adducin are located in junctional com-
plexes (arrowheads) whereas band 3 and ankyrin reside in globular 
structures (arrows) on spectrin fi laments, midway between junctional 
complexes. (From Liu S-C, Derick LH. Molecular anatomy of the red blood 
cell membrane skeleton: structure-function relationships. Semin Hematol. 
1992;29:231.)
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cules are linked into a two-dimensional network by inter-
actions with a complex of actin protofi laments, protein 
4.1, dematin, adducin, tropomyosin, and tropomodulin 
(see Fig. 15-6). These associations occur at the tail ends of 
the bifunctional spectrin tetramer, where protein 4.2 also 
binds.221 The predicted complexes are morphologically 
similar to isolated spectrin-actin-4.1 complexes and to 
structures observed in situ in normal ghosts (see Figs. 15-
16 and 15-23). They appear to serve as a branch point or 
“molecular junction” in skeletal construction. On average, 
six spectrin molecules emanate from each complex, 
although there is some variation. This is evident in the 
hexagonal arrangement of spectrin in spread skeletons 
(see Fig. 15-16). In unperturbed skeletons, most spectrin 
molecules probably fold up to about a third of their length 
and do not extensively overlap or intertwine.458,459

Individual spectrin tetramers and oligomers are 
attached to the overlying lipid bilayer through high-
affi nity interactions with ankyrin and band 3, probably 
with the assistance of protein 4.2. Current evidence sug-
gests that band 3 is a mixture of dimers and tetramers in 
the membrane214 and that the tetramer binds only one 
molecule of ankyrin.720,721 If so, about 40% of the band 3 
molecules are involved in anchoring the membrane 
skeleton through ankyrin. Although the spectrin tetramer 
contains two ankyrin binding sites, there is only enough 
ankyrin to fi ll one, and on average, only one is fi lled in situ. 
We speculate that the remaining band 3 dimers may be 
attached to proteins 4.1 and 4.2 near the spectrin-actin 
junctions and provide another point of attachment in con-
junction with interactions between protein 4.1, protein 
p55, and GPC (see Fig. 15-6). Interactions between 
ankyrin, protein 4.2, and the Rh/RhAG complex and 
between dematin, adducin, and Glut-1 also contribute to 
linkage of the membrane skeleton and lipid bilayer.

Modulation of Membrane 
Skeletal Structure

Red cell membrane proteins are subject to a large number 
of post-translational modifi cations or other regulatory 
effects: phosphorylation, fatty acid acylation, methyla-
tion, glycosylation, deamidation, ubiquitination, calpain 
cleavage, polyphosphoinositide and calmodulin regula-
tion, oxidation, and modifi cation by polyanions. A 
detailed discussion of most of these pathways has been 
published131 but is beyond the scope of this chapter.

Phosphorylation

Almost all of the membrane skeletal proteins are phos-
phorylated by one or more protein kinases, including 
casein kinases (spectrin, ankyrin, band 3, protein 4.1, and 
dematin), PKA (spectrin, ankyrin, adducin, protein 4.1, 
and dematin), PKC (adducin, protein 4.1, and dematin), 
and tyrosine kinases (band 3 and protein 4.1).131

In all cases studied so far, phosphorylation inhibits 
membrane protein interactions: (1) ankyrin phosphoryla-
tion (casein kinase) abolishes the preference of ankyrin 

for spectrin tetramer648,656 and (2) decreases binding to 
band 3.659 (3) Phosphorylation of protein 4.1 (several 
kinases) diminishes its binding to spectrin and its 
ability to promote spectrin-actin binding522,530,722,723 and 
decreases its attachment to the membrane.724 (4) Phos-
phorylation by PKC also inhibits binding of protein 4.1 
to band 3523 and glycophorin C.522 (5) Phosphorylation 
of dematin by PKA prevents actin bundling.725 (6) Phos-
phorylation of Tyr8 and Tyr21 at the N-terminal end of 
band 3 blocks the binding of glycolytic enzymes198 and 
presumably hemoglobin and results in increased glycoly-
sis.1 In contrast, despite extensive study,450,495,496,726 no 
functional effect of spectrin phosphorylation on in vitro 
protein-protein interactions has yet been identifi ed. 
However, increased phosphorylation of β-spectrin in vivo 
has been shown to decrease membrane mechanical sta-
bility, whereas decreased phosphorylation strengthens 
the mechanical properties of the red cell membrane.727

Polyanions

Physiologic concentrations of organic polyanions such as 
2,3-DPG and ATP weaken and dissociate the membrane 
skeleton728,729 and increase the lateral mobility of band 3 
in ghosts.730 Although some studies suggest that even 
supraphysiologic concentrations of 2,3-DPG have little 
or no effect on intact erythrocytes731,732 in terms of mem-
brane rigidity, there is convincing evidence that increased 
2,3-DPG levels decrease membrane mechanical stabil-
ity.729 It has been suggested that the developmental switch 
from fetal to adult hemoglobin, by diminishing available 
free 2,3-DPG (which does not bind to fetal hemoglobin), 
may explain the abatement of cell fragmentation and 
hemolytic anemia that accompanies maturation of infants 
with HE and infantile poikilocytosis.729

Calcium and Calmodulin

There is good evidence that calmodulin modifi es the 
membrane properties of the red cell.532 Physiologic con-
centrations of calmodulin, sealed in red cell ghosts, desta-
bilize membranes in the presence but not the absence of 
micromolar concentrations of Ca2+. Recent studies suggest 
that the effect may result from interactions of calmodulin 
with protein 4.1.531 Submicromolar concentrations of 
calmodulin, even lower than those that exist in the red cell 
(≈3 to 6 μM), block protein 4.1–induced gelation of actin 
in the presence of spectrin.531 The effect is Ca2+ depen-
dent. It begins at a Ca2+ concentration of 10−6 to 10−7 M, 
which is relatively low, but still higher than the free Ca2+ 
concentration in the erythrocyte (2 to 4 × 10−8 M). Sur-
prisingly, Ca2+-calmodulin does not block spectrin-actin-
4.1 complex formation under these conditions,531 only the 
extensive cross-linking needed to cause gelation. The 
Ca2+-dependent and Ca2+-independent calmodulin 
binding sites in protein 4.1 are located within the mem-
brane binding domain.545 Ca2+-calmodulin specifi cally 
reduces the affi nity of the 4.1-CD44 interaction,544 as well 
as 4.1 interactions with band 3, GPC, and p55.

Ca2+ augments the binding of protein 4.2 to the EF 
hand domain at the C-terminal of the spectrin α chain, 
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and the effect is blocked by calmodulin.221 Calmodulin 
also binds to the spectrin β chain in a Ca2+-dependent 
manner733; however, the affi nity of spectrin for calmodu-
lin is not great, and it is unclear whether this effect occurs 
at the concentrations of calmodulin that exist in 
erythrocytes.

β-Adducin is another calmodulin-binding red cell 
membrane protein (Kd = 2.3 × 10−7 M).734 The adducin 
that is bound to spectrin and actin fosters the attachment 
of a second, neighboring spectrin. In the presence of Ca2+ 
(>10−7 M), calmodulin binding reduces both adducin-
actin binding and adducin-mediated enhancement of 
spectrin-actin binding.475 Calmodulin also blocks the 
binding of a second spectrin molecule to an adducin-
actin-spectrin complex.472 The physiologic consequences 
of these effects are unclear.

Several other Ca2+-dependent events do not require 
the presence of calmodulin. One of them is the so-called 
Gárdos phenomenon735 (described later in this chapter), 
a unidirectional K+ and water loss that produces cellular 
dehydration. The Ca2+ concentration required to trigger 
the Gárdos channel is low (in the micromolar range) and 
thus physiologically signifi cant. As discussed elsewhere in 
this textbook, this pathway contributes to the dehydra-
tion of sickle red cells.

A second calmodulin-independent Ca2+ effect 
involves calpain, one of a family of Ca2+-stimulated 
neutral proteases that are present in a variety of tissues, 
including red cells.131 Susceptible membrane substrates 
include adducin, ankyrin, protein 4.1, and to a lesser 
extent, spectrin and band 3.

Finally, Ca2+ also induces phospholipid scrambling, 
as discussed earlier in the chapter.

Thus, increases in intracellular calcium produce a 
range of deleterious effects. Although these phenomena 
are well studied in vitro, their role in erythrocyte pathol-
ogy, particularly in acquired disorders associated with 
abnormal red cell shape, is not well understood.

Biogenesis of the Membrane Skeleton

Synthesis of Band 3 Initiates Assembly of a Stable 
Membrane Skeleton. Spectrin and ankyrin synthesis is 
detectable at very early stages of erythroid development 
in avian and mammalian erythroid cells (reviewed else-
where736-738). However, these proteins turn over rapidly 
and they do not assemble into a permanent network. 
Synthesis of band 3 (the anion exchange protein) and 
protein 4.1 begins at the proerythroblast stage and 
increases throughout terminal erythroid maturation, up 
to the late erythroblast stage. During the same time, 
mRNA levels and synthesis of spectrin and ankyrin 
decline. Even so, the proportion (and actual amounts) of 
newly assembled spectrin and ankyrin on the membrane 
progressively increase, and these proteins become more 
stable, as indicated by their slower turnover. This 
increased recruitment plus stabilization of spectrin and 
ankyrin, despite declining synthesis, is thought to be 

related to the progressive increase in the synthesis of 
band 3 and protein 4.1 because these proteins are the 
principal sites for attachment of the skeleton to the 
membrane.736

Skeletal Proteins Are Synthesized in Excess. The syn-
thesis of membrane skeletal proteins is wasteful. Only a 
fraction of newly synthesized spectrin, ankyrin, and 
protein 4.1 is assembled into the permanent skeletal 
network. The excess proteins are rapidly catabo-
lized.737,739,740 Furthermore, skeletal protein synthesis is 
highly asymmetric. This is most striking in the case of 
spectrin, where threefold to fourfold more α-spectrin is 
produced than β-spectrin. Yet the two chains are assem-
bled into the membrane skeleton in equimolar amounts 
as mixed heterodimers. Because of this high α-spectrin–
to–β-spectrin synthetic ratio, heterozygotes for a deleted 
or synthetically inactive α-spectrin allele are asymptom-
atic because suffi cient α-spectrin is still made to pair with 
all the β-spectrin.

Rate-Limiting Steps of Membrane Skeletal Assembly. As 
discussed earlier, the principal rate-limiting step in mem-
brane skeletal assembly is the synthesis of band 3, which 
contains a high-affi nity ankyrin binding site that recruits 
and stabilizes spectrin and ankyrin on the membrane.741,742 
This view, however, has to be reconciled with observa-
tions that some patients with dominantly inherited HS 
and partial band 3 defi ciency do not have a proportional 
decrease in the amounts of spectrin and ankyrin in their 
membranes.634,743 The probable explanation is that band 
3 is synthesized in excess. About fi vefold more band 3 is 
made than spectrin or ankyrin, but only the tetrameric 
fraction of band 3 binds ankyrin with high affi nity.214,721,743 
Excess dimeric band 3 is selectively lost in band 3–
defi cient spherocytes.743 More convincing evidence that 
band 3 is not absolutely required for membrane skeletal 
assembly is the fi nding that mouse red cells with com-
plete defi ciency of band 3 assemble a functional and 
nearly structurally normal spectrin-based membrane 
skeleton.222 This indicated that other membrane sites 
must bind spectrin and ankyrin in the absence of band 
3. The ankyrin/protein 4.2–Rh/RhAG and protein 4.1–
p55/GPC complexes are good candidates.

The second rate-limiting step is the availability of 
ankyrin, which provides the high-affi nity binding sites for 
β-spectrin. This is best illustrated by studies of membrane 
skeletal synthesis in nb/nb spherocytic mice503 and in a 
severe form of human HS associated with combined 
defi ciency of spectrin and ankyrin.502 In both disorders 
ankyrin synthesis is markedly reduced, which leads to 
decreased assembly of spectrin and ankyrin on the mem-
brane despite normal spectrin synthesis.

The third rate-limiting step involves the synthesis of 
β-spectrin. Because α- and β-spectrin polypeptides are 
assembled on the membrane in equimolar amounts and 
because β-spectrin binds to ankyrin with high affi nity, the 
availability of β-spectrin seems to regulate the amount of 
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normal recipients leads to expulsion of the autophagoly-
sosomes and reinitiation of reticulocyte maturation.751 
How cholesterol accumulation inhibits reticulocyte mat-
uration remains to be determined.

RED CELL MEMBRANE DEFORMABILITY 
AND STABILITY

Material Properties

The material properties of the membrane refl ect the 
properties of both the lipid bilayer and the skeleton. 
During deformation of the red cell membrane, bending 
is restricted by the incompressibility of the lipid bilayer 

B

A

FIGURE 15-24. Maturation of the reticulocyte membrane. A, Note 
that as reticulocytes mature, transferrin receptors, labeled with gold-
bound antibodies, collect in small vesicles (exosomes) within intracel-
lular sacs called multivesicular bodies (MVBs). MVBs approach the 
plasma membrane and begin to fuse (arrow), with eventual release (B) 
of exosomes from the cell. A variety of membrane proteins are released 
by this mechanism. (From Johnstone RM. Revisiting the road to the dis-
covery of exosomes. Blood Cells Mol Dis. 2005;34:214-219.)

membrane-assembled α/β-spectrin heterodimers. This 
regulatory role of β-spectrin is illustrated by the effects 
of erythropoietin on membrane protein assembly. Eryth-
ropoietin stimulates the synthesis of β-spectrin and 
increases the assembly of α/β-spectrin heterodimers on 
the membrane.744 In contrast, α-spectrin, which is made 
in excess, does not seem to have a limiting role in skeletal 
assembly. α-Spectrin becomes rate limiting only when its 
synthesis is markedly reduced, as it is in some patients 
with recessive HS or HPP.

Membrane Remodeling during Enucleation and Reticu-
locyte Maturation. At the orthochromatic erythroblast 
stage, when membrane biogenesis is nearly complete, the 
cell membrane undergoes a series of critical remodeling 
steps. The cell nucleus is surrounded by an actin ring, 
which probably participates in expulsion of the nucleus 
from the erythroblast. Recent work shows that this 
process requires the Rac GTPase mDia2, one of the 
formin proteins that nucleate linear actin fi laments.745 
Rac1 and Rac2 bind to mDia2 in a guanosine triphos-
phate (GTP)-dependent manner, and mDia2 causes the 
contractile actin ring to form. At the same time, the 
spectrin skeleton, proteins that attach to it, and selected 
other proteins segregate into the incipient reticulocyte, 
and some surface receptors cluster in the membrane sur-
rounding the soon to be extruded nucleus.499,746 This 
sorting process is poorly understood.

Further membrane remodeling takes place by exocy-
tosis as the young multilobular reticulocyte attains the 
biconcave shape (Fig. 15-24).747,748 This is best studied 
for transferrin receptors, which enter reticulocytes by 
endocytosis and are segregated into vesicles called “exo-
somes” within large membrane-bounded sacs called mul-
tivesicular bodies. These bodies fuse with the plasma 
membrane and discharge the exosomes and their protein 
cargo (see Fig. 15-24). The transferrin receptor is lost 
with heat shock protein 70, which binds to the cytoplas-
mic domain and seems to act as a chaperone.749 A variety 
of membrane proteins are lost by this mechanism, includ-
ing the nucleoside transporter; LFA3; α4β1 integrin, 
which binds fi bronectin; small GTP-binding proteins 
such as Rab 4p, Rab 5p, and adenosine diphosphate 
(ADP) ribosylation factor; and GPI-linked proteins such 
as acetylcholinesterase, CD55, and CD59. Naturally 
occurring IgM antibodies to lysophosphatidyl choline 
bind the released exosomes, lead to the deposition of C3, 
and are probably involved in exosome clearance.750

Autophagocytosis also plays an important role in 
removal of mitochondria, cytoplasmic organelles, and 
some membrane receptors. Cholesterol-loaded reticulo-
cytes from mice that lack the high-density lipoprotein 
(HDL) receptor and apoliploprotein E, and that are fed 
cholesterol, are anemic and contain targeted, macrocytic 
red cells with large abnormal autophagolysosomes.751 
The cholesterol-loaded reticulocytes also retain ribo-
somes and transferrin receptor. Removal of cholesterol, 
incubation in normolipemic serum, or transfusion into 
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adhere to damaged endothelium and be stretched by the 
vascular torrent or may be clotheslined by fi brin strands.755 
After release, many of the cells are either permanently 
deformed or fragmented.

Cellular and Molecular Determinants of 
Red Cell Deformability

The need to undergo large deformations is best exempli-
fi ed in the wall of the splenic sinus, where red cells have 
to “squeeze” through narrow slits between the endothe-
lial cells that line the splenic sinus wall (see the later 
section on splenic structure). Such whole-cell deform-
ability is determined by three factors: (1) cell geometry, 
specifi cally, a large cell surface-to-volume ratio, which 
allows cells to undergo large deformations at a constant 
volume; (2) viscosity of the cell contents, which is prin-
cipally determined by the properties and concentration 
of hemoglobin in the cells; and (3) intrinsic viscoelastic 
properties of the red cell membrane.754 Among these 
factors, the contribution of the surface-to-volume ratio is 
the most important, as exemplifi ed by the cellular lesion 
of hereditary spherocytes, discussed later in this chapter. 
On the other hand, the intrinsic deformability of the red 
cell membrane has a relatively small effect on red cell 
survival. This is best illustrated by the red cell membrane 
properties of Southeast Asian ovalocytes, which carry a 
mutant band 3 protein. As will be discussed, both the 
intact Southeast Asian ovalocytosis (SAO) red cells and 
their membranes are extremely rigid, yet the SAO red 
cells have normal or nearly normal survival in vivo.

Several molecular alterations increase membrane 
rigidity. One is accretion of denatured hemoglobin, which 
may contribute to the membrane rigidity of Heinz body–
containing red cells.756 Another is transamidative or oxi-
dative cross-linking, which rigidifi es the membrane in 
vitro.757 Oxidative cross-linking may also be important in 
vivo, as evidenced by aggregates of oxidant–cross-linked 
proteins in red cells containing unstable hemoglobins.758 
On the other hand, transamidative cross-linking is prob-
ably not physiologically signifi cant because the high Ca2+ 
concentrations needed for the reaction are unlikely to be 
attained in vivo.

Integral proteins may also regulate membrane 
deformability. For example, treatment of red cells by 
antibodies against GPA, including their Fab fragments, 
leads to reduced deformability via transmembrane sig-
naling. Red cells that lack the cytoplasmic domain of 
GPA (e.g., Miltenberger V red cells) are not infl uenced 
by such treatment.256,759 Another important factor is the 
aggregation state of band 3. Membrane rigidity is 
increased when band 3 molecules are cross-linked 
with antibodies or, as in SAO (see later), when mutant 
band 3s spontaneously stack into linear aggregates.760,761 
This fi nding presumably also explains the marked 
restriction of band 3 mobility in SAO red cells. Because 
aggregates of SAO band 3 contain ankyrin, which at -
taches the skeleton to the membrane, the decreased 
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FIGURE 15-25. Model of the effects of deformation on the membrane 
skeleton. The red cell membrane cannot expand its area. When force 
applied to a section of nondeformed membrane (A) extends the lipid 
bilayer and its attached spectrin molecules (B), the bilayer and spectrin 
molecules in the nonstressed dimension must shrink to maintain a 
constant area. Eventually, spectrins reach the limit of their length 
(C). Further extension will disrupt membrane-skeleton inter -
connections and lead to membrane fragmentation. Open circles, sites 
of spectrin-spectrin association; solid diamonds, spectrin-actin-4.1 
junctions. (Redrawn from Mohandas N, Chasis JA. Red cell deformability, 
membrane material properties, and shape: regulation by transmembrane, 
skeletal, and cytosolic proteins and lipids. Semin Hematol. 1993;30:171.)

and is facilitated by rapid translocation of cholesterol 
from the inner to the outer half of the bilayer.752 The lipid 
bilayer cannot expand its surface area more than 3% to 
4%. Consequently, when red cells are suspended in hypo-
tonic solutions, such as during OF testing, they swell to 
a spherical shape and then rupture and discharge their 
hemoglobin into the supernatant.753

The membrane skeleton determines both the solid 
and the semisolid properties of the membrane.754 The 
solid properties are exemplifi ed by an elastic extension 
of cells that completely restore their normal shape after 
the applied force has been removed. An example is a cell 
that has been deformed when passing through fenestra-
tions of the splenic sinus wall. This elastic recovery of the 
biconcave shape is facilitated by the unique molecular 
anatomy of the skeletal lattice. In normal red cells, indi-
vidual spectrin molecules are arranged in a hexagonal 
array and are folded in a compact confi guration. The 
junctional complexes are close to each other and are 
linked by shortened spectrin tetramers, thus allowing 
large unidirectional extensions without disruption of the 
lattice (Fig. 15-25). The skeletal connections are unper-
turbed during such deformations. On the other hand, 
application of large or prolonged force allows the skeletal 
elements to reorganize and make new connections. This 
produces a permanent “plastic” deformation (see later). 
When the force is excessive, membrane fragmentation 
ensues. An example is the poikilocytosis produced in 
microangiopathic blood vessels, where red cells may 
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FIGURE 15-26. Microvesiculation. Red cell ghosts treated with 
hypertonic saline form spicules. At the end of the spicules the lipid 
bilayer often separates from the underlying membrane skeleton. The 
arrows point to the boundary between the skeleton (dark material 
below) and the unsupported lipids (light material above), which are 
unstable and tend to be released as vesicles (arrowheads). A similar 
process is thought to occur in a variety of disorders associated with 
spiculation, such as spur cell anemia and hereditary spherocytosis.

mobility of SAO band 3 may impede skeletal deforma-
tion when red cells deform and thereby result in a rigid 
erythrocyte.

Membrane Structural Integrity and Fragmentation. The 
skeleton is also the principal determinant of membrane 
stability. As noted earlier, it is possible to manipulate the 
proportion of spectrin dimers and tetramers in situ by 
exposing ghosts to temperatures and salt concentrations 
that favor or discourage spectrin self-association. Ghosts 
enriched in spectrin dimers are strikingly fragile.455 Simi-
larly, HE and HPP are often due to α- or β-spectrin 
mutations that weaken spectrin self-association (see 
later). In such cells the hexagonal skeletal lattice is dis-

A B

FIGURE 15-27. Plastic deformation. A, Discocytic shape of a red cell at rest in solution. If a nipple of membrane from such a cell is aspirated 
into a micropipette and released immediately, it snaps back to its original position. However, if the aspirated membrane is deformed for some time, 
a permanent nipple forms (B) as a result of reorganization of the membrane skeleton in the stressed portion of the membrane. This semisolid 
behavior is called “plastic deformation” and is believed to be responsible for the irregular shape of poikilocytes, especially in diseases such as 
hereditary pyropoikilocytosis, where skeletal reorganization is fostered by genetically weakened skeletal interconnections. (From Mohandas N, Chasis 
JA. Red cell deformability, membrane material properties, and shape: regulation by transmembrane, skeletal, and cytosolic proteins and lipids. Semin Hematol. 
1993;30:171-192.)

rupted,762 usually in association with red cell fragmenta-
tion and poikilocytosis.

Lipid Bilayer Loss and Microvesiculation. The fl uid 
lipid bilayer is stabilized by both the underlying mem-
brane skeleton and transmembrane proteins. In vitro, the 
bilayer can be uncoupled from the skeleton at the tips of 
spiculated red cells by force or by various treatments 
(Fig. 15-26).763,764 The lipids are released in the form of 
microvesicles that contain integral proteins but lack skel-
etal components.764 Such loss of membrane material may 
underlie the surface area defi ciency of red cells subjected 
to prolonged storage765,766 or ATP-depleted red cells.767 
Aggregation of the band 3–containing intramembrane 
particles in the membrane also destabilizes the lipid 
bilayer.768 The particle-free regions bleb and release lipid 
microvesicles. As discussed later, all these pathways may 
contribute to the surface defi ciency of hereditary 
spherocytes.

Plastic Deformation of Red Cells. The role of the 
membrane skeleton in red cell shape is best illustrated by 
irreversibly sickled cells or hereditary elliptocytes, in 
which the abnormal shape is retained in the ghosts and 
membrane skeletons.769,770 This process is probably an 
example of “plastic deformation,” the result of prolonged 
exposure of red cells to deforming forces, with the pro-
teins of the deformed skeleton undergoing active rear-
rangement that permanently stabilizes the cells in the 
deformed shape (Fig. 15-27).754 Existing protein-protein 
contacts disconnect and new associations form. In HE, 
shape transformations may be facilitated by the weak-
ened skeletal protein interactions. In vitro, plastic defor-
mation occurs more rapidly in normal red cells with 
skeletons weakened by exposure to urea.771

In addition, both normal and abnormal red cell 
shapes can be stabilized by intermolecular cross-linking 
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of membrane proteins, either as a result of the formation 
of intermolecular disulfi de bridges induced by oxidants 
or as a result of transamidative protein cross-linking cata-
lyzed by a Ca2+-activated cytosolic transglutaminase.757 
These protein modifi cations are like endogenous fi xatives 
and permanently stabilize cell shape in vitro.

The Red Cell Surface

The red cell surface is rich in sialic acid residues, which 
accounts for its negative surface charge. Ninety percent 
of these residues reside on glycophorin A; the remainder 
are shared by other glycophorins, the anion exchange 
protein and other integral proteins, and glycolipids. 
Alterations in surface charge distribution are deleterious. 
For example, surface charge clustering may contribute to 
adhesion of sickle red cells to the surface of endothelial 
cells.772 Several proteins are removed from the surface of 
reticulocytes that participate in cell-cell and cell-matrix 
interactions during erythroid differentiation.746,773 One 
example, α4β1 integrin, interacts with vascular cell adhe-
sion molecule 1 (VCAM-1), an endothelial cell adhesion 
molecule, and may contribute to attachment of sickle 
cells to the endothelium.773

The structure and genetic origins of red cell surface 
antigens residing either on glycolipids, on externally 
exposed portions of transmembrane proteins or their car-
bohydrate side chains, or on the proteins linked via a GPI 
anchor are discussed in Chapter 35. Furthermore, as 
discussed earlier, several surface receptors are involved 
in attachment of malarial parasites to the cells, including 
glycophorins, band 3 protein, and the Duffy blood group 
antigen.

Glycosylphosphatidylinositol-Anchored Surface Pro-
teins. To connect externally exposed hydrophilic proteins 
with the hydrophobic lipid bilayer, Nature has devised a 
hydrophobic GPI anchor that is embedded in the outer 
leafl et of the bilayer. Among the large number of GPI-
linked surface proteins, a group of complement regula-
tory proteins are clinically the most important.774 
Defective biosynthesis of the GPI anchor precludes 
attachment of these proteins to the membrane and causes 
increased susceptibility to hemolysis by complement, as 
clinically manifested by paroxysmal nocturnal hemoglo-
binuria (see Chapter 14). Because this glycolipid anchor 
is embedded only in the outer leafl et of the bilayer, GPI-
anchored surface proteins, such as CD59, are not 
restricted by the membrane skeleton, in contrast to most 
transmembrane proteins, and are much more laterally 
mobile.774,775 This high mobility may be important in 
recruiting complement regulatory proteins to sites of 
complement activation. These regulatory proteins are 
preferentially enriched in lipid rafts and in the lipid vesi-
cles that are released from abnormal red cells,776 such as 
vesicles derived from spicules of deoxygenated sickle 
cells. Consequently, GPI-linked proteins are diminished 
in the densest fraction of sickle cells, thus rendering them 
more susceptible to complement-mediated injury.776

Lateral Mobility of Transmembrane and Surface 
Proteins. The mobility of membrane surface molecules 
infl uences the interaction of red cells with the outside 
environment. For example, cell agglutination requires 
rapid lateral movement of surface antigens. Their 
immobilization (e.g., by glutaraldehyde) inhibits agglu -
tination.777

The lateral mobility of proteins that are anchored 
exclusively in the outer leafl et of the bilayer (e.g., GPI-
linked proteins) is very fast. Conversely, transmembrane 
proteins, such as band 3, are much less mobile. In 
the case of band 3, the limited mobility occurs because 
of (1) specifi c binding to ankyrin and the skeleton; (2) 
steric hindrance by spectrin strands, which entangle the 
internal portions of band 3; (3) self-association of band 
3 into tetramers and higher oligomers; and (4) interac-
tion of band 3 with other transmembrane pro -teins, such 
as the glycophorins and Rh/RhAG complex.778

MEMBRANE PERMEABILITY

Normally, the red cell membrane is nearly impermeable 
to monovalent and divalent cations, thereby maintaining 
a high potassium, low sodium, and very low calcium 
content. In contrast, the red cell is highly permeable to 
water and anions, which are readily exchanged by the 
water channel and the anion transport protein, respec-
tively. Glucose is taken up by the glucose transporter,779 
whereas larger charged molecules, such as ATP and 
related compounds, do not cross the normal red cell 
membrane.

The transport pathways for cations and anions in the 
human red cell membrane can be divided into fi ve cate-
gories (Fig. 15-28):

• Exchangers, such as the Na+-H+ exchanger and anion 
exchanger discussed earlier

• Cotransporters, in which the transmembrane move-
ments of more than one solute are coupled in the 
same direction (e.g., the K+-Cl− cotransporter and the 
Na+-K+-2Cl− cotransporter)

• The Ca2+-activated K+ channel (Gárdos channel), dis-
cussed later

• The cation “leak” pathways, which allow Na+ and K+ to 
move in the direction of their concentration gradients

• Membrane pumps, such as the ouabain-inhibitable 
Na+,K+ pump and the Ca2+ pump

A detailed review of these pathways is beyond the 
scope of this chapter. Interested readers are referred to 
several excellent recent reviews that discuss them in the 
pathophysiology of sickle cell disease.780,781

An important feature of a normal red cell is its ability 
to maintain a constant volume. One of the very intrigu-
ing, yet unanswered questions is how cells “sense” changes 
in cell volume and activate appropriate volume regulatory 
pathways. One possibility is that they sense mechanical 
events, such as membrane stretching.782 Such a mecha-
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nism is unlikely to operate in red cells, which by virtue 
of their large surface area, can undergo a substantial 
increase in volume without stretching. Another possibil-
ity is that cell volume is controlled by the crowding of 
cytoplasmic macromolecules.782

Water Permeability

The water permeability of many cell types is similar to 
the permeability of pure lipid bilayer membranes, in 
which water is postulated to enter through small “cavi-
ties” in the bilayer.783 When phospholipids are in the 
liquid crystalline state, these cavities are thought to be 
caused by noncooperative rotation and kinking around 
the C-C bonds.783 In addition, water permeability may 
be facilitated by lipids with large polar head groups, such 
as gangliosides and lysophospholipids, which when dis-
persed in water, prefer a micellar rather than a bilayer 
confi guration. Additionally, integral proteins are likely to 
enhance water diffusion by producing localized disconti-
nuities in the lipid bilayer.783

The membranes of red cells and some kidney tubules 
differ from the membranes of most other cells in that they 
have high water permeability that is endowed by a molec-
ular water channel called AQP1, which has been cloned380 
and had its structure solved381 (see the earlier section on 
aquaporin). AQP1 facilitates rehydration of red cells after 
their shrinkage in the hypertonic environment of the 
renal medulla.784

Transport Pathways Leading to 
Cellular Dehydration

Two pathways exert a critical volume regulatory effect 
that can lead to red cell dehydration and destruction 

(Fig. 15-29). One is the K+-Cl− cotransporter, a typical 
carrier-mediated cotransport pathway that is particularly 
active in reticulocytes. It is activated by cell swelling, 
acidifi cation, depletion of intracellular Mg2+, and thiol 
oxidation. It is increased in sickle red cells and hemoglo-
bin C erythrocytes, which accounts, in part, for the cel-
lular dehydration of these cells.785,786

The second transporter is the Gárdos channel, which 
causes selective loss of K+ in response to an increase in 
intracellular ionized calcium.735 This channel appears to 
be regulated by a cytoplasmic protein called calpromotin 
or peroxiredoxin-2 and by cAMP. The channel is inhib-
ited by insect toxins such as charybdotoxin and by the 
Ca2+ channel blockers nitrendipine and nifedipine. In 
sickle cells, the combination of the Gárdos pathway and 
the K+-Cl− cotransporter accounts for the net loss of K+ 
and water and the subsequent cellular dehydration.786

Disruption of the Permeability Barrier in 
Abnormal Red Cells

The effects of breaching the red cell permeability barrier 
are well illustrated by complement hemolysis. Activation 
of complement on the red cell surface leads to formation 
of the membrane attack complex, which is composed of 
the terminal complement components embedded in the 
lipid bilayer. This multimolecular complex acts as a cation 
channel and allows passive movement of sodium, potas-
sium, and calcium across the membrane according to 
their concentration gradients. Attracted by fi xed anions 
such as hemoglobin, ATP, and 2,3-DPG, sodium accu-
mulates in the cells in excess of potassium loss and in 
excess of the compensatory efforts of the Na+,K+ pump 
(see later). The resulting increase in intracellular mon-
ovalent cations and water is followed by cell swelling 
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(see Fig. 15-29) and ultimately by colloid osmotic 
hemolysis.

Another leak pathway has been described in sickle 
cells. It involves an infl ux of Na+ and Ca2+ and an effl ux of 
K+ during deoxygenation and sickling.785,786 Although the 
molecular basis of this diffusional pathway is unknown, 
the magnitude of the Na+ and K+ leaks correlates with the 
degree of morphologic sickling and with lipid bilayer–
skeleton uncoupling, thus suggesting that it is caused by 
mechanical events.786 This conclusion is further supported 
by the observation that Ca2+ permeability is increased by 
mechanical stress.787 The mechanism of activation of these 
channels is unknown, but one of the possibilities involves 
deformation of the submembrane skeleton.

Membrane Pumps

To maintain low intracellular concentrations of sodium 
and calcium and a high potassium concentration, the 
membrane is endowed with two cation pumps, both of 

which use intracellular ATP as an energy source. The 
ouabain-inhibitable Na+,K+ pump, extrudes sodium and 
takes up potassium, with a stoichiometry of 3Na+ pumped 
outward for 2K+ pumped inward. This exactly balances 
the normal passive leaks (Na+ infl ux = 1.0 to 2.0 mEq/L 
RBCs/hr; K+ effl ux = 0.8 to 1.5 mEq/L RBCs/hr). The 
enzyme is activated by intracellular Na+ (Km = 25 mM) 
and extracellular K+ (Km = 2.5 mM).788 Because plasma 
K+ is high enough to saturate the extracellular K+ site, 
Na+ and K+ transport is primarily regulated by increases 
in red cell Na+ concentration, and cell K+ losses are recti-
fi ed only if there is a concomitant Na+ gain to stimulate 
active transport. Even then the ratio between the inward 
Na+ leak and the outward K+ leak must not be less than 
the physiologic ratio of 3 : 2. At lower ratios, the Na+,K+ 
pump, driven by the Na+ leak and internal Na+ concen-
tration, will not balance the leaks and will actually exac-
erbate K+ loss.789,790 Consequently, conditions in which 
K+ loss approaches or exceeds Na+ gain lead to irrevers-
ible depletion of K+ and cell dehydration.
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The calmodulin-activated, Mg2+-dependent Ca2+ 
pump extrudes Ca2+ and maintains a very low intracel-
lular free Ca2+ concentration (∼20 to 40 nM). It protects 
red cells from the multiple deleterious effects of Ca2+ 
(echinocytosis, membrane vesiculation, calpain activa-
tion, membrane proteolysis, and cell dehydration) 
described earlier in the chapter.

RED CELL MEMBRANE ALTERATIONS OF 
SENESCENT RED CELLS

Pleiotropic Effects of Red Cell Aging

Removal of senescent red cells from the circulation is a 
subject of long-standing interest. As discussed in a com-
prehensive review of the literature published before 
1988,791 the concept of red cell senescence is based on 
the results of radioactive labeling of a cohort of reticulo-
cytes and bone marrow erythroblasts. In many species, 
including humans, the fraction of labeled cells remains 
constant for a defi ned period, followed by a rapid decline 
of radioactivity, thus suggesting that the red cells are 
removed from the circulation in an age-dependent 
manner. Many techniques have been used to isolate 
senescent red cells, including methods based on differ-
ences in cell density, osmotic fragility, and cell size 
(reviewed by Clark791). Density separation is most widely 
used, but the results obtained by this technique must be 
interpreted with caution. Although red cells exhibit a 
progressive increase in density as they age in vivo, not all 
dense red cells are senescent.791-793

In addition to in vitro separation techniques, various 
in vivo animal models have been used to study red cell 
aging.791 For example, red cells can be labeled with biotin 
and then removed at defi ned times with avidin, which 
complexes tightly to biotin.794 The senescent cells defi ned 
by these techniques exhibit numerous membrane abnor-
malities.791,792,794 Of particular note is the loss of potas-
sium and water, which leads to cell dehydration and 
increased cell density, and the loss of surface area, pre-
sumably caused by gradual release of membrane 
microvesicles.791,795 The latter phenomenon is probably 
caused by constant exposure of red cells to the shearing 
forces of the microcirculation. In addition, membrane 
proteins and lipids in old red cells are oxidized, as evi-
denced by high-molecular-weight aggregates containing 
hemoglobin, spectrin, and band 3796 and by adducts of 
proteins and malonylaldehyde, a product of lipid 
peroxidation.

In addition to red cell membrane abnormalities, red 
cell aging is associated with a decline in many red cell 
enzyme activities.797 However, the red cell ATP concen-
tration is normal.791 Likewise, no major abnormalities 
have been detected in Ca2+ transport, and there is no 
compelling evidence that Ca2+ accumulates in senescent 
cells (reviewed by Clark791).

An Autologous Autoantibody Targets 
Senescent Red Cells for Destruction 
by Macrophages

Although some of the previously discussed alterations 
may compromise red cell microcirculatory fl ow, none is 
likely to destroy old cells. Kay fi rst showed that senescent 
red cells have small amounts (a few hundred molecules 
per cell) of autologous IgG on their surface that target 
the cells for destruction by macrophages.798 Recent 
studies suggest that the senescent autoantibody arises 
from a distinctive subset of B cells, termed B-1, that 
express CD5.799 The nature of the “senescent cell antigen” 
has been a source of some dispute, but it appears to be 
aggregated and modifi ed band 3 molecules.794,800-806 There 
is some evidence that the epitope resides on the band 3 
carbohydrate.807,808 Band 3 clusters have been visualized 
by immunofl uorescence microscopy and detected by bio-
chemical methods in aged red cells.801,804 Aggregation 
probably results from cumulative oxidative damage 
because similar damage, including the binding of autolo-
gous IgG, takes place on oxidized red cells or red cells 
containing Heinz bodies, a product of oxidative denatur-
ation of hemoglobin.68,801,804,809,810 The senescent cell 
antigen is also exposed on red cells infected with P. 
falciparum.811,812

It should be noted, however, that intramembrane 
particles, which are mostly band 3, are not reproducibly 
clustered in cells that bear senescent IgG.813 This suggests 
either that the clustered band 3 molecules are rare enough 
or in small enough clusters that they were missed by 
electron microscopy or that other band 3 modifi cations 
account for increased binding of autologous IgG. For 
example, band 3 could be structurally modifi ed by 
proteolysis or oxidation or by other post-translational 
modifi cation, or band 3 molecules could be vertically 
displaced, with new antigenic sites exposed or existing 
sites rendered more accessible to antibodies.

In addition to targeting senescent red cells for mac-
rophage destruction, band 3 antibodies also trigger depo-
sition of complement on senescent cells,810,814 which 
would aid cell removal through CR1 receptors on phago-
cytes. As noted earlier, this process may be facilitated by 
loss of GPI-linked complement regulatory proteins such 
as CD55 and CD59 in exosomes and by microvesicula-
tion as red cells age.

Gradual loss of CD47 may also be important. CD47 
molecules are recognized by an inhibitory receptor, signal 
regulation protein-α, on macrophages.815 This receptor 
sends a negative signal that can block the phagocytic 
response. Old red cells have about 30% less CD47 than 
young red cells do. Depletion of macrophages in mice 
results in a decrease in the amount of CD47 on red cells 
and accumulation of senescent red cells.815

Although the role of autologous IgG in the destruc-
tion of senescent erythrocytes is widely accepted, two 
observations suggest that other mechanisms must be 
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considered. First, blockade of the Fc portion of autolo-
gous “senescent” IgG with protein G fails to inhibit red 
cell phagocytosis.816 Second, red cell survival is the same 
in agammaglobulinemic mice as in controls.816 However, 
the latter data may not be applicable to humans because 
removal of mouse red cells from the circulation is 
random.791

Red cells uniquely express the LW blood group 
antigen, renamed ICAM-4 (or CD242), which interacts 
with various β2 integrins, including CD11c/CD18, on 
macrophages. Antibodies to either component inhibit 
erythrophagocytosis and removal of senescent red cells, 
which suggests that this interaction contributes to the 
process.817,818

Altered phospholipid asymmetry might also contrib-
ute to removal of senescent erythrocytes. This could 
occur from damage to the aminophospholipid translo-
case by products of lipid peroxidation.819 Disordered 
phospholipid asymmetry leads to removal of cells by 
macrophages as discussed earlier (see “Loss of Phospho-
lipid Asymmetry”). Although there is no convincing evi-
dence that senescent red cells expose PS on their surface, 
this hypothesis is favored by some,820 presumably because 
it is a proven mechanism for removing other types of 
damaged cells.

Other alterations of possible pathologic signifi cance 
include postsynthetic modifi cation of red cell proteins 
by nonenzymatic glycosylation821 or carboxymethyl-
ation.822,823 Glycosylation of membrane proteins, such as 
hemoglobin (to form hemoglobin A1c), occurs gradually 
over the life of the cell and is proportional to the glucose 
concentration. Methylation of membrane proteins occurs 
primarily in older red cells. Ankyrin and protein 4.1 are 
the principal substrates.

Transamidation of membrane proteins may also play 
a role in aging. Aged red cells from mice lacking trans-
glutaminase-2 are more osmotically resistant than aged 
normal red cells,824 thus suggesting that the knockout red 
cells lose less membrane surface as they age. Transgluta-
minase-2 catalyzes the formation of peptide bonds 
between ε-amino groups on lysine side chains and side-
chain carboxyls on aspartic and glutamic acids in the 
presence of Ca2+.

HEREDITARY SPHEROCYTOSIS

HS (Box 15-1) is a common inherited hemolytic anemia 
in which defects of spectrin or proteins that participate 
in the attachment of spectrin to the membrane, ankyrin, 
protein 4.2, or band 3 lead to spheroidal, osmotically 
fragile cells that are selectively trapped in the spleen, 
thereby resulting in a shortened red cell life span.

History

HS was fi rst recognized about 140 years ago by two 
Belgian physicians, Vanlair and Masius,825 who gave a 
remarkably thorough account of the disease. They 

described a woman who suffered from the clinical symp-
toms now known as the hallmarks of HS—anemia, jaun-
dice, splenomegaly, and recurrent abdominal pain. The 
authors noted that most of the woman’s red cells were 
spherical and hypothesized that a combination of splenic 
enlargement and liver atrophy led to their rapid destruc-
tion and the patient’s anemia. They also noted that the 
patient’s sister had suffered from an identical illness. In 
the 1890s, the British physicians Wilson and Stanley rec-
ognized the hereditary nature of the disease and were the 
fi rst to identify the characteristic pathologic appearance 
of the spleen engorged with red cells.826,827 Subsequently, 
a report by Minkowski in 1900 in the German litera-
ture828 received wide attention, and many additional 
papers soon appeared, including Chauffard’s classic 
description of osmotic fragility829 and reticulocytosis830 as 
hallmark laboratory features of the disease. The fi rst suc-
cessful splenectomy for HS was unintentionally per-
formed by Wells in England 20 years before splenectomy 
became widely accepted831 and 3 years before Wilson’s 
description of HS. While operating on a jaundiced woman 
for a supposed uterine fi broid, Wells encountered and 
removed an enormous spleen. The patient recovered and 
her jaundice disappeared. Forty years after Wells’ sple-
nectomy, Dawson831 found abnormal erythrocyte osmotic 
fragility (OF) during an examination of the woman and 
her son. Thus, the major clinical features of HS were 
defi ned by the 1920s, although nothing was known about 
the pathophysiology of the disease. Readers interested in 
more details about these and other aspects of the history 
of HS should consult the chapters by Dacie, Crosby, and 
Wintrobe in Blood, Pure and Eloquent.832

Prevalence and Genetics

HS occurs in all racial and ethnic groups. It is particularly 
common in northern Europeans, in whom approximately 
1 in 5000 persons is affected.833 This is probably an 
underestimate inasmuch as surveys of red cell OF suggest 
that mild forms of the disease may be four or fi ve times 
more common than believed.834-836 There are no good 

Box 15-1  Diseases in Which Spherocytosis is 
the Predominant Morphology

COMMON

Hereditary spherocytosis
Immunohemolytic anemias (warm-antibody type)
ABO incompatibility in neonates

UNCOMMON TO RARE

Clostridial sepsis
Hemolytic transfusion reactions
Severe burns and other red cell thermal injuries
Spider, bee, and snake venom
Severe hypophosphatemia
Acute red cell oxidant injury (glucose-6-phosphate 

dehydrogenase defi ciency during hemolytic crisis)



 Chapter 15 • Disorders of the Red Cell Membrane 715

estimates of the prevalence in other populations, but 
clinical experience suggests that it is less common in 
African Americans and Southeast Asians.

HS exhibits both dominant and nondominant phe-
notypes. About 75% of patients have typical autosomal 
dominant disease,833,837,838 with the remaining 25% exhib-
iting nondominant inheritance.839-845 Homozygotes for 
dominant HS are rare, occurring at an estimated fre-
quency of once in 100 million births, with only two 
reported cases in the literature.838,846 In about half of the 
patients with nondominant disease, HS is due to de novo 
autosomal dominant mutations, which tend to occur at 
CpG dinucleotides and are associated with small inser-
tions or deletions.839,840 In the remaining patients with 
nondominant inheritance, both parents are clinically 
normal but may exhibit subtle laboratory abnormalities 
that suggest a carrier state.837,840,845 These patients prob-
ably have an autosomal recessive form of the disease, 
although it is not always possible to exclude dominant 
HS with reduced penetrance or dominant HS caused by 
a new mutation.837

HS is caused by unique familial mutations in differ-
ent chromosomes at loci involving the membrane skeletal 
proteins. The mutations that cause HS are consistent 
within families but vary between almost every family. The 
fi rst two genetic loci for HS that were described were a 
deletion of chromosome 8p11.1-p21.2, which eliminated 
the gene for ankyrin,847,848 and a deletion of chromosome 
14q23-q24.2, which eliminated the gene for β-spectrin.849 
Other loci have since been described in the genes for α-
spectrin, band 3, and protein 4.2. Because most muta-
tions are unique within each family, it is rarely clinically 
useful to determine the specifi c molecular defect in 
patients with HS. Readers who are interested in tables 
listing each mutation reported to cause HS should consult 
a related chapter by one of the authors (S.E.L).850

Clinical Features

Silent Carrier State

The parents of patients with “nondominant” HS are 
clinically asymptomatic and do not have anemia, spleno-
megaly, hyperbilirubinemia, or spherocytosis on periph-
eral blood smears.845 However, most do have subtle 
laboratory signs of HS, including slight reticulocytosis 
(average, 2.1% ± 0.8%), diminished haptoglobin 
levels, slightly elevated OF, or slightly shortened times in 
the acidifi ed glycerol lysis test (AGLT). The incubated 
OF test is probably the most sensitive measure of this 
condition, particularly the 100% lysis point, which is 
signifi cantly elevated in carriers (0.43 ± 0.05 g NaCl/dL) 
in comparison to normal subjects (0.23 ± 0.07 g NaCl/
dL).837 However, no single test is suffi cient. Carriers 
can be detected reliably only by considering the results 
of a battery of tests. From the incidence of autosomal 
recessive HS (1 in 40,000; that is, ≈12.5% of all occur-
rences of HS, the frequency of which is 1 in 5000 in the 
United States),833 one can estimate that roughly 1% of 

FIGURE 15-30. Peripheral blood smear from a patient with typical 
hereditary spherocytosis. Small, dense round microspherocytes are 
scattered throughout the smear.

Box 15-2  Characteristics of 
Hereditary Spherocytosis

CLINICAL MANIFESTATIONS

Anemia
Splenomegaly
Intermittent jaundice
 From hemolysis
 From biliary obstruction
Aplastic crises
Inheritance
 Dominant ≈75%
 Nondominant ≈25%
Rare manifestations
 Leg ulcers
 Extramedullary hematopoietic tumors
 Spinocerebellar ataxia
 Myocardiopathy
Excellent response to splenectomy

LABORATORY FEATURES

Reticulocytosis
Spherocytosis
Elevated mean corpuscular hemoglobin content
Increased osmotic fragility (especially the incubated 

osmotic fragility test)
Normal Coombs test
Decreased red cell spectrin, spectrin and ankyrin, band 3, 

or protein 4.2

the population should be silent carriers. Interestingly, 
screening of normal Norwegian836 or German837 blood 
donors with an OF test or AGLT shows a 0.9% to 1.1% 
incidence of previously unsuspected “very mild” HS. 
Presumably, most of these individuals are silent 
carriers.

Typical Hereditary Spherocytosis

The typical clinical picture of HS combines evidence of 
hemolysis (anemia, jaundice, reticulocytosis, gallstones, 
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and splenomegaly) with spherocytosis (spherocytes on a 
peripheral blood smear and positive OF test or AGLT 
results) and a positive family history (Box 15-2; Fig. 
15-30). Mild, moderate, and severe forms of HS have 
been defi ned according to differences in hemoglobin 
and bilirubin concentrations and the reticulocyte count 
(Table 15-4).837,851

HS is typically diagnosed in infancy or childhood, 
but it may occur at any age.852 In children, anemia is the 
most common initial fi nding (50%), followed by spleno-
megaly, jaundice, or a positive family history.853 No com-
parable data exist for adults. The majority of patients with 
HS have incompletely compensated hemolysis and mild 
to moderate anemia. The anemia is often asymptomatic 
except for fatigue and mild pallor or, in children, non-
specifi c parental complaints such as irritability. Jaundice 
is seen at some time in about half of the patients, usually 
in association with viral infections. When jaundice is 
present, it is acholuric (i.e., unconjugated [indirect] 
hyperbilirubinemia without detectable direct bilirubi-
nuria). Palpable splenomegaly is detectable in about half 
of infants and most (75% to 95%) older children and 
adults.853-855 Typically, the spleen is modestly enlarged 
(2 to 6 cm below the costal margin), but it may be 
massive.856,857 There is no proven correlation between the 
size of the spleen and the severity of HS, although given 
the pathophysiology and response of the disease to sple-
nectomy, such a correlation probably exists.

Typical HS is associated with both dominant and 
nondominant inheritance. In many patients the nondom-
inant disease is more severe, but there is considerable 
overlap.837,839,845 Clinical severity and the response to 
splenectomy roughly parallel the degree of spectrin (or 
ankyrin) defi ciency in patients with defects in either pro-
tein.837,845,851,858,859 It is not known whether analogous cor-

relations are true for patients with other HS-related 
mutations.

Mild Hereditary Spherocytosis

Red cell production and destruction are balanced or 
nearly balanced in 20% to 30% of patients with HS.854,860 
These persons are considered to have “compensated 
hemolysis” and are usually asymptomatic. In some 
patients, diagnosis may be diffi cult because the hemoly-
sis, splenomegaly, and spherocytosis are unusually mild. 
In this group of patients, reticulocyte counts are generally 
less than 6%, and only 60% of patients have signifi cant 
spherocytosis on peripheral blood smears.837 In addition, 
red cell spectrin and ankyrin levels are typically greater 
than 80% of normal.837

Hemolysis may become severe with illnesses that 
cause splenomegaly, such as infectious mononucleosis.861 
Hemolysis may also be exacerbated by pregnancy862,863 or 
exercise,863 to the point where it may impair athletic per-
formance in endurance sports. In many of these patients, 
HS is diagnosed during family studies or discovered 
when splenomegaly or gallstones are diagnosed in adult 
patients. Although mild HS is usually familial, it develops 
sporadically in families with more severe disease.864 Pre-
sumably, this is due to the coinheritance of modifying 
genes, such as those affecting spectrin or ankyrin synthe-
sis or splenic function.

It is unclear why patients with HS and compensated 
hemolysis, with normal hemoglobin levels, continue to 
have erythroid hyperplasia. It is diffi cult to reconcile this 
phenomenon with the generally accepted theory that 
erythropoiesis is regulated by tissue hypoxia. One possi-
bility is that the erythroid hyperplasia is caused by the 
concentration of 2,3-DPG, which reportedly is low in 
hereditary spherocytes before splenectomy (although the 

TABLE 15-4 Clinical Classifi cation of Hereditary Spherocytosis

Trait
Mild 
Spherocytosis

Moderate 
Spherocytosis

Moderately Severe* 
Spherocytosis

Severe*,† 
Spherocytosis

Hemoglobin (g/dL) Normal 11-15 8-12 6-8 <6
Reticulocytes (%) 1-3 3-8 ≥8 ≥10 ≥10
Bilirubin (mg/dL) 0-1 1-2 ≥2 2-3 ≥3
Spectrin content 
(% of normal)‡

100 80-100 50-80 40-80 20-50

Peripheral smear Normal Mild 
spherocytosis

Spherocytosis Spherocytosis Spherocytosis and 
poikilocytosis

Osmotic fragility
 Fresh blood Normal Normal or 

slightly 
increased

Distinctly 
increased

Distinctly increased Distinctly increased

 Incubated blood Slightly 
increased

Distinctly 
increased

Distinctly 
increased

Distinctly increased Markedly increased

*Values in untransfused patients.
†By defi nition, patients with severe spherocytosis are transfusion dependent.
‡Spectrin content is relevant only for patients with spectrin or ankyrin defects. Patients with hereditary spherocytosis who lack band 3 or protein 4.2 have mild 

to moderate spherocytosis with normal or nearly normal amounts of spectrin and ankyrin. Normal spectrin content is 245 ± 27 (SD) × 105 spectrin dimers per 
erythrocyte.

Adapted from Eber SW, Armbrust R, Schröter W. Variable clinical severity of hereditary spherocytosis: relation to erythrocytic spectrin concentration, osmotic 
fragility and autohemolysis. J Pediatr. 1990;177:409.



 Chapter 15 • Disorders of the Red Cell Membrane 717

P50 of blood from HS patients is normal).865,866 Another 
possibility is that the dehydrated HS red cells are rheo-
logically impaired and do not perfuse the juxtaglomerular 
renal vessels (where erythropoietin is produced) nor-
mally, even when the hematocrit is normal. Observations 
that erythropoietin is inappropriately elevated (up to 
eight times normal) in HS patients supports this hypoth-
esis.867,868 However, if this hypothesis is correct, erythro-
poietin production should correlate inversely with red 
cell deformability in any disorder (e.g., sickle cell anemia, 
hereditary xerocytosis) regardless of the hemoglobin 
level.

Moderate and Severe 
Hereditary Spherocytosis

A small fraction of patients with HS (5% to 10%) have 
moderately severe to severe anemia. Patients with “mod-
erately severe” disease typically have a hemoglobin value 
of 6 to 8 g/dL, a reticulocyte count of about 10%, a bili-
rubin level of 2 to 3 mg/dL, and 40% to 80% of the 
normal red cell spectrin content. This category includes 
patients with both dominant and recessive HS and a 
variety of molecular defects.

Patients with “severe” disease, by defi nition, have 
life-threatening anemia and are transfusion dependent 
(see Table 15-4). They almost always have recessive HS. 
Most of these patients probably have isolated, severe 
spectrin defi ciency (<40% of normal), which is thought 
to be due to a defect in α-spectrin.869 Some may have 
ankyrin defects.870 Patients with severe HS are also dis-
tinguished by red cell morphology. They often have some 
irregularly contoured or budding spherocytes and bizarre 
poikilocytes, in addition to typical spherocytes.870,871 Such 
cells are rare before splenectomy in patients with mod-
erately severe disease, although some may be seen after 
splenectomy. In addition to the risks associated with 
recurrent transfusions, patients with “severe” disease fre-
quently experience aplastic crises and may exhibit growth 
retardation, delayed sexual maturation, or aspects of 
thalassemic facies.856,857,871

Hereditary Spherocytosis in Pregnancy

In general, unsplenectomized patients with HS have no 
signifi cant complications during pregnancy except for 
anemia, which worsens as a result of plasma volume 
expansion872 and sometimes because of increased hemo-
lysis.862,863 Hemolytic crises during pregnancy requiring 
transfusion have been reported.863 Folic acid defi ciency 
is also a risk.873,874 One group reported that 20% of 
patients with HS received transfusions during preg-
nancy,863 but in our experience, pregnant patients with 
HS rarely need transfusions.

Hereditary Spherocytosis in Neonates

HS is often manifested as jaundice in the fi rst few days 
of life.875-877 Perhaps as many as half of all patients with 
HS have a history of neonatal jaundice,878 and 91% of 
infants discovered to have HS in the fi rst week of life are 

jaundiced (bilirubin level > 10 mg/dL).876 In a French 
study population of 402 jaundiced neonates requiring 
phototherapy, 1% were found to have HS.879 Hyperbili-
rubinemia usually appears in the fi rst 2 days of life, and 
bilirubin levels may rise rapidly,875,877,878 driven by the 
combination of hemolysis and the reduced capacity of 
the neonatal liver to conjugate bilirubin. Newborns with 
both HS and the trait for Gilbert’s syndrome, a common 
polymorphism in the promoter region of the uridine 
diphosphate–glucuronosyltransferase gene (UGT1A1), 
often have hyperbilirubinemia.880 Homozygosity for the 
Gilbert syndrome polymorphism may aggravate neonatal 
anemia in HS.881 Kernicterus is a risk875; thus, exchange 
transfusions are sometimes necessary, but in most 
patients, the jaundice is controlled with phototherapy.

Only 43% of neonates with HS are anemic at birth 
(hemoglobin level < 15 g/dL), and severe anemia is rare.876 
Most patients have normal hemoglobin levels at birth, 
which then decrease sharply over the fi rst 3 weeks of life 
and lead to a transient, severe anemia.882 In up to three 
fourths of infants, the anemia is severe enough to warrant 
transfusion or treatment with erythropoietin (see later). 
This anemia appears to be aggravated by an inability 
of the infant’s red cells to mount an appropriate erythro-
poietic response to anemia and to the development of 
splenic function. Most infants will outgrow the need for 
transfusion by the end of the fi rst year of life.882

Hydrops fetalis has been reported in a few rare 
patients and is associated with homozygosity or com-
pound heterozygosity for spectrin or band 3 defects.841,846,883 
If hydrops fetalis is detected in utero, these infants may 
require intrauterine transfusions. No instances of hydrops 
fetalis have been associated with ankyrin defi ciency. It is 
possible that infants with ankyrin defects, similar to 
ankyrin-defi cient nb/nb mice,884,885 are partially protected 
in utero by the expression of ankyrin-related proteins in 
embryonic and fetal erythroblasts.

The diagnosis of HS is sometimes more diffi cult in 
the neonatal period than later in life. Splenomegaly is 
uncommon; at most the spleen tip is palpable, and reticu-
locytosis is variable and not usually severe.877,878 Only 
35% of affected neonates have a reticulocyte count 
greater than 10%.876 In addition, the haptoglobin level is 
not a reliable indicator of hemolysis during the fi rst few 
months of life.886 An even greater problem is that 33% of 
neonates with HS do not have signifi cant numbers of 
spherocytes on their peripheral blood smears.876 More-
over, because fetal red cells are more osmotically resistant 
than adult cells when fresh, and more osmotically sensi-
tive after incubation at 37º C for 24 hours,876,887 the OF 
test occasionally gives false-positive (incubated) or false-
negative (unincubated) results unless fetal controls are 
used. Fortunately, these results have been published,876 
and they appear to reliably differentiate neonates 
with HS, particularly when the incubated OF test is 
used.876-878 However, in our experience it is rarely neces-
sary to use fetal controls. The standard OF test suffi ces 
to make the diagnosis in conjunction with the blood 
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smear, Coombs test, and other data. Studying erythro-
cytes from the parents is also very useful in the diagnosis 
of HS, particularly if the infant has received a 
transfusion.888

No evidence exists that patients with HS who show 
symptoms as neonates have a more severe form of the 
disease. However, some neonates with HS have trouble 
“getting their bone marrows started” (i.e., generating an 
appropriate erythropoietic response to their hemolysis) 
and become progressively more anemic and require 
transfusion. The reason for this is unknown. In our expe-
rience it is more common after an exchange transfusion, 
but it also occurs in untransfused infants. Fortunately, 
the problem is transient, except in rare patients with 
severe HS, and usually remits after one or two transfu-
sions. If the child is otherwise well, we allow the hemo-
globin level to fall to 5.5 to 6.5 g/dL before giving 
transfusions to try to stimulate the marrow and only raise 
the hemoglobin level to 9 to 11 g/dL after transfusion to 
avoid suppressing the desired marrow response. After the 
bone marrow responds, the course of the disease depends 
on the equilibrium between rates of red cell production 
and destruction.

Administration of recombinant human erythropoie-
tin (rHuEPO) to infants with HS and relative erythroid 
hypoplasia was shown to be benefi cial in reducing blood 
transfusions in an uncontrolled, open label study.889 In 
this study, 13 of 16 infants given 1000 IU rHuEPO per 
kilogram by weekly subcutaneous injection had increases 
in their absolute reticulocyte count and hemoglobin 
values. The infants were given the same dose of rHuEPO 
weekly based on their initial weight (at a range of initial 
ages from 16 to 119 days), a weekly hemoglobin level of 
less than 8 g/dL, and an absolute reticulocyte count of 
200 × 109/L or less. More recent studies have shown 
similar effectiveness with different doses and different 

frequencies.890 Therefore, erythropoietin therapy in 
infants with HS has become more standard, although 
weekly erythropoietin injections can be challenging for 
parents. Nevertheless, further studies of recombinant 
erythropoietin therapy for neonatal anemia in HS and a 
poor retic response are needed to determine the optimal 
time to initiate treatment, the optimal dose, and the dura-
tion of therapy.

Close observation of infants with HS is necessary to 
avoid complications of severe anemia. All infants with HS 
should have hemoglobin and reticulocyte measurements 
every 1 to 2 months during the fi rst 6 months of life. In 
the second 6 months of life, these intervals may be 
increased to every 2 to 3 months. In the second year 
of life, blood cell counts can be measured every 4
months. Infants with more severe disease must be 
observed carefully to avoid unnecessary side effects of 
severe anemia.

Etiology: Membrane Protein Defects

The primary molecular defects in HS reside in mem-
brane skeleton proteins, particularly the proteins whose 
vertical interactions connect the membrane skeleton to 
the lipid bilayer: spectrin, ankyrin, protein 4.2, and 
band 3 (see Fig. 15-6). Red cells from the majority of 
European and American patients with HS, both the dom-
inant and nondominant forms, have defi ciencies of spec-
trin and ankyrin.845,851,871,891 The degree of spectrin 
defi ciency (and by deduction ankyrin defi ciency) corre-
lates well with the spheroidicity of HS red cells, the 
severity of hemolysis, and the response of patients to 
splenectomy (Fig. 15-31A).837,845,892 The mechanical 
properties of the cells, particularly their ability to with-
stand shear stress, also correlate with their spectrin 
content (see Fig. 15-31B).892,893 Microscopically, HS red 
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FIGURE 15-31. Correlation of spectrin content with (A) 
unincubated osmotic fragility and (B) mechanical stability 
in hereditary spherocytosis. Circles are patients with typical 
autosomal dominant HS. Triangles are patients with non-
dominant spherocytosis. Reddish brown symbols denote 
patients who have had a splenectomy. The blue rectangle in 
A is the normal range. (A, Adapted from Agre P, Asimos A, 
Casella JF, et al. Inheritance pattern and clinical response to 
splenectomy as a refl ection of erythrocyte spectrin defi ciency in 
hereditary spherocytosis. N Engl J Med. 1986;315:1579; B, 
adapted from Chasis JA, Agre PA, Mohandas N. Decreased 
membrane mechanical stability and in vivo loss of surface area 
refl ect spectrin defi ciencies in hereditary spherocytosis. J Clin 
Invest. 1988;82:617-623.)
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Box 15-3  Characteristics of Hereditary 
Spherocytosis Secondary to 
a-Spectrin Defi ciency

<5% of cases of hereditary spherocytosis
Autosomal recessive
α-SpectrinLEPRA, a common, low-expression splicing defect, 

often paired with a second, presumably null allele
Severe hemolysis and anemia, often transfusion dependent
50% to 75% spectrin defi ciency
Red cell morphology not well defi ned

α-Spectrin
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F
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pectrin repeats

FIGURE 15-32. Two α-spectrin mutations associated with recessive 
hereditary spherocytosis (HS) are shown next to a schematic represen-
tation of the α-spectrin peptide. (Adapted with permission from Walensky 
LD, Narla M, Lux SE. Disorders of the red cell membrane. In Handin RI, 
Lux SE, Stossel TP [eds]. Blood: Principles and Practice of Hematology, 2nd 
ed. Philadelphia, JB Lippincott, 2003, pp 1709-1858.)

cells show fewer spectrin fi laments interconnecting spec-
trin-actin–protein 4.1 junctional complexes, but overall 
skeletal architecture is preserved,894 except in the most 
severe forms of the disease. A minority of European and 
American patients with HS have defi ciencies of band 3 
and protein 4.2 (dominant HS) or protein 4.2 alone 
(recessive HS).839,891,895-899 In contrast, these are the most 
common forms of HS in Japan.900 In Korean patients, 
ankyrin and spectrin defi ciency is most commonly 
observed, but protein 4.2 defi ciency occurs more com-
monly than in European or American patients.901

α-Spectrin Defects: Recessive 
Hereditary Spherocytosis

In humans, α-spectrin synthesis exceeds β-spectrin syn-
thesis by 3 or 4 to 1.902 Heterozygotes for α-spectrin 
synthetic defects produce enough normal α-spectrin 
chains to pair with all or nearly all of the β chains that 
are made. Thus, α-spectrin defects are apparent only in 
the homozygous or compound heterozygous state and are 
therefore associated with recessive inheritance. An esti-
mated 5% or less of patients with HS are affected by 
α-spectrin mutations. In affected patients, the clinical 
manifestations are often severe, and most patients are 
transfusion dependent.845,858,871 The characteristics of 
HS secondary to α-spectrin defi ciency are listed in 
Box 15-3.

Patients who are homozygotes or compound hetero-
zygotes for α-spectrin defects that produce a 50% to 75% 
defi ciency in spectrin suffer from severe HS. In a report 
of lethal HS associated with dramatic spectrin defi ciency 
(26% of normal), pulse-labeling studies of BFU-E–
derived erythroblasts revealed a marked decrease in α-
spectrin synthesis.841 Although the underlying molecular 
basis of this defect is unknown, a family history of mild, 
dominantly inherited HS in the mother and slightly 
increased OF in the hematologically normal father sug-
gests that the proband inherited at least two genetic 
defects, which in a simple heterozygote would have 
minimal adverse consequences. Wichterle and co-
authors903 described a patient with severe HS who was a 
compound heterozygote for two different α-spectrin gene 
defects: in one allele there was a splicing defect associated 
with an upstream intronic mutation, αLEPRA; in the other 
allele there was another mutation, αPRAGUE (Fig. 15-32). 

The αLEPRA allele, a common defect in those with α-
spectrin mutations, produces six times less of the cor-
rectly spliced α-spectrin transcript than the normal allele 
does. In many patients with nondominant HS and spec-
trin defi ciency, αLEPRA is in linkage dysequilibrium with 
αBug Hill, which contains an amino acid substitution in the 
αII domain in the same spectrin molecule.845,858,869,871 It 
appears that the combination of the αLEPRA or αLEPRA + 
αBug Hill alleles with other defects in α-spectrin in trans 
leads to signifi cant spectrin-defi cient spherocytic anemia. 
Interestingly, even in the most severe forms of α-spec-
trin–linked recessive HS, obligate heterozygotes show 
little or no spectrin defi ciency.845,858,871

β-Spectrin Defects: Dominant 
Hereditary Spherocytosis

Defi ciency of the limiting β-spectrin chains restricts the 
formation of αβ-spectrin heterodimers. Thus, defects in 
β-spectrin, which affect 15% to 30% of those with HS, 
are apparent in the heterozygous state and associated 
with dominant inheritance. The characteristics of HS 
secondary to β-spectrin defi ciency are listed in Box 
15-4.

Cloning of the β-spectrin gene, a large gene spanning 
more than 200 kb, preceded the identifi cation of hetero-
zygous point mutations in a number of unrelated families 
with dominant HS. Mutations described in β-spectrin 
have included initiation codon disruptions,904 frameshift 
and nonsense mutations, gene deletions, and splicing 



720 HEMOLYTIC ANEMIAS

β-Spectrin Recessive HSDominant or sporadic HS

N

926,936

845
785

638
590

514

444

202,220
182,189

100

1

1492

1684

1884

1946

1227

C
S

pectrin repeats
A

ctin/4.1 B
inding

1684 Birmingham (R1684C)

1884 Sao Paulo (A1884V)

1946 Tabor (Q1946X)

1227 Columbus (P1227S)

1492 Durham (L1492-K1614del)

100 Guemene Penfao (300G>C)
1 Promissao (M1V)

182 Atlanta (W182G)
189 Unnamed (G189A)

202 Kissimmee (W202R)
202 Ostrava (604delT)

220 Oakland (I220V)

444 Bicetre (1331-1338del8)
514 Alger (Q514X)

590 Philadelphia (1767-1768insA)
638 St. Barbara (1912del)

785 Bergen (2351-2352insA)
845 Baltimore (Q845X)

926 Houston (2777delA)
936 Winston-Salem (3764+1G>A)

^

FIGURE 15-33. β-Spectrin mutations 
associated with hereditary spherocytosis 
(HS) are shown next to a schematic repre-
sentation of the β-spectrin peptide. Null 
mutations, arising from frameshifts, non-
sense mutations, large deletions, or substitu-
tions of the initiation codon, are shown in 
light tan rectangles and black squares. Missense 
mutations are shown in dark tan rounded rec-
tangles and open circles. (Adapted with permis-
sion from Walensky LD, Narla M, Lux SE. 
Disorders of the red cell membrane. In Handin 
RI, Lux SE, Stossel TP [eds]. Blood: Principles 
and Practice of Hematology, 2nd ed. Philadel-
phia, JB Lippincott, 2003, pp 1709-1858.)

Box 15-4  Characteristics of Hereditary 
Spherocytosis Secondary to 
b-Spectrin Mutations

15% to 30% of cases of hereditary spherocytosis
Almost all individual, dominant null mutations
Spectrin content decreased 15% to 40%
Mild to moderate anemia
Blood smear with spherocytosis plus 5% to 10% 

spiculated red cells
Spherocytosis plus elliptocytosis in some patients with 

C-terminal mutations (i.e., spherocytic elliptocytosis)

defects (Fig. 15-33). The following examples of β-
spectrin defects are caused by these unique mutations. 
SpectrinKissimmee is an unstable β-spectrin that lacks the 
ability to bind protein 4.1 and, as a consequence, binds 
poorly to actin.905-907 This variant is due to a point muta-
tion, Trp202→Arg, in a conserved region near the NH2-
terminal of β-spectrin, which forms part of the distal 
(CH2) protein 4.1 binding site.905 Truncated β-spectrin 

mutations caused by a large genomic deletion that leads to 
skipping of exons 22 and 23, β-spectrinDurham, or to splicing 
mutations, β-spectrinWinston-Salem and β-spectrinGuemene-Penfao, 
have also been described.908-910 Moreover, screening of the 
β-spectrin gene in patients with HS and spectrin defi -
ciency has identifi ed a number of nonsense and frameshift 
mutations.911-913 One of these, spectrinHouston, a frameshift 
mutation caused by a single nucleotide deletion, was 
found in patients from several unrelated kindreds911 and 
may be a relatively common β-spectrin mutation associ-
ated with dominant HS.

Patients with HS caused by β-spectrin mutations 
have mild to moderate hemolysis and anemia. Interest-
ingly, in HS patients in whom peripheral blood morphol-
ogy has been described, those with β-spectrin mutations 
have had a small population (5% to 10%) of acanthocytes 
or spiculated spherocytes, as well as spherocytes.

Ankyrin Defects

Spectrin heterodimers are stable only when bound to the 
membrane,914 and ankyrin, the high-affi nity binding 
site, is normally present in limited amounts. As a result, 
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ankyrin defects are typically expressed as a dominant 
defect, although recessive mutations have been described. 
The characteristics of HS caused by ankyrin defects are 
listed in Box 15-5.

Evidence implicating defects of ankyrin in patients 
with HS comes from a variety of sources, including bio-
chemical analysis, genetic studies, and study of a murine 
model of HS. The initial biochemical studies suggested 
an ankyrin defect in two patients with an atypical, unusu-
ally severe form of HS characterized by bizarrely shaped 
microspherocytes and transfusion-dependent anemia.870 
Both red cell spectrin and ankyrin levels were approxi-
mately 50% of normal, apparently because of failure of 
ankyrin synthesis or synthesis of an unstable molecule.859 
Ankyrin mRNA concentrations were also 50% of normal, 
and pulse-chase studies showed that newly synthesized 
ankyrin did not accumulate in the cytoplasm and reached 
only 50% of normal levels on the membrane. In contrast, 
spectrin mRNA concentrations were normal. However, 
only 50% of the synthesized spectrin attached to the 
membrane, presumably because of the lack of ankyrin 
sites. These results were the initial indication that ankyrin 
defi ciency or dysfunction leads to spectrin defi ciency in 
HS.

Additional studies have provided evidence that 
ankyrin defi ciency is present in the erythrocytes of many 
patients with typical dominant HS. Savvides and col-
leagues891 measured red cell spectrin and ankyrin levels 
by radioimmunoassay in the erythrocyte membranes of 
39 patients from 20 typical kindreds with dominant HS. 
Values ranged from 40% to 100% of the normal cellular 
levels of 242,000 ± 20,500 spectrin heterodimers and 
124,500 ± 11,000 ankyrin heterodimers. Both spectrin 
and ankyrin levels were less than the normal range in 
75% to 80% of the kindreds. The degree of spectrin and 
ankyrin defi ciency was very similar in 19 of the 20 kin-
dreds studied. Similar data have been observed in other 
studies.851,896-898,901,915,916 The fi nding of concomitant spec-
trin and ankyrin defi ciency is not unexpected. Decreased 
ankyrin synthesis could lead to decreased assembly of 
spectrin on the membrane because ankyrin is the princi-
pal spectrin binding site.

Initial genetic studies supported the hypothesis that 
a defect in the ankyrin gene could be associated with HS. 
Initially, studies of atypical patients with HS and karyo-
typic abnormalities, including translocations and intersti-
tial deletions, defi ned a locus for HS at chromosomal 
segments 8p11.2-21.1.847,917-920 After the ankyrin gene 
was cloned, it was localized to this same region, 8p11.2.847 
Fluorescence-based in situ hybridization of lymphocyte 
metaphase spreads from a patient with HS, mental retar-
dation, and an interstitial deletion of chromosome 8, 
band p11.1-p21, with an ankyrin genomic probe pro-
vided direct evidence that one copy of the erythrocyte 
ankyrin gene was deleted.847 The ankyrin content in the 
patient’s red blood cell membranes was reduced by 50%. 
A similar phenotype has been reported in another patient 
with an 8p11.1-p21.3 deletion.848 These results demon-
strated that a defi ciency of ankyrin secondary to a gene 
deletion could be a cause of HS.

Genetic studies have now clearly shown that a defect 
in the ankyrin gene is the most common cause of domi-
nant HS. The linkage between HS and the ankyrin gene 
was demonstrated in a large family with typical dominant 
HS by the use of restriction fragment length polymor-
phisms.921 Studies of ankyrin cDNA revealed that a third 
of patients with dominant HS and spectrin and ankyrin 
defi ciencies expressed only one of their two ankyrin 
alleles in reticulocyte RNA, thus demonstrating reduced 
ankyrin expression from one, presumably mutant allele.922 
A series of reports then demonstrated the precise defects 
in the ankyrin gene that cause HS.923 Analysis of these 
mutations revealed the following: (1) ankyrin mutations 
are common and affect patients with both dominant and 
nondominant HS, (2) mutations that abolish the normal 
ankyrin product are common in dominant HS (e.g., 
frameshift and nonsense mutations), and (3) defects 
upstream of the coding region in the ankyrin gene ery-
throid promoter are common in nondominant HS.

The most common ankyrin variant in patients with 
recessive HS is a T→C nucleotide substitution in the 
ankyrin gene promoter −108 bp from the translation start 
site. The allele frequency of this variant was found to be 
29% in a German HS population and 2% in normal 
individuals.923 It has also been associated with nondomi-
nant HS with ankyrin defi ciency in Italy.839 The −108 
sequence variant is usually in cis with a G→A nucleotide 
substitution 153 bp from the start site.924 These defects 
are silent in obligate heterozygotes; therefore, patients 
with nondominant HS must have a second mutation.924 
Functional defects associated with these promoter muta-
tions have been demonstrated in a transgenic animal 
model.925

Variations in the clinical severity and red cell ankyrin 
content of similar mutations indicate that other factors 
modify the expression of the primary ankyrin defects. For 
example, ankyrinMarburg and ankyrinEinbeck are frameshift 
mutations that occur in the NH2-terminal (membrane) 
domain and do not produce a detectable product in 
mature red cells. They would be expected to have a 

Box 15-5  Hereditary Spherocytosis Secondary to 
Ankyrin Mutations

30% to 60% of cases of hereditary spherocytosis in the 
United States and Europe; 5% to 10% in Japan

Autosomal dominant and autosomal recessive
Dominant mutations are null mutations and are nearly all 

unique
Recessive mutations are missense and promoter defects: 

the −108T→C promoter mutation is common
Both spectrin and ankyrin equally defi cient: 15% to 50% 

defi ciency
Mild to moderately severe anemia
Blood smear with spherocytosis and no other abnormal 

morphology



722 HEMOLYTIC ANEMIAS

Recessive HS

N

765
631,637

797,798

596,601,612
573

507
535

463
428

329
277

174
187

112

2,9

1252

1185
1230

1382

1436,1488

1512

1592

1640
1669,1700
1721

1894

821

907

983

1075
1109,1127

1046,1053,1054

933,941

C

1833

S
pectrin dom

ain
M

em
brane dom

ain

Dominant or sporadic HS

2 Chiba II (4-13del10)

142  Shiga (427+3-4insA)
174 Osterholz (520-539del20)

637 Osaka I (1909-1911insC)
765 Olomouc (S765X)

797 Marburg (2389-2392del4)
821 Yamagata (2461+1G>C)

933 Napoli II(2799delC)
951 Mie (2825-2826del7insTCTG)

1109 Chiba I (3327+1G>C)

1436 Bovenden (R1436X)

1669 Ravovnik (E1669X)

112 Saitama (334delT)

146 Bugey (437delC)
187 Tokyo II (561-570del10)

329 Stuttgart (985-986del2)

428 Bari (1282delG)
507 Florianopolis (1519-1520 insC)

573 Tokyo III (1717delC)
573  Napoli (1718delT)

601 Duisberg (1801-18C>A)
631 Votice (Q631X)

765 Horovice (2296-2A>T)
798 Kagoshima (2394-2397del4)

907 Tabor (2720delG)

1127  Porta Westfalica (3380delC)
1230  Chiba III (Y1230)
1252 Tokyo I (R1252X)

1382  Kralupy (4145delT)
1488 Karlov (R1488X)

1512 Prague (4537-4538ins201)

1640 Toyama (Q1640X)
1700  Unnamed (5097-34C>T)
1721 Saint-Etienne 1 (W1721X)

941 Benesov (2825-2826ins5)
983 Anzio (2948-2949del2)

1053 Melnick (R1053X)

 Unnamed (-204C>G)  Campinas (-153G>A)
 Unnamed (-108T>C)

Unnamed (-72/73delTG)

463 Walsrode (V463I)

Ankyrin

1592 Dusseldorf (D1592N)

1894 Bocholt (5619+16C>T)

1046 Nara (L1046P)
1054 Jaguariuna (I1054T)

1185 Unnamed (W1185R)

1075 Tubarao (I1075T)

277 Limeira (H277R)

9 Nara II (27+5G>C))

535 Laguna (1605delA)
573 Einbeck (1717-1718insC)

596 Munster (1788delC)
612 Osaka II (Q612X)

1833 Saint-Etienne 2 (R1833X)

142,146

/

R
egulatory dom

ain

FIGURE 15-34. Ankyrin mutations associated with hereditary spherocytosis (HS). Null mutations, arising from frameshifts or nonsense mutations, 
are shown in light tan rectangles and black squares. Missense and putative promoter mutations are shown in dark tan rounded rectangles and open 
circles. (Adapted with permission from Walensky LD, Narla M, Lux SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP [eds]. Blood: 
Principles and Practice of Hematology, 2nd ed. Philadelphia, JB Lippincott, 2003, pp 1709-1858.)

similar phenotype, but patients with ankyrinMarburg have 
moderate to severe HS and moderate ankyrin defi ciency 
(64% of normal), whereas patients with ankyrinEinbeck 
have very mild disease and normal ankyrin levels. Under-
standing this and similar phenotypic variations will be 
one of the critical problems in HS research in the next 
few years.

Ankyrin mutations are estimated to account for 30% 
to 60% of cases of HS in northern European populations 
and 5% to 10% of cases of HS in Japanese populations. 
Peripheral blood smears demonstrate only prominent 
spherocytosis. Hemolysis can be mild to severe, and 
patients with recessive mutations typically have a more 
severe clinical course. The majority of ankyrin mutations 
are private; that is, each individual kindred has a unique 
mutation (Fig. 15-34). One frameshift mutation associ-
ated with severe dominant HS, ankyrinFlorianopolis, has been 
identifi ed in patients with HS from three different kin-

dreds with different genetic backgrounds.926 Analysis of 
an ankyrin gene polymorphism in these individuals dem-
onstrated that this mutation is found on different ankyrin 
alleles, thus suggesting that the ankyrinFlorianopolis mutation 
has occurred more than once.

Band 3 Defects: Dominant 
Hereditary Spherocytosis

A primary defect in band 3 is present in approximately 
20% to 30% of patients with dominant HS.927 Erythro-
cyte membranes from these patients are defi cient in band 
3 with a concomitant defi ciency of protein 4.2.928 The 
characteristics of HS caused by band 3 defi ciency are 
listed in Box 15-6.

A variety of band 3 mutations have been described, 
and these mutations are spread out throughout the band 
3 gene and occur in both the cytoplasmic and mem-
brane-spanning domains (Fig. 15-35). Band 3 mutations 
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Box 15-6  Hereditary Spherocytosis Secondary to 
Band 3 Mutations

20% to 30% of cases of hereditary spherocytosis
Individual, dominant functionally null mutations. No 

common defects
15% to 40% decrease in band 3 and similar decrease in 

protein 4.2
Mild to moderate hemolysis and anemia
Spherocytosis with a small number of characteristic 

mushroom-shaped or “pincered” cells

Recessive HSN
C

Transm
em

brane dom
ain

C
ytoplasm

ic dom
ain

Dominant or sporadic HS

 ---Neapolis (16+2T>C)
55 Foggia (163delC)

81 Hodouin (W81X)

100 Napoli I (298-299insT)

172 Wilson  (515delG)
183 Fukuyama II (548-549insA)

616 Smichov  (1848delC)
647 Hobart (1940delG)

822 Prague (2464-2465ins10)

275 Princeton (823-824insC)

419 Bruggen (1255delC)

330 Noirterre (Q330X)

455 Benesov (G455E)

478 Pribram (1431+1G>A)

117 Nachod (350-3C>A) 130 Fukuoka (G130R)

 Genas (-62G>A )

40,55,56

100,112,117
130,147
150

172,173
183
204

275,285

327,330

455,456
478

496,500

518

616,628

647,664

707,714

760
771,783
808
822
834,837

868,870
894

81
90

 40 Montefiore (E40K )

90 Capetown (E90K )

150 Osnabruck I (R150X)147 Mondego (P147S)

327 Tuscaloosa (P327R)

285 Boston (A285D)

707 Most (L707P)

760 Prague II (R760Q)
771 Chur (G771D)

808 Jablonec (R808C)

837 Philadelphia (T837M)
870 Prague III (R870W)

455 Yamagata (G455R)
488 Coimbra (V488M)

518 Dresden (R518C)500 Milano (1498-1499ins69)

Band 3

490 Bicetre I (R490C)^

^

56 Kagoshima (167delA)
81 Bohain (241delT)

112 Fukuyama (336-337del2)

173 Worchester (515-516insG)
204 Campinas (694+1G>T)

456 Bicetre II (1366delG)

496 Evry (1486delT)

628 Trutnov (Y628X)

894 Vesuvio (2682delC)

664 Osnabruck II (M664del)

714 Okinawa (G714R)

760 Hradec Kralove (R760W)
783 Napoli II (I783N)
808 Nara I (R808H)

834 Birmingham (H834P)
837 Tokyo (T837A)

FIGURE 15-35. Band 3 mutations associated with hereditary spherocytosis (HS). Null mutations arising from either frameshift or nonsense 
mutations are shown in light tan rectangles and black squares, as is a mutation associated with loss of the translation start site (band 3Neapolis). Mis-
sense mutations or short in-frame deletions or insertions are shown in dark tan rounded rectangles and open circles. (Adapted with permission from 
Walensky LD, Narla M, Lux SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP [eds]. Blood: Principles and Practice of Hematology, 
2nd ed. Philadelphia, JB Lippincott, 2003, pp 1709-1858.)

is degraded or not otherwise inserted into the mem-
brane.928 Similar to the other molecular defects that cause 
HS, band 3 mutations are unique familial defects with 
no common mutations among affected groups.

One of the fi rst described band 3 mutants associated 
with HS was band 3Prague.929 This mutant is due to a 10-
nucleotide duplication in the band 3 gene that leads to a 
shift in the reading frame and results in premature chain 
termination by altering the C-terminal after amino acid 
821. The mutation affects the last transmembrane helix 
and probably alters insertion of band 3 into the mem-
brane because the mutant protein is not detectable in 
mature red cells.

Conserved arginine residues are frequent sites of 
mutations in the transmembrane domain of the band 3 
gene. Arginine 490 appears to be a particular hot spot 
for HS-related band 3 mutations.930,931 The affected argi-

generally fall into two groups. One group is associated 
with mild band 3 defi ciency and affects protein 4.2 or 
ankyrin binding. The other group is associated with more 
severe band 3 defi ciency as a result of a mutation that 
causes mRNA instability or a mutant band 3 protein that 
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nine residues are located in the same position on the 
inside edge of most transmembrane proteins and are 
believed to help orient the membrane-spanning seg-
ments. Thus, as predicted, in vitro studies have demon-
strated that these arginine substitutions, as well as several 
other HS-associated band 3 missense mutations, exhibit 
defective cellular traffi cking from the endoplasmic reticu-
lum to the plasma membrane,932,933 perhaps as a result of 
misfolding.

Other band 3 mutations causing HS have been 
described, including nonsense mutations,923,934 frameshift 
mutations,935 partial gene duplications, other missense 
mutations, and splicing defects.846,883,936-938 Determina-
tion of the crystal structure of the cytoplasmic domain 
of band 3 is beginning to provide insight into the biologic 
signifi cance of the missense mutations.939,940 A few of the 
HS mutations have been associated with signifi cant 
protein 4.2 defi ciency or with acanthocytosis alone (see 
later).

Clinically, most patients with band 3 mutations have 
mild to moderate hemolysis and anemia. The band 3 
protein is reduced by 15% to 40% in HS red cells. On 
average, band 3 defects are somewhat milder than ankyrin 
or β-spectrin defects, although there is considerable 
overlap in severity. Patients with HS and band 3 defi cien-
cies have a small number (≤1%) of button, mushroom-
shaped, or “pincered” erythrocytes, in addition to 
spherocytes, on peripheral blood smears. This morpho-
logic characteristic is not observed in the other mem-
brane protein defects.

Because band 3 functions as an anion exchanger and 
a shortened form of band 3 is expressed in the interca-
lated cells of the kidney cortical collecting ducts, patients 
with HS and band 3 defi ciency have been examined for 
a defect in acid-base homeostasis. Patients who are 
homozygous for band 3 defects, such as band 3Coimbra,883 
or patients with defects in band 3 mRNA processing, 
such as band 3Pribram or band 3Campinas,941,942 have been 
found to suffer from hemolytic anemia and renal tubular 
acidosis (RTA). However, the majority of HS patients 
with mutations in band 3 do not have RTA.943-946 The 
lack of RTA in patients with dominant HS and band 3 
mutants supports the hypothesis that dominant RTA 
results from the association of mutant band 3 with wild-
type band 3 into hetero-oligomers in the kidney, but not 
in erythroid cells, thereby leading to intracellular reten-
tion or mistargeting of both proteins.928 It is poorly 
understood why some residues are critical in the kidney 
but not in the red cell, with mutations leading to the 
phenotype of RTA but not HS, or why some residues are 
critical in the erythrocyte but not the kidney and lead to 
the phenotype of HS but not RTA. These are important 
questions to be addressed in future studies.

Protein 4.2 Defects: Recessive 
Hereditary Spherocytosis

Investigators have described families with recessive HS 
in which erythrocytes from affected homozygous patients 

lack protein 4.2. HS caused by protein 4.2 defi ciency 
is most common in Japan, although a few patients 
have been described in other populations.895,947,948 
The characteristics of this form of HS are summarized 
in Box 15-7.

The molecular defects causing protein 4.2 defi ciency 
have been described in multiple families (Fig. 15-36). 
The most common mutation is 4.2Nippon, in which the red 
cells contain only a small quantity of a 74/72-kd doublet 
of protein 4.2 instead of the usual abundant 72-kd species 
because of an Ala142→Thr mutation that affects pro-
cessing of protein 4.2 mRNA.949 Protein 4.2Nippon–
defi cient membranes lose 70% of their ankyrin with 
low–ionic strength extraction, and the ankyrin loss is 
blocked by preincubation of the membranes with puri-
fi ed 4.2, which suggests that protein 4.2 stabilizes ankyrin 
on the membrane.950,951 This hypothesis is supported by 
the observation that the amount of protein 4.2 is low in 
the red cell membranes of ankyrin-defi cient nb/nb mice 
and in HS patients who lack one ankyrin gene. In addi-
tion, red cells from patients homozygous for 4.2Nippon are 
fragile and have heat-sensitive skeletons, clumped intra-
membranous particles, and increased lateral mobility of 

Box 15-7  Hereditary Spherocytosis Secondary to 
Protein 4.2 Mutations

<5% of cases of hereditary spherocytosis in the United 
States and Europe; 45% to 50% in Japan.

Autosomal recessive
95% to 100% defi ciency of protein 4.2
4.2Nippon common in Japan
Blood smear with variable red cell morphology in different 

patients: spherocytes, acanthocytes, ovalostomatocytes, 
normal discocytes

89
119
142
175

308,310
317

119 Fukuoka (W119X)
142 Nippon (A142T)

175 Komatsu (D175Y)

310 Tozeur (R310Q)
317  Shiga (R317C)

89 Lisbao (265delG)

308 Notame (922+1G>A)

317 Nancy (950delG)

Recessive HS

N
C

Protein 4.2

FIGURE 15-36. Protein 4.2 mutations associated with recessive 
hereditary spherocytosis (HS). Null mutations, arising from frameshifts 
or nonsense mutations, are shown in light tan rectangles and black 
squares. Missense mutations are shown in dark tan rounded rectangles and 
open circles. (Adapted with permission from Walensky LD, Narla M, Lux 
SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP 
[eds]. Blood: Principles and Practice of Hematology, 2nd ed. Philadelphia, 
JB Lippincott, 2003, pp 1709-1858.)
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Diminished Membrane Phosphorylation. The discov-
ery that red cell membrane proteins are phosphorylated 
was followed by numerous reports that phosphorylation 
was defective in HS. These reports are summarized and 
analyzed in early editions of this book.956 Overall, the 
effects were variable and generally were demonstrable 
only in ghosts incubated in low–ionic strength buffers for 
relatively long periods. Initial rates of phosphorylation in 
HS ghosts were normal,963-965 as was membrane protein 
phosphorylation of intact spherocytes from splenecto-
mized individuals.965 It appears that the phosphorylation 
defects were probably secondary effects.

Membrane Lipids. The principal lipid abnormality of 
hereditary spherocytes is symmetrical loss of membrane 
lipids as part of the overall loss of membrane surface, the 
hallmark of the pathobiology of HS. The relative propor-
tions of cholesterol and the various phospholipids are 
normal,966 and the phospholipids show the usual trans-
membrane asymmetry, even in severe instances.867,967 It 
has been reported that very-long-chain fatty acids are 
missing from certain classes of phospholipids,968 but this 
has not been confi rmed.969 It is unclear whether this dif-
ference is due to technical factors or to genetic hetero-
geneity of the disease. Even if real, it seems likely that the 
changes in fatty acid composition would be secondary to 
the underlying membrane protein defects.

Cations and Transport. It has been known for many 
years that HS red cells are intrinsically more leaky to Na+ 
and K+ ions than normal cells are.970-972 A similar defect 
exists in the erythrocytes of sph/sph mice with HS.973 The 
excessive Na+ infl ux activates Na+,K+-ATPase and the 
monovalent cation pump, and the accelerated pumping,974 
in turn, increases ATP turnover and glycolysis. Interest-
ingly, protein 4.2–defi cient erythrocytes have increased 
anion transport, whereas erythrocytes defi cient in spec-
trin, ankyrin, or band 3 have normal or decreased anion 
transport.975 At one time it was believed that this modest 
Na+ leak was responsible for the hemolysis of hereditary 
spherocytes,971 particularly cells trapped in the unfavor-
able metabolic environment of the spleen, but it is now 
clear that this is incorrect because the magnitude of the 
Na+ fl ux does not correlate with the extent of hemolysis 
in HS.976 In addition, patients with hereditary stomato-
cytosis (see later) have a much greater defect in Na+ 
permeability but microspherocytes do not develop and 
they sometimes have very little hemolysis. The leakage of 
Na+ into red cells in hereditary stomatocytosis is accom-
panied by the entry of water and cell swelling, a fi nding 
that contrasts with the well-established dehydration of 
hereditary spherocytes.

The dehydration of HS red cells is likely to be 
infl icted, at least in part, by the adverse environment of 
the spleen because spherocytes from surgically removed 
spleens are the most dehydrated.977 The pathways causing 
HS red cell dehydration have not been clearly defi ned. 
One likely candidate is the Gárdos channel, a Ca+2-

band 3.951 However, ankyrin lability is not evident in 
other patients with protein 4.2 defi ciency.952,953 In addi-
tion, erythrocyte protein 4.2 defi ciency has also been 
associated with mutations of band 3.936,950,954,955 However, 
it is diffi cult to assess the signifi cance of these reports 
because all patients with band 3 defi ciency have an equiv-
alent loss of protein 4.2.

Clinically, patients with HS secondary to protein 4.2 
defi ciency have mild anemia. The peripheral smear some-
times demonstrates typical spherocytosis but more often 
contains ovalocytes or stomatocytes. The mechanism 
behind this unique and variable red cell morphology is 
currently unknown.

Secondary Defects

A large number of secondary abnormalities have 
been identifi ed over the years. They are catalogued 
and discussed in detail in previous editions of this 
chapter.956

Tight Binding of Spectrin to the Membrane. Inextract-
able spectrin was fi rst observed some years ago in 2 of 
12 patients with HS, in whom spectrin failed to elute 
from the membrane after exposure to a low–ionic strength 
buffer for 72 hours.957 These are conditions that generally 
produce greater than 90% spectrin extraction. A third 
patient was subsequently discovered.958 The molecular 
basis of this phenomenon has not been investigated, 
although the possibility that it might be secondary to a 
defect in ankyrin or β-spectrin is likely. In addition, some 
tightly bound spectrin is palmitoylated, and this fraction 
might be increased.959

Increased Membrane Hemoglobin. HS membranes 
contain increased amounts of hemoglobin and catalase.960 
This relatively nonspecifi c fi nding is observed in a number 
of hemolytic anemias, particularly if red cell dehydration 
occurs. The molecular basis for fi nding this is not 
understood.

Enolase Defi ciency. Two reports of apparent HS com-
bined with partial enolase defi ciency (∼50%) have been 
published.961,962 In the fi rst patient, the results of red cell 
OF and autohemolysis tests were typical for HS, although 
spherocytes were not apparent on the blood smear. Dom-
inant inheritance was suggested by the history but could 
not be established. However, dominant inheritance of 
both HS and partial enolase defi ciency was clearly evident 
in the second family when both diseases could be traced 
through four generations. In this kindred, the enolase-
defi cient spherocytes resisted lysis in the acidifi ed glyc-
erol lysis test, another characteristic of typical HS (see 
later). The similarity of these two patients suggests that 
they may represent a unique subgroup of HS. In particu-
lar, the combination of dominant inheritance and half-
normal levels of enolase raises the possibility that the 
primary defect could lie in an enolase-binding membrane 
protein, assuming that such a protein exists.
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activated K+ channel that is known to mediate erythro-
cyte dehydration in sickle cell anemia and thalassemia. A 
recent study examined Gárdos channel activity in mice 
with erythrocytes devoid of protein 4.1 and showed that 
the Gárdos channel is functionally upregulated in these 
erythrocytes and allows more K+ leakage when in a 
calcium-rich environment.978 When mouse erythrocytes 
devoid of protein 4.1 were exposed to clotrimazole, a 
known Gárdos channel blocker, hemolysis worsened, 
thus indicating that the Gárdos channel and red cell 
dehydration protect HS red cells by compensating for the 
reduced membrane surface area caused by the defective, 
4.1-defi cient membrane skeleton. Another possible can-
didate behind the mechanism of cell dehydration is 
increased K+-Cl− cotransport, which is activated by acid 
pH.979 HS red cells, particularly from unsplenectomized 
subjects, have a low intracellular pH865 because of the low 
pH of the splenic environment (see later). The K+-Cl− 
cotransport pathway is also activated by oxidation,980 
which is likely to be infl icted by splenic macrophages. 
Hyperactivity of the Na+,K+ pump, triggered by increased 
intracellular Na+, can dehydrate red cells directly because 
three Na+ ions are extruded in exchange for only two K+ 
ions.974 The loss of monovalent cations is accompanied 
by water. Polymorphisms in the cation channels that 
decrease K+ loss and red cell dehydration in HS are likely 
to make the disease worse and are a possible mechanism 
of clinical variability.

Glycolysis. In general, glycolysis is mildly accelerated 
in HS red cells,971,981,982 mostly to support increased 
cation pumping, and 2,3-DPG concentrations are slightly 
depressed,865,866,983 probably because of activation of 2,3-
DPG phosphatase by the acidic intracellular pH of the 
cell. The latter abnormalities are at least partly due to 
splenic detention because the acidosis and 2,3-DPG defi -
ciency both improve after splenectomy.865,866

Phosphoenolpyruvate Transport. An apparently spe-
cifi c decrease in carrier-mediated transport of phospho-
enolpyruvate has been noted in the red cells of some 
patients with HS.984 Unfortunately, only unsplenecto-
mized patients have been studied, so it is possible that 
the defect is caused by the metabolic derangements that 
these cells acquire during their detention in the spleen. 
However, it is more likely caused by diminished anion 
exchange. Band 3 transports pyruvate and probably 
phosphoenolpyruvate. If so, reduced phosphoenolpyru-
vate transport would be expected in patients with HS and 
band 3 defi ciency, and indeed, reduced phosphoenolpyr-
uvate transport has been reported only in the Japanese 
HS population, in which band 3 defi ciency is common.

Pathophysiology

Loss of Membrane Surface by Vesiculation

The primary membrane lesions described earlier, all 
involving vertical interactions between the skeleton and 

the bilayer, fi t the theory that HS is caused by local dis-
connection of the skeleton and bilayer, followed by vesic-
ulation of the unsupported surface components. This, in 
turn, leads to a progressive reduction in membrane 
surface area and to a shape called a spherocyte, although 
it usually ranges between a thickened discocyte and a 
spherostomatocyte.985 The phospholipid and cholesterol 
content of isolated spherocytes is decreased by 15% to 
20%, consistent with the loss of surface area.986-989

Biomechanical measurements show that HS mem-
branes are fragile. The force required to fragment the 
membrane is diminished and is proportional to the 
density of spectrin on the membrane.892,893 Membrane 
elasticity and bending stiffness are also reduced and are 
proportional to spectrin density.990 In addition, HS red 
cells lose membrane more readily than normal red cells 
do when metabolically deprived or when their ghosts are 
subjected to conditions facilitating vesiculation.989-993 
However, this has not been shown to occur in metaboli-
cally healthy spherocytes, perhaps because it occurs 
slowly (1% to 2% per day) under such conditions. None-
theless, massive vesiculation is evident in mice and zebra 
fi sh with severe spherocytic hemolytic anemia (see 
later).994-997

Because budding red cells are rarely observed in 
typical blood smears from patients with HS, the postu-
lated vesiculation may either involve microscopic vesicles 
or occur in the reticuloendothelial system. More recent 
studies suggest that vesiculation may occur in the bone 
marrow of patients with HS because similar decreases in 
red cell surface area have been found in reticulocytes in 
HS as in mature red blood cells.998 When membrane 
vesicles are induced in normal red cells, they originate at 
the tips of spicules, where the lipid bilayer uncouples 
from the underlying skeleton (see Fig. 15-26).999 The 
vesicles are small (about 100 nm) and devoid of hemo-
globin and skeletal proteins, so they are invisible during 
conventional examination of stained blood fi lms. In 
studies with an atomic force microscope, tiny (50 to 
80 nm) bumps have been detected on the surface of red 
cells obtained from patients with HS whose red cells are 
actively hemolyzing (Fig. 15-37).1000 The bumps could be 
microvesicles, although this needs to be proved with 
more conventional microscopic techniques. They are less 
than the length of a spectrin molecule (100 nm) and are 
not present on red cells from splenectomized patients.

The observation that spectrin or spectrin/ankyrin 
defi ciencies are common in HS has led to the suggestion 
that they are the primary cause of spherocytosis. Accord-
ing to this hypothesis (Fig. 15-38, hypothesis 1), interac-
tions of spectrin with bilayer lipids or proteins are required 
to stabilize the membrane. Spectrin-defi cient areas would 
tend to bud off, thereby leading to spherocytosis. 
However, this conjecture does not explain how sphero-
cytes develop in patients whose red cells are defi cient in 
band 3 or protein 4.2 but have normal amounts of 
spectrin.891,950

An alternative hypothesis argues that the bilayer is 
stabilized by interactions between lipids and the abun-
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targeted disruption of the band 3 gene in mice. Erythro-
cytes from these mice lose massive amounts of mem-
brane surface despite a normal membrane skeleton.995 
This concept is also consistent with early studies of intra-
membrane particle aggregation, which leads to particle-
free domains, as discussed earlier in the chapter. These 
domains are unstable and give rise to surface blebs that 
are subsequently released from the cells as vesicles.1001

Spectrin-defi cient and ankyrin-defi cient red cells 
could become spherocytic by a similar mechanism. 
Because spectrin fi laments corral band 3 molecules and 
limit their lateral movement, a decrease in spectrin would 
allow band 3 molecules to diffuse and cluster transiently, 
thereby fostering vesiculation. However, it is most likely 
that both of the aforementioned hypotheses operate to a 
different degree, depending on the membrane skeletal 
protein that is defi cient—hypothesis 1 dominating in 
spectrin and ankyrin disorders and hypothesis 2 domi-
nating in band 3 and protein 4.2 defects.

Loss of Cellular Deformability

Hereditary spherocytes hemolyze because of the rheo-
logic consequences of their decreased surface-to-volume 
ratio. The red cell membrane is very fl exible, but it can 
expand its surface area only about 3% before ruptur-
ing.1002 Thus, erythrocytes become less and less deform-
able as surface area is lost. For HS red cells, poor 
deformability is a hindrance only in the spleen because 
the cells have a nearly normal life span after 
splenectomy.1003,1004

Splenic Sequestration and Conditioning

In the spleen most of the arterial blood empties directly 
into the splenic cords, a tortuous maze of interconnecting 
narrow passages formed by reticular cells and lined with 
phagocytes.1005-1010 Histologically, this is an “open” circu-
lation, but most of the blood that enters the cords nor-
mally travels by fairly direct (i.e., functionally closed) 
pathways. If passage through these channels is impeded, 
red cells are diverted deeper into the labyrinthine por-
tions of the cords, where blood fl ow is slow and the cells 
may be detained for minutes to hours. Whichever route 
is taken, to reenter the circulation, red cells must squeeze 
through spaces between the endothelial cells that form 
the walls of the venous sinuses (Fig. 15-39). Even when 
maximally distended, these narrow slits are always much 
smaller than red cells, which are greatly distorted during 
their passage.1007,1008 Experiments have shown that sphe-
rocytes are selectively sequestered at this cord-sinus junc-
ture.1011-1013 As a consequence, spleens from patients with 
HS have massively congested cords and relatively empty 
sinuses.1005,1014-1016 On electron micrographs, few sphero-
cytes are seen in transit through the sinus wall,1005,1015,1017 
which is in contrast to the situation in normal spleens, 
where cells in transit are readily found.1009

During detention in the spleen, HS red cells undergo 
additional damage marked by further loss of surface area 
and an increase in cell density. Many of these “condi-
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FIGURE 15-37. Comparison of the surface of a normal red cell (A) 
and a hereditary spherocyte (HS) (before splenectomy) (B) by atomic 
force microscopy. Note that at high magnifi cation, 50- to 80-nm 
pseudopodia are evident on the surface of the spherocyte, which may 
represent membrane microvesicles (bottom of B). These structures 
were not observed after splenectomy. (Adapted with permission from 
Walensky LD, Narla M, Lux SE. Disorders of the red cell membrane. In 
Handin RI, Lux SE, Stossel TP [eds]. Blood: Principles and Practice of 
Hematology, 2nd ed. Philadelphia, JB Lippincott, 2003, pp 1709-1858.)

dant band 3 molecules (see Fig. 15-38, hypothesis 2). 
Each band 3 molecule contains about 13 hydrophobic 
transmembrane helices, many of which must interact 
with lipids. These interactions presumably spread beyond 
the fi rst layer of lipids and infl uence the mobility of lipids 
in successive layers. In defi cient red cells, the area between 
band 3 molecules would increase on average, and the 
stabilizing effect would diminish. Transient fl uctuations 
in the local density of band 3 could aggravate this situa-
tion and allow unsupported lipids to be lost and thus 
result in spherocytosis. This hypothesis is supported by 
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Spectrin

Hypothesis 1:

Spectrin
deficient

area

Membrane loss

Spherocytosis Splenic
Sequestration
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FIGURE 15-38. Two hypotheses concerning the mechanism of membrane loss in hereditary spherocytosis. Hypothesis 1 assumes that the “mem-
brane” (i.e., the lipid bilayer and the integral membrane proteins) is directly stabilized by interactions with spectrin or other elements of the mem-
brane skeleton. Because spectrin-defi cient areas lack support, they bud off and thereby lead to spherocytosis. Hypothesis 2 assumes that the 
membrane is stabilized by interactions of band 3 (tan protein) with neighboring lipids. The infl uence of band 3 extends into the lipid milieu because 
the fi rst layer of immobilized lipids slows the lipids in the next layer and so on. The partially immobilized lipids are depicted as a darker blue ring 
around the protein. In band 3–defi cient cells, the area between lipid molecules increases, and unsupported lipids are lost. Spectrin-ankyrin defi -
ciency allows band 3 molecules to diffuse and cluster transiently, with the same consequences. (Adapted with permission from Walensky LD, Narla 
M, Lux SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP [eds]. Blood: Principles and Practice of Hematology, 2nd ed. Philadelphia, 
JB Lippincott, 2003, pp 1709-1858.)

tioned” red cells escape the hostile environment of the 
spleen and reenter the circulation. In unsplenectomized 
patients with HS, two populations of spherocytes are 
detectable: a minor population of hyperchromic “micro-
spherocytes” that form the “tail” of very fragile cells in 
the unincubated OF test and a major population that 
may be only slightly more spheroidal than normal.

By 1913 it was known that HS red cells obtained 
from the splenic vein were more osmotically fragile than 
those in the peripheral circulation.1018 In addition, this 
OF was confi rmed by other hematologists of the 
time.831,1019 However, its signifi cance was not clear until 
the classic studies in the 1950s by Emerson, Young, and 
their colleagues, who showed that osmotically fragile 
microspherocytes are concentrated in and emanate from 
the splenic pulp (Fig. 15-40).1013,1020 After splenectomy, 
spherocytosis persists, but the tail of hyperfragile red cells 
is no longer evident on OF testing. These and other data 
led to the conclusion that the spleen detains and “condi-
tions” circulating HS red cells in a way that increases 
their spheroidicity and hastens their demise.1013,1021,1022 
The kinetics of this process was illustrated in vivo by 
Griggs and associates, who found that a cohort of 59Fe-

labeled HS red cells gradually shifted from the major, less 
fragile population to the more fragile, conditioned popu-
lation 7 to 11 days after their release into the circula-
tion.1022 Although most conditioned HS red cells that 
escape the spleen are probably recaptured and destroyed, 
the damage incurred is suffi cient to permit extrasplenic 
recognition and removal because conditioned sphero-
cytes, isolated from the spleen and reinfused postopera-
tively, are eliminated rapidly.1022,1023

The mechanism of splenic conditioning is less certain. 
It is diffi cult to obtain accurate information about the 
cordal environment, but existing data suggest that it is 
metabolically inhospitable,1012,1021,1024,1025 though perhaps 
less so than originally believed.1010 Crowded red cells 
must compete for limited supplies of glucose1024 in acidic 
surroundings (pH ≈ 6.6 to 7.2),1010,1012,1021,1025 where gly-
colysis is inhibited.1026,1027 The acidic environment also 
induces Cl− and water entry and cell swelling,1028 but as 
discussed earlier, it also stimulates the K+-Cl− cotrans-
porter, which produces a net loss of K+ and water from 
the cells. The adverse effects of the cordal environment 
are further compounded by the presence of oxidant-
producing macrophages. It has also been suggested that 
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methylation of erythrocyte membrane proteins could 
contribute to the splenic conditioning of spectrin-
defi cient HS red cells.1029 Hence, the spherocyte, detained 
in the splenic cords because of its surface defi ciency, is 
stressed by erythrostasis in a metabolically threatening 
environment.

Erythrostasis

The spherocyte is particularly vulnerable to erythrostasis. 
This is the basis of the well-known autohemolysis test.1030 
During prolonged sterile incubation in the absence of 
supplemental glucose, red cells undergo a series of 
changes that culminate in hemolysis. The sequence of the 
changes is the same for HS and normal red cells; however, 
because HS cells are abnormally leaky and bear unstable 
membranes, their degeneration is accelerated. The impor-
tance of the autohemolysis test lies in understanding the 
pathophysiology and history of HS inasmuch as it is no 
longer used clinically.

HS red cells are initially jeopardized because their 
membrane permeability to Na+ is mildly increased.970,971 
Their propensity to accumulate Na+ and water is nor-
mally balanced by increased Na+ pumping; however, the 
increased dependence on glycolysis is detrimental in 
erythrostasis, where substrate is limited.971 HS red cells 
exhaust serum glucose and become ATP depleted more 
rapidly than normal red cells do. As ATP levels fall, ATP-
dependent Na+,K+ and Ca2+ pumps fail, and the cells gain 
Na+ and water and swell. Later, when the Ca2+-dependent 
K+ (Gárdos) pathway is activated, K+ loss predominates 

and the cells lose water and shrink. The Na+ gain is accel-
erated in HS red cells but is insuffi cient by itself to induce 
hemolysis. However, HS red cells are doubly jeopardized. 
As noted earlier, they are inherently unstable and frag-
ment excessively during metabolic depletion.989-993 Mem-
brane lipids (and probably integral membrane proteins) 
are lost at more than twice the normal rate.991 At fi rst this 
surface loss is balanced by cell dehydration, but eventu-
ally (30 to 48 hours), membrane loss predominates, the 
cells exceed their critical hemolytic volume, and autohe-
molysis ensues.

Consequences of Splenic Trapping

Calculations indicate that the average normal red cell 
passes through the splenic cords about 14,000 times 
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FIGURE 15-39. Scanning electron micrograph of a splenic sinus 
viewed from within the splenic cords. The narrow transmural slits 
between the endothelial cells (END) and adventitial cells (ADV) of the 
sinus are evident. The edges of these slits probably touch each other in 
a normal spleen, so the openings are potential structures rather than 
fi xed pores. They are revealed here because of a drying artifact. Note 
that the adjacent erythrocytes (RBC) are considerably larger than the 
slits and therefore must be fl exible to pass into the splenic sinuses and 
return to the venous circulation. If they are unable to pass into the 
sinuses, macrophages (MAC) lie in wait. (From Weiss L. A scanning 
electron microscopic study of the spleen. Blood. 1974;43:665-691.)
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FIGURE 15-40. Osmotic fragility in hereditary spherocytosis (HS). In 
the osmotic fragility test, red cells are suspended in salt solutions of 
varying tonicity between isotonic saline (0.9% NaCl) (left) and distilled 
water (right). Normal red cells swell in hypotonic media and eventually 
reach a limiting spheric shape, beyond which they hemolyze (bottom). 
Spherocytes, which begin with a lower than normal surface-to-volume 
ratio, can swell less before they reach their limiting volume; hence, their 
osmotic fragility curve is shifted to the left (higher salt concentrations). 
They are said to be osmotically fragile. Before splenectomy, a small 
proportion of the red cells are extra fragile and produce a “tail” on the 
osmotic fragility curve. The cells have been conditioned by the spleen 
as shown by their higher concentration in the splenic vein and especially 
the splenic cords. (Adapted with permission from Walensky LD, Narla M, 
Lux SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel 
TP [eds]. Blood: Principles and Practice of Hematology, 2nd ed. Philadelphia, 
JB Lippincott, 2003, pp 1709-1858.)
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during its lifetime and has an average transit time of 30 
to 40 seconds, surprisingly close to measured transient 
times in normal human spleens in vivo.1031 The calculated 
residence time of the average HS red cell in the splenic 
cords is much longer, perhaps as long as 15 to 150 
minutes, but still far short of the time required for meta-
bolic depletion to occur. This conclusion is supported by 
direct analysis of splenic red cells. HS red cells obtained 
from the splenic pulp and containing 80% to 100% con-
ditioned cells are moderately cation depleted and show 
changes in ADP and 2,3-DPG concentrations consistent 
with metabolism in an acidic environment, but their ATP 
levels are normal.977 Others have reported similar 
results.1032,1033

The data suggest that splenic conditioning is caused 
by mechanisms other than ATP depletion. For example, 
K+ loss and membrane instability may be exacerbated by 
the high concentrations of acids and oxidants that must 
exist in a spleen fi lled with activated macrophages lunch-
ing on trapped HS red cells. In vitro, oxidants from acti-
vated phagocytes can diffuse across the membranes of 
bystander red cells and damage intracellular proteins 
within minutes. Red cells moving through the rapid 
transit pathways in the spleen might escape damage, but 
those caught in cordal traffi c would be vulnerable. Oxi-
dants, even in relatively low concentrations, cause selec-
tive K+ loss by a variety of mechanisms1034-1036 and also 
damage membrane skeletal proteins.1037-1043 Finally, there 
is preliminary evidence that HS red cells may be abnor-
mally sensitive to oxidants.1044 When exposed to perox-
ides, they undergo remarkable blebbing and, presumably, 
vesiculation. If a similar process occurs in the spleen, it 
could be responsible for the excessive surface loss 
observed in conditioned cells.

Residence in the spleen may also activate proteolytic 
enzymes in the red cell membrane. Membrane proteins 
of red cells from patients with HS and splenomegaly are 
excessively digested during in vitro incubations, and the 

degree of proteolysis correlates with splenic size.1045 
Whether this occurs in vivo is uncertain, but if so it could 
contribute to skeletal weakness and membrane loss.

The possibility that macrophages may directly condi-
tion HS red cells should also be considered. It is well 
known that spherocytosis often results from the interac-
tion of IgG-coated red cells with macrophages, but HS 
red cells do not have abnormal levels of surface IgG.1046 
Macrophages also bear receptors for oxidized lipids 
(scavenger receptor) and PS, but there is no evidence at 
present that HS red cells expose the relevant ligands. The 
involvement of macrophages is supported by observa-
tions that large doses of corticosteroids markedly ame-
liorate HS in unsplenectomized patients,1047,1048 similar to 
the effects produced by splenectomy. Hemoglobin pro-
duction, reticulocytosis, and the fecal urobilinogen level 
decline; red cell life span doubles; and hyperspheroidal, 
conditioned red cells disappear from the circulation. It is 
well known that similar doses of corticosteroids inhibit 
splenic processing and destruction of IgG- or C3b-coated 
red cells in patients with immunohemolytic anemias, 
probably by suppressing macrophage-induced red cell 
sphering and phagocytosis.1049,1050 Electron microscopy 
shows that splenic erythrophagocytosis is common in 
HS, particularly in the splenic cords.1015,1017,1051 In addi-
tion, phagocytes expressed from the cords of patients 
with HS contain bits of ghost-like “debris,”1052 presum-
ably resulting from membrane fragmentation.

Summary of Pathophysiology

HS red cells are selectively detained by the spleen, which 
is detrimental and leads to a loss of membrane surface 
that fosters further splenic trapping and eventual destruc-
tion (Fig. 15-41). The primary membrane defects involve 
defi ciencies or defects in spectrin, ankyrin, protein 4.2, 
or band 3, but much remains to be learned about why 
these proteins are defective and how this causes surface 
loss. Obvious membrane budding and fragmentation are 
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FIGURE 15-41. Pathophysiology of 
splenic conditioning and destruction 
of hereditary spherocytosis. (Redrawn 
from Walensky LD, Narla M, Lux SE. 
Disorders of the red cell membrane. In 
Handin RI, Lux SE, Stossel TP [eds]. 
Blood: Principles and Practice of Hematol-
ogy, 2nd ed. Philadelphia, JB Lippincott, 
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rare in patients with HS. The HS skeleton (including 
band 3) may not adequately support all regions of the 
lipid bilayer, thereby leading to the loss of small areas of 
untethered lipids and integral membrane proteins. It is 
not clear whether this is due directly to defi ciency of 
spectrin and ankyrin or whether spectrin/ankyrin defi -
ciency operates indirectly by increasing the lateral mobil-
ity of band 3 molecules and decreasing their stabilization 
of the lipid bilayer.

The mechanisms of splenic conditioning and red cell 
destruction are also uncertain. Kinetic considerations 
make it unlikely that HS red cells are continuously 
trapped in the cords for the long periods required to 
induce passive sphering and autohemolysis by metabolic 
depletion; however, repetitious accrual of metabolic 
damage remains a possibility. A unique susceptibility of 
the HS red cell to the acidic, oxidant-rich environment 
of the spleen and active intervention of macrophages 
in the processing of damaged spherocytes must also be 
considered.

Laboratory Characteristics

Most of the classic laboratory features of HS are those 
found in other forms of hemolytic anemia, such as reticu-
locytosis, erythroid hyperplasia of the bone marrow, 
indirect hyperbilirubinemia, and increased fecal urobi-
linogens.853,854,1053 The plasma hemoglobin level is often 
normal,1054 and the haptoglobin value is only variably 
reduced1055 because most of the hemoglobin that is 
released when HS red cells are destroyed is catabolized 
at the site of destruction, so-called extravascular hemo-
lysis. For the same reasons the LDH level is also often 
normal. The spherocytic morphology distinguishes HS 
from other forms of hemolytic anemia, along with labora-
tory tests that measure biophysical properties of the 
affected red cells, such as the OF test. Biochemical and 
molecular testing is performed only in research laborato-
ries because these tests are not as clinically useful.

Red Cell Morphology

Spherocytes (see Fig. 15-30) are the hallmark of HS. 
They are dense, round, and hyperchromic; lack central 
pallor; and have a decreased mean cell diameter. They 
are always present in blood smears from patients with 
moderate or moderately severe HS but are obvious in 
only 25% to 35% of patients with mild HS.837,853,854 
Hereditary spherocytes are technically misnamed because 
they range in shape from thickened discocytes to sphero-
stomatocytes when examined under the scanning elec-
tron microscope.985

In most patients with HS, spherocytes and micro-
spherocytes are the only abnormal cells on the peripheral 
smear (other than polychromatophils). Rarely, a few sto-
matospherocytes may be seen. However, specifi c mor-
phologic abnormalities have been described in association 
with certain membrane defects in HS (Fig. 15-42). 
Patients with ankyrin defects and combined ankyrin/
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FIGURE 15-42. Red cell morphology in hereditary spherocytosis 
(HS). A, HS caused by an ankyrin defect. Microspherocytes are evident 
among red cells with some central pallor. B, Band 3–defi cient HS. 
Mushroom-shaped (“pincered”) red cells (arrows) are found in about 
80% of patients with this form of HS.1056 C, HS caused by a β-spectrin 
mutation. Echinocytes and acanthocytes (5% to 15%) are usually 
observed in addition to typical spherocytes.906,911 D, Severe HS with 
spherocytes and bizarre poikilocytes. (From Palek J, Lambert S. Genetics 
of the red cell membrane. Semin Hematol. 1990;27:290.)
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spectrin defi ciency, the most common subgroup, have 
typical spherocytes and microspherocytes on the periph-
eral blood smear (see Fig. 15-42A).923 In addition to 
spherocytes, acanthocytes or hyperchromic echinocytes 
are present in many patients with β-spectrin defects (see 
Fig. 15-42C).906,911 Other patients with β-spectrin defects, 
especially truncated β chains, have spherocytic elliptocy-
tosis. In severe HS caused by homozygous α-spectrin 
mutations, compound heterozygous α-spectrin muta-
tions, or severe ankyrin/spectrin defi ciency, misshapen 
spherocytes, spiculated red cells, and bizarre poikilocytes 
may be seen and even dominate the blood smear (see Fig. 
15-42D). Most patients with band 3–defi cient HS have 
a small number of mushroom-shaped red cells or pin-
cered cells on their peripheral blood smears (see Fig. 
15-42B).1056 Red cell morphology is variable in protein 
4.2 defi ciency and may even be normal. Acanthopoikilo-
cytes and ovalostomatocytes1057 have also been observed. 
Other patients have typical spherocytosis.950

In contrast to red cells in autoimmune hemolytic 
anemia, studies have recently shown that HS red cells 
lose their surface area in the bone marrow inasmuch as 
similar decreases in red cell surface area have been found 
in reticulocytes in HS as in mature red blood cells.998 HS 
erythrocytes then gradually lose surface area in the cir-
culation, as is typical with normal erythrocytes. Nucle-
ated red cells are uncommon in blood smears,853 except 
in the most severe forms of HS.871 Howell-Jolly bodies 
are also uncommon before splenectomy (4% of patients)853 
and suggest reticuloendothelial blockade.

Red Cell Indices

Most patients have mild to moderate HS with mild 
anemia (hemoglobin level of 9 to 12 g/dL) or no anemia 
at all (so-called compensated hemolysis). In moderate to 
severe HS, the hemoglobin concentration ranges from 6 
to 9 g/dL. In patients with the most severe disease, the 
hemoglobin concentration may drop to as low as 4 to 
5 g/dL.

The mean corpuscular hemoglobin concentration 
(MCHC) of HS red cells is increased because of relative 
cellular dehydration.854 Spherocyte Na+ concentrations 
are normal or slightly increased, but the K+ concentration 
and water content are low, particularly in cells harvested 
from the splenic pulp.977,1058-1060 The average MCHC 
exceeds the upper limit of normal (36%) in about half of 
the patients with HS, but all patients have some dehy-
drated cells.854 An MCHC greater than 35 g/dL has a 
sensitivity of 70% and a specifi city of 86%.1061 Combin-
ing the MCHC with the red cell distribution width 
(RDW) may lead to a specifi city approaching 100%.1061

Mean corpuscular volume (MCV) falls within the 
normal range in HS,854 except in severe HS, in which the 
MCV may be slightly low.871 However, MCV is relatively 
low for the age of the cells (reticulocytes have a high 
MCV) in all patients with HS as a result of the dehy-
drated state of HS red cells. Reticulocyte MCV is also 
low, which contrasts with the spherocytosis in autoim-

mune hemolytic anemia, in which the reticulocyte indices 
are normal.

Detection of hyperdense red cells by dual-angle laser 
scattering is now used as a diagnostic tool.1062 The Tech-
nicon H1 blood counter and its successors (Technicon 
Corp., Tarrytown, NY), which measure MCV by light 
scattering, provide a histogram of MCHCs that has been 
claimed to be accurate enough to identify nearly all 
patients with HS.1060,1063,1064 In a sample of HS red cells, 
there is a right shift of the hemoglobin concentration 
histogram with a population of hyperdense cells (MCHC 
> 40 g/dL) because of red cell dehydration and broaden-
ing of the volume curve because of the mixture of micro-
spherocytes and large reticulocytes (Fig. 15-43). This 
simple method may be one of the easiest and most accu-
rate ways to diagnose HS, particularly when one member 
of a family is already known to have HS and an inexpen-
sive method of screening other family members is desired. 
Some studies have shown that in HS patients with an 
intact spleen, the percentage of microcytes refl ects the 
severity of disease and the percentage of hyperdense cells 
discriminates HS patients from normal individuals.1065 
Similar diagnostic information can be obtained through 
the use of aperture impedance (Coulter) analyzers.1061 
The elevated MCHC and wide RDW suggests the diag-
nosis of HS.

MCV

MCHC

A

B
FIGURE 15-43. Histogram of the distribution of mean corpuscular 
volume (MCV) (A) and mean corpuscular hemoglobin concentration 
(MCHC) (B) in the red cells of a patient with hereditary spherocytosis 
before splenectomy. The vertical lines mark the normal limits of distribu-
tion. For the volume distribution, they separate microcytic (<60 fL) and 
macrocytic (>120 fL) cells from normocytic red cells (60 to 120 fL). 
For the hemoglobin concentration distribution, they separate hypo-
chromic (<28 g/dL) and hyperdense (>41 g/dL) cells from normochro-
mic cells (28 to 41 g/dL). The data were collected with a Technicon H1 
laser scattering blood counter. Note that the patient with hereditary 
spherocytosis has subpopulations of microcytes (low MCV) and dehy-
drated cells (high MCHC). All patients in this study (N = 21) had 
similar subpopulations. (Redrawn from Pati AR, Patton WN, Harris RI. 
The use of the Technicon H1 in the diagnosis of hereditary spherocytosis. Clin 
Lab Haematol. 1989;11:27-30.)
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Fragility and Autohemolysis Tests

Osmotic Fragility Test. OF testing (see Fig. 15-40) is 
performed by suspending red cells in increasingly hypo-
tonic buffered NaCl.1021,1066,1067 In hypotonic solutions, 
normal erythrocytes are able to increase their volume by 
swelling until they become spherical and burst, with 
release of hemoglobin into the supernatant. Cells that 
begin with a decreased surface-to-volume ratio, such as 
spherocytes or stomatocytes, reach the spherical limit at 
a higher NaCl concentration than normal cells do and 
are termed osmotically fragile. Freshly drawn red cells 
from approximately a fourth of individuals with HS will 
have a normal OF, with the OF curve approximating the 
number of spherocytes seen on the peripheral smear.855,1068 
When the spleen is present, a subpopulation of very 
fragile erythrocytes that have been conditioned by the 
spleen form the “tail” of the OF curve. This tail disap-
pears after splenectomy.

The incubated OF test is thought to be more sensi-
tive than the unincubated OF test, although this is not 
well proven. The incubated OF test is performed the 
same way as the unincubated test (as earlier) except that 
the whole blood sample is fi rst incubated for 24 hours at 
37º C. During incubation, the HS erythrocytes become 
metabolically depleted and lose membrane fragments 
rapidly, which accentuates their spheroidicity and 
increases the sensitive of the OF test. OF testing, particu-
larly the incubated OF test, is the most sensitive test 
routinely available for diagnosing HS.1068 The sensitivity 
of OF testing is surprising because OF refl ects a combi-
nation of secondary properties of HS red cells—loss of 
surface area relative to the loss of K+ and water—instead 
of the primary molecular defect in the membrane skele-
tons. Although HS patients with a negative incubated OF 
test have been described,1069 the incubated OF test is the 
gold standard for the diagnosis of HS.

Acidifi ed Glycerol Lysis Test and Pink Test. The glycerol 
lysis test, in which glycerol is used to retard the osmotic 
swelling of red cells, was developed as an alternative to the 
OF test. In this test, red cells are incubated in glycerol–
sodium phosphate–buffered hypotonic saline solution. 
Glycerol slows the entry of water into cells so that the time 
for the cells to lyse is prolonged and can be measured 
accurately. The glycerol lysis time is shortened for HS red 
cells because of the reduced surface-to-volume ratio.

The original glycerol lysis test lacked sensitivity and 
specifi city.1070 An acidifi ed version, the AGLT, was more 
sensitive for some researchers1069 but was not completely 
specifi c.1071 For unknown reasons, the accuracy of the 
standard AGLT is greatly improved if the samples are 
preincubated at room temperature for 24 hours (incu-
bated AGLT).1072-1074 Under these conditions, the sensi-
tivity and specifi city of the test approach 100%, similar 
to that for the incubated OF test.

Eber and associates835 found that changing the con-
centration of the sodium phosphate buffer from 5.3 to 

9.3 mmol/L gives 100% sensitivity and specifi city without 
the need for preincubation. The modifi ed test is easy to 
perform and requires very little blood. Ethylenediamine-
tetraacetic acid (EDTA)-anticoagulated blood (20 μL) is 
diluted into a solution of 9.3 mmol/L sodium phosphate 
and buffered 2 mol/L glycerol-saline (pH 6.90), and the 
fall in absorbance at 625 nm (largely turbidity) is mea-
sured as the red cells hemolyze. The half-time for lysis in 
the AGLT is longer than 30 minutes for normal samples 
and less than 5 minutes for HS samples. The simplicity 
of this test allows it to be used for rapid screening of a 
large number of blood samples.

Another adaptation of the original glycerol lysis test, 
called the Pink test, is more reproducible and accurate 
than the original1075 but requires a 1-day preincuba-
tion.1076 Modifi cations of the test have made it adapt -
able to microsize samples (e.g., fi ngerstick blood 
samples).1076,1077 However, direct comparisons suggest 
that it is less specifi c than the OF test or incubated 
AGLT.1072 Because the modifi ed AGLT has also been 
adapted to microsamples,1076,1077 it would appear to be 
the test of choice if OF testing is not available.

Hypertonic Cryohemolysis Test. This method is based 
on the fact that HS red cells are particularly sensitive to 
cooling at 0º C in hypertonic solutions, which causes the 
cells to lyse and release hemoglobin.1078,1079 It has been 
claimed that this test is 94% to 100% sensitive for HS, 
but its specifi city is only 94% for normal individuals and 
86% for patients with autoimmune hemolytic anemia. 
The advantages of this test are its simplicity, high sensi-
tivity, and the ability to use EDTA-preserved blood spec-
imens. The limitations lie in its inadequate specifi city, 
and therefore it is currently rarely used for clinical 
diagnosis.

Autohemolysis Test. Autohemolysis of erythrocytes 
after 48 hours at 37º C is normally less than 5% in the 
absence of glucose or less than 1% in the presence of 
glucose. Autohemolysis of spherocytes is increased to 
15% to 45% in the absence of glucose.855,1030,1080 In HS, 
the degree of autohemolysis is reduced by the addition 
of glucose,855,1059,1080 whereas in red cell glycolytic disor-
ders and acquired disorders such as immune-mediated 
anemias, the degree of autohemolysis is not reduced. 
Although this differentiation may be helpful occasionally, 
the autohemolysis test is time consuming and cumber-
some, gives variable results, and is rarely performed.

Ektacytometry

The ektacytometer can be used to assess the surface-to-
volume ratio and membrane mechanical strength of red 
cells in patients with hemolytic disorders.1081-1083 The 
ektacytometer is described in detail in the sections on HE 
and HPP. The best method for demonstrating the low 
surface-to-volume ratio of hereditary spherocytes is 
osmotic gradient ektacytometry, a modifi cation of the 
original technique that is useful in the diagnosis of 
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information is desired. Useful tests for these purposes 
include structural and functional studies of erythrocyte 
membrane proteins, such as protein quantitation, limited 
tryptic digestion of spectrin, membrane protein synthesis 
and assembly, or ion transport studies. Membrane fragil-
ity may be examined with an ektacytometer.

Membrane protein concentrations are usually 
assessed with SDS gels. Individual stained bands are 
quantifi ed by densitometry or by eluting the dye from an 
excised band and measuring its concentration spectro-
photometrically. This technique is satisfactory for detect-
ing spectrin defi ciency (expressed as a spectrin-to–band 3 
ratio),851 although it is not as accurate as radioimmunoas-
say891 or enzyme-linked immunoassay.851 With den-
sitometry, spectrin and ankyrin defi ciencies may be 
underestimated because it normalizes them to band 3, 
which is partially lost along with membrane lipids as sphe-
rocytes circulate. As a result, the spectrin-to–band 3 ratio 
is lower after splenectomy. This is even more true for 
ankyrin, which is present in smaller amounts and migrates 
close to β-spectrin on gels. SDS gels do not routinely give 
reliable results even with a gel system that optimizes spec-
trin/ankyrin separation.871 The popular Laemmli gels are 
unsatisfactory because ankyrin migrates between the 
spectrin bands in this system. Immunoassays, on the 
other hand, work well.851,859 SDS gels are satisfactory for 
detecting band 3 defi ciency (elevated spectrin-to–band 3 
ratio) or protein 4.2 defi ciency, and they are useful in 
combination with antibody staining (Western blots) for 
detecting mutant proteins of altered size. Band 3 can also 
be quantifi ed by fl uorescence, taking advantage of the fact 
that eosin maleimide reacts exclusively with band 3 on the 
surface of intact red cells.

However, SDS gels do not always identify the abnor-
mal protein in HS because missense mutations may cause 
functional defects rather than quantitative defects and 
because protein defi ciencies may be as small as 10%. 
Therefore, several other approaches have been described 
in an attempt to defi ne specifi c molecular defects. In 
families with multiple affected members, linkage analysis 
has been performed to include or exclude the candidate 
genes. In addition, suspected proteins can be sequenced 
by direct nucleotide sequence analysis of polymerase 
chain reaction (PCR)-amplifi ed cDNA or genomic DNA. 
Currently, no commercial laboratories will identify the 
molecular defects in HS membrane proteins, and there-
fore these analyses are performed only by a few research 
laboratories. Nevertheless, the HS membrane protein 
mutations are mostly defects restricted to specifi c fami-
lies and do not predict the severity of the disease, and 
thus the ability to detect the exact molecular defect is not 
often clinically important.

Differential Diagnosis

In general, HS is easily diagnosed in patients with the 
typical laboratory fi ndings of spherocytosis, such as 
Coombs-negative hemolysis, increased OF, and a positive 
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FIGURE 15-44. Osmotic gradient ektacytometry of HS erythrocytes 
with differing degrees of spectrin defi ciency. In HS red cells (brown 
lines), the minimum deformability index observed in the hypotonic 
region (thin arrow) is shifted to the right of the control region (blue 
shaded area), thus indicating a decrease in the cell surface area–to-
volume ratio. The maximum deformability index (DImax) associated 
with spectrin-defi cient HS red cells (thick arrow) is less than that of 
control cells because of the reduced surface area of HS cells. The more 
pronounced the spectrin defi ciency, the greater the loss of surface area 
and the lower the DImax. The osmolality in the hyperosmolar region at 
which the DI reaches half its maximum value is a measure of the hydra-
tion state of the red cells. It is decreased in HS patients with the lowest 
spectrin content, indicative of cellular dehydration. (Adapted from Tse 
WT, Lux SE. Hereditary spherocytosis and hereditary elliptocytosis. In 
Scriver CR, Beaudet AL, Sly WS, Valle D [eds]. The Metabolic and Molecular 
Bases of Inherited Disease, 8th ed. New York, McGraw-Hill, 2001. p 
4665.)

HS.1084,1085 In this method, the “deformability index” (a 
measure of the average elongation of sheared red cells) 
is measured as a function of the osmolarity of the sus-
pended medium, which is continuously varied (Fig. 
15-44). The osmolarity of the suspending medium at 
which the red cell deformability index reaches a minimum 
is the same as the osmolarity at which 50% of the red 
cells hemolyze in an OF test.1084 This value is an indirect 
measure of the surface area–to-volume ratio of the red 
cells.1085 The maximum deformability index refl ects the 
surface area of the red cells. In HS, the curve is shifted 
to the right because of the reduced surface area–to-
volume ratio of the cells. The height of the curve is also 
decreased in HS as a result of the decreased absolute 
surface area of the erythrocytes. One study demonstrated 
a 100% rate of detection of HS with osmotic gradient 
ektacytometry and only a 66% rate of detection of HS 
with the OF test in the same population.1085 Although 
this method provides useful diagnostic information, only 
a few laboratories are equipped with the instrument for 
this test.

Membrane Protein, RNA, and 
DNA Measurements

Specialized tests are occasionally used to study patients 
with complicated disease or those for whom additional 
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family history. However, HS must be differentiated from 
other causes of spherocytosis, and there are several situ-
ations in which diagnosis can be diffi cult. Other causes 
of spherocytosis are listed in Box 15-1.

ABO Incompatibility in Neonates. In the neonatal 
period it may be challenging to differentiate HS from 
ABO incompatibility.1086 Anemia, hyperbilirubinemia, 
circulating microspherocytes, and altered OF are found 
in both conditions, and results of the direct Coombs test 
are sometimes negative in ABO incompatibility. However, 
in most affected infants with ABO incompatibility, anti-A 
(or anti-B) antibodies can be eluted from the red cells, 
and free anti-A (or anti-B) IgG antibodies can be detected 
in the infant’s serum.

Immunohemolytic Anemias. Rarely, patients with 
immunohemolytic anemia and spherocytosis also have so 
few antibody molecules attached to their red cells that 
results of the direct Coombs test are negative. In these 
rare cases, differentiation of the disease from HS is pos-
sible only with the use of radioactive antiglobulin reagents, 
the so-called super-Coombs test.1087

Heinz Body Hemolytic Anemias. Spherocytosis is also 
seen in Heinz body hemolytic anemias during an acute 
hemolytic crisis and occasionally in the steady state. 
However, in this situation, bite cells or blister cells (or 
both) and various dense, irregular cells are always present 
on the peripheral blood smear, and Heinz bodies can 
often be detected in red cells supravitally stained with 
methyl violet.

Aplastic Crises. Diagnostic diffi culty may also arise 
in HS patients who are seen during an aplastic crisis (see 
later). Early in the crisis, the acute nature of the symp-
toms may suggest an acquired process, and the absence 
of reticulocytes may divert the physician from a diagnosis 
of hemolytic anemia. Later, as marrow function returns, 
physicians may occasionally be misled by the properties 
of the emerging young HS red cells, which are less sphe-
rocytic and osmotically fragile than usual.

Conditions That Camoufl age 
Hereditary Spherocytosis

HS may be camoufl aged by disorders that increase the 
surface-to-volume ratio of red cells, such as iron defi -
ciency,1088 vitamin B12 or folate defi ciency,1089 obstructive 
jaundice,986 β-thalassemia,1090 or hemoglobin SC 
disease.1091 In these types of diffi cult cases, additional 
tools, such as immunoassays for red cell membrane pro-
teins and osmotic gradient ektacytometry, may be neces-
sary to confi rm the diagnosis of HS.

Iron defi ciency corrects the abnormal shape, fragility, 
and high MCHC of hereditary spherocytes but does not 
improve their life span.1088 Megaloblastic anemia can 

likewise mask the morphologic characteristics of HS.1089 
OF is also improved. The masking effect is observed in 
both vitamin B12 and folate defi ciency and is rapidly 
reversed after correction of the nutritional defi cit.

When obstructive jaundice develops, spherocytosis is 
transiently improved, and results of the OF test and 
hemolysis laboratory indices normalize.986 This improve-
ment is due to the expansion of red cell membrane 
surface area that follows the increased uptake of choles-
terol and phospholipids from the abnormal plasma lipo-
proteins released by the obstructed liver. In normal cells, 
this increase in surface area leads to the formation of 
target cells, but in spherocytes, it leads to the appearance 
of discocytes. For example, we have seen a 6-year old 
child in whom jaundice and symptoms of biliary obstruc-
tion developed. She had a palpable spleen tip, evidence 
of mild compensated hemolysis (hemoglobin concentra-
tion of 14 g/dL; reticulocyte count of 3.3%), a normal 
peripheral blood smear, and normal results of an OF test 
(fresh and incubated cells). Abdominal radiographic 
studies showed calcifi ed stones in the gallbladder and 
common bile duct. After cholecystectomy and relief of 
the partial biliary obstruction, the child’s hemolysis wors-
ened (reticulocyte count of 10.8%), and anemia (hemo-
globin concentration of 10.2 g/dL), spherocytosis, and 
abnormal results on an incubated OF test developed. 
She subsequently underwent splenectomy with clinical 
improvement.

The coexistence of HS and β-thalassemia trait has 
been described in a few case reports and has been 
reported to worsen,1092,1093 ameliorate,1090,1094 or have no 
effect on the clinical status of the patient. In a large 
French family with independently segregating HS and 
β-thalassemia trait, patients with both traits had signs of 
both diseases: small, hemoglobin A2–rich, osmotically 
fragile cells and some spherocytes on peripheral blood 
smears. However, the HS phenotype in these patients was 
less severe than that of family members with HS but 
without β-thalassemia trait.1090

Coinheritance of HS and hemoglobin SC disease 
may exacerbate the hemoglobinopathy.1091 A 15-year-old 
boy with both diseases was much more anemic than his 
siblings with SC hemoglobin disease and experienced 
fi ve splenic sequestration crises. However, the two dis-
eases may also disguise each other morphologically. Only 
a few spherocytes or target cells were evident on the boy’s 
blood smear, and the surface-to-volume ratio of his red 
cells (and probably their OF) was normal. This is prob-
ably due to the balancing effects of HS (loss of surface 
area) and hemoglobin SC (loss of cell volume) on red 
cells.

Sickle trait may also be worsened by HS.1095,1096 Yang 
and colleagues1097 reported two patients with the combi-
nation who suffered multiple splenic sequestration crises. 
On the other hand, spontaneous regression of HS, pre-
sumably as a result of the development of a hyposplenic 
state, has also been observed in two family members who 
had HS and sickle cell trait.1098
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Complications

Most patients with HS have well-compensated hemolysis 
and are rarely symptomatic. These patients seek medical 
attention only when complications occur. Complications 
are generally related to chronic hemolysis and anemia.

Gallstones

The formation of bilirubinate gallstones is one of the 
most common complications of HS and is a major 
impetus for splenectomy in many patients. Instances of 
gallstones occurring in infancy1099 have been reported, 
but most appear in adolescents and young adults. In a 
retrospective study of 152 consecutive patients with HS 
conducted before the development of ultrasonography, 
gallstones were detected in only 5% of children younger 
than 10 years who were adequately examined and in 
approximately 50% of HS patients between 10 and 30 
years of age (Fig. 15-45).1100 The increase in incidence of 
gallstones after the age of 30 parallels the incidence in 
the general population,1101 which suggests that chole-
lithiasis secondary to HS is primarily manifested in the 
second and third decades.

The incidence of gallstones in HS patients is related 
to the ability of the liver to metabolize increased amounts 

of bilirubin. A common polymorphism in the promoter 
of the uridine diphosphate–glucuronyl transferase gene 
(UGT1A) causes decreased enzyme production and, 
in the homozygous form, Gilbert’s syndrome. Recent 
studies have clearly demonstrated that coinheritance of 
Gilbert’s syndrome and HS increases the risk for chole-
lithiasis.1102-1105 One retrospective study of 103 children 
with HS showed that the rate of gallstone formation was 
2.19 times higher in patients with a homozygous muta-
tion in the UGT1A gene than in those with a heterozy-
gous mutation and 4.5 times higher than in HS patients 
lacking the Gilbert polymorphism.1102 Recent studies also 
demonstrate that gallstones develop at a younger age in 
HS patients with a homozygous mutation in the UGT1A 
gene.1106 Therefore, analysis of this allele is useful in pre-
dicting the risk for cholelithiasis in HS.

Because the pigment stones typical of HS are easily 
detected by ultrasonography, all patients with HS should 
undergo ultrasound examinations about every 5 years if 
the spleen is intact and just before splenectomy. Unfor-
tunately, longitudinal studies using modern techniques 
(i.e., liver and biliary tree ultrasonography) are not avail-
able, thus making the true incidence and natural history 
of gallstones in this population unknown. Indeed, many 
patients with gallstones are asymptomatic, and it is 
unclear in how many patients symptomatic gallbladder 
disease or biliary obstruction will develop. Anecdotal 
reports in the old HS literature suggested that 40% to 
50% of HS patients with cholelithiasis had symptoms 
and that a high proportion of patients with stone-con-
taining gallbladders had histologic evidence of cholecys-
titis.1107 However, studies that include large numbers of 
patients with mild HS show a much lower incidence of 
symptomatic gallbladder disease.1108 Clearly, more accu-
rate data about the long-term complications of pigment 
stone disease are needed to assess the risk-to-benefi t ratio 
of splenectomy in HS and the need for cholecystectomy 
in asymptomatic patients with cholelithiasis.

Because of the lack of knowledge about the natural 
history of cholelithiasis in HS, the treatment of gallblad-
der disease in HS patients is debatable. Once gallstones 
are found, an initial observation period is recom-
mended.1109 Surgery is indicated for recurrent symptoms 
or signs of biliary obstruction. If a patient is undergoing 
splenectomy, ultrasound of the gallbladder is indicated 
before surgery to assess for the necessity of concomitant 
cholecystectomy.1110 Prophylactic cholecystectomy or 
splenectomy solely to prevent the formation of gallstones 
is not indicated. One analysis1111 offers the following rec-
ommendations for adult patients who have not under-
gone splenectomy and in whom gallstones develop: for 
patients younger than 39 years, both splenectomy and 
cholecystectomy should be performed even if the patient 
has no symptoms; for patients between 39 and 52 years 
of age, both operations should only be performed if the 
patient has biliary colic; if a patient is older than 52 years, 
cholecystectomy alone should be performed for biliary 
colic.
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FIGURE 15-45. Proportion of normal and hereditary spherocytosis 
(HS) patients with gallstones as a function of age. The graph is redrawn 
from data in a study1100 of gallbladder disease in 152 consecutive 
patients seen at The Cleveland Clinic before 1952. Only patients whose 
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included. Data for the general population are derived from an autopsy 
series of patients who did not have hemolytic anemia.1101 Note that the 
prevalence of gallstones in HS patients rises sharply between the ages 
of 10 and 30 years and parallels the general population after 30 years 
of age. (Adapted with permission from Walensky LD, Narla M, Lux SE. 
Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP [eds]. 
Blood: Principles and Practice of Hematology, 2nd ed. Philadelphia, JB Lip-
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Crises

Patients with HS, like patients with other hemolytic dis-
eases such as sickle cell disease, face a number of poten-
tial crises. Table 15-5 summarizes the types of crises that 
occur in patients with HS.

Hemolytic Crises. Hemolytic crises are probably the 
most common form of crisis in HS. They usually occur 
with viral syndromes, particularly in children younger 
than 6 years.1112 They are characterized by a mild tran-
sient increase in jaundice, splenomegaly, anemia, and 
reticulocytosis. No medical intervention is usually 
required. Some of these patients may actually be in the 
recovery phase of an aplastic crisis. Severe hemolytic 
crises occur rarely. Characteristic features include jaun-
dice, anemia, vomiting, abdominal pain, and tender sple-
nomegaly. In such cases, hospitalization, red cell 
transfusion, and careful monitoring may be required.

Aplastic Crises. Aplastic crises are less common than 
hemolytic crises but are more serious and may lead to 
severe anemia and result in congestive heart failure or 
even death.856 These crises are usually caused by parvo-
virus B19, the cause of erythema infectiosum (fi fth 
disease).1113 Parvovirus B19 infection may be accompa-
nied by fever, chills, lethargy, vomiting, diarrhea, myalgia, 
and a maculopapular rash on the face (slapped cheek 
appearance), trunk, and extremities.1114 In addition, an 
HS patient having an aplastic crisis may experience 
anemia, jaundice, pallor, and weakness.1115,1116 Parvovirus 
B19 selectively infects erythropoietic precursors and 
inhibits their growth by inducing apoptosis and cell cycle 
arrest at G2.1117-1120 Parvovirus infections are often associ-
ated with mild neutropenia (≈20%) or thrombocytopenia 
(≈40%), and instances of transient pancytopenia have 
been reported.1113,1121-1123 Parvovirus may infect several 
members of a family simultaneously.1123-1127

The sequence of events in an aplastic crisis is well 
described in the classic article of Owren1115 and is illus-
trated in Figure 15-46. During the aplastic phase, the 
hematocrit and reticulocyte count fall, marrow erythro-
blasts disappear, and unused iron accumulates in serum. 
As production of new red cells declines, the cells that 
remain age, and microspherocytosis and OF increase. 
Bilirubin levels may decrease as the number of abnormal 
red cells that can be destroyed declines. Return of marrow 

TABLE 15-5 Classifi cation of Crises

Type Anemia Reticulocytes Jaundice Cause Comment

Hemolytic Increased Increased Increased Viral infections leading 
to splenomegaly

Frequent, usually 
mild

Aplastic Increased Decreased Decreased Parvovirus B19 Occurs once
Severe. Risk to 
pregnant contacts

Megaloblastic Increased No change or 
decreased

No change or 
increased

Relative folic acid 
defi ciency

Rare, preventable
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FIGURE 15-46. The temporal sequence of a severe aplastic crisis in 
a patient with hereditary spherocytosis who previously had well-
compensated hemolysis. Note the profound reticulocytopenia and mild 
leukopenia and thrombocytopenia in the early phases of the reaction. 
Note also that the re-emergence of reticulocytes is heralded by the 
sequential return of peripheral blood granulocytes and platelets and 
bone marrow (BM) normoblasts. As in this patient, jaundice frequently 
declines during an aplastic crisis because of a decrease in the total 
number of abnormal red cells that have to be destroyed. WBC, white 
blood cells. (Data from Owren PA. Congenital hemolytic jaundice. The 
pathogenesis of the “hemolytic crisis.” Blood. 1948;3:231.)

function is heralded by a fall in the serum iron concentra-
tion and the emergence of granulocytes, platelets, and 
fi nally, reticulocytes. During this recovery phase, serum 
phosphorus can drop to dangerously low levels.1128 Fur-
thermore, the lack of reticulocytes early in the recovery 



738 HEMOLYTIC ANEMIAS

phase should not eliminate hemolytic anemias from diag-
nostic consideration.

Infection with parvovirus B19 is a particular danger 
to susceptible pregnant women because it can infect the 
fetus and lead to fetal anemia, nonimmune hydrops 
fetalis, and fetal demise.1129-1131 The risk of nonimmune 
hydrops fetalis in the fetus of a woman who becomes 
infected with B19 during pregnancy is probably low. 
Nevertheless, because the virus is highly contagious and 
is easily transmitted to patients and staff1132,1133 and 
because only half to two thirds of pregnant women have 
acquired protective antibodies,1134 it has been suggested 
that patients who have or are suspected of having an 
aplastic crisis be placed on precautions while hospitalized 
and that IgG-negative contacts who are pregnant be 
tested for evidence of seroconversion. Nonimmune 
hydrops fetalis can be detected by ultrasonography and 
treated with intrauterine transfusions.1135

During an aplastic crisis, many asymptomatic patients 
with HS and compensated hemolysis receive medical 
attention. As would be expected, aplastic crises develop at 
the same time in many family members with undiagnosed 
HS who are infected with parvovirus B19.1123,1124,1136-1138 
Diagnostic confusion may arise during re-emergence of 
marrow function, when the physician may mistake an 
aplastic crisis for a hemolytic one. Because aplastic crises 
generally last 10 to 14 days1115 (about half the life span of 
HS red cells),1031,1139 the hemoglobin value typically falls 
to about half its usual level before recovery occurs. Thus, 
aplastic crises are a serious threat to young children with 
HS, particularly those with more severe forms of the 
disease. Intensive medical management is required in 
these cases.

The diagnosis of parvovirus infection can be made 
with serum PCR or immunologic tests. Pathologic exam-
ination of the bone marrow demonstrates giant pronor-
moblasts, which are a hallmark of the cytopathic effects 
of parvovirus B19.1140,1141 Treatment is supportive until 
the aplastic episode self-resolves. In children with severe 
anemia, red cell transfusions may be necessary. In immu-
nocompromised patients, intravenous immunoglobulin 
assists in clearing the virus. Respiratory and contact pre-
cautions, from before the onset of symptoms to at least 
1 week after symptoms appear, assist in preventing spread 
of the virus. Immunity after parvovirus infection is 
lifelong.

Megaloblastic Crises. Rarely, HS patients may have 
megaloblastic crises as a result of folate defi ciency. These 
crises occur in patients whose dietary intake of folic acid 
is inadequate for the increased needs of the red cell pre-
cursors in the bone marrow. Therefore, megaloblastic 
crises typically occur in patients with HS who are recov-
ering from an aplastic crisis or who are pregnant.873,874 In 
these patients, dietary intake of folic acid is inadequate 
for the increased needs of the erythroid HS bone marrow. 
A megaloblastic crisis in pregnancy has been reported as 
the fi rst manifestation of HS. All patients with hemolytic 

anemia, including HS before splenectomy, should rou-
tinely receive folic acid supplements (≈1 mg/day) to 
prevent this complication.

Other Complications

Gout and Leg Ulcers. Rarely, gout,1142,1143 indolent leg 
ulcers,1144,1145 or a chronic erythematous dermatitis on 
the legs develops in adults with HS.1146,1147 Splenectomy 
appears to be curative.

Extramedullary Hematopoiesis. Extramedullary 
masses of hematopoietic tissue, particularly alongside the 
posterior thoracic or lumbar spine831,1143,1148-1153 or in the 
hila of the kidneys, may also develop in adults with HS.831 
These masses may spontaneously bleed and lead to 
hemothorax.1151 In one unusual instance, extramedullary 
hematopoiesis simulated an adrenal mass in a 9-year-old 
boy with HS.1154 Surprisingly, these tumors frequently 
arise in patients with mild HS, perhaps because they 
often do not undergo splenectomy, and are the fi rst mani-
festations of HS. The masses gradually enlarge and may 
be mistaken for neoplasms.1143 Biopsy may lead to exten-
sive bleeding. If necessary, open biopsy should be per-
formed. These bone marrow tumors can be diagnosed by 
magnetic resonance imaging (MRI),1155 which may make 
biopsies unnecessary. The masses stop growing and 
undergo fatty metamorphosis after splenectomy, but they 
do not shrink in size.1148,1149

Hematologic Malignancy. Over a dozen occurrences 
of HS and hematologic malignancy, including myelopro-
liferative disorders, multiple myeloma, and leukemia, have 
been reported.1156-1159 It has been suggested that this asso-
ciation is due to long-standing hematopoietic stress or 
chronic reticuloendothelial stimulation because splenic 
clearance of abnormal red cells induces proliferation of 
lymphocytes and plasma cells, as well as macrophages.1160 
Patients with HS have a mild polyclonal hypergamma-
globulinemia,1156-1158,1160 and there is some evidence favor-
ing the association of myeloma and chronic gallbladder 
disease.1156,1161 However, it is not currently clear whether 
there is a true connection between HS and myeloma or 
myeloproliferative disease or a chance association.

Hemochromatosis. Untreated HS may exacerbate 
hemochromatosis in patients who are heterozygous for 
the hereditary disease.1162-1165 Several patients with HS 
subsequently died of liver failure or hepatoma.

Heart Disease. Untreated HS may aggravate underly-
ing heart disease and precipitate heart failure.1166 Gra-
dually worsening congestive heart failure may rarely 
be the initial manifestation in an elderly patient with HS 
in whom progressively worsening anemia has developed 
as marrow senescence evolves.

Angioid Streaks. These brownish or gray streaks 
resembling veins in the optic fundus have been described 
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in adult members of several HS kindreds.1167,1168 The rate 
of occurrence of this association is unknown. Angioid 
streaks are relatively common in some other hematologic 
disorders, notably sickle cell disease and thalasse-
mia,1167,1169 and may be complicated by retinal vascular 
proliferation that requires treatment.1170

Pseudohyperkalemia. Because HS red cells leak 
potassium ions more rapidly than normal red cells do, 
serum samples from HS patients may demonstrate pseu-
dohyperkalemia if allowed to sit for a long time before 
electrolytes are analyzed.1171

Splenic Rupture. Although splenomegaly is a common 
symptom in HS patients, cases of splenic rupture are 
rare.1172 This contrasts signifi cantly with the splenomeg-
aly that accompanies acute viral infections such as 
Epstein-Barr virus, in which splenic rupture occurs at 
higher frequency. It is unclear why this difference exists, 
although it may refl ect the unique pathophysiology of 
splenic enlargement in the different conditions. Children 
with HS and splenomegaly should not be restricted from 
normal activities. However, older children and adults 
with splenic enlargement that extends below the rib cage 
should avoid activities that may infl ict a powerful, direct 
blow to the abdomen, such as football or ice hockey.

Nonerythroid Manifestations. Kindreds with HS and 
neurologic manifestations have been described. In the 
older literature, multiple case reports describe patients 
with HS and various neurologic abnormalities such as 
Freidrich-like disease, cerebellar disturbances, muscle 
atrophy, and a tabes-like syndrome.1173-1176 More recently, 
patients with certain ankyrin gene deletions have been 
reported who have psychomotor retardation, hypogonad-
ism, and various neurologic manifestations.847,848,870,917-919 
Additional reports describe patients with ankyrin-defi -
cient HS and slowly progressive spinocerebellar disease.1173 
The discoveries that erythroid ankyrin662-665 and β-spec-
trin430 are expressed in the cerebellum and spinal cord 
and that delayed cerebellar ataxia develops in mice with 
a lack of ankyrin because of slow loss of Purkinje cells1177 
suggest that unique types of ankyrin and β-spectrin muta-
tions may affect the neurologic system, in addition to red 
blood cells.

Families with HS and hypertrophic cardiomyopathy 
have also been reported. For example, a three-generation 
Russian family with cosegregating HS and hypertrophic 
cardiomyopathy has been described.1178 Two brothers 
with HS, a movement disorder, and myopathy have also 
been reported.1179 These cases are interesting because 
spectrin and ankyrin are known to be expressed in 
muscle.

Splenectomy

Splenectomy cures all patients with typical mild to mod-
erate HS by eliminating anemia and hyperbilirubinemia 

and reducing the reticulocyte count to nearly normal 
levels (1% to 3%). In most patients, red cell survival 
becomes normal or remains only slightly shortened. 
Spherocytosis and altered OF persist, but the “tail” of 
the OF curve, created by conditioning of a subpopulation 
of spherocytes by the spleen, disappears. After splenec-
tomy, patients with the most severe forms of HS still 
show shortened erythrocyte survival and hemolysis, but 
their clinical improvement is striking.845,871 Splenectomy 
appears to have a more benefi cial effect on spectrin/
ankyrin-defi cient erythrocytes than on band 3–defi cient 
erythrocytes.1180

Currently, the major decisions about treatment are 
who should undergo splenectomy, what kind of operation 
should be performed, and how patients should be cared 
for postoperatively. However, the indications for splenec-
tomy should be weighed carefully inasmuch as a small 
fraction of patients will die of overwhelming postsplenec-
tomy infections.1181-1185 Because the risk of postsplenec-
tomy sepsis is very high in infancy and early childhood, 
splenectomy should be delayed until the age of 5 to 9 if 
possible and until at least 3 years of age in all children, 
even if transfusions are required chronically in the interim. 
There is no evidence that further delay is useful, and it 
may be harmful because the risk of cholelithiasis increases 
dramatically in children after 10 years of age.1100

Risks of Splenectomy

Immediate Postsplenectomy Complications. Early 
complications of splenectomy include local infection, 
such as a subphrenic abscess, and bleeding. Pancreatitis 
has been reported immediately after splenectomy, pre-
sumably as a result of injury to the tail of the pancreas 
incurred during removal of the spleen.1186

Postsplenectomy Sepsis. Overwhelming serious bac-
terial infection with encapsulated bacterial organisms is 
one of the most signifi cant risks of splenectomy. The risk 
is highest with encapsulated organisms, such as Strepto-
coccus pneumoniae, Neisseria meningitidis, and Haemophilus 
infl uenzae. Postsplenectomy sepsis can be rapidly fatal, 
and it is unclear how the risk for postsplenectomy infec-
tion changes over time. Some studies have suggested that 
the risk is highest immediately after splenectomy and 
lessens over time. Other studies conclude that the risk of 
sepsis is present indefi nitely after splenectomy.1187,1188

It is diffi cult to estimate the risk for postsplenectomy 
infections after infancy.1189 The surveys of Schwartz and 
colleagues1184 and Green and co-workers1181 are limited 
to adults and largely predate immunization for S. pneu-
moniae and other bacteria. These surveys show an inci-
dence of fulminant sepsis in adults of 0.2 to 0.5 per 100 
person-years of follow-up and a death rate of 0.1 per 100 
person-years. In addition, other serious bacterial infec-
tions (e.g., pneumonia, meningitis, peritonitis, and bac-
teremia) in adults were much more common (4.5/100 
person-years) than normal, particularly in the fi rst few 
years after the operation. The incidence of postsplenec-
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tomy sepsis appears to be higher in children, particularly 
younger children.1189-1192 More recently, in a 30-year 
follow up of more than 200 splenectomized adult HS 
patients, Schilling1185 reported a postsplenectomy mortal-
ity rate of 0.073 per 100 person-years, which is substan-
tially lower than the risk reported in the earlier 
studies.1181,1184 Three of the four deaths occurred 18 or 
more years after the operation, and none of the patients 
who died had received pneumococcal vaccine or prophy-
lactic antibiotics.

The majority of studies of postsplenectomy sepsis in 
adults and children have serious methodologic problems. 
Most studies are case reports or retrospective reports 
subject to recall bias. The patients included in the studies 
have heterogeneous diseases and are often splenecto-
mized for a variety of indications. Furthermore, in most 
studies the adults patients are not fully immunized and 
do not receive antibiotic prophylaxis. Further research is 
necessary to quantitate the risk over time for postsple-
nectomy sepsis in HS patients treated according to 
current practice guidelines.

With development of the H. infl uenzae type b conju-
gate vaccine, meningococcal conjugate and nonconjugate 
vaccines, and pneumococcal conjugate and nonconjugate 
vaccines, the risk of postsplenectomy sepsis should in 
theory be reduced. However, most members of the older 
population who were splenectomized before 1990 have 
not received all of these vaccines (unpublished data). 
Furthermore, most of these patients do not continue to 
take their antibiotic prophylaxis in adulthood (unpub-
lished data). Waghorn examined current cases of over-
whelming postsplenectomy infection and found that only 
31% of 77 patients with overwhelming postsplenectomy 
infection received the pneumococcal vaccine.1193 In this 
study, few patients were found to be adequately educated 
on antibiotic prophylaxis and fever management. This 
study indicates the necessity for quality improvement in 
the care of HS patients after splenectomy.

Babesiosis and Malaria. Splenectomized HS patients 
are at increased risk for serious parasitic infections, such 
as babesiosis1194-1196 and malaria.1197 Babesiosis is a tick-
transmitted zoonotic infection by an intraerythrocytic 
protozoan that is endemic in Europe and in the north-
eastern, upper midwestern, and coastal northwestern 
United States.1198 In the United States the etiologic agent 
of babesiosis is Babesia microti. The clinical symptoms 
usually begin with chills, anorexia, and fatigue, followed 
by intermittent fever and symptoms that include myalgia, 
arthralgia, headache, and vomiting.1198 In healthy patients, 
the infection is often asymptomatic or mild. In patients 
with asplenia, severe illness with hemolytic anemia can 
occur, including fulminant illness resulting in death. 
Diagnosis is made by microscopic identifi cation on 
Giemsa- or Wright-stained thick or thin blood smears. 
Serologic tests for Babesia antibodies and PCR are also 
available. Because the primary vector for the parasite is 
the tick Ixodes scapularis, which is shared by the agents 

causing Lyme disease and ehrlichiosis, these infections 
should be considered as well.1198 Current treatment 
includes clindamycin and oral quinine for 7 to 10 days.1198 
Exchange blood transfusions should be considered for 
severely ill patients, especially those with parasitemia of 
greater than 10%. Splenectomized HS patients, when 
traveling in endemic areas, should attempt to avoid tick 
bites by wearing long pants and using tick repellants.

Although animal experiments demonstrate that the 
spleen is essential in eliminating malaria parasitemia,1199 
only anecdotal reports demonstrate an increased risk for 
malaria in asplenic individuals.1197,1200,1201 There are no 
studies that defi nitively demonstrate an increased risk for 
severe malaria in asplenic individuals. Nevertheless, the 
authors know experienced hematologists practicing in 
areas endemic for malaria who will not allow their patients 
to be splenectomized. This “local knowledge” suggests 
the risk is higher than the limited number of reports sug-
gests. Accordingly, we believe that splenectomized HS 
patients should strictly adhere to malaria chemoprophy-
laxis when traveling in endemic areas or avoid such areas 
altogether.

Thrombosis and Thromboembolic Diseases. Many 
studies demonstrate an overall increased risk for throm-
bosis in patients after splenectomy performed for various 
underlying conditions.1202-1204 Hirsh and Dacie reviewed 
80 patients who were splenectomized because of 
anemia.1202 Of these patients, 13% had thromboembolic 
complications, including two deaths. The time from sple-
nectomy to thrombosis ranged from 4 months to 10 
years. A meta-analysis of 12 studies examining the risk 
for thrombosis after splenectomy found that the risk for 
postsplenectomy thrombosis was 1.5% to 55%.1203

Unlike other pathologic red cell states associated 
with increased thrombosis, such as thalassemia, erythro-
cytes from patients with HS and HE do not demonstrate 
increased exposure of PS on their outer surfaces.1205 
Whether thrombosis after splenectomy for anemia is 
incited by changes in the membrane surface of pathologic 
erythrocytes1206 or in circulating vesicles released from 
them, or is due to other factors, such as associated dis-
eases, nutritional status, genetic modifi ers, infection, 
environment, or treatment modalities, is unknown.1207 
Furthermore, it is likely that the risk for thrombosis after 
splenectomy varies according to the underlying disease. 
Nonetheless, major large vessel and organ thrombosis is 
a common fi nding in murine models of HS and may 
be a risk postsplenectomy in humans with HS.1207,1208 
Further studies specifi cally examining the risk for throm-
bosis after splenectomy in HS are needed to test this 
possibility.

Portal Vein Thrombosis. Many investigators have exam-
ined the risk for portal vein thrombosis after splenectomy 
performed for various underlying conditions. Capellini 
and co-investigators reviewed the data on coagulation 
and splenectomy in 2005 and found that the overall 
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incidence of postsplenectomy portal vein thrombosis in 
the United States was 6.3% to 10%.1209 A Dutch study 
reviewed 563 patients with splenectomies and found that 
9 patients had portal vein thrombosis (2%), with a higher 
frequency in patients with hematologic diseases.1210 
Another study of 101 splenectomized patients found an 
8% rate of postoperative thrombosis.1203 In this study, 
74% of the patients with portal vein thrombosis were 
splenectomized for an underlying hematologic disease. In 
the aforementioned studies, the majority of patients who 
experienced a postoperative thrombotic event were taking 
Lovenox at the time of thrombosis. The variability in the 
reported incidence of postsplenectomy portal vein throm-
bosis between studies might be due to the high rate of 
silent disease, in that most patients found to have portal 
vein thrombosis via ultrasound for study purposes are 
asymptomatic. It has also been hypothesized that the risk 
for postsplenectomy portal vein thrombosis is increased 
after more invasive intraoperative manipulations because 
of large spleen size or diffi culty during surgery for trauma. 
There have been no reported studies to date examining 
the risk for portal vein thrombosis specifi cally in patients 
with HS, so the exact risk in this population is not known. 
However, an increased rate of portal vein thrombosis may 
contribute to an increased risk for pulmonary hyperten-
sion (see later).

Ischemic Heart Disease and Stroke. The risk for ischemic 
heart disease and stroke may increase after splenectomy 
for HS. In one study, Robinette and Fraumeni1204 
observed that death from ischemic heart disease occurred 
1.86 times more often in splenectomized young men than 
in matched control subjects during a 28-year period of 
follow-up. These fi ndings have been corroborated by 
others.1211 In a retrospective review of 232 patients with 
HS, Schilling found that splenectomized patients older 
than 40 years had a 5.9 times increased rate of arterio-
sclerotic events (stroke, myocardial infarction, and coro-
nary or carotid artery surgery) in comparison to HS 
patients with intact spleens.1212

Pulmonary Hypertension. The prevalence and signifi -
cance of pulmonary hypertension after splenectomy are 
not known. Pulmonary hypertension has been reported 
in splenectomized patients with HS,1213-1216 as well as 
in many splenectomized patients with other types of 
anemia.1217-1222 Hoeper and associates found an 11.5% 
incidence of postoperative asplenia in 61 patients with 
pulmonary hypertension versus a 0% incidence in patients 
without pulmonary hypertension.1215 Histopathologic 
examination of individuals with pulmonary hypertension 
after splenectomy demonstrated abundant microthrom-
botic lesions. Of the seven patients who had pulmonary 
hypertension and splenectomies, three were splectomized 
because of anemia from HS. Jais and colleagues also 
examined the rate of splenectomy in patients with pul-
monary hypertension and found it to be 8.6%, which was 
20 times that expected for the general population.1223 In 

this study, of the patients with HS, the interval between 
splenectomy and the diagnosis of pulmonary hyperten-
sion was as long as 30 to 35 years. A meta-analysis exam-
ining the risks associated with splenectomy found an 
increased risk for pulmonary hypertension regardless of 
the indication for splenectomy.1224 The risk seemed to be 
enhanced by various triggering risk factors and appeared 
to be present indefi nitely, with the greatest risk many 
years after surgery.

Postulated Mechanisms of Hypercoagulability after Splenec-
tomy in Anemic Patients. The etiology of the association 
between splenectomy and thrombosis appears to be 
complex. Chronic postsplenectomy thrombocytosis 
with platelet aggregation, microthrombosis, stasis, and 
possible vasoconstrictive effects leading to pulmonary 
capillary obstruction has been suggested as a cause of 
pulmonary hypertension after splenectomy.1225,1226 Loss 
of the fi lter function of the spleen, thus allowing abnor-
mal erythrocytes to remain in the circulation, which trig-
gers platelet activation and subsequent trapping of these 
activated platelets in the pulmonary bed, has been impli-
cated. Furthermore, dysregulation of vascular tone after 
splenectomy for anemia may contribute to an increased 
risk for thrombosis. After splenectomy for anemia, 
increased free hemoglobin is released into serum, which 
decreases serum nitric oxide, possibly disturbing normal 
regulation of vascular tone and causing vasocontriction. 
An animal model supporting this hypothesis has been 
described.1227 The investigators divided New Zealand 
white rabbits into three groups: one group injected with 
sonicated (damaged) blood, a second group injected with 
normal blood after ligation of the splenic artery, and a 
third group injected with sonicated blood after ligation 
of the splenic artery. The only group found to have pul-
monary thromboembolism was the third group, which 
received damaged red blood cells and underwent ligation 
of the splenic artery. This study may indicate that both 
abnormal red blood cell membranes and splenectomy are 
necessary for the development of pulmonary hyperten-
sion in human patients.

The development of postsplenectomy portal hyper-
tension secondary to portal vein thrombosis (see earlier) 
may contribute to the development of pulmonary hyper-
tension.1228-1231 In this scenario, portal hypertension leads 
to intrapulmonary shunting and hypoxic pulmonary 
vasoconstriction, which is then implicated in the patho-
genesis of pulmonary hypertension.1231

Many have postulated that the risk for thrombosis 
increases after splenectomy performed for anemia because 
as the anemia improves, patients have an increase in 
cholesterol level, serum hematocrit,1212 and platelet count, 
all known risk factors for thrombosis. In the Framingham 
study, the incidence of stroke was two times higher in 
patients with high versus low hemoglobin.1232 Schilling 
and colleagues examined the risk for arteriosclerotic 
events (i.e., arterial thrombotic events) in families with 
HS.1233 They found the risk for arteriosclerotic events in 
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patients with HS and a spleen to be a fi fth the risk in 
unaffected family members, thus implying that HS with 
a spleen may be protective against arteriosclerotic disease. 
However, it is not clear whether this protective effect is 
due to a lower hematocrit and lower cholesterol level 
rather than the presence of the spleen.

The risk for thrombosis after splenectomy may also 
increase because of increasing circulating damaged red 
blood cells. In patients with thalassemia, red cells are 
recognized as being more procoagulant than healthy red 
cells. The prothrombinase assay can use thalassemic red 
blood cells as a source of phospholipids, which requires 
them to act as activated platelets. Damaged red blood 
cells are more procoagulant and become more prevalent 
after splenectomy because they are no longer fi ltered 
through the spleen. “Blood dust” shed from fragmenting 
erythrocytes with PS exposed on the surface may activate 
the clotting cascade. In support of this concept, frequent 
red cell transfusions are protective in splenectomized 
thalassemia major patients, probably by allowing fewer 
damaged red blood cells in the circulation.1203 It is unclear 
whether this same phenomenon would be true in HS 
patients.

The risk for thrombosis after splenectomy for HS is 
not well defi ned, and further studies are needed to 
confi rm this risk. Nevertheless, a conservative approach 
to splenectomy is supported by this correlation. Further-
more, once a patient with HS has been splenectomized, 
a thoughtful approach to clotting risk is recommended, 
in so far as attempting to limit additional hypercoagula-
ble risk factors.

Indications for Splenectomy

In view of the potential risks, splenectomy should be 
performed only if there are clear indications. All patients 
with severe spherocytosis who are transfusion dependent 
or have growth failure or skeletal changes should undergo 
splenectomy. Splenectomy is usually recommended for 
patients with moderate HS if they suffer from reduced 
vitality or physical stamina as a result of anemia, if later 
in life anemia compromises vascular perfusion of vital 
organs, or if leg ulcers or extramedullary hematopoietic 
tumors develop. Whether patients with moderate HS and 
asymptomatic anemia should undergo splenectomy 
remains controversial. Partial (subtotal) splenectomy 
may be indicated in some of these patients (see later). 
Splenectomy can be deferred, probably indefi nitely, in 
patients with mild HS and compensated hemolysis. In 
young symptomatic children with HS, splenectomy 
should be delayed until at least 3 years of age and, if 
possible, until 6 to 9 years of age because of the risk for 
infection. In addition, after the early school years, the 
number of febrile infections is reduced, which decreases 
the frequency of postsplenectomy fever evaluations.

Treatment of patients with mild to moderate HS and 
gallstones is also debatable, particularly because new 
treatments for gallstones, such as laparoscopic cholecys-
tectomy, endoscopic sphincterotomy, and extracorporal 

cholelithotripsy, lower the risk of this complication.1234,1235 
If such patients have symptomatic gallstones, the authors 
and others favor combined cholecystectomy and splenec-
tomy,1236,1237 especially if acute cholecystitis or biliary 
obstruction has occurred. Prophylactic cholecystectomy 
at the time of splenectomy is not indicated in patients 
who do not have cholelithiasis.1238

Surgical Procedures

Laparoscopic Splenectomy. When splenectomy is 
warranted, laparoscopic splenectomy has become the 
method of choice in many centers.1239-1245 The procedure 
can be combined with laparoscopic cholecystectomy if 
desired.1236,1237,1249,1242 The benefi ts of laparoscopic sple-
nectomy are less postoperative discomfort, quicker return 
to preoperative diet and activities, shorter hospitalization, 
decreased cost, and smaller scars.1241,1242 The drawbacks 
of a laparoscopic approach are longer operative 
time,1239,1242,1243 risk of conversion to standard splenec-
tomy,1240,1244,1246 chance of missing an accessory 
spleen,1243,1247 potential diffi culty in controlling bleed-
ing,1246 and capsular fracture with subsequent spleno-
sis.1248 Recent studies have compared the laparoscopic 
approach with the open surgical approach and have dem-
onstrated longer operating times but shorter hospital stay 
and decreased pain in the laparoscopic group.1249-1251 The 
majority of studies to date support the laparoscopic 
approach to splenectomy as the method of choice in 
centers in which the surgical staff is experienced.

Partial (Subtotal) Splenectomy. The emergence of 
antibiotic-resistant pneumococci and increasing evidence 
suggesting an increased risk for thrombosis after splenec-
tomy have led to re-examination of the role of alternative 
treatment modalities. Partial splenectomy has been sug-
gested for selected patients with HS, especially those with 
only moderate disease. The goal of this operation is to 
decrease hemolysis while maintaining residual splenic 
phagocytic function. In practice, at least 80% to 90% of 
the enlarged organ is removed (Fig. 15-47). Partial sple-
nectomy is mostly performed as an open operation, 
but a laparoscopic approach has been reported.1252 
The procedure is more time consuming than total sple-
nectomy, and the time needed for recovery is longer 
(4- to 7-day hospitalization), but studies have shown 
that partial splenectomy is safe and reduces the rate of 
hemolysis.1253-1257

In an initial study by Tchernia and colleagues,1253 the 
frequency of complications after partial splenectomy was 
low, and regrowth of the splenic remnant was not observed 
during a 4-year follow-up period. Long-term follow-up 
of 40 patients, monitored for up to 12 years after partial 
splenectomy, demonstrated that mean hemoglobin 
increased from 9.2 to 12.7 g/dL and the absolute reticu-
locyte count decreased from 523 to 267 × 109 cells/L 
(Fig. 15-48).1254 In children with at least 10 years of 
follow-up, no differences in hemoglobin and reticulocyte 
levels were noted between the partial and total splenec-
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FIGURE 15-47. Surgical technique used 
for partial (∼80%) splenectomy. A, All 
vascular pedicles supplying the spleen are 
divided except those arising from the left 
gastroepiploic vessels. B, The upper pole of 
the spleen is removed at the boundary 
between the well-perfused and poorly 
perfused tissue. (Adapted from Tchernia G, 
Gauthier F, Mielot F, et al. Initial assessment of 
the benefi cial effect of partial splenectomy in 
hereditary spherocytosis. Blood. 1993;81:
2014.)

tomy groups.1254 Signifi cant splenic regrowth was seen in 
the fi rst year after partial splenectomy, but after the initial 
growth, the rate of splenic growth in this study was much 
reduced (see Fig. 15-48). Nevertheless, 8% of patients in 
this study, particularly those with severe HS, required 
total splenectomy after partial splenectomy because of 
splenic regrowth and resumption of hemolysis. More-
over, in 4 of 18 patients in whom the gallbladder was not 
removed during the initial surgery, subsequent cholecys-
tectomy was necessary.1254

Splenic tissue has tremendous regeneration poten-
tial, as attested to by reports of previously splenecto-
mized individuals with HS in whom enlarged accessory 
spleens or ectopic splenic tissue together with recurrent 
hemolysis developed later in life. Thus, it is not surprising 
that splenic regrowth has been a problem necessitating 
reoperation in those with severe HS.1255-1257 Some authors 
postulate that the spleen will grow back to its age-equiva-
lent size 2 to 3 years after partial splenectomy. After 
conventional partial splenectomy, the surgical revision 
rate for recurrent hemolysis is estimated to be 10% after 
5 years and 33% after 10 years.1256 Moreover, it is impor-
tant to note that the longest follow-up of partial splenec-
tomy for HS is 10 to 15 years, and therefore the percentage 
of HS patients with splenic regrowth and recurrent 
hemolysis many years after partial splenectomy is 
unknown.

A new procedure called near-total splenectomy, 
in which a more radical approach to open resection is 
taken to reduce the risk for continued hemolysis as a 
result of splenic regrowth, yet maintain splenic function, 
has recently been performed in Germany. Near-total 
splenectomy leaves a splenic remnant of 10 cm3 as a 
residual. One longitudinal cohort study of 42 patients 
demonstrated that this procedure may be safe and 
effective, with no patients requiring postprocedure 
transfusions and no postprocedure hemolysis develop-
ing.1258 More experience and longer follow-up are needed 
before partial, or near-total, splenectomy can be recom-

mended as a routine procedure for the majority of patients 
with HS.

Embolization. Several case studies have reported 
partial splenic arterial embolization as an alternative to 
splenectomy to treat hemolysis in patients with HS.1259,1260 
The technique has also been used to decrease operative 
blood loss in patients with very large spleens before lapa-
roscopic splenectomy.1261 Because experience with this 
procedure is limited, it cannot be recommended as 
routine therapy.

Postsplenectomy Changes

After splenectomy, spherocytosis persists but conditioned 
microspherocytes disappear, and changes typical of the 
postsplenectomy state, including Howell-Jolly bodies, 
target cells, siderocytes, and acanthocytes, become 
evident in the peripheral blood smear. On average, MCV 
and mean red cell surface area increase and MCHC and 
OF decrease, but the effects are modest (5% to 10%).1262 
In typical dominant HS, reticulocyte counts fall to normal 
or nearly normal levels,845 although red cell life span, if 
carefully measured, remains slightly shortened (96 ± 13 
days).1004 In all but the most severe occurrences, anemia 
and jaundice remit and do not recur.

Splenectomy Failure

The rare splenectomy failure (i.e., recurrence of hemoly-
sis) is usually caused by an accessory spleen that was 
missed during surgery1255,1263 or by another red cell disor-
der, such as PK defi ciency.1264,1265 Accessory spleens are 
present in 15% to 40% of patients and must always be 
sought.1107,1186,1266 Recurrence of hemolytic anemia years 
or even decades1255 after splenectomy should raise suspi-
cion of an accessory spleen, particularly if Howell-Jolly 
bodies are no longer evident on peripheral blood smears. 
The absence of “pitted” red cells with crater-like surface 
indentations, readily seen by interference contrast micros-
copy, is also a sensitive measure of recrudescent splenic 
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function.1267,1268 The ectopic splenic tissue can be con-
fi rmed by a radiocolloid liver/spleen scan or a scan using 
51Cr-labeled, heat-damaged red cells.1263,1269

Other Therapies

Vaccination and Antibiotic Prophylaxis

All candidates for splenectomy should receive a complete 
series of vaccinations against encapsulated organisms, 
including pneumococcus, meningococcus, and H. infl u-
enzae (Table 15-6). Yearly infl uenza immunizations 
are recommended to reduce the chance of secondary 
bacterial infections. Recent studies (unpublished 
results) have shown that the majority of adults who 
were splenectomized as children are not up to date with 
their vaccinations. In a study examining current cases 
of overwhelming postsplenectomy infection, only 31% 
of 77 patients with such infection received the pneumo-
coccal vaccine.1193 It is important to emphasize the 
importance of immunizations to the affected parents of 
children with HS.

Pneumococcal Vaccines. All patients older than 2 
years should receive the 23-valent pneumococcal poly-
saccharide vaccine (PCV23) at least 2 weeks before sple-
nectomy. In addition, all patients should receive two 
doses, at least 8 weeks apart, of the 7-valent pneumococ-
cal conjugate vaccine (PCV7) before splenectomy.1270 
After both PCV23 and PCV7 have been given, it is not 
necessary to give booster vaccines of PCV23. However, 
some physicians continue with this regimen because of 
the lack of data on the necessity of giving booster 
vaccines for PCV23 after PCV7 is administered and 
because of the lack of studies on the safety of PCV7 in 
populations older than 5 years.

Haemophilus Infl uenzae Type b Vaccine. The conju-
gated H. infl uenzae type b vaccine should be given to all 
patients at least 2 weeks before splenectomy. No studies 
have been performed on the need for reimmunization, 
which is not recommended at this time.

Meningococcal Vaccines. All patients undergoing 
splenectomy after age 2 should be immunized with the 
meningococcal conjugate vaccine (MCV4). Similar to 
the H. infl uenzae vaccine, no studies have been performed 
on reimmunization, which therefore is not recommended 
at this time.

Antibiotic Prophylaxis

Prophylactic antibiotics are recommended after splenec-
tomy with an emphasis on protection against pneumo-
coccal sepsis (i.e., penicillin V or equivalent, 125 mg 
orally twice daily in young children [<5 years of age] and 
250 mg twice daily in older children and adults). For 
patients allergic to penicillin, erythromycin is recom-
mended. Antibiotic prophylaxis is recommended at least 
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FIGURE 15-48. Long-term follow-up of partial splenectomy in hered-
itary spherocytosis. Data are the results of 12 years of experience with 
the procedure in 40 patients (aged 1 to 25 years). A and B, Change in 
hemoglobin and reticulocyte count with time before and after subtotal 
splenectomy (arrow). The mean and standard deviations are shown. 
Both the rise in hemoglobin and the fall in reticulocytes have been 
sustained for more than a decade. C, Size of the spleen during the same 
period. There is some regrowth of the splenic remnant, especially in the 
fi rst few years. It remains to be seen whether the remannt reaches a 
stable size or, as some studies have indicated, continues to grow. (Adapted 
with permission from Walensky LD, Narla M, Lux SE. Disorders of the red 
cell membrane. In Handin RI, Lux SE, Stossel TP [eds]. Blood: Principles 
and Practice of Hematology, 2nd ed. Philadelphia, JB Lippincott, 2003, 
pp 1709-1858.)
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TABLE 15-6 Recommended Immunizations at Least 2 Weeks before and after Splenectomy

Vaccination

AGE AT SPLENECTOMY

6 to 23 Months Older than 2 Years

PCV7 As per routine schedule 2 doses, ≥2 mo apart*
PPV23 No 1 dose every 3-5 yr, at least 8 wk after PCV7
MCV4 No 1 dose
MPSV4 No 1 dose if MCV4 is unavailable
Infl uenza Yearly Yearly
Hib As per routine schedule 1 dose*

*Children or adults who received the primary series as infants do not need to be immunized further.
Hib, Haemophilus infl uenzae type b conjugate vaccine; MCV4, meningococcal conjugate vaccine; MPSV4, meningococcal polysaccharide vaccine; PCV7, 

pneumococcal conjugate vaccine; PPV23, pneumococcal polysaccharide vaccine.

through childhood and, for teenagers and adults, for at 
least the fi rst 5 years after surgery.

Some physicians recommend lifelong antibiotic pro-
phylaxis because it is unclear that the risk for overwhelm-
ing postsplenectomy infection changes over time. The 
emergence of penicillin-resistant pneumococci (5% in 
1989 to ≥35% in 1997) has led many to reconsider this 
recommendation, particularly because previous antibi-
otic use is a risk factor for the development of penicillin 
resistance in pneumococci.1271 Patient who do not take 
prophylactic antibiotics should have a supply of oral anti-
biotics on hand, which they should take immediately if 
fever higher than 101.5º C develops. They should then 
seek medical attention right away.

The risk for infection is decreased in immunized 
patients because 50% to 70% of postsplenectomy sepsis 
is due to S. pneumoniae and about 80% of pneumococcal 
disease is due to strains contained in the two vaccines. 
However, it is likely that strains omitted from the vac-
cines will rise in frequency as pathogens because of selec-
tion. Further risk reduction would be anticipated from 
the chronic use of prophylactic penicillin. Nevertheless, 
the risk cannot be reduced to zero. Postsplenectomy 
infections occur occasionally in successfully immunized 
patients,1272-1274 and compliance with prophylactic 
medication regimens is a problem, particularly in 
teenagers.1275

The occurrence of penicillin-resistant pneumococci 
is increasing very rapidly all over the world.1276-1278 In 
some countries, more than half of all isolates are resis-
tant.1279 In the United States, the prevalence is approxi-
mately 35%, but it is much higher in some localities and is 
rising.1276,1278,1280 Although most of the strains show some 
sensitivity to penicillin, some are highly resistant and 
others are multiply resistant.1280-1282 The emergence of 
these strains will greatly complicate the use of anti biotics 
for pneumococcal prophylaxis during the next decades.

Folic Acid

Patients with HS should take folic acid (0.5 to 1 mg/day 
orally) before splenectomy to prevent folate defi ciency.

Animal and Fish Models of 
Hereditary Spherocytosis

Animal models, such as the well characterized mouse and 
zebra fi sh models, have assisted in our understanding of 
the pathophysiology of HS. Four types of spherocytic 
hemolytic anemia have been identifi ed in the common 
house mouse Mus Musculus1283: ja/ja (jaundice); sph/sph 
(spherocytosis) and its alleles sph1J/sph1J (hemolytic 
anemia), sph2J/sph2J (now lost), sph2BC/sph2BC, and sphDEM/
sphDEM; nb/nb (normoblastosis); and wan/wan. The nomen-
clature indicates that anemia is observed only in the 
homozygous state and that the mutants represent four 
loci: ja, sph, nb, and wan. All defects are autosomal reces-
sive and cause severe hemolysis with spherocytosis, jaun-
dice, bilirubin gallstones, and hepatosplenomegaly,1284 
except in the sphDEM/sphDEM mice, which have HE. Another 
recessive spherocytic hemolytic anemia has been described 
in the deer mouse Peromyscus maniculatus.1285 This disor-
der is less severe and closely resembles the autosomal 
dominant form of human HS. The spectrin content of 
deer mouse erythrocytes is reduced by about 20% 
(unpublished data).

Spectrin Mutants

The ja/ja mutant has a defect in the spectrin β chain 
(Arg1160→Stop) and produces no detectable spec-
trin.1286 The sph/sph variants lack α chains but have small 
amounts of β-spectrin. These mice do not produce α-
spectrin because of either decreased synthesis, function, 
or stability. The sph and sph2BC alleles are frameshift muta-
tions and null alleles.1287,1288 The sph1J allele lacks the last 
13 amino acids of α-spectrin and causes marked sphero-
cytosis.1289 Thus, the amino acids in the C-terminal of the 
spectrin tail are functionally important in attaching spec-
trin to actin. The sphDEM/sphDEM mouse is missing exon 
11 and 46 amino acids near the amino-terminal of repeat 
5. These mice have elliptocytes, spherocytes, and poikilo-
cytes and therefore clinically appear to be a cross between 
HS and HE (see later).1289
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Cardiac thrombi, fi brotic lesions, and renal hemo-
chromatosis are found in ja/ja and sph/sph mice who die 
after the fi rst few days of life.1290 Transplantation of 
hematopoietic cells from sph/sph mice is suffi cient to 
induce thrombotic events in the transplant recipients.1291 
In mice with α-spectrin mutations, 70% to 100% experi-
ence cerebral infarction.1292,1293 Studies of red cell adhe-
sion in these mice demonstrate 10-fold higher adhesion 
to thrombospondin than with normal red blood cells and 
increased adhesion to laminin.1294 Therefore, it is hypoth-
esized that changes in the red cell adhesive characteristics 
contribute to the thrombotic events in these mice.

Reisling (ris) is an induced mutation in zebra fi sh that 
results in a nearly bloodless phenotype that causes severe 
anemia and congestive heart failure.997 The ris phenotype 
is caused by a null mutation in β-spectrin. The red blood 
cells of affected zebra fi sh are spherocytic rather than 
elliptocytic, the normal zebra fi sh red cell shape. Scan-
ning electron micrographs show membrane loss, as is in 
other forms of severe HS.

Ankyrin Mutants

Mice with the nb/nb mutation have a primary defect in 
ankyrin. This defect is due to a single nucleotide deletion 
leading to a frameshift and premature chain termination 
in the regulatory region of ankyrin.1295,1296 The nb/nb red 
cells have 50% to 70% of normal spectrin levels but only 
a trace of ankyrin mRNA and protein.1177,1284 This is in 
striking contrast to ankyrin defects in human HS, in 
which ankyrin and spectrin levels are comparably 
depressed.891,851 Fetal nb/nb mice have no anemia and 
normal reticulocyte counts at birth,884 possibly because 
of expression of ankyrin-related proteins in utero.885 
Humans may also be protected in utero, at least partially, 
because hydrops fetalis has not been reported in patients 
with probable ankyrin defects (i.e., combined spectrin/
ankyrin defi ciency), even in patients who become trans-
fusion dependent after birth.

The nb/nb mice also lack ankyrin in their cerebellar 
Purkinje cells,886,1177 which leads to an age-related loss of 
Purkinje cells during the fi rst 5 to 7 months of life and 
the emergence of cerebellar ataxia.1177 Spinocerebellar 
degeneration and related syndromes have also been 
reported in a few adult humans with HS,1173-1176 although 
it is not yet known whether ankyrin is affected.

Band 3 Mutants

Complete defi ciency of band 3 was fi rst described in 
cattle with a recessive form of HS. In cows, homozygosity 
for a nonsense mutation in the band 3 gene leads to 
absence of band 3 and protein 4.2.1297 Red cell mem-
branes are unstable and show loss of surface area, as 
demonstrated by invagination, vesiculation, and extru-
sion of microvesicles. Affected cattle have defective anion 
transport and a mild acidosis but mild hemolysis in com-
parison to other band 3–defi cient species.

In mice, targeted disruption of the band 3 gene 
causes severe spherocytic hemolytic anemia with exuber-

ant loss of the membrane surface as vesicles, tubules, and 
myelin form.995 Red cell membranes also lack protein 4.2 
and GPA.1298 Surprisingly, the content of membrane skel-
etal proteins and the architecture of negative-stained, 
spread skeletons is normal or nearly normal.1299 There-
fore, band 3 appears to be required for stabilizing mem-
brane lipids but not for assembly of the membrane 
skeleton. For unclear reasons, these band 3–defi cient 
mice have a signifi cant propensity for thrombosis and 
often die in the neonatal period.1300

A new mouse model, wan/wan, in a C3H/HeJ back-
ground with a null defect in the band 3 gene was discov-
ered.1301 These mice have a severe anemia that is lethal 
in the neonatal period. However, when wan/wan mice are 
crossed with wild-type mice of a different strain, Mus 
castaneous, the F2 generation shows variable hematologic 
severity. The genetic modifi er causing this variability in 
hematologic abnormalities has been localized to a small 
chromosomal region containing the β-spectrin gene.1301

Finally, zebra fi sh with band 3 mutations associated 
with the retsina (ret) phenotype suffer from severe anemia 
with a complete arrest in erythroid maturation at the late 
erythroblast stage.218 The rare ret/ret red blood cells are 
spherocytic rather than elliptical. Many of these arrested 
erythroblasts have bilobed nuclei reminiscent of those 
seen in congenital dyserythropoietic anemia, and dem-
onstrate defects in cytokinesis.

Protein 4.2 Mutant

Mice with targeted deletions of the protein 4.2 gene 
survive normally and have only mildly spherocytic anemia 
and hemolysis.1302

Protein 4.1 Mutants

Mice lacking the protein 4.1 gene because of targeted 
deletion have moderate hemolysis and decreased red cell 
membrane stability.1303 In addition to lacking protein 4.1, 
these mice are also defi cient in protein p55, ankyrin, 
spectrin, and a complex of integral membrane proteins 
(band 3, glycophorin C, Xk, Kell, Duffy, and Rh).551a 
Their red cell morphology is remarkable for a spherocytic 
rather than an elliptocytic shape, probably related to the 
spectrin defi ciency. Two zebra fi sh models with protein 
4.1 defi ciency have been established, merlot and chablis, 
and these mutants have very severe hemolytic anemia 
characterized by spherocytosis and increased OF.994

b-Adducin Mutant

Mice lacking β-adducin have been produced by gene 
targeting.583 They have a mild spherocytic hemolytic 
anemia583 and mild defects in learning and memory.1303a

HEREDITARY ELLIPTOCYTOSIS AND 
HEREDITARY PYROPOIKILOCYTOSIS

HE is characterized by the presence of elliptical or oval 
erythrocytes on peripheral blood smears (Fig. 15-49). 
Clinically, these disorders range from the asymptomatic 
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carrier state to severe hemolysis to death in utero as a 
result of hydrops fetalis. Erythrocyte biochemical defects 
range from none to severe. In the past, hereditary ellip-
tocytic disorders have been considered to simply be vari-
ants of HS and worthy of little further attention. However, 
the membrane defects and their pathophysiologic conse-
quences in HE differ fundamentally from those of HS 
and must be regarded separately.

History

HE was fi rst reported in 1904 by Dresbach,1304 a physiol-
ogist at Ohio State University in Columbus, who discov-
ered the condition in one of his histology students during 
a laboratory exercise in which the students were examin-
ing their own blood. This report elicited some controversy 
because the student died soon thereafter, leading to spec-
ulation that the student actually suffered from incipient 
pernicious anemia.1305 A number of famous pathologists 
supported Dresbach’s view that the elliptocytosis was a 
primary disorder,1306 and this view was substantiated 
during the next 2 decades by reports of Bishop1307 and 
Huck and Bigalow.1308 Demonstration of the disease in 
three generations of one family clearly established the 
hereditary nature of this disorder.1309,1310

In the 1930s and 1940s there was some debate about 
whether HE was a disease or just a morphologic curios-
ity.1309-1314 Early on, some confusion also existed in the 
differentiation of HE from sickle cell anemia, from hypo-
chromic elliptocytosis (probably thalassemia), and later, 
from HS.1312 These reports emphasize the morphologi-
cally deceptive nature of HE and its hemolytic variants. 
Additional historical and clinical features of the disease 

are found in the reports of Wyandt and associates,1313 
Wolman and Ozge,1314 and Dacie.1315

Prevalence and Genetics

In the United States, HE has been estimated to occur in 
1 in 2000 to 4000 of the population.1313,1316 The true 
incidence of HE is unknown because its clinical severity 
is heterogeneous and many patients are asymptomatic. 
HE is more common in areas of endemic malaria, specifi -
cally in people of African and Mediterranean ances-
try.1316-1324 The higher frequency of HE in these populations 
suggests that this disease may confer some resistance to 
malaria. In a study of HE in Benin, Western Africa, an 
incidence of 1.6% was observed.1317

HE variants are inherited predominantly in an auto-
somal dominant manner. Typically, individuals who are 
heterozygous for an elliptocytic variant have asymptom-
atic elliptocytosis without anemia. Individuals who are 
homozygotes or compound heterozygotes for HE vari-
ants may suffer mild to severe hemolysis with moderate 
to marked anemia. Spontaneous elliptocytogenic muta-
tions have been reported. Presumably, they are also 
inherited in an autosomal dominant fashion. In one 
kindred with Alport’s syndrome, mental retardation, 
midface hypoplasia, and elliptocytosis, inheritance was 
X-linked and associated with a submicroscopic deletion 
on the X chromosome.1325

HE is heterogeneous with multiple genetic loci, 
including reports of mutations in the α-spectrin, protein 
4.1, and glycophorin C genes.1326,1327 The mutations 
described include deletions, point mutations, insertions, 
and processing defects. The incidence of one common 
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FIGURE 15-49. Peripheral blood 
smears from subjects with various 
forms of hereditary elliptocytosis 
(HE). A, Simple heterozygote with 
mild common HE associated with 
an elliptogenic spectrin mutation. 
Note the predominant ellipto-
cytosis with some rod-shaped 
cells (arrow) and virtual absence 
of poikilocytes. B, Hereditary 
pyropoikilocytosis. Note the prom-
inent microspherocytosis, micro-
poikilocytosis, and fragmenta -
tion. Only a few elliptocytes are 
present. Some poikilocytes are 
in the process of budding (arrow). 
C, Spherocytic elliptocytosis. 
Rounded elliptocytes dominate 
the morphology. In some patients, 
spherocytes or microelliptocytes 
are seen. D, Southeast Asian 
ovalocytosis. The majority of cells 
are oval; some contain either a lon-
gitudinal slit or a transverse ridge 
(arrow). The latter are sometimes 
referred to as theta cells and are 
characteristic of the disease.
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TABLE 15-7 Clinical Subtypes of Hereditary Elliptocytosis

Clinical Manifestations Laboratory Features

COMMON HE
Asymptomatic Blood smear: elliptocytes, rod forms, few or no 

poikilocytesDominant inheritance: one parent with HE
No splenomegaly
Variants:

Some neonates with moderately severe hemolytic anemia 
and an HPP-like smear. Converts to typical mild HE by 
≈1 year

Some patients with mild to moderate chronic hemolysis 
caused by either coinheritance of the low-expression 
α-spectrin variant αLELY, coexistence of chronic disease 
producing splenomegaly, or unknown factors

No anemia, little or no hemolysis (reticulocytes = 1% to 
3%)

Normal osmotic fragility
Usually a defect in α- or β-spectrin leading to decreased 
spectrin self-association, or a defect in protein 4.1 
leading to partial defi ciency or dysfunction

HOMOZYGOUS COMMON HE AND HPP
Moderate to severe hemolytic anemia Blood smear: bizarre poikilocytes, fragments, 

± spherocytes, ± elliptocytesSplenomegaly
Intermittent jaundice Reticulocytosis
Aplastic crises Decreased MCV because of red cell fragmentation

Increased osmotic fragility
α-Spectrin defects:
 Decreased red cell and spectrin heat stability
 Marked defect in spectrin self-association
In the more severe variants, partial spectrin defi ciency
  (indicated by more spherocytes on the blood smear)

Recessive inheritance: typically one parent with HE and one 
with αLELY or both parents with HE

Good improvement after splenectomy

SPHEROCYTIC HE
Mild to moderate hemolytic anemia Blood smear: rounded elliptocytes, ± spherocytes. May 

see variable morphology within a kindred
Reticulocytosis
Increased osmotic fragility
Glucose-responsive autohemolysis
Variable molecular defects:
 C-terminal truncations of β-spectrin
 Protein 4.2 defi ciency (some patients) leading to
  ovalostomatocytosis, which resembles spherocytic
  HE
 Glycophorin C defi ciency (rare)

Splenomegaly
Intermittent jaundice
Aplastic crises
Dominant inheritance pattern
Excellent response to splenectomy

SOUTHEAST ASIAN OVALOCYTOSIS
Asymptomatic
Dominant inheritance (homozygous lethal)
Lowland aboriginal tribes, especially in Melanesia and 
Malaysia

Very rigid red cells that resist invasion by some strains of 
 malarial parasites

Blood smear: rounded elliptocytes, some with a 
transverse bar that divides the central clear space

Little or no hemolysis or anemia
Normal osmotic fragility
Mutant band 3 that lacks anion exchange function and 
tends to aggregate, leading to a rigid membrane

HE, hereditary elliptocytosis; HPP, hereditary pyropoikilocytosis; MCV, mean corpuscular volume.
From Walensky LD, Narla M, Lux SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP (eds). Blood: Principles and Practice of 

Hematology, 2nd ed. Philadelphia, JB Lippincott, 2003, with permission.

elliptocytic mutation of α-spectrin, αI/65-68, approaches 
1% in Central Africa. It has a worldwide distribution in 
people of African ancestry. Genetic haplotyping studies 
suggest that this mutation may have a “founder affect,” 
originating in Central Africa similar to the Benin type of 
sickle hemoglobin.1317 This observation further supports 
the possibility that there has been genetic selection for 
HE because it imparts some resistance to malaria.1328

Clinical Syndromes

Most of the reported patients with HE can be classifi ed 
into one of four clinical categories: common HE, HPP, 

spherocytic HE, and SAO (Table 15-7). With the excep-
tion of SAO, which is homogeneous in molecular genetic 
terms (see later), these classifi cations denote clinical phe-
notypes and not specifi c molecular causes, although cor-
relations between the two exist. Numerous molecular 
defects in the membrane proteins of patients with HE 
have been identifi ed, and HE can also be classifi ed on 
the basis of these defects.

Common Hereditary Elliptocytosis

Common HE is, by far, the most prevalent form of HE, 
particularly in African populations.1317,1318 The clinical 
characteristics of the common HE trait vary enormously, 
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with several clinical subtypes defi ned. It is important to 
note that different clinical patterns may be seen in 
members of the same family and that the clinical mani-
festation in single individuals may exhibit variability over 
time. Thus, the clinical patterns are probably more useful 
for illustrating the spectrum of common HE than for 
classifying the disease.

Silent Carrier State. This condition was identifi ed by 
analyzing asymptomatic members of kindreds with HE 
or HPP. Affected persons have red cells with normal 
morphologic characteristics and no evidence of hemoly-
sis, but detailed investigations show a subtle defect 
in their membrane skeletons, with decreased red cell 
thermal stability, decreased mechanical stability of 
isolated skeletons, an increased fraction of spectrin 
dimers in 0ºC spectrin extracts, abnormal tryptic peptide 
maps of spectrin, or various combinations of these 
defects.1320-1324,1329,1330 It is notable that some patients 
classifi ed as “silent carriers” have the same molecular 
defect as patients with mild common HE,1323,1324,1330,1331 
thus emphasizing the variability of clinical expression.

Typical Common Hereditary Elliptocytosis (Mild Hered-
itary Elliptocytosis or Heterozygous Common Hereditary 
Elliptocytosis). This is the most common clinical form of 
HE.1332-1346 Patients are asymptomatic, and HE is often 
diagnosed incidentally when individuals are undergoing 
screening for an unrelated condition. These persons are 
not anemic and only very rarely exhibit splenomegaly. 
Red cell survival may be normal,1345 but more often 
there is a very mild, compensated hemolysis with a 
slight reticulocytosis and a decreased haptoglobin 
level.1337,1339,1343,1347 In these patients, HE is hardly 
more than a morphologic curiosity. The peripheral 
blood smear shows prominent elliptocytosis with little 
red cell budding or fragmentation and no spherocytosis. 
Elliptocytes (by defi nition) usually exceed 30% of the red 
cells and, in some instances, approach 100% (see Fig. 
15-49A).1313,1330,1331,1343,1347 Very elongated elliptocytes 
are common (>10%). These patients are easily separated 
from normal individuals, who have less than 2% to 5% 
elliptocytes.1339,1341,1347 Somewhat higher proportions of 
elliptocytes are seen in patients with anemia, particularly 
megaloblastic anemias, hypochromic-microcytic anemias, 
myelodysplastic syndromes, and myelofi brosis,1348 but 
even in these individuals elliptocytes do not exceed 
35%.1341 Thus, the diagnosis of common HE is rarely 
diffi cult.

Common Hereditary Elliptocytosis with Chronic 
Hemolysis. More severe variants of common HE occur 
frequently, sometimes within members of the same 
kindred.1336,1349-1352 In general, the marked compensated 
hemolysis is accompanied by evidence of membrane 
instability on the peripheral blood smear: budding red 
cells, fragments, and other bizarre poikilocytes. In patients 
with α-spectrin mutations, signifi cant hemolysis is often 
due to coinheritance of a spectrin allele that leads to 

decreased α-spectrin expression, such as the αLELY allele, 
and one of the more deleterious HE alleles affecting α-
spectrin (see later).1337,1353-1358 Of the common mutations, 
spectrin αI/74 is more severe than spectrin αI/46-50a and 
much more severe than spectrin αI/65-68. Patients with 
αLELY in trans to αI/74 (αLELY/αI/74) have marked hemolysis 
and elliptopoikilocytosis when compared with their sib-
lings with wild-type α-spectrin and αI/74 (+/αI/74), whereas 
patients with αLELY/αI/65-68 have more elliptocytes than 
their siblings with +/αI/65-68 but no signifi cant hemoly-
sis.1356 Less often, hemolysis is caused by inheritance of 
a mutant spectrin that is grossly dysfunctional.1349 This 
is indicated by dominant transmission of the hemolytic 
syndrome and by an unusually high fraction of spectrin 
dimers in 0º C spectrin extracts.

Common Hereditary Elliptocytosis with Sporadic 
Hemolysis. Uncompensated hemolysis may also develop 
in patients with common HE in response to stimuli that 
cause hyperplasia of the reticuloendothelial system, par-
ticularly if the spleen is involved. Examples include viral 
hepatitis, cirrhosis, infectious mononucleosis, bacterial 
infections, and malaria.1344,1359-1361 Hemolysis has also 
been observed with thrombotic thrombocytopenic 
purpura and with disseminated intravascular coagula-
tion, which suggests that elliptocytes may be especially 
susceptible to microangiopathic damage.1362 For unknown 
reasons, pregnancy and cobalamin (vitamin B12) defi -
ciency may also transiently aggravate the disease.863,1363

Hereditary Elliptocytosis with Infantile Poikilocytosis. 
Infants with mild common HE sometimes begin life with 
moderately severe hemolytic anemia characterized by 
marked red cell budding, fragmentation, and poikilocy-
tosis and by neonatal jaundice, which may require an 
exchange transfusion.1321,1338,1347,1364-1369 Usually enough 
elliptocytes are present to suggest the diagnosis, but 
sometimes this is not so and the disorder is mistaken for 
sepsis, infantile pyknocytosis, or microangiopathic or 
oxidant-induced hemolytic anemia.1366,1367 Neonatal HE 
can easily be distinguished from the latter conditions if 
the parents’ blood smears are examined because one will 
show common HE. However, it is more diffi cult to dis-
tinguish HE with neonatal poikilocytosis from HPP (see 
later). Most α-spectrin variants have been associated with 
the neonatal poikilocytosis syndrome. Factors that deter-
mine susceptibility are unknown. With time, fragmenta-
tion and hemolysis decline, and the clinical picture of 
common HE emerges.1370 This transition requires 4 
months to 2 years. Subsequently, the disease is clinically 
indistinguishable from typical common HE. The 
prevalence is unknown, but in the authors’ experience, 
it is not rare.

The fragmenting neonatal red cells are very sensitive 
to heat, like hereditary pyropoikilocytes (see later), but 
unlike pyropoikilocytes, this sensitivity lessens over 
time.1369 During conversion, the poikilocytic red cells are 
dense and rich in hemoglobin F, whereas the smooth 
elliptocytes are light and enriched in hemoglobin A. This 
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fi nding suggests that the change in the disease corre-
sponds to the change from fetal to adult erythropoiesis. 
No variations in the primary α-spectrin defect or its 
functional effects on spectrin self-association occur 
during conversion, so other skeletal interactions must 
differ in fetal and adult red cells. Mentzer and associ-
ates1371 made the interesting suggestion that 2,3-DPG is 
the critical agent. Because it is not bound by hemoglobin 
F, the concentration of 2,3-DPG is elevated in fetal red 
cells. The free anion is known to weaken spectrin-actin–
protein 4.1 interactions1372-1374 and to increase the fragil-
ity of isolated ghosts at physiologic concentrations in 
vitro.1363 Whether this occurs in intact red cells is 
unclear.1375,1376 If it does, the underlying defect in spectrin 
self-association would certainly be aggravated.

Homozygous Common Hereditary Elliptocytosis. A 
number of patients who are homozygotes or compound 
heterozygotes for typical HE have been reported.1332,1347,1377-

1382 Some have had very severe, even fatal transfusion-
dependent hemolytic anemia (hemoglobin levels of 2 to 
6 g/dL) with marked fragmentation, poikilocytosis, sphe-
rocytosis, and elliptocytosis. Others experience hemolysis 
to a lesser degree (hemoglobin level of 7 to 11 g/dL). It 
appears that these differences refl ect variations in severity 
of the many α-spectrin mutations that produce HE.1347,1383 
Clinically, the disease resembles HPP,1347,1383 except for 
the mildest forms. Patients have an excellent response to 
splenectomy.

Hereditary Elliptocytosis with Dyserythropoiesis. In a 
small number of families with otherwise typical common 
HE, the sporadic occurrence of hemolysis and anemia is 
at least partially due to the development of dysplastic and 
ineffective erythropoiesis. All patients reported with this 
rare syndrome are from Italy and have somewhat less 
elongated red cells than is typical for common HE. All 
reported patients also show the characteristic fi ndings of 
ineffective erythropoiesis, relatively low reticulocyte 
counts, indirect hyperbilirubinemia, and high serum iron 
and ferritin concentrations.1384,1385 The erythrocytes from 
some patients are macrocytic. Other patients have a few 
spherocytes, but these are probably an artifact because 
OF is normal.1384 The patient’s bone marrow is hyper-
plastic, with decreased late erythroblasts and dysplastic 
features (asynchrony of nuclear-cytoplasmic maturation, 
binuclearity, internuclear bridges, and small numbers of 
ringed sideroblasts). Anemia and, presumably, erythroid 
dysplasia usually commence during adolescence or early 
adult life and advance gradually over years. Splenectomy 
is not curative for these patients. The data available 
suggest that dysplasia and elliptocytosis cosegregate 
because no individuals with dysplasia have been observed 
who did not also have elliptocytosis.1384,1385 If so, these 
families must represent the occurrence of a unique 
subtype of typical common HE. This suggestion is sup-
ported by the fact that none of the typical HE protein 
defects were observed in one well-studied family.

Hereditary Pyropoikilocytosis

This uncommon disorder is manifested in infancy or 
early childhood as severe hemolytic anemia (hemoglobin 
level of 4 to 8 g/dL)1347 characterized by extreme poikilo-
cytosis with budding red cells, fragments, spherocytes, 
triangulocytes, and other bizarrely shaped cells, as well 
as few or no elliptocytes in some patients (see Fig. 15-
49B).1323,1386-1391 The morphology of the blood smear 
somewhat resembles that seen in patients who have severe 
thermal burns, which explains the name of the disorder. 
It is more similar to that observed in homozygous 
common HE and common HE with neonatal poikilocy-
tosis. Most of the patients are individuals of African 
origin. Patients typically exhibit hyperbilirubinemia in 
the neonatal period or marked anemia in the fi rst few 
months of life.1390 Red cell fragmentation, erythroblasto-
sis, and splenomegaly are also characteristic.1390,1392 Com-
plications of severe anemia, including growth retardation, 
frontal bossing, and early gallbladder disease, have been 
reported.1388,1389 The red cells are very osmotically fragile, 
particularly after incubation.1377,1387-1389 In the most 
severely affected patients, there is signifi cant microcytosis 
with very low MCVs (25 to 75 fL) because of the large 
number of fragmented red cells.1324,1325,1331,1347,1387,1388 
Another characteristic feature of these cells is their 
remarkable thermal sensitivity. Hereditary pyropoikilo-
cytes fragment at 45º C to 46º C (normal, 49º C) after 
short periods of heating (10 to 15 minutes).1389 After 
splenectomy, hemolysis is markedly decreased, with the 
hemoglobin level typically ranging from 10 to 14 g/dL 
with 3% to 10% reticulocytes.1347,1388,1389

Although HPP was initially considered to be a sepa-
rate disease, there is convincing evidence that it is related 
to HE. As noted earlier, HPP is clinically and morpho-
logically similar to the more severe forms of hemolytic 
elliptocytosis. In addition, for many patients, one parent 
or sibling has typical common HE, and in some of these 
kindreds, an identical molecular defect is observed in 
siblings with phenotypically different diseases (i.e., HPP 
and common HE). In other families, all the fi rst-degree 
relatives have normal phenotypes. A number of biochem-
ical and molecular defects are shared between HE and 
HPP. However, only HPP red cells are typically markedly 
defi cient in spectrin.1347,1392-1394 The genetics of HPP 
suggest that each patient falls into one of three inheri-
tance patterns.1395 The fi rst consists of patients who are 
homozygous for a structural variant of spectrin located 
in the region of the spectrin αβ heterodimer self-
association. The second includes patients who are com-
pound heterozygotes for structural defects of spectrin. In 
the third pattern, typically one parent has an α-spectrin 
mutation and another parent has no detectable biochem-
ical abnormality.1393 Studies of spectrin synthesis and 
mRNA levels reveal that such asymptomatic parents 
carry a silent “thalassemia-like” defect of spectrin 
synthesis. When coinherited with the elliptocytogenic 
spectrin mutation in the offspring with HPP, this thalas-
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semia-like defect enhances expression of the mutant 
spectrin in the cells and leads to a superimposed spectrin 
defi ciency. The spectrin defi ciency is thought to be 
responsible for the large number of spherocytes and rela-
tive paucity of elliptocytes in some patients.

Spherocytic Hereditary Elliptocytosis

This dominant disorder is a phenotypic hybrid of com -
mon HE and HS. It has been reported only in white 
families of European descent, is not linked to the Rh 
gene, and appears to be a unique subtype.1311,1344,1396-1399 
The prevalence of spherocytic HE is unknown, but 
judging from the number of published reports, it is rela-
tively rare and probably accounts for no more than 5% 
of HE in patients of European ancestry. Unlike common 
HE, almost all affected patients have some hemolysis. It 
is usually mild to moderate and is often incompletely 
compensated. The elliptocytes are fewer and plumper 
than in common HE (see Fig. 15-49C), and some sphe-
rocytes, microspherocytes, and microelliptocytes are 
often present. Poikilocytes and red cell fragments are 
uncommon, which distinguishes this disorder from 
common HE with hemolysis. Red cell morphology may 
vary, even within the same family. Some family members 
may have relatively prominent spherocytes and as few 
as 10% to 20% elliptocytes, whereas in others, ellipto-
cytes predominate and spherocytes are rare.1311,1396 
This may cause diagnostic confusion initially, particularly 
if the propositus has few elliptocytes. Family studies 
almost always reveal some members with obvious 
elliptocytosis.

Spherocytic elliptocytes are osmotically frag -
ile,1311,1396,1398,1399 particularly after incubation. Excessive 
mechanical fragility and increased autohemolysis that 
responds to glucose are also characteristic. Gallbladder 
disease is common, and aplastic crises are a risk.1396,1398 
The pathologic course of spherocytic HE mimics that of 
HS.1400-1402 Splenic sequestration is evident, red cells are 
conditioned during splenic passage, and hemolysis abates 
after splenectomy.1396,1398,1401

The molecular pathology of classic spherocytic HE 
is unknown. However, patients with COOH-terminal 
truncations of α-spectrin (see later) have many of the 
clinical features of spherocytic HE and probably repre-
sent an example of the disorder.1403-1411 Patients with such 
truncations typically have moderate hemolysis and 
anemia, punctuated by recurrent, severe hemolytic 
crises.1404,1405,1408 Blood smears show plump and usually 
smooth elliptocytes, although in a few instances poikilo-
cytosis was prominent.1404,1405,1407

Patients who lack glycophorin C (see later) also have 
positive OF tests and rounded, smooth elliptocytes.1412,1413 
They should probably also be classifi ed as having a reces-
sive (and unusually mild) variant of spherocytic HE. 
Patients who lack protein 4.2 (another recessive condi-
tion) sometimes display features of spherocytic HE, such 
as ovalostomatocytosis895,1057; however, protein 4.2 defi -
ciency more often resembles HS, morphologically and 

pathophysiologically, and is better classifi ed as a variant 
of that disorder.

Rare patients appear to be compound heterozygotes 
for HS and HE. One Turkish girl is a particularly good 
candidate.1414 Her mother had mild HS and her father 
most likely had very mild common HE, whereas she suf-
fered from moderately severe hemolytic anemia (hemo-
globin level, 8.4 g/dL; reticulocyte count, 24%; bilirubin 
level, 1.6 mg/dL) with frontal bossing, osteoporosis, 
splenomegaly, and a mixture of microspherocytes and 
rounded elliptocytes.

Southeast Asian Ovalocytosis

SAO, which has a unique phenotype, molecular defect, 
and geographic distribution, is discussed later in this 
chapter.

Treatment

Typical common HE is mild and splenectomy is rarely 
required. Serial interval ultrasound examinations, begin-
ning at approximately 6 years of age, to detect gallstones 
should be performed in patients with brisk hemolysis. 
Splenectomy to decrease hemolysis, ameliorate anemia, 
and avoid the formation of bilirubinate gallstones has 
been the cornerstone of therapy for patients with severe 
hemolytic HE and HPP. Most practitioners believe that 
the indications for splenectomy in HS should also be 
applied to patients with symptomatic HE and HPP. 
Patients with HE and HPP who have been splenecto-
mized have experienced increased hematocrit values, 
decreased reticulocytosis, and improvement in clinical 
symptoms. The risk for thrombosis after splenectomy for 
HE is unclear, although cases have been reported.1415 If 
hemolysis is still active after splenectomy, folic acid 
(1 mg) should be administered daily. Recommendations 
for antibiotic prophylaxis, immunization, and monitoring 
during intercurrent illnesses are similar to those noted 
for HS patients before and after splenectomy.

Neonates should be treated as any patient with 
hemolytic anemia. Phototherapy and exchange transfu-
sions are warranted in neonates with severe anemia and 
pathologic hyperbilirubinemia. Splenectomy is never 
indicated in the neonatal period. Patients with extreme 
hemolysis should receive tranfusions until they are 2 to 
3 years of age, when immunizations are effective and 
splenectomy can be performed safely.

Laboratory Methods to Defi ne 
Abnormal Spectrin Structure in 
Hereditary Elliptocytosis

Thermal Sensitivity of Red Cells and Spectrin
Red cells heated to temperatures approaching 50º C for 
short periods become unstable and fragment spontane-
ously,1416-1418 probably because of denaturation of spec-
trin.1419 Normal spectrin denatures at 49º C (10-minute 
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exposure),1299,1419 and normal red cells fragment at the 
same temperature.1389,1420 As noted earlier, almost all 
patients with HPP and some patients with other forms 
of HE have thermally sensitive red cells. Hereditary pyro-
poikilocytes and red cells from infants with common HE 
and neonatal poikilocytosis fragment after 10 minutes at 
44º C to 46º C.1369,1389 Red cells from some but not all 
patients with common HE fragment at 47º C to 
48º C.1299,1389 As expected, purifi ed spectrin from these 
red cells is also heat sensitive.1299,1419 This test is limited 
because we do not understand, in molecular terms, why 
specifi c mutations are thermally sensitive. However, it 
remains one of the simplest tests available for assessing 
HPP in laboratories that do not specialize in membrane 
protein analysis.

Abnormal Spectrin Oligomerization

In many patients with HE and all patients with HPP, 
spectrin dimers are not properly converted to tetramers 
and higher oligomers in vitro or on the membrane. This 
important functional property is easily assessed in low-
temperature spectrin extracts. At 0º C, the equilibrium 
between spectrin dimer and tetramer is greatly slowed. If 
spectrin is extracted from the membrane at 0º C and 
carefully protected from warming during separation of 
dimers, tetramers, and oligomers (usually on nondena-
turing polyacrylamide gels), the proportion of each 
spectrin species refl ects its relative proportion on the 
membrane.1421 Patients with defects in spectrin self-
association have abnormally high proportions of spectrin 
dimer in 0º C spectrin extracts (i.e., more than 10% of 
the total spectrin dimers and tetramers).1351,1420,1422 The 
fraction of spectrin dimers is an important functional 
assessment in patients with α-spectrin defects. It corre-
lates well with clinical severity and accurately predicts 
unusually severe mutations.1357 Conversely, discordance 
between the degree of hemolysis and the fraction of spec-
trin dimers may alert the physician to an underlying, 
secondary complication (see the earlier section on 
common HE with chronic hemolysis).

Ektacytometry

The ektacytometer can be used to assess red cell mem-
brane deformability and stability in patients with hemo-
lytic disorders (see earlier).1081-1083 Isolated red cell ghosts 
are subjected to high shear stress in a laser diffraction 
viscometer, and the “deformability index” (a measure of 
the average elongation of the sheared ghosts) is recorded 
as a function of time. Fragile ghosts fragment more 
quickly than normal, which causes their “deformability” 
to fall. The technique is a useful screening test because 
membrane stability is reduced in almost all membrane 
skeletal diseases, including HE and HPP. In addition, the 
ektacytometer can be modifi ed to measure cellular 
deformability at different osmolalities, a technique termed 
osmotic gradient ektacytometry.1084 The resulting curves 
depend on both membrane surface area and cell volume 
and are a sensitive measure of the surface loss that char-
acterizes many skeletal defects.

Tryptic Maps of Spectrin

Limited tryptic digestion of spectrin extracted from 
erythrocytes, performed at 0º C, followed by SDS-PAGE 
or isoelectric focusing combined with SDS-PAGE (two-
dimensional gels), separates the resulting trypsin-
resistant domains of α- and β-spectrin.1423,1424 In the past, 
these gels were used to create characteristic, reproducible 
maps. Among the peptides on these maps, the 80-kd αI-
domain peptide, which contains the self-association site 
of normal α-spectrin, is the most prominent. Many of the 
known elliptocytogenic α-spectrin mutations affect the 
80-kd domain and yield peptide maps containing one or 
more fragments of the domain. Historically, tryptic 
peptide mapping has been a useful tool to map the 
approximate sites of the underlying spectrin mutations; 
the mutations have subsequently been defi ned by PCR 
and sequencing of the corresponding region of cDNA or 
genomic DNA.

Genetic Analysis

Genomic DNA isolated from peripheral blood leuko-
cytes or reverse-transcribed reticulocyte or bone marrow 
mRNA can be amplifi ed by PCR with specifi c DNA oli-
gonucleotide primers fl anking the region suspected to 
contain a mutation. The amplifi cation product is then 
subjected to nucleic acid sequencing or other forms of 
analysis. Screening techniques can be used when there 
are no biochemical clues to the location of the mutation. 
These techniques are particularly advantageous when the 
genes of large proteins, such as spectrin or ankyrin, are 
analyzed. Genomic DNA is tested in most patients 
because the mutant mRNA species may not accumulate 
in signifi cant amounts. The single-strand conformation 
polymorphism (SSCP) method is a simple, sensitive, and 
appropriately popular example of such a screening test. 
Labeled, PCR-amplifi ed DNA fragments (100 to 400 bp) 
are denatured, and the single strands are refolded before 
running on a nondenaturing gel.1425,1426 Even a single 
nucleotide change usually alters the folding pattern 
enough to allow mutant and normal fragments to sepa-
rate on the gel (70% to 90% of mutations). In some 
regions where common elliptocytogenic mutations have 
been identifi ed, multiplex PCR techniques or simple 
restriction endonuclease digestion of amplifi ed DNA can 
be used to rapidly screen for these mutations. Unfortu-
nately, DNA testing for HS and HE mutations is not 
available commercially and very few private laboratories 
will do the analysis. It is hoped that commercial testing 
will become available as the cost of DNA sequencing 
comes down in the next few years.

Etiology of Common Hereditary 
Elliptocytosis and Related Disorders

Spectrin Defects

Abnormalities in either α- or β-spectrin are associated 
with many occurrences of HE and HPP. The majority 
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FIGURE 15-50. Spectrin muta-
tions associated with hereditary 
ellliptocytosis (HE) and hereditary 
pyropoikilocytosis (HPP) are 
shown alongside a schematic rep-
resentation of the N-terminals of 
α-spectrin and the C-terminal of 
β-spectrin. On the left, missense 
mutations are shown in dark tan 
rounded rectangles and open circles, 
and mutations causing truncations 
are shown in light tan rectangles and 
black squares. The nucleotide 
numbers of the mutations are rela-
tive to the fi rst nucleotide of the 
ATG initiation codon and may 
differ from the numbering in some 
published reports. (Adapted with 
permission from Walensky LD, Narla 
M, Lux SE. Disorders of the red cell 
membrane. In Handin RI, Lux SE, 
Stossel TP [eds]. Blood: Principles 
and Practice of Hematology, 2nd ed. 
Philadelphia, JB Lippincott, 2003, pp 
1709-1858.)

are due to mutations in the spectrin heterodimer self-
association site (Fig. 15-50), with defective ability of 
spectrin dimers to form tetramers resulting in destabili-
zation of the erythrocyte membrane skeleton. The 
decreased spectrin self-association is refl ected by an 
increased proportion of spectrin dimers in 0º C, low–
ionic strength extracts of spectrin and decreased conver-
sion of spectrin dimers to tetramers in solution, in ghosts, 
and on inside-out vesicles. The fragile spectrin-spectrin 
links weaken the membrane skeleton and diminish resis-
tance of the isolated membrane or skeleton to shear 
stress.1082,1323

The severity of the spectrin mutation in HE corre-
lates with the degree of impairment in spectrin self-
association and spectrin structural disruption, as measured 
by the degree of deviation of the mutant spectrin back-
bone from the crystal structure of the normal spectrin 
repeat,1427 as well as with the amount of mutant spectrin 
that is produced, which is strongly infl uenced by the spec-
trin αLELY polymorphism (see later).1357,1428,1429 Of key 
clinical importance, mutations within or near the site of 
self-association produce a more profound defect in spec-
trin function and a more severe clinical phenotype than 
do point mutations in more distant spectrin repeats.

α-Spectrin Self-Association Site Defects
Most of the HE defects are in the 80-kd αI domain at 
the NH2-terminal of the α-spectrin chain. Nine tryptic 
cleavage defects of the normal 80-kd αI domain peptide 
have been identifi ed by tryptic mapping and are charac-
terized by loss of the normal 80-kd peptide and appear-
ance of one of the following: a new 78-kd peptide (αI/78), 
a new 74-kd peptide (αI/74), a new 65- or 68-kd peptide 
(αI/65-68), a new 61-kd peptide (αI/61), a new 46-kd peptide 
(αI/46), a new 50- or 46-kd peptide (αI/46-50a), a new 50-kd 
peptide with a more basic isoelectric point than αI/46-50a 
(αI/50b), two new peptides of 43 and 42 kd (αI/43), or two 
new peptides of 36 and 33 kd (αI/36-33). Codon 28, which 
contains a CpG nucleotide, is a mutation “hot spot.” 
Mutations in this codon are associated with spectrin 
defi ciency and cause mild to severe HE.

The αβ-spectrin heterodimer self-association contact 
site is a combined triple-helical repeat in which two 
helices (A and B) are contributed by the COOH-terminal 
of β-spectrin and the third helix (C) is a portion of the 
NH2-terminal of α-spectrin (Fig. 15-51; see also Fig. 
15-13). These three helices pair up,1320,1430 as they do all 
along the spectrin chain, and create the bond responsible 
for spectrin self-association. The existence and functional 
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FIGURE 15-51. Triple-helical model of mutations in the αβ-spectrin self-association site associated with hereditary ellliptocytosis and hereditary 
pyropoikilocytosis. The abnormal tryptic cleavage sites observed in α-spectrin defects are indicated. Nearly all the α-spectrin mutations are 
missense mutations or in-frame deletions or insertions (red circles). Many of the more distal mutations are in helix C near the junction 
between one spectrin repeat and the next and are thought to interfere with cooperative effects linking spectrin self-association to spectrin-ankyrin 
and ankyrin–band 3 interactions. Most β-chain defects are C-terminal trunctations (yellow circles) or missense mutations directly affecting spectrin 
self-association (red circles). The truncations also impair synthesis of the mutant spectrin and often lead to a spherocytic elliptocytosis 
phenotype. (Adapted with permission from Walensky LD, Narla M, Lux SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP [eds]. 
Blood: Principles and Practice of Hematology, 2nd ed. Philadelphia, JB Lippincott, 2003, pp 1709-1858.)

importance of this “atypical repeat” are proved by the 
study of human mutants, biochemical studies of wild-
type and mutant recombinant peptides,1431-1433 and 
molecular modeling.1434-1437 Most α-spectrin defects, 
commonly attributable to missense mutations, occur in 
helix C of the triple-helical repeats.

Spectrin αI/74 is a heterogeneous collection of defects 
that result in enhanced tryptic cleavage after Arg45 or 
Lys48 in an extra helical segment (helix C) that juts out 
from the NH2-terminal end of the α-spectrin chain. This 
is the end that participates in formation of the spectrin 
self-association contact site. The corresponding (COOH-
terminal) end of the α chain also contains extra helices 
(helices A and B) in repeat 17, followed by a phosphoryl-
ated segment.

Spectrin αI/74 mutations disrupt one of the three 
interacting terminal helices of the contact site and mark-
edly disrupt spectrin self-association. As a result, they are 
generally the most severe of the common α-spectrin 
mutations that cause HE and HPP. Patients who are 
homozygous for αI/74 defects usually have life-threatening 
hemolysis and an HPP-like syndrome.1347,1357 Spectrin 
defi ciency and the appearance of spherocytes along with 
elliptocytes and poikilocytes are common features of the 
most severe forms of HE and HPP.

In most instances, the primary defect in spectrin αI/74 
variants is an amino acid substitution near the site of 
enhanced tryptic cleavage in the α chain.1438,1439 Exam-
ples are Arg28Cys, Arg28Leu, Arg28Ser, Arg34Trp, 
Gly46Val, Lys48Arg, and Leu49Phe. Codon 28, a CpG 
dinucleotide, is a “hot spot” for mutation and has been 
associated with four different sequence variations. In 
addition, in an increasing number of HE and HPP kin-
dreds with αI/74 mutations, the primary defect occurs in 
helices A or B of repeat 17 of β-spectrin (e.g., Ala2018Gly, 

Ser2019Pro, Ala2053Pro, and Trp2016Arg). These two 
helices are adjacent to the αI/74 cleavage site in helix C at 
the NH2 terminal of the α chain.

Spectrin αI/46-50a is also heterogeneous and variable in 
severity. Generally, it is less severe than the disorder 
caused by spectrin αI/74 and more severe than that associ-
ated with spectrin αI/65-68.1429,1440 Examples include 
Leu207Pro, Leu260Pro, and Ser261Pro mutations. This 
disorder is common in black populations, particularly the 
L260P defect,1317,1441 which has an incidence of 0.5% in 
Benin.1317

Spectrin αI/65-68 is a common α-spectrin mutation 
(Leu154LeuLeu) that is widely distributed in blacks in 
West Africa, where the prevalence of HE is 0.67%,1442 
in blacks in Central Africa,1429 and in their descendants 
in the West Indies and North America.1443-1449 It is also 
seen in Arab populations and is the most common cause 
of HE in North Africa. The disorder is quite mild. It 
causes very mild common HE in North Africans, who 
sometimes have little or no elliptocytosis (i.e., are silent 
carriers). Even homozygotes have only mild to moderate 
hemolysis. Studies indicate that with one exception,1443 
all patients have an extra leucine inserted between codons 
154 and 155, probably because of duplication of codon 
154.1444,1450 The high rate of occurrence of αI/65-68 and its 
homogeneous expression strongly suggest that it has 
experienced genetic selection.1317 This has led to the 
hypothesis that it may provide some protection from 
malaria or other tropical diseases caused by blood-borne 
parasites. This theory has not yet been tested systemati-
cally, although there is preliminary evidence that growth 
of P. falciparum is inhibited in αI/65-68 erythrocytes.1451

Readers interested in descriptions of additional α-
spectrin mutations that cause HE can refer to an earlier 
chapter by one of the authors (S.E.L.).850
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β-Spectrin Self-Association Site Defects

Almost 20 mutations in the β-spectrin chain have been 
associated with HE or HPP. These mutations occur at 
the COOH-terminal region of β-spectrin and tend to be 
truncations or missense mutations that disrupt formation 
of the atypical triple-helix repeat, thereby weakening 
spectrin self-association (see Figs. 15-49 and 15-50). The 
molecular defects causing the truncated β-spectrin 
include frameshift mutations,1405-1407,1452,1453 exon skip-
ping,1403,1408-1412,1454 and a nonsense mutation.1455 Several 
of the missense mutations described result in excess 
proline residues.1456 Because proline residues are known 
to disrupt α helices, this substitution emphasizes the 
importance of the atypical triple-helix conformation of 
the spectrin self-association site. Patients with β-spectrin 
missense mutations have common HE. However, patients 
with frameshift mutations leading to truncated β-spectrin 
have spherocytic HE. Patients who are homozygous for 
a β-spectrin mutation tend to have HPP and a more 
severe clinical course.

Spectrin Defects outside the Heterodimer 
Self-Association Site

Mutant spectrins outside the heterodimer self-
association site, such as spectrinSt. Claude, spectrinOran, 
spectrinJendouba, and spectrinDetroit, have been described in 
patients with HE and HPP. These mutations appear to 
be less severe than those that directly affect spectrin self-
association in that the simple heterozygous state is asymp-
tomatic. Patients who are homozygous for these mutations 
have HE or HPP.

SpectrinSt. Claude, identifi ed in 3% of asymptomatic 
individuals from Benin, Africa,1427 and in a white family 
of Afrikaans origin in South Africa,1457 is caused by a 
splice junction mutation that leads to two variant mRNA 
species.1379 One species encodes a truncated α-spectrin 
chain that is not assembled on the membrane. The other 
species encodes a protein that lacks exon 20 but is 
attached to the membrane1427 and exhibits reduced 
spectrin-ankyrin binding.1457 Because α-spectrin is pro-
duced in excess, heterozygous patients are asymptomatic. 
SpectrinOran is a variant of the αII domain that is expressed 
at low levels.1378 It causes no symptoms in the heterozy-
gous state but causes severe HE in the homozygous state. 
The abnormal spectrin is caused by abnormal cleavage 
after Arg8901378,1381 because of a mutation in the acceptor 
splice site upstream of exon 18 that causes exon 18 to be 
skipped. SpectrinJendouba is a variant associated with asymp-
tomatic HE, a mild defect in spectrin self-association,1458 
and abnormal tryptic cleavage after Lys788 as a result of 
an Asp→Glu mutation at codon 791. A large β-spectrin 
chain variant, spectrinDetroit, with an estimated molecular 
mass of 330 kd has been isolated from two families.1459,1460 
Further study of one of the patients and his family 
members demonstrated that HE was caused by coinheri-
tance of an α-spectrin chain variant rather than by the 
elongated β-spectrin chain. Family members with normal 

α-spectrin and heterozygous for the elongated β-chain 
variant had normal red cell morphology and no clinical 
abnormalities, but their erythrocyte membranes were 
more rigid and fragile than normal. The fragility is prob-
ably a consequence of both weaker spectrin dimer asso-
ciation and spectrin defi ciency (total spectrin was about 
80% of normal).

Low-Expression α-Spectrin Allele: 
αLELY Polymorphism

Some patients with HE and HPP are heterozygous for a 
structural variant of spectrin involving the self-associa-
tion site but have a more severe phenotype than expected, 
including marked hemolysis and anemia that require 
treatment with blood transfusions or splenectomy. These 
patients, who also have spectrin defi ciency, are usually 
categorized as having HE with chronic hemolysis or HPP. 
It has been postulated that the differences in clinical 
expression are at least partially due to a second defect in 
α-spectrin or a low-expression allele that affects spectrin 
production or accumulation. The parents who transmit 
the postulated defect are clinically and biochemically 
normal. The best characterized of these low-expression 
alleles is the αLELY allele (low-expression Lyon), which 
affects approximately 30% of the α-spectrin alleles of 
white Europeans, 20% of the alleles of the Japanese and 
Africans, and 22% of the alleles of the Chinese.1356,1461 
Therefore, approximately 42% of white Europeans are 
heterozygous for this allele and 9% are homozygous. The 
genetic advantage of the αLELY allele has not yet been 
uncovered.

The αLELY allele is caused by a combination of two 
mutations. One mutation is a C→T substitution at posi-
tion −12 of intron 45, immediately upstream of exon 46, 
which causes the six amino acids encoded by exon 46 to 
be skipped 50% of the time. The second mutation is an 
amino acid substitution, Leu→Val at codon 1857 in exon 
40, caused by a C→G substitution.1462,1463 This mutation 
is found in helix B of the α-spectrin repeat and causes 
more rapid cleavage between the αIV and αV tryptic 
peptide domains, which creates an increased concentra-
tion of the 41-kd αV domain (i.e., the αV/41 polymor-
phism).1356 The effects of these two mutations are shown 
in Figure 15-52.

The αLELY allele is clinically silent by itself, even when 
in the homozygous state, probably because α-spectrin is 
normally synthesized in threefold or fourfold excess.1464 
In patients who are heterozygous for αLELY and an α-
spectrin mutation causing HE, the limited synthesis of 
αLELY protein decreases the amount of spectrin contain-
ing αLELY that is incorporated into the membrane by 
approximately 50% and increases the relative incorpora-
tion of spectrin containing the mutant HE α chain. αLELY 
is poorly expressed as a result of the mutation in intron 
45, described earlier, which causes defective spectrin 
nucleation because the six deleted amino acids encoded 
by exon 46 lie within the nucleation site that joins the 
α- and β-spectrin chains.1465,1466 α Chains that lack exon 
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FIGURE 15-52. Nature of the low-expression αLELY allele. The allele contains two linked mutations: a marker mutation, the αV/41 defect, and a 
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In Handin RI, Lux SE, Stossel TP [eds]. Blood: Principles and Practice of Hematology, 2nd ed. Philadelphia, JB Lippincott, 2003, pp 1709-1858.)

46 fail to assemble into stable spectrin dimers and are 
rapidly degraded.

The effect of the αLELY allele can be quite dramatic. 
In one family, a patient who was heterozygous for the 
αI/74 mutation (+/αI/74) had very mild disease and almost 
no morphologic abnormality, whereas a relative who had 
also inherited the αLELY allele (αI/74/αLELY) had severe 
elliptocytosis.1356 Similarly, in another family the αLELY 
allele increased the proportion of spectrin αI/65-68 in het-
erozygotes from 45% to 65% of the total spectrin.1356 
This was associated with an increase in the proportion 
of elliptocytes from none or only a few to nearly 100%. 
Conversely, when the αLELY allele is on the same chromo-
some as an α-spectrin mutation, it mutes the elliptocytic 
phenotype.1322

Spectrin αLELY should be distinguished from the thal-
assemia-like defects of α-spectrin synthesis that when 

coinherited with some of the α-spectrin mutations, 
produce a phenotype of HPP. The latter defects are char-
acterized by reduced α-spectrin mRNA levels and dimin-
ished α-spectrin synthesis.1393,1467 In contrast, although 
the synthesis of αLELY subunits is decreased because of 
poor incorporation of the peptide lacking exon 46, pro-
duction of αLELY mRNA is normal.

Protein 4.1 Defects

The link between protein 4.1 defi ciency and elliptocyto-
sis was fi rst described in a consanguineous Algerian 
family (Fig. 15-53).1332,1380 Partial absence of the protein 
is found in the 4.1(−) trait, which appears to be a common 
cause of elliptocytosis and accounts for 30% to 40% of 
occurrences in some Arab and European popula-
tions.1339,1340,1383,1468 However, this defi ciency is not 
observed in individuals of African ancestry.1318
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FIGURE 15-53. Defi ciency of protein 4.1 in hereditary elliptocytosis. 
Left, Sodium dodecyl sulfate gels of red cell membrane proteins from 
a normal individual (Nl) and a patient with homozygous hereditary 
elliptocytosis who lacks protein 4.1 (Pt). Right, Scanning electron 
micrographs of red blood cells in 4.1-defi cient patients. A, Elliptocytes 
in a patient with heterozygous hereditary elliptocytosis and 50% protein 
4.1. B, Elliptocytes, poikilocytes, and fragmented red cells in a patient 
with homozygous hereditary elliptocytosis and no 4.1. BD, band 3; 
G3PD, glyceraldehyde-3-phosphate dehydrogenase; HB, hemoglobin. 
(Reprinted from Tchernia G, Mohandas N, Shohet SB. Defi ciency of cyto-
skeletal membrane protein band 4.1 in homozygous hereditary elliptocytosis: 
implications for erythrocyte membrane stability. J Clin Invest. 1981;
68:454.)

FIGURE 15-54. Protein 4.1 mutations associated with hereditary 
elliptocytosis are shown alongside a schematic representation of the 
protein. On the left, four mutations abolishing the translation start site 
are shown in the light tan rectangles and black squares. A large deletion 
and a large insertion affecting the spectrin-actin binding domain are 
shown in the dark tan rounded rectangles and open circles, as is a missense 
mutation at codon 447. The nucleotide numbers of the mutations are 
relative to the fi rst nucleotide of the ATG initiation codon and may 
differ from the numbering in some published reports. (Adapted with 
permission from Walensky LD, Narla M, Lux SE. Disorders of the red cell 
membrane. In Handin RI, Lux SE, Stossel TP [eds]. Blood: Principles and 
Practice of Hematology, 2nd ed. Philadelphia, JB Lippincott, 2003, 
pp 1709-1858.)

In the original Algerian kindred,1332 protein 4.1(−) 
mRNA is not translated1469 because of a 318-bp deletion 
that includes the downstream translation initiation site 
used in reticulocytes (see Fig. 15-18A).1470 In other 
patients, point mutations in the downstream initiator 
codon (AUG→AGG1380 and AUG→ACG1471) have been 
identifi ed (Fig. 15-54). Interestingly, expression of protein 
4.1 is relatively unimpaired in nonerythroid tissues and 
early erythroblasts1472-1475 because most of the protein 4.1 
isoforms in these tissues initiate translation at the alter-
natively spliced, upstream translation initiation site.

Protein 4.1(−) heterozygotes have clinically mild 
common HE with prominent elliptocytosis, often 
approaching 100%, and little or no hemolysis.1476 These 
patients have 50% of the normal amount of protein 4.1.

Erythrocytes from patients homozygous for the 
protein 4.1(−) trait (i.e., complete protein 4.1 defi ciency) 
are elliptical, fragmented, and poikilocytic (see Fig. 
15-53B).1332,1380,1477 They are very osmotically fragile and 
possess normal thermal stability. Membranes from homo-
zygous protein 4.1(−) red cells fragment much more 
rapidly than normal at moderate sheer stress, an indica-
tion of their intrinsic instability.1082 Membrane mechani-
cal stability can be completely restored by reconstituting 
the defi cient red cells with normal protein 4.1 or the 
spectrin-actin binding site from protein 4.1.1330,1478

In addition to complete protein 4.1 defi ciency, eryth-
rocytes from protein 4.1(−) homozygotes lack protein 
p551479,1480 and have only 30% of the normal content of 
GPC and GPD.1380,1480-1482 This adds evidence to the 
hypothesis that GPC is one of the membrane attachment 
sites for protein 4.1.1483 In addition, protein 4.9 is absent 
from isolated membrane skeletons but not from intact 
red cell membranes, and membrane phospholipid asym-
metry is perturbed.1332,1484 Electron microscopic studies 
of homozygous 4.1(−) erythrocyte membranes have 
revealed a markedly disrupted skeletal network with dis-
ruption of the intramembrane particles, thus suggesting 
that protein 4.1 plays an important role in maintenance 
of not only the skeletal network but also the integral 
proteins of the membrane structure.1485 Homozygous 
patients have a severe transfusion-dependent hemo -
lytic anemia but demonstrate a good response to 
splenectomy.1332,1380,1477

Protein 4.1 Structural Defects. Variants of protein 4.1 
with abnormal molecular weights have also been described 
in association with HE.1340,1486-1489 For example, a short-
ened protein 4.1 was discovered in an Italian family with 
very mild common HE and mechanically unstable red 
cells. The patients are heterozygous for a protein 4.1 
variant that has lost the two exons encoding the spectrin/
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actin binding domain (see Fig. 15-54). The mutant 
protein runs as a doublet of 65 and 68 kd on SDS gels 
and seems to be present in nearly normal amounts. It is 
presumed but has not been proved to be functionally 
inept. Another example is a high-molecular-weight 
variant, protein 4.1Hurdle-Mills,1340 which was discovered in 
a family of Scottish-Irish ancestry with very mild common 
HE. The patients are heterozygous for a duplication of 
three exons that include the spectrin-actin binding 
domain (see Fig. 15-54).1486,1487 Membrane function 
appears to be preserved because red cell membranes have 
normal mechanical stability.1490 It is not clear how this 
functionally normal variant causes HE. Other examples 
of variants of protein 4.1 with abnormal molecular 
weights have been described.1488,1489

Glycophorin C Defects

Elliptocytes are noted on peripheral blood smears of 
patients whose erythrocytes carry the rare Leach pheno-
type of Gerbich-negative (Ge−) cells.1412,1413,1491-1495 These 
erythrocytes are devoid of GPC and GPD and, presum-
ably secondarily, are also defi cient in protein p55 and 
protein 4.1. It has been speculated that the protein 4.1 
defi ciency in Leach erythrocytes is the cause of their 
elliptocytic shape. Interestingly, the relative defi ciency of 
protein 4.1 in Leach erythrocytes is less than the degree 
of GPC defi ciency in homozygous protein 4.1(−) eryth-
rocytes. These fi ndings add supportive evidence to the 
hypothesis that GPC and protein p55 provide a binding 
site for protein 4.1 in the red cell.1479

The Leach phenotype is usually due to a deletion of 
7 kb of genomic DNA that removes exons 3 and 4 from 
the GPC/GPD locus.1491,1492 Patients carrying the Leach 
phenotype suffer from mild spherocytic HE with increased 
erythrocyte OF.1412,1493-1495 In some individuals, no ellip-
tocytes are detected on peripheral smear.1481

In contrast to GPC and GPD defi ciency, individuals 
whose erythrocytes lack GPA, GPB, or both are asymp-
tomatic and have erythrocytes of normal shape and 
mechanical stability.

Pathophysiology of Hereditary 
Elliptocytosis/Hereditary Pyropoikilocytosis

Spectrin Mutations

The principal functional consequence of the elliptocyto-
genic spectrin mutations is weakening or even disruption 
of the spectrin dimer-tetramer contact and, consequently, 
the two-dimensional integrity of the membrane skeleton. 
These “horizontal” defects are readily detected by ultra-
structural examination of membrane skeletons, which 
reveals disruption of the normally uniform hexagonal 
lattice. As a result, membrane skeletons, cell membranes, 
and the red cells are mechanically unstable. In patients 
who have severely dysfunctional spectrin mutations or in 
subjects who are homozygous or compound heterozy-
gous for such mutant proteins, this membrane instability 

is suffi cient to cause hemolytic anemia with red cell 
fragmentation.

The mechanism for the formation of elliptocytes is 
less clear. In common HE, red cell precursors are round 
and become progressively more elliptical as they age in 
vivo.1313,1341,1496 Red cells distorted by shear stress in vitro 
or fl owing through the microcirculation in vivo have ellip-
tical or parachute-like shapes, respectively.1497 Perhaps 
the abnormal shapes of elliptocytes and poikilocytes are 
permanently stabilized because the weakened skeletal 
interactions facilitate skeletal reorganization after pro-
longed or repetitive cellular deformation. Skeletal reor-
ganization is likely to involve breakage of the unidirectionally 
stretched protein connections and formation of new con-
tacts that reduce stress on the skeleton and stabilize the 
deformed shape.1497 This process, fi rst proposed in 1978, 
has been shown to account for permanent deformation 
of irreversibly sickled cells.1498

HPP red cells have two abnormalities: they contain a 
mutant spectrin that disrupts spectrin self-association, 
and they are partially defi cient in spectrin.1392,1393 This is 
either due to an elliptocytogenic α-spectrin mutation and 
a defect involving reduced α-spectrin synthesis or due to 
two elliptocytogenic spectrin alleles. In the latter situa-
tion, the spectrin defi ciency might be a consequence of 
spectrin instability, which would reduce the amount of 
spectrin available for membrane assembly. In red cells 
carrying a lot of unassembled spectrin dimers, the fact 
that one ankyrin is bound per one spectrin tetramer (i.e., 
two spectrin heterodimers) may also contribute to the 
spectrin defi ciency. At best, only about half of the spectrin 
dimers could succeed in attaching to the available ankyrin 
binding sites. Probably, this attachment would be less 
because unphosphorylated ankyrin binds spectrin dimers 
about 10 times less avidly than it does spectrin tetra-
mers.1499 The phenotype of HPP, characterized by the 
presence of fragments and elliptocytes, together with evi-
dence of red cell surface area defi ciency (i.e., micro-
spherocytes), suggests that the membrane dysfunction 
involves both “vertical” interactions (a consequence of 
the spectrin defi ciency) and “horizontal” interactions (a 
consequence of the elliptocytogenic spectrin mutations).

Protein 4.1 Variants

Hereditary elliptocytes that are defi cient in protein 4.1 
are similar in shape and membrane instability to ellipto-
cytes that result from spectrin mutations.1497 This sug-
gests that protein 4.1 defi ciency principally affects 
spectrin-actin contact (i.e., a horizontal interaction) 
rather than the skeletal attachment to GPC (a vertical 
interaction).

Permeability of Hereditary 
Elliptocytosis Red Cells

Red cells in HE consume more ATP and 2,3-DPG than 
normal erythrocytes do,1500 probably because of increased 
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transmembrane Na+ movement.1501 As a result of the 
underlying skeletal defect, HE and HPP red cells are 
abnormally permeable to Na+, K+, and Ca2+ ions.1388,1501 
The excessive Ca2+ leak was originally thought to be the 
primary molecular lesion in a patient with severe micro-
cytic hemolytic anemia and red cell thermal instabil-
ity,1388 but the patient was subsequently shown to have a 
spectrin mutation and, probably, HPP.1440

Common Hereditary Elliptocytosis 
and Malaria

Epidemiologic studies of the elliptocytogenic mutations 
of spectrin in central and western Africa suggest that their 
prevalence is considerably greater than would be expected 
for sporadic mutations. The prevalence of the spectrin 
αI/65-68 mutation approaches 1%,1318 and the mutation is 
always associated with the same α-spectrin haplotype.1502 
Similar fi ndings were reported for two α-spectrin muta-
tions producing the spectrin αI/46-50a phenotype (Leu207→
Pro and Leu260→Pro). These data are of considerable 
interest in light of recent in vitro studies demonstrating 
diminished malarial parasite entry or growth in red cells 
that contain some of the elliptocytogenic spectrin mutants 
or are defi cient in protein 4.1.1451,1503,1504

SOUTHEAST ASIAN OVALOCYTOSIS

SAO, also known as Melanesian ovalocytosis or stomato-
cytic elliptocytosis, is observed in the aboriginal popula-
tions of Melanesia and Malaysia and in portions of 
Indonesia and the Philippines.1505-1511 The abnormality is 
very common in Melanesia, particularly in lowland and 
island tribes, in whom malaria is endemic,1506,1511-1513 and 
it affects 1% to 15% of the population.1514,1515 SAO has 
been detected rarely in white and African American 
individuals.1516-1519 SAO is inherited in an autosomal 
dominant pattern.1505-1508,1512,1520 In screening of large 
populations with SAO, no homozygotes have been identi-
fi ed,1521,1522 thus suggesting that homozygosity leads to 
embryonic or fetal lethality.

Resistance to Malaria

In vivo, there is evidence that SAO provides some protec-
tion against all forms of malaria, particularly against heavy 
infections and cerebral malaria.1506,1507,1512,1513,1523-1526 
The prevalence of SAO increases with age in populations 
challenged by malaria, which suggests that individuals 
with SAO have a selective advantage.1523 In vitro, SAO red 
cells are resistant to invasion by malarial parasites,1527-1530 
apparently because the membrane is 10 to 20 times more 
rigid than normal.1531-1534 Other membrane characteris-
tics refl ect this property, including unusually high heat 
resistance, lack of endocytosis in response to drugs that 
produce dramatic endocytosis in normal cells, and strong 

resistance to crenation, even after several days of storage 
in plasma or buffered salt solutions.1531 However, 
other population studies show no correlation between 
the SAO mutation and the prevalence of malaria,1515,1535 
which may be due to the fact that some parasite strains 
invade SAO red cells effi ciently whereas others do not.1536 
This supports the concept that malaria parasites can use 
different receptors or pathways for invasion (see the earlier 
section on band 3 and malaria).

Etiology

The fi nding of tight linkage between an abnormal pro-
teolytic digest of band 3 protein and the SAO phenotype 
led to detection of the underlying molecular defect.1520 
All carriers of the SAO phenotype are heterozygotes. One 
band 3 allele is normal and the other contains two muta-
tions in cis: a deletion of nine codons encoding amino 
acids 400 through 408, located at the end of the cyto-
plasmic domain and the beginning of the fi rst transmem-
brane segment of band 3, and replacement of Lys56 by 
Glu.1533,1534,1537-1540 The Lys56→Glu substitution is an 
asymptomatic polymorphism known as band 3Memphis that 
is in linkage disequilibrium with the 9 amino acid dele-
tion. The mutant SAO band 3 exhibits tight binding to 
ankyrin,1520 increased tyrosine phosphorylation,1541,1542 
inability to transport anions,1543,1544 and markedly 
restricted lateral and rotational mobility in the 
membrane.1520,1533

Clinical Features and Morphology

Most of the cells are rounded elliptocytes, but a few are 
traversed by one or two transverse bars that divide the 
central clear space (see Fig. 15-49D).1505,1509-1511,1520,1545 
These “theta cells” or “stomatocytic elliptocytes” are not 
seen in any other condition. Thus, identifi cation of mul-
tiple theta cells on a peripheral blood smear strongly 
suggests SAO. Some stomatocytes may also be present. 
The strong resistance of red cells to crenation after several 
days of storage1531 provides an additional clue to the 
diagnosis. However, the most specifi c diagnostic test for 
SAO is amplifi cation of the deleted region from the band 
3 gene in genomic DNA or reticulocyte cDNA. This 
produces a single band in control red cells and a doublet 
in SAO cells, with the second band shorter by 
27 bp.1533,1537,1546

Hemolysis is apparently mild or absent,1505,1507,1509,1510 
although neonatal hyperbilirubinemia and mild hemo-
lytic anemia have been described.1547,1548 One patient had 
compensated hemolysis (no anemia) with mild spleno-
megaly, an absolute reticulocyte count of 150 to 300 × 
10−3 (normal, 10 to 100 × 10−3), mild hyperbilirubinemia, 
and gallstones.1549 This indicates that membrane rigidity 
is not a major determinant of red cell survival. In another 
well-studied patient,1510 red cell Na+ and K+ permeability 
was increased, glucose consumption was elevated to 
compensate for increased cation pumping, and the cells 
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were osmotically resistant. Curiously, many blood group 
antigens are poorly expressed on the surface of SAO red 
cells,1511 possibly because the rigid membrane inhibits 
their clustering and impedes agglutination.

SAO band 3 also is a recessive mutation for dRTA. 
The disease develops in patients who are compound het-
erozygotes for SAO and other band 3 mutations causing 
dRTA.1550,1551 The reason is because suffi cient heterodi-
mers of normal and SAO band 3 reach the plasma mem-
brane to prevent acidosis, whereas heterodimers of SAO 
and other dRTA band 3 molecules become trapped in 
the endoplasmic reticulum and lead to defi cient 
Cl− excretion.1552

Molecular Basis of Membrane Rigidity

SAO red cells are unique among elliptocytes in that they 
are rigid and hyperstable rather than unstable.1532 The 
SAO band 3 mutation is the fi rst example of a defect in 
an integral membrane protein leading to red cell mem-
brane rigidity, a property that had previously been attrib-
uted to the membrane skeleton.1553 The explanation for 
the rigidity is presently not clear. One hypothesis pro-
poses that conformational changes in the cytoplasmic 
domain of SAO band 3 preclude lateral movement 
(extension) of the skeletal network during deforma-
tion.1534,1554 A second possibility is that SAO band 3 binds 
abnormally tightly to ankyrin and thus to the underlying 
skeleton.1513 The increased propensity of SAO band 3 to 
aggregate into higher oligomers may be important 
because the oligomers can strengthen attachment of band 
3 to ankyrin.1555 The tendency of SAO band 3 to form 
linear arrays would also decrease its mobility within the 
bilayer.1556 Finally, SAO band 3 may adhere to the skele-
ton in a nonspecifi c manner, possibly because of dena-
turation of the membrane-spanning domain.1557 Studies 
of the structure of the fi rst transmembrane span of wild-
type and SAO band 3 show that a bend between the 
cytoplasmic domain and the fi rst transmembrane domain 
is absent in SAO cells; this leads to the formation of a 
stable helix in the region,1558 possibly because of retrac-
tion of the polar amino acids that normally lie in the 
cytoplasm into the fi rst transmembrane segment in SAO 
band 3.1559 Other studies using chemical modifi cation 
and proteolysis show that SAO band 3 is misfolded and 
affects the structure of its normal band 3 partner or 
partners.1560

The resistance of SAO red cells to malaria is presum-
ably related to the altered properties of SAO band 3. 
Band 3 serves as one of the P. falciparum malaria recep-
tors because invasion by the parasite in vitro is inhibited 
by band 3–containing liposomes.1561 In normal red cells, 
parasite invasion is associated with marked membrane 
remodeling and redistribution of band 3–containing 
intramembrane particles.1562 Intramembrane particles 
cluster at the site of parasite invasion and form a ring 
around the orifi ce through which the parasite enters the 
cell. The invaginated red cell membrane, which sur-

rounds the invading parasite, is free of intramembrane 
particles. The reduced lateral mobility of band 3 protein 
in SAO red cells may preclude band 3 receptor clustering 
and thus prevent attachment or entry of the para-
sites.1520,1533 Resistance to malaria has also been attrib-
uted to diminished anion exchange as a result of the 
inability of SAO band 3 to transport anions.1544 In addi-
tion, SAO red cells consume ATP at a higher rate than 
normal cells do, and the ensuing partial depletion of ATP 
levels in ovalocytes has been proposed to account, at least 
in part, for the resistance of these cells to malaria invasion 
in vitro.1531 However, diminished anion transport and 
ATP depletion do not appear to play a critical role in the 
resistance of SAO erythrocytes to malaria in vivo. This is 
evidenced by the fact that band 3–defi cient HS red cells 
are considerably less resistant to malaria invasion than 
SAO red cells are, although both cell types have a similar 
decrease in anion transport, and by the fact that resis-
tance of SAO red cells to malaria is detected in vitro even 
when red cell ATP levels are maintained.

HYDROPS FETALIS SYNDROMES 
AND DISORDERS OF THE 
ERYTHROCYTE MEMBRANE

Defects in the erythrocyte membrane have been well 
characterized in patients with severe neonatal hemolytic 
anemia secondary to recessive HS, homozygous HE 
and HPP, and hereditary xerocytosis. Several well-
documented kindreds with fatal or nearly fatal anemia 
and hydrops fetalis associated with erythrocyte mem-
brane defects have been described. In several patients, 
defects were identifi ed in spectrin, the principal struc-
tural protein of the erythrocyte membrane.841,1435,1442 In 
the other patients, homozygosity for a band 3 defect was 
discovered (see earlier). Membrane defects have been 
suspected, but not proven in numerous other patients 
with nonimmune hydrops fetalis with severe hemolytic 
anemia.

STOMATOCYTOSIS AND XEROCYTOSIS

Red cell hydration is largely determined by the intracel-
lular concentration of monovalent cations. A net increase 
in Na+ and K+ ions causes water to enter and form 
“stomatocytes” or “hydrocytes,” whereas a net loss of 
monovalent cations produces dehydrated red cells, or 
“xerocytes” (see Fig. 15-29). In the past 35 years, numer-
ous descriptions of congenital or familial hemolytic 
anemias associated with abnormal cation permeability 
and, in some cases, disturbed red cell hydration have 
been reported. These cases span the range from severe 
stomatocytosis to severe xerocytosis. They can be divided 
into six provisional clinical categories based on differ-
ences in severity, morphology, cation content, lipid and 
protein composition, genetics, and response to splenec-
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tomy: severe stomatocytosis,1563-1579 mild stomatocyto-
sis,1580-1582 cryohydrocytosis,1583-1589 stomatocytic 
xerocytosis,1590 pseudohyperkalemia,779,1591-1602 and xero-
cytosis (Table 15-8).992.1591-1593,1595,1598,1603-1622 Although 
these divisions are useful as a method of categorization, 
it is likely that these categories are not unique entities, 
and the divisions are not clinically meaningful. Indeed, 
none of these apparent disorders are precisely defi ned in 
either clinical or molecular terms.

Osmotic gradient ektacytometry is a rapid and sensi-
tive measure of red cell membrane hydration.1084 The 
ektacytometer measures red cell deformability, osmotic 
resistance, and cell hydration. However, the equipment 
required is not readily available in most clinical centers. 
Therefore, other measures must be used in making the 
diffi cult diagnosis of a disorder of red cell membrane 
permeability.

Hereditary Stomatocytosis (Hydrocytosis, 
Overhydrated Stomatocytosis)

Hereditary stomatocytosis, the name given by Lock and 
co-workers1569 to the fi rst reported instance, is character-
ized by erythrocytes with a mouth-shaped (stoma) area 
of central pallor on peripheral blood smears (Fig. 
15-55A). The clinical severity of hereditary stomato-
cytosis, a rare disorder, is variable; some patients experi-
ence hemolysis and anemia, whereas others are 
asymptomatic.

Stomatocyte membranes are remarkably permeable 
to Na+ and K+ ions, particularly Na+ ions. Intracellular 
Na+ is increased and K+ is decreased, but the total mon-
ovalent cation content (Na+ + K+) is high, which leads to 
an increase in cell water and cell volume. As a conse-

quence, the “edematous cells” are sometimes called 
hydrocytes or overhydrated stomatocytes.

Pathophysiology

The major detectable defect in hereditary stomatocytosis 
is a marked asymmetric increase in passive Na+ and K+ 
permeability (the amount of Na+ in is greater than the 
amount of K+ out). Permeabilities as great as 15 to 40 
times normal are observed.1563,1573,1612 Because the infl ux 
of Na+ exceeds the loss of K+, stomatocytic red cells pro-
gressively gain cations and water and swell. As a result, 
their average density is less than normal (Fig. 15-56), and 
the swollen stomatocytes are osmotically fragile. Unlike 
normal cells, aged stomatocytes are less dense and more 
stomatocytic than stomatocytic reticulocytes.1563

In stomatocytosis, monovalent cation transporters 
are stimulated by the infl ux of Na+, particularly the 
Na+,K+ pump and the K+-Cl− cotransporter,1571 but are 
unable to keep up with the exaggerated cation leaks. 
Na+,K+ pump kinetics is normal,1580 and the number of 
pumps is increased severalfold,1563,1615 even after correc-
tions for red cell age.1623

Bifunctional imidoesters, which cross-link proteins, 
reverse the abnormal shape and permeability of heredi-
tary stomatocytes and normalize their survival in the 
circulation.1563 The critical proteins involved have not 
been identifi ed with these agents because many red cell 
membrane proteins are cross-linked at the concentrations 
required to achieve this effect. Stomatocytes are relatively 
rigid1570 and expend extraordinary amounts of ATP in 
pumping Na+ and K+ in an attempt to maintain homeo-
stasis. They are vulnerable to splenic sequestration, and 
predictably, splenectomy has been benefi cial in some 
patients with severe hemolysis,1563,1571,1572,1574,1581 but not 
without risk (see later).1222

FIGURE 15-55. Peripheral blood morphology in hereditary stomatocytosis and hereditary xerocytosis. A, Stomatocytosis. Many stomatocytes 
and occasional spherocytes are seen. B, Cryohydrocytosis. Some of the stomatocytes are bowl shaped, some have curvilinear slits, and some have 
a transverse bar dividing the central clearing. C, Xerocytosis (typical). Some target cells are evident, but most red cells are morphologically unre-
markable. D, Xerocytosis (severe). Target cells, echinocytes, and dense crenated cells predominate. In occasional cells (arrow) the hemoglobin 
appears to be puddled in one portion of the cell. (A, From Turpin F, Lortholary P, Lejeune F, Claer R. Un cas d’anémie hémolytique avec stomatocytose. 
Nouv Rev Fr Hematol. 1971;11:585-594; B, from Miller G, Townes PL, MacWhinney JB. A new congenital hemolytic anemia with deformed erythrocytes 
(“stomatocytes”) and remarkable susceptibility of erythrocytes to cold hemolysis in vitro. I. Clinical and hematologic studies. Pediatrics. 1965;35:906; C, from 
Jaffe ER, Gottfried EL. Hereditary nonspherocytic hemolytic disease associated with an altered phospholipid composition of the erythrocytes. J Clin Invest. 
1968;47:1375-1388; D, from Glader BE, Fortier N, Albala MM, Nathan DG. Congenital hemolytic anemia associated with dehydrated erythrocytes and 
increased potassium loss. N Engl J Med. 1974;291:491.)
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TABLE 15-8 Features of Hereditary Stomatocytosis-Xerocytosis Syndromes

STOMATOCYTOSIS 
(OVERHYDRATED 

STOMATOCYTOSIS) INTERMEDIATE SYNDROMES XEROCYTOSIS (DEHYDRATED STOMATOCYTOSIS)

Severe 
Hemolysis Mild Hemolysis Cryohydrocytosis

Stomatocytic 
Xerocytosis Pseudohyperkalemia Xerocytosis*

Hemolysis Severe Mild-moderate Mild-moderate Mild Mild or none Moderate
Anemia Severe Mild-moderate Mild-moderate None None Mild-moderate
Blood smear Stomatocytes Stomatocytes Stomatocytes or 

normal
Stomatocytes Targets, few 

stomatocytes
Some targets; occasional 
echinocytes, stomatocytes

MCV (80-100 μm3)† 110-150 95-130 90-105 91-98 82-104 84-122
MCHC (32%-36%) 24-30 26-29 34-38 33-39 33-39 34-38
Unincubated osmotic 
fragility

Very increased Increased Normal Slightly 
decreased

Slightly decreased Very decreased

RBC Na+ (5-12 mEq/L) 60-100 30-60 15-50 10-20 10-25 10-30
RBC K+ (90-103 mEq/L) 20-55 40-85 55-65 75-85 75-100 60-90
RBC Na+ + K+ 
(95-110 mEq/L)

110-140 115-145 75-105 87-109 87-109 75-99

RBC passive membrane leak‡ 20-40 ≈3-10 1-6 ? 1-2 2-4
Cold autohemolysis No No Yes No No No
Pseudohyperkalemia ?Yes ?Yes Yes ? Yes Sometimes
Perinatal ascites No ? No ? No Sometimes
Stomatin nearly absent Yes ? ±No ? ? No
Phosphatidylcholine content Normal ±Increased Normal Normal Normal Increased
Effect of splenectomy Good Good Fair-none ? ? Poor
Thromboembolism post 
splenectomy

Yes ? ?No ? ? Yes

Genetics AD AD AD AD AD 16q23-q24 AD 16q23-q24

*Hereditary xerocytosis is identical to dehydrated hereditary stomatocytosis and to high-phosphatidylcholine hemolytic anemia.
†Normal values are given in parentheses.
‡Defi ned as ouabain- and bumetanide-resistant 86Rb+ infl ux at 37° C and expressed as the ratio of patient to normal residual leak (normal = 0.06 to 0.10 mmol/L RBC/hr).
AR, autosomal recessive; AD, autosomal dominant, MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; PC, phosphatidylcholine; RBC, red blood cell.
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genesis of the cation leak and hemolysis. As discussed in 
the fi rst section of the chapter, stomatin resides in deter-
gent-resistant lipid domains called lipid rafts. Recent 
studies show that the amount of actin and tropomodulin 
(TMod) associated with these rafts is markedly reduced 
in hereditary stomatocytes.1578 In addition, Ca2+-induced 
exovesiculation is enhanced in stomatocytes, and the 
released vesicles contain greatly increased amounts of 
lipid raft proteins such as annexin VII, sorcin, copine 1, 
and the fl otillins, but decreased amounts of stomatin and 
annexin V.1578 In contrast, ATP-dependent endovesicula-
tion is reduced in stomatin-defi cient hereditary stomato-
cytes (but not in other forms of stomatocytosis).1579 
Interestingly, cross-linking imidoesters fi x this defect, as 
well as the monovalent cation leak.1579 These data suggest 
that there may be a defect in the interaction of stomatin 
with the membrane skeleton in stomatocytes, although 
why that would cause massive monovalent cation leaks is 
a mystery. Unfortunately, nothing is known about inter-
actions between the membrane skeleton and stomatin or 

Low

DENSITY

High

Normal Xerocytosis Normal Stomato-
cytosis

FIGURE 15-56. Separation of stomatocytes and xerocytes by density. 
Left, Normal and hereditary xerocytosis samples. The cells were sepa-
rated on Stractan density gradients. The xerocytes extend to higher 
densities than normal red cells do. Right, Normal and hereditary sto-
matocytosis samples. Many of the stomatocytes are lighter than the 
control red cells. (From Lande WM, Mentzer WC. Haemolytic anaemia 
associated with increased cation permeability. Clin Haematol. 1985;14:89.)

Stomatin

The red cell membranes of all or almost all patients 
with the classic overhydrated form of stomatocytosis 
lack a 31-kd protein called stomatin or band 7.2b (Fig. 
15-57).1565,1566,1571,1575,1624,1625 Stomatin, a member of a 
large family of related proteins, is an integral membrane 
phosphoprotein whose function is not completely under-
stood.360,361,1575,1626-1631 The importance of stomatin is 
underscored by its wide tissue and species distribution. 
In humans, stomatin mRNA has been detected in every 
tissue and cell tested. Reactivity to a monoclonal anti-
body directed against human erythrocyte stomatin has 
been observed in the erythrocyte membranes of a wide 
variety of species, including the frog, rat, chicken, rabbit, 
pig, cow, and sheep.1626 It has been hypothesized that 
stomatin may support, activate, or regulate an unidenti-
fi ed ion channel.1575,1627,1628

Although hereditary stomatocytosis appears to be a 
dominantly inherited condition and affected individuals 
are presumably heterozygotes, stomatin protein is almost 
absent, even though mRNA levels1627 and the coding 
sequence of the gene1632-1634 are normal. Immunochem-
istry detects some stomatin in a few red cells, particularly 
reticulocytes.1576 Overall, there is about 2% to 5% of the 
normal amount of stomatin in red cells. Stomatin immu-
noreactivity in nonerythroid tissues is normal. This sug-
gests that stomatin is made but is lost or destroyed in 
hereditary stomatocytes as the cells mature in the bone 
marrow and in the circulation. Mice with targeted dis-
ruption of stomatin are clinically and hematologically 
normal,1635 which supports the idea that stomatin defi -
ciency is secondary and not directly involved in patho-

FIGURE 15-57. Stomatin defi ciency in hereditary stomatocytosis. 
Sodium dodecyl sulfate gels of normal and stomatocytosis red cell 
membranes show that the principal (31-kd) band in the band 7 region 
(stomatin) is missing. A similar picture is observed in most patients 
with severe hereditary stomatocytosis. Immunoblots confi rm that 
stomatin is nearly absent in these cells. G3PD, glyceraldehyde-3-phos-
phate dehydrogenase; Hb, hemoglobin. (Reprinted from Rix M, Bjerrum 
PJ, Wieth JO, Frandsen B. Congenital stomatocytosis with hemolytic 
anemia—with abnormal cation permeability and defective membrane pro-
teins. Ugeskr Laeger. 1991;153:724.)
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between TMod or actin and the lipid bilayer, so it is dif-
fi cult to guess which proteins might be involved. It is also 
hard to guess why stomatin is defi cient. Stomatin could 
be lost with other raft proteins in exocytic vesicles, but 
the vesicles are stomatin defi cient not stomatin replete. 
In cultured erythroid cells from patients with hereditary 
stomatocytosis, stomatin immunoreactivity is confi ned to 
multivesicular complexes and the nucleus and is not seen 
on the plasma membrane.1577 This suggests that stomatin 
defi ciency may result from a traffi cking defect, which 
might also affect other membrane proteins. One can 
imagine a defect in the traffi cking mechanism itself or the 
loss of a chaperone, or stomatin could be abnormally 
modifi ed by a post-translational process and preferen-
tially recognized and destroyed by a protease or the 
proteosome.

Clinical Features

Typical Stomatin-Defi cient Stomatocytosis. Diagnos-
tic features of the classic type of hereditary stomatocytosis 
include the unique red cell morphology (5% to 50% sto-
matocytes) (see Fig. 15-55A), severe hemolysis, macrocy-
tosis (110 to 150 fL), elevated erythrocyte Na+ 
concentration of 60 to 100 mEq/L (normal range, 5 to 
12 mEq/L), reduced K+ concentration of 20 to 55 mEq/L 
(normal range, 90 to 103 mEq/L), and increased total 
Na+ + K+ content of 110 to 140 mEq/L (normal range, 95 
to 110 mEq/L). The excess monovalent cations elevate 
cell water and thereby produce large, osmotically fragile 
cells with a low MCHC (24% to 30%). In many patients, 
hereditary stomatocytes are also moderately defi cient in 
2,3-DPG.1563,1570,1615 Perhaps a portion of the 1,3-DPG 
normally used for 2,3-DPG synthesis is diverted through 
PGK to provide extra ATP for cation transport.776 The 
2,3-DPG defi ciency mildly enhances oxygen affi nity and 
causes additional water entry and cell swelling. Some 
patients1568,1590 with hereditary stomatocytosis have an 
unexplained decrease in red cell glutathione; however, it is 
unlikely that this decrease is pathophysiologically signifi -
cant. Stomatocytosis, like other hemolytic anemias, is 
often complicated by iron overload and cholelithiasis.

Hereditary Stomatocytosis Variants. Hereditary sto-
matocytosis is probably more heterogeneous than sug-
gested earlier. Some patients with severe permeability 
defects have little or no hemolysis.1614 In addition, studies 
of 44 Japanese patients with stomatocytosis show that the 
proportion of stomatocytes and the degree of Na+ infl ux 
do not correlate with each other and that neither corre-
lates with the amount of hemolysis or anemia.1624 Fur-
thermore, stomatin defi ciency was not observed in 
Japanese patients with the most severe permeability 
defects and was present only to a mild degree in fi ve of 
nine patients with more moderate Na+ leaks. This sug-
gests that hereditary stomatocytosis is a complex mixture 
of diseases or that factors other than those that regulate 
Na+ leak and stomatin content are critical to demise of 
the stomatocyte.

Treatment: Splenectomy Is Dangerous

Splenectomy reduces the hemolytic rate in patients with 
severe hereditary stomatocytosis1563,1564,1571,1572,1581 and 
can be benefi cial; however, a high proportion of patients 
have experienced thrombotic complications, at times 
with disastrous results.1222 Venous thrombi predominate 
and sometimes lead to portal hypertension or thrombo-
embolism and pulmonary hypertension.1222,1636,1637 
Thrombotic episodes have not been reported before sple-
nectomy. The cause of the hypercoagulable state after 
splenectomy in patients with hereditary stomatocytosis is 
uncertain. There is evidence that stomatocytes have about 
fourfold more PS on their surfaces than control cells 
do.1638 As described earlier (see the section “Asymmetric 
Organization of Lipids in the Bilayer”), PS exposed on 
the outer surfaces of cells is highly thrombogenic.74-76 
Such cells are cleared by macrophages, which have PS 
receptors on their surface.78-81 This function would pre-
sumably be impaired after splenectomy. In vitro, eryth-
rocytes from two splenectomized individuals with 
hereditary stomatocytosis showed mildly increased adher-
ence to endothelial monolayers.1638,1639 Conceivably, this 
might also contribute to a hypercoagulable state.

Hereditary Xerocytosis (High-
Phosphatidylcholine Hemolytic Anemia, 
Dehydrated Hereditary Stomatocytosis)

Hereditary xerocytosis is probably the most common of 
the membrane cation permeability defects. Several fami-
lies with this disorder, in which red cells are markedly 
dehydrated, have been described,992,1591-1593,1595,1598,1603-1622 
and because the disease is often clinically mild, it is likely 
that many patients go undiagnosed. Physiologically, the 
major red cell abnormality is a change in the relative 
membrane permeability to potassium. Effl ux of K+ is 
increased twofold to fourfold and approximates Na+ 
infl ux. There is no metabolic or hemoglobin abnormality 
to account for this permeability lesion, and red cell Ca2+ 
content is not increased. The nature of the permeability 
defect is unknown. Monovalent cation pump activity is 
increased appropriately for the slightly elevated Na+ 
content, but the Na+,K+ pump cannot compensate for K+ 
losses in excess of Na+ gain. In fact, the action of the 
pump signifi cantly exacerbates the rate of K+ loss because 
three Na+ ions are pumped out for every two K+ ions 
returned.1640,1641 As a consequence, xerocytes gradually 
become cation depleted and lose water in response to 
decreased intracellular osmolality. This is easily detected 
by centrifugation on Stractan density gradients (see 
Fig. 15-56).

Molecular Pathology

The gene for xerocytosis has been mapped to 16q23-
q24.1592,1642,1643 Nevertheless, little is known about the 
molecular pathology of the disease. When measured, the 
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proportion of red cell membrane PC is increased (12 to 
20 fmol/cell; normal range, 10 to 12 fmol/cell).1613 The 
combination of hereditary xerocytosis and high PC is 
sometimes given the name high-PC hemolytic anemia 
(HPCHA),1598,1605,1609,1612,1613,1615 but there appears to be 
little reason to distinguish HPCHA from hereditary xero-
cytosis.1613 Early studies suggested that the excess PC was 
due to diminished transfer of PC fatty acids to PE,1609 a 
pathway that is normally stimulated by cellular dehydra-
tion.1644 It is not clear why this pathway is inhibited in 
hereditary xerocytosis or how it relates to the underlying 
membrane leakiness and hemolysis.

Xerocytic red cells are also shear sensitive1608 and 
are exceptionally prone to membrane fragmentation 
in response to metabolic stress.992 This fi nding suggests 
a membrane skeletal defect, but none of the well-
characterized membrane protein genes reside in the 
16q23-q24 interval (see Table 15-2). Results of conven-
tional analyses of red cell membrane proteins have been 
normal,992 except for an increase in the proportion of 
membrane-associated G3PD in one family.16456 Quanti-
tatively, all membrane components are increased because 
xerocytes have 15% to 25% more surface area than 
normal, probably due to the increased amount of phos-
pholipids. Xerocytes are relatively rigid cells758 and have 
a dehydration-induced membrane injury.1608 This poorly 
defi ned lesion is also found in irreversibly sickled cells1646 
and presumably is important in the pathophysiology of 
hemolysis. Hereditary xerocytes are unusually sensitive 
to oxidants.1647,1648 Exposure of xerocytes to concentra-
tions of H2O2 that do not affect normal cells causes a 
rapid loss of intracellular K+, conversion of hemoglobin 
to methemoglobin, and cross-linking of hemoglobin to 
spectrin.1648,1649 Similar sensitivity occurs in dehydrated 
normal red cells. Conversely, rehydrated xerocytes exhibit 
a normal reaction to H2O2. Native xerocytes have the 
abnormal spectrin-globin complex, and the amount cor-
relates with the extent of dehydration in various cellular 
fractions and with membrane rigidity.1650 Oxidation of 
normal erythrocytes with peroxide generates the spec-
trin-globin complex and rigid membranes.1037 Complex 
formation is blocked by carbon monoxide, which pre-
vents hemoglobin oxidation, but is not blocked by lipid 
antioxidants. This implies a direct role for hemoglobin in 
cross-linking spectrin. However, the relationship of these 
fi ndings to the pathophysiology of hereditary xerocytosis 
is unclear.

A constellation of clinical fi ndings, including xerocy-
tosis, pseudohyperkalemia, perinatal ascites, and even 
hydrops fetalis, have been described in the fetal and 
newborn period.1592,1593,1599,1618,1619 Genetic studies of 
patients with this constellation of disorders also show 
linkage to 16q23-q24.1592 The mechanism of ascites in 
these patients is unclear and appears to be unrelated to 
anemia or hypoalbuminemia. There is one report of neo-
natal hepatitis in a patient,1623 but it seems unlikely that 
hepatitis would have been missed in others. Although 
treatments such as fetal transfusion and fetal albumin 

infusion have been described, the effi cacy of these inter-
ventions is diffi cult to assess because of the apparent high 
rate of self-resolution of symptoms in late gestation and 
the early neonatal period in these patients.1619,1651,1652

Familial Pseudohyperkalemia. Of note, Stewart and 
co-workers1596,1597 reported a family with a dominantly 
inherited disorder characterized by loss of erythrocyte K+ 
through passive K+ leak across the red cell membrane 
that is exaggerated in the cold. Electrolyte analysis of 
plasma obtained from blood samples stored for just a few 
hours at room temperature or below may falsely suggest 
that affected individuals are hyperkalemic. Familial pseu-
dohyperkalemia is symptomless, and affected patients do 
not experience hemolysis or anemia. Therefore, the key 
clinical importance of this disorder is that these patients 
are not truly hyperkalemic and have a normal electrocar-
diogram. These patients are at risk of mistakenly receiv-
ing hyperkalemic therapy and developing severe 
hypokalemia. The disorder resembles cryohydrocytosis 
(see later), except that K+ loss and dehydration predomi-
nate instead of Na+ gain and cryohemolysis. Studies of 
patients with hereditary stomatocytosis and particularly 
those with xerocytosis have shown that many of these 
variants also cause pseudohyperkalemia.1591,1592,1594,1595,1653 
Further evidence of overlap between these syndromes is 
that some forms of familial pseudohyperkalemia are 
linked to the xerocytosis locus at 16q23-q24.1592,1594,1642

Clinical and Laboratory Features

In all families with hereditary xerocytosis that have been 
studied, inheritance is autosomal dominant. Red cell 
features used for diagnosis include an increased MCHC, 
increased MCV, and decreased OF (i.e., resistance to 
osmotic lysis). The combination of an elevated MCV and 
MCHC is unique and suggests the diagnosis of heredi-
tary xerocytosis. Hereditary xerocytes appear to be mac-
rocytic despite their dehydration. This, however, is 
partially an artifact of cellular stiffness. In Coulter-type 
electronic counters, conversion of pulse height (from the 
resistance of a cell passing through an electric fi eld) to 
cellular volume depends on cell shape. Xerocytes do not 
deform to the same degree as normal cells do, which 
causes the electronically measured MCV to be about 
10% too high.1654 This behavior also affects the hemato-
crit value, which is calculated from the MCV. Most 
patients have compensated hemolysis with little or no 
anemia.

Most patients also have nearly normal erythrocyte 
morphology, with only a few target cells and an occa-
sional echinocyte or stomatocyte (see Fig. 15-55C). 
However, in the most severely affected patients,1604 par-
ticularly after splenectomy, blood smears display con-
tracted and spiculated red cells in which the hemoglobin 
appears to be aggregated in one portion of the cell (see 
Fig. 15-55D). The characteristic biochemical abnormali-
ties are a reduced K+ concentration and total monovalent 
cation content. In older erythrocytes, K+ levels approach 



766 HEMOLYTIC ANEMIAS

half-normal.1613 The clinical course is also remarkable for 
iron overload in the absence of transfusions,1655 particu-
larly in patients who are heterozygous for a hemochro-
matosis gene.1622 This often requires treatment.

Red cell 2,3-DPG concentrations are moderately 
decreased in hereditary xerocytosis,992,1604,1606,1607,1656 as in 
hereditary stomatocytosis. The reasons are unknown. 
Because loss of the polyvalent DPG is compensated for 
by an infl ux of monovalent chloride ions and water, 
patients with xerocytosis and unusually low DPG levels 
have fewer dehydrated red cells than expected for the 
degree of cation loss, and in rare cases have no dehy-
drated cells at all.1657 Patients with low DPG levels also 
have increased whole-blood oxygen affi nity and, conse-
quently, may have little apparent anemia.1616,1656 However, 
such patients have relative polycythemia and are more 
anemic than their hemoglobin level suggests. Autohe-
molysis is increased and responds to glucose, similar to 
the pattern seen in HS.992,1606,1611,1615

Treatment

Splenectomy is absolutely contraindicated for hereditary 
xerocytosis. The limited experience available suggests 
that removing the spleen does not signifi cantly reduce 
hemolysis.1604,1605 Presumably, xerocytes are so fun-
ctionally compromised that they are easily detected and 
eliminated in other areas of the reticuloendothelial 
system. Moreover, splenectomy appears to dramatically 
increase the risk for venous thrombosis and venous 
thromboembolism in patients with hereditary xerocyto-
sis.1222,1605,1657 The cause of the hypercoaguable state after 
splenectomy in these patients is not known. Fortunately, 
most patients maintain a hemoglobin level of at least 
9 g/dL, so surgical intervention is not typically 
considered.

Intermediate Syndromes

Hydrocytosis and xerocytosis represent the extremes of 
a spectrum of red cell permeability defects. A number of 
families with features of both conditions have been 
reported. The reported patients seem to fall into two 
groups whose red cells differ principally in morphology, 
OF, and sensitivity to cold.

Cryohydrocytosis

Patients with this autosomal dominant disorder1583-1589 
have a mild hemolytic anemia characterized by 
marked autohemolysis that is greater at 4º C than at 
37º C.1583,1585,1586,1653 The cold autohemolysis is sensitive 
to the method of anticoagulation. It is increased in 
the cold in heparin- or EDTA-anticoagulated plasma and 
in defi brinated plasma but not in acid citrate dex-
trose.1583,1589 This may refl ect unusual pH sensitivity of 
the abnormal red cells because cold hemolysis is accentu-
ated at pH 8 (the pH of blood in the fi rst three antico-
agulants at 4º C) in comparison to pH 7.6 (the pH of 
acid citrate dextrose–anticoagulated plasma at 4º C).1583,1589 

Blood smears show stomatocytes, some of which have an 
eccentric or curvilinear slit or a transverse bar bisecting 
the area of central pallor (see Fig. 15-55B).1583,1653 MCV 
and MCHC are normal or slightly increased; however, 
measurements are diffi cult because as blood samples cool 
for storage, MCV rises rapidly and MCHC falls.1585,1586 
Therefore, red cell measurements in these patients must 
be completed before a blood sample is allowed to cool. 
Fresh erythrocytes are Na+ loaded and K+ depleted. 
Although the total concentration of Na+ and K+ is normal, 
measurements are complicated by the ion shifts that 
occur in storage of the red cells. In the cold, Na+ and K+ 
permeability is markedly increased; however, because 
Na+ entry greatly predominates, the red cells rapidly swell 
and lyse.

The primary molecular lesion of these erythrocytes 
in a subset of patients was recently elucidated. In an 
analysis of 11 families with stomatocytic hemolytic 
anemia defi ned by marked membrane permeability at 
0º C, an associated mutation was found in the intramem-
brane domain of the band 3 (or AE1) anion exchanger 
encoded by the SLC4A1 gene.1587 The mutations in the 
band 3 chloride-bicarbonate exchanger convert the anion 
exchanger into a leaky cation channel.

In two patients with cryohydrocytosis, stomatin was 
defi cient when red cell membrane proteins were ana-
lyzed.1566,1588 The stomatin-defi cient red cells were found 
to be associated with a higher K+ leak than were the 
stomatin-containing red cells in patients with cryohydro-
cytosis.1588 Both of the stomatin-defi cient patients also 
had an associated neurologic syndrome consisting of sei-
zures, mental retardation, cataracts, and hepatospleno-
megaly.1588 Patients who have this constellation of 
symptoms and are defi cient in stomatin are now identifi ed 
as having type II hereditary cryohydrocytosis. All other 
cases of cryohydrocytosis described have had stomatin-
containing red cells and have not had a neurologic syn-
drome.1585,1586 These patients have type I hereditary 
cryohydrocytosis. Thrombotic complications, or hemato-
logic improvement, has not been reported after splenec-
tomy in the case series describing these patients, but very 
few patients with this disorder have been reported.

Stomatocytic Xerocytosis

In 1971, Miller and colleagues1590 described 54 patients 
with dominantly inherited stomatocytosis in a large 
Swiss-German family. Apparent heterozygotes (51 of 54 
patients) had mild hemolysis, 1% to 25% stomatocytes 
on their peripheral blood smears, and no anemia. Intra-
cellular K+ and total monovalent cation levels were mildly 
decreased, and fresh red cells were osmotically resistant. 
Three probable homozygotes from a consanguineous 
mating had mild anemia, moderately severe hemolysis, 
marked stomatocytosis (20% to 35%), and greater cation 
permeability1583,1623; however, because net Na+ and K+ 
levels were relatively balanced, cell hydration was not 
seriously deranged. The molecular defect in this kindred 
is unknown.
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Classifi cation Based on the Temperature 
Dependence of Cation Leaks

Gordon Stewart and colleagues have classifi ed disorders 
of red cell membrane cation permability based on the 
effects of temperature on the cation leak.1582,1586,1592,1658 
The membrane leak is measured by the residual infl ux 
of 86Rb+ (a radioactive substitute for K+) across the red 
cell membrane in the presence of ouabain (to inhibit the 
Na+,K+-ATPase pump) and bumetanide (to inhibit 
the Na+-K+-2Cl− cotransporter). This is a measure of 
the passive permeability of monovalent cations, although 
it does not exclude the contributions of the Gárdos 
channel and the K+-Cl− cotransporter. These transporters 
do not signifi cantly contribute to cation permeability in 
normal red cells but may contribute more signifi cantly in 
pathologic erythrocytes. Nevertheless, the estimate of 
monovalent cation leak is useful in understanding the 
pathophysiology of these permeability disorders and is 
clinically useful in the absence of genetic testing.

Normal red cells have a low leak that falls with tem-
perature, with the minimum reached at approximately 
10º C (Figs. 15-58 and 15-59).1658 The reason for this 
minimum is unknown. The capacity of the Na+,K+ pump 
far exceeds the normal leak rate at physiologic tempera-
tures, but pump activity falls sharply below room tem-
perature and approximates the normal leak at 0º C (see 
Fig. 15-59). The temperature profi le of the passive leak 

varies in each disorder (see Fig. 15-58). In classic, severe 
stomatin-defi cient stomatocytosis, the leak rate, particu-
larly Na+ leak, is extremely high at body temperatures and 
exceeds the capacity of the Na+,K+ pump, which leads to 
cell swelling and hemolysis (see Fig. 15-58A). Stomato-
cytosis patients with milder leaks are better compensated 
by the Na+,K+ pump and experience less hemolysis (see 
Fig. 15-58A).1582 Patients with cryohydrocytosis have a 
similar mild to moderate cation leak at body temperature 
that causes mild to moderate hemolysis. However, in 
cryohydrocytosis, the cation leak increases dramatically 
below ambient temperatures and greatly exceeds the 
capacity of the Na+,K+ pump below 10º C to 15º C, at 
which point it causes severe hemolysis (see Figs. 15-58B 
and 15-59).

Individuals with pseudohyperkalemia typically have 
a nearly normal cation leak at physiologic temperatures 
and therefore little or no hemolysis. The slope of the leak 
is fl atter than normal and sometimes even rises at tem-
peratures below ambient, so K+ loss occurs during storage 
at room temperature (see Fig. 15-58C).

The temperature profi le of the cation leak in heredi-
tary xerocytosis parallels the normal temperature profi le, 
but the leak is threefold to fourfold greater (see Fig. 
15-58D). Although the leak is relatively small, it favors 
K+, which creates a problem because the Na+,K+ pump 
extrudes three Na+ ions for every two K+ ions returned. 
Hence, the red cell cannot compensate for leaks of K+

out 
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Drugs. In a prospective study of 4291 peripheral 
blood smears, Davidson and co-workers1663 found 
increased numbers of stomatocytes in 2.3% of the prepa-
rations. Fifty-nine percent of these smears had 5% to 
20% stomatocytes, 35% had 20% to 50% stomatocytes, 
and 6% had more than 50% stomatocytes. In this and 
other studies, a wide variety of drugs and diagnoses were 
associated with stomatocytosis.389,1590,1663-1665 Further 
studies are needed to determine which associations are 
specifi c and reproducible. As discussed earlier in the 
chapter in the section on the bilayer couple hypothesis, 
amphophilic, lipid-soluble drugs can cause red cells to 
assume a stomatocytic shape if the drug partitions pref-
erentially into the inner half of the lipid bilayer. The 
affected red cells are misshapen but are not cation loaded 
or hydrocytic and do not usually hemolyze. Vinca alka-
loids (e.g., vincristine and vinblastine), in doses used for 
chemotherapy for leukemias and lymphomas, often 
induce hemolysis, sometimes with increased membrane 
Na+ permeability and stomatocytosis.1666 This is a par-
ticular problem in the rare instances in which these drugs 
must be given to patients with cancer who also have HS. 
We have seen two such patients, and in both cases very 
severe hemolysis occurred. Presumably, the explanation 
is that spherocytes and stomatocytes both have a 
decreased surface-to-volume ratio. Imposing a stomato-
cytic stress on HS red cells will make them even more 
spheroidal and hasten their demise.

Alcoholism. Acquired stomatocytosis is common in 
alcoholics, particularly in those with acute alcoholism, 
and may be associated with moderate hemolysis.1659,1660 
Red cell cation measurements have not been reported; 
however, severe hydrocytosis is unlikely because the 
results of OF tests have been normal.1660

Long-Distance Runners. Some marathon and long-
distance runners develop mild stomatocytosis transiently 
after completing a race1666,1667 (e.g., 12.8% ± 1.8% sto-
matocytes immediately after a race versus a baseline of 
4.3% ± 1.8%).1667

Rhnull and Rhmod Disease

The Rh(D) antigen and other antigens of the Rh group 
(cCeE) are part of two minor red cell membrane proteins 
encoded by two closely linked genes, one encoding the 
D polypeptide and the other encoding the Cc/Ee pro-
teins. The antigenic expression of these proteins is a con-
sequence of alternative splicing of their pre-mRNA.389,1668 
Patients who lack all Rh antigens (Rhnull)1669 have a mod-
erately severe hemolytic anemia (51Cr-labeled red cell 
half-life of 10 to 14 days)396,1670-1672 characterized by 
stomatocytosis and spherocytosis. OF is only mildly 
increased,396,1672 but ektacytometric analysis shows sig-
nifi cant loss of membrane surface, particularly in denser 
(and presumably older) cells.396 Red cell membrane K+ 
permeability is about twice normal, which is compatible 
with a mild xerocytosis syndrome.396,1673 Stomatocytosis 
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relative to Na+
in that exceed the normal 2 : 3 ratio. There-

fore, the pump exacerbates the loss of intracellular cations 
and water and probably contributes to the dehydration 
of xerocytes.

Other Disorders Characterized 
by Stomatocytosis

Acquired Stomatocytosis

In normal individuals, 3% or less of the red cells on 
peripheral blood smears are stomatocytic,1659,1660 although 
more stomatocytic forms are evident (up to 10%) if sen-
sitive techniques such as scanning electron microscopy 
are used.1661 Because stomatocytes may occasionally 
occur as a drying artifact in limited areas of the smear, 
one must take care to examine multiple areas on several 
smears before diagnosing stomatocytosis. In wet prepara-
tions, stomatocytes are bowl shaped (uniconcave). Such 
preparations are useful in excluding artifactual stomato-
cytes, but the presence of bowl-shaped cells cannot be 
used as proof of stomatocytes because target cells are also 
bowl shaped in solution.1662
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and hemolysis are also features of Rhmod disease, a related 
anomaly in which expression of Rh antigens is suppressed 
but not absent because of the infl uence of a suppressor 
gene.1674,1675

Tangier Disease

Tangier disease, caused by mutations in the gene encod-
ing ATP-binding cassette 1 (ABCA1), is a rare autosomal 
recessive condition in which homozygotes have spleno-
megaly, absent or very low levels of high density lipopro-
teins (HDL), reduced levels of low-density lipoproteins 
(LDL) (typically 40% of normal), hypertriglyceridemia, 
mild corneal clouding, peripheral neuropathy, bone 
marrow foam cells (70% of patients), and characteristic 
orange, cholesterol ester–laden tonsils.1676 ABCA1 is a 
major determinant of plasma HDL cholesterol and is 
critically involved in cellular traffi cking of cholesterol and 
choline phospholipids. ABCA1 mediates the fi rst step in 
reverse cholesterol transport, the transfer of cholesterol 
and phospholipids to lipid-poor apoproteins.1677,1678 Cho-
lesterol ester levels are greatly elevated in tissue macro-
phages in Tangier disease because of the lack of HDL, 
which normally return cholesterol esters to the liver. The 
HDL defi ciency is caused by hypercatabolism of the lipo-
protein. Normally, HDL binds to specifi c receptors on 
macrophages, is internalized (presumably to load up on 
cholesterol esters), and then recycles to the membrane 
surface. In Tangier disease, HDL is misrouted to macro-
phage lysosomes and destroyed.

Hematologic examination of one patient with Tangier 
disease disclosed stomatocytosis, hemolysis (hemoglobin 
concentration of 8.5 g/dL; reticulocyte count of 6% to 
9%), and osmotically sensitive red cells.1679 The mem-
brane cholesterol level was low, the cholesterol-to-
phospholipid ratio was decreased, and phospholipid 
analysis showed high phosphatidyl choline and low sphin-
gomyelin levels. Red cell cation concentrations and per-
meabilities were not investigated. Because hematologic 
data have rarely been reported in patients with Tangier 
disease, it is diffi cult to be certain that this patient’s data 
are not exceptional. However, previous reports of unex-
plained hemolysis in three patients suggest that they are 
not.1680-1682

Mediterranean Stomatocytosis

Multiple independent observations were made more 
than 30 years ago that stomatocytosis was common 
among Mediterranean individuals who migrated to Aus-
tralia.1683-1686 Clinically, these individuals had mild to 
moderate hemolytic anemia, normal red cell cations, and 
normal OF. In addition, they had macrothrombocytope-
nia (40,000 to 150,000 platelets 3 μm3 to 120 μm3 in 
size) and splenomegaly. In 1975, a study of healthy Medi-
terranean immigrants confi rmed this fi nding, with 36% 
of individuals having more than 5% stomatocytes but no 
anemia.1687 The hematologic fi ndings of Mediterranean 
stomatocytosis have recently been linked to a rare inher-
ited metabolic condition, phytosterolemia, in which 

absorption of all sterols, including both cholesterol and 
phytosterols, is massively increased.1688 Phytosterolemia 
is caused by mutations in either ABCG5 or ABCG8, 
adjacent to chromosome 2p21.1689,1690 The protein 
product of these genes normally forms a dimeric ATP-
binding cassette protein in the enteric mucosa that aids 
in rejecting sterols into the gut. A recent study demon-
strated that fi ve pedigrees with Mediterranean stomato-
cytosis also had phytosterolemia with the typical mutations 
linked to this disease.1688 Thus, the stomatocytosis and 
macrothrombocytopenia may be due to toxic effects from 
circulating sterols. In light of these fi ndings, phytosterol-
emia should be considered in any patient found to have 
stomatocytic hemolysis or large platelets, or both.

Other Disorders Characterized 
by Xerocytosis

Adenosine Triphosphate Depletion

When red cell ATP concentrations decrease to less than 
5% to 15% of normal, the cells leak cations and become 
rigid and echinocytic.1691 In plasma or other Ca2+-
containing media, a specifi c K+ permeability lesion (the 
Gárdos channel) is superimposed on the unchecked 
normal leak of Na+ and K+ and leads to cation deple -
tion and dehydration.1692 Coincidentally, poorly 
defi ned changes occur in the membrane skeletal 
structure.1693,1694

Presumably, these phenomena are involved in the 
hemolysis that occurs in inherited defects of glycolysis 
such as PK defi ciency. Studies by Nathan and co-
workers,1695 Mentzer and Baehner,1696 and Glader1697 
showed that PK-defi cient red cells rapidly lose ATP and 
K+ and become dehydrated, spiculated, and viscous when 
incubated in vitro, particularly under conditions in which 
residual mitochondrial production of ATP is curtailed. 
Contracted, crenated red cells are observed in PK defi -
ciency,1698,1699 as well as other disorders of red cell gly-
colysis. These “defl ated echinocytes” are more rigid than 
normal1700 and are relatively scarce in unsplenectomized 
patients,1698,1699 which implies that they are premorbid 
cells given temporary reprieve by removal of the spleen.

Little is known about the status of membrane pro-
teins in red cells with compromised ATP production.1692 
Small amounts of disulfi de-linked spectrin complexes and 
marked diminution of spectrin extractability were detected 
in a patient with glucose phosphate isomerase defi -
ciency,1701 which suggests that membrane protein damage 
may be pathologically relevant in these disorders.

Irreversibly Sickled Cells

Irreversibly sickled cells are circulating erythrocytes from 
patients with sickle cell anemia that retain a sickled shape 
when oxygenated because of an acquired defect in the 
membrane skeleton.1702 Biochemically, irreversibly sickled 
cells are defi cient in total monovalent cations and 
water.1703 The mechanism of their formation and the 
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nature of the acquired membrane defects responsible 
for their abnormal shape, cation content, and surface 
topography are discussed in Chapter 19.

OTHER CAUSES OF DECREASED 
ERYTHROCYTE MEMBRANE SURFACE AREA

Excluding hereditary spherocytosis, only a few condi-
tions cause decreased membrane surface area leading to 
spherocytosis on the peripheral blood smear.

Immune Adherence

Immunohemolytic anemias are the most common cause 
of acquired spherocytosis in infants and children: AB(H)-
related hemolysis in neonates and warm antibody–type 
autoimmune (or drug-related) hemolytic anemias in 
older children and adults. (For unknown reasons, Rh-
related hemolysis in neonates rarely causes spherocytosis, 
whereas it does so readily later in life.) Patients who 
suffer from severe transfusion reactions with immunohe-
molysis may also have spherocytes on their peripheral 
blood smears. The pathophysiology of these disorders is 
discussed in Chapter 14.

Thermal Injury

More than 140 years ago, Schultze1704 observed that 
membrane budding, fragmentation, and microspherocy-
tosis developed in red cells heated to temperatures 
approaching 50º C for short periods. This phenomenon 
was further defi ned by the careful studies of Ham and 
co-workers and others1416-1418 and is now believed to be 
due to heat denaturation of spectrin or other membrane 
proteins.1419 Similar changes are observed acutely in 
patients with major cutaneous burns, presumably because 
of exposure of red cells in the skin and subcutaneous 
tissue to heat. During the fi rst 24 to 48 hours after the 
burn, intravascular hemolysis develops, which is associ-
ated with red cell fragmentation and sphero cytosis.1705,1706 
The severity of the reaction is related to the extent and 
degree of the burn. Generally, hemolysis is evident in 
patients with third-degree burns involving 15% to 20% 
or more of body surface area.1705,1707 In severely burned 
patients, up to 30% of the red cell mass may be destroyed. 
This acute hemolytic process is usually complete by the 
third day after the burn and is followed by a persistent 
anemia resembling “anemia of chronic disease” seen in 
various disorders and described in Chapter 12.1708,1709 An 
unusual variant of red cell thermal injury has been 
reported after the infusion of red cells that were inadver-
tently overheated in a blood warmer.1710,1711

Mechanical Injury

Hemolysis can be caused by direct physical trauma to the 
red cell membrane. This occurs in a variety of disorders, 

which are grouped under the terms microangiopathic 
and macroangiopathic hemolytic anemias. Membrane 
damage leading to intravascular hemolysis is apparently 
infl icted by the interaction of red cells (fl owing at arterial 
speed) with prosthetic materials, damaged endothelial 
surfaces, or intravascular fi brin strands.1712-1714 Dense 
microspherocytes are almost always produced by this 
process, but usually bizarre-shaped schizocytes and 
red cell fragments dominate the morphology. How such 
cells form is still not completely clear because simple 
fragmentation of red cells generates spherocytes but not 
schizocytes. Perhaps red cells draped over fi brin strands 
or attached to abnormal surfaces not only are distorted 
by shear but also are held in the distorted position for 
some time, thereby permitting rearrangement of the 
stressed membrane skeleton and assumption of a new, 
irreversibly misshapen form. This concept is strength-
ened by the observation that fragmentation is worsened 
by the presence of underlying membrane skeletal 
weakness.1362

Hypophosphatemia

Red cell glucose metabolism is compromised in patients 
with severe hypophosphatemia (serum phosphorus level 
< 0.3 mg/dL).1715,1716 ATP and DPG levels decline and 
the oxygen affi nity of hemoglobin increases.1717,1718 If the 
red cell ATP concentration falls to very low levels (10% 
to 20% of normal), a severe hemolytic anemia character-
ized by marked microspherocytosis, spheroacanthocyto-
sis, and red cell rigidity results.1715,1719 The hemolysis is 
reversible after phosphate repletion and ATP regenera-
tion. Severe hypophosphatemia can occur with gastro-
intestinal malabsorption, use of phosphate binders, 
starvation, diabetes mellitus, and increased urinary losses 
as a result of tubular dysfunction, as well as after nutri-
tional repletion (e.g., refeeding of patients with anorexia 
nervosa1720 or severe malnutrition1721).

Toxins and Venoms

Clostridial Sepsis

Clostridium welchii and Clostridium perfringens septicemias 
are seen in a variety of clinical situations but must particu-
larly be considered in patients with penetrating wounds, 
septic abortions, peritonitis after a perforated viscus, or 
cholecystitis or cholangitis; in immunosuppressed patients 
with gastrointestinal or hematologic malignancies; and 
in neonates with necrotizing enterocolitis.1722-1737 In 
patients with clostridial sepsis, severe, rapidly progressive 
intravascular hemolysis and microspherocytosis may 
occur.1722,1723,1730,1736,1737 Hemolysis of the entire red cell 
mass has been reported.1722,1729,1732,1738-1740 Complications 
include shock, acute renal failure, and death. Transfusion 
therapy may be ineffective. Antibiotics and hyperbaric 
oxygen have occasionally been used successfully to treat 
clostridial infections.1726,1731,1732
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The mechanism of red cell damage is uncertain and 
may vary between patients. The bacteria produce several 
hemolytic toxins, including α-toxin, a 43-kd protein that 
contains an NH2-terminal phospholipase domain and a 
COOH-terminal domain required for hemolysis,1731,1741,1742 
and θ-toxin, a 54-kd cholesterol-binding protein1743-1746 
that aggregates and forms membrane pores1744,1747 leading 
to colloid osmotic hemolysis. α-Toxin appears to induce 
hemolysis through activation of sphingomyelin metabo-
lism.1748 C. perfringens also contains a neuraminidase that 
cleaves terminal sialic acids from red cell glycoproteins 
in some patients.1749 The underlying galactose residues 
form the Thomsen-Friedenreich cryptoantigen (or T 
antigen). This antigen is easily detected because affected 
erythrocytes are agglutinated by peanut lectin.1725 Because 
anti-T antibodies are present in almost all adult plasma, 
activation of T antigen can lead to signifi cant hemoly-
sis.1730,1731,1733,1750 In infected infants and children who 
lack T antibodies, transfusion may lead to massive hemo-
lysis and death. Rarely, T-antigen activation may precede 
the intravascular hemolysis and lead to early detection 
of clostridial sepsis and lifesaving therapeutic 
intervention.1725

In one patient with severe hemolysis, red cells showed 
profound proteolytic damage to membrane proteins, par-
ticularly spectrin, and no signifi cant lipid alterations.1751

Venoms

The venoms of cobras and certain vipers and rattlesnakes 
may produce severe hemolysis and spherocytosis.1752-1756 
Spherocytic hemolytic anemia may also be seen in patients 
bitten by the common brown spiders (Loxosceles reclusus 
and Loxosceles lata) of South America and the central and 
southern sections of the United States1757,1758 and in indi-
viduals with massive numbers of stings by honeybees, 
wasps, or yellow jackets.1758-1761 Hemolysis in a child 
stung by a Portuguese man-of-war jellyfi sh has also been 
reported.1762

A full description of the numerous toxins in these 
venoms and their mechanisms of action is beyond 
the scope of this chapter. In general, the mechanisms 
of hemolysis after envenomation are not fully under-
stood. The venoms of snakes and insects often contain 
phospholipases (particularly phospholipase A2)1763 and 
protein toxins that enhance their action. Examples of 
toxins include the mastoparans of wasp and hornet 
venoms1764-1766 and melittin, a polypeptide contained in 
honeybee (Apis mellifera) venom17678-1770 that immobilizes 
and clusters erythrocyte band 3 and thereby produces 
protein-free areas of the lipid bilayer that are susceptible 
to phospholipase action.1769

Hemolysis after brown recluse spider bites is charac-
teristically delayed 1 to 5 days and is caused by a different 
mechanism.1771 In affected patients, a transient, sphero-
cytic, hemolytic anemia develops and produces positive 
Coombs test results1772-1775 with erythrophagocytosis and 
deposition of IgG and C3 on the red cell surface. Venom 
from the brown recluse spider induces activation of an 

endogenous metalloproteinase that results in cleavage of 
glycophorin from the erythrocyte membrane, which facil-
itates the complement-mediated hemolysis.1776-1778 The 
hemolysis usually subsides within a week, but it may be 
fatal.1771,1779,1780 Complement appears to play a critical 
role because complement-defi cient guinea pigs are resis-
tant to the venom.1781 The glycoprotein CD59 may play 
a previously unrecognized role in protection of the mem-
brane from venom-induced injury.1782 The venom also 
contains a phospholipase D that may contribute to the 
hemolysis.1783

Except for spider bites, which may be clinically 
deceptive initially, the potential for a hemolytic catastro-
phe should be obvious in patients who have been bitten 
or stung.1771 An early sign of impending hemolysis may 
be a rapid rise in the serum K+ level caused by prelytic 
leakage of this ion from the red cells. Once hemolysis is 
established, therapy other than transfusions is usually of 
little use. In patients with snake bites, localization or 
drainage of the venom and prompt administration of 
antivenom can be lifesaving.

Hypersplenism

Occasionally, transient hemolysis associated with sphero-
cytosis and splenic sequestration of red cells develops 
in patients with infections associated with splenomeg-
aly.1784-1786 In some instances this may be attributed to 
latent red cell defects such as HS, but in others, no red 
cell abnormalities can be identifi ed. Typically, the latter 
patients have subacute infections with persistent fever, 
splenomegaly, and numerous cells of lymphocytic or 
reticuloendothelial derivation (atypical lymphocytes, 
monocytes, histiocytes, or plasma cells) in their periph-
eral blood. Only a minor population of the red cells (10% 
to 50%) are spherical on peripheral blood smears or 
unincubated OF tests. Conceivably, the combination of 
delayed splenic passage caused by splenomegaly and 
pyrogenic stimulation of the reticuloendothelial system is 
suffi cient to permit detention and conditioning of even 
normal red cells—a form of hypersplenism.

DISORDERS ASSOCIATED WITH INCREASED 
MEMBRANE SURFACE: TARGET CELLS

Red cells increase their surface area by an increase in 
membrane lipids. In dried smears the excess surface 
accumulates and bulges outward in the red cell’s central 
clearing, thereby producing the characteristic target cell 
morphology. Target cells are also seen when red cell 
volume is diminished as a result of decreased hemoglobin 
synthesis (e.g., thalassemia or iron defi ciency), abnormal 
hemoglobin charge or aggregation (e.g., hemoglobins S, 
C, D, and E), or decreased cell cations and water. In these 
instances there is a relative increase in the surface-to-
volume ratio. With the exception of dehydrated red cells, 
an increase in membrane surface, whether relative or 
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absolute, has little effect on red cell deformability or life 
span and hence is usually innocuous.

Obstructive Liver Disease

Target cells are particularly characteristic of biliary 
obstruction1662,1787 but also occur in other forms of liver 
disease. Like spur cells (see later), they form when red 
cells accumulate excess lipids from abnormal lipopro-
teins. However, unlike spur cells, target cells are charac-
terized by a balanced increase in both free cholesterol 
and phospholipids.1788-1790 The increase in phospholipid 
is confi ned to phosphatidyl choline (PC).1788

The pathogenesis of the lipid accumulation in target 
cells is relatively clear. The process is extracorpuscular 
and reversible and is due to an abnormal serum compo-
nent. Normal cells acquire target cell surface area, mor-
phologic characteristics, and osmotic resistance when 
transfused into patients with obstructive jaundice or incu-
bated in the patients’ serum, whereas target cells from 
such patients lose the patients’ excess lipids and revert to 
biconcave discs in normal persons or their sera.1787 Cooper 
and co-workers1788 found a close relationship between the 
cholesterol-to-phospholipid ratios of target cells and 
serum lipoproteins, particularly low density lipoproteins 
(LDL). It is known that in obstructive jaundice a unique, 
abnormal lipoprotein called LP-X accumulates in the 
LDL density class,1791,1792 possibly caused, at least in part, 
by an acquired defi ciency of the hepatic enzyme LCAT. 
LP-X contains approximately equal amounts of free cho-
lesterol and PC, plus a small amount of protein, choles-
terol esters, triglycerides, and lithocholic acid.1792 Normal 
red cells rapidly acquire excess cholesterol, PC, and 
surface area when incubated with LP-X in vitro,1790 and it 
seems likely that this may be the source of lipids for mem-
brane expansion and targeting in vivo.

Familial Lecithin-Cholesterol 
Acyltransferase Defi ciency

Familial LCAT defi ciency is a rare autosomal recessive 
disorder characterized by anemia, corneal opacities, 
hyperlipemia, proteinuria, chronic nephritis, and prema-
ture atherosclerosis.1793 More extensive description of 
familial LCAT defi ciency can be found in a recent 
review.1794 LCAT defi ciency is relatively asymptomatic 
during childhood. Proteinuria and corneal opacities are 
among the earliest manifestations. The latter consist of 
minute grayish dots that concentrate near the edge of the 
cornea, similar to arcus senilis. Almost all of the reported 
patients have had a moderate normochromic anemia 
(hemoglobin level of 8 to 11 g/dL) characterized by 
prominent target cell formation and decreased osmotic 
fragility.1795-1798 Hematologic studies suggest that the 
anemia is due to a combination of moderate hemolysis 
and decreased erythropoietic compensation, but inter-
pretation of the evidence is complicated by the coexisting 
renal disease. Other studies have shown that the red cells 

are abnormally susceptible to peroxidative threat and 
have mechanically fragile membranes.1796 There is no 
obvious explanation for these changes, but it is possible 
that they contribute to the shortened red cell life span. 
LCAT defi ciency is caused by a variety of mutations in 
the LCAT gene; affected individuals are either homozy-
gotes or compound heterozygotes for these muta-
tions.1799,1800 Modeling of the mutations has provided 
insight into the structure and function of LCAT.1801 As 
expected from the absence of LCAT activity, there is a 
pronounced decrease in cholesteryl esters and an increase 
in free cholesterol and PC in plasma lipoproteins. Because 
LCAT is required for normal lipoprotein formation and 
catabolism, nascent lipoproteins and abnormal lipopro-
tein remnants accumulate in plasma. One of the latter is 
LP-X.1802 As discussed in the previous section, this lipo-
protein is believed to be responsible for target cell forma-
tion in patients with the acquired LCAT defi ciency of 
obstructive liver disease.1790 Free cholesterol and PC 
levels are markedly elevated in the red cell membranes 
of patients with LCAT defi ciency1793; however, total red 
cell phospholipid levels are normal because the increase 
in PC is balanced by a decrease in PE and SM. As with 
liver disease, red cell targeting and lipid abnormalities 
can be induced by incubation of normal red cells in 
LCAT-defi cient lipoproteins and reversed by incubation 
in normal serum.1803 Other plasma membranes are also 
probably affected by the abnormal LCAT-defi cient lipo-
proteins. For example, accumulations of lipid in endo-
thelial membranes may underlie the atherosclerotic and 
nephritic complications seen in some patients. Phagocy-
tosis of abnormal lipoproteins by reticuloendothelial cells 
leads to the appearance of foam cells and sea-blue his-
tiocytes in the bone marrow, spleen, and other 
organs.1795,1804 Serum and red cell lipids are improved in 
vivo when LCAT is supplied by infusion of normal 
plasma; however, the short half-life of this protein, 4 to 
5 days, and the large amounts of plasma required make 
chronic replacement therapy impractical.

Fish Eye Disease

Fish eye disease is caused by partial defi ciency of LCAT 
and is also associated with mutations in the LCAT 
gene.1793,1799 It is characterized by corneal opacities (which 
give the disease its name), hypertriglyceridemia, and very 
low levels of HDLs. One report noted increased target 
cells and decreased OF.1805

Splenectomy

In the fi rst several weeks after splenectomy, the number 
of target cells gradually increases,1662,1806-1808 eventually 
(in otherwise normal persons) reaching levels of 2% to 
10%. This change is associated with increases in osmotic 
resistance, membrane lipid content, and mean surface 
area relative to volume, indicative of expansion of the red 
cell membrane surface. By deduction, the spleen must 
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normally remove surplus membrane from such cells, a 
process referred to as “surface remodeling.”1809,1810 Experi-
mental studies have clearly documented that the stress 
reticulocytes induced by acute blood loss or hemolysis 
undergo extensive surface remodeling and suggest that 
normal reticulocytes are remodeled to a lesser degree. In 
addition to membrane lipids, transferrin receptors, fi bro-
nectin receptors, and a high-molecular-weight membrane 
protein complex1811 are also removed during the remod-
eling process. Autophagocytosis and expulsion of pha-
golysosomes are hypothesized to be the major mechanism 
of the remodeling.751 Postsplenectomy blood smears also 
show increased numbers of acanthocytes, poikilocytes, 
and red cells burdened with useless or potentially harmful 
inclusions (e.g., Heinz bodies, Howell-Jolly bodies, sid-
erotic granules, and endocytic vesicles).1267,1268,1812,1813 
The presence of these inclusions attests to the “culling” 
and “pitting” functions of the spleen.1813

SPICULATED RED CELLS: ECHINOCYTES 
AND ACANTHOCYTES

There are two basic types of spiculated red cells—echi-
nocytes and acanthocytes. Echinocytes typically have a 
serrated outline with small, uniform projections more or 
less spread evenly over the circumference of the cell, 
whereas acanthocytes have a few spicules of varying size 
that project irregularly from the red cell surface. These 
differences are easily detected on scanning electron 
micrographs and can usually be discerned in wet prepa-
rations, but it is often quite diffi cult to make the distinc-
tion in dried smears. In general, echinocytes appear 
crenated in smears, that is, as cells with relatively uniform 
scalloped edges, whereas acanthocytes appear contracted, 
dense, and irregular (Fig. 15-60).

Echinocytes are readily produced in vitro by washing 
red cells in saline,1814 by the interaction of red cells with 
glass surfaces,1814 by amphipathic molecules that parti-
tion into and expand the outer half of the lipid bilayer,1815 
and by molecules that inhibit band 3 transport.1815 High 
pH values, ATP depletion, and accumulation of Ca2+ also 
cause echinocytosis.1816-1819 In vivo, echinocytes are most 

often found in patients with advanced uremia1819 or with 
defects in glycolytic metabolism,1698 after splenectomy,1814 
and in some patients with microangiopathic hemolytic 
anemia. Echinocytes are also commonly seen in neo-
nates, especially those who are premature,1820 and in 
divers after decompression from pressures greater than 
3 to 4 bar.1821 They are seen transiently after transfusions 
with large amounts of stored blood because red cells 
become echinocytic after a few days of storage. Acantho-
cytes and echinocytes may be found in patients with 
neuroacanthocytosis,1822,1823 severe hepatocellular 
damage,1824 infantile pyknocytosis,1825 anorexia 
nervosa,1826,1827 In(Lu) blood groups,1828 and hypothy-
roidism.1829 Occasionally, they are the predominant mor-
phologic feature in patients with myelodysplasia.1830,1831

Neuroacanthocytosis

Neuroacanthocytosis refers to a group of diseases in 
which neurologic changes are found in the setting of 
acanthocytes in the peripheral blood smear. More infor-
mation about this group of disorders has recently been 
described and summarized.1832 In some cases of neuro-
acanthocytosis, acanthocytes are not detected in the 
peripheral smear. However, because routine genetic 
testing and classic laboratory fi ndings are not available 
for most of these disorders, detection of acanthocytes is 
one of the hallmarks of clinical diagnosis. The most sensi-
tive and specifi c method for measuring acanthocytes is 
the use of isotonically diluted blood combined with an 
unfi xed wet blood preparation, with the normal range of 
less than 6.3% acanthocytes in the total erythrocytes.1833 
The mechanism of acanthocyte formation in the neuro-
acanthocytoses is unknown. However, abnormalities in 
band 3 have been implicated and are supported by pre-
liminary data.1834,1835 The subsets of neuroacanthocytoses 
are abetalipoproteinemia, McLeod’s syndrome, chorea-
acanthocytosis, Huntington’s disease–like 2, and panto-
thenate kinase–associated neurodegeneration.

Abetalipoproteinemia

Abetalipoproteinemia (Bassen-Kornzweig syndrome) 
is the paradigm of the disorders associated with acantho-
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FIGURE 15-60. Morphology of echinocytes and acanthocytes. A, Scanning electron micrograph of a spherical echinocyte. B, Peripheral blood 
smear of echinocytes in a splenectomized patient with pyruvate kinase defi ciency. C, Scanning electron micrograph of an acanthocyte. D, Peripheral 
smear of acanthocytes in a patient with hepatitis and spur cell anemia.
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cytosis.1822,1837 Progressive ataxic neurologic disease, reti-
nitis pigmentosa, fat malabsorption, and acanthocytosis 
are the primary manifestations of this disorder.1837 Failure 
to synthesize or secrete serum apolipoprotein B–contain-
ing lipoproteins causes defective intestinal absorption of 
lipids and extremely low serum cholesterol and triglyc-
eride levels. Because of defi cient absorption of fat-soluble 
vitamin E, severe, but often reversible neurologic prob-
lems such as spinocerebellar degenerative ataxic disorder 
with peripheral neuropathy and retinitis pigmentosa 
leading to blindness develop in individuals with abetali-
poproteinemia.1838,1839 Some studies have demonstrated 
delay or prevention of neurologic manifestations with 
chronic administration of vitamin E.1838,1839

This rare disease is caused by various mutations in 
the gene encoding microsomal triglyceride transfer 
protein (MTP), which catalyzes the transport of triglyc-
eride, cholesterol ester, and phospholipid from phospho-
lipid surfaces.1840-1842 MTP forms a heterodimer with a 
multifunctional protein called disulfi de isomerase, which 
is located in the lumen of hepatic microsomes and intes-
tinal epithelia, the sites of lipoprotein synthesis.1842-1844 
Disulfi de isomerase is the only tissue-specifi c compo-
nent, other than apolipoprotein B, required for secretion 
of apolipoprotein B–containing lipoproteins.1845

Related entities (hypobetalipoproteinemia, normotri-
glyceridemic abetalipoproteinemia, and chylomicron 
retention disease) exist and are associated with partial 
production of apolipoprotein B–containing lipoproteins 
or with secretion of lipoproteins containing truncated 
forms of apolipoprotein B.1021 Patients with these diseases 
may also manifest acanthocytosis and neurologic disease, 
depending on the severity of the lipoprotein defect. The 
majority of patients with heterozygous hypobetalipopro-
teinemia do not have acanthocytosis.

Characteristically, 50% to 90% of the red cells are 
acanthocytes in abetalipoproteinemia.1846 The shape 
defect is not evident in nucleated red cells or reticulocytes 
and worsens as the erythrocytes age. Membrane protein 
composition is normal, but membrane lipid composition 
is not. The PC concentration is decreased by about 20%, 
and the amount of SM is correspondingly increased. The 
cholesterol-to-phospholipid ratio is normal to mildly ele-
vated.1847-1849 These changes refl ect abnormalities in the 
distribution of plasma phospholipids and a decrease in 
LCAT activity.1850 The relative increases in cholesterol 
and SM concentration both decrease lipid fl uidity,1848 
particularly in the outer half of the bilayer,1851 and pre-
sumably contribute to the acanthocytic shape. They prob-
ably do so by expanding the outer bilayer relative to the 
inner bilayer because drugs that selectively intercalate 
into the inner bilayer convert acanthocytes to biconcave 
discs.1852 However, this is almost impossible to prove 
because the difference in surface area of the outer bilayers 
of an acanthocyte and a discocyte is less than 1%.

Because of fat malabsorption and the absence of 
LDL, which transports vitamin E,1853 the red cells of 
these patients are markedly defi cient in vitamin E.1854 

Exposure to lipid-soluble oxidants such as H2O2 leads to 
an increase in lipid peroxides, a decrease in phospholip-
ids rich in unsaturated fatty acids such as PE and PS, 
damage to membrane proteins, and hemolysis. Oxidant 
sensitivity can be prevented by treatment with a water-
soluble form of vitamin E (e.g., D-α-tocopherol polyeth-
ylene glycol succinate).1854

Despite increased lipid viscosity and vitamin E defi -
ciency, the hemolysis experienced by these patients is 
mild.1847 This is in striking contrast to spur cell anemia 
(see later), in which hemolysis of similarly shaped cells is 
often quite severe. It has been suggested that the differ-
ence is explained by the fact that the spleen is normal in 
abetalipoproteinemia whereas it is enlarged and con-
gested by portal hypertension in spur cell anemia. It 
remains unclear whether this is a suffi cient explanation.

Chorea-Acanthocytosis Syndrome

This syndrome was fi rst described by Estes and co-
workers.1855,1856 Since then, this autosomal recessive dis-
order has been well characterized as a progressive 
movement disorder consisting of acanthocytosis, myopa-
thy, and cognitive and behavior changes beginning in 
adolescence or adult life (8 to 62 years).1835 The move-
ment disorder is most typically characterized by limb 
chorea, but it can also be manifested as parkinsonism, 
orofacial dyskinesia, lip and tongue biting, involuntary 
vocalizations leading to mutism, seizures, and decreased 
or absent tendon refl exes.1857,1858 The lingual-buccal-facial 
dyskinesia and oral self-mutilation are most characteristic 
of chorea-acanthocytosis. The myopathy causes distal 
muscle wasting and hypotonia, as well as increased cre-
atine phosphokinase. The extent of mental deterioration 
varies but often resembles that of frontal lobe 
syndrome.1859

The mutant protein in chorea-acanthocytosis, 
chorein, encoded by the gene VPS13A on chromosome 
9q21, has been identifi ed and more than 70 different 
mutations have been reported to date.1860-1863 The func-
tion of chorein is unknown, but VPS13A is a member of 
a conserved gene family involved in membrane protein 
traffi cking.1864 Loss of chorein may be diagnostic for this 
disorder because it is not seen in similar disorders such 
as Huntington’s disease or McLeod’s syndrome.1862,1865 
However, routine genetic testing is not available. There-
fore, diagnosis of this disorder is made through radiologic 
and clinical fi ndings, as well as evidence of muscle disease. 
MRI and pathologic examination show atrophy of the 
basal ganglia, particularly the caudate and putamen. In 
some patients, little or no hemolysis occurs; in others, 
acanthocytosis precedes the onset of neurologic symp-
toms.1859 In still others, acanthocytes do not appear until 
late in the disease course.1866 Splenomegaly, probably 
caused by the hemolysis, is noted in some patients.1867 
Elevated levels of creatine phophokinase are found in 
most patients.

Of note, one family has been described with a defect 
near the COOH-terminal end of band 3, Pro868Leu.1868 
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Hematologically, affected individuals of this kindred have 
20% to 25% acanthocytes and mild anemia with reticu-
locytosis. However, this family’s defect seems to be a 
distinct disorder separate from the more typically 
described chorea-acanthocytosis.

McLeod’s Syndrome

McLeod’s syndrome is a multisystemic disorder with 
hematologic, muscular, neurologic, and cardiac manifes-
tations.1869,1870 The McLeod blood group phenotype, fi rst 
discovered in a dental school student named Hugh 
McLeod, is an X-linked anomaly of the Kell blood group 
system in which either red cells, white cells, or both react 
poorly with Kell antisera but behave normally in other 
blood group reactions. Affected cells lack Kx, the product 
of the XK gene, which is a 444–amino acid integral mem-
brane protein precursor of the Kell antigen that has struc-
tural features suggesting a transport protein.1869,1871-1873 As 
expected, Kx is defective in patients with McLeod’s syn-
drome.1869,1874-1878 Male hemizygotes who lack Kx on their 
red cells have variable acanthocytosis (8% to 85%) and 
mild, compensated hemolysis (3% to 7% reticulo-
cytes).1823,1879,1880 Some teardrop erythrocytes and bizarre 
poikilocytes are also present. Female heterozygotes have 
occasional acanthocytes (as expected by the Lyon hypoth-
esis) and very mild hemolysis,1823,1879 although some of 
these women have more severe symptoms.1874

Most patients with McLeod’s syndrome have a sub-
clinical myopathy associated with an elevated creatine 
phosphokinase level.1876,1881,1882 The neuropathy may 
fi rst be manifested as arefl exia and later characterized by 
basal ganglia atrophy causing dystonic or choreiform 
movements, psychiatric symptoms, and cognitive 
changes.1881-1887 These features, combined with acantho-
cytosis, can mimic the chorea-acanthocytosis syndrome 
described in the previous section. However, in contrast 
to chorea-acanthocytosis, cardiac symptoms such as 
dilated cardiomyopathy and arrhythmias also develop in 
most individuals with Mcleod’s syndrome.1876,1887

The XK gene is located less than 500 kb beyond the 
chronic granulomatous disease locus on the short arm of 
the X chromosome (p21.1).1888 Consequently, males with 
deletions encompassing both loci have both chronic 
granulomatous disease and McLeod’s syndrome.1889 It is 
important to recognize patients with McLeod’s syndrome 
because if they receive transfusions, antibodies may 
develop that are compatible only with the McLeod syn-
drome red cells.1890,1891

Huntington’s Disease–Like 2

In 2001, Margolis and colleagues described a pedigree 
with an autosomal dominant, Huntington-like disease 
attributable to CAG/CTG repeats in a novel site.1892 
Huntington’s disease–like 2 has since been characterized 
as a hyperkinetic disorder similar to Huntington’s disease 
that mostly or exclusively affects patients of African 
ancestry. This neuroacanthocytosis typically is manifested 
in the third decade by weight loss, dystonia, rigidity, 

chorea, behavioral changes, and acanthocytosis.1893,1894 
Brain imaging demonstrates marked striatal atrophy and 
moderate cortical atrophy, similar to Huntington’s 
disease. The CTG/CAG trinucleotide repeat expansion 
has been found within a variably spliced exon on the 
junctophilin 3 gene (JPH3) on chromosome 
16q24.3.1895

Pantothenate Kinase–Associated 
Neurodegeneration

This autosomal recessive progressive movement disorder 
is caused by a mutation in the pantothenate kinase gene, 
PANK2, on chromosome 20p13.1896,1897 In the classic 
form of this neuroacanthocytosis, patients are seen within 
the fi rst decade of life with a rapidly progressive motor 
disease leading to loss of ambulation. The atypical and 
intermediate forms occur later in life and progress more 
gradually. Pigmented retinopathy typically develops in 
individuals with an earlier onset of symptoms. In those 
with a later onset, psychiatric and speech disorders also 
tend to develop. The motor disease is characterized by 
rigidity in the lower and, later, the upper extremities. 
Choreic-type movements often coincide with the rigidity. 
Because of the effects on voluntary movement and mus-
cular tone, diffi culty chewing and swallowing also devel-
ops.1898 Ten percent of patients have acanthocytes on the 
peripheral smear.1835

Diagnosis of this disorder is made clinically and 
radiologically. Pallidal abnormalities on brain MRI, 
described as the “ ‘eye of the tiger” sign, consist of 
decreased signal intensity on T2-weighted images, com-
patible with iron deposits, and a small area of hyper-
intensity in the internal segment.18990 All patients with 
this disorder have the “eye of the tiger” sign on brain 
MRI.1900,1901 However, this sign is not specifi c to panto-
thenate kinase–associated neurodegeneration.1900,1902 
Historically, this disease was called Hallervorden-Spatz 
disease, named after Julius Hallervorden and Hugo Spatz, 
who originally described the disorder. In 2001, Zhou and 
co-authors suggested it be renamed pantothenase kinase–
associated neurogeneration to avoid the objection to its 
eponym because Hallervorden and Spatz actively partici-
pated in the euthanasia program in Germany during 
World War II.1897

Vitamin E Defi ciency

Premature infants (<36 weeks’ gestation or weighing 
<2000 g) and children or adults with steatorrhea are 
susceptible to vitamin E defi ciency because of decreased 
absorption of the vitamin.1903-1905 Discussion of this dis-
order in preterm infants is now mostly of historical inter-
est.1906 Infants with this syndrome were fed formulas that 
were very low in vitamin E and very high in polyunsatu-
rated fatty acids. As the interactions among dietary iron, 
polyunsaturated fatty acids, and vitamin E were defi ned, 
infant formulas were altered so that this condition has 
virtually disappeared in most nurseries. However, vitamin 
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E defi ciency may cause a hemolytic anemia in infancy in 
patients with disorders that cause fat malabsorption, such 
as cystic fi brosis, abetalipoproteinemia, or chronic neo-
natal cholestasis.1907-1912 Furthermore, vitamin E defi -
ciency is also seen in individuals with mutations of the 
tocopherol transport protein gene involved in vitamin E 
metabolism.1913,1914

The features of severe vitamin E defi ciency in in -
fants are hemolysis, thrombocytosis, and generalized 
edema.1915-1917 Infants with fat malabsorption may also 
have a rash or other signs of vitamin or protein malnutri-
tion. Peripheral blood smears are often normal but some-
times show variable numbers of irregularly contracted, 
spiculated cells (acanthocytes or pyknocytes) and small 
numbers of spherocytes and fragmented red cells.1908,1916 
The mechanism of hemolysis is uncertain. Vitamin E is 
a lipid-soluble antioxidant, and in its absence, lipid per-
oxidation occurs with damage to the double bonds of 
unsaturated fatty acids. Phospholipids rich in unsatu-
rated acyl chains, such as PE, are particularly suscepti-
ble.1849,1854,1918 However, there is some evidence that 
damage to the sulfhydryl groups of membrane proteins 
may also contribute to the hemolysis.1919 In addition, 
vitamin E has been shown to have a membrane-stabiliz-
ing effect against hemolysis induced by hemin.1920

Anorexia Nervosa

Acanthocytosis is common in many patients with severe 
anorexia nervosa.1826,1827 The cause of the acanthocytosis 
is unknown. In individuals with anorexia, plasma lipid 
and low density lipoprotein (LDL) levels are typically 
normal or slightly decreased. However, even in patients 
with low levels of LDL,1921 acanthocytosis may not be 
due solely to the lipoprotein defi ciency because patients 
with much lower concentrations of LDL (e.g., those 
with hypobetalipoproteinemia) usually have normal 
red cell morphology. Severe starvation or malnutri -
tion from causes other than anorexia nervosa can also 
produce acanthocytosis1922-1924 or target cells and 
hypobetalipoproteinemia.1925

Despite the acanthocytosis, only approximately 20% 
to 30% of these patients experience normocytic ane -
mia.1926-1928 Red cell life span is normal or only slightly 
shortened. Leukopenia and neutropenia are common, 
and mild thrombocytopenia is often seen.1826,1827,1927-1929 
Based on morphology, these cytopenias are due to a 
hypoproliferative bone marrow,1826 and their severity cor-
relates with weight.1930 The hypoplastic marrow is also 
defi cient in fat, which is replaced by an amorphous ground 
substance, perhaps acid mucopolysaccharide.1927,1931

Spur Cell Anemia (Hepatocellular Damage)

The anemia seen in patients with liver disease has a 
complex etiology. Common causes include blood loss, 
hypersplenism, iron defi ciency, folic acid defi ciency, and 
marrow suppression from ingestion of alcohol, hepatitis 

virus infection, and other poorly understood factors.1932,1933 
In addition, in some patients, acquired abnormalities of 
the red cell membrane may contribute to the anemia. 
Two morphologic syndromes are recognized. In one, 
target cells predominate. In the other, a syndrome of 
brisk hemolysis develops in association with acantho-
cytes, or “spur” cells, so-called spur cell anemia (Fig. 
15-61).1824,1933-1950

Typically, target cells are associated with obstructive 
liver disease, and acanthocytes are associated with hepa-
tocellular disease. In practice, the situation is more 
complex. It is not uncommon for both cell morphologies 
to coexist, and some experimental data suggest that they 
are different stages of the same process. For example, 
when the bile duct is ligated in a rat, acanthocytes appear 
within 8 hours, but they convert to target cells if the 
obstruction persists for 7 days or longer.1951,1952 Neverthe-
less, acanthocytes (spur cells) and target cells differ in 
many important respects, and only spur cells are consid-
ered in this section.

Spur cell anemia has most often been described 
in patients with alcoholic cirrhosis.1824,1935-1937,1948,1949 
However, it is also reported in those with cardiac 
cirrhosis,1936 metastatic liver disease,1940 hemochromato-
sis,1939 neonatal hepatitis,1943 cholestasis,1933,1934 Wilson’s 
disease, and severe acute hepatitis. The range of diseases 
in which spur cells are found suggests that it may occur 
in any disease in which damage to hepatocytes is 
severe.

Typically, patients have moderately severe hemolysis 
(hematocrit of 20% to 30%), marked indirect hyperbili-
rubinemia, splenomegaly, and clinical and laboratory 
evidence of severe hepatic dysfunction. By defi nition, 
more than 20% acanthocytes are evident in multiple 
areas on several peripheral blood smears. Morphologi-
cally, the acanthocytes of spur cell anemia are indistin-
guishable from those seen in patients with 
abetalipoproteinemia. In some patients, signifi cant 
numbers of echinocytes and target cells may be present 
and spherocytes may develop, presumably as a result 
of vesiculation. Occasionally, this may cause some 

FIGURE 15-61. Peripheral blood smear from a patient with alcoholic 
cirrhosis and spur cell anemia.
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FIGURE 15-62. Schematic illustration of the pathophysiologic course of acanthocyte (spur cell) and target cell formation in liver disease. (Adapted 
with permission from Walensky LD, Narla M, Lux SE. Disorders of the red cell membrane. In Handin RI, Lux SE, Stossel TP [eds]. Blood: Principles and 
Practice of Hematology, 2nd ed. Philadelphia, JB Lippincott, 2003, pp 1709-1858.)

diagnostic confusion. In our experience, however, many 
of these “spherocytes” have fi ne spicules, evident on close 
examination, which distinguishes them from true 
microspherocytes.

The red cell life span of spur cells is markedly short-
ened because of splenic sequestration,1824,1936,1941,1944 and 
as expected, the hemolysis abates after splenectomy.1944 
Unfortunately, splenectomy is a dangerous and often 
fatal procedure in these very sick patients and is not 
generally recommended.1944 In addition, spur cell anemia 
has been reported in a splenectomized patient.1938 Some 
success has been reported in treating the anemia of these 
patients with phospholipid infusions,1945 fl unarizine,1946 
or a combination of fl unarizine, pentoxifylline, and cho-
lestyramine1953; however, these approaches are still exper-
imental. Cure of the anemia has also been achieved 
through liver transplantation,1954 but the disease recurs if 
the transplant fails.1955

The clinical syndrome of spur cell anemia can be 
produced by at least two different pathogenic mecha-
nisms. In one group, typically consisting of patients with 
alcoholic cirrhosis,1824,1937,1942 the disorder is due to an 
acquired abnormality of red cell lipids. The pathophysiol-
ogy of spurring in these patients has been defi ned and 
reviewed by Cooper and associates1788,1824,1944,1947,1948 and 
is illustrated in Figure 15-62. It occurs in two stages: 
cholesterol loading and splenic remodeling. In the fi rst 
stage, abnormal, cholesterol-laden, apolipoprotein AII–
defi cient lipoproteins, produced by the patient’s diseased 
liver, transfer their excess cholesterol to circulating eryth-
rocytes and increase the membrane cholesterol concen-
tration, the cholesterol-to-phospholipid ratio (Fig. 15-63), 
and membrane surface area.1788,1949 This is an acquired 
process and can be mimicked in vitro by incubation of 

Spur cells

Target cells

12

14 Normal ± 2.50

16

18

20

22

24

R
ed

 c
el

l c
ho

le
st

er
ol

 (
μg

/1
08

 c
el

ls
)

35

Red cell phospholipid (μg/108 cells)

30 40 45 50

FIGURE 15-63. Cholesterol and phospholipid content of target cells 
(blue circles) and spur cells (brown cirdes). Note that target cells tend to 
have a balanced increase in cholesterol and phospholipid whereas spur 
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Cooper RA, Diloy-Puray M, Lando P, Greenverg MS. An analysis of 
lipoproteins, bile acids, and red cell membranes associated with target cells 
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normal red cells in spur cell plasma1824,1944 or in artifi cial 
media containing cholesterol-phospholipid dispersions 
with a cholesterol-to-phospholipid ratio greater than 1.0. 
On scanning electron micrographs, these cholesterol-
laden cells are fl attened and often folded, with an undu-
lating periphery.1948 They appear scalloped or crenated 
on dried smears.1824,1944 In vivo, in the second stage, scal-
loped cells are converted to spur cells by a process of 
splenic conditioning (see Fig. 15-62) Over a period of 1 
to 7 days, membrane lipids and surface area are lost, cel-
lular rigidity increases, presumably because of the decline 
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slight hepatosplenomegaly in the fi rst few days of life. 
Pyknocytosis and hemolytic anemia peak at 3 to 4 weeks 
of age and then decline spontaneously. Clinical severity 
is variable; however, some infants are severely affected 
(hemoglobin level of 4 to 6 g/dL, 15% to 20% reticulo-
cytes, 25% to 50% pyknocytes), and some require 
exchange transfusions. Transfused erythrocytes become 
pyknocytic and survive poorly,1825,1959,1960 indicative of an 
extracorpuscular defect. The syndrome is seen in both 
premature and term infants. The only consistent chemi-
cal abnormality is a mild elevation in serum aspartate 
transaminase (50 to 250 IU). Parents and siblings are 
normal.

The cause of this syndrome has not been clearly 
defi ned, and for unknown reasons, the diagnosis is seldom 
made today. Infants with severe G6PD defi ciency,1961 
neonatal Heinz body hemolytic anemia,1825,1962 vitamin E 
defi ciency,1908,1916 glycolytic enzyme defi ciencies,1698 neo-
natal hepatitis,1943 severe HE,1471 and microangiopathic 
hemolytic anemia may have hemolysis and pyknocytes, 
and infantile pyknocytosis is sometimes misdiagnosed in 
these infants. However, in most of the original case 
reports, evidence is suffi cient to exclude these disorders, 
which suggests that infantile pyknocytosis may be a valid 
entity.1963 The transient nature, mild transaminase eleva-
tion, morphologic features, and extracorpuscular etiology 
suggest a metabolic defect, possibly involving a circulat-
ing oxidant; however, other hypotheses are equally 
tenable.

Uremia

Red cell survival is reduced in patients with advanced 
renal failure.1964-1966 An extracorporeal factor is involved 
because red cells from uremic patients survive normally 
when infused into normal persons whereas normal red 
cells survive poorly in uremic patients.1965 The factor is 
nondialyzable, and some studies suggest that it is para-
thyroid hormone (PTH).1967-1969 PTH levels are elevated 
in renal failure because of hyperphosphatemia and sec-
ondary hyperparathyroidism. PTH levels correlate closely 
with red cell survival and with the erythropoietin doses 
necessary to achieve an adequate hematocrit response in 
patients with chronic renal failure who are undergoing 
dialysis.1969,1970 1,25-Dihydroxycholecalciferol, a vitamin 
D analogue, improves the anemia in patients with renal 
failure and increases sensitivity to erythropoietin.1971 In 
patients found to be resistent to this therapy, parathyroid-
ectomy for secondary hyperparathyroidism with advanced 
renal failure often improves the hemolysis and erythro-
poietin sensitivity.1971,1972 In vitro, relevant levels of PTH 
or its bioactive NH2-terminal peptide augment entry of 
Ca2+ into red cells through a cAMP-independent pathway 
and cause the cells to develop fi lamentous extensions and 
lose membrane surface, presumably by vesiculation.1968 
These effects are largely blocked by the Ca2+ channel 
blocker verapamil. It is possible that they are responsible 
for the increased numbers of echinocytes observed in 

in surface-to-volume ratio, and the cell assumes a typical 
acanthocytic form.1824,1944 Splenectomy prevents both the 
formation of spur cells and their premature destruction; 
however, as noted earlier, it is a high-risk procedure and 
is seldom indicated.

The cholesterol-laden, incipient spur cell is presum-
ably detained and remodeled by the spleen because it is 
less deformable than normal. The molecular explanation 
for this change in deformability is unknown. There is 
evidence that cholesterol affects the function of band 
3.1950 Cholesterol may also infl uence band 3 oligomeriza-
tion or its interaction with other membrane proteins. In 
addition, it might affect the ratio of band 3 molecules 
with the anion channel open to the outside versus those 
with the channel open to the inside. Wong believes that 
an increase in inward-facing band 3 molecules contracts 
the membrane skeleton and causes echinocytosis or 
acanthocytosis whereas an increase in outward-facing 
band 3 molecules causes stomatocytosis.1956 A slight 
increase in the cholesterol-to-phospholipid ratio to above 
normal markedly alters cholesterol organization in the 
membrane1951 and increases the helical content of one or 
more of the major membrane proteins,1957 conceivably 
including band 3. Involvement of band 3 is also suggested 
by the acanthocytic morphology of rare individuals car-
rying the band 3 HT variant.1868

Other studies have identifi ed a defect in phospholipid 
repair.1958 Spur cells and cholesterol-laden normal red 
cells exhibit decreased fatty acid acylation of phospholip-
ids. Furthermore, red cell membrane lipid “rafts” are 
cholesterol-rich microdomains that contain unique pro-
teins.112,116 Changes in intracellular electrolytes causes 
shedding of these lipid “rafts.”117 It is unclear whether 
increasing membrane cholesterol would further increase 
this process. All these processses may play a role in this 
anemia, but further studies are needed to better under-
stand this process.

A second group of patients with liver disease and 
spur cell anemia exists in which red cell membrane lipids 
are normal and incubation of normal red cells in the 
patients’ plasma does not induce spurring.1936,1940,1941 The 
pathophysiology of this condition is unknown and largely 
unstudied. It has been reported in patients with alcoholic 
cirrhosis1936,1941 and metastatic liver disease.1940 This is the 
form of the disease that the authors have seen in children 
with spur cells and severe hepatocellular dysfunction.

Infantile Pyknocytosis

In 1959, Tuffy and colleagues1825 described a syndrome 
of neonatal jaundice and hemolysis associated with vari-
able numbers of distorted, irregularly contracted, spicu-
lated cells, which they called pyknocytes. Morphologically, 
these cells are very similar (and possibly identical) to 
acanthocytes. Normal full-term infants have 0.3% to 
1.9% pyknocytes/acanthocytes on peripheral blood 
smears. In premature infants the normal range is 0.3% 
to 5.6%. Affected infants typically have jaundice and 
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some uremic patients because increased intracellular 
Ca2+ is markedly echinocytogenic.1973 Nevertheless, the 
reduction in red cell survival and production of echino-
cytes in uremia may be due to other factors. In a random-
ized, controlled trial, l-carnitine supplementation in 
hemodialysis patients was associated with an increase in 
red cell survival when compared with hemodialysis 
patients receiving placebo therapy.1974

In(Lu) Gene

The major antigens of the Lutheran blood group system 
are Lua and Lub. They are located on two low-abundance 
glycoproteins of 78 kd, on which the basal cell adhesion 
molecule (BCAM) resides, and 85 kd, on which the 
Lutheran blood group resides.1975 In addition to being 
expressed on the red blood cell membrane, the Lu anti-
gens are expressed by a wide variety of tissues, including 
the heart, brain, lung, liver, and muscle in the adult, as 
well as the liver, lung, and kidney in the fetus. Further-
more, Lu glycoproteins are the red cell receptors for 
laminin and may be involved in the pathogenesis of sickle 
cell vaso-occlusive crises.1976,1977 Recent studies have indi-
cated that the Lu glycoproteins may also be involved in 
the metastasis of certain types of malignancy.1978

About 1 person in 5000 inherits a dominantly acting 
inhibitor called In(Lu)1828,1979 that partially suppresses 
expression of Lua and Lub such that they are undetectable 
by standard agglutination tests. Such inhibition is the 
most common cause of the null Lutheran phenotype 
Lu(a−b−). The In(Lu) gene product inhibits expression 
of CD44, an adhesive protein; MER2, a common red cell 
antigen; CR1, the C3b/C4b complement receptor; AnWj, 
the erythroid H. infl uenzae receptor; and the glycolipid 
antigens P1 and i, as well as the Lu antigens.1980 Although 
several of these proteins are widely expressed, the action 
of In(Lu) is limited solely to red cells.1980,1981 Patients with 
the In(Lu) Lu(a−b−) phenotype have abnormally shaped 
red cells but no hemolysis.1828 The morphology varies 
from normal or mild poikilocytosis to acanthocytosis. 
The Lu antigens directly interact with spectrin, indepen-
dently of protein 4.1, which may partially explain the 
abnormal red cell morphology in some patients with the 
In(Lu) phenotype.1982 The OF of fresh In(Lu) Lu(a−b−) 
red cells is normal, but during in vitro incubation, the 
cells lose K+ and become osmotically resistant.

Hypothyroidism

Patients with hypothyroidism often (20% to 65%) have 
a small number (0.5% to 2%) of acanthocytes on periph-
eral blood smears.1829,1983,1984 Given the high incidence of 
hypothyroidism relative to other disorders that cause 
acanthocytosis, it has been suggested that the presence 
of acanthocytes should prompt physicians to consider 
thyroid testing, especially in adults. This approach 
has led to the diagnosis of previously unsuspected 
hypothyroidism.1985

OTHER MEMBRANE DISORDERS

Oxidant Hemolysis

Oxidant damage is incurred by the red cell membrane in 
a variety of inherited disorders involving abnormal hemo-
globins that create defects in the cells’ endogenous system 
for detoxifi cation of oxidants. Such disorders include 
sickle cell disease, thalassemias, unstable hemoglobinop-
athies, G6PD defi ciency, and defects in glutathione 
metabolism. Membrane oxidant damage may also result 
from encounters with exogenous oxidants, such as copper. 
Acute copper-induced hemolysis has been reported in 
humans after accidental or suicidal ingestion of copper 
or copper-containing compounds, copper sulfate therapy 
for burns, copper contamination of hemodialysis units, 
and Wilson’s disease.1986-1992 In the fi rst three instances, 
acute intoxication is characterized by fl ushing, chills, 
nausea and vomiting, diarrhea, abdominal pain, a metal-
lic taste in the mouth, excessive salivation, headache, 
weakness, and acute intravascular hemolysis.1986-1991,1993

Wilson’s Disease 
(Hepatolenticular Degeneration)

Wilson’s disease is an autosomal recessive disorder of 
copper metabolism that develops between 3 and 52 years 
of age and is characterized by defective biliary excretion 
of copper, low plasma levels of ceruloplasmin, and toxic 
accumulation of copper in the liver, erythrocytes, kidneys, 
cornea, and brain.1994,1995 The clinical consequences of 
toxic copper overload include cirrhosis, hemolysis, 
corneal Kayser-Fleischer rings, and a progressive neuro-
logic syndrome.1996-2009 Early diagnosis followed by 
effective treatment can lead to reversal of the clinical 
symptoms, including hemolysis.

Hemolysis is an early feature of Wilson’s disease; 
it is seen in about 20% of patients with liver dis -
ease1996 and may be the initial manifestation of the disor-
der.1997-2004,2010-2014 Because the disease is treatable and 
because hemolysis may presage fulminant liver disease by 
days to years,2000,2002,2003 the clinician must always con-
sider Wilson’s disease in children and young adults with 
Coombs-negative hemolytic anemia both with and 
without overt liver disease. Thrombocytopenia may also 
occur,2015 and the condition has been misdiagnosed as 
thrombotic thrombocytopenia purpura or hemolytic-
uremic syndrome. Typically, these previously well chil-
dren have chemical evidence of liver disease, mild 
hepatosplenomegaly, a low ceruloplasmin concentration, 
increased erythrocyte and hepatic copper levels, and 
increased urinary copper excretion. The liver disease has 
more of a metabolic phenotype (decreased synthesis of 
albumin and clotting factors compared to the degree of 
transaminitis), but more acute, fulminant presentations 
are also observed. Jaundice is often seen and may be 
severe. The hemolysis observed in Wilson’s disease is 
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acute, but the clinical features, though similar to those of 
acute copper poisoning, are usually more subtle. Hemo-
globin may be detected on urinalysis, but gross hemoglo-
binuria is unusual. Peripheral blood smears do not usually 
show characteristic changes, although spur cells and 
target cells have been documented in patients with con-
current severe liver disease.

The Wilson’s disease gene, the copper-transporting 
ATPase ATP7B, and the Wilson’s disease protein, WNDP, 
belong to the large family of cation-transporting P-type 
ATPases.2016-2020 A wide variety of mutations have 
been described in this gene in patients with Wilson’s 
disease.2021-2024 The belief is that in Wilson’s disease, 
copper initially accumulates in hepatocytes because of 
absence of the copper-transporting protein, which is 
required for incorporation of copper into ceruloplasmin. 
Copper eventually reaches a toxic level in the liver and is 
released into the bloodstream by hepatocellular necro-
sis.2002 Plasma copper is rapidly taken up by red cells.2025 
Intravascular hemolysis occurs as a consequence of oxi-
dative damage. The oxidative effects of copper are mani-
fold. In vitro, copper inactivates numerous red cell 
glycolytic and hexose monophosphate shunt enzymes; 
directly oxidizes reduced nicotinamide adenine dinucleo-
tide phosphate (NADPH) and glutathione; oxidizes and 
denatures hemoglobin; damages membrane ATPases, 
fatty acid acylase, and probably other membrane enzymes; 
generates lipid peroxides; and cross-links membrane skel-
etal proteins into disulfi de-bonded high-molecular-weight 
complexes, thereby increasing membrane permeability 
and rigidity.2003,2026 However, many of these effects have 
not been demonstrated at concentrations of copper 
observed in hemolyzing erythrocytes (150 to 400 mg/dL 
red cells = 2.4 to 6.3 × 10−5 mol/L).2004,2008 In vivo studies 
have indicated marked inhibition of hexokinase and 
G6PD from red blood cells in patients with untreated 
Wilson’s disease in comparison to patients taking penicil-
lamine and healthy children.2027 In addition, decreased 
glutathione levels were found in patients with untreated 
Wilson’s disease, as well as decreased antioxidant enzymes 
such as superoxide dismutase, catalase, glutathione per-
oxidase, and glutathione reductase. Although thus far it 
has not been possible to determine the exact cause of the 
demise of red cells, initial studies indicate that free copper 
(non–ceruloplasmin bound) leads to oxidative injury 
resulting in altered erythrocyte metabolism and antioxi-
dant status in patients with Wilson’s disease.

REFERENCES
 1. Harrison ML, Rathinavelu P, Arese P, et al. Role of band 

3 tyrosine phosphorylation in the regulation of erythro-
cyte glycolysis. J Biol Chem. 1991;266:4106-4111.

 2. Weith JO, Anderson OS, Brahm J, et al. Chloride-
bicarbonate exchange in red blood cells: physiology 
of transport and chemical modifi cation of binding 
sites. Philos Trans R Soc Lond [Biol]. 1982;299:
383-399.

 3. Singer SJ, Nicolson GL. The fl uid mosaic model of 
the structure of cell membranes. Science. 1972;175:
720-731.

 4. Jacobson K, Sheets ED, Simson R: Revisiting the fl uid 
mosaic model of membranes. Science. 1995;268:1441-
1442.

 5. Leitner DM, Brown FL, Wilson KR: Regulation of 
protein mobility in cell membranes: A dynamic corral 
model. Biophys J. 2000;78:125-135.

 6. White SH, Ladokhin AS, Jayasinghe S, Hristova K. How 
membranes shape protein structure. J Biol Chem. 2001;
276:32395-32398.

 7. Blau L, Bittman R. Cholesterol distribution between the 
two halves of the lipid bilayer of human erythrocyte 
ghost membranes. J Biol Chem. 1978;253:8366-8368.

 8. Low MG, Finean JB. Modifi cation of erythrocyte mem-
branes by a purifi ed phosphatidylinositol-specifi c phos-
pholipase C (Staphylococcus aureus). Biochem J. 1977;162:
235-240.

 9. Verkleij AJ, Zwaal RFA, Roelofsen B, et al. The asym-
metric distribution of phospholipids in the human red 
cell membrane: a combined study using phospholipase 
and freeze-etch electron microscopy. Biochim Biophys 
Acta. 1973;323:178-193.

 10. Zachowski A. Phospholipids in animal eukaryotic mem-
branes: transverse asymmetry and movement. Biochem 
J. 1993;294:1-14.

 11. Fairbanks G, Steck TL, Wallach DFH. Electrophoretic 
analysis of the major polypeptides of the human eryth-
rocyte membrane. Biochemistry. 1971;10:2606-2617.

 12. Ferrell JE Jr, Huestis WH. Phosphoinositide metabolism 
and the morphology of human erythrocytes. J Cell Biol. 
1984;98:1992-1998.

 13. Van Deenen LLM, De Gier J. Lipids of the red blood 
cell membrane. In Surgenor DM (ed). The Red Blood 
Cell, 2nd ed. New York, Academic Press, 1974, p 148.

 14. Sweeley CC, Dawson G. Lipids of the erythrocyte. In 
Jamieson GA, Greenwalt TJ (eds). Red Cell Membrane 
Structure and Function. Philadelphia, JB Lippincott, 
1969, p 172.

 15. Cooper RA. Lipids of human red cell membranes: 
normal composition and variability in disease. Semin 
Hematol. 1970;7:296-332.

 16. Turner JD, Rouser G. Precise quantitative determination 
of human blood lipids by thin layer and triethylamino-
ethyl cellulose column chromatography. Ann Biochem. 
1970;38:437-445.

 17. Ways P, Hanahan DJ. Characterization and quantifi ca-
tion of red cell lipids in normal man. J Lipid Res. 
1964;5:318-328.

 18. Weinstein RS. The morphology of adult red cells. In 
Surgenor DM (ed). The Red Blood Cell, vol 1, 2nd ed. 
New York, Academic Press, 1974, pp 214-269.

 19. Ohvo-Rekila H, Ramstedt B, Leppimaki P, Slotte JP. 
Cholesterol interactions with phospholipids in mem-
branes. Prog Lipid Res. 2002;41:66-97.

 20. Virtanen JA, Cheng KH, Somerharju P. Phospholipid 
composition of the mammalian red cell membrane can 
be rationalized by a superlattice model. Proc Natl Acad 
Sci U S A. 1998;95:4964-4969.

 21. Brown K, Anderson SM, Young NS. Erythrocyte P 
antigen: cellular receptor for B19 parvovirus. Science. 
1993;262:114-117.



 Chapter 15 • Disorders of the Red Cell Membrane 781

 22. Lange Y, Slayton JM. Interaction of cholesterol and 
lysophosphatidylcholine in determining red cell shape. 
J Lipid Res. 1982;23:1121-1127.

 23. Lange Y, Cutler HB, Steck TL. The effect of cholesterol 
and other intercalated amphipaths on the contour and 
stability of the isolated red cell membrane. J Biol Chem. 
1980;255:9331-9337.

 24. Hale JE, Schroeder F. Asymmetric transbilayer distri-
bution of sterol across plasma membranes determined 
by fl uorescence quenching of dehydroergosterol. Eur 
J Biochem. 1982;122:649-661.

 25. Fisher KA. Analysis of membrane halves: cholesterol. 
Proc Natl Acad Sci U S A. 1976;73:173-177.

 26. Steck TL, Ye J, Lange Y. Probing red cell membrane 
cholesterol movement with cyclodextrin. Biophys J. 
2002;83:2118-2125.

 27. Huang CH. A structural model for the cholesterol-
phosphatidylcholine complexes in bilayer membranes. 
Lipids. 1977;12:348-356.

 28. Yeagle PL. Modulation of membrane function by cho-
lesterol. Biochimie. 1991;73:1303-1310.

 29. Murata M, Peranen J, Schreiner R, et al. VIP21/caveolin 
is a cholesterol-binding protein. Proc Natl Acad Sci 
U S A. 1995;92:10339-10343.

 30. Porter JA, Young KE, Beachy PA. Cholesterol modifi ca-
tion of hedgehog signaling proteins in animal develop-
ment. Science. 1996;274:255-259.

 31. Osborne TF, Rosenfeld JM. Related membrane domains 
in proteins of sterol sensing and cell signaling provide 
a glimpse of treasures still buried within the dynamic 
realm of intracellular metabolic regulation. Curr Opin 
Lipidol. 1998;9:137-140.

 32. Bergelson LD, Barsukov LI. Topological asymmetry of 
phospholipids in membranes. Science. 1977;197:224-
230.

 33. Op den Kamp JAF. Lipid asymmetry in membranes. 
Annu Rev Biochem. 1979;48:47-71.

 34. Fujimoto K, Umeda M, Fujimoto T. Transmembrane 
phospholipid distribution revealed by freeze-fracture 
replica labeling. J Cell Sci. 1996;109:2453-2460.

 35. Devaux PF. Protein involvement in transmembrane lipid 
asymmetry. Annu Rev Biophys Biomol Struct. 1992;21:
417-439.

 36. Devaux PF. Lipid transmembrane asymmetry and fl ip-
fl op in biological membranes and in lipid bilayers. Curr 
Opin Struct Biol. 1993;3:489-494.

 37. Bevers EM, Comfurius P, Dekkers DW, Zwaal RF. 
Lipid translocation across the plasma membrane of 
mammalian cells. Biochim Biophys Acta. 1999;1439:
317-330.

 38. van Meer G, Op den Kamp JA. Transbilayer movement 
of various phosphatidylcholine species in intact human 
erythrocytes. J Cell Biochem. 1982;19:193-204.

 39. Middelkoop E, Lubin BH, Op den Kamp JA, Roelofsen 
B. Flip-fl op rates of individual molecular species of phos-
phatidylcholine in the human red cell membrane. 
Biochim Biophys Acta. 1986;855:421-424.

 40. Daleke DL, Lyles JV. Identifi cation and purifi cation of 
aminophospholipid fl ippases. Biochim Biophys Acta. 
2000;1486:108-127

 41. Daleke DL. Regulation of transbilayer plasma mem-
brane phospholipid asymmetry. J Lipid Res. 2003;44:
233-242

 42. Devaux PF, Lopez-Montero I, Bryde S. Proteins involved 
in lipid translocation in eukaryotic cells. Chem Phys 
Lipids. 2006;141:119-132.

 43. Holthuis JC, Levine TP. Lipid traffi c: fl oppy drives and 
a superhighway. Nat Rev Mol Cell Biol. 2005;6:
209-220.

 44. Morrot G, Hervè P, Zachowski A, et al. Aminophospho-
lipid translocase of human erythrocytes: phospholipid 
substrate specifi city and effect of cholesterol. Biochem-
istry. 1989;28:3456-3462.

 45. Connor J, Schroit AJ. Transbilayer movement of phos-
phatidylserine in nonhuman erythrocytes: evidence that 
the aminophospholipid transporter is a ubiquitous mem-
brane protein. Biochemistry. 1989;28:9680-9685.

 46. Tang X, Halleck MS, Schlegel RA, Williamson P. A novel 
subfamily of P-type ATPases with aminophospholipid 
transporting activity. Science. 1996;272:1495-1497.

 47. Paterson JK, Renkema K, Burden L, et al. Lipid specifi c 
activation of the murine P4-ATPase Atp8a1 (ATPase II). 
Biochemistry. 2006;45:5367-5376.

 48. Soupene E, Kuypers FA. Identifi cation of an erythroid 
ATP-dependent aminophospholipid transporter. Br J 
Haematol. 2006;133:436-438.

 49. Connor J, Pak CH, Zwaal RFA, Schroit AJ. Bidirectional 
transbilayer movement of phospholipid analogs in human 
red blood cells. J Biol Chem. 1992;267:19412-19417.

 50. Bitbol M, Devaux PF. Measurement of outward trans-
location of phospholipids across human erythrocyte 
membrane. Proc Natl Acad Sci U S A. 1998;85:6783-
6787.

 51. van Helvoort A, Smith AJ, Sprong H, et al. MDR1 P-
glycoprotein is a lipid translocase of broad specifi city, 
while MDR3 P-glycoprotein specifi cally translocates 
phosphatidylcholine. Cell. 1996;87:507-517.

 52. Rust S, Rosier M, Funke H, et al. Tangier disease 
is caused by mutations in the gene encoding ATP-
binding cassette transporter 1. Nat Genet. 1999;22:352-
355.

 53. Smit JJ, Schinkel AH, Oude Elferink RP, et al. Homozy-
gous disruption of the murine mdr2 P-glycoprotein gene 
leads to a complete absence of phospholipid from bile 
and to liver disease. Cell 1993;75:451-462.

 54. Dekkers DWC, Comfurius P, Schroit AJ, et al. Transbi-
layer movement of NBD-labeled phospholipids in red 
blood cell membranes: outward-directed transport by 
the multidrug resistance protein 1 (MRP1). Biochemis-
try. 1998;37:14833-14837.

 55. Kamp D, Haest CWM. Evidence for a role of the multi-
drug resistance protein (MRP) in the outward transloca-
tion of NBD-phospholipids in the erythrocyte membrane. 
Biochim Biophys Acta. 1998;1372:91-101.

 56. Dekkers DW, Comfurius P, van Gool RG, et al. Multi-
drug resistance protein 1 regulates lipid asymmetry in 
erythrocyte membranes. Biochem J. 2000;350:531-
535.

 57. Williamson P, Kulick A, Zachowski A, et al. Ca2+ induces 
transbilayer redistribution of all major phospholipids 
in human erythrocytes. Biochemistry. 1992;31:6355-
6360.

 58. Basse F, Stout JG, Sims PJ, Wiedmer T. Isolation of 
an erythrocyte membrane protein that mediates Ca2+-
dependent transbilayer movement of phospholipid. 
J Biol Chem. 1996;271:17205-17210.



782 HEMOLYTIC ANEMIAS

 59. Zhou QS, Sims PJ, Wiedmer T. Identity of a conserved 
motif in phospholipid scramblase that is required for 
Ca2+-accelerated transbilayer movement of membrane 
phospholipids. Biochemistry. 1998;37:2356-2360.

 60. Zhao J, Zhou QS, Wiedmer T, Sims PJ. Palmitoylation 
of phospholipid scramblase is required for normal func-
tion in promoting Ca2+-activated transbilayer movement 
of membrane phospholipids. Biochemistry. 1998;37:6361-
6366.

 61. Zhou Q, Zhao J, Wiedmer T, Sims PJ. Normal hemosta-
sis but defective hematopoietic response to growth 
factors in mice defi cient in phospholipid scramblase 1. 
Blood. 2002;99:4030-4038.

 62. de Jong K, Larkin SK, Styles L, et al. Characterization 
of the phosphatidylserine-exposing subpopulation of 
sickle cells. Blood. 2001;98:860-867.

 63. Blumenfeld N, Zachowski A, Galacteros F, et al. Trans-
membrane mobility of phospholipids in sickle erythro-
cytes: effect of deoxygenation on diffusion and asymmetry. 
Blood. 1991;77:849-854.

 64. Franck PFH, Chiu DT, Op den Kamp JA, et al. Acceler-
ated transbilayer movement of phosphatidylcholine in 
sickled erythrocytes: a reversible process. J Biol Chem. 
1983;258:8436-8442.

 65. Lubin B, Chiu D, Bastacky J, et al. Abnormalities in 
membrane phospholipid organization in sickled erythro-
cytes. J Clin Invest. 1981;67:1643-1649.

 66. Platt OS, Falcone JF, Lux SE. Molecular defect in the 
sickle erythrocyte skeleton. Abnormal spectrin binding 
to sickle inside-out vesicles. J Clin Invest. 1985;75:
266-271.

 67. Schwartz RS, Rybicki AC, Heath RH, Lubin BH. Protein 
4.1 in sickle erythrocytes. Evidence for oxidative damage. 
J Biol Chem. 1987;62:15666-15672.

 68. Waugh SM, Willardson BM, Kannan R, et al. Heinz 
bodies induce clustering of band 3, glycophorin, and 
ankyrin in sickle cell erythrocytes. J Clin Invest. 1986;78:
1155-1160.

 69. Liu SC, Derick LH, Zhai S, Palek J. Uncoupling of the 
spectrin based skeleton from the lipid bilayer in sickled 
red cells. Science. 1991;252:574-576.

 70. Kuypers FA, Yuan J, Lewis RA, et al. Membrane phos-
pholipid asymmetry in human thalassemia. Blood. 
1998;91:3044-3051.

 71. Wautier JL, Paton RC, Wautier MP, et al. Increased 
adhesion of erythrocytes to endothelial cells in diabetes 
mellitus and its relationship to vascular complications. 
N Engl J Med. 1981;305:237-242.

 72. Hebbel RP, Yamada O, Moldow CF, et al. Abnormal 
adherence of sickle erythrocytes to cultured vascular 
endothelium. Possible mechanism for microvascular 
occlusion in sickle cell disease. J Clin Invest. 1980;65:154-
160.

 73. Hebbel RP, Boogaerts MA, Eaton JW, Steinberg MH. 
Erythrocyte adherence to endothelium in sickle-cell 
anemia. A possible determinant of disease severity. N 
Engl J Med. 1980;302:992-995.

 74. Bevers EM, Comfurius P, van Rijn JL, et al. Generation 
of prothrombin-converting activity and the exposure of 
phosphatidyl serine at the outer surface of platelets. Eur 
J Biochem. 1982;122:429-436.

 75. Chiu D, Lubin B, Roelofsen B, Van Deenen LLM. 
Sickled erythrocytes accelerate clotting in vitro: An effect 

of abnormal membrane lipid asymmetry. Blood. 
1981;58:398-401.

 76. Zwaal RFA, Comfurius P, van Deenen LL. Membrane 
asymmetry and blood coagulation. Nature. 1977;268:
358-360.

 77. Test ST, Mitsuyoshi J. Activation of the alternative 
pathway of complement by calcium-loaded erythrocytes 
resulting from loss of membrane phospholipid asymme-
try. J Lab Clin Med. 1997;130:169-182.

 78. Allen TM, Williamson P, Schlegel RA. Phosphatidylser-
ine as a determinant of reticuloendothelial recognition 
of liposome models of the erythrocyte surface. Proc Natl 
Acad Sci U S A. 1988;85:8067-8071.

 79. McEvoy L, Williamson P, Schlegel RA. Membrane phos-
pholipid asymmetry as a determinant of erythrocyte rec-
ognition by macrophages. Proc Natl Acad Sci U S A. 
1986;83:3311-3315.

 80. Tanaka Y, Schroit AJ. Insertion of fl uorescent phospha-
tidylserine into the plasma membrane of red blood cells: 
recognition by autologous macrophages. J Biol Chem. 
1983;258:11335-11343.

 81. Fadok VA, Voelker DR, Campbell PA, et al. Exposure of 
phosphatidylserine on the surface of apoptotic lympho-
cytes triggers specifi c recognition and removal by mac-
rophages. J Immunol. 1992;148:2207-2216.

 82. Zwaal RF, Schroit AJ. Pathophysiologic implications of 
membrane phospholipid asymmetry in blood cells. 
Blood. 1997;89:1121-1132.

 83. Fadok VA, Bratton DL, Rose DM, et al. A receptor for 
phosphatidylserine-specifi c clearance of apoptotic cells. 
Nature. 2000;405:85-90.

 84. Li MO, Sarkisian MR, Mehal WZ, et al. Phosphatidyl-
serine receptor is required for clearance of apoptotic 
cells. Science. 2003;302:1560-1563.

 85. Williamson P, Schlegel RA. Hide and seek: the secret 
identity of the phosphatidylserine receptor. J Biol. 2004;
3:14-14.4.

 86. Devaux PF. Static and dynamic lipid asymmetry in cell 
membranes. Biochemistry. 1991;30:1163-1173.

 87. Toti F, Satta N, Fressinaud E, et al. Scott syndrome, 
characterized by impaired transmembrane migration 
of procoagulant phosphatidylserine and hemorrhagic 
complications, is an inherited disorder. Blood. 1996;87:
1409-1415.

 88. Weiss HJ, Lages B. Family studies in Scott syndrome. 
Blood. 1997;90:475-476.

 89. Weiss HJ. Scott syndrome: a disorder of platelet coagu-
lant activity. Semin Hematol. 1994;31:312-319.

 90. Zhou Q, Sims PJ, Wiedmer T. Expression of proteins 
controlling transbilayer movement of plasma membrane 
phospholipids in the B-lymphocytes from a patient with 
Scott syndrome. Blood. 1998;92:1707-1712.

 91. Bratosin D, Estaquier J, Petit F, et al. Programmed cell 
death in mature erythrocytes: a model for investigating 
death effector pathways operating in the absence of 
mitochondria. Cell Death Differ. 2001;8:1143-1156.

 92. Lang F, Lang KS, Lang PA, et al. Mechanisms and 
signifi cance of eryptosis. Antioxid Redox Signal. 2006;8:
1183-1192.

 93. Mandal D, Moitra PK, Saha S, Basu J. Caspase 3 regu-
lates phosphatidylserine externalization and phagocyto-
sis of oxidatively stressed erythrocytes. FEBS Lett. 
2002;513:184-188.



 Chapter 15 • Disorders of the Red Cell Membrane 783

 94. Mandal D, Mazumder A, Das P, et al. Fas-, caspase 8–, 
and caspase 3–dependent signaling regulates the activity 
of the aminophospholipid translocase and phosphatidyl-
serine externalization in human erythrocytes. J Biol 
Chem. 2005;280:39460-39467.

 95. Kagan VE, Gleiss B, Tyurina YY, et al. A role for oxida-
tive stress in apoptosis: oxidation and externalization of 
phosphatidylserine is required for macrophage clearance 
of cells undergoing Fas-mediated apoptosis. J Immunol. 
2002;169:487-499.

 96. Gleiss B, Gogvadze V, Orrenius S, Fadeel B. Fas-
triggered phosphatidylserine exposure is modulated by 
intracellular ATP. FEBS Lett. 2002;519:153-158.

 97. Tothova Z, Kollipara R, Huntly BJ, et al. FoxOs are 
critical mediators of hematopoietic stem cell resistance 
to physiologic oxidative stress. Cell. 2007;128:325-
339.

 98. Marinkovic D, Zhang X, Yalcin S, et al. Foxo3 is required 
for the regulation of oxidative stress in erythropoiesis. 
J Clin Invest. 2007;117:2133-2144.

 99. Rodgers W, Glaser M. Characterization of lipid domains 
in erythrocyte membranes. Proc Natl Acad Sci U S A. 
1991;88:1364-1368.

 100. Jost PC, Nadakavukaren KK, Griffi th OH. Phosphatidyl 
choline exchange between the boundary lipid and bilayer 
domains in cytochrome oxidase containing membranes. 
Biochemistry. 1977;16:3110-3114.

 101. Smith RL, Oldfi eld E. Dynamic structure of membranes 
by deuterium NMR. Science. 1984;225:280-288.

 102. Armitage IM, Shapiro DL, Furthmayr H, Marchesi VT. 
31P nuclear magnetic resonance evidence for polyphos-
phoinositide associated with the hydrophobic segment of 
glycophorin A. Biochemistry. 1977;16:1317-1320.

 103. Mendelsohn R, Dluhy RA, Crawford T, Mantsch HH. 
Interaction of glycophorin with phosphatidylserine: a 
Fourier transform infrared investigation. Biochemistry. 
1984;23:1498-1504.

 104. Ong RL. 31P and 19F NMR studies of glycophorin-
reconstituted membranes: preferential interaction of 
glycophorin with phosphatidylserine. J Membr Biol. 
1984;78:1-7.

 105. Yeagle PL, Kelsey D. Phosphorus nuclear magnetic reso-
nance studies of lipid-protein interactions: human eryth-
rocyte glycophorin and phospholipids. Biochemistry. 
1989;28:2210-2215.

 106. Boyd D, Beckwith J. The role of charged amino acids in 
the localization of secreted and membrane proteins. Cell. 
1990;62:1031-1033.

 107. Parks GD, Lamb RA. Topology of eukaryotic type II 
membrane proteins: importance of N-terminal positively 
charged residues fl anking the hydrophobic domain. Cell. 
1991;64:777-787.

 108. Rybicki AC, Heath R, Lubin B, Schwartz RS. Human 
erythrocyte protein 4.1 is a phosphatidylserine binding 
protein. J Clin Invest. 1988;81:255-260.

 109. An X, Guo X, Sum H, et al. Phosphatidylserine binding 
sites in erythroid spectrin: location and implications for 
membrane stability. Biochemistry. 2004;43:310-315.

 110. Manno S, Takakuwa Y, Mohandas N. Identifi cation of a 
functional role for lipid asymmetry in biological mem-
branes: phosphatidylserine–skeletal protein interactions 
modulate membrane stability. Proc Natl Acad Sci 
U S A. 2002;99:1943-1948.

 111. Simons K, Ikonen E. Functional rafts in cell membranes. 
Nature. 1997;387:569-572.

 112. Brown DA, London E. Functions of lipid rafts in biologi-
cal membranes. Annu Rev Cell Dev Biol. 1998;14:111-
136.

 113. Koumanov KS, Tessier C, Momchilova AB, et al. Com-
parative lipid analysis and structure of detergent-
resistant membrane raft fractions isolated from human 
and ruminant erythrocytes. Arch Biochem Biophys. 
2005;434:150-158.

 114. Murphy SC, Fernandez-Pol S, Chung PH, et al. Cyto-
plasmic remodeling of erythrocyte raft lipids during 
infection by the human malaria parasite Plasmodium fal-
ciparum. Blood. 2007;110:2139-2199.

 115. Samuel BU, Mohandas N, Harrison T, et al. The role of 
cholesterol and glycosylphosphatidylinositol-anchored 
proteins of erythrocyte rafts in regulating raft protein 
content and malaria infection. J Biol Chem. 2001;276:
29319-29329.

 116. Salzer U, Prohaska R. Stomatin, fl otillin-1, and fl otillin-2 
are major integral proteins of erythrocyte lipid rafts. 
Blood. 2001;97:1141-1143.

 117. Salzer U, Hinterdorfer P, Hunger U, et al. Ca2+-depen-
dent vesicle release from erythrocytes involves stomatin-
specifi c lipid rafts, synexin (annexin VII) and sorcin. 
Blood. 2002;99:2569-2577.

 118. Arni S, Keilbaugh SA, Ostermeyer AG, Brown DA. 
Association of GAP-43 with detergent-resistant mem-
branes requires two palmitoylated cysteine residues. 
J Biol Chem. 1998;273:28478-28485.

 119. Melkonian JA, Ostermeyer AG, Chen JZ, et al. Role of 
lipid modifi cations in targeting proteins to detergent-
resistant membrane rafts. Many raft proteins are acyl-
ated, while few are prenylated. J Biol Chem. 1999;274:
3910-3917.

 120. Moffet S, Brown DA, Linder ME. Lipid-dependent tar-
geting of G proteins into rafts. J Biol Chem. 2000;275:
2191-2198.

 121. Murphy SC, Hiller NL, Harrison T, et al. Lipid rafts and 
malaria parasite infection of erythrocytes. Mol Membr 
Biol. 2006;23:81-88.

 122. Beck JS. Relations between membrane monolayers in 
some red cell shape transformations. J Theor Biol. 
1978;75:487-501.

 123. Ferrell JE Jr, Lee KJ, Huestis WH. Membrane bilayer 
balance and erythrocyte shape: a quantitative assess-
ment. Biochemistry. 1985;24:2849-2857.

 124. Sheetz MP, Singer SJ. Biological membranes as bilayer 
couples: a molecular mechanism of drug erythrocyte 
interactions. Proc Natl Acad Sci U S A. 1974;71:4457-
4461.

 125. Christiansson A, Kuypers FA, Roelofsen B, et al. Lipid 
molecular shape effects erythrocyte morphology: a study 
involving replacement of native phosphatidylcholine 
with different species followed by treatment of cells with 
sphingomyelinase C or phospholipase A. J Cell Biol. 
1985;101:1455-1462.

 126. Isomaa B, Hagerstrand H, Paatero G. Shape transforma-
tion induced by amphiphiles in erythrocytes. Biochim 
Biophys Acta. 1987;899:93-103.

 127. Sheetz MP, Painter RG, Singer SJ. Biological membranes 
as bilayer couples. III. Compensatory shape changes 
induced in membranes. J Cell Biol. 1976;70:193-203.



784 HEMOLYTIC ANEMIAS

 128. Lange Y, Steck TL. Mechanism of red blood cell acan-
thocytosis and echinocytosis in vivo. J Membr Biol. 
1984;77:153-159.

 129. Nakao M. New insights into regulation of erythrocyte 
shape. Curr Opin Hematol. 2002;9:127.

 130. Lim HWG, Wortis M, Mukhopadhyay R. Stomatocyte-
discocyte-echinocyte sequence of the human red blood 
cell: evidence for the bilayer-couple hypothesis from 
membrane mechanics. Proc Natl Acad Sci U S A. 2002;
99:16766-16769.

 131. Cohen CM, Gascard P. Regulation and post-transla-
tional modifi cation of the erythrocyte membrane and 
membrane-skeletal proteins. Semin Hematol. 1982;29:
244-292.

 132. McConnell HM, McFarland BG. The fl exibility gradient 
in biological membranes. Ann N Y Acad Sci. 1972;195:
207-217.

 133. Barton PG, Gunstone FD. Hydrocarbon chain packing 
and molecular motion in phospholipid bilayers formed 
from unsaturated lecithins. J Biol Chem. 1975;250:
4470-4476.

 134. Seelig A, Seelig J. Effect of a single cis double bond on 
the structure of a phospholipid bilayer. Biochemistry. 
1977;16:45-50.

 135. Oldfi eld E, Chapman D. Effects of cholesterol and 
cholesterol derivatives on hydrocarbon chain mobility 
in lipids. Biochem Biophys Res Commun. 1971;43:610-
616.

 136. Demel RA, De Kruijff B. The function of sterols in 
membranes. Biochim Biophys Acta. 1976;457:109-132.

 137. Lee AG, Birdsall NJM, Metcalfe JC. Measurement of 
fast lateral diffusion of lipids in vesicles and in biological 
membranes by 1H nuclear magnetic resonance. Bio-
chemistry. 1973;12:1650-1659.

 138. Seigneuret M, Devaux PF. ATP dependent asymmetric 
distribution of spin labeled phospholipids in the eryth-
rocyte membrane: relation to shape changes. Proc Natl 
Acad Sci U S A. 1984;81:3751-3755.

 139. Mely-Goubert B, Freedman MH. Lipid fl uidity and 
membrane protein monitoring using 1,6-diphenyl-1,3,5-
hexatriene. Biochim Biophys Acta. 1980;601:315-
327.

 140. Devaux P, McConnell HM. Lateral diffusion in spin 
labeled phosphatidyl choline multilayers. J Am Chem 
Soc. 1992;94:4475-4481.

 141. Wu ES, Jacobson K, Papahadjopoulos D. Lateral diffu-
sion in phospholipid multilayers measured by fl uores-
cence recovery after photobleaching. Biochemistry. 
1977;16:3936-3941.

 142. Koppel DE, Sheetz MP, Schindler M. Matrix control of 
protein diffusion in biological membranes. Proc Natl 
Acad Sci U S A. 1981;78:3576-3580.

 143. Reed CF. Incorporation of orthophosphate 32P into 
erythrocyte phospholipids in normal subjects and in 
patients with hereditary spherocytosis. J Clin Invest. 
1968;47:2630-2638.

 144. Shohet SB. Release of phospholipid fatty acid from 
human erythrocytes. J Clin Invest. 1970;49:1668-1678.

 145. Renooij W, Van Golde LMG. The transposition of 
molecular classes of phosphatidyl choline across the rat 
erythrocyte membrane and their exchange between the 
red cell membrane and plasma lipoproteins. Biochim 
Biophys Acta. 1977;470:465-474.

 146. Norum KR, Gjone E, Glomset JA. Familial lecithin:
cholesterol acyltransferase defi ciency, including fi sh eye 
disease. In Scriver CS, Beaudet AL, Sly WS, Valle D 
(eds). The Metabolic Basis of Inherited Disease, 6th ed. 
New York, McGraw-Hill, 1989, pp 1181-1194.

 147. Mulder E, Van Deenen LLM. Metabolism of red cell 
lipids. I. Incorporation in vitro of fatty acids into phos-
pholipids from mature erythrocytes. Biochim Biophys 
Acta. 1965;106:106.

 148. Oliveria MM, Vaughan M. Incorporation of fatty acids 
into phospholipids of erythrocyte membranes. J Lipid 
Res. 1964;5:156.

 149. Shohet SB, Nathan DG, Karnovsky ML. Stages in the 
incorporation of fatty acids into red blood cells. J Clin 
Invest. 1968;47:1096-1108.

 150. Renooij W, Van Golde LMG, Zwaal RF, et al. Preferen-
tial incorporation of fatty acids at the inside of human 
erythrocyte membranes. Biochim Biophys Acta. 
1974;363:287-292.

 151. Farquhar JW, Ahrens EH Jr. Effects of dietary fats on 
human erythrocyte fatty acid patterns. J Clin Invest. 
1963;42:675-685.

 152. Pasini EM, Kirkegaard M, Mortensen P, et al. In-depth 
analysis of the membrane and cytosolic proteome of red 
blood cells. Blood. 2006;108:791-801.

 153. Agre P, Orringer EP, Bennett V. Defi cient red-cell spec-
trin in severe, recessively inherited spherocytosis. N Engl 
J Med. 1982;306:1155-1161.

 154. Savvides P, Shalev O, John KM, Lux SE. Combined 
spectrin and ankyrin defi ciency is common in autosomal 
dominant hereditary spherocytosis. Blood. 1993;82:2953-
2960.

 155. Hemming NJ, Anstee DJ, Mawby WJ, et al. Localization 
of the protein 4.1-binding site on human erythrocyte 
glycophorins C and D. Biochem J. 1994;299:191-196.

 156. Fukuda M. Molecular genetics of the glycophorin A 
gene cluster. Semin Hematol. 1993;30:138-151.

 157. Pinder JC, Gratzer WB. Structural and dynamic states 
of actin in the erythrocyte. J Cell Biol. 1983;96:768-
775.

 158. Inaba M, Guptka KC, Kuwabara M, et al. Deamidation 
of human erythrocyte membrane protein 4.1: possible 
role in ageing. Blood. 1992;79:3355-3361.

 159. Peters LL, Weier HU, Walensky LD, et al. Four paralo-
gous protein 4.1 genes map to distinct chromosomes in 
mouse and human. Genomics. 1998;54:348-350.

 160. Baklouti F, Huang SC, Vulliamy TJ, et al. Organization 
of the human protein 4.1 genomic locus: new insights 
into the tissue-specifi c alternative splicing of the pre-
mRNA. Genomics. 1997;39:289-302.

 161. Huang JP, Tang CJ, Kou GH, et al. Genomic structure 
of the locus encoding protein 4.1. Structural basis for 
complex combinational patterns of tissue-specifi c alter-
native RNA splicing. J Biol Chem. 1993;268:3758-
3766.

 162. Conboy JG. Structure, function, and molecular genetics 
of erythroid membrane skeletal protein 4.1 in normal 
and abnormal red blood cells. Semin Hematol. 
1993;30:58-73.

 163. Gascard P, Lee G, Coulombel L, et al. Characterization 
of multiple isoforms of protein 4.1R expressed during 
erythroid terminal differentiation. Blood. 1998;92:
4404.



 Chapter 15 • Disorders of the Red Cell Membrane 785

 164. Azim AC, Knoll JH, Beggs AH, Chishti AH. Isoform 
cloning, actin binding, and chromosomal localization of 
human erythroid dematin, a member of the villin super-
family. J Biol Chem. 1995;270:17407-17413.

 165. Azim AC, Marfatia SM, Korsgren C, et al. Human 
erythrocyte dematin and protein 4.2 (pallidin) are ATP 
binding proteins. Biochemistry. 1996;35:3001-3006.

 166. Sung LA, Gao KM, Yee LJ, et al. Tropomyosin isoform 
5b is expressed in human erythrocytes: implications of 
tropomodulin-TM5 or tropomodulin-TM5b complexes 
in the protofi lament and hexagonal organization of 
membrane skeletons. Blood. 2000;95:1473-1480.

 167. Cartron JP, Le Van Kim C, Colin Y. Glycophorin C and 
related glycoproteins: structure, function, and regula-
tion. Semin Hematol. 1993;30:152-168.

 168. Tse WT, Lux SE. Red blood cell membrane disorders. 
Br J Haematol. 1999;104:2.

 169. Gallagher PG. Update on the clinical spectrum and 
genetics of red blood cell membrane disorders. Curr 
Hematol Rep. 2004;3:85-91.

 170. Delaunay J. The molecular basis of hereditary red cell 
membrane disorders. Blood Rev. 2007;21:1-20.

 171. Dodge JT, Mitchell C, Hanahan DJ. The preparation 
and chemical characteristics of hemoglobin-free ghosts 
of human erythrocytes. Arch Biochem Biophys. 1963;100:
119-130.

 172. Sheetz MP. Integral membrane protein interaction with 
Triton cytoskeletons of erythrocytes. Biochim Biophys 
Acta. 1979;557:122.

 173. Yu J, Fischman DA, Steck TL. Selective solubilization of 
proteins and phospholipids from red blood cell mem-
branes by nonionic detergents. J Supramol Struct. 1973;
1:233.

 174. Lux SE, John KM, Kopito RR, Lodish HF. Cloning and 
characterization of band 3, the human erythrocyte anion-
exchange protein (AE1). Proc Natl Acad Sci U S A. 
1989;86:9089-9093.

 175. Tanner MJ, Martin PG, High S. The complete amino 
acid sequence of the human erythrocyte membrane 
anion-transport protein deduced from the cDNA 
sequence. Biochem J. 1988;256:703-712.

 176. Landolt-Marticorena C, Charuk JH, Reithmeier RA. 
Two glycoprotein populations of band 3 dimers are 
present in human erythrocytes. Mol Membr Biol. 
1998;15:153-158.

 177. Vince JW, Reithmeier RA. Carbonic anhydrase II binds 
to the carboxyl terminus of human band 3, the erythro-
cyte C1−/HCO3

− exchanger. J Biol Chem. 1998;273:
28430-28437.

 178. Bennett V, Stenbuck PJ. Association between ankyrin 
and the cytoplasmic domain of band 3 isolated from the 
human erythrocyte membrane. J Biol Chem. 1980;255:
6424-6432.

 179. Zhu Q, Lee DW, Casey JR. Novel topology in C-terminal 
region of the human plasma membrane anion exchanger, 
AE1. J Biol Chem. 2003;278:3112-3120.

 180. Zelinski T. Erythrocyte band 3 antigens and the Diego 
blood group system. Transfus Med Rev. 1998;12:
36-45.

 181. Low PS. Structure and function of the cytoplasmic 
domain of band 3: center of erythrocyte membrane–
peripheral protein interactions. Biochim Biophys Acta. 
1986;864:145-167.

 182. Walder JA, Chatterjee R, Steck TL, et al. The interaction 
of hemoglobin with the cytoplasmic domain of band 3 
of the human erythrocyte membrane. J Biol Chem. 
1984;259:10238-10246.

 183. Waugh SM, Low PS. Hemichrome binding to band 3: 
nucleation of Heinz bodies on the erythrocyte mem-
brane. Biochemistry. 1985;24:34-39.

 184. Zhang Y, Manning LR, Falcone J, et al. Human eryth-
rocyte membrane band 3 protein infl uences hemoglobin 
cooperativity. Possible effect on oxygen transport. J Biol 
Chem. 2003;278:39565-39571.

 185. Waugh SM, Walder JA, Low PS. Partial characterization 
of the copolymerization reaction of erythrocyte mem-
brane band 3 with hemichromes. Biochemistry. 1987;26:
1777-1783.

 186. Kannan R, Labotka R, Low PS. Isolation and character-
ization of the hemichrome-stabilized membrane protein 
aggregates from sickle erythrocytes. Major site of auto-
logous antibody binding. J Biol Chem. 1988;263:
13766-13773.

 187. Rettig MP, Low PS, Gimm JA, et al. Evaluation of bio-
chemical changes during in vivo erythrocyte senescence 
in the dog. Blood. 1999;93:376-384.

 188. Beppu M, Ando K, Kikugawa K. Poly-N-acetyllactos-
aminyl saccharide chains of band 3 as determinants for 
anti–band 3 autoantibody binding to senescent and oxi-
dized erythrocytes. Cell Mol Biol. 1996;42:1007-1024.

 189. Kliman HJ, Steck TL. Association of glyceraldehyde-3-
phosphate dehydrogenase with the human red cell mem-
brane. A kinetic analysis. J Biol Chem. 1980;255:
6314-6321.

 190. De BK, Kirtley ME. Interaction of phosphoglycerate 
kinase with human erythrocyte membranes. J Biol Chem. 
1977;252:6715-6720.

 191. Strapazon E, Steck T. Interaction of aldolase and the 
membrane of human erythrocytes. Biochemistry. 
1977;16:2966.

 192. Murthy SN, Liu T, Kaul RK, et al. The aldolase-binding 
site of the human erythrocyte membrane is at the NH2 
terminus of band 3. J Biol Chem. 1981;256:11203-
11208.

 193. Chu H, Low PS. Mapping of glycolytic enzyme-binding 
sites on human erythrocyte band 3. Biochem J. 2006;
400:143-151.

 194. Perrotta S, Borriello A, Scaloni A, et al. The N-terminal 
11 amino acids of human erythrocyte band 3 are critical 
for aldolase binding and protein phosphorylation: impli-
cations for band 3 function. Blood. 2005;106:4359-
4366.

 195. Jenkins J, Madden D, Steck T. Association of phospho-
fructokinase and aldolase with the membrane of the 
intact erythrocyte. J Biol Chem. 1984;259:9374.

 196. Tsai IH, Murthy SN, Steck TL. Effect of red cell mem-
brane binding on the catalytic activity of glyceraldehyde-
3-phosphate dehydrogenase. J Biol Chem. 1982;257:
1438-1442.

 197. Campanella ME, Chu H, Low PS. Assembly and regula-
tion of a glycolytic enzyme complex on the human eryth-
rocyte membrane. Proc Natl Acad Sci U S A. 2005;
102:2402-2407.

 198. Low PS, Allen DP, Zioncheck TF, et al. Tyrosine phos-
phorylation of band 3 inhibits peripheral protein binding. 
J Biol Chem. 1987;262:4592-4596.



786 HEMOLYTIC ANEMIAS

 199. Low PS, Rathinavelu P, Harrison ML. Regulation of 
glycolysis via reversible enzyme binding to the mem-
brane protein, band 3. J Biol Chem. 1993;268:14627-
14631.

 200. Fossel ET, Solomon AK. Ouabain-sensitive interaction 
between human red cell membrane and glycolytic 
enzyme complex in cytosol. Biochim Biophys Acta. 
1978;510:99-111.

 201. Green DE, Murer E, Hultin HO, et al. Association of 
integrated metabolic pathways with membranes. I. Gly-
colytic enzymes of the red blood corpuscle and yeast. 
Arch Biochem Biophys. 1965;112:635-647.

 202. Fossel ET, Solomon AK. Relation between red cell 
membrane (Na+ + K+)-ATPase and band 3 protein. 
Biochim Biophys Acta. 1981;649:557-571

 203. Hoffman JF. ATP compartmentation in human erythro-
cytes. Curr Opin Hematol. 1997;4:112-115.

 204. Feig SA, Segel GB, Shohet SB, Nathan DG. Energy 
metabolism in human erythrocytes. II. Effects of glucose 
depletion. J Clin Invest. 1972;51:1547-1554.

 205. Mercer RW, Dunham PB. Membrane-bound ATP 
fuels the Na/K pump. Studies on membrane-bound 
glycolytic enzymes on inside-out vesicles from human 
red cell membranes. J Gen Physiol. 1981;78:547-
568.

 206. Erdmann E, Hasse W. Quantitative aspects of ouabain 
binding to human erythrocyte and cardiac membranes. 
J Physiol. 1975;251:671-682.

 207. Weber RE, Voelter W, Fago A, et al. Modulation of red 
cell glycolysis: interactions between vertebrate hemoglo-
bins and cytoplasmic domains of band 3 red cell mem-
brane proteins. Am J Physiol Regul Integr Comp Physiol. 
2004;287:R454-R464.

 208. Messana I, Orlando M, Cassiano L, et al. Human 
erythrocyte metabolism is modulated by the O2-linked 
transition of hemoglobin. FEBS Lett. 1996;390:25-
28.

 209. Chang SH, Low PS. Identifi cation of a critical ankyrin-
binding loop on the cytoplasmic domain of erythrocyte 
membrane band 3 by crystal structure analysis and 
site-directed mutagenesis. J Biol Chem. 2003;278:
6879-6884.

 210. Stefanovic M, Markham NO, Parry EM, et al. An 11–
amino acid beta-hairpin loop in the cytoplasmic domain 
of band 3 is responsible for ankyrin binding in mouse 
erythrocytes. Proc Natl Acad Sci U S A. 2007;104:13972-
13977.

 211. Van Dort HM, Moriyama R, Low PS. Effect of band 3 
subunit equilibrium on the kinetics and affi nity of 
ankyrin binding to erythrocyte membrane vesicles. J Biol 
Chem. 1998;273:14819-14826.

 212. Yi SJ, Liu SC, Derick LH, et al. Red cell membranes of 
ankyrin-defi cient nb/nb mice lack band 3 tetramers but 
contain normal membrane skeletons. Biochemistry. 
1997;36:9596-9604.

 213. An XL, Takakuwa Y, Nunomura W, et al. Modulation of 
band 3–ankyrin interaction by protein 4.1. Functional 
implications in regulation of erythrocyte membrane 
mechanical properties. J Biol Chem. 1996;271:33187-
33191.

 214. Casey JR, Reithmeier RA. Analysis of the oligomeric 
state of band 3, the anion transport protein of the human 
erythrocyte membrane, by size exclusion high perfor-

mance liquid chromatography. Oligomeric stability and 
origin of heterogeneity. J Biol Chem. 1991;266:15726-
15737.

 215. Pasternack GR, Anderson RA, Leto TL, Marchesi VT. 
Interactions between protein 4.1 and band 3. An alterna-
tive binding site for an element of the membrane skele-
ton. J Biol Chem. 1985;260:3676-3683.

 216. Lombardo CR, Willardson BM, Low PS. Localization of 
the protein 4.1–binding site on the cytoplasmic domain 
of erythrocyte membrane band 3. J Biol Chem. 
1992;267:9540-9546.

 217. Workman RF, Low PS. Biochemical analysis of potential 
sites for protein 4.1–mediated anchoring of the spectrin-
actin skeleton to the erythrocyte membrane. J Biol 
Chem. 1998;11:6171-6176.

 218. Paw BH, Davidson AJ, Zhou Y, et al. Cell-specifi c mitotic 
defect and dyserythropoiesis associated with erythroid 
band 3 defi ciency. Nat Genet. 2003;34:59-64.

 219. Golan DE, Corbett JD, Korsgren C, et al. Control of 
band 3 lateral and rotational mobility by band 4.2 in 
intact erythrocytes: release of band 3 oligomers from low-
affi nity binding sites. Biophys J. 1996;70:1534-1542.

 220. Rybicki AC, Schwartz RS, Hustedt EJ, Cobb CE. 
Increased rotational mobility and extractability of band 
3 from protein 4.2–defi cient erythrocyte membranes: 
evidence of a role for protein 4.2 in strengthening the 
band 3–cytoskeleton linkage. Blood. 1996;88:2745-
2753.

 221. Korsgren C, Birkenmeier CS, Barker JE, et al. The C-
terminus of alpha spectrin binds protein 4.2 and is nec-
essary for optimal spectrin-actin binding [abstract]. 
Blood. 2005;106(Suppl 1):239a.

 222. Peters LL, Shivdasani RA, Liu SC, et al. Anion exchanger 
1 (band 3) is required to prevent erythrocyte membrane 
surface loss but not to form the membrane skeleton. 
Cell. 1996;86:917-927.

 223. Peters LL, Jindel HK, Gwynn B, et al. Mild spherocy-
tosis and altered red cell ion transport in protein 4.2–null 
mice. J Clin Invest. 1999;103:1527-1537.

 224. Jennings ML, Smith JS. Anion-proton cotransport 
through the human red blood cell band 3 protein. Role 
of glutamate 681. J Biol Chem. 1992;267:13964-
13971.

 225. Chernova MN, Jiang L, Crest M, et al. Electrogenic 
sulfate/chloride exchange in Xenopus oocytes mediated 
by murine AE1 E699Q. J Gen Physiol. 1997;109:
345-360.

 226. Milanick MA, Gunn RB. Proton-sulfate cotransport: 
external proton activation of sulfate infl ux into human 
red blood cells. Am J Physiol. 1984;247:C247-C259.

 227. Tang XB, Fujinaga J, Kopito R, Casey JR. Topology of 
the region surrounding Glu681 of human AE1 protein, 
the erythrocyte anion exchanger. J Biol Chem. 
1998;273:22545-22553.

 228. Tang XB, Kovacs M, Sterling D, Casey JR. Identifi cation 
of residues lining the translocation pore of human AE1, 
plasma membrane anion exchange protein. J Biol Chem. 
1999;274:3557-3564.

 229. Fujinaga J, Tang XB, Casey JR. Topology of the mem-
brane domain of human erythrocyte anion exchange 
protein, AE1. J Biol Chem. 1999;274:6626-6633.

 230. Popov M, Tam LY, Li J, Reithmeier RA. Mapping the 
ends of transmembrane segments in a polytopic mem-



 Chapter 15 • Disorders of the Red Cell Membrane 787

brane protein. Scanning N-glycosylation mutagenesis of 
extracytosolic loops in the anion exchanger, band 3. 
J Biol Chem. 1997;272:18325-18332.

 231. Popov M, Li J, Reithmeier RA. Transmembrane folding 
of the human erythrocyte anion exchanger (AE1, band 
3) determined by scanning and insertional N-glycosyl-
ation mutagenesis. Biochem J. 1999;339:269-279.

 232. Zhu Q, Casey JR. The substrate anion selectivity fi lter in 
the human erythrocyte Cl−/HCO3

− exchange protein, 
AE1. J Biol Chem. 2004;279:23565-23573.

 233. Bruce LJ, Robinson HC, Guizouarn H, et al. Monova-
lent cation leaks in human red cells caused by single 
amino-acid substitutions in the transport domain of the 
band 3 chloride-bicarbonate exchanger, AE1. Nat Genet. 
2005;37:1258-1263.

 234. Guizouarn H, Martial S, Gabillat N, Borgese F. Point 
mutations involved in red cell stomatocytosis convert the 
electroneutral anion exchanger 1 to a nonselective cation 
conductance. Blood. 2007;110:2158-2165.

 235. Sterling D, Alvarez BV, Casey JR. The extracellular com-
ponent of a transport metabolon. Extracellular loop 4 of 
the human AE1 Cl−/HCO3

−exchanger binds carbonic 
anhydrase IV. J Biol Chem. 2002;277:25239-25246.

 236. Tanner MJ. Molecular and cellular biology of the eryth-
rocyte anion exchanger (AE1). Semin Hematol. 1993;
30:34.

 237. Lindenthal S, Schubert D. Monomeric erythrocyte band 
3 protein transports anions. Proc Natl Acad Sci U S A. 
1991;88:6540-6544.

 238. Wang DN, Kuhlbrandt W, Sarabia VE, Reithmeier RA. 
Two-dimensional structure of the membrane domain 
of human band 3, the anion transport protein of the 
erythrocyte membrane. EMBO J. 1993;12:2233-2239.

 239. Salhany JM. Allosteric effects in stilbenedisulfonate 
binding to band 3 protein (AE1). Cell Mol Biol. 1996;42:
1065-1096.

 240. Jennings ML. Structure and function of the red blood 
cell anion transport protein. Annu Rev Biophys Chem. 
1989;18:397.

 241. Fukuda M, Dell A, Fukuda MN. Structure of fetal 
lactosaminoglycan. The carbohydrate moiety of band 
3 isolated from human umbilical cord erythrocytes. 
J Biol Chem. 1984;259:4782-4791.

 242. Fukuda M, Dell A, Oates JE, Fukuda MN. Structure of 
branched lactosaminoglycan, the carbohydrate moiety of 
band 3 isolated from adult human erythrocytes. J Biol 
Chem. 1984;259:8260-8273.

 243. Jay DG. Glycosylation site of band 3, the human eryth-
rocyte anion-exchange protein. Biochemistry. 1986;25:
554-556.

 244. Fukuda M, Fukuda M, Hakomori S. Developmental 
change and genetic defect in the carbohydrate structure 
of band 3 glycoprotein of human erythrocyte membrane. 
J Biol Chem. 1979;254:3700-3703.

 245. Bruce LJ, Tanner MJ. Structure-function relationships of 
band 3 variants. Cell Mol Biol. 1996;42:953-973.

 246. Jarolim P, Murray JL, Rubin HL, et al. Blood group 
antigens Rb(a), Tr(a), and Wd(a) are located in the third 
ectoplasmic loop of erythroid band 3. Transfusion. 
1997;37:607-615.

 247. Jarolim P, Murray JL, Rubin HL, et al. A Thr552→Ile 
substitution in erythroid band 3 gives rise to the Warrior 
blood group antigen. Transfusion. 1997;37:398-405.

 248. Zelinski T, Punter F, McManus K, Coghlan G. The ELO 
blood group polymorphism is located in the putative fi rst 
extracellular loop of human erythrocyte band 3. Vox 
Sang. 1998;75:63-65.

 249. Zelinski T, McManus K, Punter F, et al. A Gly565→Ala 
substitution in human band 3 accounts for the Wu blood 
group polymorphism. Transfusion 1998;38:745-748.

 250. Jarolim P, Rubin HL, Zakova D, et al. Characterization 
of seven low incidence blood group antigens carried by 
erythrocyte band 3 protein. Blood. 1998;92:4836-
4843.

 251. Jarolim P, Kalabova D, Reid ME. Substitution Glu-
480Lys in erythroid band 3 corresponds to the Fr(a) 
blood group antigen and supports existence of the 
second ectoplasmic loop of band 3. Transfusion. 
2004;44:684-689

 252. Huang CH, Reid ME, Xie SS, Blumenfeld OO. Human 
red blood cell Wright antigens: a genetic and evolution-
ary perspective on glycophorin A–band 3 interaction. 
Blood. 1996;87:3942-3947

 253. Bruce LJ, Ring SM, Anstee DJ, et al. Changes in 
the blood group Wright antigens are associated with a 
mutation at amino acid 658 in human erythrocyte band 
3: a site of interaction between band 3 and glycophorin 
A under certain conditions Blood. 1995;85:541-
547.

 254. Poole J, Banks J, Bruce LJ, et al. Glycophorin A mutation 
Ala65→Pro gives rise to a novel pair of MNS alleles 
ENEP (MNS39) and HAG (MNS41) and altered Wrb 
expression: direct evidence for GPA/band 3 interaction 
necessary for normal Wrb expression. Transfus Med. 
1999;9:167-174.

 255. Telen MJ, Chasis JA. Relationship of the human eryth-
rocyte Wrb antigen to an interaction between glycopho-
rin A and band 3. Blood. 1990;76:842-848.

 256. Knowles DW, Chasis JA, Evans EA, Mohandas N. Coop-
erative action between band 3 and glycophorin A in 
human erythrocytes: immobilization of band 3 induced 
by antibodies to glycophorin A. Biophys J. 1994;66:
1726-1732.

 257. Tanphaichitr VS, Sumboonnanonda A, Ideguchi H, et al. 
Novel AE1 mutations in recessive distal renal tubular 
acidosis. Loss-of-function is rescued by glycophorin A. 
J Clin Invest. 1998;102:2173-2179.

 258. Groves JD, Tanner MJ. Glycophorin A facilitates the 
expression of human band 3–mediated anion transport 
in Xenopus oocytes. J Biol Chem. 1992;267:22163-
22170.

 259. Bruce LJ, Pan RJ, Cope DL, et al. Altered structure and 
anion transport properties of band 3 (AE1, SLC4A1) in 
human red cells lacking glycophorin A. J Biol Chem. 
2004;279:2414-2420.

 260. Hassoun H, Hanada T, Lutchman M, et al. Complete 
defi ciency of glycophorin A in red blood cells from mice 
with targeted inactivation of the band 3 (AE1) gene. 
Blood. 1998;91:2146-2151.

 261. Liu SC, Zhai S, Palek J, et al. Molecular defect of the 
band 3 protein in southeast Asian ovalocytosis. N Engl 
J Med. 1990;323:1530-1538.

 262. Jarolim P, Palek J, Amato D, et al. Deletion in erythro-
cyte band 3 gene in malaria-resistant Southeast Asian 
ovalocytosis. Proc Natl Acad Sci U S A. 1991;88:11022-
11026.



788 HEMOLYTIC ANEMIAS

 263. Mohandas N, Winardi R, Knowles D, et al. Molecular 
basis for membrane rigidity of hereditary ovalocytosis. A 
novel mechanism involving the cytoplasmic domain of 
band 3. J Clin Invest. 1992;89:686-692.

 264. Toye AM. Defective kidney anion-exchanger 1 (AE1, 
band 3) traffi cking in dominant distal renal tubular aci-
dosis (dRTA). Biochem Soc Symp. 2005;72:47-63.

 265. Devonald MA, Smith AN, Poon JP, et al. Non-polarized 
targeting of AE1 causes autosomal dominant distal renal 
tubular acidosis. Nat Genet. 2003;33:125-127.

 266. Bruce LJ, Kay MM, Lawrence C, Tanner MJ. Band 3 
HT, a human red-cell variant associated with acantho-
cytosis and increased anion transport, carries the muta-
tion Pro868→Leu in the membrane domain of band 3. 
Biochem J. 1993;293:317-320.

 267. Hassoun H, Wang Y, Vassiliadis J, et al. Targeted inactiva-
tion of murine band 3 (AE1) gene produces a hyperco-
agulable state causing widespread thrombosis in vivo. 
Blood. 1998;92:1785-1792.

 268. Stubbs J, Simpson KM, Triglia T, et al. Molecular mech-
anism for switching of P. falciparum invasion pathways 
into human erythrocytes. Science. 2005;309:1384-
1387.

 269. Okoye VCN, Bennett V. Plasmodium falciparum malaria. 
Band 3 as a possible receptor during invasion of human 
erythrocytes. Science. 1985;227:169-171.

 270. Clough B, Paulitschke M, Nash GB, et al. Mechanism 
of regulation of malarial invasion by extraerythrocytic 
ligands. Mol Biochem Parasitol. 1995;69:19-27.

 271. Goel VK, Li X, Chen H, et al. Band 3 is a host receptor 
binding merozoite surface protein 1 during the Plasmo-
dium falciparum invasion of erythrocytes. Proc Natl Acad 
Sci U S A. 2003;100:5164-5169.

 272. Demuth DR, Showe LC, Ballantine M, et al. Cloning 
and structural characterization of a human non-
erythroid band 3–like protein. EMBO J. 1986;5:1205-
1214.

 273. Alper SL, Kopito RR, Libresco SM, Lodish HF. Cloning 
and characterization of a murine band 3–related cDNA 
from kidney and from a lymphoid cell line. J Biol Chem. 
1988;263:17092-17099.

 274. Kopito RR, Lee BS, Simmons DM, et al. Regulation of 
intracellular pH by a neuronal homolog of the erythro-
cyte anion exchanger. Cell. 1989;59:927-937.

 275. Brosius FC, Alper SL, Garcia AM, Lodish HF. The 
major kidney band 3 gene transcript predicts an amino-
terminal truncated band 3 polypeptide. J Biol Chem. 
1989;264:7784-7787.

 276. Richards SM, Jaconi ME, Vassort G, Puceat M. A spliced 
variant of AE1 gene encodes a truncated form of band 
3 in heart: the predominant anion exchanger in ventricu-
lar myocytes. J Cell Sci. 1999;112:1519-1528.

 277. Irimura T, Tsuji T, Tagami S, et al. Structure of a 
complex-type sugar chain of human glycophorin A. 
Biochemistry. 1981;20:560-566.

 278. Gahmberg CG, Andersson LC. Role of sialic acid in the 
mobility of membrane proteins containing O-linked oli-
gosaccharides on polyacrylamide gel electrophoresis in 
sodium dodecyl sulfate. Eur J Biochem. 1982;122:
581-586.

 279. Morrow B, Rubin CS. Biogenesis of glycophorin A in 
K562 human erythroleukemia cells. J Biol Chem. 
1987;262:13812-13820.

 280. Furthmayr H. Structural comparison of glycophorins 
and immunochemical analysis of genetic variants. 
Nature. 1978;271:519-524.

 281. Dahr W, Gielen W, Beyreuther K, Kruger J. Structure of 
the Ss blood group antigens. I. Isolation of Ss active 
glycopeptides and differentiation of the antigens by 
modifi cation of methionine. Hoppe Seylers Z Physiol 
Chem. 1980;361:145-152.

 282. Dahr W, Kordowicz M, Beyreuther K, Kruger J. The 
amino acid sequence of the Mc-specifi c major red cell 
membrane sialoglycoprotein: an intermediate of the 
blood group M and N active molecules. Hoppe Seylers 
Z Physiol Chem. 1981;362:363-366.

 283. Dahr W, Beyreuther K, Gallasch E, et al. Amino acid 
sequence of the blood group Mg-specifi c major human 
erythrocyte membrane sialoglycoprotein. Hoppe Seylers 
Z Physiol Chem. 1981;362:81-85.

 284. Dahr W, Kordowicz M, Judd WJH, et al. Structural anal-
ysis of the Ss sialoglycoprotein specifi c for Henshaw 
blood group from human erythrocyte membranes. Eur 
J Biochem. 1984;141:51-55.

 285. Tanner M, Anstee D. The membrane change in En(a−) 
human erythrocytes. Biochem J. 1976;153:271-277.

 286. Dahr W, Uhlenbruck G, Leikola J, et al. Studies on the 
membrane glycoprotein defect of En(a−) erythrocytes, 
I. Biochemical aspects. J Immunogenet. 1976;3:329-
346.

 287. Tanner MJA, Anstee DJ, Judson PA. A carbohydrate 
defi cient membrane glycoprotein in human erythrocytes 
of phenotype S−s−. Biochem J. 1977;165:157-161.

 288. Huang C-H, Johe K, Moulds JJ, et al. Delta glycophorin 
(glycophorin B) gene deletion in two individuals homo-
zygous for the S−s−U− blood group phenotype. Blood. 
1987;70:1830-1835.

 289. Tokunaga E, Sasakawa S, Tamaka K, et al. Two appar-
ently healthy Japanese individuals of type MkMk have 
erythrocytes which lack both blood group MN and 
Ss-active sialoglycoproteins. J Immunogenet. 1979;6:
383-390.

 290. Anstee DJ. The blood group MNSs active sialoglycopro-
teins. Semin Hematol. 1981;15:13-31.

 291. Blanchard D, Asseraf A, Prigent MJ, Cartron JP. Mil-
tenberger cClass I and II erythrocytes carry a variant of 
glycophorin A. Biochem J. 1983;213:399-404.

 292. Dahr W, Newman RA, Contreras M, et al. Structures of 
Miltenberger class I and II specifi c major human eryth-
rocyte membrane sialoglycoproteins. Eur J Biochem. 
1984;138:259-265.

 293. Dahr W, Beyreuther K, Moulds JJ. Structural analysis of 
the major human erythrocyte membrane sialoglycopro-
teins from Miltenberger class VII cells. Eur J Biochem. 
1987;166:27-30.

 294. Dahr W, Vengelen-Tyler V, Dybkjaer E, Beyreuther K. 
Structural analysis of glycophorin A from Miltenberger 
class VIII erythrocytes. Biol Chem Hoppe Seyler. 
1989;370:855-859.

 295. Johe KK, Smith AJ, Blumenfeld OO. Amino acid 
sequence of MiIII glycophorin: demonstration of γ-α 
and α-γ junction regions and expression of γ pseudoexon 
by direct protein sequencing. J Biol Chem. 1991;266:
7256.

 296. Johe KK, Vengelen-Tyler V, Leger R, Blumenfeld OO. 
Synthetic peptides homologous to human glycophorins 



 Chapter 15 • Disorders of the Red Cell Membrane 789

of the Miltenberger complex of variants of MNSs blood 
group system specify the epitopes for Hil, S JL, Hop, and 
Mur antisera. Blood. 1991;78:2456-2461.

 297. Mawby WJ, Anstee DJ, Tanner MJ. Immunochemical 
evidence for hybrid sialoglycoproteins of human eryth-
rocytes Nature. 1981;291:161-162.

 298. Tanner MJ, Anstee DJ, Mawby WJ. A new human eryth-
rocyte variant (Ph) containing an abnormal membrane 
sialoglycoprotein. Biochem J. 1980;187:493-500.

 299. Johe KK, Smith AJ, Vengelen-Tyler V, Blumenfeld OO. 
Amino acid sequence of an α-δ glycophorin hybrid: A 
structure reciprocal to Sta δ-α glycophorin hybrid. J Biol 
Chem. 1989;264:17486-17492.

 300. Anstee DJ, Mawby WJ, Tanner MJ. Abnormal blood-
group-Ss–active sialoglycoproteins in the membrane of 
Miltenberger class III, IV, and V erythrocytes. Biochem 
J. 1979;183:193-203.

 301. Huang C-H, Guizzo ML, Kikuchi M, Blumenfeld OO. 
Molecular genetic analysis of a hybrid gene encoding Sta 
glycophorin of the human erythrocyte membrane. Blood. 
1989;74:836-843.

 302. Blumenfeld OO, Smith AJ, Moulds JJ. Membrane gly-
cophorins of Dantu blood group erythrocytes. J Biol 
Chem. 1987;262:11864-11870.

 303. Blanchard D, Cartron JP, Rouger P, Salmon C. Pj variant, 
a new, hybrid MNSs glycoprotein of the human red-cell 
membrane. Biochem J. 1982;203:419.

 304. Huang C-H, Blumenfeld OO. Identifi cation of recombi-
nation events resulting in three hybrid genes encoding 
human MiV, MiV(J.L.), and Sta glycophorins. Blood. 
1991;77:1813-1320.

 305. Huang C-H, Blumenfeld OO. Molecular genetics of 
human erythrocyte MiIII and MiVI glycophorins. Use 
of a pseudoexon in construction of two δ-α-δ hybrid 
genes resulting in antigenic diversifi cation. J Biol Chem. 
1991;266:7248-7255.

 306. Huang C-H, Blumenfeld OO. Multiple origins of the 
human glycophorin Sta gene. Identifi cation of hot spots 
for independent unequal homologous recombinations. J 
Biol Chem. 1991;266:23306-23314.

 307. Huang C-H, Kikuchi M, McCreary J, Blumenfeld OO. 
Gene conversion confi ned to a direct repeat of the 
acceptor splice site generates allelic diversity at human 
glycophorin (GYP) locus. J Biol Chem. 1992;267:3336-
3342.

 308. Huang C-H, Skov F, Daniels G, et al. Molecular analysis 
of human glycophorin MiIX gene shows a silent segment 
transfer and untemplated mutation resulting from gene 
conversion via sequence repeats. Blood. 1992;80:2379-
2387.

 309. Huang C-H, Blumenfeld OO. Characterization of a 
genomic hybrid specifying the human erythrocyte 
antigen Dantu: Dantu gene is duplicated and linked to 
a δ glycophorin gene deletion. Proc Natl Acad Sci 
U S A. 1988;85:9640-9644.

 310. Kudo S, Fukuda M. Structural organization of g
lycophorin A and B genes: Glycophorin B gene 
evolved by homologous recombination at Alu repeat 
sequences. Proc Natl Acad Sci U S A. 1989;86:4619-
4623.

 311. Cartron JP, Blanchard D. Association of human eryth-
rocyte membrane glycoproteins with blood group Cad 
specifi city. Biochem J. 1982;207:497.

 312. Blanchard D, Cartron JP, Fournet B, et al. Primary 
structure of the oligosaccharide determinant of blood 
group Cad specifi city. J Biol Chem. 1983;258:7691-
7695.

 313. Mendelsohn R, Dluhy RA, Crawford T, Mantsch HH. 
Interaction of glycophorin with phosphatidylserine: a 
Fourier transform infrared investigation. Biochemistry. 
1984;23:1498-1504.

 314. Smith SO, Bormann BJ. Determination of helix-helix 
interactions in membranes by rotational resonance 
NMR. Proc Natl Acad Sci U S A. 1995;92:488-
491.

 315. Brosig B, Langosch D. The dimerization motif of the 
glycophorin A transmembrane segment in membranes: 
importance of glycine residues. Protein Sci. 1998;7:1052-
1056.

 316. MacKenzie KR, Prestegard JH, Engelman DM. A trans-
membrane helix dimer: structure and implications. 
Science. 1997;276:131-133.

 317. Young MT, Tanner MJ. Distinct regions of human gly-
cophorin A enhance human red cell anion exchanger 
(band 3; AE1) transport function and surface traffi cking. 
J Biol Chem. 2003;278:32954-32961.

 318. Chasis JA, Mohandas N, Shohet SB. Erythrocyte mem-
brane rigidity induced by glycophorin A–ligand interac-
tion. Evidence for a ligand-induced association between 
glycophorin A and skeletal proteins. J Clin Invest. 
1985;75:1919-1926.

 319. Chasis JA, Reid ME, Jensen RH, Mohandas N. Signal 
transduction by glycophorin A: role of extracellular and 
cytoplasmic domains in a modulatable process. J Cell 
Biol. 1988;107:1351-1357.

 320. Andersson LC, Gahmberg CG, Teerenhovi L, Vuopio P. 
Glycophorin A as a cell surface marker of early erythroid 
differentiation in acute leukemia. Int J Cancer. 
1979;24:717-720.

 321. Langlois RG, Bigbee WL, Kyoizumi S, et al. Evidence 
for increased somatic cell mutations at the glycophorin 
A locus in atomic bomb survivors. Science. 1987;236:
445-448.

 322. Siebert PD, Fukuda M. Molecular cloning of a human 
glycophorin B cDNA: nucleotide sequence and genomic 
relationship to glycophorin A. Proc Natl Acad Sci U S 
A. 1987;84:6735-6739.

 323. Rearden A, Magnet A, Kudo S, Fukuda M. Glycophorin 
B and glycophorin E genes arose from the glycophorin 
A ancestral gene via two duplications during primate 
evolution. J Biol Chem. 1993;268:2260-2267.

 324. Dahr W, Beyreuther K, Steinbach H, et al. Structure of 
the Ss blood group antigens, II: a methionine/threonine 
polymorphism within the N-terminal sequence of the 
Ss glycoprotein. Hoppe Seylers Z Physiol Chem. 
1980;361:895-906.

 325. Colin Y, Rahuel C, London J, et al. Isolation of cDNA 
clones and complete amino acid sequence of human 
erythrocyte glycophorin C. J Biol Chem. 1986;261:229-
233.

 326. Villeval JL, Le Van Kim C, Bettaieb A, et al. Early expres-
sion of glycophorin C during normal and leukemic 
human erythroid differentiation. Cancer Res. 1989;49:
2626-2632.

 327. Chasis J, Mohandas N. Red blood cell glycophorins. 
Blood. 1992;8:1869.



790 HEMOLYTIC ANEMIAS

 328. Hemming NJ, Anstee DJ, Staricoff MA, et al. Identifi ca-
tion of the membrane attachment sites for protein 4.1 in 
the human erythrocyte. J Biol Chem. 1995;270:5360-
5366.

 329. Marfatia SM, Morais-Cabral JH, Kim AC, et al. The 
PDZ domain of human erythrocyte p55 mediates its 
binding to the cytoplasmic carboxyl terminus of gly-
cophorin C. Analysis of the binding interface by in vitro 
mutagenesis. J Biol Chem. 1997;272:24191-24197.

 330. Le Van Kim C, Colin Y, Mitjavila MT, et al. Structure 
of the promoter region and tissue specifi city of the 
human glycophorin C gene. J Biol Chem. 1989;264:20407-
20414.

 331. Colin Y. Gerbich blood groups and minor glycophorins 
of human erythrocytes. Transfus Clin Biol. 1995;2:
259-268.

 332. Kudo S, Fukuda M. Identifi cation of a novel human 
glycophorin, glycophorin E, by isolation of genomic 
clones and complementary DNA clones utilizing poly-
merase chain reaction. J Biol Chem. 1990;265:1102-
1110.

 333. Blumenfeld OO, Huang CH. Molecular genetics of gly-
cophorin MNS variants. Transfus Clin Biol. 
1997;4:357-365.

 334. Arimitsu N, Akimitsu N, Kotani N, T et al. Glycophorin 
A requirement for expression of O-linked antigens on 
the erythrocyte membrane. Genes Cells. 2003;8:
769-777.

 335. Reid M, Anstee D, Jensen RH, Mohandas N. Normal 
membrane function of abnormal b-related erythrocyte 
sialoglycoproteins. Br J Haematol. 1987;67:467-472.

 336. Chang S, Reid ME, Conboy J, et al. Molecular charac-
terization of erythrocyte glycophorin C variants. Blood. 
1991;77:644-648.

 337. Telen MJ, Le Van Kim C, Guizzo ML, et al. Erythrocyte 
Webb-type glycophorin C variant lacks N-glycosylation 
due to an asparagine to serine substitution. Am J 
Hematol. 1991;37:51-52.

 338. Anstee D, Ridgewell K, Tanner M, et al. Individuals 
lacking the Gerbich blood-group antigens have altera-
tions in the human erythrocyte membrane sialoglycopro-
teins β and γ. Biochem J. 1984;221:97.

 339. Telen MJ, Le Van Kim C, Chung A, et al. Molecular 
basis for elliptocytosis associated with glycophorin C and 
D defi ciency in the Leach phenotype. Blood. 1991;78:
1603-1606.

 340. Anstee D, Parsons S, Ridgewell K, et al. Two individuals 
with elliptocytic red cells apparently lack three minor 
sialoglycoproteins. Biochem J. 1984;218:615.

 341. Daniels G, Shaw M-A, Judson P, et al. A family demon-
strating inheritance of the Leach phenotype, a Gerbich-
negative phenotype associated with elliptocytosis. Vox 
Sang. 1986;50:117.

 342. Nash GB, Palmer J, Reid ME. Effects of defi ciencies of 
glycophorins C and D on the physical properties of the 
red cell. Br J Haematol. 1990;76:282-287.

 343. Reid ME, Chasis JA, Mohandas N. Identifi cation of a 
functional role for human erythrocyte sialoglycoproteins 
β and γ (C and D). Blood 1987;69:1068-1072.

 344. Alloisio N, Dalla Venezia N, Rana A, et al. Evidence that 
red blood cell protein p55 may participate in the skele-
ton-membrane linkage that involves protein 4.1 and gly-
cophorin C. Blood. 1993;82:1323-1327.

 345. Dhermy D, Garbarz M, Lecomte MC, et al. Hereditary 
elliptocytosis: clinical, morphological and biochemical 
studies of 38 cases. Nouv Rev Fr Hematol. 1986;28:
129-140.

 346. Dalla Venezia N, Gilsanz F, Alloisio N, et al. Homozy-
gous 4.1(−) hereditary elliptocytosis associated with a 
point mutation in the downstream initiation codon of 
protein 4.1 gene. J Clin Invest. 1992;90:1713-1717.

 347. Baumgartner S, Littleton JT, Broadie K, et al. A Dro-
sophila neurexin is required for septate junction and 
blood-nerve barrier formation and function. Cell. 
1996;87:1059-1068.

 348. Perkins M. Inhibitory effects of erythrocyte membrane 
proteins on the in vitro invasion of the human malarial 
parasite (Plasmodium falciparum) into its host cell. J Cell 
Biol. 1981;90:563-567.

 349. Pasvol G, Wainscoat JS, Weatherall DJ. Erythrocytes 
defi ciency in glycophorin resist invasion by the malarial 
parasite Plasmodium falciparum. Nature. 1982;297:
64-66.

 350. Dolan SA, Miller LH, Wellems TE. Evidence for a 
switching mechanism in the invasion of erythrocytes by 
Plasmodium falciparum. J Clin Invest. 1990;86:618-
624.

 351. Orlandi PA, Klotz FW, Haynes JD. A malaria invasion 
receptor, the 175-kilodalton erythrocyte binding antigen 
of Plasmodium falciparum recognizes the terminal 
Neu5Ac(α2-3)Gal- sequences of glycophorin A. J Cell 
Biol. 1992;116:901-909.

 352. Dolan SA, Proctor JL, Alling DW, et al. Glycophorin B 
as an EBA-175 independent Plasmodium falciparum 
receptor of human erythrocytes. Mol Biochem Parasitol. 
1994;64:55-63.

 353. Tolia NH, Enemark EJ, Sim BK, Joshua-Tor L. Struc-
tural basis for the EBA-175 erythrocyte invasion pathway 
of the malaria parasite Plasmodium falciparum. Cell. 
2005;122:183-193.

 354. Sharma A, Mishra NC, Biswas S. Receptor heterogene-
ity and invasion on erythrocytes by Plasmodium falci-
parum merozoites in Indian isolates. Indian J Exp Biol. 
1994;32:486-488.

 355. Hadley TJ, Klotz FW, Pasvol G, et al. Falciparum malaria 
parasites invade erythrocytes that lack glycophorin A and 
B (MkMk). Strain differences indicate receptor heteroge-
neity and two pathways for invasion. J Clin Invest. 
1987;80:1190-1193.

 356. Chishti AH, Palek J, Fisher D, et al. Reduced invasion 
and growth of Plasmodium falciparum into elliptocytic red 
blood cells with a combined defi ciency of protein 4.1, 
glycophorin C, and p55. Blood. 1996;87:3462-3469.

 357. Maier AG, Duraisingh MT, Reeder JC, et al. Plasmodium 
falciparum erythrocyte invasion through glycophorin C 
and selection for Gerbich negativity in human popula-
tions. Nat Med. 2003;9:87-92.

 358. Lobo CA, Rodriguez M, Reid M, Lustigman S. Gly-
cophorin C is the receptor for the Plasmodium falciparum 
erythrocyte binding ligand PfEBP-2 (baebl). Blood. 
2003;101:4628-4631.

 359. Mayer DC, Jiang L, Achur RN, et al. The glycophorin 
C N-linked glycan is a critical component of the ligand 
for the Plasmodium falciparum erythrocyte receptor 
BAEBL. Proc Natl Acad Sci U S A. 2006;103:2358-
2362.



 Chapter 15 • Disorders of the Red Cell Membrane 791

 360. Wang D, Mentzer WC, Cameron T, Johnson RM. Puri-
fi cation of band 7.2b, a 31-kDa integral membrane 
phosphoprotein absent in hereditary stomatocytosis. 
J Biol Chem. 1991;266:17826-17831.

 361. Hiebl-Dirschmied CM, Adolf GR, Prohaska R. Isolation 
and partial characterization of the human erythrocyte 
band 7 integral membrane protein. Biochim Biophys 
Acta. 1991;1065:195-202.

 362. Stewart GW, Hepworth-Jones BE, Keen JN, et al. Isola-
tion of cDNA coding for an ubiquitous membrane 
protein defi cient in high Na+, low K+ stomatocytic eryth-
rocytes. Blood. 1992;79:1593-1601.

 363. Hiebl Dirschmied C, Entler B, Glotzman C, et al. 
Cloning and nucleotide sequence of cDNA encoding 
human erythrocyte band 7 integral membrane protein. 
Biochim Biophys Acta. 1991;1090:123-124.

 364. Snyers L, Umlauf E, Prohaska R. Oligomeric nature of 
the integral membrane protein stomatin. J Biol Chem. 
1998;273:17221-17226.

 365. Snyers L, Umlauf E, Prohaska R. Cysteine 29 is the 
major palmitoylation site on stomatin. FEBS Lett. 
1999;449:101-104.

 366. Wang Y, Morrow JS. Identifi cation and characterization 
of human SLP-2, a novel homologue of stomatin (band 
7.2b) present in erythrocytes and other tissues. J Biol 
Chem. 2000;275:8062-8071.

 367. Gilles F, Glenn M, Goy A, et al. A novel gene STORP 
(STOmatin-Related Protein) is localized 2 kb upstream 
of the promyelocytic gene on chromosome 15q22. Eur 
J Haematol. 2000;64:104-113.

 368. You Z, Gao X, Ho MM, Borthakur D. A stomatin-like 
protein encoded by the slp gene of Rhizobium etli is 
required for nodulation competitiveness on the common 
bean. Microbiology. 1998;144:2619-2627.

 369. Huang M, Gu G, Ferguson EL, Chalfi e M. A stomatin-
like protein necessary for mechanosensation in C. elegans. 
Nature. 1995;378:292-295.

 370. Mannsfeldt AG, Carroll P, Stucky CL, Lewin GR. 
Stomatin, a MEC-2 like protein, is expressed by mam-
malian sensory neurons. Mol Cell Neurosci. 1999;13:
391-404.

 371. Sedensky MM, Siefker JM, Morgan PG. Model organ-
isms: new insights into ion channel and transporter func-
tion. Stomatin homologues interact in Caenorhabditis 
elegans. Am J Physiol Cell Physiol. 2001;280:
C1340-C1348.

 372. Goodman MB, Ernstrom GG, Chelur DS, et al. MEC-2 
regulates C. elegans DEG/ENaC channels needed for 
mechanosensatiion. Nature. 2002;415:1039-1042.

 373. Wetzel C, Hu J, Riethmacher D, et al. A stomatin-domain 
protein essential for touch sensation in the mouse. 
Nature. 2007;445:206-209.

 374. Price MP, Thompson RJ, Eshcol JO, et al. Stomatin 
modulates gating of acid-sensing ion channels. J Biol 
Chem. 2004;279:53886-53891.

 375. Moore RB, Shriver SK. Protein 7.2b of human erythro-
cyte membranes binds to calpromotin. Biochem Biophys 
Res Commun. 1997;232:294-297.

 376. Zhang JZ, Hayashi H, Ebina Y, et al. Association of 
stomatin (band 7.2b) with Glut1 glucose transporter. 
Arch Biochem Biophys. 1999;372:173-178.

 377. Zhang JZ, Abbud W, Prohaska R, Ismail-Beigi F. Over-
expression of stomatin depresses GLUT-1 glucose trans-

porter activity. Am J Physiol Cell Physiol. 2001;280:
C1277-C1283.

 378. Plishker GA, Chevalier D, Seinsoth L, Moore RB. 
Calcium-activated potassium transport and high molec-
ular weight forms of calpromotin. J Biol Chem. 
1992;267:21839-21843.

 379. Moore RB, Mankad MV, Shriver SK, et al. Reconstitu-
tion of Ca2+-dependent K+ transport in erythrocyte 
membrane vesicles requires a cytoplasmic protein. J Biol 
Chem. 1991;266:18964-18968.

 380. Preston GM, Carroll TP, Guggino WB, Agre P. 
Appearance of water channels in Xenopus oocytes 
expressing red cell CHIP28 protein. Science. 1992;
256:385-387.

 381. Sui H, Han BG, Lee JK, et al. Structural basis of water 
specifi c transport through the AQP1 water channel. 
Nature. 2001;414:872-878.

 382. King LS, Choi M, Fernandez PC, et al. Defective 
urinary-concentrating ability due to a complete defi -
ciency of aquaporin-1. N Engl J Med. 2001;345:
175-179.

 383. King LS, Nielsen S, Agre P, Brown RH. Decreased pul-
monary vascular permeability in aquaporin-1–null 
humans. Proc Natl Acad Sci U S A. 2002;99:1059-
1063.

 384. Ma T, Yang B, Gillespie A, et al. Severely impaired 
urinary concentrating ability in transgenic mice lacking 
aquaporin-1 water channels. J Biol Chem. 1998;273:4296-
4299.

 385. Saadoun S, Papadopoulos MC, Hara-Chikuma M, 
Verkman AS. Impairment of angiogenesis and cell migra-
tion by targeted aquaporin-1 gene disruption. Nature. 
2005;434:786-792.

 386. Roudier N, Verbavatz JM, Maurel C, et al. Evidence for 
the presence of aquaporin-3 in human red blood cells. 
J Biol Chem. 1998;273:8407-8412.

 387. Roudier N, Ripoche P, Gane P, et al. AQP3 defi ciency 
in humans and the molecular basis of a novel blood 
group system, GIL. J Biol Chem. 2002;277:45854-
45859.

 388. Liu Y, Promeneur D, Rojek A, et al. Aquaporin 9 is the 
major pathway for glycerol uptake by mouse erythro-
cytes, with implications for malarial virulence. Proc Natl 
Acad Sci U S A. 2007;104:12560-12564.

 389. Avent ND, Reid ME. The Rh blood group system: a 
review. Blood. 2000;95:375-387.

 390. Haung CH, Liu PZ, Cheng JG. Molecular biology and 
genetics of Rh blood group system. Semin Hematol. 
2000;37:150-165.

 391. Van Kim CL, Colin Y, Cartron JP. Rh proteins: key 
structural and functional components of the red cell 
membrane. Blood Rev. 2006;20:93-110.

 392. Nicolas V, Le Van Kim C, Gane P, et al. Rh-RhAG/
ankyrin-R, a new interaction site between the membrane 
bilayer and the red cell skeleton, is impaired by Rh 
(null)–associated mutation. J Biol Chem. 2003;278:
25526-25533.

 393. Ripoche P, Bertrand O, Gane P, et al. Human Rhesus-
associated glycoprotein mediates facilitated transport of 
NH3 into red blood cells. Proc Natl Acad Sci U S A. 
2004;101:17222-17227.

 394. Marini AM, Matassi G, Raynal V, et al. The human 
Rhesus-associated RhAG protein and a kidney homo-



792 HEMOLYTIC ANEMIAS

logue promote ammonium transport in yeast. Nat Genet. 
2000;26:341-344.

 395. Endeward V, Cartron JP, Ripoche P, Gros G. Red cell 
membrane CO2 permeability in normal human blood 
and in blood defi cient in various blood groups, and effect 
of DIDS. Transfus Clin Biol. 2006;13:123-127.

 396. Ballas SK, Clark MR, Mohandas N, et al. Red cell mem-
brane and cation defi ciency in Rh null syndrome. Blood. 
1984;63:1046-1055.

 397. Olives B, Neau P, Bailly P, et al. Cloning and functional 
expression of a urea transporter from human bone 
marrow cells. J Biol Chem. 1994;269:31649-31652.

 398. Olives B, Mattei MG, Huet M, et al. Kidd blood group 
and urea transport function of human erythrocytes are 
carried by the same protein. J Biol Chem. 1995;270:
15607-15610.

 399. Macey RI, Yousef LW. Osmotic stability of red cells in 
renal circulation requires rapid urea transport. Am 
J Physiol. 1988;254:C669-C674.

 400. Frohlich O, Macey RI, Edwards-Moulds J, et al. Urea 
transport defi ciency in Jk (ab−) erythrocytes. Am 
J Physiol. 1991;260:C778-C783.

 401. Ho M, Chelly J, Carter N, et al. Isolation of a gene for 
McLeod syndrome encodes a novel membrane transport 
protein. Cell. 1994;77:869-880.

 402. Russo D, Redman C, Lee S. Association of Xk and Kell 
blood group proteins. J Biol Chem. 1998;273:
13950-13956.

 403. Lee S, Zambas E, Green ED, Redman C. Organization 
of the gene encoding the human Kell blood group 
protein. Blood. 1995;85:1364-1370.

 404. Lee S, Lin M, Mele A, et al. Proteolytic processing of 
big endothelin-3 by the Kell blood group protein. Blood. 
1999;94:1440-1450.

 405. Lee S, Russo D, Redman CM. The Kell blood group 
system: Kell and XK membrane proteins. Semin 
Hematol. 2000;37:113-121.

 406. Pogo O, Chaudhuri A. The Duffy protein: A malarial and 
chemokine receptor. Semin Hematol. 2000;37:122-
129.

 407. Chaudhuri A, Polyakova J, Zbrzezna V, et al. Cloning of 
glycoprotein D cDNA, which encodes the major subunit 
of the Duffy blood group system and the receptor for 
the Plasmodium vivax malaria parasite. Proc Natl Acad 
Sci U S A. 1993;90:10793-10797.

 408. Hadley TJ, Peiper SC. From malaria to chemokine 
receptor: the emerging physiologic role of the Duffy 
blood group antigen. Blood. 1997;89:3077-3091.

 409. Parsons SF, Mallinson G, Holmes CH, et al. The 
Lutheran blood group glycoprotein, another member of 
the immunoglobulin superfamily, is widely expressed in 
human tissues and is developmentally regulated in 
human liver. Proc Natl Acad Sci U S A. 1995;92:5496-
5500.

 410. Eyler CE, Telen MJ. The Lutheran glycoprotein: a 
multifunctional adhesion receptor. Transfusion. 2006;46:
668-677.

 411. Udani M, Zen Q, Cottman M, et al. Basal cell adhesion 
molecule/Lutheran protein. The receptor critical for 
sickle cell adhesion to laminin. J Clin Invest. 1998;101:
2550-2558.

 412. El Nemer W, Wautier MP, Rahuel C, et al. Endothelial 
Lu/BCAM glycoproteins are novel ligands for red blood 
cell alpha4beta1 integrin: role in adhesion of sickle red 

blood cells to endothelial cells. Blood. 2007;109:
3544-3551.

 413. Bailly P, Hermand P, Callebault I, et al. The LW blood 
group glycoprotein is homologous to intracellular adhe-
sion molecules. Proc Natl Acad Sci U S A. 1994;91:
5306-5310.

 414. Delahunty M, Zennadi R, Telen MJ. LW protein: a pro-
miscuous integrin receptor activated by adrenergic sig-
naling. Transfus Clin Biol. 2006;13:44-49.

 415. Bailly P, Tontti E, Hermand P, et al. The red cell LW 
blood group glycoprotein is an intracellular adhesion 
molecule (ICAM-4) which binds to CD11/CD18 leuko-
cyte integrin. Eur J Immunol. 1995;25:3316-3320.

 416. Spring FA, Parsons SF, Ortlepp S, et al. Intracellular 
adhesion molecule-4 binds α4β1 and αV integrins through 
novel integrin-binding mechanisms. Blood. 2001;98:
458-466.

 417. Zennadi R, Moeller BJ, Whalen EJ, et al. Epinephrine-
induced activation of LW-mediated sickle cell adhesion 
and vaso-occlusion in vivo. Blood. 2007;110:2708-
2717.

 417a. Mueckler M, Caruso C, Baldwin SA, et al. Sequence 
and structure of a human glucose transporter. Science. 
1985;229:941-945.

 417b. Montel-Hagen A, Kinet S, Manel N, et al. Erythrocyte 
Glut1 triggers dehydroascorbic acid uptake in mammals 
unable to synthesize vitamin C. Cell. 2008;132:
1039-1048.

 417c. Khan AA, Hanada T, Mohseni M, et al. Dematin and 
adducin provide a novel link between the spectrin cyto-
skeleton and human erythrocyte membrane by directly 
interacting with glucose transporter-1. J Biol Chem. 
2008;283;14600-14609.

 418. Bennett V, Stenbuck PJ. The membrane attachment 
protein for spectrin is associated with band 3 in human 
erythrocyte membranes. Nature. 1979;280:468-473.

 419. Reid ME, Takakuwa Y, Conboy J, et al. Glycophorin C 
content of human erythrocyte membrane is regulated by 
protein 4.1. Blood. 1990;75:2229-2234.

 420. Speicher DW, Morrow JS, Knowles WJ, Marchesi VT. A 
structural model of human erythrocyte spectrin. Align-
ment of chemical and functional domains. J Biol Chem. 
1982;257:9093-9101.

 421. http://pfam.sanger.ac.uk/family?entry = spectrin&type = 
Family.

 422. Speicher DW, Marchesi VT. Erythrocyte spectrin is 
comprised of many homologous triple helical segments. 
Nature. 1984;311:177-180.

 423. MacDonald RI, Cummings JA. Stabilities of folding of 
clustered, two-repeat fragments of spectrin reveal a 
potential hinge in the human erythroid spectrin tetra-
mer. Proc Natl Acad Sci U S A. 2004;101:1502-1507.

 424. Shotton DM, Burke BE, Branton D. The molecular 
structure of human erythrocyte spectrin. Biophysical 
and electron microscopic studies. J Mol Biol. 1979;131:
303-329.

 425. Bennett V, Baines AJ. Spectrin and ankyrin based path-
ways: Metazoan inventions for integrating cells into 
tissues. Physiol Rev. 2001;81:1353-1392.

 426. Sahr KE, Laurila P, Kotula L, et al. The complete cDNA 
and polypeptide sequences of human erythroid alpha-
spectrin. J Biol Chem. 1990;265:4434-4443.

 427. Leto TL, Fortugno-Erikson D, Barton D, et al. Com-
parison of nonerythroid alpha-spectrin genes reveals 



 Chapter 15 • Disorders of the Red Cell Membrane 793

strict homology among diverse species. Mol Cell Biol. 
1988;8:1-9.

 428. Winkelmann JC, Chang JG, Tse WT, et al. Full-length 
sequence of the cDNA for human erythroid beta-spec-
trin. J Biol Chem. 1990;265:11827-11832.

 429. Gallagher PG, Sabatino DE, Romana M, et al. A human 
beta-spectrin gene promoter directs high level expression 
in erythroid but not muscle or neural cells. J Biol Chem. 
1999;274:6062-6073.

 430. Winkelmann JC, Costa FF, Linzie BL, Forget BG. 
Beta spectrin in human skeletal muscle. Tissue-specifi c 
differential processing of 3′ beta spectrin pre-mRNA 
generates a beta spectrin isoform with a unique carboxyl 
terminus. J Biol Chem. 1990;265:20449-20454.

 431. Hu RJ, Watanabe M, Bennett V. Characterization of 
human brain cDNA encoding the general isoform of 
beta-spectrin. J Biol Chem. 1992;267:18715-18722.

 432. Sakaguchi G, Orita S, Naito A, et al. A novel brain-
specifi c isoform of beta spectrin: isolation and its interac-
tion with Munc13. Biochem Biophys Res Commun. 
1998;248:846-851.

 433. Berghs S, Aggujaro D, Dirkx R Jr, et al. βIV spectrin, a 
new spectrin localized at axon initial segments and nodes 
of Ranvier in the central and peripheral nervous system. 
J Cell Biol. 2000;151:985-1001.

 434. Tse WT, Tang J, Jin O, et al. A new spectrin, βIV, has a 
major truncated isoform that associates with promyelo-
cytic leukemia protein nuclear bodies and nuclear matrix. 
J Biol Chem. 2001;276:23974-23985.

 435. Stabach PR, Morrow JS. Identifi cation and characteriza-
tion of βV spectrin, a mammalian ortholog of Drosophila 
βH spectrin. J Biol Chem. 2000;275:21385-21395.

 436. Ikeda Y, Dick KA, Weatherspoon MR, et al. Spectrin 
mutations cause spinocerebellar ataxia type 5. Nat 
Genet. 2006;38:184-190.

 437. Parkinson NJ, Olsson CL, Hallows JL, et al. Mutant β-
spectrin 4 causes auditory and motor neuropathies in 
quivering mice. Nat Genet. 2001;29:61-65.

 438. Yan Y, Winograd E, Viel A, et al. Crystal structure of the 
repetitive segments of spectrin. Science. 1993;262:
2027-2030.

 439. Winograd E, Hume D, Branton D. Phasing the confor-
mational unit of spectrin. Proc Natl Acad Sci U S A. 
1991;88:10788-10791.

 440. Grum VL, Li D, MacDonald RI, Mondragon A. Struc-
tures of two repeats of spectrin suggest models of fl exi-
bility. Cell. 1999;98:523-535.

 441. An X, Guo X, Zhang X, et al. Conformational stabilities 
of the structural repeats of erythroid spectrin and their 
functional implications. J Biol Chem. 2006;281:10527-
10532.

 442. Paramore S, Ayton GS, Mirijanian DT, Voth GA. Extend-
ing a spectrin repeat unit. I: linear force-extension 
response. Biophys J. 2006:90:92-100.

 443. Johnson CP, Tang HY, Carag C, et al. Forced unfolding 
of proteins within cells. Science. 2007;317:663-666.

 444. Speicher DW, Weglarz L, DeSilva TM. Properties of 
human red cell spectrin heterodimer (side-to-side) 
assembly and identifi cation of an essential nucleation 
site. J Biol Chem. 1992;267:14775-14782.

 445. Li D, Tang HY, Speicher DW. A structural model of the 
erythrocyte spectrin heterodimer initiation site deter-
mined using homology modeling and chemical cross-
linking. J Biol Chem. 2008;283:1553-1562.

 446. Begg GE, Harper SL, Morris MB, Speicher DW. Initia-
tion of spectrin dimerization involves complementary 
electrostatic interactions between paired triple-helical 
bundles. J Biol Chem. 2000;275:3279-3287.

 447. Li D, Harper S, Speicher DW. Initial propagation of 
spectrin heterodimer assembly involves distinct energetic 
processes. Biochemistry. 2007;46:10585-10594.

 448. Wilmotte R, Marechal J, Morle L, et al. Low expression 
allele alpha LELY of red cell spectrin is associated with 
mutations in exon 40 (alpha V/41 polymorphism) and 
intron 45 and with partial skipping of exon 46. J Clin 
Invest. 1993;91:2091-2096.

 449. Wilmotte R, Harper SL, Ursitti JA, et al. The exon 46–
encoded sequence is essential for stability of human 
erythroid alpha-spectrin and heterodimer formation. 
Blood. 1997;90:4188-4196.

 450. Ungewickell E, Gratzer W. Self-association of human 
spectrin. A thermodynamic and kinetic study. Eur J 
Biochem. 1978;88:379-385.

 451. DeSilva TM, Peng KC, Speicher KD, Speicher DW. 
Analysis of human red cell spectrin tetramer (head-to-
head) assembly using complementary univalent pep-
tides. Biochemistry. 1992;31:10872-10878.

 452. Tse WT, Lecomte MC, Costa FF, et al. Point mutation 
in the beta-spectrin gene associated with alpha I/74 
hereditary elliptocytosis. Implications for the mechanism 
of spectrin dimer self-association. J Clin Invest. 1990;86:
909-916.

 453. Ursitti JA, Kotula L, DeSilva TM, et al. Mapping the 
human erythrocyte beta-spectrin dimer initiation site 
using recombinant peptides and correlation of its phasing 
with the alpha-actinin dimer site. J Biol Chem. 
1996;271:6636-6644.

 454. Speicher DW, DeSilva TM, Speicher KD, et al. Location 
of the human red cell spectrin tetramer binding site and 
detection of a related “closed” hairpin loop dimer using 
proteolytic footprinting. J Biol Chem. 1993;268:4227-
4235.

 455. Liu SC, Palek J. Spectrin tetramer-dimer equilibrium 
and the stability of erythrocyte membrane skeletons. 
Nature. 1980;285:586-588.

 456. Liu SC, Windisch P, Kim S, Palek J. Oligomeric states 
of spectrin in normal erythrocyte membranes: biochemi-
cal and electron microscopic studies. Cell. 1984;37:587-
594.

 457. Morrow JS, Marchesi VT. Self-assembly of spectrin 
oligomers in vitro: a basis for a dynamic cytoskeleton. 
J Cell Biol. 1981;88:463-468.

 458. Ursitti JA, Pumplin DW, Wade JB, Bloch RJ. Ultrastruc-
ture of the human erythrocyte cytoskeleton and its 
attachment to the membrane. Cell Motil Cytoskel. 
1991;19:227-243.

 459. McGough AM, Josephs R. On the structure of erythro-
cyte spectrin in partially expanded membrane skeletons. 
Proc Natl Acad Sci U S A. 1990;87:5208-5212.

 460. Ursitti JA, Wade JB. Ultrastructure and immunocyto-
chemistry of the isolated human erythrocyte membrane 
skeleton. Cell Motil Cytoskel. 1993;25:30-42

 461. Kennedy SP, Warren SL, Forget BG, Morrow JS. Ankyrin 
binds to the 15th repetitive unit of erythroid and non-
erythroid beta-spectrin. J Cell Biol. 1991;115:267-
277.

 462. Bennett V, Stenbuck PJ. Identifi cation and partial puri-
fi cation of ankyrin, the high affi nity membrane attach-



794 HEMOLYTIC ANEMIAS

ment site for human erythrocyte spectrin. J Biol Chem. 
1979;254:2533-2541.

 463. Devarajan P, Scaramuzzino DA, Morrow JS. Ankyrin 
binds to two distinct cytoplasmic domains of Na,K-
ATPase alpha subunit. Proc Natl Acad Sci U S A. 
1994;91:2965-2969.

 464. Srinivasan Y, Elmer L, Davis J, et al. Ankyrin and spec-
trin associate with voltage-dependent sodium channels 
in brain. Nature. 1988;333:177-180.

 465. Becker PS, Tse WT, Lux SE, Forget BG. Beta spectrin 
Kissimmee: a spectrin variant associated with autosomal 
dominant hereditary spherocytosis and defective binding 
to protein 4.1. J Clin Invest. 1993;92:612-616.

 466. Cohen CM, Tyler JM, Branton D. Spectrin-actin asso-
ciations studied by electron microscopy of shadowed 
preparations. Cell. 1980;21:875-883.

 467. Karinch AM, Zimmer WE, Goodman SR. The identifi -
cation and sequence of the actin-binding domain of 
human red blood cell beta-spectrin. J Biol Chem. 
1990;265:11833-11840.

 468. An X, Debnath G, Guo X, et al. Identifi cation and func-
tional characterization of protein 4.1R and actin-binding 
sites in erythrocyte beta spectrin: regulation of the inter-
actions by phosphatidylinositol-4,5-bisphosphate. Bio-
chemistry. 2005;44:10681-10688.

 469. Ungewickell E, Bennett PM, Calvert R, et al. In vitro 
formation of a complex between cytoskeletal proteins 
of the human erythrocyte. Nature. 1979;280:811-
814.

 470. Ohanian V, Wolfe LC, John KM, et al. Analysis of the 
ternary interaction of the red cell membrane skeletal 
proteins spectrin, actin, and 4.1. Biochemistry. 1984;23:
4416-4420.

 471. Cohen CM, Foley SF. Biochemical characterization of 
complex formation by human erythrocyte spectrin, 
protein 4.1 and actin. Biochemistry. 1984;23:6091-
6098.

 472. Gardner K, Bennett V. Modulation of spectrin-actin 
assembly by erythrocyte adducin. Nature. 1987;328:359-
362.

 473. Kuhlman PA, Hughes CA, Bennett V, Fowler VM. A new 
function for adducin. Calcium/calmodulin-regulated 
capping of the barbed ends of actin fi laments. J Biol 
Chem. 1996;271:7986-7991.

 474. Li X, Matsuoka Y, Bennett V. Adducin preferentially 
recruits spectrin to the fast growing ends of actin fi la-
ments in a complex requiring the MARCKS-related 
domain and a newly defi ned oligomerization domain. 
J Biol Chem. 1998;273:19329-19338.

 475. Mische SM, Mooseker MS, Morrow JS. Erythrocyte 
adducin: a calmodulin-regulated actin-bundling protein 
that stimulates spectrin-actin binding. J Cell Biol. 
1987;105:2837-2845.

 476. Li X, Bennett V. Identifi cation of the spectrin subunit 
and domains required for formation of spectrin/adducin/
actin complexes. J Biol Chem. 1996;271:15695-15702.

 477. Wallis CJ, Wenegieme EF, Babitch JA. Characterization 
of calcium binding to brain spectrin. J Biol Chem. 
1992;267:4333-4337.

 478. Dubreuil RR, Brandin E, Reisberg JH, et al. Structure, 
calmodulin-binding, and calcium-binding properties of 
recombinant alpha spectrin polypeptides. J Biol Chem. 
1991;266:7189-7193.

 479. Travé G, Lacombe PJ, Pfuhl M, et al. Molecular mecha-
nism of the calcium-induced conformational change 
in the spectrin EF-hands. EMBO J. 1995;14:4922-
4931.

 480. Buevich AV, Lundberg S, Sethson I, et al. NMR studies 
of calcium-binding to mutant alpha-spectrin EF-hands. 
Cell Mol Biol Lett. 2004;9:167-186.

 481. Tang J, Taylor DW, Taylor KA. The three-dimensional 
structure of α-actinin obtained by cryoelectron micros-
copy suggests a model for Ca2+-dependent actin binding. 
J Mol Biol. 2001;310:845-858.

 482. Pei X, Guo X, Coppel R, et al. Plasmodium falciparum 
erythrocyte membrane protein 3 (PfEMP3) destabilizes 
erythrocyte membrane skeleton. J Biol Chem. 2007;282:
26754-26758.

 483. Korsgren C, Lux SE. The carboxyterminal EF-hands of 
erythroid α-spectrin are necessary for optimal spectrin-
actin–protein 4.1 binding. Manuscript submitted for 
publication.

 484. Wandersee NJ, Birkenmeier CS, Bodine DM, et al. 
Mutations in the murine erythroid alpha-spectrin gene 
alter spectrin mRNA and protein levels and spectrin 
incorporation into the red blood cell membrane skele-
ton. Blood. 2003;101:325-330.

 485. Ziemnicka-Kotula D, Xu J, Gu H, et al. Identifi cation of 
a candidate human spectrin Src homology 3 domain–
binding protein suggests a general mechanism of associa-
tion of tyrosine kinases with the spectrin-based membrane 
skeleton. J Biol Chem. 1998;273:13681-13692.

 486. Le Bonniec S, Deregnaucourt C, Redeker V, et al. Plas-
mepsin II, an acidic hemoglobinase from the Plasmodium 
falciparum food vacuole, is active at neutral pH on the 
host erythrocyte membrane skeleton. J Biol Chem. 
1999;274:14218-14223.

 487. Macias MJ, Musacchio A, Ponstingl H, et al. Structure 
of the pleckstrin homology domain from beta-spectrin. 
Nature. 1994;369:675-677.

 488. Ingley E, Hemmings BA. Pleckstrin homology (PH) 
domains in signal transduction. J Cell Biochem. 1994;56:
436-443.

 489. Pradhan D, Tseng K, Cianci CD, Morrow JS. Antibodies 
to βIΣ2 spectrin identify inhomogeneities in the eryth-
rocyte membrane skeleton. Blood Cells Mol Dis. 
2004;32:408-410.

 490. Wang DS, Shaw G. The association of the C-terminal 
region of beta I sigma II spectrin to brain membranes is 
mediated by a PH domain, does not require membrane 
proteins, and coincides with a inositol-1,4,5 triphos-
phate binding site. Biochem Biophys Res Commun. 
1995;217:608-615.

 491. Rameh LE, Arvidsson A, Carraway KL, et al. A com-
parative analysis of the phosphoinositide binding speci-
fi city of pleckstrin homology domains. J Biol Chem. 
1997;272:22059-22066.

 492. Tao M, Conway R, Cheta S. Purifi cation and character-
ization of a membrane-bound protein kinase from human 
erythrocytes. J Biol Chem. 1980;255:2563.

 493. Harris HW Jr, Lux SE. Structural characterization of the 
phosphorylation sites of human erythrocyte spectrin. 
J Biol Chem. 1980;255:11512-11520.

 494. Tang HY, Speicher DW. In vivo phosphorylation of 
human erythrocyte spectrin occurs in a sequential 
manner. Biochemistry. 2004;43:4251-4562.



 Chapter 15 • Disorders of the Red Cell Membrane 795

 495. Shahbakhti F, Gratzer WB. Analysis of the self-associa-
tion of human red cell spectrin. Biochemistry. 1986;25:
5969-5975.

 496. Anderson JM, Tyler JM. State of spectrin phosphoryla-
tion does not affect erythrocyte shape or spectrin binding 
to erythrocyte membranes. J Biol Chem. 1980;255:
1259-1265.

 497. Manno S, Takakuwa Y, Nagao K, Mohandas N. Modula-
tion of erythrocyte membrane mechanical function by 
beta-spectrin phosphorylation and dephosphorylation. 
J Biol Chem. 1995;270:5659-5665.

 498. Speicher DW, Morrow JS, Knowles WJ, Marchesi VT. 
Identifi cation of proteolytically resistant domains of 
human erythrocyte spectrin. Proc Natl Acad Sci U S A. 
1980;77:5673-5677.

 499. Geiduschek JB, Singer SJ. Molecular changes in the 
membranes of mouse erythroid cells accompanying dif-
ferentiation. Cell. 1979;16:149-163.

 500. Eisen H, Bach R, Emery R. Induction of spectrin in 
erythroleukemic cells transformed by Friend virus. Proc 
Natl Acad Sci U S A. 1977;74:3898-3902.

 501. Hasthorpe S. Quantifi cation of spectrin-containing ery-
throid precursor cells in normal and perturbed erythro-
poiesis. Exp Hematol. 1980;8:1001-1008.

 502. Hanspal M, Yoon SH, Yu H, et al. Molecular basis of 
spectrin and ankyrin defi ciencies in severe hereditary 
spherocytosis: evidence implicating a primary defect of 
ankyrin. Blood. 1991;77:165-173.

 503. Bodine DM, Birkenmeier CS, Barker JE. Spectrin defi -
cient inherited hemolytic anemias in the mouse: charac-
terization by spectrin synthesis and mRNA activity in 
reticulocytes. Cell. 1984;37:721-729.

 504. Moon RT, Lazarides E. Beta-spectrin limits alpha-spec-
trin assembly on membranes following synthesis in a 
chicken erythroid cell lysate. Nature. 1983;305:62-
65.

 505. Woods CM, Lazarides E. Degradation of unassembled 
alpha- and beta-spectrin by distinct intracellular path-
ways: regulation of spectrin topogenesis by beta-spectrin 
degradation. Cell. 1985;40:959-969.

 506. Pinder J, Gratzer W. Structural and dynamic states of 
actin in the erythrocyte. J Cell Biol. 1983;96:768.

 507. Tilney LG, Detmers P. Actin in erythrocyte ghosts and 
its association with spectrin. Evidence for a nonfi lamen-
tous form of these two molecules in situ. J Cell Biol. 
1975;66:508-520.

 508. Byers T, Branton D. Visualization of the protein associa-
tions in the erythrocyte membrane skeleton. Proc Natl 
Acad Sci U S A. 1985;82:6153.

 509. Fowler V, Sussmann M, Miller P, et al. Tropomodulin is 
associated with the free (pointed) ends of the thin fi la-
ments in rat skeletal muscle. J Cell Biol. 1993;120:
411.

 510. Kuhlman P, Hughes C, Bennett V, Fowler V. A new func-
tion for adducin: calcium/calmodulin-regulated capping 
of the barbed ends of actin fi laments. J Biol Chem. 
1996;271:7986.

 511. Kuhlman PA, Fowler VM. Purifi cation and characteriza-
tion of an alpha 1 beta 2 isoform of CapZ from human 
erythrocytes: cytosolic location and inability to bind to 
Mg2+ ghosts suggest that erythrocyte actin fi laments are 
capped by adducin. Biochemistry. 1997;36:13461-
13472.

 512. Porro F, Costessi L, Marro ML, et al. The erythrocyte 
skeletons of beta-adducin defi cient mice have altered 
levels of tropomyosin, tropomodulin and EcapZ. FEBS 
Lett. 2004;576:36-40.

 513. Picart C, Discher DE. Actin protofi lament orientation at 
the erythrocyte membrane. Biophys J. 1999;77:865-
878.

 514. Kalfa TA, Pushkaran S, Mohandas N, et al. Rac GTPases 
regulate the morphology and deformability of the eryth-
rocyte cytoskeleton. Blood. 2006;108:3637-3645.

 515. Kang JA, Zhou Y, Weis TL, et al. Osteopontin regulates 
actin cytoskeleton and contributes to cell proliferation in 
primary erythroblasts. J Biol Chem. 2008;283:6997-
7006.

 516. Correas I, Leto TL, Speicher DW, Marchesi VT. Identi-
fi cation of the functional site of erythrocyte protein 4.1 
involved in spectrin-actin associations. J Biol Chem. 
1986;261:3310-3315.

 517. Inaba M, Gupta KC, Kuwabara M, et al. Deamidation 
of human erythrocyte protein 4.1: possible role in aging. 
Blood. 1992;79:3355-3361.

 518. Chishti A, Kim A, Marfatia S, et al. The FERM domain: 
a unique module involved in the linkage of cytoplasmic 
proteins to the membrane. Trends Biochem Sci. 
1998;23:281.

 519. Leto TL, Marchesi VT. A structural model of human 
erythrocyte protein 4.1. J Biol Chem. 1984;259:4603-
4608.

 520. Holt GD, Haltiwanger RS, Torres CR, Hart GW. 
Erythrocytes contain cytoplasmic glycoproteins: O-
linked GlcNAc on band 4.1. J Biol Chem. 1987;262:
14847.

 521. Cohen CM, Gascard P. Regulation and post-transla-
tional modifi cation of erythrocyte membrane and mem-
brane-skeletal proteins. Semin Hematol. 1992;29:
244-292.

 522. Manno S, Takakuwa Y, Mohandas N. Modulation of 
erythrocyte membrane mechanical function by protein 
4.1 phosphorylation. J Biol Chem. 2005;280:7581-
7587.

 523. Danilov YN, Fennell R, Ling E, Cohen CM. Selective 
modulation of band 4.1 binding to erythrocyte mem-
branes by protein kinase C. J Biol Chem. 1990;265:2556-
2562.

 524. Schischmanoff PO, Winardi R, Discher DE, et al. Defi n-
ing of the minimal domain of protein 4.1 involved in 
spectrin-actin binding. J Biol Chem. 1995;270:21243-
21250.

 525. Discher DE, Winardi R, Schischmanoff PO, et al. Mech-
anochemistry of protein 4.1’s spectrin-actin-binding 
domain: ternary complex interactions, membrane 
binding, network integration, structural strengthening. 
J Cell Biol. 1995;130:897-907.

 526. Morris MB, Lux SE. Characterization of the binary 
interaction between human erythrocyte protein 4.1 and 
actin. Eur J Biochem. 1995;231:644-650.

 527. Gimm JA, An X, Nunomura W, Mohandas N. Func-
tional characterization of spectrin-actin–binding domains 
in 4.1 family of proteins. Biochemistry. 2002;41:7275-
7282.

 528. Discher DE, Winardi R, Schischmanoff PO, et al. Mech-
anochemistry of protein 4.1’s spectrin-actin–binding 
domain: ternary complex interactions, membrane 



796 HEMOLYTIC ANEMIAS

binding, network integration, structural strengthening. 
J Cell Biol. 1995;130:897-907.

 529. Horne WC, Prinz WC, Tang EK. Identifi cation of two 
cAMP-dependent phosphorylation sites on erythrocyte 
protein 4.1. Biochim Biophys Acta. 1990;1055:87-92.

 530. Subrahmanyam G, Bertics PJ, Anderson RA. Phosphor-
ylation of protein 4.1 on tyrosine-418 modulates its 
function in vitro. Proc Natl Acad Sci U S A. 1991;88:
5222-5226.

 531. Tanaka T, Kadowaki K, Lazarides E, Sobue K. Ca2+-
dependent regulation of the spectrin/actin interaction by 
calmodulin and protein 4.1. J Biol Chem. 1991;266:
1134-1140.

 532. Takakuwa Y, Mohandas N. Modulation of erythrocyte 
membrane material properties by Ca2+ and calmodulin. 
Implications for their role in regulation of skeletal protein 
interactions. J Clin Invest. 1988;82:394-400.

 533. Pasternack GR, Racusen RH. Erythrocyte protein 4.1 
binds and regulates myosin. Proc Natl Acad Sci U S A. 
1989;86:9712-9716.

 534. Tsukita S, Yoneumura S. ERM proteins: head-to-tail 
regulation of actin-plasma membrane interaction. Trends 
Biochem Sci. 1997;22:53.

 535. Chishti AH, Kim AC, Marfatia SM, et al. The FERM 
domain: a unique module involved in the linkage of 
cytoplasmic proteins to the membrane. Trends Biochem 
Sci. 1998;23:281-282.

 536. Scoles DR, Huynh DP, Morcos PA, et al. Neurofi bro-
matosis 2 tumour suppressor schwannomin interacts 
with beta II-spectrin. Nat Genet. 1998;18:354-359.

 537. La Jeunesse DR, McCartney BM, Fehon RG. Structural 
analysis of Drosophila merlin reveals functional domains 
important for growth control and subcellular localiza-
tion. J Cell Biol. 1998;141:1589.

 538. Marfatia SM, Leu RA, Branton D, Chishti AH. Identi-
fi cation of the protein 4.1 binding interface on glycopho-
rin C and p55, a homologue of the Drosophila discs–large 
tumor suppressor protein. J Biol Chem. 1995;270:
715-719.

 539. Nunomura W, Takakuwa Y, Parra M, et al. Regulation of 
protein 4.1R, p55, and glycophorin C ternary complex 
in human erythrocyte membrane. J Biol Chem. 2000;275:
24540-24546.

 540. Marfatia SM, Cabral JHM, Kim AC, et al. The PDZ 
domain of human erythrocyte p55 mediates its binding 
to the cytoplasmic carboxyl terminus of glycophorin C: 
analysis of binding interface by in vitro mutagenesis. 
J Biol Chem. 1997;272:24191-24197.

 541. Jons T, Drenckhahn D. Identifi cation of the binding 
interface involved in linkage of cytoskeletal protein 4.1 
to the erythrocyte anion exchanger. EMBO J. 1992;11:
2863-2867.

 542. Hemming NJ, Anstee DJ, Staricoff MA, et al. Identifi ca-
tion of the membrane attachment sites for protein 4.1 in 
the human erythrocyte. J Biol Chem. 1995;270:5360-
5366.

 543. Paw BH, Davidson AJ, Zhou Y, et al. Cell-specifi c mitotic 
defect and dyserythropoiesis associated with erythroid 
band 3 defi ciency. Nat Genet. 2003;34:59-64.

 544. Nunomura W, Takakuwa Y, Tokimitsu R, et al. Regula-
tion of CD44–protein 4.1 interaction by Ca2+ and 
calmodulin. Implications for modulation of CD44-
ankyrin interaction. J Biol Chem. 1997;272:30322-
30328.

 545. Nunomura W, Takakuwa Y, Parra M, et al. Ca2+-depen-
dent and Ca2+-independent calmodulin binding sites in 
erythrocyte protein 4.1. Implications for regulation of 
protein 4.1 interaction with transmembrane proteins. J 
Biol Chem. 2000;275:6360-6367.

 546. Han BG, Nunomura W, Takakuwa Y, et al. Protein 4.1R 
core domain structure and insights into regulation of 
cytoskeletal organization. Nat Struct Biol. 2000;7:871-
875.

 547. An XL, Takakuwa Y, Manno S, et al. Structure and func-
tional characterization of protein 4.1R–phosphatidylser-
ine interaction. J Biol Chem. 2001;276:35778-35785.

 548. An X, Zhang X, Debnath G, et al. Phosphatidylinositol-
4,5-biphosphate (PIP2) differentially regulates the inter-
action of human erythrocyte protein 4.1 (4.1R) with 
membrane proteins. Biochemistry. 2006;45:5725-
5732.

 549. Moriniere M, Ribeiro L, Dalla Venezia N, et al. Ellipto-
cytosis in patients with C-terminal domain mutations of 
protein 4.1 correlates with encoded messenger RNA 
levels rather than with alterations in primary protein 
structure. Blood. 2000;95:1834-1841.

 550. Walensky LD, Gascard P, Fields ME, et al. The 13-kD 
FK506 binding protein, FKBP13, interacts with a novel 
homologue of the erythrocyte membrane cytoskeletal 
protein 4.1. J Cell Biol. 1998;141:143-153.

 551. Shi Z-T, Afzal V, Coller B, et al. Protein 4.1R–defi cient 
mice are viable but have erythroid membrane skeleton 
abnormalities. J Clin Invest. 1999;103:331-340.

 551a. Salomao M, Zhang X, Yang Y, et al. Protein 4.1R-
dependent multiprotein complex: New insights into the 
structural organization of the red blood cell membrane. 
Proc Natl Acad Sci U S A. 2008;105:8026-8031.

 552. Walensky LD, Shi Z-T, Blackshaw S, et al. Neurobehav-
ioral defi cits in mice lacking the erythrocyte membrane 
cytoskeletal protein 4.1. Curr Biol. 1998;8:1269-
1272.

 553. Krauss SW, Chen C, Penman S, Heald R. Nuclear actin 
and protein 4.1: essential interactions during nuclear 
assembly in vitro. Proc Natl Acad Sci U S A. 2003;100:
10752-10757.

 554. Mattagajasingh SN, Huang SC, Hartenstein JS, et al. A 
nonerythroid isoform of protein 4.1R interacts with the 
nuclear mitotic apparatus (NuMA) protein. J Cell Biol. 
1999;145:29-43.

 555. Compton DA, Cleveland DW. NuMA, a nuclear protein 
involved in mitosis and nuclear reformation. Curr Opin 
Cell Biol. 1994;6:343.

 556. Krauss SW, Heald R, Lee G, et al. Two distinct domains 
of protein 4.1 critical for assembly of functional nuclei 
in vitro. J Biol Chem. 2002;277:44339-44346.

 557. Gascard P, Nunomura W, Lee G, et al. Deciphering the 
nuclear import pathway for the cytoskeletal red cell 
protein 4.1R. Mol Biol Cell. 1999;10:1783-1798.

 558. De Carcer G, Lallena MJ, Correas I. Protein 4.1 is a 
component of the nuclear matrix of mammalian cells. 
Biochem J. 1995;312:871-877.

 559. Krauss SW, Larabell CA, Lockett S, et al. Structural 
protein 4.1 in the nucleus of human cells: dynamic rear-
rangements during cell division. J Cell Biol. 1997;137:275-
289.

 560. Krauss SW, Chasis JA, Rogers C, et al. Structural protein 
4.1 is located in mammalian centrosomes. Proc Natl 
Acad Sci U S A 1997;94:7297-7302.



 Chapter 15 • Disorders of the Red Cell Membrane 797

 561. Krauss SW, Lee G, Chasis JA, et al. Two protein 4.1 
domains essential for mitotic spindle and aster microtu-
bule dynamics and organization in vitro. J Biol Chem. 
2004;279:27591-25798.

 562. Krauss SW, Spence JR, Bahmanyar S, et al. Downregula-
tion of protein 4.1R, a mature centriole protein, disrupts 
centrosomes, alters cell cycle progression, and perturbs 
mitotic spindles and anaphase. Mol Cell Biol. 2008;28:
2283-2294.

 563. Tang CJ, Tang TK. The 30-kD domain of protein 4.1 
mediates its binding to the carboxyl terminus of pICln, 
a protein involved in cellular volume regulation. Blood. 
1998;92:1442-1447.

 564. Mattagajasingh SN, Huang SC, Hartenstein JS, Benz EJ 
Jr. Characterization of the interaction between protein 
4.1R and ZO-2. A possible link between the tight junc-
tion and the actin cytoskeleton. J Biol Chem. 2000;275:
30573-30585.

 565. Parra M, Gascard P, Walensky LD, et al. Cloning and 
characterization of 4.1G (EPB41L2), a new member of 
the skeletal protein 4.1 (EPB41) gene family. Genomics. 
1998;49:298-306.

 566. Walensky LD, Blackshaw S, Liao D, et al. A novel neuron-
enriched homolog of the erythrocyte membrane cytoskel-
etal protein 4.1. J Neurosci. 1999;19:6457-6467.

 567. Ye K, Compton DA, Lai MM, et al. Protein 4.1N binding 
to nuclear mitotic apparatus protein in PC12 cells medi-
ates the antiproliferative actions of nerve growth factor. 
J Neurosci. 1999;19:10747.

 568. Parra M, Gascard P, Walensky LD, et al. Molecular and 
functional characterization of protein 4.1B, a novel 
member of the protein 4.1 family with high level, focal 
expression in brain. J Biol Chem. 2000;275:3247-3255.

 569. Ni X, Ji C, Cao G, et al. Molecular cloning and charac-
terization of the protein 4.1O gene, a novel member of 
the protein 4.1 family with focal expression in ovary. 
J Hum Genet. 2003;48:101-106.

 570. Baklouti F, Huang SC, Tang TK, et al. Asynchronous 
regulation of splicing events within protein 4.1 pre-
mRNA during erythroid differentiation. Blood. 1996;87:
3934-3941.

 571. Chasis JA, Coulombel L, Conboy J, et al. Differentia-
tion-associated switches in protein 4.1 expression. Syn-
thesis of multiple structural isoforms during normal 
human erythropoiesis. J Clin Invest. 1993;91:329-338.

 572. Schischmanoff PO, Yaswen P, Parra MK, et al. Cell 
shape-dependent regulation of protein 4.1 alternative 
pre-mRNA splicing in mammary epithelial cells. J Biol 
Chem. 1997;272:10254-10259.

 573. Conboy J, Mohandas N, Tchernia G, Kan YW. Molecu-
lar basis of hereditary elliptocytosis due to protein 4.1 
defi ciency. N Engl J Med. 1986;315:680-685.

 574. Chishti AH. Function of p55 and its nonerythroid 
homologues. Curr Opin Hematol. 1998;5:116-121.

 575. Metzenberg AB, Gitschier J. The gene encoding the pal-
mitoylated erythrocyte membrane protein, p55, origi-
nates at the CpG island 3′ to the factor VIII gene. Hum 
Mol Genet. 1992;1:97-101.

 576. Ruff P, Speicher DW, Husain-Chishti A. Molecular iden-
tifi cation of a major palmitoylated erythrocyte mem-
brane protein containing the src homology 3 motif. Proc 
Natl Acad Sci U S A. 1991;88:6595-6599.

 577. Kim AC, Metzenberg AB, Sahr KE, et al. Complete 
genomic organization of the human erythroid p55 gene 

(MPP1), a membrane-associated guanylate kinase 
homologue. Genomics. 1996;31:223-229.

 578. Kusunoki H, Kohno T. Solution structure of human 
erythroid p55 PDZ domain. Proteins. 2006;64:804-
807.

 579. Marfatia SM, Leu RA, Branton D, Chishti AH. Identi-
fi cation of the protein 4.1 binding interface on glycopho-
rin C and p55, a homologue of the Drosophila discs–large 
tumor suppressor protein. J Biol Chem. 1995;270:715-
719.

 580. Marfatia SM, Lue RA, Branton D, Chishti AH. In vitro 
binding studies suggest a membrane-associated complex 
between erythroid p55, protein 4.1, and glycophorin C. 
J Biol Chem. 1994;269:8631-8634.

 581. Joshi R, Gilligan DM, Otto E, et al. Primary structure 
and domain organization of human alpha and beta 
adducin. J Cell Biol. 1991;115:665-675.

 582. Katagiri T, Ozaki K, Fujiwara T, et al. Cloning, expres-
sion and chromosome mapping of adducin-like 70 
(ADDL), a human cDNA highly homologous to human 
erythrocyte adducin. Cytogenet Cell Genet. 1996;74:
90-95.

 583. Gilligan DM, Lozovatsky L, Gwynn B, et al. Targeted 
disruption of the beta adducin gene (Add2) causes red 
blood cell spherocytosis in mice. Proc Natl Acad Sci 
U S A. 1999;96:10717-10722.

 584. Hughes CA, Bennett V. Adducin: a physical model 
with implications for function in assembly of spectrin-
actin complexes. J Biol Chem. 1995;270:18990-
18996.

 585. Joshi R, Bennett V. Mapping the domain structure of 
human erythrocyte adducin. J Biol Chem. 1990;265:13130-
13136.

 586. Suriyapperuma SP, Lozovatsky L, Ciciotte SL, et al. The 
mouse adducin gene family: alternative splicing and 
chromosomal localization. Mamm Genome. 2000;11:
16-23.

 587. Lin B, Nasir J, McDonald H, et al. Genomic organiza-
tion of the human alpha-adducin gene and its alternately 
spliced isoforms. Genomics. 1995;25:93-99.

 588. Sinard JH, Stewart GW, Stabach PR, et al. Utilization 
of an 86 bp exon generates a novel adducin isoform (beta 
4) lacking the MARCKS homology domain. Biochim 
Biophys Acta. 1998;1396:57-66.

 589. Gilligan DM, Lozovatsky L, Silberfein A. Organization 
of the human beta-adducin gene (ADD2). Genomics. 
1997;43:141-148.

 590. Matsuoka Y, Hughes CA, Bennett V. Adducin regulation. 
Defi nition of the calmodulin-binding domain and sites 
of phosphorylation by protein kinases A and C. J Biol 
Chem. 1996;271:25157-25166.

 591. Matsuoka Y, Li X, Bennett V. Adducin is an in vivo sub-
strate for protein kinase C: phosphorylation in the 
MARCKS-related domain inhibits activity in promoting 
spectrin-actin complexes and occurs in many cells, 
including dendritic spines of neurons. J Cell Biol. 1998;
142:485-497.

 592. Kimura K, Fukata Y, Matsuoka Y, et al. Regulation of the 
association of adducin with actin fi laments by Rho-asso-
ciated kinase (Rho-kinase) and myosin phosphatase. 
J Biol Chem. 1998;273:5542-5548.

 593. Kaiser HW, O’Keefe E, Bennett V. Adducin: Ca++-depen-
dent association with sites of cell-cell contact. J Cell Biol. 
1989;109:557-569.



798 HEMOLYTIC ANEMIAS

 594. Bianchi G, Tripodi G, Casari G, et al. Two point muta-
tions within the adducin genes are involved in blood 
pressure variation. Proc Natl Acad Sci U S A. 1994;91:
3999-4003.

 594. Tripodi G, Szpirer C, Reina C, et al. Polymorphism of 
gamma-adducin gene in genetic hypertension and 
mapping of the gene to rat chromosome 1q55. Biochem 
Biophys Res Commun. 1997;237:685-689.

 596. Manunta P, Cusi D, Barlassina C, et al. Alpha-adducin 
polymorphisms and renal sodium handling in essential 
hypertensive patients. Kidney Int. 1998;53:1471-1478.

 597. Cusi D, Barlassina C, Azzani T, et al. Polymorphisms of 
alpha-adducin and salt sensitivity in patients with essen-
tial hypertension. Lancet. 1997;349:1353-1357.

 598. Alam S, Liyou N, Davis D, et al. The 460Trp polymor-
phism of the human alpha-adducin gene is not associ-
ated with isolated systolic hypertension in elderly 
Australian Caucasians. J Hum Hypertens. 2000;14:
199-203.

 599. Busch CP, Harris SB, Hanley AJ, et al. The ADD1 
G460W polymorphism is not associated with variation 
in blood pressure in Canadian Oji-Cree. J Hum Genet. 
1999;44:225-229.

 600. Wang WY, Adams DJ, Glenn CL, Morris BJ. The Gly-
460Trp variant of alpha-adducin is not associated with 
hypertension in white Anglo-Australians. Am J Hyper-
tens. 1999;12:632-636.

 601. Ishikawa K, Katsuya T, Sato N, et al. No association 
between alpha-adducin 460 polymorphism and essential 
hypertension in a Japanese population. Am J Hypertens. 
1998;11:502-506.

 602. Grant FD, Romero JR, Jeunemaitre X, et al. Low-renin 
hypertension, altered sodium homeostasis, and an alpha-
adducin polymorphism. Hypertension. 2002;39:191-
196.

 603. Glorioso N, Filigheddu F, Cusi D, et al. α-Adducin 
460Trp allele is associated with erythrocyte Na transport 
rate in North Sardinian primary hypertensives. Hyper-
tension. 2002;39:357-362.

 604. Siegel DL, Branton D. Partial purifi cation and charac-
terization of an actin-bundling protein, band 4.9, from 
human erythrocytes. J Cell Biol. 1985;100:775.

 605. Rana AP, Ruff P, Maalouf GJ, et al. Cloning of human 
erythroid dematin reveals another member of the villin 
family. Proc Natl Acad Sci U S A. 1993;90:6651-6655.

 606. Kim AC, Azim AC, Chishti AH. Alternative splicing and 
structure of the human erythroid dematin gene. Biochim 
Biophys Acta. 1998;1398:382-386.

 607. Horne WC, Leto TL, Marchesi VT. Differential phos-
phorylation of multiple sites in protein 4.1 and protein 
4.9 by phorbol ester-activated and cyclic AMP–depen-
dent protein kinases. J Biol Chem. 1985;260:9073-
9076.

 608. Husain-Chishti A, Levin A, Branton D. Abolition of 
actin-bundling by phosphorylation of human erythro-
cyte protein 4.9. Nature. 1988;334:718-721.

 609. Jiang ZG, McKnight CJ. A phosphorylation-induced 
conformation change in dematin headpiece. Structure. 
2006;14:379-387.

 610. Lutchman M, Kim AC, Cheng L, et al. Dematin inter-
acts with the Ras–guanine nucleotide exchange factor 
Ras-GRF2 and modulates mitogen-activated protein 
kinase pathways. Eur J Biochem. 2002;269:638-649.

 611. Khanna R, Chang SH, Andrabi S, et al. Headpiece 
domain of dematin is required for the stability of the 
erythrocyte membrane. Proc Natl Acad Sci U S A. 
2002;99:6637-6642.

 612. Chen H, Khan AA, Liu F, et al. Combined deletion of 
mouse dematin-headpiece and beta-adducin exerts a 
novel effect on the spectrin-actin junctions leading to 
erythrocyte fragility and hemolytic anemia. J Biol Chem. 
2007;282:4124-4135.

 613. Gunning P, O’Neill G, Hardeman E. Tropomyosin-
based regulation of the actin cytoskeleton in time and 
space. Physiol Rev. 2008;88:1-35.

 614. Fowler VM. Regulation of actin fi lament length in eryth-
rocytes and striated muscle. Curr Opin Cell Biol. 1996;
8:86-96.

 615. Fowler VM, Bennett V. Erythrocyte membrane tropo-
myosin. Purifi cation and properties. J Biol Chem. 1984;
259:5978-5989.

 616. Kostyukova AS, Choy A, Rapp BA. Tropomodulin binds 
two tropomyosins: a novel model for actin fi lament 
capping. Biochemistry. 2006;45:12068-12075.

 617. Sung LA, Lin JJ. Erythrocyte tropomodulin binds to the 
N-terminus of hTM5, a tropomyosin isoform encoded 
by the gamma-tropomyosin gene. Biochem Biophys Res 
Commun. 1994;201:627-634.

 618. Mak AS, Roseborough G, Baker H. Tropomyosin from 
human erythrocyte membrane polymerizes poorly but 
binds F-actin effectively in the presence and absence of 
spectrin. Biochim Biophys Acta. 1987;912:157-166.

 619. An X, Salomao M, Guo X, et al. Tropomyosin modulates 
erythrocyte membrane stability. Blood. 2007;109:
1284-1288.

 620. der Terrossian E, Deprette C, Lebbar I, Cassoly R. Puri-
fi cation and characterization of erythrocyte caldesmon. 
Hypothesis for an actin-linked regulation of a contractile 
activity in the red blood cell membrane. Eur J Biochem. 
1994;219:503-511.

 621. Fowler VM. Capping actin fi lament growth: tropomodu-
lin in muscle and nonmuscle cells. Soc Gen Physiol Ser. 
1997;52:79-89.

 622. Sussman MA, Fowler VM. Tropomodulin binding to 
tropomyosins. Isoform-specifi c differences in affi nity and 
stoichiometry. Eur J Biochem. 1992;205:355-362.

 623. Greenfi eld NJ, Fowler VM. Tropomyosin requires an 
intact N-terminal coiled coil to interact with tropomod-
ulin. Biophys J. 2002;82:2580-2591.

 624. Sung LA, Fowler VM, Lambert K, et al. Molecular 
cloning and characterization of human fetal liver tropo-
modulin. A tropomyosin-binding protein. J Biol Chem. 
1992;267:2616-2621.

 625. Wong AJ, Kiehart DP, Pollard TD. Myosin from human 
erythrocytes. J Biol Chem. 1985;260:46-49.

 626. Fowler VM, Davis JQ, Bennett V. Human erythrocyte 
myosin: identifi cation and purifi cation. J Cell Biol. 
1985;100:47-55.

 627. Matovcik LM, Groschel-Stewart U, Schrier SL. Myosin 
in adult and neonatal human erythrocyte membranes. 
Blood. 1986;67:1668-1674.

 628. Colin FC, Schrier SL. Myosin content and distribution 
in human neonatal erythrocytes are different from adult 
erythrocytes. Blood. 1991;78:3052.

 629. Lux SE, John KM, Bennett V. Analysis of cDNA for 
human erythrocyte ankyrin indicates a repeated struc-



 Chapter 15 • Disorders of the Red Cell Membrane 799

ture with homology to tissue-differentiation and cell-
cycle control proteins. Nature. 1990;344:36-43.

 630. Lux SE, Tse WT, Menninger JC, et al. Hereditary sphe-
rocytosis associated with deletion of human erythrocyte 
ankyrin gene on chromosome 8. Nature. 1990;345:
736-739.

 631. Gorina S, Pavletich NP. Structure of the p53 tumor sup-
pressor bound to the ankyrin and SH3 domains of 
53BP2. Science. 1996;274:1001-1005.

 632. Michaely P, Tomchick DR, Machius M, Anderson RG. 
Crystal structure of a 12 ANK repeat stack from human 
ankyrinR. EMBO J. 2002;21:6387-6396.

 633. Low PS, Willardson BM, Mohandas N, et al. Contribu-
tion of the band 3–ankyrin interaction to erythrocyte 
membrane mechanical stability. Blood. 1991;77:1581-
1586.

 634. Eber SW, Gonzalez JM, Lux ML, et al. Ankyrin-1 
mutations are a major cause of dominant and recessive 
hereditary spherocytosis. Nat Genet. 1996;13:214-
218.

 635. Michaely P, Bennett V. The membrane-binding domain 
of ankyrin contains four independently folded subdo-
mains, each comprised of six ankyrin repeats. J Biol 
Chem. 1993;268:22703-22709.

 636. Michaely P, Bennett V. The ANK repeats of erythrocyte 
ankyrin form two distinct but cooperative binding sites 
for the erythrocyte anion exchanger. J Biol Chem. 
1995;270:22050-22057.

 637. Davis L, Lux SE, Bennett V. Mapping the ankyrin-
binding site of the human erythrocyte anion exchanger. 
J Biol Chem. 1989;264:9665-9672.

 638. Ding Y, Kobayashi S, Kopito R. Mapping of ankyrin 
binding determinants on the erythroid anion exchanger, 
AE1. J Biol Chem. 1996;271:22494-22498.

 639. Bruce LJ, Ghosh S, King MJ, et al. Absence of CD47 in 
protein 4.2–defi cient hereditary spherocytosis in man: 
an interaction between the Rh complex and the band 3 
complex. Blood. 2002;100:1878-1885.

 640. Nicolas V, Mouro-Chanteloup I, Lopez C, et al. Func-
tional interaction between Rh proteins and the spectrin-
based skeleton in erythroid and epithelial cells. Transfus 
Clin Biol. 2006;13:23-28.

 641. http://pfam.sanger.ac.uk/family?acc = PF00023.
 642. Mosavi LK, Cammett TJ, Desrosiers DC, Peng ZY. The 

ankyrin repeat as molecular architecture for protein rec-
ognition. Protein Sci. 2004;13:1435-1448.

 643. Li J, Mahajan A, Tsai MD. Ankyrin repeat: a unique 
motif mediating protein-protein interactions. Biochem-
istry. 2006;45:15168-15178.

 644. Jacobs MD, Harrison SC. Structure of an IB/NF-B 
complex. Cell. 1998;95:749-758.

 645. Gallagher PG, Tse WT, Scarpa AL, et al. Structure and 
organization of the human ankyrin-1 gene. Basis for 
complexity of pre-mRNA processing. J Biol Chem. 
1997;272:19220-19228.

 646. Lee G, Abdi K, Jiang Y, et al. Nanospring behaviour of 
ankyrin repeats. Nature. 2006;440:246-249.

 647. Howard J, Bechstedt S. Hypothesis: a helix of ankyrin 
repeats of the NOMPC-TRP ion channel is the gating 
spring of mechanoreceptors. Curr Biol. 2004;14:
R224-R226.

 648. Cianci CD, Giorgi M, Morrow JS. Phosphorylation of 
ankyrin down-regulates its cooperative interaction with 

spectrin and protein 3. J Cell Biochem. 1988;37:301-
315.

 649. Davis LH, Bennett V. Mapping the binding sites of 
human erythrocyte ankyrin for the anion exchanger and 
spectrin. J Biol Chem. 1990;265:10589-10596.

 650. Platt OS, Lux SE, Falcone JF. A highly conserved region 
of human erythrocyte ankyrin contains the capacity 
to bind spectrin. J Biol Chem. 1993;268:24421-24426.

 651. Hall TG, Bennett V. Regulatory domains of erythrocyte 
ankyrin. J Biol Chem. 1987;262:10537-10545.

 652. Davis LH, Davis JQ, Bennett V. Ankyrin regulation: an 
alternatively spliced segment of the regulatory domain 
functions as an intramolecular modulator. J Biol Chem. 
1992;267:18966-18972.

 653. Davis J, Davis L, Bennett V. Diversity in membrane 
binding sites of ankyrins. Brain ankyrin, erythrocyte 
ankyrin, and processed erythrocyte ankyrin associate 
with distinct sites in kidney microsomes. J Biol Chem. 
1989;264:6417-6426.

 654. Cleveland JL, Ihle JN. Contenders in FasL/TNF death 
signaling. Cell. 1995;81:479.

 655. Del Rio M, Imam A, DeLeon M, et al. The death domain 
of kidney ankyrin interacts with Fas and promotes Fas-
mediated cell death in renal epithelia. J Am Soc Nephrol. 
2004;15:41-51.

 656. Lu PW, Soong CJ, Tao M. Phosphorylation of ankyrin 
decreases its affi nity for spectrin tetramer. J Biol Chem. 
1985;260:14958-14964.

 657. Wei T, Tao M. Human erythrocyte casein kinase II: char-
acterization and phosphorylation of membrane cytoskel-
etal proteins. Arch Biochem Biophys. 1993;307:
206-216.

 658. Weaver DC, Pasternack GR, Marchesi VT. The struc-
tural basis of ankyrin function. II. Identifi cation of two 
functional domains. J Biol Chem. 1984;259:6170-
6175.

 659. Soong CJ, Lu PW, Tao M. Analysis of band 3 cytoplas-
mic domain phosphorylation and association with 
ankyrin. Arch Biochem Biophys. 1987;254:509-517.

 660. Michaely P, Bennett V. Mechanism for binding site 
diversity on ankyrin. Comparison of binding sites on 
ankyrin for neurofascin and the Cl−/HCO3

− anion 
exchanger. J Biol Chem. 1995;270:31298-31302.

 661. Bennett V. Ankyrins: adaptors between diverse plasma 
membrane proteins and the cytoplasm. J Biol Chem. 
1992;267:8703.

 662. Zhou D, Birkenmeier CS, Williams MW, et al. Small, 
membrane-bound, alternatively spliced forms of ankyrin 
1 associated with the sarcoplasmic reticulum of mam-
malian skeletal muscle. J Cell Biol. 1997;136:621-631.

 663. Porter NC, Resneck WG, O’Neill A, et al. Association of 
small ankyrin 1 with the sarcoplasmic reticulum. Mol 
Membr Biol. 2005;22:421-432.

 664. Lambert S, Bennett V. Postmitotic expression of ankyrinR 
and beta R-spectrin in discrete neuronal populations of 
the rat brain. J Neurosci. 1993;13:3725-3735.

 665. Kordeli E, Bennett V. Distinct ankyrin isoforms at neuron 
cell bodies and nodes of Ranvier resolved using erythro-
cyte ankyrin-defi cient mice. J Cell Biol. 1991;114:1243-
1259.

 666. Peters LL, John KM, Lu FM, et al. Ank3 (epithelial 
ankyrin), a widely distributed new member of the ankyrin 
gene family and the major ankyrin in kidney, is expressed 



800 HEMOLYTIC ANEMIAS

in alternatively spliced forms, including forms that lack 
the repeat domain. J Cell Biol. 1995;130:313-330.

 667. Bennett V, Baines AJ. Spectrin and ankyrin-based path-
ways: metazoan inventions for integrating cells into 
tissues. Physiol Rev. 2001;81:1353-1392.

 668. Kunimoto M, Otto E, Bennett V. A new 440-kD isoform 
is the major ankyrin in neonatal rat brain. J Cell Biol. 
1991;115:1319-1331.

 669. Chan W, Kordeli E, Bennett V. 440-kD AnkyrinB: Struc-
ture of the major developmentally regulated domain and 
selective localization in unmyelinated axons. J Cell Biol. 
1993;123:1463-1473.

 670. Scotland P, Zhou D, Benveniste H, Bennett V. Nervous 
system defects of ankyrinB (−/−) mice suggest functional 
overlap between the cell adhesion molecule L1 and 440-
kD ankyrinB in premyelinated axons. J Cell Biol. 1998;
143:1305-1315.

 671. Mohler PJ, Davis JQ, Bennett V. Ankyrin-B coordinates 
the Na/K ATPase, Na/Ca exchanger, and InsP3 receptor 
in a cardiac T-tubule/SR microdomain. PLoS Biol. 
2005;3:e423.

 672. Mohler PJ, Healy JA, Xue H, et al. Ankyrin-B syndrome: 
enhanced cardiac function balanced by risk of cardiac 
death and premature senescence. PLoS ONE. 2007;2:
e1051.

 673. Mohler PJ, Schott JJ, Gramolini AO, et al. Ankyrin-B 
mutation causes type 4 long-QT cardiac arrhythmia and 
sudden cardiac death. Nature. 2003;421:634-639.

 674. Mohler PJ, Splawski I, Napolitano C, et al. A cardiac 
arrhythmia syndrome caused by loss of ankyrin-B func-
tion. Proc Natl Acad Sci U S A. 2004;101:9137-9142.

 675. Kordeli E, Lambert S, Bennett V. AnkyrinG. A new 
ankyrin gene with neural-specifi c isoforms localized at 
the axonal initial segment and node of Ranvier. J Biol 
Chem. 1995;270:2352-2359.

 676. Davis JQ, Lambert S, Bennett V. Molecular composition 
of the node of Ranvier: identifi cation of ankyrin-binding 
cell adhesion molecules neurofascin (mucin+/third FNIII 
domain−) and NrCAM at nodal axon segments. J Cell 
Biol. 1996;135:1355-1367.

 677. Zhang, X, Bennett, V. Restriction of 480/270-kd ankyrinG 
to axon proximal segments requires multiple ankyrinG-
specifi c domains. J Cell Biol. 1998;142:1571-1581.

 678. Pan Z, Kao T, Horvath Z, et al. A common ankyrin-G–
based mechanism retains KCNQ and NaV channels at 
electrically active domains of the axon. J Neurosci. 
2006;26:2599-2613.

 679. Zhou D, Lambert S, Malen PL, et al. AnkyrinG is 
required for clustering of voltage-gated Na channels at 
axon initial segments and for normal action potential 
fi ring. J Cell Biol. 1998;143:1295-1304.

 680. Lacas-Gervais S, Guo J, Strenzke N, et al. BetaIVSigma1 
spectrin stabilizes the nodes of Ranvier and axon initial 
segments. J Cell Biol. 2004;166:983-990.

 681. Kizhatil K, Bennett V. Lateral membrane biogenesis in 
human bronchial epithelial cells requires 190-kDa 
ankyrin-G. J Biol Chem. 2004;279:16706-16714.

 682. Kizhatil K, Yoon W, Mohler PJ, et al. Ankyrin-G and 
beta2-spectrin collaborate in biogenesis of lateral mem-
brane of human bronchial epithelial cells. J Biol Chem. 
2007;282:2029-2037.

 683. Kizhatil K, Davis JQ, Davis L, et al. Ankyrin-G is a 
molecular partner of E-cadherin in epithelial cells and 
early embryos. J Biol Chem. 2007;282:26552-26561.

 684. Devarajan P, Stabach PR, Mann AS, et al. Identifi cation 
of a small cytoplasmic ankyrin (AnkG119) in the kidney 
and muscle that binds beta I sigma spectrin and associ-
ates with the Golgi apparatus. J Cell Biol. 1996;133:
819-830.

 685. Hoock TC, Peters LL, Lux SE. Isoforms of ankyrin-3 
that lack the NH-2 terminal repeats associate with 
mouse macrophage lysosomes. J Cell Biol. 1997;136:
1059-1070.

 686. Michaely P, Kamal A, Anderson RGW, Bennett V. A 
requirement for ankyrin binding to clathrin during 
coated pit budding. J Biol Chem. 1999;50:35908-
35913.

 687. White RA, Birkenmeier CS, Lux SE, Barker JE. Ankyrin 
and the hemolytic anemia mutation, nb, map to mouse 
chromosome 8: presence of the nb allele is associated 
with a truncated erythrocyte ankyrin. Proc Natl Acad Sci 
U S A. 1990;87:3117-3121.

 688. Birkenmeier CS, Gifford EJ, Barker JE. Normoblastosis, 
a murine model for ankyrin-defi cient hemolytic anemia, 
is caused by a hypomorphic mutation in the erythroid 
ankyrin gene Ank1. Hematol J. 2003;4:445-449.

 689. Peters LL, Birkenmeier CS, Bronson RT, et al. Purkinje 
cell degeneration associated with erythroid ankyrin defi -
ciency in nb/nb mice. J Cell Biol 1991;114:1233-
1241.

 690. Korsgren C, Lawler J, Lambert S, et al. Complete amino 
acid sequence and homologies of human erythrocyte 
membrane protein band 4.2. Proc Natl Acad Sci U S A. 
1990;87:613.

 691. Sung LA, Chien S, Chang LS, et al. Molecular cloning 
of human protein 4.2: a major component of the eryth-
rocyte membrane. Proc Natl Acad Sci U S A. 1990;87:
955-959.

 692. Wada H, Kanzaki A, Yawata A, et al. Late expression of 
red cell membrane protein 4.2 in normal human ery-
throid maturation with seven isoforms of the protein 4.2 
gene. Exp Hematol. 1999;27:54-62.

 693. Korsgren C, Cohen CM. Organization of the gene 
for human erythrocyte membrane protein 4.2: 
structural similarities with the gene for the subunit of 
factor XIII. Proc Natl Acad Sci U S A. 1991;88:
4840-4844.

 694. Zhu L, Kahwash SB, Chang LS. Developmental expres-
sion of mouse erythrocyte protein 4.2 mRNA: evidence 
for specifi c expression in erythroid cells. Blood. 1998;
91:695-705.

 695. Sung LA, Lo WK. Immunodetection of membrane skel-
etal protein 4.2 in bovine and chicken eye lenses and 
erythrocytes. Curr Eye Res. 1997;16:1127-1133.

 696. Friedrichs B, Koob R, Kraemer D, Drenckhahn D. 
Demonstration of immunoreactive forms of erythrocyte 
protein 4.2 in nonerythroid cells and tissues. Eur J Cell 
Biol. 1989;48:121-127.

 697. Bhattacharyya R, Das AK, Moitra PK, et al. Mapping of 
a palmitoylatable band 3–binding domain of human 
erythrocyte membrane protein 4.2. Biochem J. 1999;
340:505-512.

 698. Korsgren C, Cohen CM. Associations of human 
erythrocyte protein 4.2. Binding to ankyrin and to the 
cytoplasmic domain of band 3. J Biol Chem. 1988;263:
10212-10218.

 699. Toye AM, Ghosh S, Young MT, et al. Protein-4.2 asso-
ciation with band 3 (AE1, SLCA4) in Xenopus oocytes: 



 Chapter 15 • Disorders of the Red Cell Membrane 801

effects of three natural protein-4.2 mutations associated 
with hemolytic anemia. Blood. 2005;105:4088-4095.

 700. Su Y, Ding Y, Jiang M, et al. Protein 4.2 Komatsu 
(D175Y) associated with the lack of interaction with 
ankyrin in human red blood cells. Blood Cells Mol Dis. 
2007;38:221-228.

 701. Su Y, Ding Y, Jiang M, et al. Associations of protein 4.2 
with band 3 and ankyrin. Mol Cell Biochem. 2006;
289:159-166.

 702. Mouro-Chanteloup I, Delaunay J, Gane P, et al. Evi-
dence that the red cell skeleton protein 4.2 interacts with 
the Rh membrane complex member CD47. Blood. 
2003;101:338-344.

 703. Dahl KN, Parthasarathy R, Westhoff CM, et al. Protein 
4.2 is critical to CD47-membrane skeleton attachment 
in human red cells. Blood. 2004;103:1131-1136.

 704. Mandal D, Moitra PK, Basu J. Mapping of a spectrin-
binding domain of human erythrocyte membrane protein 
4.2. Biochem J. 2002;364:841-847.

 705. Risinger MA, Dotimas EM, Cohen CM. Human eryth-
rocyte protein 4.2, a high copy number membrane 
protein, is N-myristylated. J Biol Chem. 1992;267:5680-
5685.

 706. Das AK, Bhattacharya R, Kundu M, et al. Human eryth-
rocyte membrane protein 4.2 is palmitoylated. Eur J 
Biochem. 1994;224:575-580.

 707. Risinger MA, Korsgren C, Cohen CM. Role of N-
myristylation in targeting of band 4.2 (pallidin) in 
nonerythroid cells. Exp Cell Res.h 1996;229:421-
431.

 708. Butterfi eld LH, Merino A, Golub SH, Shau H. From 
cytoprotection to tumor suppression: the multifactorial 
role of peroxiredoxins. Antioxid Redox Signal. 1999;1:
385-402.

 709. Shau H, Butterfi eld LH, Chiu R, Kim A. Cloning and 
sequence analysis of candidate human natural killer 
enhancing factor genes. Immunogenetics. 1994;40:
129-134.

 710. Rabilloud T, Berthier R, Vincon M, et al. Early events in 
erythroid differentiation: accumulation of the acidic per-
oxidoxin (PRP/TSA/NKEF-B). Biochem J. 1995;312:699-
705.

 711. Moore RB, Shriver SK, Jenkins LD, et al. Calpromotin, 
a cytoplasmic protein, is associated with the formation 
of dense cells in sickle cell anemia. Am J Hematol. 
1997;56:100-106.

 712. Low FM, Hampton MB, Peskin AV, Winterbourn CC. 
Peroxiredoxin 2 functions as a noncatalytic scavenger of 
low-level hydrogen peroxide in the erythrocyte. Blood. 
2007;109:2611-2617.

 713. Lee TH, Kim SU, Yu SL, et al. Peroxiredoxin II is essen-
tial for sustaining life span of erythrocytes in mice. 
Blood. 2003;101:5033-5038.

 714. Neumann CA, Krause DS, Carman CV, et al. Essential 
role for the peroxiredoxin Prdx1 in erythrocyte antioxi-
dant defence and tumour suppression. Nature. 2003;424:
561-565.

 715. Liu S-C, Derick LH. Molecular anatomy of the red 
blood cell membrane skeleton: Structure-function rela-
tionships. Semin Hematol. 1992;29:231-243.

 716. Liu S-C, Derick LH, Palek J. Visualization of the hexago-
nal lattice in the erythrocyte membrane skeleton. J Cell 
Biol. 1987;104:527-536.

 717. McCaughan L, Krimm S. X-ray and neutron scattering 
density profi les of the intact human red blood cell mem-
brane. Science. 1980;207:1481-1483.

 718. Tsukita S, Tsukita S, Ishikawa H. Cytoskeletal network 
underlying the human erythrocyte membrane. Thin-
section electron microscopy. J Cell Biol. 1980;85:567-
576.

 719. Lux SE. Dissecting the red cell membrane skeleton. 
Nature 1979;281:426-429.

 720. Hargreaves WR, Giedd KN, Verkleij A, Branton D. 
Reassociation of ankyrin with band 3 in erythrocyte 
membranes and in lipid vesicles. J Biol Chem. 1980;255:
11965-11972.

 721. Thevenin BJM, Low PS. Kinetics and regulation of 
the ankyrin–band 3 interaction of the human red 
blood cell membrane. J Biol Chem. 1990;265:16166-
16172.

 722. Ling E, Danilov YN, Cohen CM. Modulation of red cell 
band 4.1 function by cAMP-dependent kinase and 
protein kinase C phosphorylation. J Biol Chem. 1988;
263:2209-2216.

 723. Eder PS, Soong CJ, Tao M. Phosphorylation reduces the 
affi nity of protein 4.1 for spectrin. Biochemistry. 1986;25:
1764-1770.

 724. Chao T-S, Tao M. Modulation of protein 4.1 binding to 
inside-out membrane vesicles by phosphorylation. Bio-
chemistry. 1991;30:10529-10535.

 725. Husain-Chishti A, Faquin W, Wu C-C, Branton D. Puri-
fi cation of erythrocyte dematin (protein 4.9) reveals an 
endogenous protein kinase that modulates actin-bun-
dling activity. J Biol Chem. 1989;264:8985-8991.

 726. Harris HW Jr, Levin N, Lux SE. Comparison of the 
phosphorylation of human erythrocyte spectrin in the 
intact red cell and in various cell-free systems. J Biol 
Chem. 1980;255:11521-11525.

 727. Manno S, Takakuwa Y, Nagoa K, Mohandas N. Modula-
tion of erythrocyte membrane mechanical function by 
beta-spectrin phosphorylation and dephosphorylation. J 
Biol Chem. 1995;270:5969-5975.

 728. Sheetz MP, Casaly J. 2,3-Diphosphoglycerate and ATP 
dissociate erythrocyte membrane skeletons. J Biol Chem. 
1980;255:9955-9960.

 729. Mentzer WC Jr, Iarocci TA, Mohandas N, et al. Modula-
tion of erythrocyte membrane mechanical fragility by 
2,3 diphosphoglycerate in the neonatal poikilocytosis/
elliptocytosis syndrome. J Clin Invest. 1987;79:943-
949.

 730. Schindler M, Koppel D, Sheetz MP. Modulation of 
membrane protein lateral mobility by polyphosphates 
and polyamines. Proc Natl Acad Sci U S A. 1980;77:
1457-1461.

 731. Suzuki Y, Nakajima T, Shiga T, et al. Infl uence of 2,3-
diphosphoglycerate on the deformability of human 
erythrocytes. Biochim Biophys Acta. 1990;1029:85-90.

 732. Waugh RE. Effects of 2,3-diphosphoglycerate on the 
mechanical properties of erythrocyte membrane. Blood. 
1986;68:231-238.

 733. Anderson JP, Morrow JS. The interaction of calmodulin 
with erythrocyte spectrin. Inhibition of protein 4.1–stim-
ulated actin binding. J Biol Chem. 1987;262:6365-
6372.

 734. Gardner K, Bennett V. A new erythrocyte membrane-
associated protein with calmodulin binding activity. 



802 HEMOLYTIC ANEMIAS

Identifi cation and purifi cation. J Biol Chem. 1986;261:
1339-1348.

 735. Gárdos G. The role of calcium in the potassium perme-
ability of human erythrocytes. Acta Physiol Acad Sci 
Hung. 1959;15:121-125.

 736. Hanspal M, Palek J. Biogenesis of normal and abnormal 
red blood cell membrane skeletons. Semin Hematol. 
1992;29:305-319.

 737. Lazarides E. From genes to structural morphogenesis: 
The genesis and epigenesis of a red blood cell. Cell 
1987;51:345-356.

 738. Lazarides E, Woods C. Biogenesis of the red blood cell 
membrane skeleton and the control of erythroid mor-
phogenesis. Annu Rev Cell Biol. 1989;5:427-452.

 739. Hanspal M, Palek J. Synthesis and assembly of mem-
brane skeletal proteins in mammalian red cell precur-
sors. J Cell Biol. 1987;105:1417-1424.

 740. Hanspal M, Hanspal J, Kalraiya R. Asynchronous syn-
thesis of membrane skeletal proteins during terminal 
maturation of murine erythroblasts. Blood. 1992;80:
530-539.

 741. Hanspal M, Hanspal JS, Sahr KE, et al. Molecular basis 
of spectrin defi ciency in hereditary pyropoikilocytosis. 
Blood. 1993;82:1652-1660.

 742. Woods CM, Boyer B, Vogt PK, Lazarides E. Control of 
erythroid differentiation: Asynchronous expression of 
the anion transporter and the peripheral components of 
the membrane skeleton in AEV- and S13-transformed 
cells. J Cell Biol. 1986;103:1789-1798.

 743. Jarolim P, Rubin HL, Liu S C, et al. Duplication of 10 
nucleotides in the erythroid band 3 (AE1) gene is a 
kindred with hereditary spherocytosis and band 3 protein 
defi ciency (band 3 PRAGUE). J Clin Invest. 1994;93:121-
130.

 744. Hanspal M, Kalraiya R, Hanspal J. Erythropoietin 
enhances the assembly of αβ spectrin heterodimers 
on the murine erythroblast membranes by increasing β 
spectrin synthesis. J Biol Chem. 1991;266:15626-
15630.

 745. Ji P, Jayapal SR, Lodish HF. Enucleation of cultured 
mouse fetal erythroblasts requires Rac GTPases and 
mDia2. Nat Cell Biol. 2008;10:314-321.

 746. Patel VP, Lodish HF. A fi bronectin matrix is required for 
differentiation of murine erythroleukemia cells into 
reticulocytes. J Cell Biol. 1987;105:3105-3112.

 747. Johnstone RM. Revisiting the road to the discovery of 
exosomes. Blood Cells Mol Dis. 2005;34:214-219.

 748. Blanc L, De Gassart A, Géminard C, et al. Exosome 
release by reticulocytes—an integral part of the red 
blood cell differentiation system. Blood Cells Mol Dis. 
2005;35:21-26.

 749. Géminard C, Nault F, Johnstone RM, Vidal M. Charac-
teristics of the interaction between Hsc70 and the trans-
ferrin receptor in exosomes released during reticulocyte 
maturation. J Biol Chem. 2001;276:9910-9916.

 750. Blanc L, Barres C, Bette-Bobillo P, Vidal M. Reticulo-
cyte-secreted exosomes bind natural IgM antibodies: 
involvement of a ROS-activatable endosomal phospho-
lipase iPLA2. Blood. 2007;110:3407-3016.

 751. Holm TM, Braun A, Trigatti BL, et al. Failure of red 
blood cell maturation in mice with defects in the high-
density lipoprotein receptor SR-BI. Blood. 2002;99:
1817-1824.

 752. Lange Y, Dolde J, Steck TL. The rate of transmembrane 
movement of cholesterol in the human erythrocyte. J 
Biol Chem. 1981;256:5321-5323.

 753. Rand RP, Burton AC. Area and volume changes in 
hemolysis of single erythrocytes. J Cell Comp Physiol. 
1963;61:245-253.

 754. Mohandas N, Chasis JA. Red cell deformability, mem-
brane material properties, and shape: Regulation by 
transmembrane, skeletal, and cytosolic proteins and 
lipids. Semin Hematol. 1993;30:171-192.

 755. Bull BS, Kuhn IN. The production of schistocytes by 
fi brin strands (a scanning electron microscope study). 
Blood. 1970;35:104.

 756. Reinhart WH, Sung LA, Chien S. Quantitative relation-
ship between Heinz body formation and red blood cell 
deformability. Blood. 1986;68:1376-1383.

 757. Smith BD, La Celle PL, Siefring J, et al. Effects of the 
calcium mediated enzymatic cross linking of membrane 
proteins on cellular deformability. J Membr Biol. 
1981;61:75-80.

 758. Flynn TP, Allen DW, Johnson GJ, White JG. Oxidant 
damage of the lipids and proteins of the erythrocyte 
membranes in unstable hemoglobin disease. Evidence 
for the role of lipid peroxidation. J Clin Invest. 1983;71:
1215-1223.

 759. Chasis JA, Reid ME, Jensen RH, Mohandas N. Signal 
transduction by glycophorin A: role of extracellular and 
cytoplasmic domains in a modulatable process. J Cell 
Biol. 1988;107:1351-1357.

 760. Liu SC, Palek J, Yi SJ, et al. Molecular basis of altered 
red blood cell membrane properties in Southeast Asian 
ovalocytosis: role of the mutant band 3 protein in band 
3 oligomerization and retention by the membrane skel-
eton. Blood. 1995;86:349-358.

 761. Che A, Cherry RJ, Bannister LH, Dluzewski AR. Aggre-
gation of band 3 in hereditary ovalocytic red blood cell 
membranes. Electron microscopy and protein rotational 
diffusion studies. J Cell Sci. 1993;105:655-660.

 762. Liu S-C, Derick LH, Agre P, Palek J. Alteration of the 
erythrocyte membrane skeletal ultrastructure in heredi-
tary spherocytosis, hereditary elliptocytosis, and pyro-
poikilocytosis. Blood. 1990;76:198-205.

 763. Liu S-C, Derick LH, Duquette MA, Palek J. Separation 
of the lipid bilayer from the membrane skeleton during 
discocyte-echinocyte transformation of human erythro-
cyte ghosts. Eur J Cell Biol. 1989;49:358-365.

 764. Knowles DW, Tilley L, Mohandas N, Chasis JA. Eryth-
rocyte membrane vesiculation: model for the molecular 
mechanism of protein sorting. Proc Natl Acad Sci U S 
A. 1997;94:12969-12974.

 765. Wagner GM, Chiu DTY, Qju JH, et al. Spectrin oxida-
tion correlates with membrane vesiculation in stored 
RBC’s. Blood. 1987;69:1777-1781.

 766. Wolfe LC. The membrane and the lesions of storage in 
preserved red cells. Transfusion. 1985;25:185-203.

 767. Lutz HU, Liu S C, Palek J. Release of spectrin free vesi-
cles from human erythrocytes during ATP depletion. 
Characterization of spectrin free vesicles. J Cell Biol. 
1977;73:548-560.

 768. Elgsaeter A, Shotton DM, Branton D. Intramembrane 
particle aggregation in erythrocyte ghosts II. The infl u-
ence of spectrin aggregation. Biochim Biophys Acta. 
1976;426:101-122.



 Chapter 15 • Disorders of the Red Cell Membrane 803

 769. Lux SE, John KM, Karnovsky MJ. Irreversible deforma-
tion of the spectrin actin lattice in irreversibly sickled 
cells. J Clin Invest. 1976;58:955-963.

 770. Tomaselli MB, John KM, Lux SE. Elliptical erythrocyte 
membrane skeletons and heat-sensitive spectrin in 
hereditary elliptocytosis. Proc Natl Acad Sci U S A. 
1981;78:1911-1915.

 771. Khodadad JK, Waugh RE, Podolski JL, et al. Remodel-
ing the shape of the skeleton in the intact red cell. 
Biophys J. 1996;70:1036-1044.

 772. Hebbel RP. Beyond hemoglobin polymerization: The red 
blood cell membrane and sickle cell disease pathophysi-
ology. Blood. 1991;77:214-237.

 773. Swerlick RA, Eckman JR, Kumar A, et al. α4β1-Integrin 
expression on sickle reticulocytes: Vascular cell adhesion 
molecule-1–dependent binding to endothelium. Blood. 
1993;82:1891-1899.

 774. Rosse WF. The glycolipid anchor of membrane surface 
proteins. Semin Hematol. 1993;30:219-231.

 775. Discher DE, Mohandas N, Evans EA. Molecular maps 
of red cell deformation: hidden elasticity and in situ con-
nectivity. Science. 1994;266:1032-1035.

 776. Test ST, Butikofer P, Yee MC, et al. Characterization of 
the complement sensitivity of calcium-loaded human 
erythrocytes. Blood. 1991;78:3056-3065.

 777. Victoria EJ, Muchmore EA, Sudora EJ, Masouredis SP. 
The role of antigen mobility in anti Rh(D) induced 
agglutination. J Clin Invest. 1975;56:292-301.

 778. Bruce LJ, Beckmann R, Ribeiro ML, et al. A band 3–
based macrocomplex of integral and peripheral proteins 
in the RBC membrane. Blood. 2003;101:4180-4188.

 779. Mueckler MM, Caruso C, Baldwin SA, et al. Sequence 
and structure of a human glucose transporter. Science. 
1985;229:941-945.

 780. Brugnara C. Erythrocyte dehydration in pathophysiol-
ogy and treatment of sickle cell disease. Curr Opin 
Hematol. 1995;2:132-138.

 781. Bookchin RM, Lew VL. Sickle red cell dehydration; 
mechanisms and interventions. Curr Opin Hematol. 
2002;9:107-110.

 782. Parker JC. In defense of cell volume? Am J Physiol. 
1993;265:1191-1200.

 783. De Gier J. Permeability barriers formed by membrane 
lipids. Bioelectrochem Bioenerg. 1992;27:1-10.

 784. Smith BL, Baumgarten R, Nielsen S, et al. Concurrent 
expression of erythroid and renal aquaporin CHIP and 
appearance of water channel activity in perinatal rats. J 
Clin Invest. 1993;92:2035-2041.

 785. Brugnara C. Membrane transport of Na and K and cell 
dehydration in sickle erythrocytes. Experientia. 1993;49:
100-109.

 786. Joiner CH. Cation transport and volume regulation in 
sickle red blood cells. Am J Physiol. 1993;264:
C251-C270.

 787. Johnson RM, Gannon SA. Erythrocyte cation permea-
bility induced by mechanical stress: a model for sickle 
cell cation loss. Am J Physiol. 1990;259:C746-C751.

 788. Garrahan PJ, Glynn IM. Factors affecting the relative 
magnitude of the sodium:potassium and sodium:sodium 
exchanges catalyzed by the sodium pump. J Physiol. 
1967;192:189.

 789. Clark MR, Guatelli JC, White AT, Shohet SB. Study of 
dehydrating effect of the red cell Na+/K+ pump in nystatin 

treated cells with varying Na+ and water content. Biochim 
Biophys Acta. 1981;646:422-432.

 790. Joiner CH, Platt OS, Lux SE. Cation depletion by the 
sodium pump in red cells with pathologic cation leaks. 
J Clin Invest. 1986;78:1487-1496.

 791. Clark MR. Senescence of red blood cells: Progress and 
problems. Physiol Rev. 1988;68:503-554.

 792. Beutler E. Isolation of the aged. Blood Cells. 1988;
14:1-5.

 793. Dale GL, Norenberg SL. Density fractionation of eryth-
rocytes by Percoll/Hypaque results in only a slight 
enrichment for aged cells. Biochim Biophys Acta. 
1990;1036:183-187.

 794. Rettig MP, Low PS, Gimm JA, et al. Evaluation of bio-
chemical changes during in vivo erythrocyte senescence 
in the dog. Blood. 1999;93:376-384.

 795. Waugh RE, Mohandas N, Jackson CW, et al. Rheologic 
properties of senescent erythrocytes: loss of surface area 
and volume with red blood cell age. Blood. 1992;79:
1351-1358.

 796. Jain SK. Evidence for membrane lipid peroxidation 
during the in vivo aging of human erythrocytes. Biochim 
Biophys Acta. 1988;937:205-210.

 797. Beutler E. Biphasic loss of red cell enzyme activity during 
in vivo aging. Prog Clin Biol Res. 1985;95:317-325.

 798. Kay MMB. Mechanism of removal of senescent cells by 
human macrophages in situ. Proc Natl Acad Sci U S A. 
1975;72:3521-3525.

 799. Hardy RR, Wei CJ, Hayakawa K. Selection during devel-
opment of VH11+ B cells: a model for natural autoanti-
body-producing CD5+ B cells. Immunol Rev. 2004;197:
60-74.

 800. Kay MMB. Localization of senescent cell antigen on 
band 3. Proc Natl Acad Sci U S A. 1984;81:5753-
5757.

 801. Schlüter K, Drenckhahn D. Co-clustering of denatured 
hemoglobin with band 3: Its role in binding of autoan-
tibodies against band 3 to abnormal and aged erythro-
cytes. Proc Natl Acad Sci U S A. 1986;83:6137-6141.

 802. Lutz HU, Stringaro-Wipf G. Senescent red cell bound 
IgG is attached to band 3 protein. Biomed Biochim Acta. 
1983;42:117-121.

 803. Kay MMB, Marchalonis JJ, Hughes J, et al. Defi nition 
of a physiologic aging autoantigen by using synthetic 
peptides of membrane protein band 3: Localization of 
the active antigenic sites. Proc Natl Acad Sci U S A. 
1990;87:5734-5738.

 804. Kannan R, Labotka R, Low PS. Isolation and character-
ization of the hemichrome-stabilized membrane protein 
aggregates from sickle erythrocytes. Major site of autolo-
gous antibody binding. J Biol Chem. 1988;263:13766-
13773.

 805. Turrini F, Mannu F, Arese P, et al. Characterization of 
the autologous antibodies that opsonize erythrocytes 
with clustered integral membrane proteins. Blood. 
1993;81:3146-3145.

 806. Hornig R, Lutz HU. Band 3 protein clustering on human 
erythrocytes promotes binding of naturally occurring 
anti–band 3 and anti-spectrin antibodies. Exp Gerontol. 
2000;35:1025-1044.

 807. Ando K, Kikugawa K, Beppu M. Involvement of 
sialylated poly-N-acetyllactosaminyl sugar chains of 
band 3 glycoprotein on senescent erythrocytes in anti–



804 HEMOLYTIC ANEMIAS

band 3 autoantibody binding. J Biol Chem. 1994;269:
19394-19398.

 808. Ando K, Kikugawa K, Beppu M. Induction of band 
3 aggregation in erythrocytes results in anti–band 3 
autoantibody binding to the carbohydrate epitopes 
of band 3. Arch Biochem Biophys. 1997;339:250-
257.

 809. Beppu M, Mizukami A, Nagoya M, Kikugawa K. Binding 
of anti–band 3 autoantibody to oxidatively damaged 
erythrocytes. Formation of senescent antigen on eryth-
rocyte surface by an oxidative mechanism. J Biol Chem. 
1990;265:3226-3233.

 810. Lutz HU, Bussolino F, Flepp R, et al. Naturally occur-
ring anti–band-3 antibodies and complement together 
mediate phagocytosis of oxidatively stressed human 
erythrocytes. Proc Natl Acad Sci U S A. 1987;84:7368-
7372.

 811. Winograd E, Greenan JRT, Sherman IW. Expression of 
senescent antigen on erythrocytes infected with a knobby 
variant of the human malaria parasite Plasmodium falci-
parum. Proc Natl Acad Sci U S A. 1987;84:1931-
1935.

 812. Giribaldi G, Ulliers D, Mannu F, et al. Growth of Plas-
modium falciparum induces stage-dependent haemi-
chrome formation, oxidative aggregation of band 3, 
membrane deposition of complement and antibodies, 
and phagocytosis of parasitized erythrocytes. Br J Hae-
matol. 2001;113:492-499.

 813. Lelkes G, Fodor I, Lelkes G, et al. The distribution and 
aggregatability of intramembrane particles in phenylhy-
drazine-treated human erythrocytes. Biochim Biophys 
Acta. 1988;945:105-110.

 814. Arese P, Turrini F, Schwarzer E. Band 3/complement-
mediated recognition and removal of normally senescent 
and pathological human erythrocytes. Cell Physiol 
Biochem. 2005;16:133-146.

 815. Khandelwal S, van Rooijen N, Saxena RK. Reduced 
expression of CD47 during murine red blood cell (RBC) 
senescence and its role in RBC clearance from the cir-
culation. Transfusion. 2007;47:1725-1732.

 816. Gershon H. Is the sequestration of aged erythrocytes 
mediated by natural autoantibodies? Isr J Med Sci. 
1992;28:818-828.

 817. Ihanus E, Uotila LM, Toivanen A, et al. Red-cell ICAM-
4 is a ligand for the monocyte/macrophage integrin 
CD11c/CD18: characterization of the binding sites on 
ICAM-4. Blood. 2007;109:802-810.

 818. Toivanen A, Ihanus E, Mattila M, et al. Importance of 
molecular studies on major blood groups—intercellular 
adhesion molecule-4, a blood group antigen involved in 
multiple cellular interactions. Biochim Biophys Acta. 
2008;1780:456-466.

 819. Herrmann A, Devaux PF. Alteration of the aminophos-
pholipid translocase activity during in vivo and artifi cial 
aging of human erythrocytes. Biochim Biophys Acta. 
1990;1027:41-46.

 820. Kiefer CR, Snyder LM. Oxidation and erythrocyte 
senescence. Curr Opin Hematol. 2000;7:113-116.

 821. Vlassara H, Valinsky J, Brownlee M, et al. Advanced 
glycosylation end products on erythrocyte cell surface 
induce receptor mediated phagocytosis by macrophages. 
A model for turnover of aging cells. J Exp Med. 
1987;166:539-549.

 822. Barber JR, Clarke S. Membrane protein carboxyl meth-
ylation increases with human erythrocyte age. J Biol 
Chem. 1983;258:1189-1196.

 823. Galletti P, Ingrosso D, Nappi A, et al. Increased methyl 
esterifi cation of membrane proteins in aged red-blood 
cells. Preferential esterifi cation of ankyrin and band-4.1 
cytoskeletal proteins. Eur J Biochem. 1983;135:25-31.

 824. Bernassola F, Boumis G, Corazzari M, et al. Osmotic 
resistance of high-density erythrocytes in transglutamin-
ase 2–defi cient mice. Biochem Biophys Res Commun. 
2002;291:1123-1127.

 825. Vanlair CF, Masius JB: De la microcythemie. Bull R 
Acad Med Belg. 1871;5:515.

 826. Wilson C: Some cases showing hereditary enlargement 
of the spleen. Trans Clin Soc (London). 1890;23:162.

 827. Wilson C, Stanley D: A sequel to some cases showing 
hereditary enlargement of the spleen. Trans Clin Soc 
(London). 1893;26:163.

 828. Minkowski O: Über eine hereditäre, unter dem Bilde 
eines chronischen Ikterus mit Urobilinurie, Splenomeg-
alie und Nierensiderosis verlaufende Affektion. Verh 
Dtsch Kongr Med. 1900;18:316.

 829. Chauffard MA: Pathogénie de l’ictère congénital de 
l’adulte. Semaine Méd (Paris). 1907;27:25.

 830. Chauffard MA: Les ictères hémolytiques. Semaine Méd 
(Paris). 1908;28:49.

 831. Dawson of Penn. The Hume Lectures on haemolytic 
icterus. BMJ. 1931;1:921-928, 963-966.

 832. Wintrobe MM: Blood, Pure and Eloquent. New York, 
McGraw-Hill, 1980.

 833. Morton NE, MacKinney AA, Kosower N, et al. Genetics 
of spherocytosis. Am J Hum Genet. 1962;14:170.

 834. Godal HC, Heist H: High prevalence of increased 
osmotic fragility of red blood cells among Norwegian 
donors. Scand J Haematol. 1981;27:30.

 835. Eber SW, Pekrun A, Neufeldt A, Schroter W. Prevalence 
of increased osmotic fragility of erythrocytes in German 
blood donors: Screening using a modifi ed glycerol lysis 
test. Ann Hematol. 1992;64:88.

 836. Kutter D. Hereditary spherocytosis is more frequent 
than expected: what to tell the patient? Bull Soc Sci Med 
Grand Duche Luxemb. 2005;1:7-22.

 837. Eber SW, Armbrust R, Schröter W: Variable clinical 
severity of hereditary spherocytosis: Relation to erythro-
cytic spectrin concentration, osmotic fragility and auto-
hemolysis. J Pediatr. 1990;177:409.

 838. Race RR: On the inheritance and linkage relations of 
acholuric jaundice. Ann Eugenics. 1942;11:365.

 839. Miraglia del Giudice E, Lombardi C, Francese M, et al. 
Frequent de novo monoallelic expression of β-spectrin 
gene (SPTB) in children with hereditary spherocytosis 
and isolated spectrin defi ciency. Br J Haematol. 
1998;101:251.

 840. Miraglia del Giudice E, Nobili B, Francese M, et al. 
Clinical and molecular evaluation of non-dominant 
hereditary spherocytosis. Br J Haematol. 2001;112:42.

 841. Whitfi eld CF, Follweiler JB, Lopresti-Morrow L, Miller 
BA. Defi ciency of spectrin synthesis in burst-forming 
units–erythroid in lethal hereditary spherocytosis. Blood. 
1991;78:3043.

 842. Olim G, Marques S, Saldanha C, et al. Red cell abnor-
malities in a kindred with an uncommon form of heredi-
tary spherocytosis. Acta Méd Portug. 1984;6:137.



 Chapter 15 • Disorders of the Red Cell Membrane 805

 843. Bernard J, Boiron M, Estager J. Une grand famille 
hémolytique: Trieze cas de maladie de Minkowski-
Chauffard observés dans la même fratrie. Semaine Hôp 
Paris. 1952;28:3741.

 844. Duru F, Gurgey, A, Ozturk G, et al. Homozygosity for 
dominant form of hereditary spherocytosis. Br J Haema-
tol. 1992;82:596.

 845. Agre P, Asimos A, Casella JF, McMillan C. Inheritance 
pattern and clinical response to splenectomy as a refl ec-
tion of erythrocyte spectrin defi ciency in hereditary 
spherocytosis. N Engl J Med. 1986;315:1579.

 846. Perrotta S, Nigro V, Conte ML, et al. Dominant heredi-
tary spherocytosis due to band 3 Neapolis produces a 
life-threatening anemia at the homozygous state 
[abstract]. Blood. 1998;92(Suppl):9a.

 847. Lux SE, Tse WT, Menninger JC, et al. Hereditary sphe-
rocytosis associated with deletion of the human erythro-
cyte ankyrin gene on chromosome 8. Nature. 1990;
345:736.

 848. Okamoto N, Wada Y, Nakamura Y, et al. Hereditary 
spherocytic anemia with deletion of the short arm of 
chromosome 8. Am J Med Genet. 1995;58:225.

 849. Fukushima Y, Byers MG, Watkins PC, et al. Assignment 
of the gene for β-spectrin (SPTB) to chromosome 
14q23-q24.2 by in situ hybridization. Cytogenet Cell 
Genet. 1990;53:232-233.

 850. Walensky LD, Narla M, Lux SE. Disorders of the 
red cell membrane. In Handin RI, Lux SE, Stossel TP 
(eds). Blood: Principles and Practice of Hematology, 
2nd ed. Philadelphia, JB Lippincott, 2003, pp 
1709-1858.

 851. Pekrun A, Eber SW, Kuhlmey A, Schroter W. Combined 
ankyrin and spectrin defi ciency in hereditary spherocy-
tosis. Ann Hematol. 1993;67:89.

 852. Friedman EW, Williams JC, Van Hook L. Hereditary 
spherocytosis in the elderly. Am J Med. 1988;84:513.

 853. Krueger HC, Burgert EO Jr. Hereditary spherocytosis 
in 100 children. Mayo Clin Proc. 1966;41:821.

 854. MacKinney AA Jr, Morton NE, Kosower NS, Schilling 
RF. Ascertaining genetic carriers of hereditary spherocy-
tosis by statistical analysis of multiple laboratory tests. J 
Clin Invest. 1962;41:554.

 855. Young LE, Izzo MJ, Platzer RF. Hereditary spherocyto-
sis: I. Clinical, hematologic and genetic features in 28 
cases, with particular reference to the osmotic and 
mechanical fragility of incubated erythrocytes. Blood. 
1951;6:1073.

 856. Debre R, Lamy M, See G, Schrameck G. Congenital and 
familial hemolytic disease in children. Am J Dis Child. 
1938;56:1189-1192.

 857. Diamond LK. Indications for splenectomy in childhood: 
Results in fi fty-two operated cases. Am J Surg. 1938;
39:400.

 858. Agre P, Casella JF, Zinkham WH, et al. Partial defi ciency 
of erythrocyte spectrin in hereditary spherocytosis. 
Nature. 1985;314:380.

 859. Hanspal M, Yoon SH, Yu H, et al. Molecular basis of 
spectrin and ankyrin defi ciencies in severe hereditary 
spherocytosis: Evidence implicating a primary defect of 
ankyrin. Blood. 1991;77:165.

 860. Jensson O, Jonasson JL, Magnusson S. Studies on hered-
itary spherocytosis in Iceland. Acta Med Scand. 
1977;201:187.

 861. Gehlbach SH, Cooper BA. Haemolytic anaemia in infec-
tious mononucleosis due to inapparent congenital sphe-
rocytosis. Scand J Haematol. 1970;7:141.

 862. Ho-Yen DO. Hereditary spherocytosis presenting in 
pregnancy. Acta Haematol (Basel). 1984;72:29-33.

 863. Pajor A, Lehoczky D, Szakacs Z. Pregnancy and heredi-
tary spherocytosis: Report of 8 patients and a review. 
Arch Gynecol Obstet. 1993;253:37.

 864. Garwicz S: Atypical spherocytosis, a disease of spleen as 
well as of red blood cells. Lancet. 1975;1:956.

 865. Palek J, Mirevova L, Brabec V. 2,3-Diphosphoglycerate 
metabolism in hereditary spherocytosis. Br J Haematol. 
1969;17:59.

 866. Fernandez LA, Erslev AJ. Oxygen affi nity and compen-
sated hemolysis in hereditary spherocytosis. J Lab Clin 
Med. 1972;80:780.

 867. Guarnone R, Centenara E, Zappa M, et al. Erythropoi-
etin production and erythropoiesis in compensated and 
anaemic states of hereditary spherocytosis. Br J Haema-
tol. 1996;92:150.

 868. Rocha S, Costa E, Catarino C, et al. Erythropoietin 
levels in the different clinical forms of hereditary sphe-
rocytosis. Br J Haematol. 2005;13:534-542.

 869. Tse WT, Gallagher PG, Jenkins PB, et al. Amino-acid 
substitution in α-spectrin commonly coinherited with 
nondominant hereditary spherocytosis. Am J Hematol. 
1997;54:233.

 870. Coetzer TL, Lawler J, Liu S, et al. Partial ankyrin and 
spectrin defi ciency in severe, atypical hereditary sphero-
cytosis. N Engl J Med. 1988;318:230.

 871. Agre P, Orringer EP, Bennett V. Defi cient red-cell spec-
trin in severe, recessively inherited spherocytosis. N Engl 
J Med. 1982;306:1155.

 872. Maberry MC, Mason RA, Cunningham FG, Pritchard 
JA. Pregnancy complicated by hereditary spherocytosis. 
Obstet Gynecol. 1992;79:735.

 873. Delamore IW, Richmond J, Davies SH. Megaloblastic 
anaemia in congenital spherocytosis. BMJ. 1961;1:543.

 874. Kohler HG, Meynell MJ, Cooke WT. Spherocytic 
anaemia, complicated by megaloblastic anaemia of preg-
nancy. BMJ. 1960;1:779.

 875. Burman D. Congenital spherocytosis in infancy. Arch 
Dis Child. 1958;33:335.

 876. Schröter W, Kahsnitz E. Diagnosis of hereditary sphero-
cytosis in newborn infants. J Pediatr. 1983;103:460.

 877. Trucco JI, Brown AK. Neonatal manifestations of hered-
itary spherocytosis. Am J Dis Child. 1967;113:263.

 878. Stamey CC, Diamond LK. Congenital hemolytic anemia 
in the newborn. Am J Dis Child. 1957;94:616.

 879. Saada V, Cynober T, Brossard Y, et al. Incidence of 
hereditary spherocytosis in a population of jaundiced 
neonates. Pediatr Hematol Oncol. 2006;23:387-397.

 880. Berardi A, Lugli L, Ferrari F, et al. Kernicterus 
associated with hereditary spherocytosis and UGT1A1 
promoter polymorphism. Biol Neonate. 2006;90:243-
246.

 881. Iolascon A, Faienza MF, Moretti A, et al. UGT1 pro-
moter polymorphism accounts for increased neonatal 
appearance of hereditary spherocytosis. Blood. 1998;
91:1093.

 882. Delhommeau F, Cynober T, Schischmanoff PO, et al. 
Natural history of hereditary spherocytosis during the 
fi rst year of life. Blood. 2000;95:393.



806 HEMOLYTIC ANEMIAS

 883. Ribeiro ML, Alloisio N, Almeida H, et al. Severe heredi-
tary spherocytosis and distal renal tubular acidosis asso-
ciated with the total absence of band 3. Blood. 
2000;96:1602.

 884. Peters LL, White RA, Birkenmeier CS, et al. Changes in 
cytoskeletal mRNA expression and protein synthesis 
during murine erythropoiesis in vivo. Proc Natl Acad Sci 
U S A. 1992;89:5749-5753.

 885. Peters LL, Turtzo C, Birkenmeier CS, Barker JE. Dis-
tinct fetal Ank-1 and Ank-2 related proteins and mRNAs 
in normal and nb/nb mice. Blood 1993;81:2144.

 886. Bergstrand CG, Czar B. Serum haptoglobin in infancy. 
J Clin Lab Invest. 1961;13:576.

 887. Erlandson ME, Hilgartner M. Hemolytic disease in the 
neonatal period and early infancy. J Pediatr. 1959;
54:566.

 888. Miraglia del Giudice E, Perrotta S, Lombardi C, Iolas-
con A. Decision making at the bedside: Diagnosis of 
hereditary spherocytosis in a transfused infant. Haema-
tologica. 1998;83:347.

 889. Tchernia G, Delhommeau F, Perrotta S, et al. Recom-
binant erythropoietin therapy as an alternative to blood 
transfusions in infants with hereditary spherocytosis. 
Hematol J. 2000;1:146.

 890. Hosono S, Hosono A, Mugishima H, et al. Successful 
recombinant erythropoietin therapy for a developing 
anemic newborn with hereditary spherocytosis. Pediatr 
Int. 2006;48:178-180.

 891. Savvides P, Shalev O, John KM, Lux SE. Combined 
spectrin and ankyrin defi ciency is common in autosomal 
dominant hereditary spherocytosis. Blood 1993;82:
2953.

 892. Chasis JA, Agre PA, Mohandas N. Decreased membrane 
mechanical stability and in vivo loss of surface area 
refl ect spectrin defi ciencies in hereditary spherocytosis. 
J Clin Invest. 1988;82:617.

 893. Waugh RE, Agre P. Reductions of erythrocyte mem-
brane viscoelastic coeffi cients refl ect spectrin defi cien-
cies in hereditary spherocytosis. J Clin Invest. 1988;81:
133.

 894. Liu S-C, Derick LH, Agre P, Palek J. Alteration of the 
erythrocyte membrane skeletal ultrastructure in heredi-
tary spherocytosis, hereditary elliptocytosis, and pyro-
poikilocytosis. Blood. 1990;76:198.

 895. Yawata Y, Kanzaki A, Yawata A. Genotypic and pheno-
typic expressions of protein 4.2 in human erythroid cells. 
Gene Funct Dis. 2000;2:61.

 896. Premetis E, Stamoulakatou A, Loukopoulos D. Erythro-
poiesis: hereditary spherocytosis in Greece: collective 
data on a large number of patients. Hematology. 1999;
4:361.

 897. Ricard MP, Gilsanz F, Millan I. Erythroid mem -
brane protein defects in hereditary spherocytosis. A 
study of 62 Spanish cases. Haematologica. 2000;
85:994.

 898. Lanciotti M, Perutelli P, Valetto A, et al. Ankyrin defi -
ciency is the most common defect in dominant and non 
dominant hereditary spherocytosis. Haematologica. 
1997;82:460.

 899. Miraglia del Giudice E, Iolascon A, Pinto L, et al. Eryth-
rocyte membrane protein alterations underlying clinical 
heterogeneity in hereditary spherocytosis. Br J Haema-
tol. 1994;88:52.

 900. Yawata Y, Kanzaki A, Yawata A, et al. Characteristic fea-
tures of the genotype and phenotype of hereditary sphe-
rocytosis in the Japanese population. Int J Hematol. 
2000;71:118.

 901. Lee YK, Cho HI, Park SS, et al. Abnormalities of eryth-
rocyte membrane proteins in Korean patients with 
hereditary spherocytosis. J Korean Med Sci. 2000;15:
284.

 902. Hanspal M, Palek J. Biogenesis of normal and abnormal 
red blood cell membrane skeletons. Semin Hematol. 
1992;29:305.

 903. Wichterle H, Hanspal M, Palek J, Jarolim P. Combina-
tion of two mutant spectrin alleles underlies a severe 
spherocytic hemolytic anemia. J Clin Invest. 1996;98:
2300.

 904. Basseres DS, Vicentim DL, Costa FF, et al. β-Spectrin 
Promiss-ao: a translation initiation codon mutation of 
the β-spectrin gene (ATG→GTG) associated with 
hereditary spherocytosis and spectrin defi ciency in a 
Brazilian family. Blood. 1998;91:368.

 905. Becker PS, Tse WT, Lux SE, Forget BG. Beta 
spectrin Kissimmee: a spectrin variant associated 
with autosomal dominant hereditary spherocytosis and 
defective binding to protein 4.1. J Clin Invest. 1993;92:
612.

 906. Wolfe LC, John KM, Falcone JC, et al. A genetic defect 
in the binding of protein 4.1 to spectrin in a kindred with 
hereditary spherocytosis. N Engl J Med. 1982;307:
1367.

 907. Becker PS, Morrow JS, Lux SE. Abnormal oxidant sen-
sitivity and β-chain structure of spectrin in hereditary 
spherocytosis associated with defective spectrin–protein 
4.1 binding. J Clin Invest. 1987;80:557.

 908. Garbarz M, Galand C, Bibas D, et al. A 5 splice region 
G→C mutation in exon 3 of the human β-spectrin gene 
leads to decreased levels of α-spectrin mRNA and is 
responsible for dominant hereditary spherocytosis 
(spectrin Guemene-Penfao). Br J Haematol. 1998;
100:90.

 909. Hassoun H, Vassiliadis JN, Murray J, et al. Hereditary 
spherocytosis with spectrin defi ciency due to an unstable 
truncated β spectrin. Blood. 1996;87:2538.

 910. Hassoun H, Vassiliadis JN, Murray J, et al. Molecular 
basis of spectrin defi ciency in beta-spectrin Durham. A 
deletion within β spectrin adjacent to the ankyrin-
binding site precludes spectrin attachment to the mem-
brane in hereditary spherocytosis. J Clin Invest. 
1995;96:2623.

 911. Hassoun H, Vassiliadis JN, Murray J, et al. Characteriza-
tion of the underlying molecular defect in hereditary 
spherocytosis associated with spectrin defi ciency. Blood. 
1997;90:398.

 912. Dhermy D, Galand C, Bournier O, et al. Hereditary 
spherocytosis with spectrin defi ciency related to null 
mutations of the β-spectrin gene. Blood Cells Mol Dis. 
1998;24:251.

 913. Basseres DS, Tavares AC, Acosta FF, et al. Novel β-spec-
trin variants associated with hereditary spherocytosis. 
Blood. 1997;90:4b.

 914. Woods CM, Lazarides E. Spectrin assembly in avian 
erythroid development is determined by competing 
reactions of subunit homo- and hetero-oligomerization. 
Nature. 1986;321:85.



 Chapter 15 • Disorders of the Red Cell Membrane 807

 915. Saad ST, Costa FF, Vicentim DL, Salles TS, Pranke PH. 
Red cell membrane protein abnormalities in hereditary 
spherocytosis in Brazil. Br J Haematol. 1994;88:295.

 916. Rizk SH, Ibrahim AM, Gafaar TM, et al. Red cell mem-
brane defects and inheritance in 20 Egyptian families 
with hereditary spherocytosis: Correlation with clinical 
severity. Cell Vision. 1996;3:137.

 917. Chilcote RR, Le Beau MM, Dampier C, et al. Associa-
tion of red cell spherocytosis with deletion of the short 
arm of chromosome 8. Blood. 1987;69:156.

 918. Cohen H, Walker H, Delhanty JD, et al. Congenital 
spherocytosis, B19 parvovirus infection and inherited 
deletion of the short arm of chromosome 8. Br J Hae-
matol. 1991;78:251.

 919. Kitatani M, Chiyo H, Ozaki M, et al. Localization of the 
spherocytosis gene to chromosome segment 8p11.22-
8p21.1. Hum Genet. 1988;78:94.

 920. Kimberling WJ, Fulbeck T, Dixon L, Lubs HA. Localiza-
tion of spherocytosis to chromosome 8 or 12 and report 
of a family with spherocytosis and a reciprocal transloca-
tion. Am J Hum Genet. 1975;27:586.

 921. Costa FF, Agre P, Watkins PC, et al. Linkage of domi-
nant hereditary spherocytosis to the gene for the eryth-
rocyte membrane-skeleton protein ankyrin. N Engl J 
Med. 1990;323:1046.

 922. Jarolim P, Rubin HL, Brabec V, Palek J. Comparison of 
the ankyrin (AC)n microsatellites in genomic DNA and 
mRNA reveals absence of one ankyrin mRNA allele in 
20% of patients with hereditary spherocytosis. Blood. 
1995;85:3278.

 923. Eber SW, Gonzalez JM, Lux ML, et al. Ankyrin-1 muta-
tions are a major cause of dominant and recessive heredi-
tary spherocytosis. Nat Genet. 1996;13:214-218.

 924. Leite RC, Basseres DS, Ferreira JS, et al. Low frequency 
of ankyrin mutations in hereditary spherocytosis: Iden-
tifi cation of three novel mutations. Hum Mutat. 2000;
16:529.

 925. Gallagher PG, Sabatino DE, Basseres DS, et al. Eryth-
rocyte ankyrin promoter mutations associated with 
recessive hereditary spherocytosis cause signifi cant 
abnormalities in ankyrin expression. J Biol Chem. 2001;
276:41683.

 926. Gallagher PG, Ferreira JD, Costa FF, et al. A recurrent 
frameshift mutation of the ankyrin gene associated with 
severe hereditary spherocytosis. Br J Haematol. 2000;
111:1190.

 927. Jarolim P, Rubin HL, Brabec V, et al. Mutations of con-
served arginines in the membrane domain of erythroid 
band 3 lead to a decrease in membrane-associated band 
3 and to the phenotype of hereditary spherocytosis. 
Blood. 1995;85:634.

 928. Tanner MJ. Band 3 anion exchanger and its involvement 
in erythrocyte and kidney disorders. Curr Opin Hematol. 
2002;9:133.

 929. Jarolim P, Rubin HL, Liu SC, et al. Duplication 
of 10 nucleotides in the erythroid band 3 (AE1) gene in 
a kindred with hereditary spherocytosis and band 3 
protein defi ciency (band 3PRAGUE). J Clin Invest. 1994;
93:121.

 930. Dhermy D, Galand C, Bournier O, et al. Heterogenous 
band 3 defi ciency in hereditary spherocytosis related to 
different band 3 gene defects. Br J Haematol. 1997;
98:32.

 931. Lima PR, Sales TS, Costa FF, Saad ST. Arginine 490 is 
a hot spot for mutation in the band 3 gene in hereditary 
spherocytosis. Eur J Haematol. 1999;63:360.

 932. Dhermy D, Burnier O, Bourgeois M, Grandchamp B. 
The red blood cell band 3 variant (band 3Bicétrel:
R490C) associated with dominant hereditary spherocy-
tosis causes defective membrane targeting of the mole-
cule and a dominant negative effect. Mol Membr Biol. 
1999;16:305.

 933. Quilty JA, Reithmeier RA. Traffi cking and folding defects 
in hereditary spherocytosis mutants of the human red 
cell anion exchanger. Traffi c. 2000;1:987.

 934. Jenkins PB, Abou-Alfa GK, Dhermy D, et al. A nonsense 
mutation in the erythrocyte band 3 gene associated with 
decreased mRNA accumulation in a kindred with domi-
nant hereditary spherocytosis. J Clin Invest. 1996;
97:373.

 935. Bianchi P, Zanella A, Alloisio N, et al. A variant of the 
EPB3 gene of the anti-Lepore type in hereditary sphe-
rocytosis. Br J Haematol. 1997;98:283.

 936. Bracher NA, Lyons CA, Wessels G, et al. Band 3 Cape 
Town (E90K) causes severe hereditary spherocytosis in 
combination with band 3 Prague III. Br J Haematol. 
2001;113:689.

 937. Alloisio N, Maillet P, Carre G, et al. Hereditary sphero-
cytosis with band 3 defi ciency. Association with a non-
sense mutation of the band 3 gene (allele Lyon), and 
aggravation by a low-expression allele occurring in trans 
(allele Genas). Blood. 1996;88:1062.

 938. Alloisio N, Texier P, Vallier A, et al. Modulation of clini-
cal expression and band 3 defi ciency in hereditary sphe-
rocytosis. Blood. 1997;90:414.

 939. Zhang D, Kiyatkin A, Bolin JT, Low PS. Crystallographic 
structure and functional interpretation of the cytoplas-
mic domain of erythrocyte membrane band 3. Blood. 
2000;96:2925.

 940. Low PS, Zhang D, Bolin JT. Localization of mutations 
leading to altered cell shape and anion transport in the 
crystal structure of the cytoplasmic domain of band 3. 
Blood Cells Mol. Dis 2001;27:81.

 941. Jarolim P, Murray JL, Rubin HL, et al. Characteriza -
tion of 13 novel band 3 gene defects in hereditary sphe-
rocytosis with band 3 defi ciency. Blood. 1996;88:
4366.

 942. Lima PR, Gontijo JA, Lopes de Faria JB, et al. Band 3 
Campinas: A novel splicing mutation in the band 3 gene 
(AE1) associated with hereditary spherocytosis, hyper-
activity of Na+/Li+ countertransport and an abnormal 
renal bicarbonate handling. Blood. 1997;90:2810.

 943. Bruce LJ, Cope DL, Jones GK, et al. Familial distal renal 
tubular acidosis is associated with mutations in the red 
cell anion exchanger (band 3, AE1) gene. J Clin Invest. 
1997;100:1693.

 944. Jarolim P, Shayakul C, Prabakaran D, et al. Autosomal 
dominant distal renal tubular acidosis is associated in 
three families with heterozygosity for the R589H muta-
tion in the AE1 (band 3) Cl−/HCO3

− exchanger. J Biol 
Chem. 1998;273:6380.

 945. Karet FE, Gainza FJ, Györy AZ, et al. Mutations in the 
chloride-bicarbonate exchanger gene AE1 cause autoso-
mal dominant but not autosomal recessive distal renal 
tubular acidosis. Proc Natl Acad Sci USA. 1998;95:
6337-6342.



808 HEMOLYTIC ANEMIAS

 946. Toye AM, Bruce LJ, Unwin RJ, et al. Band 3 Walton, a 
C-terminal deletion associated with distal renal tubular 
acidosis, is expressed in the red cell membrane but 
retained internally in kidney cells. Blood. 2002;99:342.

 947. Beauchamp-Nicoud A, Morle L, Lutz HU, et al. Heavy 
transfusions and presence of an anti–protein 4.2 anti-
body in 4.2(−) hereditary spherocytosis (949delG). Hae-
matologica. 2000;85:19.

 948. Perrotta S, Iolascon A, Polito R, et al. 4.2 Nippon muta-
tion in a non-Japanese patient with hereditary spherocy-
tosis. Haematologica. 1999;84:660.

 949. Bouhassira EE, Schwartz RS, Yawata Y, et al. An alanine 
to threonine substitution in protein 4.2 cDNA is associ-
ated with a Japanese form of hereditary hemolytic anemia 
(protein 4.2Nippon). Blood. 1992;79:1846.

 950. Rybicki AC, Heath R, Wolf JL, et al. Defi ciency of protein 
4.2 in erythrocytes from a patient with a Coombs nega-
tive hemolytic anemia: Evidence for a role of protein 4.2 
in stabilizing ankyrin on the membrane. J Clin Invest. 
1988;81:893.

 951. Inoue T, Kanzaki A, Yawata A, et al. Electron micro-
scopic and physicochemical studies on disorganization 
of the cytoskeletal network and integral protein (band 3) 
in red cells of band 4.2 defi ciency with a mutation 
(codon 142: GCT→ACT). Int J Hematol. 1994;59:
157-175.

 952. Ideguchi H, Nishimura J, Nawata H, Hamasaki N. A 
genetic defect of erythrocyte band 4.2 protein associated 
with hereditary spherocytosis. Br J Haematol. 1990;
74:347.

 953. Ghanem A, Pothier B, Marechal J, et al. A haemolytic 
syndrome associated with the complete absence of red 
cell membrane protein 4.2 in two Tunisian siblings. Br J 
Haematol. 1990;75:414.

 954. Rybicki AC, Qiu JJ, Musto S, et al. Human erythrocyte 
protein 4.2 defi ciency associated with hemolytic anemia 
and a homozygous 40glutamic acid→lysine substitution 
in the cytoplasmic domain of band 3 (band 3Montefi ore). 
Blood. 1993;81:2155.

 955. Jarolim P, Palek J, Rubin HL, et al. Band 3 Tuscaloosa: 
Pro327→Arg327 substitution in the cytoplasmic domain of 
erythrocyte band 3 protein associated with spherocytic 
hemolytic anemia and partial defi ciency of protein 4.2. 
Blood. 1992;80:523.

 956. Lux SE. Disorders of the red cell membrane. In Nathan 
DG, Oski FA (eds). Hematology of Infancy and Child-
hood, 3rd ed. Philadelphia, WB Saunders, 1987, p 444.

 957. Sheehy R, Ralston GB. Abnormal binding of spectrin to 
the membrane of erythrocytes in some cases of heredi-
tary spherocytosis. Blut. 1978;36:145.

 958. Price Evans DA, Mackie MJ, Anand R. Diminished 
extractable spectrin in the erythrocytes of a patient with 
“sporadic” hereditary spherocytosis. Acta Haematol. 
1986;76:136.

 959. Mariani M, Maretzki D, Lutz HU. A tightly membrane-
associated subpopulation of spectrin is 3H palmitoylated. 
J Biol Chem. 1993;268:12996.

 960. Allen DW, Cadman S, McCann SR, Finkel B. Increased 
membrane binding of erythrocyte catalase in hereditary 
spherocytosis and in metabolically stressed normal cells. 
Blood. 1977;49:113.

 961. Boulard-Heitzmann P, Boulard M, Tallineau C, et al. 
Decreased red cell enolase activity in a 40-year-old 

woman with compensated hemolysis. Scand J Haematol. 
1984;33:401.

 962. Lachant NA, Jennings MA, Tanaka KR. Partial erythro-
cyte enolase defi ciency: A hereditary disorder with 
variable clinical expression. Blood. 1986;68(Suppl 1):
55a.

 963. Beutler E, Guinto E, Johnson C. Human red cell protein 
kinase in normal subjects and patients with hereditary 
spherocytosis, sickle cell disease, and autoimmune 
hemolytic anemia. Blood. 1976;48:887.

 964. Boivin P, Delaunay J, Galand C. Altered erythrocyte 
membrane protein phosphorylation in an unusual case 
of hereditary spherocytosis. Scand J Haematol. 1979;
23:251.

 965. Wolfe LC, Lux SE. Membrane protein phosphorylation 
of intact normal and hereditary spherocytic erythrocytes. 
J Biol Chem. 1978;253:3336.

 966. De Gier J, Van Deenen LLM. Phospholipid and fatty 
acid characteristics of erythrocytes in some cases of 
anaemia. Br J Haematol. 1964;10:246.

 967. Vermeulen WP, Briede JJ, Bunt G, et al. Enhanced Mg2+-
ATPase activity in ghosts from HS erythrocytes and in 
normal ghosts stripped of membrane skeletal proteins 
may refl ect enhanced aminophospholipid translocase 
activity. Br J Haematol. 1995;90:56.

 968. Kuiper PJ, Livne A. Differences in fatty acid composition 
between normal erythrocytes and hereditary spherocy-
tosis affected cells. Biochim Biophys Acta. 1972;
260:755.

 969. Zail SS, Pickering A. Fatty acid composition of erythro-
cytes in hereditary spherocytosis. Br J Haematol. 1979;
42:399.

 970. Bertles JE. Sodium transport across the surface of red 
blood cells in hereditary spherocytosis. J Clin Invest. 
1957;36:816.

 971. Jacob HS, Jandl JH. Cell membrane permeability in the 
pathogenesis of hereditary spherocytosis (HS). J Clin 
Invest. 1964;43:1704.

 972. Zipursky A, Israels LG. Signifi cance of erythrocyte 
sodium fl ux in the pathophysiology and genetic expres-
sion of hereditary spherocytosis. Pediatr Res. 1971;
5:614.

 973. Joiner CH, Franco RS, Jiang M, et al. Increased cation 
permeability in mutant mouse red cells with defective 
membrane skeletons. Blood. 1994;86:4307.

 974. Wiley JS. Red cell survival in hereditary spherocytosis. 
J Clin Invest. 1970;49:666.

 975. De Franceschi L, Olivieri O, Miraglia del Giudice E, 
et al. Membrane cation and anion transport activities in 
erythrocytes of hereditary spherocytosis: Effects of dif-
ferent membrane protein defects. Am J Hematol. 
1997;55:121.

 976. Vives Corrons JL, Besson I. Red cell membrane Na+ 
transport systems in hereditary spherocytosis: Relevance 
to understanding the increased Na+ permeability. Ann 
Hematol. 2001;80:535.

 977. Mayman D, Zipursky A. Hereditary spherocytosis: The 
metabolism of erythrocytes in the peripheral blood and 
in the splenic pulp. Br J Haematol. 1974;27:201.

 978. De Franceschi L, Rivera A, Fleming MD, et al. Evidence 
for a protective role of the Gardos channel against hemo-
lysis in murine spherocytosis. Blood. 2005;106:
1454-1459.



 Chapter 15 • Disorders of the Red Cell Membrane 809

 979. Lauf PK, Adragna NC. K-Cl cotransport: Properties 
and molecular mechanism. Cell Physiol Biochem. 2000;
10:341.

 980. Olivieri O, Bonollo M, Friso S, et al. Activation of K+/Cl− 
cotransport in human erythrocytes exposed to oxidative 
agents. Biochim Biophys Acta. 1993;1176:37.

 981. Loder PB, Babarczy G, de Gruchy GC. Red cell metabo-
lism in hereditary spherocytosis. Br J Haematol. 1967;
13:95.

 982. Mohler DN. Adenosine triphosphate metabolism in 
hereditary spherocytosis. J Clin Invest. 1965;44:1417.

 983. Kagimoto T, Hayashi F, Yamasaki M, et al. Phosphorus 
31 NMR study on nucleotides and intracellular pH of 
hereditary spherocytes. Experientia (Basel). 1978;34:
1092.

 984. Ideguchi H, Hamasaki N, Ikehara Y. Abnormal phospho-
enolpyruvate transport in erythrocytes of hereditary 
spherocytosis. Blood. 1981;58:426.

 985. LeBlond PF, De Boisfl eury A, Bessis M. Erythrocytes 
shape in hereditary spherocytosis. A scanning electron 
microscopic study and relationship to deformability. 
Nouv Rev Fr Hematol. 1973;13:873.

 986. Cooper RA, Jandl JH. The role of membrane lipids in 
the survival of red cells in hereditary spherocytosis. J 
Clin Invest. 1969;48:736.

 987. Johnsson R. Red cell membrane proteins and lipids in 
spherocytosis. Scand J Haematol. 1978;20:341.

 988. Langley GR, Feldherhof CH. Atypical autohemolysis in 
hereditary spherocytosis as a refl ection of two cell popu-
lations: Relationship of cell lipids to conditioning by the 
spleen. Blood. 1968;32:569.

 989. Reed CF, Swisher SN. Erythrocyte lipid loss in heredi-
tary spherocytosis. J Clin Invest. 1966;45:777.

 990. Waugh RE. Effects of inherited membrane abnormalities 
on the viscoelastic properties of erythrocyte membranes. 
Biophys J. 1987;51:363.

 991. Cooper RA, Jandl JH. The selective and conjoint loss of 
red cell lipids. J Clin Invest. 1969;48:906.

 992. Snyder LM, Lutz HU, Sauberman N, et al. Fragmenta-
tion and myelin formation in hereditary xerocytosis and 
other hemolytic anemias. Blood. 1978;52:750.

 993. Weed RI, Bowdler AJ. Metabolic dependence of the criti-
cal hemolytic volume of human erythrocytes: Relation-
ship to osmotic fragility and autohemolysis in hereditary 
spherocytosis and normal red cells. J Clin Invest. 
1966;45:1137.

 994. Shafi zadeh E, Paw BH, Foott H, et al. Characterization 
of zebrafi sh merlo/chablis as non-mammalian vertebrate 
models for severe congenital anemia due to protein 4.1 
defi ciency. Development. 2002;129:4359-4370.

 995. Peters LL, Shivdasani RA, Liu SC, et al. Anion exchanger 
1 (band 3) is required to prevent erythrocyte membrane 
surface loss but not to form the membrane skeleton. 
Cell. 1996;86:917.

 996. Paw BH. Cloning of the zebrafi sh retsina blood 
mutation: A genetic model for dyserythropoiesis and 
erythroid cytokinesis. Blood Cells Mol Dis. 2001;
27:62.

 997. Liao EC, Paw PH, Peters LL, et al. Hereditary sphero-
cytosis in zebrafi sh riesling illustrates evolution of ery-
throid beta-spectrin structure, and function in red cell 
morphogenesis and membrane stability. Development. 
2000;127:5123-5132.

 998. Da Costa L, Mohandas N, Sorette M, et al. Temporal 
differences in membrane loss lead to distinct reticulocyte 
features in hereditary spherocytosis and in immune 
hemolytic anemia. Blood. 2001;98:2894-2899.

 999. Liu S-C, Derick LH, Duquette MA, Palek J. Separation 
of the lipid bilayer from the membrane skeleton during 
discocyte-echinocyte transformation of human erythro-
cyte ghosts. Eur J Cell Biol. 1989;49:358.

1000. Zachée P, Boogaerts MA, Hellamans L, Snauwaert J. 
Adverse role of the spleen in hereditary spherocytosis: 
Evidence by the use of the atomic force microscope. Br 
J Haematol. 1992;80:264.

1001. Elgsaeter A, Shotton DM, Branton D. Intramembrane 
particle aggregation in erythrocyte ghosts: II. The infl u-
ence of spectrin aggregation. Biochim Biophys Acta. 
1976;426:101.

1002. Evans EA, Waugh R, Melnik C. Elastic area compress-
ibility modulus of red cell membranes. Biophys J. 
1976;16:585.

1003. Baird R, McPherson AI, Richmond J. Red blood cell 
survival after splenectomy in congenital spherocytosis. 
Lancet. 1971;2:1060.

1004. Chapman RG. Red cell life span after splenectomy in 
hereditary spherocytosis. J Clin Invest. 1968;47:2263.

1005. Barnhart MI, Lusher JM. The human spleen as revealed 
by scanning electron microscopy. Am J Hematol. 1976;
1:243.

1006. Chen L-T, Weiss L. Electron microscopy of red pulp of 
human spleen. Am J Anat. 1972;134:425.

1007. Chen L-T, Weiss L. The role of the sinus wall in the 
passage of erythrocytes through the spleen. Blood. 1973;
41:529.

1008. Weiss L, Tavassoli M. Anatomical hazards to the passage 
of erythrocytes through the spleen. Semin Hematol. 
1970;7:372.

1009. Weiss L. A scanning electron microscopic study of the 
spleen. Blood. 1974;43:665.

1010. Groom AC. Microcirculation of the spleen: New con-
cepts, new challenges. Microvasc Res. 1987;34:269.

1011. Johnsson R, Vuopio P. Studies on red cell fl exibility in 
spherocytosis using a polycarbonate membrane fi ltration 
method. Acta Haematol. 1978;60:329.

1012. Murphy JR. The infl uence of pH and temperature on 
some physical properties of normal erythrocytes and 
erythrocytes from patients with hereditary spherocytosis. 
J Lab Clin Med. 1967;69:758.

1013. Young LE, Platzer RF, Ervin DM, Izzo MJ. Hereditary 
spherocytosis: II. Observations on the role of the spleen. 
Blood. 1951;6:1099.

1014. Ferreira JA, Feliu E, Rozman C, et al. Morphologic and 
morphometric light and electron microscopic studies of 
the spleen in patients with hereditary spherocytosis and 
autoimmune haemolytic anaemia. Br J Haematol. 
1989;72:246.

1015. Molnar Z, Rappaport H. Fine structure of the red pulp 
of the spleen in hereditary spherocytosis. Blood. 1972;
39:81.

1016. Wiland OK, Smith EB. The morphology of the spleen 
in congenital hemolytic anemia (hereditary spherocyto-
sis). Am J Clin Pathol. 1956;26:619.

1017. Fujita T, Kashimura M, Adachi K. Scanning electron 
microscopy (SEM) studies of the spleen—normal and 
pathological. Scan Electron Microsc. 1982;1:435.



810 HEMOLYTIC ANEMIAS

1018. Banti G: Splenomegalie hemolytique au hemopoietique: 
Le role de la rate dans l’hemolyse. Sémaine Med. 1913;
33:313.

1019. MacAdam W, Shiskin C. The cholesterol content of the 
blood in anaemia and its relation to splenic function. Q 
J Med. 1922;16:193.

1020. Emerson CP Jr, Shen SC, Ham TH, et al. Studies on 
the destruction of red blood cells: IX. Quantitative 
methods for determining the osmotic and mechanical 
fragility of red cells in the peripheral blood and splenic 
pulp; the mechanism of increased hemolysis in heredi-
tary spherocytosis (congenital hemolytic jaundice) as 
related to the function of the spleen. Arch Intern Med. 
1956;97:1.

1021. Dacie JV. Familial haemolytic anaemia (acholuric jaun-
dice), with particular reference to changes in fragility 
produced by splenectomy. Q J Med (New Series) 
1943;12:101.

1022. Griggs RC, Weisman R Jr, Harris JW. Alterations in 
osmotic and mechanical fragility related to in vivo eryth-
rocyte aging and splenic sequestration in hereditary 
spherocytosis. J Clin Invest. 1960;39:89.

1023. MacPherson AIS, Richmond J, Donaldson GW, Muir 
AR. The role of the spleen in congenital spherocytosis. 
Am J Med. 1971;50:35.

1024. Jandl JH, Aster RH. Increased splenic pooling and the 
pathogenesis of hypersplenism. Am J Med Sci. 1967;
253:383.

1025. LaCelle PL. pH in the mouse spleen and its effect on 
erythrocyte fl ow properties. Blood. 1974;44(Suppl 1):
910.

1026. Minakami S, Yoshikawa HL. Studies on erythrocyte gly-
colysis: III. The effects of active cation transport, pH and 
inorganic phosphate concentration on erythrocyte gly-
colysis. J Biochem (Tokyo). 1966;59:145.

1027. Rakitzis ET, Mills GC. Relation of red cell hexokinase 
activity to extracellular pH. Biochim Biophys Acta. 
1967;141:439.

1028. Parker JC. Ouabain-insensitive effects of metabolism on 
ion and water content in red blood cells. Am J Physiol. 
1971;221:338.

1029. Ingrosso D, D’Angelo S, Perrotta S, et al. Cytoskeletal 
behaviour in spectrin and in band 3 defi cient spherocytic 
red cells: Evidence for differentiated splenic condition-
ing role. Br J Haematol. 1996;93:38.

1030. Dacie JV. Observations on autohemolysis in familial 
acholuric jaundice. J Pathol Bacteriol. 1941;52:331.

1031. Ferrant A, Leners N, Michaux JL, et al. The spleen and 
haemolysis: Evaluation of the intrasplenic transit time. 
Br J Haematol. 1987;65:331.

1032. Motulsky AG, Casserd F, Giblett R, et al. Anemia and 
the spleen. N Engl J Med 1958;259:1215-1219.

1033. Prankerd TAJ. Studies on the pathogenesis of haemoly -
sis in hereditary spherocytosis. Q J Med. 1960;24:
199.

1034. Maridonneau I, Braquet P, Garay RP. Na+ and K+ trans-
port damage induced by oxygen free radicals in human 
red cell membranes. J Biol Chem. 1983;258:3107.

1035. Orringer EP, Parker JC. Selective increase of potassium 
permeability in red blood cells exposed to acetylphenyl-
hydrazine. Blood. 1977;50:1013.

1036. Orringer EP. A further characterization of the selective 
K movements observed in human red blood cells follow-

ing acetylphenylhydrazine exposure. Am J Hematol. 
1984;16:355.

1037. Snyder LM, Fortier NL, Trainor J, et al. Effect of hydro-
gen peroxide exposure on normal human erythrocyte 
deformability, morphology, surface characteristics and 
spectrin hemoglobin crosslinking. J Clin Invest. 1985;
76:1971.

1038. Beppu M, Mizukami A, Nagoya M, Kikugawa K. Binding 
of anti–band 3 autoantibody to oxidatively damaged 
erythrocytes: Formation of senescent antigen on eryth-
rocyte surface by an oxidative mechanism. J Biol Chem. 
1990;265:3226.

1039. Lutz HU, Bussolino F, Flepp R, et al. Naturally occur-
ring anti–band-3 antibodies and complement together 
mediate phagocytosis of oxidatively stressed human 
erythrocytes. Proc Natl Acad Sci U S A. 1987;84:7368.

1040. Becker PS, Cohen CM, Lux SE. The effect of mild 
diamide oxidation on the structure and function of 
human erythrocyte spectrin. J Biol Chem. 1986;261:
4620.

1041. Caprari P, Bozzi A, Ferroni L, et al. Oxidative erythro-
cyte membrane damage in hereditary spherocytosis. 
Biochem Int. 1992;26:265.

1042. Platt OS, Falcone JF. Membrane protein lesions in 
erythrocytes with Heinz bodies. J Clin Invest. 1988;82:
1051.

1043. Schwartz RS, Rybicki AC, Heath RH, Lubin BH. Protein 
4.1 in sickle erythrocytes. Evidence for oxidative damage. 
J Biol Chem. 1987;62:15666.

1044. Malorni W, Iosi F, Donelli G, et al. A new, striking mor-
phologic feature for the human erythrocyte in hereditary 
spherocytosis: The blebbing pattern. Blood. 1993;81:
2821.

1045. De Matteis MC, De Angelis V, Sorrentino F, et al. Role 
of spleen in hereditary spherocytosis: Evidence for 
increased in vitro proteolysis of red cell membrane. Br 
J Haematol. 1991;79:108.

1046. Szymanski IO, Odgren PR, Fortier NL, Snyder LM. Red 
blood cell associated IgG in normal and pathologic 
states. Blood. 1980;55:48.

1047. Coleman DH, Finch CA. Effect of adrenal steroids in 
hereditary spherocytic anemia. J Lab Clin Med. 1956;47:
602.

1048. Duru F, Gürgey A. Effect of corticosteriods in hereditary 
spherocytosis. Acta Paediatr Jpn. 1994;36:666.

1049. Atkinson JP, Schreiber AS, Frank MM. Effects of corti-
costeroids and splenectomy on the immune clearance 
and destruction of erythrocytes. J Clin Invest. 1973;52:
1509.

1050. Schreiber AD, Parsons J, McDermott P, Cooper RA. 
Effect of corticosteroids on the human monocyte IgG 
and complement receptors. J Clin Invest. 1975;56:
1189.

1051. Matsumoto N, Ishihara T, Shibata M, et al. Electron 
microscopic studies of the spleen and liver in hereditary 
spherocytosis. Acta Pathol Jpn. 1973;23:507.

1052. Bowman HS, Oski FA. Splenic macrophage interaction 
with red cells in pyruvate kinase defi ciency and heredi-
tary spherocytosis. Vox Sang. 1970;19:168.

1053. Watson CJ. Studies of urobilinogen. III. The per diem 
excretion of urobilinogen in the common forms of jaun-
dice and disease of the liver. Arch Intern Med. 1937;
59:206.



 Chapter 15 • Disorders of the Red Cell Membrane 811

1054. Sears DA, Anderson RP, Foy AL, et al. Urinary iron 
excretion and renal metabolism of hemoglobin in hemo-
lytic disease. Blood. 1966;28:708.

1055. Muller-Eberhard U, Javid J, Liem HH, et al. Plasma 
concentrations of hemopexin, haptoglobin and heme in 
patients with various hemolytic diseases. Blood. 1968;
32:811.

1056. Palek J, Sahr KE. Mutations of the red blood cell mem-
brane proteins: from clinical evaluation to detection of 
the underlying genetic defect. Blood. 1992;80:308.

1057. Hayette S, Morle L, Bozon M, et al. A point mutation 
in the protein 4.2 gene (allele 4.2 Tozeur) associated with 
hereditary haemolytic anaemia. Br J Haematol. 1995;
89:762.

1058. Maizels M. The anion and cation content of normal and 
anaemic bloods. Biochem J. 1936;30:821.

1059. Selwyn JG, Dacie JV. Autohemolysis and other changes 
resulting from the incubation in vitro of red cells from 
patients with congenital hemolytic anemia. Blood. 1954;
9:414.

1060. Mohandas N, Kim YR, Tycko DH, et al. Accurate and 
independent measurement of volume and hemoglobin 
concentration of individual red cells by laser light scat-
tering. Blood. 1986;68:506.

1061. Michaels LA, Cohen AR, Zhao H, et al. Screening for 
hereditary spherocytosis by use of automated erythro-
cyte indexes. J Pediatr. 1997;130:957.

1062. Ricard MP, Gilsanz F. Assessment of the severity of 
hereditary spherocytosis using routine haematological 
data obtained with dual angle laser scattering cytometry. 
Clin Lab Haematol. 1996;18:75.

1063. Gilsanz F, Ricard MP, Millan I. Diagnosis of hereditary 
spherocytosis with dual-angle differential light scatter-
ing. Am J Clin Pathol. 1993;100:119.

1064. Pati AR, Patton WN, Harris RI. The use of the Techni-
con H1 in the diagnosis of hereditary spherocytosis. Clin 
Lab Haematol. 1989;11:27.

1065. Cynober T, Mohandas N, Tchernia G. Red cell abnor-
malities in hereditary spherocytosis: relevance to diagno-
sis and understanding variable expression of clinical 
severity. J Lab Clin Med. 1996;128:259.

1066. Parpart AK, Lorenz PB, Parpart ER, et al. The osmotic 
resistance (fragility) of human red cells. J Clin Invest. 
1947;26:636.

1067. Godal HC, Nyvold N, Russtad A. The osmotic fragility 
of red blood cells: A re-evaluation of technical condi-
tions. Scand J Haematol. 1979;23:55.

1068. Young LE. Observations on inheritance and heterogene-
ity of chronic spherocytosis. Trans Assoc Am Physicians. 
1955;68:141.

1069. Zanella A, Izzo C, Rebulla P, et al. Acidifi ed glycerol lysis 
test: A screening test for spherocytosis. Br J Haematol. 
1980;45:481.

1070. Zanella A, Milani S, Fagnani G, et al. Diagnostic value 
of the glycerol lysis test. J Lab Clin Med. 1983;
102:743.

1071. Rutherford CJ, Postlewaight BF, Hallowes M. An evalu-
ation of the acidifi ed glycerol lysis test. Br J Haematol. 
1986;63:119.

1072. Bucx MJ, Breed WP, Hoffman JJ. Comparison of acidi-
fi ed glycerol lysis test, Pink test and osmotic fragility test 
in hereditary spherocytosis: Effect of incubation. Eur 
J Haematol. 1988;40:227.

1073. Hoffmann JJ, Swaak-Lammers N, Breed WP, 
Strengers JL. Diagnostic utility of the pre-incubated 
acidifi ed glycerol lysis test in haemolytic and non-
haemolytic anaemias. Eur J Haematol. 1991;47:
367.

1074. Marik T, Brabec V. Acidifi ed glycerol lysis test in various 
haemolytic anaemias. Folia Haematol Int Mag Klin 
Morphol Blutforsch. 1990;117:259.

1075. Vettore L, Zanella A, Molaro GL, et al. A new test for 
the laboratory diagnosis of spherocytosis. Acta Haematol 
(Basel). 1984;72:258.

1076. Sureda-Balari A, Villarrvoia-Espinosa J, Fernandez-
Fuertes I. A new modifi cation of the “Pink test” for the 
diagnosis of hereditary spherocytosis. Acta Haematol. 
1989;82:213.

1077. Pinto L, Iolascon A, Miraglia del Giudice E, Nobili B. 
A modifi cation of the “Pink test” may improve the diag-
nosis of hereditary spherocytosis. Acta Haematol. 1989;
82:53.

1078. Iglauer A, Reinhardt D, Schröter W, Pekrun A. Cryohe-
molysis test as a diagnostic tool for hereditary spherocy-
tosis. Ann Hematol. 1999;78:555-557.

1079. Streichman S, Gescheidt Y. Cryohemolysis for the detec-
tion of hereditary spherocytosis: Correlation studies with 
osmotic fragility and autohemolysis. Am J Hematol. 
1998;58:206.

1080. Young LE, Izzo MJ, Swisher SN, Young LE. Studies on 
spontaneous in vitro autohemolysis in hemolytic disor-
ders. Blood. 1956;11:977.

1081. Chasis JA, Mohandas N. Erythrocyte membrane deform-
ability and stability: two distinct membrane properties 
that are independently regulated by skeletal protein 
interactions. J Cell Biol. 1986;103:343.

1082. Mohandas N, Clark MR, Health BP, et al. A technique 
to detect reduced mechanical stability of red cell mem-
branes: Relevance to elliptocytic disorders. Blood. 
1982;59:768.

1083. Mohandas N, Clark MR, Jacobs MS, Shohet SB. Analy-
sis of factors regulating erythrocyte deformability. J Clin 
Invest. 1980;66:563.

1084. Clark MR, Mohandas N, Shohet SB. Osmotic gradient 
ektacytometry: comprehensive characterization of red 
cell volume and surface maintenance. Blood. 1983;
61:899.

1085. Johnson RM, Ravindranath Y. Osmotic scan ektacytom-
etry in clinical diagnosis. J Pediatr Hematol Oncol. 
1996;18:122.

1086. Zipursky A, Chintu C, Brown E, Brown EJ. The quanti-
tation of spherocytes in ABO hemolytic disease. J Pediatr. 
1979;94:965.

1087. Gilliland BC, Baxter E, Evans RS. Red cell antibodies 
in acquired hemolytic anemia with negative antiglobulin 
serum tests. N Engl J Med. 1971;85:252.

1088. Crosby WH, Conrad ME. Hereditary spherocytosis: 
Observations on hemolytic mechanisms and iron metab-
olism. Blood. 1960;15:662.

1089. Blecher TE. What happens to the microspherocytosis of 
hereditary spherocytosis in folate defi ciency? Clin Lab 
Haematol. 1988;10:403.

1090. Pautard B, Feo C, Dhermy D, et al. Occurrence of 
hereditary spherocytosis and beta thalassaemia in the 
same family: globin chain synthesis and visco diffracto-
metric studies. Br J Haematol. 1988;70:239-245.



812 HEMOLYTIC ANEMIAS

1091. Warkentin TE, Barr RD, Ali MA, Mohandas N. Recur-
rent acute splenic sequestration crisis due to interacting 
genetic defects: Hemoglobin SC disease and hereditary 
spherocytosis. Blood. 1990;75:266.

1092. Aksoy M, Erdem S. The combination of hereditary sphe-
rocytosis and heterozygous beta-thalassaemia: a family 
study. Acta Haematol. 1968;39:183-191.

1093. White BP, Farver M. Coexistence of hereditary sphero-
cytosis and beta-thalassemia: Case report of severe 
hemolytic anemia in an American black. S D J Med. 
1991;44:257-261.

1094. Miraglia del Giudice E, Perrotta S, Nobili B, et al. Coex-
istence of hereditary spherocytosis (HS) due to band 3 
defi ciency and beta-thalassaemia trait: partial correction 
of HS phenotype. Br J Haematol. 1993;85:553-557.

1095. Vicari P, Arantes AM, Figueiredo MS. Sickle cell trait 
associated with hereditary spherocytosis: a potentially 
life-threatening coexistence. Acta Haematol. 2003;
110:223.

1096. Ustun C, Kutlar F, Holley L, et al. Interaction of sickle 
cell trait with hereditary spherocytosis: splenic infarcts 
and sequestration. Acta Haematol. 2003;109:46-49.

1097. Yang YM, Donnell C, Wilborn W, et al. Splenic seques-
tration associated with sickle cell trait and hereditary 
spherocytosis. Am J Hematol. 1992;40:110.

1098. Babiker MA, El Seed FA. A family with sickle cell trait 
and hereditary spherocytosis. Scand J Haematol. 
1984;33:54.

1099. Gairdner D. The association of gall-stones with acholuric 
jaundice in children. Arch Dis Child. 1939;14:109.

1100. Bates GC, Brown CH. Incidence of gallbladder disease 
in chronic hemolytic anemia (spherocytosis). Gastroen-
terology. 1952;21:104.

1101. Mentzer SH. Clinical and pathologic study of cholecys-
titis and cholelithiasis. Surg Gynecol Obstet. 1926;
42:782.

1102. del Giudice EM, Perrotta S, Nobili B, et al. Coinheri-
tance of Gilbert syndrome increases the risk for develop-
ing gallstones in patients with hereditary spherocytosis. 
Blood. 1999;94:2259.

1103. Sharma S, Vukelja SJ, Kadakia S. Gilbert’s syndrome 
co-existing with and masking hereditary spherocytosis. 
Ann Hematol. 1997;74:287.

1104. Katz ME, Weinstein IM. Extreme hyperbilirubinemia in 
a patient with hereditary spherocytosis, Gilbert’s syn-
drome, and obstructive jaundice. Am J Med Sci. 
1978;275:373.

1105. Economou M, Tsatra I, Athanassiou-Metaxa M. Simul-
taneous presence of Gilbert syndrome and hereditary 
spherocytosis: interaction in the pathogenesis of hyper-
bilirubinemia and gallstone formation. Pediatr Hematol 
Oncol. 2003;20:493-495.

1106. Tamary H, Aviner S, Freud E, et al. High incidence of 
early cholelithiasis detected by ultrasonography in chil-
dren and young adults with hereditary spherocytosis. J 
Pediatr Hematol Oncol. 2003;25:952-954.

1107. Lawrie GM, Ham JM. The surgical treatment of heredi-
tary spherocytosis. Surg Gynecol Obstet. 1974;139:
208.

1108. MacKinney AA Jr. Hereditary spherocytosis. Clinical 
family studies. Arch Intern Med. 1965;116:257.

1109. Ransohoff DF, Gracie WA. Treatment of gallstones. Ann 
Intern Med. 1993;119:606.

1110. Pappis CH, Galanakis S, Moussatos G, et al. Experience 
of splenectomy and cholecystectomy in children with 
chronic haemolytic anemia. J Pediatr Surg. 1989;24:
543.

1111. Marchetti M, Quaglini S, Barosi G. Prophylactic sple-
nectomy and cholecystectomy in mild hereditary sphe-
rocytosis: analyzing the decision in different clinical 
scenarios. J Intern Med. 1998;24:217-226.

1112. Tissieres P, Kernen Y, Gervaix A, et al. Varicella zoster 
virus induced haemolytic crisis in a child with congenital 
spherocytosis. Eur J Pediatr. 2000;159:788.

1113. Brown KE. Haematological consequences of parvovirus 
B19 infection. Baillieres Best Pract Res Clin Haematol. 
2000;13:245.

1114. Cherry JD. Parvovirus infections in children and adults. 
Adv Pediatr. 1999;46:245.

1115. Owren PA. Congenital hemolytic jaundice. The patho-
genesis of the hemolytic crisis. Blood. 1948;3:231.

1116. Lefrére JJ, Courouce AM, Bertrand Y, et al. Human 
parvovirus and aplastic crisis in chronic hemolytic 
anemias: A study of 24 observations. Am J Hematol. 
1986;23:271.

1117. Mortimer PP, Humphries RK, Moore JG, et al. A human 
parvovirus-like virus inhibits haematopoietic colony for-
mation in vitro. Nature. 1983;302:426.

1118. Ozawa K, Kurtzman G, Young N. Replication of the B19 
parvovirus in human bone marrow cell cultures. Science. 
1986;233:883.

1119. Yaegashi N, Niinuma T, Chisaka H, et al. Parvovirus B19 
infection induces apoptosis of erythroid cells in vitro and 
in vivo. J Infect. 1999;39:68.

1120. Morita E, Tada K, Chisaka H, et al. Human parvovirus 
B19 induces cell cycle arrest at G2 phase with accumula-
tion of mitotic cyclins. J Virol. 2001;75:7555.

1121. Hanada T, Koike K, Takeya T, et al. Human parvovirus 
B19–induced transient pancytopenia in a child with 
hereditary spherocytosis. Br J Haematol. 1988;70:113.

1122. Saunders PW, Reid MM, Cohen BJ. Human parvovirus 
induced cytopenias: A report of fi ve cases. Br J Haema-
tol. 1986;53:407.

1123. Goss GA, Szer J. Pancytopenia following infection with 
human parvovirus B19 as a presenting feature of heredi-
tary spherocytosis in two siblings. Aust N Z J Med. 
1997;27:86.

1124. Robins MM. Familial crisis in hereditary spherocytosis: 
Report of six affected siblings. Clin Pediatr (Phila). 
1965;4:210.

1125. Skinnider LF, McSheffrey BJ, Sheridan D, Deneer H. 
Congenital spherocytic hemolytic anemia in a family 
presenting with transient red cell aplasia from parvovirus 
B19 infection. Am J Hematol. 1998;58:341.

1126. Murphy PT, O’Donnell JR. B19 parvovirus infection 
causing aplastic crisis in 3 out of 5 family members 
with hereditary spherocytosis. Ir J Med Sci. 1990;159:
182.

1127. Green DH, Bellingham AJ, Anderson MJ. Parvovirus 
infection in a family associated with aplastic crisis in an 
affected sibling pair with hereditary spherocytosis. J Clin 
Pathol. 1984;37:1144.

1128. Sahara N, Tamashima S, Ihara M. Hereditary spherocy-
tosis associated with severe hypophosphatemia in patients 
recovering from aplastic crisis. Rinsho Ketsueki. 1998;39:
386-391.



 Chapter 15 • Disorders of the Red Cell Membrane 813

1129. von Kaisenberg CS, Jonat W. Fetal parvovirus B19 infec-
tion. Ultrasound Obstet Gynecol. 2001;18:280.

1130. Markenson GR, Yancey MK. Parvovirus B19 infections 
in pregnancy. Semin Perinatol. 1998;22:309.

1131. Rodis JF. Parvovirus infection. Clin Obstet Gynecol. 
1999;42:107.

1132. Bell LM, Nasides SJ, Stoffman P, et al. Human parvo-
virus B19 infection among hospital staff members after 
contact with infected patients. N Engl J Med 1989;321:
485.

1133. Brown KE, Young NS. Epidemiology and pathology of 
erythroviruses. Contrib Microbiol. 2000;4:107.

1134. Valeur-Jensen AK, Pedersen CB, Westergaard P, et al. 
Risk factors for parvovirus B19 infection in pregnancy. 
JAMA. 1999;281:1099.

1135. Rodis JF, Borgida AF, Wilson M, et al. Management 
of parvovirus infection in pregnancy and outcomes 
of hydrops: A survey of members of the Society of Peri-
natal Obstetricians. Am J Obstet Gynecol. 1998;179:
985.

1136. Ng JP, Cumming RL, Horn EH, Hogg RB. Hereditary 
spherocytosis revealed by human parvovirus infection. 
Br J Haematol. 1987;65:379.

1137. Summerfi eld GP, Wyatt GP. Human parvovirus infection 
revealing hereditary spherocytosis. Lancet. 1985;2:
1070.

1138. McLellan NJ, Rutter N. Hereditary spherocytosis in 
sisters unmasked by parvovirus infection. Postgrad Med 
J. 1987;63:49.

1139. Stefanelli M, Barosi G, Cazzola M, Orlandi E. Quantita-
tive assessment of erythropoiesis in haemolytic disease. 
Br J Haematol. 1980;45:297.

1140. Ozawa K, Kurtzman G, Young N. Productive infection 
by B19 parvovirus of human erythroid bone marrow 
cells in vitro. Blood. 1987;70:384.

1141. Koduri PR. Novel cytomorphology of the giant pro-
erythroblasts of parvovirus B19 infection. Am J Hematol. 
1998;58:95.

1142. Tileston W. Hemolytic jaundice. Medicine (Baltimore). 
1922;1:355.

1143. Hanford RB, Schneider GF, MacCarthy JD. Massive 
thoracic extramedullary hemopoiesis. N Engl J Med. 
1960;263:120.

1144. Lawrence P, Aronson I, Saxe N, Jacobs P. Leg ulcers in 
hereditary spherocytosis. Clin Exp Dermatol. 1991;
16:28.

1145. Giraldi S, Abbage KT, Marinoni LP, et al. Leg ulcer in 
hereditary spherocytosis. Pediatr Dermatol. 2003;20:
427-428.

1146. Beinhauer LG, Gruhn JG. Dermatologic aspects of con-
genital spherocytic anemia. Arch Dermatol. 1957;75:
642.

1147. Leverkus M, Schwaaf A, Brocker EB, et al. Recurrent 
hemolysis-associated pseudoerysipelas of the lower legs 
in a patients with congenital spherocytosis. J Am Acad 
Dermatol. 2004;51:1019-1023.

1148. Abe T, Yachi A, Ishii Y, et al. Thoracic extramedullary 
hematopoiesis associated with hereditary spherocytosis. 
Intern Med. 1992;31:1151.

1149. Martin J, Palacio A, Petit J, Martin C. Fatty transforma-
tion of thoracic extramedullary hematopoiesis following 
splenectomy: CT features. J Comput Assist Tomogr. 
1990;14:477.

1150. Pulsoni A, Ferrazza G, Malagnino F, et al. Mediastinal 
extramedullary hematopoiesis as fi rst manifestation 
of hereditary spherocytosis. Ann Hematol. 1992;65:
196.

1151. Xiros N, Economopoulos T, Papageorgiou E, et al. 
Massive hemothorax due to intrathoracic extramedul-
lary hematopoiesis in a patient with hereditary sphero-
cytosis. Ann Hematol. 2001;80:38.

1152. Kugler D, Jager D, Barth J. A patient with pancreatitis, 
anaemia and an intrathoracic tumor. Diagnosis: tumour-
simulating asymptomatic intrathoracic extramedullary 
haematopoiesis (EMH) in a patient with hereditary 
spherocytosis. Eur Respir J. 2006;27:856-859.

1153. Jalbert F, Chaynes P, Lagarrigue J. Asymptomatic sphe-
rocytosis presenting with spinal cord compression: case 
report. J Neurosurg Spine. 2005;2:491-494.

1154. Calhoun SK, Murphy RC, Shariati N, Jacir N, Bergman 
K. Extramedullary hematopoiesis in a child with heredi-
tary spherocytosis: An uncommon cause of an adrenal 
mass. Pediatr Radiol. 2001;31:879.

1155. Pietsch B, Sigmund G, Wurtemberger G. Nuclear spin 
tomographic fi ndings in compensated chronic hemoly-
sis. A case report of a hereditary spherocytosis. Aktuelle 
Radiol. 1993;3:266.

1156. Schafer AI, Miller JB, Lester EP, et al. Monoclonal gam-
mopathy in hereditary spherocytosis: A possible patho-
genic relation. Ann Intern Med. 1978;88:45.

1157. Fukata S, Tamai H, Nagai K, et al. A patient with heredi-
tary spherocytosis and silicosis who developed an IgA 
(lambda) monoclonal gammopathy. Jpn J Med. 1987;
26:81.

1158. Lempert KD. Gammopathy and spherocytosis. Ann 
Intern Med. 1978;89:145.

1159. Martinez-Climent JA, Lopez-Andreu JA, Ferris-Torta-
jada J, et al. Acute lymphoblastic leukaemia in a child 
with hereditary spherocytosis. Eur J Pediatr. 1995;154:
753.

1160. Jandl JH, Files NM, Barnett SB, MacDonald RA. Pro-
liferative response of the spleen and liver to hemolysis. 
J Exp Med. 1965;122:299.

1161. Isobe T, Osserman EF. Pathologic conditions associated 
with plasma cell dyscrasias: A study of 806 cases. Ann 
N Y Acad Sci. 1971;190:507.

1162. Blacklock HA, Meerkin M. Serum ferritin in patients 
with hereditary spherocytosis. Br J Haematol. 1981;49:
117.

1163. Edwards CQ, Skolnick MH, Dadone MM, Kushner JP. 
Iron overload in hereditary spherocytosis: Association 
with HLA-linked hemochromatosis. Am J Hematol. 
1982;13:101.

1164. Fargion S, Cappellini MD, Piperno A, et al. Association 
of hereditary spherocytosis and idiopathic hemochroma-
tosis: A synergistic effect in determining iron overload. 
Am J Clin Pathol. 1986;86:645.

1165. Mohler DN, Wheby MS. Hemochromatosis heterozy-
gotes may have signifi cant iron overload when they also 
have hereditary spherocytosis. Am J Med Sci. 1986;
292:320.

1166. Morita M, Hashizume M, Kanematsu T, et al. Heredi-
tary spherocytosis with congestive heart failure: Report 
of a case. Surg Today. 1993;23:458.

1167. Clarkson JG, Altman RD. Angioid streaks. Surv Oph-
thalmol. 1982;26:235.



814 HEMOLYTIC ANEMIAS

1168. McLane NJ, Grizzard WS, Kousseff BG, et al. Angioid 
streaks associated with hereditary spherocytosis. Am J 
Ophthamol. 1984;97:444.

1169. Gibson JM, Chaudhuri PR, Rosenthal AR. Angioid 
streaks in a case of beta thalassemia major. Br J Oph-
thalmol. 1983;67:29.

1170. Deutman AF, Kovacs B. Argon laser treatment in com-
plications of angioid streaks. Am J Ophthalmol. 1979;88:
12.

1171. Alani FS, Dyer T, Hindle E, et al. Pseudohyperkalemia 
associated with hereditary spherocytosis in four members 
of a family. Postgrad Med J. 1994;70:749-751.

1172. Berne JD, Asensio JA, Falabella A, et al. Traumatic 
rupture of the spleen in a patient with hereditary sphe-
rocytosis. J Trauma. 1997;42:323-326.

1173. d’Eramo N, Levi M. Neurological symptoms in anemia. 
In Neurological Symptoms in Blood Diseases. Balti-
more, University Park Press, 1972, p 1.

1174. Curshmann H. Über funikuläre Myelose bei hämoly-
tischem Ikterus. Dtsch A Nervenheilkd 1931;122:
119.

1175. Dumolard C, Sarrovy C, Portier A. Ataxie cerebelleuse 
associée à un syndrome de splenomegalie chronique 
avec anemie. Bull Soc Med Hop (Paris). 1938;54:71.

1176. Lemaire A, Dumolard A, Portici A. Deux cas familiaux 
de maladie de Friedreich avec maladie hemolytique chez 
des indigenes Algeriens. Bull Soc Med Hop (Paris). 
1937;53:1084.

1177. Peters LL, Birkenmeier CS, Bronson RT, et al. Purkinje 
cell degeneration associated with erythroid ankyrin defi -
ciency in nb/nb mice. J Cell Biol. 1991;114:1233.

1178. Moiseyev VS, Korovina EA, Polotskaya EL, et al. Hyper-
trophic cardiomyopathy associated with hereditary sphe-
rocytosis in three generations of one family. Lancet. 
1987;2:853.

1179. Spencer SE, Walker FO, Moore SA. Chorea-amyotrophy 
with chronic hemolytic anemia: a variant of chorea-amy-
otrophy with acanthocytosis. Neurology. 1987;37:645.

1180. Reliene R, Mariani M, Zanella A, et al. Splenectomy 
prolongs in vivo survival of erythrocytes differently in 
spectrin/ankyrin- and band 3–defi cient hereditary sphe-
rocytosis. Blood. 2002;100:2208.

1181. Green JB, Shackford SR, Sise MJ, Fridlund P. Late 
septic complications in adults following splenectomy for 
trauma: A prospective analysis in 144 patients. J Trauma. 
1986;26:999.

1182. Evans DI. Postsplenectomy sepsis 10 years or more after 
operation. J Clin Pathol. 1985;38:309.

1183. Holdsworth RJ, Irving AD, Cuschieri A. Postsplenec-
tomy sepsis and its mortality rate: actual versus per-
ceived risks. Br J Surg. 1991;78:1031.

1184. Schwartz PE, Sterioff S, Mucha P, et al. Postsplenectomy 
sepsis and mortality in adults. JAMA. 1982;248:2279.

1185. Schilling RF. Estimating the risk for sepsis after splenec-
tomy in hereditary spherocytosis. Ann Intern Med. 
1995;122:187.

1186. Eraklis AJ, Filler RM. Splenectomy in childhood: A 
review of 1413 cases. J Pediatr Surg. 1972;7:382.

1187. Schilling, RJ. Estimating the risk of sepsis after splenec-
tomy in hereditary spherocytosis. Ann Intern Med. 
1995;122:187-188.

1188. Waghorn DJ, Mayon-White RT. A study of 42 episodes 
of overwhelming post-splenectomy infection: is current 

guidance for asplenic individuals being followed? J Infect. 
1997;35:289.

1189. Hansen K, Singer DB. Asplenic-hyposplenic overwhelm-
ing sepsis: Postsplenectomy sepsis revisited. Pediatr Dev 
Pathol. 2001;4:105.

1190. Pederson FK. Postsplenectomy infections in Danish 
children splenectomized 1969-1978. Acta Paediatr 
Scand. 1983;72:589.

1191. Posey DL, Marks C. Overwhelming postsplenectomy 
sepsis in childhood. Am J Surg. 1983;145:318.

1192. Chaikof EL, McCabe CJ. Fatal overwhelming postsple-
nectomy infection. Am J Surg. 1985;149:534.

1193. Waghorn DJ. Overwhelming infection in asplenic 
patients: current best practice preventive measures 
are not being followed. J Clin Pathol. 2001;54:214-
218.

1194. Mathewson HO, Anderson AE, Hazard GW. Self-limited 
babesiosis in a splenectomized child. Pediatr Infect Dis. 
1984;3:148-149.

1195. Mylonakis E. When to suspect and how to monitor babe-
siosis. Am Fam Physician. 2001;63:1969-1974.

1196. White DJ, Talarico J, Chang HG, et al. Human babesio-
sis in New York State: review of 139 hospitalized cases 
and analysis of prognostic factors. Arch Intern Med. 
1998;158:2149-2154.

1197. Bach O, Baier M, Pullwitt A, et al. Falciparum malaria 
after splenectomy: a prospective controlled study of 33 
previously splenectomized Malawian adults. Trans R Soc 
Trop Med Hyg. 2005;99:861-867.

1198. Pickering LK, Baker CJ, Long SS, McMillan JA (eds). 
Red Book: 2006 Report of the Committeee on Infectious 
Diseases, 27th ed. Elk Grove Villiage, IL, American 
Academy of Pediatrics, 2006, pp 223-224.

1199. Oster CN, Koontz LC, Wyler DJ. Malaria in asplenic 
mice: effects of splenectomy, congenital asplenia, and 
splenic reconstitution on the course of infection. Am J 
Trop Med Hyg. 1980;29:1138.

1200. Demar M, Legrand E, Hommel D, et al. Plasmodium 
falciparum malaria in splenectomized patients: two case 
reports in French Guiana and a literature review. Am J 
Trop Med Hyg. 2004;71:290-293.

1201. Looareesuwan S, Suntharasamai P, Webster HK, Ho M. 
Malaria in splenectomized patients: report of four cases 
and review. Clin Infect Dis. 1993;16:361-363.

1202. Hirsh J, Dacie JV. Persistent post-splenectomy thrombo-
cytosis and thrombo-embolism: a consequence of con-
tinuing anaemia. Br J Haematol. 1966;12:44-53.

1203. Cappellini, MD, Robbiolo L, Bottasso BM, et al. Venous 
thromboembolism and hypercoagulability in splenecto-
mized patients with thalassemia intermedia. Br J Hae-
matol. 2000;111:467-473.

1204. Robinette CD, Fraumeni JF Jr. Splenectomy and subse-
quent mortality in veterans of the 1939-45 war. Lancet. 
1977;2:127.

1205. Kuypers FA. Phospholipid asymmetry in health and 
disease. Curr Opin Hematol. 1998;5:122.

1206. Andrews DA, Low PS. Role of red blood cells in throm-
bosis. Curr Opin Hematol. 1999;6:76.

1207. Barker JE, Wandersee NJ. Thrombosis in heritable hemo-
lytic disorders. Curr Opin Hematol. 1999;6:71.

1208. Kaysser TM, Wandersee NJ, Bronson RT, Barker JE. 
Thrombosis and secondary hemochromatosis play major 
roles in the pathogenesis of jaundiced and spherocytic 



 Chapter 15 • Disorders of the Red Cell Membrane 815

mice, murine models for hereditary spherocytosis. Blood. 
1997;90:4610.

1209. Cappellini MD, Grespi E, Cassinerio E, et al. Coagula-
tion and splenectomy: an overview. Ann N Y Acad Sci. 
2005;1054:317-324.

1210. Mohren M, Markmann I, Dworschak U, et al. 
Thromboembolic complications after splenectomy for 
hematologic diseases. Am J Hematol 2004;76:143-
147.

1211. Schilling RF. Hereditary spherocytosis: A study of sple-
nectomized persons. Semin Hematol. 1976;13:169.

1212. Schilling RF: Spherocytosis, splenectomy, strokes, and 
heart attacks. Lancet. 1997;350:1677.

1213. Jardine DL, Laing AD. Delayed pulmonary hypertension 
following splenectomy for HS. Int Med J. 2004;34:
214-216.

1214. Verresen D, De Backer W, Van Meerbeeck J, et al. Sphe-
rocytosis and pulmonary hypertension coincidental 
occurrence or causal relationship? Eur Respir J. 1991;
4:629.

1215. Hoeper MM, Niedermeyer J, Hoffmeyer F, et al. Pulmo-
nary hypertension after splenectomy? Ann Intern Med. 
1999;130:506.

1216. Hayag-Barin JE, Smith RE, Tucker FC Jr. Hereditary 
spherocytosis, thrombocytosis, and chronic pulmonary 
emboli: A case report and review of the literature. Am 
J Hematol. 1998;57:82.

1217. Bonderman D, Jakowitsch J, Adlbrecht C, et al. Medical 
conditions increasing the risk of chronic thromboem-
bolic pulmonary hypertension. Thromb Haemost. 
2005;93:512-516.

1218. Lang I, Kerr K. Risk factors for chronic thromboembolic 
pulmonary hypertension. Proc Am Thorac Soc. 
2003;3:568-570.

1219. Singer ST, Kuypers FA, Styles L, et al. Pulmonary 
hypertension in thalassemia: association with platelet 
activation and hypercoagulable state. Am J Hematol. 
2006;81:670-675.

1220. Aessopos A, Stamatelos G, Skoumas V, et al. Pulmonary 
hypertension and right heart failure in patients 
with beta-thalassemia intermedia. Chest. 1995;107:
50.

1221. Sonakul D, Fucharoen S. Pulmonary thromboembolism 
in thalassemic patients. Southeast Asian J Trop Med 
Public Health. 1992;23(Suppl 2):25.

1222. Stewart GW, Amess JAL, Eber SW, et al. Thrombo-
embolic disease after splenectomy for hereditary sto-
matocytosis. Br J Haematol. 1996;93:303.

1223. Jais X, Ioos V, Jardim C, et al. Splenectomy and chronic 
thromboembolic pulmonary hypertension. Thorax 
2005;60:1031-1034.

1224. Piomelli S. Workshop summaries: the splenectomy con-
troversy. Ann N Y Acad Sci. 2005;1054:511-513.

1225. Marvin KS, Spellberg RD. Pulmonary hypertension sec-
ondary to thrombocytosis in a patient with myeloid 
metaplasia. Chest. 1993;103:642.

1226. Rostagno C, Prisco D, Abbate R, Poggesi L. Pulmonary 
hypertension associated with long-standing thrombocy-
tosis. Chest 1991;99:1303.

1227. Kisanuki A, Kietthubthew S, Asada Y, et al. Intravenous 
injection of sonicated blood induces pulmonary micro-
thromboembolism in rabbits with ligation of the splenic 
artery. Thromb Res. 1997;85:95.

1228. McGrew W, Avant GR. Hereditary spherocytosis and 
portal vein thrombosis. J Clin Gastroenterol. 1984;6:
381.

1229. Perel Y, Dhermy D, Carrere A, et al. Portal vein throm-
bosis after splenectomy for hereditary stomatocytosis in 
childhood. Eur J Pediatr. 1999;158:628.

1230. Bertolotti M, Loria P, Martella P, et al. Bleeding jejunal 
varices and portal thrombosis in a splenectomized patient 
with hereditary spherocytosis. Dig Dis Sci. 2000;45:
373.

1231. Teramoto S, Matsuse T, Ouchi Y. Splenectomy-induced 
portal hypertension and pulmonary hypertension. Ann 
Intern Med. 1999;131:793.

1232. Kannel WB. Current status of the epidemiology of brain 
infarction associated with occlusive arterial disease. 
Stroke. 1971;2:295.

1233. Schilling RE, Gangnon RE, Traver M. Arteriosclerotic 
events are less frequent in persons with chronic anemia: 
evidence from families with hereditary spherocytosis. 
Am J Hematol. 2006;81:315-317.

1234. Rescorla FJ, Breitfeld PP, West KW, et al. A case con-
trolled comparison of open and laparoscopic splenec-
tomy in children. Surgery. 1998;124:670.

1235. Esposito C, Gonzalez Sabin MA, Corcione F, et al. 
Results and complications of laparoscopic cholecystec-
tomy in childhood. Surg Endosc. 2001;15:890.

1236. Patton ML, Moss BE, Haith LR, et al. Concomitant 
laparoscopic cholecystectomy and splenectomy for sur-
gical management of hereditary spherocytosis. Am Surg. 
1997;63:536.

1237. Yamagishi S, Watanabe T. Concomitant laparoscopic 
splenectomy and cholecystectomy for management of 
hereditary spherocytosis associated with gallstones. J 
Clin Gastroenterol. 2000;30:447.

1238. Sandler A, Winkel G, Kimura K, Soper R. The role of 
prophylactic cholecystectomy during splenectomy in 
children with hereditary spherocytosis. J Pediatr Surg. 
1999;34:1077.

1239. Lobe TE, Presbury GJ, Smith BM, et al. Laparoscopic 
splenectomy. Pediatr Ann. 1993;22:671-674.

1240. Smith BM, Schropp KP, Lobe TE, et al. Laparoscopic 
splenectomy in childhood. J Pediatr Surg. 1994;29:975.

1241. Silvestri F, Russo D, Fanin R, et al. Laparoscopic sple-
nectomy in the management of hematological diseases. 
Haematologica. 1995;80:47.

1242. Yoshida K, Yamazaki Y, Mizuno R, et al. Laparoscopic 
splenectomy in children. Preliminary results and com-
parison with the open technique. Surg Endosc. 1995;
9:1279.

1243. Rescorla FJ. Cholelithiasis, cholecystitis, and common 
bile duct stones. Curr Opin Pediatr. 1997;9:276.

1244. Park A, Heniford BT, Hebra A, Fitzgerald P. Pediatric 
laparoscopic splenectomy. Surg Endosc. 2000;14:527-
531.

1245. Danielson PD, Shaul DB, Phillips JD, et al. Technical 
advances in pediatric laparoscopy have had a benefi cial 
impact on splenectomy. J Pediatr Surg. 2000;35:1578.

1246. Gigot JF, de Ville de Goyet J, Van Beers BE, et al. Lapa-
roscopic splenectomy in adults and children: Experience 
with 31 patients. Surgery 1996;119:384.

1247. Esposito C, Schaarschmidt K, Settimi A, Montupet P. 
Experience with laparoscopic splenectomy. J Pediatr 
Surg. 2001;36:309-311.



816 HEMOLYTIC ANEMIAS

1248. Kumar RJ, Borzi PA. Splenosis in a port site after lapa-
roscopic splenectomy. Surg Endosc. 2001;15:413.

1249. Qureshi FG, Ergun O, Sandulache VC, et al. Laparo-
scopic splenectomy in children. JSLS. 2005;9:389-392.

1250. Minkes RK, Lagzdins M, Langer JC. Laparoscopic 
versus open splenectomy in children. J Pediatr Surg. 
2000;35:699-701.

1251. Reddy VS, Phan HH, O’Neill JA, et al. Laparoscopic 
versus open splenectomy in the pediatric population: a 
contemporary single center experience. Am Surg. 2001;
67:859-863.

1252. Vasilescu C, Stanciulea O, Tudor S, et al. Laparoscopic 
subtotal splenectomy in hereditary spherocytosis: to pre-
serve the upper or lower pole of the spleen? Surg Endosc. 
2006;20:748-752.

1253. Tchernia G, Gauthier F, Mielot F, et al. Initial assess-
ment of the benefi cial effect of partial splenectomy in 
hereditary spherocytosis. Blood. 1993;81:2014.

1254. Bader-Meunier B, Gauthier F, Archambaud F, et al. 
Long-term evaluation of the benefi cial effect of subtotal 
splenectomy for management of hereditary spherocyto-
sis. Blood. 2001;97:399.

1255. De Buys Roessingh AS, De Lagausie P, Rohrlich P, et al. 
Follow-up of partial splenectomy in children with hered-
itary spherocytosis. J Pediatr Surg. 2002;37:1459.

1256. Rice HE, Oldham KT, Hillery CA, et al. Clinical and 
hematologic benefi ts of partial splenectomy for congeni-
tal hemolytic anemias in children. Ann Surg. 2003;
237:281-288.

1257. Tchernia G, Bader-Meunier B, Berterottiere P, et al. 
Effectiveness of partial splenectomy in hereditary sphe-
rocytosis. Curr Opin Hematol. 1997;4:136-141.

1258. Stoehr GA, Stauffer UG, Eber SW. Near-total splenec-
tomy: a new technique for the management of hereditary 
spherocytosis. Ann Surg. 2005;241:40-47.

1259. Jimenez M, Azcona C, Castro L, et al. Partial splenic 
embolization in a child with hereditary spherocytosis. 
Eur J Pediatr. 1995;154:501.

1260. Kimura F, Ito H, Shimizu A, et al. Partial splenic embo-
lization for the treatment of hereditary spherocytosis. 
AJR Am J Roentgenol. 2003;181:1021-1024.

1261. Poulin EC, Thibault C. Laparoscopic splenectomy for 
massive splenomegaly: operative technique and case 
report. Can J Surg. 1995;38:69.

1262. De Haan LD, Werre JM, Ruben AM, et al. Alterations 
in size, shape and osmotic behaviour of red cells after 
splenectomy: A study of their age dependence. Br J Hae-
matol. 1988;69:71.

1263. Bart JB, Appel MF. Recurrent hemolytic anemia second-
ary to accessory spleens. South Med J. 1978;71:608.

1264. Brook J, Tanaka KR. Combination of pyruvate kinase 
(PK) defi ciency and hereditary spherocytosis (HS). Clin 
Res. 1970;18:176A.

1265. Valentine WN. Hereditary spherocytosis revisited. West 
J Med. 1978;128:35.

1266. Rutkow IM. Twenty years of splenectomy for hereditary 
spherocytosis. Arch Surg. 1981;116:306.

1267. Buchanan GR, Holtkamp CA. Pocked erythrocyte 
counts in patients with hereditary spherocytosis 
before and after splenectomy. Am J Hematol. 1987;25:
253.

1268. Kvindesdal BB, Jensen MK. Pitted erythrocytes in sple-
nectomized subjects with congenital spherocytosis and 

in subjects splenectomized for other reasons. Scand J 
Haematol. 1986;37:41.

1269. Satou S, Yokota E, Sugihara J, et al. Case report—relapse 
of hereditary spherocytosis following splenectomy. 
Nippon Ketsueki Gakkai Zasshi. 1985;48:1337-
1340.

1270. Stoehr GA, Rose MA, Eber SW, et al. Immunogenicity 
of sequential pneumococal vaccination in subjects sple-
nectomised for hereditary spherocytosis. Br J Haematol. 
2006;132:788-790.

1271. Pai VB, Nahata MC. Duration of penicillin prophylaxis 
in sickle cell anemia: issues and controversies. Pharma-
cotherapy. 2000;20:110.

1272. Buchanan GR, Smith SJ. Pneumococcal septicemia 
despite pneumococcal vaccine and prescription of peni-
cillin prophylaxis in patients with sickle cell anemia. Am 
J Dis Child. 1986;140:428.

1273. Gonzaga RA. Fatal post-splenectomy pneumococcal 
sepsis despite prophylaxis. Lancet. 1984;2:694.

1274. Wong WY, Overturf GD, Powers DR. Infection caused 
by Streptococcus pneumoniae in children with sickle cell 
disease: epidemiology, immunologic mechanisms, pro-
phylaxis and vaccination. Clin Infect Dis. 1992;14:
1124.

1275. Buchanan GR, Siegel JD, Smith SJ, DePasse BM. Oral 
penicillin prophylaxis in children with impaired splenic 
function: a study of compliance. Pediatrics 1982;70:
926-930.

1276. Caputo GM, Appelbaum PC, Liu HH. Infections due 
to penicillin-resistant pneumococci. Clinical, epidemio-
logic, and microbiologic features. Arch Intern Med. 
1993;153:1301.

1277. Chesney PJ. The escalating problem of antimicrobial 
resistance in Streptococcus pneumoniae. Am J Dis Child. 
1992;146:912.

1278. Tomasz A. Antibiotic resistance in Streptococcus pneu-
moniae. Clin Infect Dis. 1997;24(Suppl 1):S85.

1279. Marton A, Gulyas M, Munoz R, Tomasz A. Extremely 
high incidence of antibiotic resistance in clinical isolates 
of Streptococcus pneumoniae in Hungary. J Infect Dis. 
1991;163:542.

1280. Appelbaum PC. Microbiological and pharmacodynamic 
considerations in the treatment of infection due to anti-
microbial-resistant Streptococcus pneumoniae. Clin Infect 
Dis. 2000;31(Suppl 2):S29.

1281. Friedland IR, McCracken GH Jr. Management of infec-
tions caused by antibiotic-resistant Streptococcus pneu-
moniae. N Engl J Med. 1994;331:377.

1282. Wong WY, Powars DR, Hiti AL. Multi-drug resistance 
to Streptococcus pneumoniae in sickle cell anemia. Am 
J Hematol. 1995;48:278.

1283. Peters LL, Barker JE. Spontaneous and targeted muta-
tions in erythrocyte membrane skeleton genes: mouse 
models of hereditary spherocytosis. In Zon LI (ed). 
Hematopoiesis. New York, Oxford University Press, 
1999.

1284. Bodine DM, Birkenmeier CS, Barker JE. Spectrin defi -
cient inherited hemolytic anemias in the mouse: Char-
acterization by spectrin synthesis and mRNA activity in 
reticulocytes. Cell. 1984;37:721.

1285. Anderson R, Huestis RR, Motulsky AG. Hereditary 
spherocytosis in the deer mouse. Its similarity to the 
human disease. Blood. 1960;15:491.



 Chapter 15 • Disorders of the Red Cell Membrane 817

1286. Bloom ML, Kaysser TM, Birkenmeier CS, Barker JE. 
The murine mutation jaundiced is caused by replace-
ment of an arginine with a stop codon in the mRNA 
encoding the ninth repeat of beta-spectrin. Proc Natl 
Acad Sci U S A. 1994;91:10099.

1287. Wandersee NJ, Birkenmeier CS, Gifford EJ, et al. Murine 
recessive hereditary spherocytosis, sph/sph, is caused by 
a mutation in the erythroid alpha-spectrin gene. Hematol 
J. 2000;1:235.

1288. Wandersee NJ, Birkenmeier CS, et al. Identifi cation of 
three mutations in the murine erythroid alpha-spectrin 
gene causing hereditary spherocytosis in mice. Blood. 
1998;92:8a.

1289. Wandersee NJ, Birkenmeier CS, Bodine DM, et al. 
Mutations in the murine erythroid alpha-spectrin gene 
alter spectrin mRNA and protein levels and spectrin 
incorporation into the red cell membrane skeleton. 
Blood. 2003;101:325-330.

1290. Kaysser TM, Wandersee NJ, Bronson RT, Barker JE. 
Thrombosis and secondary hemochromatosis play major 
roles in the pathogenesis of jaundiced and spherocytic 
mice, murine models for hereditary spherocytosis. Blood. 
1997;90:4610.

1291. Wandersee NJ, Lee JC, Kaysser TM, et al. Hem-
atopoietic cells from alpha spectrin–defi cient mice 
are suffi cient to induce thrombotic events in hematopoi-
etically ablated recipients. Blood. 1998;92:4856-
4863.

1292. Wandersee NJ, Roesch AN, Hamblen NR, et al. Defec-
tive spectrin integrity and neonatal thrombosis in the 
fi rst mouse model for severe hereditary elliptocytosis. 
Blood. 2001;97:543-550.

1293. Wandersee NJ, Tait JF, Barker JE. Erythroid phosphati-
dyl serine exposure is not predictive of thrombotic risk 
in mice with hemolytic anemia. Blood Cells Mol Dis. 
2000;26:75-83.

1294. Wandersee NJ, Olson SC, Holzhauer SL, et al. Increased 
erythrocyte adhesion in mice and humans with heredi-
tary spherocytosis and hereditary elliptocytosis. Blood. 
2004;103:710-716.

1295. White RA, Birkenmeier CS, Lux SE, Barker JE. Ankyrin 
and the hemolytic anemia mutation, nb, map to mouse 
chromosome 8: Presence of the nb allele is associated 
with a truncated erythrocyte ankyrin. Proc Natl Acad Sci 
U S A. 1990;87:3117.

1296. Birkenmeier CS, Gifford EJ, Barker JE. Mutations of the 
erythroid ankyrin gene: A hypomorph and a null. Blood. 
2000;96:594a.

1297. Inaba M, Yawata A, Koshino I, et al. Defective anion 
transport and marked spherocytosis with membrane 
instability caused by hereditary total defi ciency of red 
cell band 3 in cattle due to a nonsense mutation. J Clin 
Invest. 1996;97:1804.

1298. Hassoun H, Hanada T, Lutchman M, et al. Complete 
defi ciency of glycophorin A in red blood cells from mice 
with targeted inactivation of the band 3 (AE1) gene. 
Blood. 1998;91:2146.

1299. Tomaselli MB, John KM, Lux SE. Elliptical erythrocyte 
membrane skeletons and heat-sensitive spectrin in 
hereditary elliptocytosis. Proc Natl Acad Sci U S A. 
1981;78:1911.

1300. Hassoun H, Wang Y, Vassiliadis J, et al. Targeted inactiva-
tion of murine band 3 (AE1) gene produces a hyperco-

agulable state causing widespread thrombosis in vivo. 
Blood. 1998;92:1785.

1301. Peters LL, Swearingen RA, Anderson SG, et al. 
Idenitifi cation of quantitative trait loci that modify the 
severity of hereditary spherocytosis in wan, a new mouse 
model of band-3 defi ciency. Blood 2004;103:3233-
3240.

1302. Peters LL, Jindel HK, Gwynn B, et al. Mild spherocy-
tosis and altered red cell ion transport in protein 4.2–null 
mice. J Clin Invest. 1999;103:1527.

1303. Shi ZT, Afzal V, Coller B, et al. Protein 4.1R–defi cient 
mice are viable but have erythroid membrane skeleton 
abnormalities. J Clin Invest. 1999;103:331.

1303a. Rabenstein RL, Addy NA, Caldarone BJ, et al. Impaired 
synaptic plasticity and learning in mice lacking beta-
adducin, an actin-regulating protein. J Neurosci. 
2005;25:2138-2145.

1304. Dresbach M. Elliptical human red corpuscles. Science. 
1904;19:469.

1305. Flint A. Elliptical human erythrocytes. Science. 1904;
19:796.

1306. Dresbach M. Elliptical human erythrocytes. Science. 
1905;21:473

1307. Bishop FW. Elliptical human erythrocytes. Arch Intern 
Med. 1914;14:388.

1308. Huck JG, Bigelow RM. Poikilocytes in otherwise normal 
blood (elliptical human erythrocytes). Bull Johns 
Hopkins Hosp. 1923;34:390.

1309. Hunter WC, Adams RB. Hematologic study of three 
generations of a white family showing elliptical erythro-
cytes. Ann Intern Med. 1929;2:1162.

1310. Hunter WC. Further study of a white family showing 
elliptical erythrocytes. Ann Intern Med. 1932;6:775.

1311. Giffi n HZ, Watkins CH. Ovalocytosis with features of 
hemolytic icterus. Trans Assoc Am Physicians. 1939;54:
355.

1312. Penfold J, Lipscomb JM. Elliptocytosis in man, associ-
ated with hereditary haemorrhagic telangiectasis. Q J 
Med. 1943;12:157.

1313. Wyandt H, Bancroft PM, Winship TO. Elliptic erythro-
cytes in man. Arch Intern Med. 1941;68:1043.

1314. Wolman IJ, Ozge A. Studies on elliptocytosis. I. Heredi-
tary elliptocytosis in the pediatric age period: A review 
of recent literature. Am J Med Sci. 1957;234:702.

1315. Dacie JV. The lifespan of the red blood cell and circum-
stances of its premature death. In Wintrobe MM (ed). 
Blood, Pure and Eloquent. New York, McGraw-Hill, 
1980, p 210.

1316. McCarty SH. Elliptical red blood cells in man. A report 
of eleven cases. J Lab Clin Med. 1934;19:612.

1317. Glele-Kakai C, Garbarz M, Lecomte MC, et al. Epide-
miological studies of spectrin mutations related to 
hereditary elliptocytosis and spectrin polymorphisms in 
Benin. Br J Haematol. 1996;95:57.

1318. Lecomte MC, Dhermy D, Gautero H, et al. Hereditary 
elliptocytosis in West Africa: frequency and repartition 
of spectrin variants. C R Acad Sci Paris. 1988;306:43.

1319. Ganesan J, George R, Lie-Injo LE. Abnormal haemoglo-
bins and hereditary ovalocytosis in the Ulu Jempul dis-
trict of Kuala Pilah, West Malaysia. Southeast Asian J 
Trop Med Public Health. 1976;7:430.

1320. Tse WT, Lecomte MC, Costa FF, et al. Point mutation 
in the β-spectrin gene associated with I/74 hereditary 



818 HEMOLYTIC ANEMIAS

elliptocytosis. Implications for the mechanism of spec-
trin dimer self-association. J Clin Invest. 1990;86:909.

1321. Lawler J, Liu SC, Palek J, Prchal J. Molecular defect of 
spectrin in hereditary pyropoikilocytosis: Alterations in 
the trypsin resistant domain involved in spectrin self-
association. J Clin Invest. 1982;701019.

1322. Dalla Venezia N, Wilmotte R, Morle L, et al. An α-spec-
trin mutation responsible for hereditary elliptocytosis 
associated in cis with the αV/41 polymorphism. Hum 
Genet. 1993;90:641.

1323. Mentzer WC, Turetsky T, Mohandas N, et al. Identifi ca-
tion of the hereditary pyropoikilocytosis carrier state. 
Blood 1984;63:1439.

1324. Palek J, Lux SE. Red cell membrane skeletal defects in 
hereditary and acquired hemolytic anemias. Semin 
Hematol. 1983;20:189.

1325. Jonsson JJ, Renieri A, Gallagher PG, et al. Alport syn-
drome, mental retardation, midface hypoplasia, and 
elliptocytosis: A new X linked contiguous gene deletion 
syndrome? J Med Genet. 1998;35:273.

1326. Tse WT, Lux SE. Red blood cell membrane disorders. 
Br J Haematol. 1999;104:2.

1327. Gallagher PG, Ferriera JD. Molecular basis of erythro-
cyte membrane disorders. Curr Opin Hematol. 1997;4:
128.

1328. Gallagher, PG. Hereditary elliptocytosis: spectrin and 
protein 4.1R. Semin Hematol. 2004;41:42-164.

1329. Lambert S, Zail S. Partial defi ciency of protein 4.1 in 
hereditary elliptocytosis. Am J Hematol. 1987;26:263.

1330. Palek J. Hereditary elliptocytosis, spherocytosis and 
related disorders: Consequences of a defi ciency or a 
mutation of membrane skeletal proteins. Blood Rev. 
1987;1:147.

1331. Palek J. Hereditary elliptocytosis and related disorders. 
Clin Haematol. 1985;14:45.

1332. Tchernia G, Mohandas N, Shohet SB. Defi ciency of 
cytoskeletal membrane protein band 4.1 in homozygous 
hereditary elliptocytosis: implications for erythrocyte 
membrane stability. J Clin Invest. 1981;68:454.

1333. Morle L, Alloisio N, Ducluzeau MT, et al. Spectrin 
Tunis (αI/78): a new alpha I variant that causes asymp-
tomatic hereditary elliptocytosis in the heterozygous 
state. Blood. 1988;71:508.

1334. Morle L, Morle F, Roux AF, et al. Spectrin Tunis (Sp 
αI/78), an elliptocytogenic variant, is due to the CGG→
TGG codon change (Arg→Trp) at position 35 of the αI 
domain. Blood. 1989;75:828.

1335. Lecomte MC, Dhermy D, Garbarz M, et al. Hereditary 
elliptocytosis with spectrin molecular defect in a white 
patient. Acta Haematol (Basel). 1984;71:235.

1336. Alloisio N, Guetorni D, Morle L, et al. Sp αI/65 hereditary 
elliptocytosis in North Africa. Am J Hematol. 1986;
23:113.

1337. Guetarni D, Roux AF, Alloisio N, et al. Evidence that 
expression of Sp αI/65 hereditary elliptocytosis is com-
pounded by a genetic factor that is linked to the homolo-
gous α-spectrin allele. Hum Genet. 1990;85:627-630.

1338. Marchesi SL, Knowles WT, Morrow JS, et al. Abnormal 
spectrin in hereditary elliptocytosis. Blood. 1986;
67:141.

1339. Feddal S, Brunet G, Roda L, et al. Molecular analysis 
of hereditary elliptocytosis with reduced protein 4.1 in 
the French Northern Alps. Blood. 1991;78:2113.

1340. McGuire M, Smith BL, Agre P. Distinct variants of 
erythrocyte protein 4.1 inherited in linkage with ellipto-
cytosis and Rh type in three white families. Blood. 
1988;72:287.

1341. Florman AL, Wintrobe MM. Human elliptical red cor-
puscles. Bull Johns Hopkins Hosp. 1938;63:209.

1342. Garrdo-Lacca G, Merino C, Luna G. Hereditary ellip-
tocytosis in a Peruvian family. N Engl J Med. 
1957;256:311.

1343. Geerdink RA, Helleman PW, Verloop MC. Hereditary 
elliptocytosis and hyperhaemolysis: a comparative study 
of 6 families with 145 patients. Acta Med Scand. 
1966;179:715.

1344. Jensson O, Jonasson TH, Olafsson O. Hereditary ellip-
tocytosis in Iceland. Br J Haematol. 1967;13:844.

1345. Motulsky AG, Singer K, Crosby WH, Smith V. The life 
span of the elliptocyte: hereditary elliptocytosis and its 
relationship to other familial hemolytic diseases. Blood. 
1954;9:57.

1346. Pothier B, Alloisio N, Marechal J, et al. Assignment of 
spectrin αI/74 hereditary elliptocytosis to the α or β-chain 
of spectrin through in vitro dimer reconstitution. Blood. 
1990;75:2061.

1347. Coetzer T, Lawler J, Prchal JT, Palek J. Molecular deter-
minants of clinical expression of hereditary elliptocytosis 
and pyropoikilocytosis. Blood. 1987;70:766.

1348. Rummens JL, Verfaillie C, Criel A, et al. Elliptocytosis 
and schistocytosis in myelodysplasia: report of two cases. 
Acta Haematol. 1986;75:174.

1349. Coetzer T, Sahr K, Prchal J, et al. Four different muta-
tions in codon 28 of alpha spectrin are associated with 
structurally and functionally abnormal spectrin αI/74 in 
hereditary elliptocytosis. J Clin Invest. 1991;88:743.

1350. Garbarz M, Lecomte MC, Feo C, et al. Hereditary pyro-
poikilocytosis and elliptocytosis in a white French family 
with the spectrin αI/74 variant related to a CGT to CAT 
codon change (Arg to His) at position 22 of the spectrin 
αI domain. Blood. 1990;75:1691.

1351. Lawler J, Liu SC, Palek J, Prchal J. Molecular defect of 
spectrin in a subgroup of patients with hereditary ellip-
tocytosis. Alteration in the alpha-subunit involved 
in spectrin self association. J Clin Invest. 1984;73:
1688.

1352. Lecomte MC, Feo C, Gautero H, et al. Severe hereditary 
elliptocytosis in two related Caucasian children with a 
decreased amount of spectrin (Sp) α chain. J Cell 
Biochem. 1989;13B:230.

1353. Baklouti F, Marechal J, Morle L, et al. Occurrence of 
the αI 22Arg→His (CGT→CAT) spectrin mutation in 
Tunisia: potential association with severe elliptopoikilo-
cytosis. Br J Haematol. 1991;78:108.

1354. Baklouti F, Marechal J, Wilmotte R, et al. Elliptocyto-
genic αI/36 spectrin Sfax lacks nine amino acids in helix 
3 of repeat 4. Evidence for the activation of a cryptic 5-
splice site in exon 8 of spectrin alpha-gene. Blood. 
1992;79:2464.

1355. Dalla Venezia N, Alloisio N, Forissier A, et al. Ellipto-
poikilocytosis associated with the α 469 His→Pro muta-
tion in spectrin Barcelona (αI/50-46b). Blood. 1993;82:
1661.

1356. Alloisio N, Morle L, Marechal J, et al. Sp αV/41: a common 
spectrin polymorphism at the αIV-αV domain junction. 
Relevance to the expression level of hereditary elliptocy-



 Chapter 15 • Disorders of the Red Cell Membrane 819

tosis due to α-spectrin variants located in trans. J Clin 
Invest. 1991;87:2169.

1357. Coetzer T, Palek J, Lawler J, et al. Structural and func-
tional heterogeneity of a spectrin mutations involving the 
spectrin heterodimer self-association site: relationships 
to hematologic expression of homozygous hereditary 
elliptocytosis and hereditary pyropoikilocytosis. Blood. 
1990;75:2235.

1358. Randon J, Boulanger L, Marechal J, et al. A variant of 
spectrin low expression allele αLELY carrying a hereditary 
elliptocytosis mutation in codon 28. Br J Haematol. 
1994;88:534.

1359. Ozer L, Mills GC. Elliptocytosis with haemolytic 
anaemia. Br J Haematol. 1964;10:468.

1360. Kruetrachuo M, Asawapokee N. Hereditary elliptocyto-
sis and Plasmodium falciparum malaria. Ann Trop Med 
Parasitol. 1972;66:161.

1361. Nkrumah FK. Hereditary elliptocytosis associated with 
severe haemolytic anaemia and malaria. Afr J Med Sci. 
1972;3:131.

1362. Jarolim P, Palek J, Coetzer TL, et al. Severe hemolysis 
and red cell fragmentation due to a combination of a 
spectrin mutation with a thrombotic microangiopathy. 
Am J Hematol. 1989;32:50-56.

1363. Schoomaker EB, Butler WM, Diehl LF. Increased heat 
sensitivity of red blood cells in hereditary elliptocytosis 
with acquired cobalamin (vitamin B12) defi ciency. Blood. 
1982;59:1213.

1364. Lecomte MC, Garbarz M, Grandchamp B, et al. Sp αI/78: 
A mutation of the αI spectrin domain in a white kindred 
with HE and HPP phenotypes. Blood. 1989;74:1126.

1365. Lane PA, Shew RL, Iarocci TA, et al. Unique α-spectrin 
mutant in a kindred with common hereditary elliptocy-
tosis. J Clin Invest. 1987;79:989.

1366. Austin RF, Desforges JF. Hereditary elliptocytosis: an 
unusual presentation of hemolysis in the newborn asso-
ciated with transient morphologic abnormalities. Pediat-
rics. 1969;44:196.

1367. Carpentieri U, Gustavson LP, Haggard ME. Pyknocyto-
sis in a neonate: an unusual presentation of hereditary 
elliptocytosis. Clin Pediatr (Phila). 1977;16:76.

1368. Josephs HW, Avery ME. Hereditary elliptocytosis associ-
ated with increased hemolysis. Pediatrics. 1965;16:
741.

1369. Zarkowsky HS. Heat-induced erythrocyte fragmentation 
in neonatal elliptocytosis. Br J Haematol. 1979;41:
515.

1370. Prchal JT, Castleberry RP, Parmley RT, et al. Hereditary 
pyropoikilocytosis and elliptocytosis: Clinical, labora-
tory, and ultrastructural features in infants and children. 
Pediatr Res. 1982;16:484.

1371. Mentzer WC Jr, Iarocci TA, Mohandas N, et al. Modula-
tion of erythrocyte membrane mechanical stability by 
2,3-diphosphoglycerate in the neonatal poikilocytosis/
elliptocytosis syndrome. J Clin Invest. 1987;79:943.

1372. Manno S, Takakuwa Y, Nagao K, Mohandas N. Modula-
tion of erythrocyte membrane mechanical function by 
beta-spectrin phosphorylation and dephosphorylation. J 
Biol Chem. 1995;270:5659.

1373. Schindler M, Koppel D, Sheetz MP. Modulation of 
membrane protein lateral mobility by polyphosphates 
and polyamines. Proc Natl Acad Sci U S A. 1980;77:
1457.

1374. Wolfe LC, Lux SE, Ohanian V. Spectrin-actin binding in 
vitro; effect of protein 4.1 and polyphosphates. J Supra-
mol Struct Cell Biochem. 1981;5(Suppl 5):123.

1375. Suzuki Y, Nakajima T, Shiga T, Maeda N. Infl uence of 
2,3-diphosphoglycerate on the deformability of human 
erythrocytes. Biochim Biophys Acta. 1990;1029:85.

1376. Waugh RE. Effects of 2,3-diphosphoglycerate on the 
mechanical properties of erythrocyte membrane. Blood. 
1986;68:231.

1377. Garbarz M, Lecomte MC, Dhermy D, et al. Double 
inheritance of an αI/65 spectrin variant in a child with 
homozygous elliptocytosis. Blood. 1986;67:1661.

1378. Alloisio N, Morle L, Pothier B, et al. Spectrin Oran 
(αII/21), a new spectrin variant concerning the αII domain 
and causing severe elliptocytosis in the homozygous 
state. Blood. 1988;71:1039.

1379. Lecomte MC, Feo C, Gautero H, et al. Severe recessive 
poikilocytic anaemia with a new spectrin α-chain variant. 
Br J Haematol. 1990;74:497.

1380. Dalla Venezia N, Gilsanz F, Alloisio N, et al. Homozy-
gous 4.1(−) hereditary elliptocytosis associated with a 
point mutation in the downstream initiation codon of 
protein 4.1 gene. J Clin Invest. 1992;90:1713-1717.

1381. Alloisio N, Wilmotte R, Marechal J, et al. A splice site 
mutation of α-spectrin gene causing skipping of exon 18 
in hereditary elliptocytosis. Blood. 1993;81:2791.

1382. Haddy TB, Rana SR. Homozygous hereditary elliptocy-
tosis with hemolytic anemia. South Med J. 1984;77:631.

1383. Dhermy D, Garbarz M, Lecomte M, et al. Hereditary 
elliptocytosis: clinical, morphological, and biochemical 
studies of 38 cases. Nouv Rev Fr Hematol. 1986;28:129.

1384. Torlontano G, Fioritoni G, Salvati AM. Hereditary hae-
molytic ovalocytosis with defective erythropoiesis. Br J 
Haematol. 1979;43:435.

1385. Jankovic M, Sansone G, Conter V, et al. Atypical heredi-
tary ovalocytosis associated with defective dyserythro-
poietic anemia. Acta Haematol. 1993;89:35.

1386. Floyd PB, Gallagher PG, Valentino LA, et al. Heteroge-
neity of the molecular basis of hereditary pyropoikilocy-
tosis and hereditary elliptocytosis associated with 
increased levels of the spectrin αI/74-kilodalton tryptic 
peptide. Blood. 1991;78:1364.

1387. Dacie JV, Mollison PL, Richardson N, et al. Atypical 
congenital haemolytic anaemia. Q J Med. 1953;22:79.

1388. Wiley JS, Gill FM. Red cell calcium leak in congenital 
hemolytic anemia with extreme microcytosis. Blood. 
1976;47:197.

1389. Zarkowsky HS, Mohandas N, Speaker CB, Shohet SB. 
A congenital haemolytic anaemia with thermal sensitiv-
ity of the erythrocyte membrane. Br J Haematol. 
1975;29:537.

1390. DePalma L, Luban NL. Hereditary pyropoikilocytosis: 
Clinical and laboratory analysis in eight infants and 
young children. Am J Dis Child. 1993;147:93.

1391. Ramos MC, Schafernak KT, Peterson LC. Hereditary 
pyropoikilocytosis: a rare but potentially severe form of 
congenital hemolytic anemia. J Pediatr Hematol Oncol. 
2007;29:128-129.

1392. Coetzer T, Palek J. Partial spectrin defi ciency in heredi-
tary pyropoikilocytosis. Blood. 1986;59:919.

1393. Hanspal M, Hanspal JS, Sahr KE, et al. Molecular basis 
of spectrin defi ciency in hereditary pyropoikilocytosis. 
Blood. 1993;82:1652.



820 HEMOLYTIC ANEMIAS

1394. Costa DB, Lozovatsky L, Gallagher PG, Forget BG. A 
novel splicing mutation of the alpha-spectrin gene in the 
original hereditary poikilocytosis kindred. Blood. 2005;
106:4367-4369.

1395. Gallagher PG. Hereditary elliptocytosis: spectrin and 
protein 4.1R. Semin Hematol. 2004;41:142-164.

1396. Cutting HO, McHugh WJ, Conrad FG, Marlow AA. 
Autosomal dominant hemolytic anemia characterized by 
ovalocytosis: A family study of seven involved members. 
Am J Med. 1965;39:21.

1397. Dacie JV. Hereditary elliptocytosis (HE). In The Hae-
molytic Anaemias, vol 1, 3rd ed. Edinburgh, Churchill 
Livingstone, 1985, p 216.

1398. Greenberg LH, Tanaka KR. Hereditary elliptocytosis 
with hemolytic anemia—a family study of fi ve affected 
members. Calif Med. 1969;110:389.

1399. Weiss HJ. Hereditary elliptocytosis with hemolytic 
anemia. Am J Med. 1963;35:455.

1400. Matsumoto N, Ishihara T, Takahashi M, et al. Fine struc-
ture of the spleen in hereditary elliptocytosis. Acta Pathol 
Jpn. 1976;26:533-542.

1401. Wilson HE, Long MJ. Hereditary ovalocytosis (ellipto-
cytosis) with hypersplenism. Arch Intern Med. 1955;
95:438.

1402. Dhermy D, Lecomte MC, Garbarz M, et al. Spectrin 
α-chain variant associated with hereditary elliptocytosis. 
J Clin Invest. 1982;70:707.

1403. Garbarz M, Tse WT, Gallagher PG et al. Spectrin Rouen 
(β220-218), a novel shortened beta-chain variant in a 
kindred with hereditary elliptocytosis. Characterization 
of the molecular defect as exon skipping due to a splice 
site mutation. J Clin Invest. 1991;88:76.

1404. Lecomte MC, Gautero H, Bournier O, et al. Elliptocy-
tosis-associated spectrin Rouen (β220/218) has a truncated 
but still phosphorylatable beta chain. Br J Haematol. 
1992;80:242.

1405. Pothier B, Morle L, Alloisio N, et al. Spectrin Nice 
(β220/216): A shortened beta-chain variant associated with 
an increase of the αI/74 fragment in a case of elliptocyto-
sis. Blood. 1987;69:1759.

1406. Tse WT, Gallagher PG, Pothier B, et al. An insertional 
frameshift mutation of the β-spectrin gene associated 
with elliptocytosis in spectrin Nice (β220/216). Blood. 
1991;78:517.

1407. Garbarz M, Boulanger L, Pedroni S, et al. Spectrin β 
Tandil, a novel shortened β-chain variant associated with 
hereditary elliptocytosis is due to a deletional frameshift 
mutation in the β-spectrin gene. Blood. 1992;80:1066.

1408. Eber SW, Morris SA, Schroter W, Gratzer WB. Interac-
tions of spectrin in hereditary elliptocytes containing 
truncated spectrin beta-chains. J Clin Invest. 1988;
81:523.

1409. Yoon SH, Yu H, Eber S, Prchael JT. Molecular defect of 
truncated β-spectrin associated with hereditary ellipto-
cytosis. Beta-spectrin Gottingen. J Biol Chem. 1991;266:
8490.

1410. Gallagher PG, Tse WT, Costa F, et al. A splice site muta-
tion of the β-spectrin gene causing exon skipping in 
hereditary elliptocytosis associated with a truncated β-
spectrin chain. J Biol Chem. 1991;266:15154.

1411. Jarolim P, Wichterle H, Hanspal M, et al. β spectrin-
PRAGUE: a truncated spectrin producing spectrin defi -
ciency, defective spectrin heterodimer self-association 

and a phenotype of spherocytic elliptocytosis. Br J Hae-
matol. 1995;91:502.

1412. Dahr W, Moulds J, Baumeister G, et al. Altered mem-
brane sialoglycoproteins in human erythrocytes lacking 
the Gerbich blood group antigen. Biol Chem Hoppe 
Seyler. 1985;366:201.

1413. Daniels GL, Reid ME, Anstee DJ, et al. Transient reduc-
tion in erythrocyte membrane sialoglycoprotein β associ-
ated with the presence of elliptocytes. Br J Haematol. 
1988;70:477.

1414. Aksoy M, Erdem S, Dincol G, et al. Combination of 
hereditary elliptocytosis and hereditary spherocytosis. 
Clin Genet. 1974;6:46.

1415. Skarsgard E, Doski J, Jaksic T, et al. Thrombosis of the 
portal venous system after appendectomy for pediatric 
hematologic disease. J Pediatr Surg. 1993;28:1109-
1112.

1416. Ham TH, Shen SC, Fleming EM, et al. Studies on the 
destruction of red blood cells: IV. Thermal injury: Action 
of heat in causing increased spheroidicity, osmotic and 
mechanical fragilities and hemolysis of erythrocytes: 
Observations on the mechanisms of destruction in such 
erythrocytes in dogs and in a patient with a fatal thermal 
burn. Blood. 1948;3:373-403.

1417. Ham TH, Sayre RW, Dunn RF, Murphy JR. Physical 
properties of red cells as related to effects in vivo: II. 
Effect of thermal treatment on rigidity of red cells, 
stroma and the sickle cell. Blood. 1968;32:862.

1418. Kimber RJ, Lander H. The effect of heat on human red 
cell morphology, fragility and subsequent survival in 
vivo. J Lab Clin Med. 1964;64:922.

1419. Chang K, Williamson JR, Zarkowsky HS. Effect of heat 
on the circular dichroism of spectrin in hereditary pyro-
poikilocytosis. J Clin Invest. 1979;64:326.

1420. Liu S-C, Palek J, Prchal J, Castleberry RP. Altered spec-
trin dimer-dimer association and instability of erythro-
cyte membrane skeletons in hereditary pyropoikilocytosis. 
J Clin Invest. 1981;68:597.

1421. Liu SC, Windisch P, Kim S, Palek J. Oligomeric states 
of spectrin in normal erythrocyte membranes: biochemi-
cal and electron microscopic studies. Cell. 1984;
37:587.

1422. Liu S-C, Palek J, Prchal J. Defective spectrin dimer-
dimer association in hereditary elliptocytosis. Proc Natl 
Acad Sci U S A. 1982;79:2072.

1423. Shotton DM, Burke BE, Branton D. The molecular 
structure of human erythrocyte spectrin. Biophysical 
and electron microscopic studies. J Mol Biol. 1979;131:
303.

1424. Speicher DW, Morrow JS, Knowles WJ, Marchesi VT. 
Identifi cation of proteolytically resistant domains of 
human erythrocyte spectrin. Proc Natl Acad Sci U S A. 
1980;77:5673.

1425. Orita M, Iwahana H, Kanazawa H, et al. Detection of 
polymorphisms of human DNA by gel electrophoresis 
as single-strand conformation polymorphisms. Proc Natl 
Acad Sci U S A. 1989;86:2766.

1426. Sarkar G, Yoon H-S, Sommer SS. Screening for muta-
tions by RNA single-strand conformation polymorphism 
(rSSCP): comparison with DNA-SSCP. Nucleic Acids 
Res. 1992;20:871.

1427. Fournier CM, Nicolas G, Gallagher PG, et al. Spectrin 
St. Claude, a splicing mutation of the human α-spectrin 



 Chapter 15 • Disorders of the Red Cell Membrane 821

gene associated with severe poikilocytic anemia. Blood. 
1997;89:4584.

1428. Silveira P, Cynober T, Dhermy D, et al. Red blood cell 
abnormalities in hereditary elliptocytosis and their rele-
vance to variable clinical expression. Am J Clin Pathol. 
1997;108:391.

1429. Palek J, Lambert S. Genetics of the red cell membrane 
skeleton. Semin Hematol. 1990;27:290.

1430. Speicher DW, Morrow JS, Knowles WJ, Marchesi VT. A 
structural model of human erythrocyte spectrin: align-
ment of chemical and functional domains. J Biol Chem. 
1982;257:9093.

1431. Kotula L, DeSilva TM, Speicher DW, Curtis PJ. Func-
tional characterization of recombinant human red cell 
alpha-spectrin polypeptides containing the tetramer 
binding site. J Biol Chem. 1993;268:14788.

1432. Lecomte MC, Nicolas G, Dhermy D, et al. Properties 
of normal and mutant polypeptide fragments from the 
dimer self-association sites of human red cell spectrin. 
Eur Biophys J. 1999;28:208.

1433. Nicolas G, Pedroni S, Fournier C, et al. Spectrin self-
association site: characterization and study of beta-
spectrin mutations associated with hereditary 
elliptocytosis. Biochem J. 1998;332:81.

1434. Park S, Mehboob S, Luo BH, et al. Studies of the eryth-
rocyte spectrin tetramerization region. Cell Mol Biol 
Lett. 2001;6:571.

1435. Gallagher PG, Petruzzi MJ, Weed SA, et al. Mutation of 
a highly conserved residue of αI spectrin associated with 
fatal and near-fatal neonatal hemolytic anemia. J Clin 
Invest. 1997;99:267.

1436. Zhang Z, Weed SA, Gallagher PG, Morrow JS. Dynamic 
molecular modeling of pathogenic mutations in the spec-
trin self-association domain. Blood. 2001;98:1645.

1437. Park S, Johnson ME, Fung LW. Nuclear magnetic reso-
nance studies of mutations at the tetramerization region 
of human alpha spectrin. Blood. 2002;100:283.

1438. Delaunay J, Dhermy D. Mutations involving the spectrin 
heterodimer contact site: clinical expression and altera-
tions in specifi c function. Semin Hematol. 1993;30:
21.

1439. Lorenzo F, Miraglia del Giudice E, Alloisio N, et al. 
Severe poikilocytosis associated with a de novo a 28 
Arg→Cys mutation in spectrin. Br J Haematol. 1993;
83:152.

1440. Lawler J, Palek J, Liu SC, et al. Molecular heterogeneity 
of a hereditary pyropoikilocytosis: identifi cation of a 
second variant of the spectrin α-subunit. Blood. 
1983;62:1182.

1441. Gallagher PG, Tse WT, Coetzer T, et al. A common type 
of the spectrin alpha I 46-50a-kD peptide abnormality 
in hereditary elliptocytosis and pyropoikilocytosis is 
associated with a mutation distant from the proteolytic 
cleavage site. Evidence for the functional importance of 
the triple helical model of spectrin. J Clin Invest. 
1992;89:892-898.

1442. Gallagher PG, Weed SA, Tse WT, et al. Recurrent fatal 
hydrops fetalis associated with a nucleotide substitution 
in the erythrocyte beta-spectrin gene. J Clin Invest. 
1995;95:1174-1182.

1443. Boulanger L, Dhermy D, et al. A second allele of spectrin 
α-gene associated with the αI/65 phenotype (allele Ponte 
de Sor). Blood. 1994;84:2056.

1444. Roux AF, Morle F, Guetarni D, et al. Molecular basis of 
Sp αI/65 hereditary elliptocytosis in North Africa: inser-
tion of a TTG triplet between codons 147 and 149 in 
the α-spectrin gene from fi ve unrelated families. Blood. 
1989;73:2196.

1445. Dhermy D, Garbarz M, Lecomte MC, et al. Abnormal 
electrophoretic mobility of spectrin tetramers in heredi-
tary elliptocytosis. Hum Genet. 1986;74:363.

1446. Lawler J, Coetzer TL, Palek J, et al N. Sp α I/65: a new 
variant of the a subunit of spectrin in hereditary ellipto-
cytosis. Blood. 1985;66:706.

1447. Lecomte MC, Dhermy D, Garbarz M, et al. Pathologic 
and non-pathologic variants of the spectrin molecule in 
two black families with hereditary elliptocytosis. Hum 
Genet. 1985;71:351.

1448. Lecomte MC, Dhermy D, Solis C, et al. A new abnormal 
variant of spectrin in black patients with hereditary ellip-
tocytosis. Blood. 1985;65:1208.

1449. del Giudice EM, Ducluzeau MT, Alloisio N, et al. 
α I/65 hereditary elliptocytosis in southern Italy: evi-
dence for an African origin. Hum Genet. 1992;89:
553.

1450. Sahr KE, Tobe T, Scarpa A, et al. Sequence and exon-
intron organization of the DNA encoding the alpha I 
domain of human spectrin: application to the study of 
mutations causing hereditary elliptocytosis. J Clin Invest. 
1989;84:1243.

1451. Schulman S, Roth EF Jr, Cheng B, et al. Growth of 
Plasmodium falciparum in human erythrocytes containing 
abnormal membrane proteins. Proc Natl Acad Sci 
U S A. 1990;87:7339.

1452. Wilmotte R, Miraglia del Giudice E, Marechal J, et al. 
A deletional frameshift mutation in spectrin beta-gene 
associated with hereditary elliptocytosis in spectrin 
Napoli. Br J Haematol. 1994;88:437.

1453. Kanzaki A, Rabodonirina M, Yawata Y, et al. A deletional 
frameshift mutation of the beta-spectrin gene associated 
with elliptocytosis in spectrin Tokyo (beta220/216). Blood. 
1992;80:2115.

1454. Basseres DS, Pranke PH, Sales TS, et al. Beta-spectrin 
Campinas: a novel shortened β-chain variant associated 
with skipping of exon 30 and hereditary elliptocytosis. 
Br J Haematol. 1997;97:579.

1455. Maillet P, Inoue T, Kanzaki A, et al. Stop codon in exon 
30 (E2069X) of β-spectrin gene associated with heredi-
tary elliptocytosis in spectrin Nagoya. Hum Mutat. 
1996;8:366.

1456. Johnson CP, Massimiliano G, Ortiz V, et al. A pathogenic 
proline mutation in the linker between spectrin repeats: 
disease due to spectrin unfolding. Blood. 2006;109:
3538-3543.

1457. Burke JP, Van Zyl D, Zail SS, Coetzer TL. Reduced 
spectrin-ankyrin binding in a South African hereditary 
elliptocytosis kindred homozygous for spectrin St 
Claude. Blood. 1998;92:2591.

1458. Alloisio N, Wilmotte R, Morle L, et al. Spectrin 
Jendouba: An α II/31 spectrin variant that is associated 
with elliptocytosis and carries a mutation distant 
from the dimer self-association site. Blood. 1992;80:
809.

1459. Johnson RM, Ravindranath Y, Brohn F, Hussain M. A 
large erythroid spectrin beta-chain variant. Br J Haema-
tol. 1992;80:6.



822 HEMOLYTIC ANEMIAS

1460. Pranke PH, Basseres DS, Costa FF, Saad ST. Expression 
of spectrin α I/65 hereditary elliptocytosis in patients 
from Brazil. Br J Haematol. 1996;94:470.

1461. Marechal J, Wilmotte R, Kanzaki A, et al. Ethnic distri-
bution of allele αLELY, a low-expression allele of red-cell 
spectrin α-gene. Br J Haematol. 1995;90:553.

1462. Wilmotte R, Marechal J, Morle L, et al. Low expression 
allele αLELY of red cell spectrin is associated with muta-
tions in exon 40 (α V/41 polymorphism) and intron 45 
and with partial skipping of exon 46. J Clin Invest. 
1993;91:2091.

1463. Wilmotte R, Marechal J, Delaunay J. Mutation at posi-
tion −12 of intron 45 (C→T) plays a prevalent role in 
the partial skipping of exon 46 from the transcript of 
allele αLELY in erythroid cells. Br J Haematol. 1999;
104:855.

1464. Hanspal M, Palek J. Synthesis and assembly of mem-
brane skeletal proteins in mammalian red cell precur-
sors. J Cell Biol. 1987;105:1417.

1465. Amin KM, Scarpa AL, Winkelmann JC, et al. The exon-
intron organization of the human erythroid beta-spectrin 
gene. Genomics. 1993;18:118.

1466. Wilmotte R, Harper SL, Ursitti JA, et al. The exon 46-
encoded sequence is essential for stability of human 
erythroid α-spectrin and heterodimer formation. Blood. 
1997;90:4188.

1467. Gallagher PG, Tse WT, Marchesi SL, et al. A defect in 
α-spectrin mRNA accumulation in hereditary pyropoi-
kilocytosis. Trans Assoc Am Physicians. 1991;104:32.

1468. Feo CJ, Fischer S, Piau JP, et al. 1st instance of the 
absence of an erythrocyte membrane protein (band 
4(1)) in a case of familial elliptocytic anemia. Nouv Rev 
Fr Hematol. 1980;22:315.

1469. Conboy J, Mohandas N, Tchernia G, Kan YW. Molecu-
lar basis of hereditary elliptocytosis due to protein 4.1 
defi ciency. N Engl J Med. 1986;315:680.

1470. Peters B, Kaiser HW, Magin TM. Skin-specifi c expres-
sion of ank-393, a novel ankyrin-3 splice variant. J Invest 
Dermatol. 2001;116:216.

1471. Garbarz M, Devaux I, Bournier O, et al. Protein 4.1 Lille, 
a novel mutation in the downstream initiation codon of 
protein 4.1 gene associated with heterozygous 4.1(−) 
hereditary elliptocytosis. Hum Mutat. 1995;5:339.

1472. Conboy JG, Chan JY, Chasis JA, et al. Tissue- and devel-
opment-specifi c alternative RNA splicing regulates 
expression of multiple isoforms of erythroid membrane 
protein 4.1. J Biol Chem. 1991;266:8273.

1473. Tang TK, Qin Z, Leto T, et al. Heterogeneity of mRNA 
and protein products arising from the protein 4.1 gene 
in erythroid and non-erythroid tissues. J Cell Biol. 
1990;110:617.

1474. Chasis JA, Coulombel L, Conboy J, et al. Differentia-
tion-associated switches in protein 4.1 expression: syn-
thesis of multiple structural isoforms during normal 
human erythropoiesis. J Clin Invest. 1993;91:329.

1475. Conboy JG, Chasis JA, Winardi R, et al. An isoform-
specifi c mutation in the protein 4.1 gene results in 
hereditary elliptocytosis and complete defi ciency of 
protein 4.1 in erythrocytes but not in nonerythroid cells. 
J Clin Invest. 1993;91:77.

1476. Alloisio N, Morle L, Dorleac E, et al. The heterozygous 
form of 4.1(−) hereditary elliptocytosis [the 4.1(−) trait]. 
Blood. 1985;65:46.

1477. Alloisio N, Dorleac E, Girot R, Delaunay J. Analysis of 
the red cell membrane in a family with hereditary ellip-
tocytosis—total or partial absence of protein 4.1. Hum 
Genet. 1981;59:68.

1478. Takakuwa Y, Tchernia G, Rossi M, et al. Restoration of 
normal membrane stability to unstable protein 4.1–defi -
cient erythrocyte membranes by incorporation of puri-
fi ed protein 4.1. J Clin Invest. 1986;78:80.

1479. Alloisio N, Dalla Venezia N, Rana A, et al. Evidence that 
red blood cell protein p55 may participate in the skele-
ton-membrane linkage that involves protein 4.1 and gly-
cophorin C. Blood. 1993;82:1323.

1480. Alloisio N, Morle L, Bachir D, et al. Red cell membrane 
sialoglycoprotein in homozygous and heterozygous 
4.1(−) hereditary elliptocytosis. Biochim Biophys Acta. 
1985;816:57.

1481. Sondag D, Alloisio N, Blanchard D, et al. Gerbich reac-
tivity in 4.1(−) hereditary elliptocytosis and protein 4.1 
level in blood group Gerbich defi ciency. Br J Haematol. 
1987;65:43.

1482. Lambert S, Conboy J, Zail S. A molecular study of het-
erozygous protein 4.1 defi ciency in hereditary elliptocy-
tosis. Blood. 1988;72:1926.

1483. Reid ME, Takakuwa Y, Conboy J, et al. Glycophorin C 
content of human erythrocyte membrane is regulated by 
protein 4.1. Blood. 1990;75:2229.

1484. Rybicki AC, Heath R, Lubin B, Schwartz RS. Human 
erythrocyte protein 4.1 is a phosphatidylserine binding 
protein. J Clin Invest. 1988;81:255.

1485. Yawata A, Kanzaki A, Gilsanz F, et al. A markedly dis-
rupted skeletal network with abnormally distributed 
intramembrane particles in complete protein 4.1–defi -
cient red blood cells (allele 4.1 Madrid): implications 
regarding a critical role of protein 4.1 in maintenance of 
the integrity of the red blood cell membrane. Blood. 
1997;90:2471.

1486. Conboy J, Marchesi S, Kim R, et al. Molecular 
analysis of insertion/deletion mutations in protein 4.1 in 
elliptocytosis: II. Determination of molecular genetic 
origins of rearrangements. J Clin Invest. 1990;86:
524.

1487. Marchesi S, Conboy J, Agre P, et al. Molecular analysis 
of insertion/deletion mutations in protein 4.1 in ellipto-
cytosis: I. Biochemical identifi cation of rearrangements 
in the spectrin/actin binding domain and functional 
characterizations. J Clin Invest. 1990;86:515.

1488. Moriniere M, Ribeiro L, Dalla Venezia N, et al. Ellipto-
cytosis in patients with C-terminal domain mutations of 
protein 4.1 correlates with encoded messenger RNA 
levels rather than with alterations in primary protein 
structure. Blood. 2000;95:1834.

1489. Venezia ND, Maillet P, Morle L, et al. A large deletion 
within the protein 4.1 gene associated with a stable trun-
cated mRNA and an unaltered tissue-specifi c alternative 
splicing. Blood. 1998;91:4361.

1490. Conboy JG. Structure, function, and molecular genetics 
of erythroid membrane skeletal protein 4.1 in normal 
and abnormal red blood cells. Semin Hematol. 1993;
30:58-73.

1491. Tanner MJ, High S, Martin PG, et al. Genetic variants 
of human red-cell membrane sialoglycoprotein beta. 
Study of the alterations occurring in the sialoglycopro-
tein-beta gene. Biochem J. 1988;250:407-414.



 Chapter 15 • Disorders of the Red Cell Membrane 823

1492. Winardi R, Reid M, Conboy J, Mohandas N. Molecular 
analysis of glycophorin C defi ciency in human erythro-
cytes. Blood. 1993;81:2799.

1493. Anstee DJ, Ridgwell K, Tanner MJ, et al. Individuals 
lacking the Gerbich blood-group antigen have altera-
tions in the human erythrocyte membrane sialoglycopro-
teins beta and gamma. Biochem J. 1984;221:97.

1494. Anstee DJ, Parsons SF, Ridgwell K, et al. Two individu-
als with elliptocytic red cells apparently lack three minor 
erythrocyte membrane sialoglycoproteins. Biochem J. 
1984;218:615.

1495. Daniels GL, Shaw MA, Judson PA, et al. A family dem-
onstrating inheritance of the Leach phenotype: a 
Gerbich-negative phenotype associated with elliptocyto-
sis. Vox Sang. 1986;50:117.

1496. Rebuck JW, van Slyck EJ. An unsuspected ultrastructural 
fault in human elliptocytes. Am J Clin Pathol. 1968;
49:19.

1497. Mohandas N, Chasis JA. Red cell deformability, mem-
brane material properties, and shape: regulation by 
transmembrane, skeletal, and cytosolic proteins and 
lipids. Semin Hematol. 1993;30:171.

1498. Liu S-C, Derick LH, Palek J. Dependence of the perma-
nent deformation of red blood cell membranes on 
spectrin dimer-tetramer equilibrium: implication for 
permanent membrane deformation of irreversibly sickled 
cells. Blood. 1993;81:522.

1499. Lu P-W, Soong C-J, Tao M. Phosphorylation of ankyrin 
decreases its affi nity for spectrin tetramer. J Biol Chem. 
1985;260:14958.

1500. De Gruchy GC, Loder PB, Hennessy IV. Haemolysis 
and glycolytic metabolism in hereditary elliptocytosis. Br 
J Haematol. 1962;8:168.

1501. Peters JC, Rowland M, Israels LG, Zipursky A. Eryth-
rocyte sodium transport in hereditary elliptocytosis. Can 
J Physiol Pharmacol. 1966;44:817.

1502. Gallagher PG, Kotula L, Wang Y, et al. Molecular basis 
and haplotyping of the α II domain polymorphisms of 
spectrin: application to the study of hereditary elliptocy-
tosis and pyropoikilocytosis. Am J Hum Genet. 
1996;59:351.

1503. Facer CA. Malaria, hereditary elliptocytosis, and pyro-
poikilocytosis. Lancet. 1989;1:897.

1504. Chishti AH, Palek J, Fisher D, et al. Reduced invasion 
and growth of Plasmodium falciparum into elliptocytic red 
blood cells with a combined defi ciency of protein 4.1, 
glycophorin C, and p55. Blood. 1996;87:3462.

1505. Amato D, Booth PB. Hereditary ovalocytosis in Mela-
nesians. Papua New Guinea Med J. 1977;20:26.

1506. Castelino D, Saul A, Myler P, et al. Ovalocytosis in 
Papua New Guinea—dominantly inherited resistance to 
malaria. Southeast Asian J Trop Med Public Health. 
1981;12:549.

1507. Cattani JA, Gibson FD, Alpers MP, Crane GG. Heredi-
tary ovalocytosis and reduced susceptibility to malaria 
in Papua New Guinea. Trans R Soc Trop Med Hyg. 
1987;81:705.

1508. Fix AG, Baer AS, Lie-Injo LE. The mode of inheritance 
of ovalocytosis/elliptocytosis in Malaysian Orang Asli 
families. Hum Genet. 1982;61:250.

1509. Harrison KL, Collins KA, McKenna HW. Hereditary 
elliptical stomatocytosis; a case report. Pathology. 1976;
8:307.

1510. Honig GR, Lacson PS, Maurer HS. A new familial dis-
order with abnormal erythrocyte morphology and 
increased permeability of the erythrocytes to sodium and 
potassium. Pediatr Res. 1971;5:159.

1511. Booth PB, Serjeantson S, Woodfi eld DG, Amato D. 
Selective depression of blood group antigens associated 
with hereditary ovalocytosis among Melanesians. Vox 
Sang. 1977;32:99.

1512. Baer A, Lie-Injo LE, Welch QB, Lewis AN. Genetic 
factors and malaria in the Temuan. Am J Hum Genet. 
1976;28:179.

1513. Serjeantson S, Bryson K, Amato D, Babona D. Malaria 
and hereditary ovalocytosis. Hum Genet. 1977;37:161.

1514. Kimura M, Tamam M, Soemantri A, et al. Distribution 
of a 27-bp deletion in the band 3 gene in South Pacifi c 
islanders. J Hum Genet. 2003;48:642-645.

1515. Kimura M, Soemantri A, Ishida T. Malaria species and 
Southeast Asian ovalocytosis defi ned by a 27-bp deletion 
in the erythrocyte band 3 gene. Southeast Asian J Trop 
Med Public Health. 2002;33:4-6.

1516. Ravindranath Y, Goyette G Jr, Johnson RM. Southeast 
Asian ovalocytosis in an African-American family. Blood. 
1994;84:2823.

1517. Coetzer TL, Beeton L, van Zyl D, et al. Southeast Asian 
ovalocytosis in a South African kindred with hemolytic 
anemia. Blood 1996;87:1656.

1518. Schischmanoff PO, Cynober T, Mielot F, et al. Southeast 
Asian ovalocytosis in white persons. Hemoglobin. 1999;
23:47.

1519. Ramos-Kuri M, Carrillo Farga J, Zúñiga J, et al. Molecu-
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The mature erythrocyte, devoid of nucleus, mitochon-
dria, ribosomes, and other organelles, has no capacity for 
cell replication, protein synthesis, or oxidative phosphor-
ylation. The glycolytic production of adenosine triphos-
phate (ATP), the sole known energy source of erythrocytes, 
is suffi cient to meet their limited metabolic requirements. 
The discovery that hemolytic anemia may result from any 
of several glycolytic enzymopathies has underscored the 
dependence of erythrocytes on glycolysis. In this chapter 
the clinical, biochemical, and genetic features associated 
with abnormalities in erythrocyte glycolysis are described 
in detail.

Hereditary hemolytic anemias resulting from altered 
erythrocyte metabolism are distinguished from heredi-
tary spherocytosis by the absence of spherocytes on the 
peripheral blood smear, by normal osmotic fragility of 
fresh erythrocytes, by a partial therapeutic response to 
splenectomy, and by a recessive mode of inheritance. 
Hemoglobin structure and synthesis are normal. Because 
no specifi c morphologic abnormality is associated with 
these disorders, they have become known as congenital 
nonspherocytic hemolytic anemias (CNSHAs).1 Although 
CNSHAs are usually transmitted in an autosomal reces-
sive fashion, phosphoglycerate kinase (PGK) defi ciency 
is an X-linked abnormality, and adenosine deaminase 
(ADA) overproduction is an autosomal dominant disor-
der. Symptoms and signs may be limited to the manifes-
tations of hemolysis or, if the enzymopathy is present in 
other tissues, may involve other organ systems. The 
pattern of involvement of nonerythroid tissues may be of 
assistance in diagnosis.2

Initial attempts to classify these anemias were based 
on the autohemolysis test, in which saline-washed eryth-
rocytes were incubated without glucose in vitro at 37º C 
under sterile conditions and the percentage of hemolysis 
was determined after 48 hours.3,4 Autohemolysis was 
greater than normal in almost all patients with CNSHA. 
If glucose was added before incubation, hemolysis was 
reduced in control subjects and in some patients with 
CNSHA (type I) but was unchanged or actually increased 
in others (type II). Type II erythrocytes did not metabo-
lize glucose well3 and contained subnormal amounts of 
ATP but markedly increased amounts of 2,3-diphospho-
glycerate (2,3-DPG), thus suggesting a defect in glycoly-
sis below the site of 2,3-DPG synthesis. In 1961, Valentine 
and associates5 identifi ed the glycolytic defect to be a 
defi ciency of erythrocyte pyruvate kinase (PK) in three 
patients with CNSHA. Subsequently, abnormalities of 
other glycolytic enzymes have also been associated with 
CNSHA, as indicated in Figure 16-1. Specifi c alterations 
in protein structure underlie many of the enzyme defi -
ciency states, and many of the underlying mutations have 
been identifi ed.6-8

The presence of a glycolytic enzymopathy should be 
suspected when chronic hemolysis occurs in the absence 
of marked abnormalities in erythrocyte morphology or 
osmotic fragility. An exception to the usually unremark-
able red cell morphology in CNSHA is the pronounced 

basophilic stippling found in pyrimidine-5′-nucleotidase 
(P-5′-N) defi ciency.9 Hemoglobin electrophoresis, stains 
for inclusion bodies, hemoglobin heat stability, acid 
hemolysis, and appropriate studies for immune hemolysis 
are normal. Despite its initial usefulness in directing the 
attention of investigators to the glycolytic pathway, further 
experience with the autohemolysis test has shown that it 
lacks specifi city and has, at best, limited value in the 
evaluation of CNSHA.10 Unfortunately, no other simple, 
convenient laboratory screening test has been developed 
that will unequivocally reveal the presence of a glycolytic 
enzymopathy. Therefore, the appropriate diagnostic strat-
egy for the evaluation of a suspected enzymopathy is fi rst 
to eliminate easily identifi ed causes of hemolysis, such as 
hemoglobinopathies or spherocytosis, before proceeding 
to tests for enzyme disorders.11 Defi nitive diagnosis 
depends on quantitative assay of the activity of the sus-
pected enzyme or identifi cation of a specifi c mutation by 
DNA analysis. The availability of such assays is limited, 
but screening tests for defi ciencies in PK, triose phos-
phate isomerase (TPI), and glucose phosphate isomerase 
(GPI) can be carried out in any well-equipped clinical 
laboratory.12 The in vitro properties of mutant enzyme 
proteins vary (Table 16-1), and characterization of such 
properties has improved understanding of the genetics 
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and pathogenesis of anemias associated with defective 
glycolytic enzymes. Measurement of glycolytic interme-
diates extracted from freshly obtained erythrocytes has 
provided confi rmation of the in vivo signifi cance of in 
vitro abnormalities in enzyme function. The usual fi nding 
is accumulation of proximal intermediates and depletion 
of distal intermediates, thereby giving rise to a character-
istic transition or crossover pattern at the locus of an 
abnormal enzyme. Secondary crossovers sometimes take 
place and are due to the infl uence of altered concentra-
tions of metabolites on key regulatory enzymes such as 
hexokinase (HK), phosphofructokinase (PFK), and PK. 
As a result of secondary crossovers, the pattern of glyco-
lytic intermediates may become so complex that it has 
only limited usefulness in the identifi cation of an enzy-
mopathy. In contrast, measurement of intracellular 
metabolites is currently the most convenient way to 
screen for abnormalities in nucleotide metabolism. Red 
cell ATP levels are below normal with overproduction of 
ADA, whereas P-5′-N defi ciency is associated with 
increased concentrations of red cell ATP and reduced 
levels of glutathione. The apparent increase in ATP is, in 
fact, due to the presence of large amounts of cytidine and 
uridine nucleotides, which are also measured in the enzy-
matic assay for ATP. Spectral analysis of a deproteinized 
extract of red cells provides a straightforward means of 
identifying such nucleotides, and it is a simple method 
to screen patients for suspected P-5′-N defi ciency.9

Caution is needed in interpreting the results of quan-
titative assays of enzyme activity. First, only surviving 
cells are available for sampling in circulating blood, and 
the metabolic circumstances of these favored cells cannot 
necessarily be extrapolated to indicate the status of cells 
already hemolyzed. Second, assay in vitro under optimal 
conditions may not adequately refl ect the performance 
of an enzyme under less favorable circumstances in vivo. 
Third, the high specifi c activity of certain enzymes in 

leukocytes may result in spurious normal values for 
erythrocyte enzyme activity unless contaminating leuko-
cytes are removed before assay or their contribution to 
total activity is compensated for by appropriate calcula-
tions. Fourth, transfusion therapy with normal erythro-
cytes within several months before assay may obscure the 
presence of an enzyme defect. Fifth, the mean enzyme 
activity that is determined fails to portray the distribution 
of activity within individual erythrocytes. The endow-
ment of intracellular enzymes is fi xed, and protein 
synthetic ability disappears at the reticulocyte stage; 
thereafter, the inevitable denaturation of enzyme protein 
that accompanies cell aging reduces enzymatic activity at 
a rate characteristic for each enzyme. Transient accentua-
tion of reticulocytosis, therefore, is often accompanied by 
rising mean enzyme activity. Certain glycolytic enzymes 
(notably HK and PK) are strikingly more active in reticu-
locytes than in postreticulocyte red cells, and the majority 
of this excess activity is rapidly lost coincident with retic-
ulocyte maturation.13-15 The true magnitude of an enzyme 
defi ciency may not be apparent unless comparison is 
made to blood that is equally rich in reticulocytes14 or 
corrections are applied that eliminate the contribution of 
the reticulocyte subfraction to total enzyme activity.15

Finally, there is evidence that reversible binding 
of glyceraldehyde-3-phosphate dehydrogenase (G3PD), 
HK, and PFK to the band 3 membrane protein is involved 
in the regulation of glycolysis,16 and altered binding 
of mutant forms of these enzymes (and perhaps others) 
is not assessed in conventional assays performed on 
hemolysates.

HEXOKINASE DEFICIENCY

Clinical Manifestations

CNSHA has been attributed to defi cient erythrocyte HK 
activity in 22 patients (Table 16-2). Severely affected 
individuals may exhibit neonatal hyperbilirubinemia and 
thereafter require transfusion at regular intervals for 
intractable anemia. In patients with mild disease, the 
hemolysis is fully compensated for and anemia is absent. 
However, jaundice, reticulocytosis, and splenomegaly 
are usually present in such patients. Gallstones may be 
evident, even in early childhood.25 Hyperhemolytic epi-
sodes are not a feature of the disorder. The results of red 
cell morphologic examination are usually unremarkable, 
but occasional burr cells, target cells, stippled cells, and 
densely stained spiculated cells may be observed after 
splenectomy. The osmotic fragility of fresh erythrocytes 
is normal, but a fragile population of cells may appear 
after incubation at 37º C.

Biochemistry

In human red cells, HK is a monomer (molecular weight, 
112,000).35 It is encoded by a gene (HK1) located on 

TABLE 16-1  Parameters Commonly Used 
In Vitro to Characterize Mutant 
Enzyme Protein

Vmax Maximal enzyme velocity 
obtainable with saturating 
substrate concentrations

Km The substrate concentration 
yielding half-maximal activity; 
an index of catalytic effi ciency

pH optimum The pH at which maximal 
enzyme activity is present

Heat stability Resistance of enzyme protein to 
heat denaturation

Electrophoretic 
mobility

Migration of enzyme protein in 
an electric fi eld

Specifi c activity Enzyme activity per defi ned 
amount of enzyme protein 
(e.g., milligram); enzyme 
protein is measured 
immunologically with 
antienzyme antibodies
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STABLE 16-2 Hexokinase Variants Associated with Hemolytic Anemia

Reference
No. of 
Cases

CLINICAL FEATURES PROPERTIES OF RBC HEXOKINASE

Inheritance
Hemolytic 
Anemia Other

Activity (% 
of Normal)

Kinetic 
Abnormalities

Stability 
In Vitro

Electrophoretic 
Mobility

17 1 — + Congenital malformations 13-24* 0 — —
18 1 Recessive ++ 15-20* + Normal Abnormal
19 1 Recessive ++ 16* 0 — Abnormal
20 1 Recessive +++ Hydrops fetalis 17
21 1 Recessive + 20* 0 Normal Normal
22, 23 1 Recessive ++ Low platelet and fi broblast hexokinase activity 20* 0 Low Normal
24 1 Recessive ++ Low platelet hexokinase activity 25* + Normal Abnormal
25 1 Recessive + 25* 0 Low Normal
26 2 Dominant + Spherocytes, ovalocytes 30* 0 Low Normal
27 1 Recessive + Psychomotor retardation 45† + Normal Normal
28 1 Recessive + 50* 0 Normal Normal
29 1 — + Congenital malformations 33* + — —
30 2 Recessive + 40-53* + Low Normal
31 1 — + 50* + — —
32 1 53
33 5 Dominant + 45-91† + Normal Abnormal
34 2 Dominant ++ WBC hexokinase activity low 75* + Normal Abnormal

*Maximal enzyme activity (Vmax) compared with reticulocytosis controls.
†Maximal enzyme activity (Vmax) compared with normal red cells.
RBC, red blood cell; WBC, white blood cell.
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chromosome 10q22.20 HK activity declines as red cells 
age. Loss of activity is particularly striking during reticu-
locyte maturation. In human reticulocytes, two major 
isoenzymes of HK have been identifi ed by chromato-
graphic techniques.36 One (HKR) has an apparent half-
life in vivo of only 10 days, whereas the other (HK1) has 
a longer half-life of 66 days. These two proteins are the 
products of two closely similar messenger RNAs (mRNAs) 
that are transcribed from a single gene (HK1) by the use 
of alternate promoters. Exon one is unique to each 
mRNA species, but the remaining 17 exons are identi-
cal.37 Differential loss of these two isoenzymes appears to 
explain the biphasic character of the decay in HK activity 
during erythrocyte aging. An ATP- and ubiquitin-depen-
dent proteolytic system capable of degrading about 80% 
of HK activity may explain the rapid loss of HK in rabbit 
reticulocytes,38 or the loss may be secondary to an intrin-
sic property of the HK molecule itself.39 Previous oxida-
tive injury appears to be necessary for recognition and 
destruction of HK by the ubiquitin-dependent system.40 
Because ATP- and ubiquitin-dependent proteolysis is 
limited to reticulocytes,38 it cannot be responsible for the 
loss of HK in aging human red cells.

HK is the glycolytic enzyme with the lowest activity 
in normal red cells, and a variety of observations indicate 
that it plays a rate-limiting role in erythrocyte glycoly-
sis.41-45 The maximal activity of erythrocyte HK from 
defi cient patients has varied from 13% to 91% of normal 
(see Table 16-2). In evaluating these fi ndings, compari-
sons of enzyme activity between red cell populations of 
equivalent age must be made. In the case described by 

Valentine and associates,45 for example (Fig. 16-2), 
although HK activity was 62% of the normal value for 
mature erythrocytes, it was only 14% of the activity found 
in blood with high reticulocyte counts. Separation of 
young and old red cell populations by centrifugation 
revealed only the expected moderate diminution (to 
0.11 mol/min/1010 red blood cells) of HK activity in older 
cells from this patient.45 HK activity was even lower 
(0.075 mol/min/1010 red blood cells) in an asymptomatic 
brother, yet no evidence of undue hemolysis was present. 
However, Figure 16-2 shows that the brother’s cells are 
actually far less defi cient with respect to cell age than the 
immature cells of the propositus. The impact of HK 
defi ciency is clearly greater in energetic young erythro-
cytes, whereas cells that survive to an older age can meet 
their limited metabolic requirements even at very low 
HK levels.46 As the erythrocyte ages, in vivo changes in 
stability or kinetics peculiar to mutant HK may also 
render older cells liable to undergo premature hemolysis. 
In rats and rabbits, HK from immature erythrocytes has 
a higher Km (Michaelis constant) for glucose than mature 
cells do, but such is not the case in normal human 
erythrocytes.46

In keeping with their enzymatic defect, HK-defi cient 
erythrocytes have usually demonstrated subnormal 
glucose consumption and lactate production in vivo. 
Such cells also metabolize fructose poorly but utilize 
mannose or galactose normally45 because these substrates 
are not metabolized by HK. Some HK-defi cient eryth-
rocytes are capable of normal glucose consumption at the 
glucose concentrations (5 mmol/L) customarily found in 
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FIGURE 16-2. Hexokinase (HK) 
activity observed in 54 patients with 
hemolytic anemia of various causes 
plotted against percentages of reticu-
locyte in cells assayed. Patients are 
grouped according to reticulocyte 
levels. Mean HK activity for each 
group is plotted against the mean 
reticulocyte percentage in cells of 
that group. Standard deviations are 
indicated by vertical bars. Values 
for a single HK-defi cient patient 
(proposita) and her family are desig-
nated separately. (From Valentine 
WN, Oski FA, Paglia DE, et al: Eryth-
rocyte hexokinase and hereditary 
hemolytic anemia. In Beutler E [ed]: 
Hereditary Disorders of Erythrocyte 
Metabolism. New York, Grune & 
Stratton, 1968, pp 288-300.)
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plasma but utilize glucose poorly or not at all at lower 
glucose concentrations, either because of an abnormally 
low affi nity for glucose34 or because of enzyme instability 
under conditions of low substrate availability.30 Such 
erythrocytes may encounter a particularly unfavorable 
metabolic environment within the spleen. The concentra-
tion of glucose in normal splenic homogenates has been 
found by Necheles and co-workers34 to be only 5 to 
11 μmol/g of tissue, and in a patient with HK defi ciency 
the concentration was even lower (1.1 μmol/g of tissue). 
Furthermore, because splenic tissue metabolizes glucose 
rapidly,47 prolonged vascular pooling in the spleen is 
probably accompanied by profound local hypoglycemia. 
Erythrocytes with unfavorable kinetics for glucose 
metabolism are clearly at a disadvantage in competing 
with reticuloendothelial cells for such a reduced glucose 
supply. Another disadvantage of the splenic environment 
is its relative acidity. The optimal pH of erythrocyte HK 
is approximately 8; at lower pH values, diminished 
enzyme activity may be expected. Possibly of greater 
importance, at low pH values, glucose 6-phosphate, a 
potent inhibitor of HK, accumulates because of PFK 
inhibition.48 An erythrocyte that has diminished HK 
activity under optimal pH conditions will be further com-
promised in the acidic environment of the spleen. The 
clinical improvement that follows splenectomy attests to 
the importance of this organ in the pathogenesis of hemo-
lysis. Detailed isotopic studies to defi ne red cell kinetics 
and sites of hemolysis have yet to be reported. Although 
no splenic sequestration of chromated autologous eryth-
rocytes was noted in two patients,25,31 in another seques-
tration was present. Thus, in this disorder the red cells 
may be damaged by the spleen and die elsewhere.

Signifi cant alterations in intracellular metabolites are 
associated with defective HK function. The erythrocyte 
ATP concentration is sometimes,31,35 but not always21,24,29,33 
subnormal. The glucose-6-phosphate concentration is 
reduced to approximately half normal, and the concen-
trations of other more distal intermediates, most notably 
2,3-DPG, are also usually reduced. These metabolites 
may exert a signifi cant regulatory infl uence on glycolysis. 
For example, Brewer49 has shown that concentrations of 
2,3-DPG in the physiologic range inhibit HK, so the low 
2,3-DPG levels in HK-defi cient red cells may facilitate 
the performance of available HK. The increased affi nity 
of hemoglobin for oxygen expected to be associated with 
subnormal 2,3-DPG levels has been documented in one 
anemic patient with HK defi ciency by Delivoria-Papado-
poulos and co-workers50 and by Oski and associates.51 
This patient, whose hemoglobin-oxygen affi nity (P-50) 
was 19 mm Hg (normal, 27 ± 1.2), was capable of just 
minimal exercise despite only moderate anemia (hemo-
globin, 9.8 g/dL). On exercise, her central venous partial 
pressure of oxygen (PO2) promptly fell to minimal levels 
as oxygen consumption rose. Increased oxygen delivery 
was achieved primarily by an increase in cardiac output 
because the unfavorable oxygen affi nity curve precluded 
any substantial further desaturation of hemoglobin.51 

Thus, the altered concentration of intracellular metabo-
lites induced by HK defi ciency may, as in this patient, 
accentuate symptoms associated with anemia.

Because of its reactive sulfhydryl group, HK is sus-
ceptible to oxidant inactivation in the absence of suffi -
cient glutathione.52 Both normal and low glutathione 
levels have been reported in HK defi ciency, but 
Heinz bodies have not been observed. Resting hexose 
monophosphate (HMP) shunt activity, measured with 
14C-glucose-1, was quantitatively normal in one patient 
despite subnormal glucose consumption, but stimulation 
with methylene blue was suboptimal.45 Failure of the 
shunt at low glucose concentrations has also been noted 
in an HK mutant with a high Km for glucose.32 Methylene 
blue–stimulated methemoglobin reduction was subnor-
mal in the single instance that it was evaluated.17 When 
HK-inactivating antibodies are incorporated into normal 
red cells by the process of hypotonic lysis and isotonic 
reannealing, enzyme-defi cient cells exhibit a greatly 
impaired response to HMP shunt stimulation by meth-
ylene blue.42 These studies, though not indicating a 
central role for defective shunt activity in the pathogen-
esis of hemolysis, do suggest that under unusual circum-
stances, HK-defi cient cells might be compromised by a 
limited shunt. Such circumstances might arise on expo-
sure to a potent oxidant in the low glucose environment 
of the spleen.

Genetics

Inheritance of HK defi ciency is autosomal recessive. 
Biochemical identifi cation of asymptomatic carriers is 
not always possible because enzyme activity often falls 
within the low-normal range. In a few pedigrees 
(see Table 16-2), the heterozygous state appears to be 
severe enough to result in hemolytic anemia. One such 
heterozygote appeared to be doubly heterozygous for 
HK and glucose-6-phosphate dehydrogenase (G6PD) 
defi ciency.53

The qualitative abnormalities characteristic of mutant 
HK (see Table 16-2) may refl ect either a structural or a 
regulatory gene mutation. On electrophoresis, mutant 
HK lacks one or more of the normal bands of activity, 
but no bands migrating in an abnormal position have 
been observed. The various bands represent the presence 
of several isozymes of HK. Diminished synthesis of one 
or more isozymes with predominance of the remaining 
isozymes accounts for the electrophoretic differences 
observed (see Table 16-2). DNA analysis has defi ned two 
separate HK mutations in a compound heterozygote who 
exhibited nonspherocytic hemolytic anemia.20,54,55 One 
was a missense mutation (T1667→C) and the other was 
a deletion of exon 5 (96 base pairs [bp]). Expression of 
each HK mutation in a bacterial system allowed recovery 
of suffi cient purifi ed enzyme to determine that the mis-
sense mutation completely abolished HK activity whereas 
the deletion reduced activity to about 10% of normal.55 
In another individual,24 a homozygous missense muta-
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tion in the active site of HK1 (2039 C→G in exon 15) 
was discovered.56 In a Japanese family, a stillborn fetus 
with HK defi ciency was found to be homozygous for a 
large deletion that removed exons 5 through 8 in HK 
mRNA and led to premature termination of translation.20 
The kinetic abnormalities noted in many other mutant 
forms of HK undoubtedly also refl ect as yet undefi ned 
structural abnormalities in enzyme protein.17,18,22,27,28,32

Studies of the tissue distribution of HK defi ciency 
have been performed in blood cells and cultured fi bro-
blasts. Electrophoresis of leukocyte or platelet HK reveals 
an anodal isozyme (Hk3) distinct from those of the eryth-
rocyte (Hk1 and Hk2), as well as a shared isozyme 
(Hk1).57,58 Leukocyte HK activity has been normal in 
some patients,30,45 but the qualitative abnormality in leu-
kocyte HK described by Necheles and colleagues,34 as 
well as the case of generalized HK defi ciency in all blood 
cells reported by Rijksen and co-workers,24 indicates that 
to some extent the enzyme is under common genetic 
control in different tissues. When platelet HK activity has 
been low, platelet function has been normal despite subtle 
defects in in vitro energy metabolism.59 Cultured fi bro-
blasts from two individuals with different HK mutants 
contained HK with properties and activity like those 
found in red cells,23 thus suggesting that this source of 
fetal tissue could be used for prenatal diagnosis.

A murine model of HK defi ciency, termed Downeast 
anemia, is due to homozygous inheritance of a mutation 
that markedly decreases the expression of HK1 in ery-
throid tissues, spleen, and kidney. The mutation is the 
result of insertion of a transposon into intron 4 of the 
HK1 gene. Mice exhibit nonspherocytic hemolytic 
anemia, marked reticulocytosis, splenomegaly, and strik-
ing accumulation of iron in the liver and kidney. Echino-
cytes and red cells split into two poles of hemoglobin 
connected only by thin strands of membrane are features 
of erythrocyte morphology in affected homozygous mice 
that are of interest because they have not been reported 
in human HK defi ciency.60

Therapy

Treatment consists of red cell transfusion as indicated, 
supplemental folic acid, and close observation for chole-
lithiasis. Splenectomy may alleviate but does not elimi-
nate the anemia.18,22,24,30,34,45

GLUCOSE PHOSPHATE 
ISOMERASE DEFICIENCY

Clinical Manifestations

A defi ciency of erythrocyte GPI has been reported in 
more than 60 patients with congenital hemolytic anemia.61 
Hemolytic anemia usually appears in infancy and often 
requires red cell transfusion therapy. Hyperbilirubine-
mia,62 hydrops fetalis,63,64 or death65 may occur during 

the neonatal period. Several patients have experienced 
hyperhemolytic crises after infections or drug expo-
sure.62,66 In some of these individuals, G6PD, as well as 
GPI, has been defi cient.66,67 Hemolytic anemia is usually 
the sole clinical manifestation of GPI defi ciency. A subset 
of patients also exhibit neurologic dysfunction.68-73 In one 
patient, neuromuscular abnormalities were correlated 
with a severe reduction in muscle and cerebrospinal fl uid 
GPI activity.71 Blockade of glycolysis at the GPI step may 
divert the fl ow of glucose metabolism in the direction of 
glycogen synthesis. Several patients with GPI defi ciency 
have been reported to have increased hepatic glycogen 
stores,74,75 and in one, muscular fatigue was severe enough 
to suggest a diagnosis of glycogen storage disease.75 An 
animal model of GPI defi ciency and chronic hemolytic 
anemia has been developed in the mouse. The clinical 
and biochemical features of the disease in mice closely 
resemble those found in humans.76

Red cell morphologic characteristics are generally 
similar to those seen in other types of CNSHA. In severely 
anemic patients, dense, spiculated, or “whiskered” micro-
spherocytes have been noted after splenectomy. In one 
instance, suffi cient numbers of such cells were present 
before splenectomy to suggest the diagnosis of hereditary 
spherocytosis.77 In another, the predominant morpho-
logic abnormality was stomatocytosis.78 The reticulocy-
tosis may be profound. Mean corpuscular volume is 
elevated (97 to 139 fL). With incubation at 37º C, a vari-
able fraction of erythrocytes may exhibit abnormally 
increased osmotic fragility, whereas fresh cells are usually 
normal. Survival of chromated autologous red cells is 
reduced, often79-81 but not invariably,65,79,82 with evidence 
of splenic sequestration.

Biochemistry

GPI is a dimer83 composed of two identical subunits, 
each with a molecular weight of approximately 60,000.81,83 
Subunit synthesis is directed by a single genetic locus on 
chromosome 19.84 The crystal structure of human GPI 
has been defi ned.85 GPI is a multifunctional protein. The 
dimeric form exhibits glycolytic enzyme activity, whereas 
the monomeric form functions as a cytokine. Monomeric 
GPI is 100% homologous to neuroleukin, a neurotrophic 
growth factor secreted by lectin-stimulated T cells61,86,87; 
to autocrine motility factor, which stimulates cell motility 
and the growth of metastases88; and to a differentiation 
and maturation mediator for human myeloid leukemia 
cells in tissue culture.89 Altered neuroleukin function may 
explain the neurologic disorder associated with several 
GPI mutations.61,73

The metabolic events that precede hemolysis of GPI-
defi cient erythrocytes are poorly understood. Erythro-
cyte glycolysis is impaired in vivo, as refl ected by an 
increased ratio of substrate to product (i.e., glucose 6-
phosphate to fructose 6-phosphate) in freshly obtained 
GPI-defi cient cells.67,77,90-95 Paradoxically, with only occa-
sional exceptions,77,96 such cells are fully capable of 
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glycolysis in vitro.67,82,97-00 In contrast to HK defi ciency, 
in which 2,3-DPG levels are low, suffi cient glycolysis 
generally occurs in GPI defi ciency to maintain the 2,3-
DPG concentration at or above the normal level.88,90,92,96,100 
Except for three patients with diminished ATP concen-
trations, two of whom also exhibited reduced in vitro 
glycolysis for cell age,68,78,83 the erythrocyte ATP concen-
tration has been normal.

A profound defect in recycling of fructose-6-phos-
phate through the pentose phosphate pathway has been 
observed repeatedly in GPI-defi cient red cells.77,99,100 The 
increased formation of Heinz bodies65,78 and glutathione 
instability69,94 after exposure to acetylphenylhydrazine, an 
abnormal ascorbate cyanide test, and diminished con-
centrations of red cell glutathione78,82,91,92,94 in fresh eryth-
rocytes all suggest that diminished shunt activity in vivo 
may contribute to hemolysis.

With rare exceptions,71 mutant forms of red cell GPI 
exhibit considerable thermal lability in vitro, thus making 
it likely that enzyme lability in vivo as red cells age will 
lead to premature metabolic collapse and hemolysis. 
Separation of red cells by centrifugation into young and 
old subpopulations has usually demonstrated accelerated 
decay of enzyme activity in the older cells.82,101 Arnold 
and co-workers101 simulated the in vivo process of aging 
by incubating red cells in vitro at 37º C for 8 days and 
changing the incubation medium often to ensure that 
glucose availability and pH remained constant. GPI 
activity declined by 66% in GPI-defi cient red cells during 
incubation, with a level of only 6% of normal being 
reached, and lactate production, normal at the onset, was 
reduced to 11% of normal. In contrast, normal reticulo-
cyte-rich blood lost only 6% of the original GPI activity 
after 8 days, and lactate production fell only 7%. If 
mannose rather than glucose was used, GPI-defi cient 
and normal red cells made equivalent amounts of lactate, 
and there was little or no loss in lactate production after 
8 days. The normal glycolytic rate noted with mannose, 
which is isomerized by mannose phosphate isomerase 
and thus bypasses the GPI reaction, clearly pinpoints 
defective GPI activity as the cause of glycolytic failure in 
GPI-defi cient cells. ATP depletion with consequent 
erythrocyte rigidity and reticuloendothelial entrapment 
would be anticipated to follow failure of glycolysis. GPI-
defi cient red cells are, indeed, less deformable than 
normal cells, particularly when comparison is made to 
young, reticulocyte-rich populations of cells.89,90,102,103 
Goulding studied a 9-year-old patient with GPI defi -
ciency and priapism and concluded that the priapism 
was the consequence of abnormal erythrocyte de -
formability.104 Studies by Coetzer and Zail revealed 
aggregation of membrane spectrin in GPI-defi cient 
erythrocytes.105 The extent of the aggregation is a func-
tion of cell age.

Even reticulocytes may be severely GPI defi cient.74 
Defi cient reticulocytes with limited anaerobic glycolytic 
capability may also be incapable of effective oxidative 
phosphorylation in the acidic, hypoglycemic splenic envi-

ronment (see the section “Pyruvate Kinase Defi ciency”), 
thereby leading to metabolic failure and hemolysis. Large 
numbers of reticulocytes were found when specimens 
from the spleen of a patient with GPI defi ciency were 
examined by transmission electron microscopy.74 Fur-
thermore, the reticulocyte count often increases after 
splenectomy.65,74,80,82 Because hemoglobin levels also 
increase, this observation suggests survival of a popula-
tion of reticulocytes that would otherwise be hemolyzed 
almost immediately after their release from bone 
marrow.

Genetics and Inheritance

Like most other glycolytic enzymopathies, GPI defi ciency 
is inherited as an autosomal recessive trait. Heterozygotes 
are hematologically normal but exhibit reduced erythro-
cyte GPI activity (usually to about 50% of normal). They 
inherit one mutant and one normal GPI allele, which 
results in the synthesis of two unlike GPI subunits that 
may combine in one of three ways to form a normal 
homodimer, a mutant homodimer, or a heterodimer that 
contains both normal and mutant subunits. Electropho-
resis of GPI from the erythrocytes of heterozygotes will 
demonstrate one to three bands, depending on the extent 
to which the charge or activity of the mutant subunit 
is altered. Post-translational events, such as oxidation of 
enzyme protein, may alter the electrophoretic pattern and 
confuse its interpretation.106,107

GPI mutations associated with hemolytic anemia are 
listed in Table 16-3. Of the 31 known mutations, 2 are 
splice site, 3 are nonsense, and 26 are missense mutations 
involving a single amino acid substitution.61,108 The muta-
tions are found in 12 of the 18 exons and are generally 
unique to one or at most a few families. The rarity of GPI 
defi ciency and the heterogeneity of the mutations identi-
fi ed indicate that no selective advantage is conferred to 
affected individuals. Half of the homozygotes or com-
pound heterozygotes for missense mutations have mild 
to moderate hemolytic anemia, and half have severe 
anemia. In contrast, all compound heterozygotes for mis-
sense mutations and either splice site or nonsense muta-
tions have severe hemolytic anemia. Hemolytic anemia 
occurs in individuals when GPI activity drops below 
about 40% of the normal mean activity. Substrate kinet-
ics and the optimal pH of mutant enzymes have almost 
always been normal, but most mutant enzymes have 
exhibited varying degrees of thermal instability. Short of 
direct detection of the mutation at the DNA level, the 
most useful means of classifying the numerous GPI vari-
ants reported has been on the basis of stability, electro-
phoretic mobility, or residual enzyme activity in red cells 
and leukocytes.64,65,67-71,78-82,90-99,109-112 Until DNA muta-
tion analysis has been completed on these variants, it will 
not be clear how many are truly unique. Immunologic 
titration of functionally inactive enzyme protein in red 
cells indicates that some mutant GPI alleles are “silent” 
and produce no detectable enzyme protein whereas 
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others produce structurally altered protein with varying 
degrees of activity and stability in vivo.109-111

A single GPI isozyme is present in all human tissues.84 
GPI defi ciency is usually less severe in nonerythroid 
tissues than in erythrocytes because nonerythrocytic 
tissues retain the ability to synthesize GPI subunits. Clin-
ical abnormalities outside the hematopoietic system are 
rare and, if present, are neuromuscular in nature. Leu-
kocytes are capable of normal phagocytosis and chemo-
taxis despite a reduction in GPI activity to 25%90 to 
73%98 of normal, but if GPI activity is more severely 
depressed, granulocyte function is impaired.71,112 Simi-
larly, platelet GPI may be only 20% to 30% of normal; 
however, clot formation, platelet aggregation, and other 
clotting studies are normal.90,98 Prenatal diagnosis is fea-
sible by DNA analysis if the mutations are known or by 

measurement of GPI activity in amniotic fl uid fi bro-
blasts63 or chorionic villus trophoblasts.113

Therapy

Transfusion requirements are usually eliminated by 
removal of the spleen, but the anemia persists.65,74,80,98 
The postsplenectomy hemoglobin levels of 6.7 to 
10.3 g/dL and reticulocyte counts of 36% to 73% 
observed in three siblings by Paglia and co-workers100 
refl ect the magnitude of the continued hemolysis that 
may be present. Attempts by Arnold and colleagues98 to 
enhance glycolysis in a GPI-defi cient patient by intrave-
nous administration of methylene blue or inorganic phos-
phate (Pi) did not have a lasting benefi t.

TABLE 16-3 Mutations Associated with Glucose Phosphate Isomerase Defi ciency and Hemolytic Anemia

Variant Ethnic Origin Genotype Exon Amino Acid Change

Red Cell GPI 
Activity 
(IU/g Hb)

HOMOZYGOTES—MISSENSE MUTATIONS
Matsumoto Japanese 14C→T 1 Thr5Ile 27

American Indian 247C→T 3 Arg83Trp 16.4
Sarsina Italian 301G→A 4 Val101Met 7.2*
Iwate Japanese 671C→T 7 Thr224Met 10.2

Turkish 970G→A 12 Gly324Ser 49.7*
Morcone Italian 1028A→G 12 Gln343Arg 7.2*
Narita Japanese 1028A→G 12 Gln343Arg 32.4
Mount 
Scopus

Ashkenazi 1039C→T 12 Arg347Cys 14.8+*

Spanish† 1040G→A 12 Arg347Hist ≈9*
Hispanic 1415G→A 16 Arg472His 15.4
Turkish 1415G→A 16 Arg472His 24.9
? English 1574T→C 18 Ile525Thr 3*

Fukuoka Japanese 1615G→A 18 Asp539Asn 6.4

COMPOUND HETEROZYGOTES—NONSENSE/MISSENSE MUTATIONS
Stuttgart German 43C→T/1028A→G 1, 12 Gln15Stop/Gln343Arg 27.9*
Elyria Caucasian 223A→G/286C→T 3, 4 Arg75Gly/Arg96Stop 4*
Bari Italian 286C→T/584C→T 4, 6 Arg96Stop/Thr196Ile 14.9*

Russian 286C→T/1039C→T 4, 12 Arg96Stop/Arg347Cys 19
Zwickau German 1039C→T/1538G→A 12, 17 Arg347Cys/Trp513Stop 21*
Catalonia Spanish 1648A→G 18 Lys550Glu <7*

COMPOUND HETEROZYGOTES—SPLICE SITE/MISSENSE MUTATIONS
Mola Italian 584C→T/del1473-IVS16(+2) 6, 16 Thr195Ile/splice site 12.9*
Nordhorn German 1028A→G/IVS15(−2) A→C 12/IVS15 Gln343Arg/splice site 11.4*

COMPOUND HETEROZYGOTES—MISSENSE/MISSENSE MUTATIONS
Homburg German 59A→C/1016T→C 1, 12 His20Pro/Leu339Pro 3.5†*
Barcelona Spanish 341A→Τ/663Τ→G 4, 7 Asp113Val/Asn220Lys 20

? English 475G→A/1040G→A 5, 12 Gly159Ser/Arg347His 6*
African 
American

671C→T/1483G→A 7, 17 Thr224Met/Glu495Lys 12.2

African 
American

818G→A/1039C→T 10, 12 Arg273His/Arg347Cys 15.9

Caucasian 833C→T/1459C→T 10, 16 Ser278Leu/Leu487Phe 9.8
Hispanic 898G→C/1039C→T 11, 12 Ala300Pro/Arg347Cys 25.4*

Kinki Japanese 1124C→G/1615G→A 13, 18 Thr375Arg/Asp539Asn 3.7*
Calden German 1166A→G/1549→G 13, 18 His389Arg/Leu517Val 12*

*Severe disease (splenectomy, frequent red cell transfusions, and/or reticulocyte count >15%).
†The Spanish patients are described by Repiso and colleagues.108,108a

Adapted from data summarized by Kugler W, Lakomek M: Glucose-6-phosphate isomerase defi ciency. Baillieres Clin Haematol. 2000;13:89-101.
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PHOSPHOFRUCTOKINASE DEFICIENCY

Clinical Manifestations

Inherited defi ciency of PFK can involve erythrocytes, 
muscle, or both, depending on the PFK subunit affected 
and the nature of the biochemical defect (Table 16-4). 
Although low erythrocyte PFK activity and mild hemo-
lytic anemia are commonly found in type VII glycogen 
storage disease (Tarui’s syndrome), the dominant clinical 
feature of this disorder is exertional myopathy caused by 
defi cient muscle PFK activity.118,119 Physical activity is 
limited not by anemia but by weakness, easy fatigability, 
and severe muscle cramps associated with the myopathy. 
The disease may be evident at birth and cause death 
during infancy as a result of respiratory insuffi ciency and 
other complications,120 or it may be so mild that it is not 
manifested until old age.121 However, in most affected 
individuals the disorder is fi rst detected during adoles-
cence or young adulthood. The diagnosis may be sus-
pected if no lactate is produced during an ischemic 
(anaerobic) forearm exercise test, but confi rmation 
requires muscle biopsy for determination of PFK activity 
or noninvasive magnetic resonance imaging (MRI) 
studies of muscle carbohydrate metabolism.122

When PFK defi ciency is confi ned to erythrocytes, 
there are no symptoms of myopathy, and the blood lactate 
response to anoxic exercise is normal.123-125 Such patients 
may be hematologically normal116,126,127 or exhibit mild to 
moderate hemolytic anemia.123,127 In general, red cell 
morphologic characteristics are not strikingly abnormal, 
although prominent basophilic stippling has occasionally 
been noted.

Biochemistry

PFK is one of several glycolytic enzymes that reversibly 
bind to the inner aspect of the erythrocyte membrane. 

Binding, which is thought to occur between the amino-
terminal position of the transmembrane protein band 3 
and the adenine nucleotide binding site, located in a cleft 
between the two dimers that form the PFK tetramer, may 
serve to both activate the enzyme and protect it against 
proteolytic degradation during erythrocyte aging.128

The active form of human erythrocyte PFK is a tet-
ramer (molecular weight, 380,000) composed in varying 
combinations of two different subunits, one identical to 
the M subunit found in muscle PFK and the other identi-
cal to the L subunit found in liver PFK.129,130 The molec-
ular weight of the M subunit is 85,000 and that of the L 
subunit is 80,000.129 About 50% of the erythrocyte 
enzyme is formed from M subunits,124,129 whereas muscle 
PFK is composed entirely of M subunits.124,131 A defi -
ciency in M subunits severely depresses muscle PFK 
activity and results in myopathy, but it has a lesser effect 
on erythrocyte PFK because residual L subunits, under 
separate genetic control, combine to form an active L4 
tetramer of PFK. However, PFK formed entirely from L 
subunits is unstable to heat or dilution in vitro and is 
more sensitive to ATP inhibition than muscle (M4) PFK 
is.123 At the in vivo concentrations of ATP that are present 
within normal erythrocytes, the enzyme activity of L4 
PFK tetramers is severely inhibited, thus possibly explain-
ing the presence of hemolytic anemia even when enzyme 
activity, as measured in vitro, is approximately 50% of 
normal. Most recognized examples of PFK defi ciency are 
the result of either missing116,118 or structurally altered125 
M subunits. An interesting exception was found in a 
clinically normal individual, fortuitously discovered when 
he volunteered to serve as a “control” during studies of 
red cell PFK carried out by Vora and colleagues.116 
Normal M subunits but mutant, unstable L subunits 
were found in his red cells. There was no myopathy, and 
although erythrocyte PFK was only 65% of normal, 
hemolytic anemia was not present, presumably because 
residual enzyme activity within the red cell was entirely 

TABLE 16-4 Various Forms of Human Phosphofructokinase Defi ciency

Type
No. of 
Patients

Affected 
PFK
Subunit

RED BLOOD CELL MUSCLE

OtherHemolysis PFK Activity* Myopathy PFK Activity*

I 18 M (absent or 
unstable)

Present 29-64 Present 0-5 Hyperuricemia, 
arthritis

II 3 NA NA 17 Present 0-6
III 3 M (unstable) Present 8-62 Absent 100
IVa 2 M (unstable) Absent 28-50 Absent 78† Asymptomatic
IVb 3 L (unstable) Absent 60-65 Absent NA Asymptomatic
V 3 NA NA 75† Present 2-6 Arthritis

NA, data not available.
*Percentage of normal value.
†Studied in only one patient.
Data from Tani and associates114,115 and Vora and co-workers.116,117

From Mentzer WC, Glader BE. Disorders of erythrocyte metabolism. In Mentzer WC, Wagner GM (eds). The Hereditary Hemolytic Anemias. New York, Churchill 
Livingstone, 1989, pp 269-319.
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due to the presence of M4 tetramers of PFK. The rela-
tively greater stability and lesser susceptibility to ATP 
inhibition of this form of PFK apparently allowed ade-
quate enzyme activity under conditions normally found 
within the red cell in vivo.

Because of the central role of PFK in regulation of 
erythrocyte metabolism, it is not surprising to fi nd that a 
defi ciency of this important enzyme is associated with 
hemolysis, but the mechanism of hemolysis is not well 
understood. Erythrocyte sodium and potassium concen-
trations, sodium infl ux, and lactate production were 
normal in one patient.122 Despite their normal glycolytic 
capability in vitro, defi cient cells were incapable of main-
taining normal ATP concentrations in vivo. The low (73% 
of normal) intracellular ATP concentration in these cells, 
though indicative of an abnormality in cellular metabo-
lism, may also exert a positive infl uence by partially reliev-
ing the inhibitory infl uence of ATP on PFK. Extensive in 
vitro study of erythrocytes obtained from a Swedish family 
with Tarui’s disease and mild compensated hemolytic 
anemia found elevated intraerythrocytic calcium levels 
associated with increased calcium permeability of the 
erythrocyte membrane. High intracellular calcium levels 
activated the Gardos channel with subsequent ATP deple-
tion, potassium depletion, increased mean corpuscular 
hemoglobin concentration (MCHC), and diminished 
erythrocyte deformability. The authors point out that the 
PFK and Ca2+ channel genes are in close proximity to one 
another on chromosome 12q, but the reason for abnor-
mal Ca homeostasis remains undefi ned.132,133

The complex interaction between metabolites that 
may dictate actual PFK activity in vivo is illustrated by 
physiologic studies performed on four individuals with 
Tarui’s syndrome.134 At usual levels of physical activity, 
the pattern of erythrocyte glycolytic intermediates clearly 
refl ected inhibition at the PFK step, and the concentra-
tion of the important downstream metabolite 2,3-DPG 
was only 50% of the level found in normal red cells. After 
the patients had 2 days of bed rest, their red cell 2,3-DPG 
levels sank to just a third of normal. Subsequently, ergo-
metric exercise on a bicycle eliminated the glycolytic 
intermediate pattern of PFK inhibition and allowed 
downstream intermediates, including 2,3-DPG, to 
increase toward normal. Release of large amounts of 
inosine and ammonia from enzymopathic muscle during 
exercise into plasma was observed in these patients. 
Ammonia is a powerful activator of PFK; inosine can be 
metabolized to lactate by glycolytic pathways (i.e, the 
HMP shunt) that bypass the PFK reaction. Thus, the 
muscle metabolic abnormalities created by PFK defi -
ciency generate metabolites that alleviated the enzymop-
athy in erythrocytes. (Diversion of the fl ow of erythrocyte 
glycolysis through the HMP shunt by the block at 
PFK may also generate increased amounts of purines 
and pyrimidines from 5-phosphoribosylpyrophosphate 
[PRPP].) The hyperuricemia sometimes noted in indi-
viduals with PFK defi ciency (see Table 16-4) may be 
explained on this basis.117

An inherited defi ciency of PFK found in English 
springer spaniels allows interesting comparisons to be 
made with the human condition.135-137 As in humans, 
canine PFK defi ciency is an autosomal recessive disor-
der. Red cell PFK levels are only 7% to 22% of normal 
in homozygotes because the muscle subunit, which is 
lacking, accounts for the majority of the available sub-
units in normal dog red cells.138 PFK defi ciency in dogs 
is associated with severe hemolytic anemia. Newborn 
dogs are not anemic because there is a greater abundance 
of L subunits and thus of functional PFK enzymes in 
their red cells. The hemolytic anemia appears because the 
normal developmental pattern of replacement of L by M 
subunit synthesis occurs in a setting in which M subunits 
either are not synthesized or are defective.139

A unique feature of dog PFK defi ciency is episodic 
hemolysis induced by hyperventilation during exercise, 
mating, barking, or other similar activities.137 Dog red 
cells with high sodium levels exhibit spontaneous hemo-
lysis at alkaline pH; even the small pH change induced 
by hyperventilation is suffi cient to generate the effect in 
PFK-defi cient animals. Underlying the susceptibility of 
PFK-defi cient dog red cells to hyperventilation-induced 
hemolysis may be their low 2,3-DPG levels, which 
increase intracellular pH. Raising 2,3-DPG levels to 
normal in vitro normalizes the response to alkalinity.140 
In comparison to humans, there is less evidence of exer-
tional myopathy, even though dog muscle PFK activity 
is nearly absent,141 because dogs do not rely on anaerobic 
glycolysis for generation of energy during exercise.142 
During exercise, PFK-defi cient dogs do exhibit less 
extraction of oxygen from hemoglobin than normal dogs 
do, either because the affi nity of hemoglobin for oxygen 
is high (caused by low 2,3-DPG levels in their erythro-
cytes) or because oxidative metabolism is impaired.143

PFK activity in erythrocytes from newborn infants is 
about 50% to 60% of that in normal adult cells.144 PFK 
defi ciency is more evident in older cells made earlier in 
gestation, perhaps because of accelerated enzyme decay.145 
Vora and Piomelli146 showed that 25% to 30% of newborn 
erythrocyte PFK consists of L4 isozyme, with the remain-
der being divided equally between three hybrid isozymes 
of L and M subunits (LlM3, L2M2, and L3Ml). The L4 
isozyme, not found in normal adult red cells, is unstable 
and presumably accounts for the reduced PFK activity 
of older cord red cells. The demonstration that PFK 
defi ciency may result in hemolytic anemia in adults sug-
gests that the enzyme defi ciency characteristic of normal 
newborn red cells may contribute to their shortened 
survival.

Genetics and Inheritance

The gene locus for the L subunit of PFK has been 
assigned to chromosome 21, whereas the M subunit 
locus is on chromosome 12.117,147 The erythrocytes, 
but not the leukocytes and platelets of individuals 
with trisomy 21, consistently contain increased PFK 
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activity.148 Increased erythrocyte PFK activity is due to 
increased amounts of L subunit, consistent with a simple 
gene dosage effect.117

Inheritance is autosomal recessive. Type I PFK defi -
ciency (Tarui’s disease), which is found predominantly in 
Ashkenazi Jews and Japanese individuals, is the result of 
mutations involving the PFKM gene.149,150 The 15 
reported mutations145 (5 splice site, 8 missense, 1 non-
sense, and 1 frameshift) are shown in Figure 16-3.151 The 
widely scattered location of the mutations makes it diffi -
cult to correlate genotype and phenotype. In PFK-
defi cient dogs, a missense mutation involving 120 
nucleotides from the 3′ end of the coding region pro-
duces a truncated mRNA and an unstable PFKM subunit 
tetramer with altered kinetic properties.152,153

Therapy

Supportive care with red cell transfusions as needed and 
daily folic acid supplementation are the mainstays of 
therapy for the hemolytic anemia.

ALDOLASE DEFICIENCY

Clinical Manifestations, Biochemistry, 
and Genetics
Aldolase A is found in erythrocytes, muscle, and the fetal 
brain. Only six individuals with CNSHA and erythrocyte 
aldolase defi ciency have been reported. Their clinical 
course has varied, with one also exhibiting mental retar-
dation, three an associated myopathy, and two no abnor-
malities other than hemolytic anemia (Table 16-5). Two 
members of a Japanese family who had a severe defi -
ciency of red cell aldolase155 exhibited severe chronic 
hemolytic anemia, sometimes exacerbated by infections. 
In vitro, red cell glycolysis and HMP shunt activity were 
depressed, thus indicating that the defi ciency of aldolase 
was of functional signifi cance. Both parents were hema-
tologically normal but had intermediate reductions in red 
cell aldolase A activity. The mutant aldolase was strik-
ingly thermolabile. A missense mutation (GAT→GGT) 
giving rise to a single amino acid substitution (Asp→Gly) 
at position 128 was present in the mutant enzyme.156 

1 2 3 4 7 128 1314 16 17 20 222310115 6 9 15 19 242118

299 G→A(100 Arg→Gln)

626 G→A(209 Gly→Asp)

1127 G→A(376 Arg→Gln)
or 155 bases retention

2058 G→T(686 Trp→Cys)
2087 G→A(696 Arg→His)

1628 A→C(543 Asp→Ala)

116 G→C(39 Arg→Pro)
116 G→T(39 Arg→Leu)

5'g→a(78 bases del)
5'g→t(75 bases del)

5'g→a(165 bases del)

3'a→g(63 bases
     retention)

2003 C del(frameshift)3'a→c(5 or 12 bases del)

282 C→T(nonsense)

FIGURE 16-3. Mutations in the 
muscle phosphofructokinase gene. 
del, deletion. (From Fujii H, Miwa 
S. Other erythrocyte enzyme defi cien-
cies associated with non-haematological 
symptoms: Phosphoglycerate kinase 
and phosphofructokinase defi ciency. 
Baillieres Clin Haematol 2000;13:
141-148. By copyright permission of 
Harcourt Publishers Ltd.)

TABLE 16-5 Mutations Associated with Aldolase A Defi ciency and Hemolytic Anemia

Ethnicity Genotype
Amino Acid 
Change

Aldolase 
Activity in 
Erythrocytes

Aldolase 
Thermolability

Hemolytic 
Anemia Myopathy

Mental 
Retardation Reference

Jewish * Unknown 15 Not reported Yes No Yes 154
Japanese † Unknown 7 Increased Yes No No 155
Japanese Homozygote Asp128→Gly 5 Increased Yes No No 155, 156
German Homozygote Glu206→Lys 4 Increased Yes Yes No 157
Sicilian Compound 

heterozygote
Cys338→Tyr 23 Increased Yes Yes No 158, 159
Arg303→X

Italian Heterozygote Gly346→Ser Not reported Normal No Yes No 160, 161

*Presumed homozygote because the parents were fi rst cousins.
†Homozygote or compound heterozygote.
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Transfection of Escherichia coli with an expression plasmid 
containing normal, mutant, or modifi ed (by site-directed 
mutagenesis) aldolase A complementary DNA (cDNA) 
generated functional aldolase molecules that were used 
to confi rm that the amino acid substitution at position 
128, a site distant from the catalytic site but within an 
exposed hinge region, was responsible for the enzyme 
thermolability.162

In a German child, homozygosity for a point muta-
tion at residue 206 (Glu→Lys) in the coding region of 
aldolase A also led to thermolability and severe enzyme 
defi ciency in both erythrocytes and skeletal muscle.157 
Unlike the Japanese subjects, this child had a metabolic 
myopathy, as well as mild to moderate hemolytic anemia. 
The mutation at residue 206 would be predicted to 
disrupt the main subunit interface of the aldolase tetra-
mer and cause thermolability. Why myopathy was noted 
in one setting but not in the other is unknown.

A girl of Sicilian ancestry whose red cell aldolase activ-
ity was less than a quarter of normal also exhibited myopa-
thy and chronic hemolytic anemia.158 Elevated plasma 
creatine phosphokinase activity was noted with febrile ill-
nesses. She died at the age of 54 months of rhabdomyolysis 
and hyperkalemia during an acute febrile illness. Like the 
German patient, her aldolase A enzyme was thermolabile, 
which offered an explanation for the exacerbation of 
myopathy during fever.159 DNA analysis revealed two 
mutations in the aldolase A gene in this patient: one was 
a premature stop codon mutation (931C→T) and the 
second was a missense mutation (1037G→A) that con-
ferred thermolability on the enzyme.158,159

Another patient with aldolase defi ciency exhibited 
CNSHA, mental retardation, mild glycogen storage 
disease, intestinal lactase defi ciency, growth retardation, 
and peculiar facial features. Enzyme activity was approxi-
mately 15% of normal in erythrocytes and cultured skin 
fi broblasts.154 No structural abnormality of residual 
erythrocyte aldolase was detected by electrophoresis, iso-
electric focusing, heat stability studies, or kinetic exami-
nation. The patient was the offspring of a consanguineous 
marriage, but both parents were hematologically normal 
and had normal red cell aldolase activity.

A sixth patient, heterozygous for a thermostable 
mutation of aldolase A, had myopathy, arthrogryposis 
multiplex congenita, and hypopituitarism but normal IQ 
and no evidence of hemolytic anemia.160,161 Because both 
parents were clinically normal, the aldolase mutation 
in the patient may have no relationship to his clinical 
abnormalities.

TRIOSE PHOSPHATE 
ISOMERASE DEFICIENCY

Clinical Manifestations

An association with TPI defi ciency has been documented 
in approximately 50 patients with congenital hemolytic 

anemia.163-178 In addition to chronic hemolysis, a severe 
neuromuscular disorder characterized initially by spastic-
ity and psychomotor retardation and often progressing 
to weakness and hypotonia has been found in nearly all 
patients surviving beyond the neonatal period. Increased 
susceptibility to bacterial infection has also been noted. 
The neurologic abnormalities are not usually manifested 
before 6 to 12 months of age and are progressive, with 
death occurring before the age of 5 years. Occasionally, 
these abnormalities may stabilize during childhood179 or 
adolescence.164 In a Hungarian family, one adult son with 
severe TPI defi ciency had extrapyramidal neurologic 
symptoms, whereas his older brother, who was equally 
TPI defi cient, remained symptom free.176,180 Further 
investigation has shown that these brothers have both 
inherited the same two TPI mutations (see later) but that 
levels of dihydroxyacetone phosphate (DHAP), methyl-
glyoxal, and advanced glycation end products were much 
higher in the neurologiclly affected brother.181 The basis 
for the prolonged survival of both brothers and their dif-
ferent neurologic status is unknown, but epigenetic 
factors are suspected.

Anemia is variable, but most patients require at least 
occasional blood transfusions. Macrocytosis and poly-
chromatophilia are evident on the blood smear because 
of the presence of reticulocytosis, which may reach 50% 
on occasion. Aside from occasional small, dense spicu-
lated cells, no striking changes in erythrocyte morpho-
logic characteristics are present.

Biochemistry

TPI is a homodimer whose two subunits (molecular 
weight, 26,750182) are the product of a single locus on 
the short arm of chromosome 12.183 Post-translational 
modifi cation of one or both subunits may occur by deam-
idination of aspartines at positions 15 and 71, thereby 
resulting in multiple forms of the enzyme.184,185 The 248–
amino acid sequence of human (placental) TPI has been 
determined directly182 and is nearly, but not completely 
identical to the sequence predicted by nucleotide analysis 
of adult human liver cDNA.169

TPI is a classic housekeeping gene, present in all 
tissues, whose amino acid sequence has been remarkably 
well conserved during evolution.186 The eight-stranded 
αβ-barrel structure of the human enzyme has been con-
fi rmed at 2.8-nm resolution by x-ray crystallography.186 
TPI has no requirement for cofactors or metal ions, and 
there is no evidence of cooperativity or allosteric interac-
tions between subunits.

When measured in vitro, erythrocyte TPI activity is 
approximately 1000 times that of HK, the least active 
glycolytic enzyme. Even TPI-defi cient erythrocytes exhib-
iting only 2% to 35% of normal TPI activity in vitro 
possess far more TPI than HK activity. Not surprisingly, 
TPI-defi cient erythrocytes are capable of normal glycoly-
sis in vitro, even when compared with reticulocyte-rich 
normal blood.164 Furthermore, mathematical modeling 
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shows that increased activity of glycolytic kinases can 
lead to normal conversion of glucose to lactate in TPI-
defi cient cells.187 Nonetheless, DHAP, the substrate for 
TPI, accumulates to high levels in TPI-defi cient erythro-
cytes,187 and the ATP concentration is usually low for cell 
age. These results indicate the presence of a substantial 
impairment in glycolysis in vivo. Reduction of residual 
TPI activity in defi cient cells by binding to the red 
cell membrane or to brain microtubulin has been 
proposed to account for some of the differences between 
in vitro determinations of TPI activity and the evidence 
of a more severe impairment in enzyme function 
in vivo.188-190 The defect can be partially bypassed by 
way of the HMP shunt, which generates glyceraldehyde 
3-phosphate from glucose without the participation of 
TPI. Methylene blue stimulation of the shunt produces 
a lesser increase in glycolysis relative to baseline in TPI-
defi cient erythrocytes than in reticulocyte-rich control 
blood.164 This has been interpreted as indicating a mark-
edly greater “resting” shunt rate in the defi cient cells, 
consistent with the proposed reliance of such cells on the 
shunt. Evidence indicates that TPI-defi cient red cells are 
relatively defi cient in antioxidant capabilities and that 
this defi ciency may contribute to their shortened life 
span.165,191

Rare electrophoretic variants of TPI, not associated 
with reduced enzyme activity or hemolysis, have been 
described.185,186,192,193 In anemic patients, enzyme kinetics 
and electrophoretic mobility are usually normal, but in 
vitro evidence of enzyme lability after heating is often 
obtained,167-169,171 thus suggesting that instability and 
rapid loss of enzyme protein play an important role in 
the pathogenesis of hemolysis in vivo.167,169 A single amino 
acid substitution (Glu→Asp) at position 104 has been 
identifi ed in at least 17 geographically widely distributed 
families with clinically affected children and is the most 
commonly encountered mutation responsible for TPI 
defi ciency.173,178 Its relative rate of occurrence is thought 
to be due to a founder effect. The Glu104→Asp TPI gene 
product is thermolabile.194 Computer modeling indicates 
that a substituted amino acid at position 104, which is 
buried in a hydrophilic side pocket of the normal enzyme, 
will reduce the stability of the pocket, promote unfolding, 
and enhance thermolability.194

Fourteen TPI mutations have been defi ned.173 Most 
clinically affected individuals are homozygous for a single 
mutation or compound heterozygous for two different 
mutations. In the Hungarian pedigree mentioned 
earlier,180 a point mutation at codon 240 (Phe→Leu) 
produced a moderately thermolabile TPI with abnormal 
substrate kinetics and electrophoretic migration.195 
Phe240 is near the active site of the enzyme and appears 
to be essential for maintaining its correct geometry.186 
Furthermore, both anemic brothers in this pedigree 
inherited a nonsense mutation at codon 145 that termi-
nated TPI protein synthesis, thereby producing a trun-
cated protein, and also reduced the output of TPI mRNA 
from the affected allele by 10- to 20-fold.196 The red cells 

of the brothers had less than 10% of the TPI activity 
found in normal cells.180,195

The enzyme defi ciency is manifested not only in red 
cells but also in leukocytes, platelets, muscle, serum, and 
cerebrospinal fl uid. Histologic examination of muscle 
from a girl with TPI defi ciency and myopathy revealed 
marked degenerative changes of the contractile system, 
altered mitochondria, and absent TPI by histochemical 
staining.197 Brain and nerve tissue have not yet been 
analyzed, but the cerebrospinal fl uid defi ciency suggests 
that defi cient TPI activity in neural tissue is responsible 
for the neurologic abnormalities observed in enzymo-
penic patients. Although increased susceptibility to infec-
tion might be the consequence of defective function by 
TPI-defi cient leukocytes,170 functional studies carried 
out on such cells in vitro have often been normal.166,179 
A functional defect in TPI-defi cient platelets has been 
described.198

Genetics and Inheritance

Several large pedigrees display an autosomal recessive 
mode of inheritance of TPI defi ciency.166,169,173 Obligate 
heterozygotes are clinically normal, but their erythrocytes 
contain only approximately half the TPI activity of control 
erythrocytes. As is often the case in other glycolytic enzy-
mopathies, no clear boundary exists between heterozy-
gous defi cient and low-normal enzyme activity. Several 
upstream polymorphisms are found at a high rate of 
occurrence in African American populations.173,199 
Although they may be associated with mild reductions in 
erythrocyte TPI activity, they do not seem to be associ-
ated with clinical abnormalities, even in homozygotes.173 
At the other extreme, in mice the homozygous state for 
a TPI null allele is lethal early in embryogenesis.200 Simul-
taneous heterozygous inheritance of TPI defi ciency and 
either G6PD defi ciency or sickle cell trait has not altered 
the typical clinical pattern of the disorders when either 
is present alone.165 TPI defi ciency can be diagnosed 
prenatally by analysis of fetal blood cells,172 cultured 
amniocytes,171 or trophoblastic cells177 with suitable pre-
cautions.201 If the mutation is known, mutation analysis 
can be performed directly on fetal DNA.177,196

Therapy

Transfusions and folic acid supplementation are the ther-
apies presently available. Splenectomy in one patient did 
not alter the intensity of hemolysis.166 In vitro studies 
point to the possibility of transfer of TPI enzyme protein 
from normal to defi cient cells with transient improve-
ment in enzyme activity and a reduction in DHAP 
levels.202 There have been no attempts to deliver normal 
TPI enzyme to patient tissues, but in other disease set-
tings direct enzyme transfer from normal hematopoietic 
stem cell–derived microglial cells to enzyme-defi cient 
nervous tissue after allogeneic stem cell transplantation 
has been successful.202
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GLYCERALDEHYDE-3-PHOSPHATE 
DEHYDROGENASE DEFICIENCY

Clinical Manifestations, Biochemistry, 
and Genetics

Study of a large kindred in which three members exhib-
ited a reduction in erythrocyte G3PD activity to 50% of 
normal levels yet were hematologically normal have 
clearly established that G3PD defi ciency need not result 
in hemolysis.203 The clinical severity of hemolytic anemia 
in four members of this pedigree who inherited both 
hereditary spherocytosis and G3PD defi ciency was no 
greater than that associated with spherocytosis alone. 
Affected members of this kindred were presumed to be 
heterozygotes because the amounts of both G3PD 
enzyme activity and enzyme protein were reduced equally 
to about 50% of normal and the amount of residual 
G3PD was qualitatively normal. Two of three anemic 
patients with G3PD defi ciency in other kindreds had 
even lower levels of enzyme activity (20% to 30% of 
normal) and conceivably were either homozygotes or 
doubly heterozygous for two mutant G3PD genes.204,205 
However, as with the spherocytosis pedigree, a cause-
and-effect relationship between hemolytic anemia and 
G3PD defi ciency was not established.

PHOSPHOGLYCERATE KINASE DEFICIENCY

Clinical Manifestations

PGK defi ciency is a sex-linked disorder that largely 
affects males. Nonspherocytic hemolytic anemia may 
occur alone or in combination with neurologic abnor-
malities ranging from emotional instability to seizures, 
movement disorders, psychomotor retardation, aphasia, 
or tetraplegia.151,206 In a subset of individuals with PGK 
defi ciency, myopathy is the dominant and sometimes the 
only clinical manifestation (Table 16-6). Individuals with 
one form of mild PGK defi ciency (PGK München) 
exhibit no clinical abnormalities (Table 16-6). In females, 
erythrocyte PGK activity is less depressed than it is in 
males, hemolytic anemia is mild or absent, and neuro-
logic and muscle abnormalities are not seen (see Table 
16-6).

Hematologic fi ndings in anemic individuals with 
PGK defi ciency have been those customarily associated 
with hemolysis, namely, jaundice and reticulocytosis. 
Hemolytic episodes are often associated with acute febrile 
illnesses. No changes in erythrocyte morphologic char-
acteristics have been seen, and osmotic fragility has 
usually been normal.

Biochemistry

PGK is a monomeric enzyme with a primary structure 
consisting of 417 amino acids.238 Horse and pig muscle 

PGK has a primary structure that is highly homologous 
to that of human PGK.239,240 Crystallographic studies 
show that its tertiary structure consists of two lobes (the 
C and N domains) connected by a hinge-like structure 
that allows considerable conformational change to occur 
during substrate binding (Fig. 16-4).239,240 Because the 
nucleotide (adenosine diphosphate [ADP] and ATP) 
combining site is located within the C domain and the 
phosphoglycerate (1,3-DPG or 3-phosphoglyerate) 
binding site is within the N domain, bending of the 
enzyme is required to bring the several substrates required 
for the PGK reaction into close proximity.240 Mutant 
PGKs often exhibit abnormal enzyme kinetics and dimin-
ished stability in vitro, properties that are likely to impair 
enzyme function in vivo (see Table 16-6).

PGK-defi cient red cells are capable of normal gly-
colysis in vitro.207,236 Intracellular ATP concentrations are 
normal or slightly low,207,212,236 whereas the 2,3-DPG 
concentration is elevated, sometimes to two or three 
times the normal level.207,212,217,222,236 These results refl ect 
increased fl ow through the 2,3-DPG cycle (see Fig. 16-1) 
at the expense of the ATP-generating PGK reaction. 
Despite the availability of an alternative pathway (the 
Rapoport-Luebering shunt or the 2,3-DPG cycle) to 
bypass PGK, substantial accumulation of glycolytic inter-
mediates proximal to the enzyme defect is found in fresh 
red cells, thus indicating that the normal fl ow of eryth-
rocyte glycolysis is impeded in vivo.

Little is known about the mechanism of hemolysis of 
PGK-defi cient red cells. Most PGK activity is membrane 
associated.241 It has been suggested that the ATP for 
membrane adenosine triphosphatase (ATPase)-mediated 
cation transport is mostly (or entirely) generated by 
membrane-bound PGK. Indeed, ADP derived from 
membrane ATPase exerts an important regulatory infl u-
ence on glycolysis by its participation in the PGK reac-
tion.242 However, the implication of a special role for 
PGK in cation transport has been challenged.243 Active 
transport of Na+ and K+ by PGK-defi cient red cells with 
residual PGK activity only 10% to 15% of normal was 
not impaired, even with the challenge of an increase in 
intracellular Na+ concentration.244 Thus, it seems unlikely 
that hemolysis of PGK-defi cient red cells is related to 
premature cation pump failure as a direct result of 
inadequate PGK activity.

PGK activity in leukocytes is consistently subnormal 
in affected males, but white cell function is not usually 
compromised.218,245

Genetics and Inheritance

The major structural gene for PGK, located on the long 
arm of the X chromosome, is 23 kb in size and composed 
of 11 exons and 10 introns.246-249 PGK-defi cient male 
hemizygotes demonstrate very little active enzyme and 
have more symptoms than heterozygous females do, who 
have higher levels of PGK activity (see Table 16-6). 
A second functional PGK gene, expressed only in 
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TABLE 16-6 Characteristics of Reported Cases of Phosphoglycerate Kinase Defi ciency

References Variant Mutation*
RBC PGK Activity 
(% of Normal)

Stability 
In Vitro

Kinetic 
Abnormalities

Hemolytic 
Anemia

Neurologic 
Abnormalities Myopathy

HEMIZYGOTES (MALE): HEMOLYTIC ANEMIA OR NO CLINICAL MANIFESTATIONS

207-210 New York/Amiens Asp164→Val 2-2.7 Normal + + 0
211 Alabama Lys190 or 91 del 4 + 0 0
212-214 Matsue Leu89→Pro 5 Low + + + 0
215, 216 Uppsala Arg206→Pro 5-10 Low + + + 0
217, 218 Cincinnati 8-11 + + 0
219 Tokyo Val266→Met 10 Low + + + 0
220 Michigan Cys315→Arg 10 Low + + + 0
221 Barcelona Ile147→Asn 10 + + 0
222 San Francisco 12 Normal + + 0 0
223, 224 München Asp267→Asn 21 Low 0 0 0 0
221 Murcia Ser319→Asn 49.0 + + 0
225 Herlev Asp285→Val 50 + 0 0

HEMIZYGOTES (MALE): MUSCLE DISEASE
226 Shizuoka Gly158→Asp 0.7 Normal 0 + 0 +
227 North Carolina 10–amino acid insert 3 Normal + 0 + +
228 Creteil Asp315→Asn 3 Low + 0 0 +
229 Trondheim 5 0 0 +
229 Antwerp Glu252→Ala† 5.6 0 0 +
230 Fukui 4-bp del, exon 6‡ 5.6 0 0 +
231 Kyoto Ala354→Pro 6 + +/− +
232, 233 Hammamatsu 253Ile→Thr 8 Normal 0 0 + +
234 New Jersey 18 Normal + 0 0 +
235 Alberta 1.5 (muscle) Normal + 0 0 +
HETEROZYGOTES (FEMALE)
236 Piedmont 27 + 0 0
237 Memphis 78 + 0 0
207-209 Amiens 77 + 0 0

*Mutation position as corrected by Beutler.206

†This mutation also adversely affects mRNA splicing effi ciency to about 10% of normal.
‡Frameshift at codon 706-709 resulting in a stop codon truncating phosphoglycerate kinase to 231 amino acids in length.
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spermatozoa, is found on chromosome 19.250 This auto-
somal PGK gene lacks introns but is otherwise similar to 
the X-chromosomal PGK gene. A single isozyme of PGK 
is found in all human nonhematopoietic tissues except 
spermatozoa.251 It is therefore not surprising that nonery-
throid tissues may be compromised in patients with 
erythrocyte PGK defi ciency.

In 1972, Yoshida and co-workers252 succeeded in 
purifying and sequencing both normal erythrocyte PGK 
and a clinically normal but electrophoretically distinct 
human mutant PGK, the New Guinea variant. The 
mutant enzyme differed from normal PGK by the substi-
tution of arginine for threonine at position 352.238 Sub-
sequently, the structure of 17 other PGK mutants, most 
associated with clinical manifestations, has been deter-
mined by peptide or nucleotide sequencing (see Table 
16-6). Fifteen of these mutants involve only a single 
amino acid (14 missense mutations and 1 deletion). The 
16th activates a cryptic splice site that leads to the inser-
tion of 10 additional amino acids into the PGK polypep-
tide, and the 17th, a 4–amino acid deletion, also affects 
splicing and produces a truncated polypeptide. The 
majority of the mutants are found within the C domain, 
as shown in Figure 16-4. It is not clear how the particular 
spectrum of clinical abnormalities associated with each 
mutation is related to its position within the molecule. 
For example, PGK Michigan, a point mutation at amino 
acid 316, is associated with hemolytic anemia and neuro-
logic abnormalities, whereas individuals with PGK 
Creteil, a point mutation of the adjacent amino acid at 
position 315, do not have anemia and neurologic abnor-
malities but exhibit rhabdomyolysis.253 Both mutants are 
thermolabile and demonstrate kinetic abnormalities in 
vitro, and both have similarly reduced activity in erythro-
cytes (see Table 16-6). Random inactivation of the mutant 

X chromosome may produce differing proportions of 
enzyme-defi cient cells in female heterozygotes. Some may 
be anemic (see Table 16-6), whereas others are clinically 
and hematologically normal.213 In the latter, the popula-
tion of PGK-defi cient red cells may be so small that 
erythrocyte PGK activity will be completely normal.212

Therapy

In one patient, splenectomy had no benefi cial effect on 
anemia,237 but in several others, surgery has decreased or 
eliminated the need for transfusions, reduced the degree 
of reticulocytosis, and sometimes resulted in an increase 
of several grams in the hemoglobin level.

2,3-BISPHOSPHOGLYCERATE 
MUTASE DEFICIENCY

Clinical Manifestations

Absence of erythrocyte 2,3-bisphosphoglycerate mutase 
(BPGM) activity does not affect red cell life span but may 
have other hematologic consequences. In one pedigree, 
four siblings who completely lacked functional red cell 
BPGM had polycythemia but were otherwise clinically 
and hematologically normal. All three children of these 
individuals had about 50% of the normal amount of red 
cell BPGM and were hematologically normal except for 
polycythemia.254,255 In another patient with polycythemia, 
BPGM activity was only 4% of normal, 2,3-DPG was 
almost undetectable, and hemoglobin’s oxygen affi nity 
curve was shifted to the left. Despite the concomitant 
inheritance of severe erythrocyte G6PD defi ciency, this 
individual did not have evidence of hemolytic anemia.256
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FIGURE 16-4. Three-dimensional 
model of human phosphoglycerate kinase 
(PGK). This fi gure is based on the three-
dimensional model of horse PGK pub-
lished by Banks et al.240 Positions of the 
amino acid substitutions and the clinical 
features associated with 14 PGK point 
mutations are indicated by fi lled circles 
(H, hemolytic anemia; M, muscle disease; 
N, neurologic manifestations; O, no clin-
ical abnormalities). The shaded ellipse in 
the C domain indicates the location of 
the adenosine triphosphate (ATP) and 
adenosine diphosphate (ADP) binding 
site. Random coil (clear), β strands (solid), 
and α helices (striped) are indicated by 
shading. (Modifi ed from Fujii H, Kanno 
H, Hironi A, et al: A single amino acid 
substitution [157 Gly→Val] in a phospho-
glycerate kinase variant [PGK Shizuoka] 
associated with chronic hemolysis and myo-
globinuria. Blood 1992;79:1582-1585.)
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Biochemistry

Human red cell BPGM is a homodimer whose identical 
subunits (molecular weight, 29,840) each consist of 258 
amino acids.257 Nearly all 2,3-bisphosphoglycerate phos-
phatase activity also resides in the BPGM molecule, so 
2,3-DPG metabolism is controlled by a single, multi-
functional enzyme. In fact, purifi ed BPGM is also capable 
of performing as a monophosphoglycerate mutase 
(MPGM), though at a low rate of activity.258 Consider-
able structural homology exists between red cell 2,3-
DPG mutase and MPGM,259,260 and the enzymes, to 
some extent, exhibit overlapping functions. However, 
both biochemical259 and genetic261 evidence indicates 
that they are each unique and under separate genetic 
control.

The BPGM molecule has been modifi ed in vitro by 
site-directed mutagenesis in an attempt to model a poten-
tial therapeutic approach to sickle cell disease.262 Replace-
ment of Gly13 by Arg enhances phosphatase activity at 
the expense of the mutase. The effect of such an altera-
tion in vivo, achieved by gene therapy or by pharmaco-
logic means, would be to lower erythrocyte 2,3-DPG 
levels, increase the affi nity of hemoglobin for oxygen, and 
in this way retard the polymerization of hemoglobin S.

BPGM defi ciency results in reduced synthesis of 2,3-
DPG. In complete BPGM defi ciency, there is virtually 
no 2,3-DPG within the red cell.254-256 The affi nity of 
whole blood for oxygen is increased because of lack of 
2,3-DPG, thereby accounting for the polycythemia noted 
in individuals with BPGM defi ciency.254-256 The pattern 
of glycolytic intermediates is disturbed,241 with a cross-
over at PFK sometimes being exhibited,255 which is con-
sistent with relief of the inhibitory infl uence of 2,3-DPG 
on PFK. The erythrocyte ATP concentration is usually 
normal or slightly increased, compatible with diversion 
of 2,3-DPG into the PGK reaction as a consequence of 
reduced fl ow through BPGM. Erythrocyte glycolysis and 
pentose phosphate pathway activity have been normal in 
vitro.254 Probably as a consequence of the large amount 
of 1,3-DPG present in BPGM-defi cient red cells, hemo-
globin A may undergo post-translational modifi cation by 
glycerylation at α82. The modifi ed hemoglobin, about 
3% of the total, has a lower isoelectric-electric point than 
hemoglobin A1C does and is easily identifi ed by isoelectric 
focusing.263

Genetics and Inheritance

The BPGM locus is on chromosome 7 (7q22-34).264 The 
gene is fully expressed only in erythroid tissue.255 BPGM 
defi ciency has the expected autosomal recessive mode of 
inheritance.254-256 Individuals from the large pedigree 
with polycythemia and virtually no red cell BPGM activ-
ity have been shown to be compound heterozygotes for 
two different BPGM mutations.265 One, BPGM Creteil 
I, is a point mutation (Arg89→Cys) at or near the BPGM 
active site,266 and the other, BPGM Creteil II, is a frame-

shift mutation caused by a deletion of nucleotide 205 or 
206.267 Only BPGM Creteil I enzyme protein is found in 
red cells.268 It is catalytically inactive and thermolabile in 
vitro and exhibits altered electrophoretic mobility.268 
Although BPGM and 2,3-bisphosphoglycerate phospha-
tase activity was virtually absent in compound heterozy-
gotes, MPGM activity was nearly normal, thus illustrating 
the complex nature of this multifunctional enzyme.266 
The individual with severe BPGM and G6PD defi ciency 
was homozygous for a missense mutation (185G→A; 
Arg 62→Gln) in exon 2.256

Therapy

Polycythemia, if symptomatic, may require phlebot -
omy.255

MONOPHOSPHOGLYCERATE MUTASE 
DEFICIENCY

Clinical Manifestations, Biochemistry, 
Genetics, and Therapy
A woman with hereditary spherocytosis whose erythro-
cyte MPGM activity was reduced to about 50% of normal 
was found to have inherited two copies of a missense 
mutation (230met→isol) in the MPGM-BB isoenzyme, 
which is the form that contributes most of the MPGM 
activity in erythrocytes.269 The mutant enzyme exhibited 
reduced thermal stability but normal kinetics.270 Family 
members who inherited a single copy of the mutation 
were healthy, and no evidence was presented to indicate 
that in homozygotes MPGM defi ciency infl uences the 
hemolysis associated with hereditary spherocytosis.271

ENOLASE DEFICIENCY

Clinical Manifestations, Biochemistry, 
Genetics, and Therapy

A woman in whom red cell enolase activity was only 6% 
of normal exhibited a modest reduction in the survival 
of 5lCr-labeled autologous erythrocytes (half-life of 18 
days; normal, 25 to 30 days) but no overt chronic 
anemia.272 A severe, life-threatening acute hemolytic 
episode occurred when nitrofurantoin was administered 
for the treatment of a urinary tract infection. Enzymes of 
the HMP shunt all exhibited normal or increased activity, 
and glutathione stability was normal. Such drug-induced 
hemolysis is distinctly uncommon in disorders of the 
Embden-Meyerhof pathway, although it is theoretically 
possible in enzyme-defi cient reticulocytes.273 In this 
patient, in whom sudden massive hemolysis involved pre-
dominantly mature red cells, no biochemical mechanism 
has yet been defi ned, and the association between enolase 
defi ciency and hemolytic anemia may be coincidental. A 
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sister was hematologically normal, even though her red 
cells were as defi cient in enolase activity as those of the 
propositus.

Partial red cell enolase defi ciency was inherited in an 
autosomal dominant manner by six members of a second 
pedigree that spanned four generations. With the excep-
tion of the propositus, a 13-day-old boy with profound 
hemolytic anemia, affected family members were not 
anemic and had little or no evidence of hemolysis. Sphe-
rocytes were present on the peripheral blood smear, and 
the MCHC was usually elevated.274

Therapy remains undefi ned, but avoidance of oxidant 
drugs would seem prudent.

PYRUVATE KINASE DEFICIENCY

Clinical Manifestations

PK defi ciency is the most commonly encountered glyco-
lytic enzymopathy associated with anemia. Its incidence 
has been estimated to be 51 cases per million in white 
individuals.275 Of the approximately 500 human patients 
thus far reported,6 the majority have been of Northern 
European extraction. Sporadic instances have been seen 
in other ethnic groups. A hemolytic anemia resembling 
that seen in human PK defi ciency has also been described 
in basenji dogs,276,277 beagles,278 and inbred mice279 that 
inherited mutant forms of erythrocyte PK with subnor-
mal activity. Anemia, jaundice, and splenomegaly are 
regularly present in PK defi ciency. The anemia may be 
profound, occurring in utero280,281 or in early infancy,62 
and require regular blood transfusions for survival. Con-
versely, the anemia may be mild enough to evade discov-
ery until adulthood. In a few patients, anemia is absent, 
hemolysis is fully compensated for, and jaundice may be 
the sole clinical abnormality. When present, anemia is a 
lifelong condition and its intensity usually varies little, 
although it may become more severe during preg-
nancy.282,283 Exacerbations of anemia are uncommon and 
generally result from transient erythroid hypoplasia after 
infections284 or, rarely, from increased hemolysis of 
unknown cause. Iron overload is an occasional problem. 
Transfusion, splenectomy, and coinheritance of heredi-
tary hemochromatosis genes are factors that make iron 
overload more likely in PK defi ciency.285 Manifestations 
of PK defi ciency outside the hematopoietic system are 
uncommon. In several pedigrees, chronic leg ulcers have 
been observed in family members with PK defi ciency 
and hemolytic anemia.286,287

Hyperbilirubinemia is often encountered in new-
borns with PK defi ciency, and these infants may require 
exchange transfusions.62 Serum unconjugated bilirubin 
levels remain elevated in later life, and gallstones are 
common. Unconjugated bilirubin levels greater than 
6 mg/dL are occasionally seen288; one brother and sister 
regularly had levels greater than 20 mg/dL.289 These 
patients have abnormal hepatic function in addition to 

hemolysis. Whether abnormalities in liver PK contribute 
to hyperbilirubinemia is unknown.290,291

Macrocytosis, occasional shrunken, spiculated eryth-
rocytes, and rarely, acanthocytes may be observed on 
examination of the blood smear; these changes may be 
accentuated by splenectomy. More extreme alterations in 
erythrocyte morphologic characteristics are sometimes 
encountered (Fig. 16-5).292,293 Such abnormalities in 
shape may result from the inadequate ATP synthesis 
characteristic of PK-defi cient erythrocytes.294 A para-
doxical increase in the reticulocyte count often follows 
splenectomy despite evidence of a benefi cial reduction in 
the rate of hemolysis. Reticulocyte counts may exceed 
90%, and in many patients counts of 40% to 70% are 
maintained for years. Conversely, in other patients the 
expected reduction in reticulocyte count is seen after 
splenectomy. The osmotic fragility of fresh and incubated 
erythrocytes is most often normal, although minor popu-
lations of fragile or resistant cells may be encountered in 
occasional patients after incubation. The results of an 
autohemolysis test are generally, but not invariably295 
abnormal, with hemolysis of as many as 50% of erythro-
cytes after 48 hours of incubation in saline. Prior addition 
of glucose may reduce the hemolysis in some instances, 
but glucose usually has little or no effect. In fact, if the 
reticulocyte count exceeds 25%, incubation with glucose 
regularly accentuates the hemolysis. This phenomenon 
has been attributed to inhibition of oxidative phospho-
rylation by glucose (the Crabtree effect), with unfavor-
able consequences in PK-defi cient reticulocytes because 
of their reliance on oxidative phosphorylation for synthe-
sis of ATP.296

FIGURE 16-5. Postsplenectomy blood smear from a patient with 
severe pyruvate kinase defi ciency. (From Nathan DG, Oski FA, Sidel 
VW, Diamonk LK. Extreme hemolysis and red cell distortion in erythrocyte 
pyruvate kinase defi ciency. I. Morphology, erythrokinetics, and family enzyme 
studies. N Engl J Med 1964;270:1023-1030. Reprinted by permission of the 
New England Journal of Medicine.)
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Biochemistry

The active form of PK is a homotetramer formed from 
one of four different tissue-specifi c subunits. The R 
subunit is found in red cells; the L subunit in liver; the 
M1 subunit in muscle, heart, and brain; and the M2 
subunit in all early fetal tissues and most adult tissues, 
including leukocytes and platelets.297 The R and L sub-
units derive from a common gene (PKLR) located on 
chromosome 1 (1q21),298 whereas the M1 and M2 sub-
units are generated by a second gene (PKM) located on 
chromosome 15 (15q22).299 In the rat, the PKM gene is 
20 kb long and consists of 12 exons and 11 introns.300 
M1- or M2-specifi c mRNA is formed from a common 
primary transcript by alternative spicing involving the 
removal of either exon 9 (M2) or exon 10 (M1).301 
Because human and rat M2 cDNA is highly homolo-
gous,299 alternative splicing probably also accounts for 
the differences in M1 and M2 mRNA in humans. The 
PKLR gene also consists of 12 exons.302 Tissue-specifi c 
expression of one of two different promoters generates a 
transcript containing either an R or an L exon at the 5′ 
end.303,304 The remaining 10 exons are identical. L-type 
cDNA encodes a polypeptide of 543 amino acids,303 
whereas R-type cDNA encodes a product that is longer 
by 31 amino acids.305

The three-dimensional structure of cat and rabbit 
muscle PK has been studied by x-ray crystallography.306 
There is extensive sequence homology among species 
and between M and R subunits, particularly in the vicin-
ity of the active site,307 thus indicating that the enzyme 
structure has been conserved during evolution. As shown 
in Figure 16-6, each muscle PK (M1) subunit consists 
of a short amino-terminal region and three distinct 
domains (A, B, and C). Domain A is cylindrical and 
formed by eight parallel strands of β sheet encased by an 
outer coaxial cylinder of eight α helices, domain B con-
sists of a closed antiparallel β sheet, and domain C is a 
fi ve-stranded β sheet connected by α helices. The active 
site lies in a pocket between domains A and B, the potas-
sium and magnesium binding sites are in domain A, and 
allosteric modulation of PK function primarily involves 
interactions with domain C.

In erythroid cells, PK is a tetramer (molecular weight, 
230,000307) whose subunits may vary in type. In ery-
throid precursors, M2 homotetramers are the predomi-
nant PK isoenzyme. With erythroid maturation, synthesis 
of M2 subunits declines and is replaced by production 
of R-type subunits.308-310 The mature red cell enzyme may 
exist in either of two physical conformations, analogous 
to the R and T forms proposed by Monod and col-
leagues311 for allosteric proteins. Partially purifi ed enzyme 
preparations usually exhibit sigmoid kinetics in the pres-
ence of increasing concentrations of substrate (phospho-
enolpyruvate). Small amounts of phosphoenolpyruvate 
facilitate further binding of substrate by the enzyme in a 
manner analogous to that seen with heme-heme interac-
tions. Fructose 6-diphosphate (FDP) induces a transition 

from sigmoid to hyperbolic kinetics, probably by acting 
directly at the phosphoenolpyruvate binding site.312

A number of factors may result in post-translational 
modifi cation of the enzyme. Transition between an FDP-
sensitive conformation with sigmoid kinetics and an 
insensitive form with hyperbolic kinetics has been achieved 
by varying pH,313 temperature,313,314 and conditions of 
storage. Aging of the enzyme in vivo appears to favor the 
FDP-sensitive conformation.315 These transitions may 
play a signifi cant role in modulation of PK activity in vivo. 
Post-translational modifi cation of enzyme properties 
mediated by oxidation of exposed thiol groups on the 
surface of the molecule may explain some abnormalities 
previously ascribed to genetic or acquired alterations in 
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FIGURE 16-6. Ribbon representation of the structure of rabbit muscle 
pyruvate kinase (PK). The three domains (A, B, and C), the position 
of potassium (K) and magnesium (Mg) ions, and the location of the 
active catalytic site (Py) that binds pyruvate are indicated. Six point 
mutations that alter a single amino acid in the primary structure of R-
type (erythrocyte) PK are indicated. V295 is an asymptomatic hetero-
zygote. Ter510, which leads to the formation of a truncated PK enzyme 
that has lost 63 amino acids in the C domain, was found in the mother 
of a child with severe hemolytic anemia. L504, found in a homozygote 
with severe hemolytic anemia, is distant from the active binding site 
but interferes with a salt bridge that holds domain C to domain A. The 
remaining three mutations (V159, K315, D341) were found in subjects 
with hemolytic anemia who had also inherited a second PK mutation 
at another site and were compound heterozygotes. V159 affects the 
adenosine diphosphate binding site; K315, the Mg2+ binding site; and 
D341, a highly conserved region of the A domain. (Modifi ed from 
Demina A, Varughese KI, Barbot J, et al. Six previously undescribed pyruvate 
kinase mutations causing enzyme defi ciency. Blood 1998; 92:647-652.)
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the primary structure of the enzyme.315-320 In several 
instances it has been possible with the use of sulfhydryl 
reagents to restore to normal the altered stability and 
abnormal kinetics of mutant PK from individuals with 
hemolytic anemia.316,321 On the other hand, it has often 
not been possible to implicate oxidation of enzyme thiol 
groups as a cause of abnormal enzyme properties.322,323

The enzyme is subject to numerous other regulatory 
infl uences. ATP is a competitive inhibitor (Ki = 3.5 × 
10−4 mol/L)324; at physiologic ATP concentrations 
(approximately 1 mmol/L), erythrocyte PK activity 
should be signifi cantly constrained by ATP. Both potas-
sium312,314 and magnesium314,325 activate PK; rubidium 
(Rb+) or ammonium (NH4

+) substitute for potassium 
(K+), whereas manganese (Mn2+) or cobalt (Co2+) can 
replace magnesium (Mg2+).318 Activation of purifi ed PK 
by FDP has been demonstrated at concentrations nor-
mally found within the erythrocyte.326 At a higher con-
centration (0.5 mmol/L), another glycolytic intermediate, 
glucose 6-phosphate, activates PK.327 The glycolytic 
intermediate 2,3-DPG, of particular interest because of 
its high concentration in PK-defi cient erythrocytes, has 
no infl uence on PK in hemolysates328 but has variously 
been reported to inhibit329 or activate330 purifi ed PK. 
Phosphorylation of PK, mediated by cyclic adenosine 
monophosphate, alters its kinetic properties and may 
regulate 2,3-DPG levels and thus oxygen transport by 
red cells.330,331 It is clear that intracellular PK activity will 
be determined by the complex interplay of a number 
of regulatory factors and may bear little relationship to 
measures of activity determined in vitro under optimal 
conditions.

When erythrocyte PK (R homotetramer) is abnor-
mal, hepatic PK (L homotetramer) may also be affected 
because the R and L subunits are derived from a common 
gene. In two anemic individuals with PK defi ciency, liver 
PK was reduced to 59%332 and 46%333 of normal. Resid-
ual liver PK, measured in the latter patient, was mostly 
of the M2 type. No disorders of hepatic function appear 
to result from such partial defi ciency of PK.334 In another 
individual, total liver PK activity was only 22% of normal, 
virtually no L-type enzyme was detectable, and there 
were abnormalities in serum aminotransferases.290 Para-
doxically, in still another individual, liver L-type PK 
exhibited entirely normal activity and properties despite 
abnormalities in the supposedly identical isoenzyme in 
the red cells.291

The metabolic capabilities of PK-defi cient erythro-
cytes in vitro vary considerably. Although resting HMP 
shunt activity may be slightly to moderately low for cell 
age,335 no signifi cant effect on either oxidized or reduced 
glutathione (GSH) levels has been observed,336,337 even 
after incubation with acetylphenylhydrazine.336,338,339 
However, results of the ascorbate cyanide test are abnor-
mal in patients with PK defi ciency, and stimulated HMP 
shunt activity is modestly depressed.337 In many instances, 
glycolysis, as measured by the glucose consumption or 
lactate production of incubated erythrocytes, is markedly 

subnormal.289,296,335 Such diminished glycolysis is relative 
rather than absolute because the glycolytic rate of enzy-
mopenic cells can be increased substantially by incuba-
tion in a high-Pi medium.296,340 A reduction of residual 
PK activity within the erythrocyte to 10% of normal will 
still leave suffi cient enzyme to support normal glycolysis 
if potential enzyme activity is fully used. Such consider-
ations indicate that intracellular regulators of PK func-
tion must play an important role in the reduced glycolysis 
characteristic of enzymopenic cells. Frequently, particu-
larly with kinetic variants of PK, glycolytic rates charac-
teristic of mature normal erythrocytes are achieved.341-344 
However, such rates are clearly subnormal in comparison 
to those attained by reticulocyte-rich control blood of an 
equivalent mean cell age.341 Furthermore, the glucose 
consumption of incubated normal hemolysate is 
unchanged when supplemental purifi ed PK is added, 
whereas the addition of supplemental PK to hemolysate 
from PK-defi cient erythrocytes produces a substantial 
rise in glucose consumption.341

Accumulation of glycolytic intermediates proximal to 
the enzyme defect has customarily,341,344 though not 
invariably341 been observed.343 Detection of elevated 2,3-
DPG or 3-phosphoglycerate levels in red cells may help 
confi rm a clinical diagnosis of PK defi ciency,345,346 and 
the degree of elevation in 2,3-DPG or glucose 6-phos-
phate levels is directly correlated with clinical sever-
ity.101,347 An alteration in the normal ratio of reduced 
nicotinamide adenine dinucleotide (NADH) to nicotin-
amide adenine dinucleotide (NAD), as well as complex 
changes in the substrates governing the rate of PK and 
2,3-DPG mutase, appears to be responsible for triose 
phosphate accumulation when glycolysis is accelerated 
by Pi in normal red cells.348 Such striking elevations in 
triose phosphate intermediates can be returned to normal 
in both control and PK-defi cient red cells by the addition 
of exogenous pyruvate or another oxidant.339 Concentra-
tions of both NAD and NADH are low in PK-defi cient 
erythrocytes,334,349 or if the level of NAD is normal in 
fresh cells, it falls with undue rapidity on incubation in 
vitro.340 The concentration of 2,3-DPG in PK-defi cient 
erythrocytes may be greater than three times normal 
values, thereby leading to a rightward shift of the oxyhe-
moglobin dissociation curve.50,51 The ability to extract a 
greater percentage of available oxygen from hemoglobin 
at any given PO2 associated with such a right-shifted 
curve increases the exercise tolerance of patients with PK 
defi ciency.51 Such patients, though anemic, may exhibit 
none of the expected symptoms of fatigue and exercise 
intolerance.

The level of erythrocyte ATP and the formation of 
PRPP350 are often abnormally low in PK defi ciency, 
although patients with reticulocyte counts greater than 
25% usually have normal ATP levels. In blood with such 
high reticulocyte counts, ATP is unstable on incubation 
with glucose, in contrast to normal reticulocyte-rich 
blood. When incubated without glucose, however, the 
PK-defi cient reticulocyte conserves ATP more success-
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fully than the normal cell does.296 The reticulocyte, able 
to generate ATP from substrates other than glucose via 
oxidative phosphorylation, can circumvent its glycolytic 
defect. However, in a high-glucose environment, ATP 
levels plummet. The PK-defi cient reticulocyte is thus 
exquisitely dependent on oxidative phosphorylation for 
maintenance of ATP, as was fi rst shown by Keitt.296 The 
greater oxygen consumption of PK-defi cient reticulo-
cytes than normal reticulocytes (3.75 ± 1.55 versus 0.56 
± 0.5 μL of O2/109 reticulocytes/hr289) underscores the 
reliance of such cells on oxidative phosphorylation. 
Reticulocyte oxygen consumption is abolished by hypoxia 
in vitro at approximately venous PO2 levels (Fig. 16-7). 
When exposed to prolonged periods of hypoxia in vivo, 
therefore, or on maturation with consequent loss of mito-
chondria, the PK-defi cient immature erythrocyte will 
become reliant on its inadequate glycolytic apparatus, 
with loss of cell ATP being the inevitable consequence. 
In contrast, the reduced ATP needs of the mature eryth-
rocyte may be marginally, but adequately served for a 
time by the diminished glycolytic activity of the PK-
defi cient cell.

ATP depletion greatly increases the cation permea-
bility of PK-defi cient erythrocytes.289 In part, this is the 
consequence of failure of the ouabain-inhibitable ATPase 
cation pump, which transports approximately 1 to 2 mEq 

of K+ per hour per liter of erythrocytes.351 Although ade-
quate membrane ATPase is present,341,352 a net loss of 0.2 
to 6.3 mEq of K+ per hour per liter of cells occurs in 
freshly obtained PK-defi cient blood.294,341,351 After ATP 
depletion, net K+ loss may exceed 20 mEq/hr/L of cells.289 
Failure of the cation pump cannot explain such large 
losses of K+. The effect of ATP depletion on K+ permea-
bility, fi rst described by Gardos and Straub,353 is a feature 
of all metabolically depleted red cells and is not unique 
to PK defi ciency. It is thought to be related to altered 
binding of membrane-associated Ca2+ and can be par-
tially prevented by ethylenediaminetetraacetic acid or 
quinine, even though these agents have no direct infl u-
ence on the rate or extent of ATP depletion.289,354

Initially, in the ATP-depleted cell, potassium loss 
exceeds sodium gain. The resultant net loss of cations is 
accompanied by an obligate osmotic loss of water and a 
reduction in cell volume. The shrunken, crenated cells 
produced by ATP depletion in PK-defi cient reticulocytes 
are shown in Figure 16-8. These spiculated cells pass, with 
diffi culty, through 8-μm Millipore fi lters, and cell suspen-
sions demonstrate increased viscosity in the Wells-Brook-
fi eld viscometer.289 The destiny of such ATP-depleted 
erythrocytes, then, is to become dehydrated, rigid “desi-
cytes” or “xerocytes,” whose unfavorable characteristics 
may well prematurely terminate their existence.355 Mem-
branes prepared from PK-defi cient or normal ATP-
depleted red cells are more dense than normal as a result 
of absorption of cytoplasmic components—in particular, 
an as yet unidentifi ed 50,000-dalton protein—on the 
inner membrane surface.356 Such changes in the cell 
membrane may contribute to the increased rigidity of 
these cells. There is evidence that membrane abnormali-
ties not related to ATP depletion may also exist in PK-
defi cient red cells, but the role, if any, of such abnormalities 2.0
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FIGURE 16-7. Infl uence of PO2 on oxygen consumption by pyruvate 
kinase–defi cient reticulocytes. The normal range for venous PO2 is 
indicated by the solid bar. (From Mentzer WC, Baehner RL, Schmidt-
Schonbein H, et al. Selective reticulocyte destruction in erythrocyte pyruvate 
kinase defi ciency. J Clin Invest 1971;50:688-699, by copyright permission 
of the American Society for Clinical Investigation.)

FIGURE 16-8. Phase-contrast micrograph of pyruvate kinase–
defi cient blood (patient C.D., whose anemia was severe after a 2-hour 
exposure to 5 mmol/L of cyanide to deplete adenosine triphosphate). 
The spiculated cells are, for the most part, reticulocytes (magnifi cation 
×6600). (From Mentzer WC, Baehner RL, Schmidt-Schonbein H, et al. 
Selective reticulocyte destruction in erythrocyte pyruvate kinase defi ciency. 
J Clin Invest 1971;50:688-699, by copyright permission of the American 
Society for Clinical Investigation.)
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in the hemolytic process is not established.357 Not all 
workers have found abnormalities in the red cell mem-
brane protein profi le on sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis,358 and results of several 
other types of membrane analyses (spectrin extractability 
and membrane fl uidity) have been normal.359

As enzyme-defi cient erythrocytes age, a progressive 
reduction in glycolysis should accompany the inevitable 
gradual degradation of enzyme protein. Such deteriorat-
ing glycolysis will eventually result in ATP depletion and, 
subsequently, hemolysis. However, centrifuge studies 
have not revealed dramatic differences in the PK activity 
of enzymopenic young and old cells,289 with the excep-
tion of one unstable PK variant360 in which accelerated 
denaturation of enzyme protein was present in vivo, as 
well as in vitro. Deterioration in catalytic effi ciency, 
reported to occur in both normal315 and variant361 
enzymes on aging in vivo, may also hasten the demise of 
enzymopenic cells.

The normal or nearly normal survival of radiola-
beled, severely PK-defi cient erythrocytes reported by 
several investigators289,342,343 indicates that diminished PK 
activity need not signifi cantly curtail the life span of 
affected erythrocytes. Biphasic erythrocyte survival curves 
are sometimes obtained362,363 and suggest that two popu-
lations of cells are present, one destined for almost imme-
diate destruction and the other having a considerably 
better outlook for survival. Ferrokinetic studies289,363 indi-
cate that destruction of newly made erythrocytes in the 
bone marrow, spleen, or liver may be the major source of 
hemolysis in this disorder. Organ monitoring has shown 
that as reticulocytes are released from the marrow, some 
are almost immediately sequestered in the spleen. The 
paradoxical reticulocytosis that follows splenectomy is 
probably the consequence of improved survival of this 
population of reticulocytes.

Spleens removed from anemic patients with PK defi -
ciency contain an unduly large number of reticulo-
cytes.338,364 Splenic histologic analysis shows the following 
results that contrast with those seen in hereditary sphe-
rocytosis: (1) the pulp spaces are empty rather than 
packed with erythrocytes; (2) erythrophagocytosis of 
reticulocytes and mature red cells by reticuloendothelial 
histiocytes is prominent in PK defi ciency but rare in 
spherocytosis; and (3) many more crenated, deformed 
cells are seen in PK defi ciency.364,365 Studies of such cells 
obtained from peripheral blood have demonstrated them 
to be poorly deformable.366 The hypoxic, acidic environ-
ment of the spleen would be expected to produce just 
such crenation in reticulocytes through the sequence of 
events outlined earlier—inhibition of oxidative phosphor-
ylation, ATP depletion, selective K+ leakage, loss of cell 
water, and resultant loss of cell volume. These rigid desi-
cytes should negotiate the 3-μm fenestrations between 
the splenic cords and sinuses only with diffi culty. Thus, 
they are doomed to a stay of uncertain duration in the 
metabolically unfavorable splenic environment, and 
further deterioration in cell capabilities would seem inev-

itable. Isotope studies show that the fi nal coup de grace 
often occurs in the liver.367,368

Splenic destruction of reticulocytes is a variable 
feature of PK defi ciency; in some instances, either bone 
marrow or liver destruction predominates. Why some 
reticulocytes are destroyed whereas others survive to 
reach maturity and thereafter have a nearly normal exis-
tence despite their enzyme defect is unclear. It is possible 
that chance determines which reticulocytes will be 
detained in unfavorable metabolic circumstances. On the 
other hand, there is some evidence for actual variation in 
PK activity among reticulocytes.289 Those with the most 
PK activity would be more likely to survive.

Although cellular dehydration has been given a 
central mechanistic role in the destruction of PK-
defi cient human red cells, it appears to be unimportant 
in the hemolytic process in PK-defi cient basenji dogs. 
When PK-defi cient dog red cells with high sodium levels 
are exposed to cyanide in vitro, they rapidly lose ATP. 
However, the ensuing loss of K+ is balanced by an equiva-
lent gain in Na+, so no cellular dehydration occurs. Other 
mechanisms must explain the hemolysis in this setting.367 
Of possible interest in this regard is the fi nding of apop-
tosis of erythroid progenitors within the spleen of PK-
defi cient mice, thus suggesting a role for ineffective 
erythropoiesis in the anemia seen in this species,368 and 
perhaps in humans as well.368a

Genetics and Inheritance

Autosomal recessive transmission of the enzyme defect is 
usually observed in PK defi ciency. Homozygotes and 
compound heterozygotes exhibit hemolytic anemia. 
Simple heterozygotes can be distinguished from com-
pound heterozygotes or homozygotes by the degree of 
reticulocytosis, the extent of accumulation of red cell 
glucose 6-phosphate, and the in vitro properties of the 
mutant PK.369,370 Although simple heterozygotes usually 
remain clinically normal despite an approximately 50% 
reduction in erythrocyte PK activity, some may exhibit 
evidence of mild hemolysis.370,371 Population surveys in 
different ethnic groups based on assays of red cell PK 
activity have estimated the incidence of PK heterozygos-
ity to be 0.14% to 6%.372-376 Because activity assays may 
sometimes falsely identify heterozygotes as normal and 
vice versa, DNA analysis should provide a more accurate 
estimate of the prevalence of PK mutations. A survey 
based on DNA analysis reported the rate of occurrence 
of heterozygosity in white individuals for the 1456T 
mutation, the most common PK mutation in southern 
Europe, to be 3.5 × 10−3 and that for the 1529A mutation 
to be 2.03 × 10−3. In African Americans, the rate of occur-
rence of heterozygosity was 3.90 × 10−3 for the 1456T 
mutation, and in Asians, it was 7.94 × 10−3 for the 1468T 
mutation.275 Evidence in PK-defi cient mice with chronic 
hemolytic anemia suggests that PK defi ciency may play 
a protective role against malaria.377 In vitro studies with 
P. falciparum–infected red cells from PK-defi cient 
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homozygotes and heterozygotes indicate that a similar 
protective effect may be present in humans.377a

There is little correlation between the severity of 
anemia in homozygotes and the level of erythrocyte PK 
activity as measured by the conventional in vitro assay 
system unless enzyme activity is corrected for the degree 
of reticulocytosis present.347 Variable clinical severity is 
explained, at least in part, by the existence of numerous 
mutant forms of the enzyme whose differing properties 
result in variable degrees of hemolysis. Mutants are dis-
tinguishable in vitro on the basis of maximal activity, 
electrophoretic mobility, substrate kinetics, stability, 
immunologic properties, and response to the activator 
FDP. In general, mutants with unfavorable kinetics are 
usually associated with more severe hemolysis.347,378,379 
Diminished thermal stability of the enzyme in vitro also 
seems important in determining clinical severity.380 
Homozygous frameshift, promoter, or deletion mutations 
that greatly reduce or completely abolish PK activity 
generally lead to such severe phonotypes as intrauterine 
death or life-threatening neonatal anemia, as does inheri-
tance of a single copy of such deleterious mutations along 
with another severe PK gene.381-384,384a

International standards for the characterization of 
mutant PK phenotypes have facilitated the comparison of 
mutants studied in different laboratories.385 In compound 
heterozygotes, full characterization is diffi cult because 
tetramers formed from varying proportions of the two 
different mutant subunits are present, each with unique 
properties.378 The best-defi ned phenotypes are those 
found in true homozygotes, who are usually the offspring 
of consanguineous matings. The kinetic and electropho-
retic abnormalities characteristic of each variant PK 
refl ect underlying structural changes in the enzyme sec-
ondary to point mutations or deletions. A total of 180 
mutations in the PKLR gene associated with chronic 
hemolytic anemia have been defi ned at the nucleic acid 
level.380,384a,386-388 Single-nucleotide missense mutations 
(including 2 in the promoter region) account for 124 of 
the total. The rest are splice site mutations (23), stop 
codon mutations (9), large deletions (3), and small dele-
tions, frameshifts, or insertions (21). Additional PK muta-
tions are known, but because they are present only as 
single copies in patients with chronic anemia, their role in 
the pathophysiology of hemolysis has not been 
defi ned.380,386,387 In the basenji dog, PK defi ciency is 
attributable to a frameshift mutation (deletion of C at 
nucleotide 433),389 and in PK-defi cient mice, a missense 
mutation in ribose-phosphate pyrophosphokinase 
(338Gly→Asp) is responsible for the enzymopathy.279 
Most PK mutations are extremely rare and usually limited 
to a single family. Exceptions are the 1529G→A and 
the 1456C→T substitutions, common in European 
patients with PK defi ciency,380,390-393 and the 1151C→T 
substitution, common in Japanese patients.394 The major-
ity of the mutations are located within exon 8 or 9 (A 
domain), where components of the active site and the K+ 
binding site are located, or in exons 10 or 11 (C domain), 

a region responsible for the allosteric regulatory pro -
perties of the enzyme. Although important informa -
tion about genotype-phenotype correlation has been 
developed,347,380,384a,395-397 detailed analysis of the way in 
which each mutation disturbs the function of PK and 
produces the clinical phenotype observed has only recently 
become available after ascertainment of the crystalline 
structure of human R-type PK and the use of recombi-
nant ribose-phosphate pyrophosphokinase generated in 
E. coli to study enzyme kinetics and stability.380,398,399 For 
example, generation of the 1529G→A (510 Arg→Gln) 
mutant, the most common mutation found in northern 
Europe, by site-directed mutagenesis produced a recom-
binant enzyme with normal substrate kinetics and activa-
tion by FDP but with strikingly decreased stability.399 
These studies suggest that the hemolytic anemia seen in 
1529G→A homozygotes, which can be moderate to 
severe, is the result of low PK activity caused by enzyme 
instability in vivo rather than unfavorable enzyme kinet-
ics. The variable clinical severity seen in different 1529G→
A homozygotes remains unexplained by these molecular 
studies and suggests a role for epigenetic or environmen-
tal factors.380,384a DNA analysis has indicated that several 
PK variants thought to be unique because of differing 
enzyme properties are in fact due to a single shared muta-
tion. For example PK Maebashi, PK Fukushima, and PK 
Sendai are each the consequence of a substitution of A for 
C at nucleotide 1261.380 DNA analysis has also made pos-
sible the prenatal diagnosis of PK-defi cient fetuses.400

When kinetic abnormalities have been discovered in 
anemic patients, at least one parent has exhibited similar 
abnormalities. The other parent may also have kinetically 
aberrant PK401 or is found to have a low-activity variant 
with normal kinetics.402 Occasionally, it has not been 
possible to demonstrate an abnormality of erythrocyte 
PK in one386 or both360 parents of patients with PK activ-
ity in the homozygous defi cient range. Staal and co-
workers360 have speculated that in some heterozygotes, a 
compensatory increase in synthesis of enzyme protein by 
the normal allele may result in enzyme activity indistin-
guishable from normal. The “classic” form of PK defi -
ciency is associated with severe enzyme defi ciency, 
persistence of the M2 isoenzyme in mature erythrocytes, 
and little or no R isozymes. The persistence of M2 iso-
enzyme may represent an attempt to compensate for the 
lack of R subunit–containing forms of PK.293 An analogy 
to the persistence of fetal hemoglobin synthesis in β-
thalassemia has been made by Miwa.403 When M2 com-
pensation is incomplete or absent,383 PK activity in 
mature red cells is low, and hemolytic anemia ensues. 
When M2 isoenzyme is synthesized at a higher rate, 
greater than normal amounts of PK activity can accumu-
late in mature red cells.310,404-407 Such patients do not have 
hemolytic anemia, and in fact the increased glycolytic 
fl ow through PK at the expense of the 2,3-DPG–generat-
ing pathway may lower 2,3-DPG levels, increase the 
affi nity of hemoglobin for oxygen, and result in erythro-
cytosis. Similarly, mice bearing a mutant form of R-type 
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PK exhibit a delayed onset of hemolytic anemia after 
birth that coincides with delayed switching from the M2 
isoenzyme to the mutant R isoenzyme.408

A kindred in which hemolytic anemia occurred in 
heterozygotes for PK mutants was studied by Etiemble 
and colleagues.409 PK activity was well below (17% to 
45%) the 50% activity usually encountered in the pres-
ence of one normal and one mutant PK allele. It was 
thought that perhaps the presence of only one mutant 
subunit in the PK tetramer might be suffi cient to reduce 
its catalytic function, with greater impairment found in 
the presence of additional mutant subunits. Similar con-
siderations were raised in another kindred (PK Greens-
boro), in which heterozygotes exhibited less than 50% of 
the normal red cell PK activity but no hemolytic 
anemia.410 However, in neither kindred was the presence 
of multiple combinations of mutant and normal subunits 
(i.e., M4, M3N, M2N2, MN3, and N4, where M is the 
the mutant subunit and N is the normal subunit) actually 
confi rmed.

To date, no evidence suggests interaction between 
PK defi ciency and other disorders of the erythrocyte 
such as β-thalassemia minor,411 band 3 defi ciency,412 or 
G6PD defi ciency.292 Reports of spherocytosis or parox-
ysmal nocturnal hematuria in heterozygotes for PK defi -
ciency have not mentioned unusual features of either 
disease. Markedly increased involvement of the kidneys 
was noted at autopsy in a patient with Gaucher’s disease 
who also exhibited hemolytic anemia and defi ciency of 
erythrocyte PK. It was suggested that cerebroside pro-
duction was enhanced as a result of hemolysis.413

Therapy

Although complete cure is not achieved by splenectomy, 
elimination or amelioration of transfusion requirements, 
a decrease in bilirubin level, and an increase in hemoglo-
bin concentration are seen quite often. Even though sple-
nectomy may be lifesaving in individuals with severe 
anemia,338,343 the procedure may have no effect in indi-
viduals with mild anemia. When signifi cant morbidity 
exists, it would seem reasonable to recommend splenec-
tomy while bearing in mind the fact that the degree of 
benefi t cannot be predicted with certainty.414 The results 
of therapeutic intervention with agents that either cir-
cumvent the metabolic aberrations induced by the defec-
tive enzyme or directly modify enzyme activity have 
generally been disappointing.321,360,415,416

Although hemolytic crises are uncommon in patients 
with PK defi ciency and have not been associated with 
drug ingestion, Glader273 demonstrated a potential hazard 
with the use of large doses of salicylate in patients with 
severe PK defi ciency. Salicylates inhibit oxidative phos-
phorylation and thus cause ATP depletion and cellular 
dehydration in severely PK-defi cient reticulocytes in 
vitro. The salicylate doses used by Glader were high but 
were equivalent to serum levels achieved with chronic 
salicylate therapy for disorders such as rheumatoid arthri-

tis. It is prudent to select alternative therapy for such 
patients when possible or to monitor them carefully for 
signs of increased hemolysis.

Bone marrow transplantation has permanently cor-
rected the hemolytic anemia seen in PK-defi cient basenji 
dogs,417 in PK-defi cient mice,418,419 and in a single human 
with PK defi ciency.420 The potential feasibility of gene 
therapy has been demonstrated in PK-defi cient 
mice.421,421a

LACTATE DEHYDROGENASE DEFICIENCY

Clinical Manifestations, Biochemistry, 
and Genetics

Partial or complete absence of the H subunit of lactate 
dehydrogenase (LDH) in erythrocytes, leukocytes, 
platelets, and serum is not associated with anemia or 
hemolysis.422 M-subunit defi ciency, though associated 
with exertional myoglobinuria and a characteristic 
skin eruption, also does not lead to hemolytic anemia.423 
In contrast to humans, mice homozygous for a low-
activity mutation of the skeletal muscle subunit of LDH 
have less than 10% of normal enzyme activity in eryth-
rocytes and exhibit severe lifelong hemolytic anemia.424

ABNORMALITIES OF ERYTHROCYTE 
NUCLEOTIDE METABOLISM

In individuals with CNSHA, low erythrocyte ATP levels 
often play a central role in the pathogenesis of hemolysis. 
Hemolytic anemia associated with an unusually high 
erythrocyte ATP level has also been described.425 Red cell 
PK levels were normal in the affected pedigree, so the 
mechanism for ATP elevation would appear to differ 
from that found in other families with high red cell ATP 
levels, low 2,3-DPG, erythrocytosis, and a twofold or 
greater elevation in PK activity.404-406 In yet another 
family, two infants with hemolytic anemia, high erythro-
cyte ATP levels, and low 2,3-DPG levels had reduced 
2,3-DPG phosphatase activity.426 The relationship of this 
enzyme abnormality to the unusual elevation in erythro-
cyte ATP level or to hemolysis is uncertain. In the three 
disorders of erythrocyte nucleotide metabolism to be 
described in the text that follows, evidence of a relation-
ship between the abnormal enzyme and hemolytic anemia 
is more convincing, although even in these disorders 
much remains to be learned about the pathogenesis of 
hemolysis.

Pyrimidine 5′-Nucleotidase Defi ciency

Clinical Manifestations

Defi ciency of erythrocyte P-5′-N, the most common 
inherited abnormality of nucleotide metabolism causing 
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hemolytic anemia, is associated with lifelong anemia of 
moderate severity.9,427-437 Splenomegaly is usually present. 
Developmental delay is sometimes seen, but whether it 
is a direct result of P-5′-N defi ciency has not been deter-
mined. Pronounced basophilic stippling, which may 
occur in as many as 5% of all erythrocytes, is an impor-
tant and useful fi nding and an exception to the usual lack 
of distinguishing morphologic abnormalities in erythro-
enzymopathies. Defi nitive diagnosis requires assay of red 
cell P-5′-N activity.

Biochemistry

Reticulocyte maturation requires disposition of intraeryth-
rocytic ribosomal RNA, which is no longer required for 
protein synthesis. The hydrolysis of pyrimidine nucleo-
tides (cytidine monophosphate [CMP] and uridine 
monophosphate [UMP]) formed by the action of ribo-
nucleases on ribosomal RNA, an essential step in RNA 
degradation, is catalyzed by P-5′-N. The cytidine and 
uridine formed can diffuse across the cell membrane, 
whereas the pyrimidine nucleotide substrates of the 
nucleotidase reaction are incapable of diffusion and accu-
mulate within the cell when activity of the nucleotidase 
is subnormal.9

Hirono and associates438 found two different isoen-
zymes of P-5′-N in hemolysates from normal subjects 
and those with P-5′-N defi ciency. Only one isoenzyme, 
CMP responsive, was defi cient in all fi ve subjects evalu-
ated with P-5′-N defi ciency, whereas the other, deoxythy-
midine monophosphate (dTMP) responsive, was normal. 
Kinetic and thermostability abnormalities were seen in 
the CMP-responsive isoenzyme from subjects with P-5′-
N defi ciency but not in the dTMP-responsive isoenzyme. 
Apparently, the lack of overlapping substrate sensitivities 
makes it impossible for the residual normal isoenzyme to 
substitute for its defi cient partner in enzymopenic 
individuals.

The amount of nucleotides in P-5′-N–defi cient red 
cells is increased by 1.3 to 5.0 times, chiefl y as a result 
of an increase in pyrimidine derivatives (CMP, cytidine 
diphosphate [CDP], cytidine triphosphate [CTP], 
UMP, uridine diphosphate, and uridine triphosphate 
[UTP]).9,429,430,439,440 The most abundant derivatives are 
the diphosphodiesters CDP-choline and CDP-ethanol-
amine.438 Accumulation of pyrimidine derivatives is 
undoubtedly due in part to RNA degradation,430 but it 
may also refl ect de novo synthesis of these compounds 
from the uridine and orotate transported into the red 
cell.441 Classifi cation of P-5′-N defi ciency as a high-ATP 
syndrome was based on early observations of unusually 
high ATP levels in cells, as measured with an enzymatic 
assay of ATP content that also refl ected the presence of 
other nucleotide triphosphates, notably CTP and UTP. 
More specifi c assays have subsequently shown that cell 
adenine nucleotide levels are normal or even low rather 
than elevated.9,431,440

The extraordinary accumulation of pyrimidine 
nucleotides within P-5′-N–defi cient red cells is easily 

detected by subjecting cellular extracts to MRI442 or to 
ultraviolet spectroscopy. Extracts from normal cells 
exhibit an absorbance peak at 255 to 260 nm (caused 
almost entirely by the presence of adenine nucleotides). 
In P-5′-N defi ciency, a higher absorbance peak slightly 
shifted in position (266 to 270 nm) is observed as a result 
of the presence of large amounts of pyrimidine nucleo-
tides and provides a relatively simple means of screening 
patients for the disorder.9,430 The secondary effects of P-
5′-N defi ciency are complex. For example, the concentra-
tion of GSH is regularly increased by a factor of 1.5 to 
2.3,429 a fi nding that may help confi rm the diagnosis in 
patient suspected of having P-5′-N defi ciency. Red cell 
PRPP synthetase activity is markedly low (15% to 35% 
of normal) in P-5′-N–defi cient red cells.442,443 In fact, 
PRPP synthetase defi ciency was originally thought to be 
the primary defect responsible for the hemolysis. It is 
now regarded as a secondary phenomenon.436 Pyrimidine 
nucleotides have been shown to bind and sequester mag-
nesium, a cofactor required for subunit aggregation and 
maximal activation of PRPP synthetase.445 Magnesium 
depletion (by the addition of pyrimidine nucleotides) 
also inhibits PK and pentose phosphate pathway activity 
in hemolysates. On the other hand, red cell magnesium 
levels are normal or even elevated in P-5′-N–defi cient red 
cells, and incubation of these cells with exogenous mag-
nesium does not reduce their susceptibility to autohe-
molysis or to Heinz body formation.446 The role of 
magnesium defi ciency (or unavailability) in the central 
abnormalities that limit the life span of P-5′-N–defi cient 
red cells is not clear.

In fact, it is not known why P-5′-N–defi cient red cells 
are destroyed prematurely. Perhaps the pyrimidine nucle-
otides that accumulate interfere with the normal function 
of key glycolytic enzymes by competing for available 
binding sites with the adenine nucleotides that are the 
normal enzyme substrate. The possible importance of 
pyrimidine nucleotides in hemolysis is underscored by 
the report of an individual with chronic hemolysis, baso-
philic stippling, and normal P-5′-N activity, in whom the 
only biochemical abnormality detected was a striking ele-
vation in erythrocyte CDP-choline.447 Accumulation of 
pyrimidine nucleotide has been shown to lower red cell 
pH in P-5′-N–defi cient red cells as a result of shifts in 
Donnan equilibrium caused by the increase in fi xed intra-
cellular anion.434,439 This drop of 0.1 to 0.2 pH unit is suf-
fi cient to increase the red cell’s oxygen affi nity above the 
normal range440 and may also explain the slightly subnor-
mal glycolytic rate of P-5′-N–defi cient red cells.448 Tomoda 
and colleagues434 demonstrated a moderate impairment 
in stimulated pentose phosphate pathway activity in P-5′-
N–defi cient erythrocytes, which they attributed to inhibi-
tion of G6PD by pyrimidine nucleotides. This impairment 
in shunt activity is noted in both light and dense red cells 
separated by centrifugation and is accompanied by a par-
allel decrease in G6PD activity.449 It is hard to visualize 
how pentose phosphate pathway failure could result in 
the unusually high levels of GSH characteristic of P-5′-N 
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defi ciency because the opposite effect, a defi ciency in 
GSH, would be predicted.434

Study of individuals with lead poisoning has con-
fi rmed the central role of P-5′-N defi ciency in the origin 
of hemolytic anemia. P-5′-N is markedly inhibited in 
vitro by low concentrations of lead, and the red cells of 
patients with signifi cant lead poisoning have depressed 
levels of P-5′-N activity.450 The basophilic stippling that 
is present in some patients with lead poisoning has been 
attributed to nucleotidase defi ciency.451 Although accu-
mulation of pyrimidine nucleotides within erythrocytes 
is not found in all patients with lead poisoning in which 
P-5′-N activity is reduced, it is regularly found in patients 
exhibiting acute lead-induced hemolytic anemia.450,451 
Perhaps because of the shorter duration or less severe 
character of the enzyme defi ciency, the red cells of lead-
poisoned individuals do not exhibit ribose phosphate 
pyrophosphokinase (RPPK) defi ciency.451 GSH levels are 
normal451 or elevated.430 Despite the less than perfect 
homology between congenital and acquired P-5′-N defi -
ciency, study of the latter may be expected to provide 
important insight into the mechanisms of hemolysis in 
this disorder.

Genetics and Inheritance

The gene for P-5′-N is located on chromosome 7 and 
consists of 11 exons. Alternative splicing leads to the 
production of three proteins: one is 286 amino acids long 
(P-5′-N I), the second is 297 amino acids long, and the 
third, found only in reticulocytes, is 285 amino acids 
long.452,453 P-5′-N I is the major isoenzyme expressed in 
erythrocytes. Twenty different mutations in P-5′-N I have 
been identifi ed in patients with P-5′-N defi ciency and 
chronic hemolytic anemia. Six are missense mutations, 2 
are in-frame deletions that lead to loss of a single amino 
acid, and the remaining 12 are nonsense mutations, splice 
site alterations, insertions, or larger deletions.437

Sixty-six patients from 56 unrelated families with 
P-5′-N defi ciency and hemolytic anemia have been 
described.436,437,454 The disorder has been found in many 
ethnic groups.437 Inheritance is autosomal recessive.430,437 
Nearly all P-5′-N–defi cient patients who exhibit hemo-
lytic anemia are homozygous for a single P-5′-N muta-
tion; the remainder are compound heterozygotes for two 
different mutations.437 Heterozygotes have no clinical 
manifestations but exhibit a reduction of about 50% in 
red cell P-5′-N activity.9,430,436,437 The wide range of 
enzyme activity encountered in normal individuals makes 
detection of heterozygotes diffi cult in some families.455 
Variation in the severity of disease is, in part, due to het-
erogeneity in the molecular nature of the defective 
enzyme.428,438,456 This has been shown most clearly by 
study of the biochemical properties of purifi ed recombi-
nant mutant P-5′-N.457 These studies also revealed that 
despite profound abnormalities in P-5′-N kinetics or sta-
bility in vitro, erythrocytes containing certain P-5′-N 
mutations exhibited only a moderated reduction in P-5′-
N activity, thus suggesting that other pathways or other 

P-5′-N isoenzymes could compensate for P-5′-N I defi -
ciency. P-5′-N has been found in the spleen,456 kidney, 
and brain.458,459 The presence of the enzyme in brain may 
be relevant to the mental retardation noted in several 
P-5′-N–defi cient individuals with hemolytic anemia.431

Therapy

The congenital form of P-5′-N defi ciency must be dis-
tinguished from the acquired form associated with lead 
poisoning because specifi c therapy is available for the 
latter. The benefi t of splenectomy in congenital P-5′-N 
defi ciency is limited.436 Investigational therapeutic use of 
allopurinol in one affected individual had no effect on 
hemolysis and actually increased erythrocyte pyrimidine 
nucleotide levels.441

Adenylate Kinase Defi ciency

Clinical Manifestations, Biochemistry, 
and Genetics

Controversy exists regarding the exact role of adenylate 
kinase (AK) defi ciency in hemolytic anemia. Beutler and 
colleagues460 studied two African American siblings 
whose red cells lacked measurable AK activity. One had 
hemolytic anemia, but the other did not. It was suggested 
that in this family the hemolysis was unrelated to AK 
defi ciency or that another coexistent defect was required 
for hemolysis to occur. The latter seemed to be the case 
in an Arab family in which two siblings had severe red 
cell AK defi ciency but only the sibling who had also 
inherited severe G6PD defi ciency exhibited hemolysis.461 
However, further investigation of this large pedigree dis-
closed six more individuals with severe AK defi ciency 
and mental retardation.462 All had chronic nonsphero-
cytic hemolytic anemia. Three had also inherited G6PD 
defi ciency and were severely anemic, with red cell trans-
fusions required 6 to 10 times annually. The other three, 
who did not have G6PD defi ciency, were moderately 
anemic and only occasionally required transfusions. 
Family members who had carrier levels of red cell AK 
activity (50% of normal), either with or without G6PD 
defi ciency, and individuals with G6PD defi ciency alone 
did not have chronic hemolytic anemia. These results 
suggest that either AK defi ciency has a direct role in 
hemolysis or the enzyme defect is a marker for another 
genetically linked but as yet unidentifi ed defect that is 
the primary cause of the anemia.463 Lachant and col-
leagues463 found no AK activity in the red cells of a Syrian 
girl who had chronic hemolytic anemia. Only modest 
impairment in the formation of ADP from adenosine 
monophosphate was observed in intact cells, thus sug-
gesting that alternative pathways might be available to 
substitute for the missing AK. Alternatively, it was pro-
posed that AK itself might be present in intact cells but 
somehow became inactivated during preparation of a 
hemolysate for assay of enzyme activity. Eight additional 
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patients with AK defi ciency associated with hemolytic 
anemia have been reported in France,464 Japan,465,466 
Spain,467 and Italy.468-470 Molecular study of these patients 
has defi ned three missense, two in-frame single-codon, 
and two nonsense mutations. Site directed mutagenesis 
of wild type AK1 cDNA followed by expression of mutant 
enzyme proteins in an E. coli system and purifi cation of 
enzyme protein allowed characterization of fi ve of these 
mutations. Marked abnormalities in enzyme stability and 
catalytic properties were found.470a Modeling studies 
using the structure of porcine AK, which is highly homol-
ogous to human AK, have begun to defi ne the structural 
basis for mutation-associated defects in enzyme func-
tion.467 The Japanese subject inherited a missense muta-
tion (Arg128→Trp) in the coding region of the AK1 gene 
from her mother and a normal AK1 allele from her 
father. Although both mother and child were heterozy-
gous for AK defi ciency, only the child exhibited hemo-
lytic anemia, and the mother was hematologically 
normal.466 An Italian girl homozygous for a missense 
mutation at codon 164 had virtually undetectable eryth-
rocyte AK activity and moderate hemolytic anemia.468,469 
Another Italian girl, who also had moderate hemolytic 
anemia, was homozygous for a deletion that created a 
frameshift with a premature stop codon. Even though no 
erythrocyte AK mRNA was detectable, thus implying 
rapid degradation of the truncated mRNA, a low level of 
AK enzyme activity was present in hemolysates from the 
propositus. Evidence of activity of other AK isozymes, 
not usually present in erythrocytes, was obtained, and 
this residual AK activity was thought to have mitigated 
the clinical severity of the enzymopathy.470 Two siblings 
in a third Italian family who were homozygous for a 
nonsense mutation at codon 107 (CGA→TGA) had no 
detectable erythrocyte AK activity and mild to moderate 
chronic hemolytic anemia.469 Both siblings also exhibited 
psychomotor retardation. Similar fi ndings in other fami-
lies462,464 suggest that AK defi ciency may be shared by the 
red cell and the brain.

Therapy

Splenectomy led to prompt disappearance of anemia and 
hemolysis in fi ve of six Arab patients.462

Adenosine Deaminase Overproduction

Clinical Manifestations, Biochemistry, 
and Genetics

Fourteen individuals in three families have been found 
to have hereditary hemolytic anemia, sharply diminished 
amounts of intraerythrocytic adenosine nucleotides (to 
less than 50% of normal), and a remarkable 45- to 110-
fold increase in red cell ADA activity.471-474 In contrast to 
virtually all other erythroenzymopathies, ADA excess is 
transmitted as an autosomal dominant trait. Hemolysis 
is apparently the consequence of diminished red cell ATP 
content, which is caused by the diversion of nearly all 

adenosine metabolism through the unusually active ADA 
reaction at the expense of the competing adenosine kinase 
reaction. The former results in irreversible loss of adenos-
ine nucleotides, whereas the latter conserves such nucle-
otides and preserves cell ATP stores. The fi nding of 
abnormalities of lesser magnitude in other enzymes of 
nucleotide metabolism in affected individuals suggests 
that the excess ADA activity may be caused by an as yet 
undefi ned primary defect. The physical properties of the 
mutant ADA are normal,473,475 which indicates that the 
great excess of ADA activity is due to overproduction 
rather than an increase in catalytic effi ciency. In one 
subject, an increase in red cell ADA protein equivalent 
to the striking increase in ADA activity was demonstrated 
by immunoblotting.476 Synthesis of ADA by erythroid 
progenitors grown from bone marrow cells was 11-fold 
greater in an affected individual.477 RNase mapping tech-
niques and Northern blotting have revealed at least a 
100-fold increase over normal in the ADA mRNA content 
of affected reticulocytes. Sequencing of ADA cDNA 
showed no abnormalities in the coding region and 5′- and 
3′-untranslated regions of the parent mRNA. Examina-
tion of genomic DNA by Southern blotting did not dis-
close evidence of gene amplifi cation, deletion, or gross 
rearrangements. Thus, although the basis for ADA excess 
appears to be an overabundance of apparently normal 
mRNA, the mechanism underlying this abnormality 
remains obscure.478

Linkage analysis with a polymorphic TAAA repeat 
located 1.1 kb upstream from the ADA gene strongly 
indicated that the mutation was located in cis rather than 
in trans.479 DNA constructs containing 10.6 kb of 5′-
fl anking sequences and 12.3 kb of the fi rst intron of the 
normal or mutant ADA gene were linked to a reporter 
gene (chloramphenicol acyltransferase) and used to study 
expression in transient transfection assays and in trans-
genic mice. No difference in expression between wild-
type and mutant alleles was found. Therefore, the 
mutation is thought to reside at a more distant 5′ site, 
within a different intron, or 3′ to the coding region.480

Much lower increases in ADA activity (approximately 
fourfold) are seen in congenital hypoplastic anemia,481,482 
arthrogryposis multiplex congenita,483 acquired immu-
nodefi ciency syndrome,484 and cartilage-hair hypopla-
sia.485 The origin and implications of these increases are 
obscure, but they are not associated with hemolysis.

ACQUIRED DISORDERS OF 
ERYTHROCYTE GLYCOLYSIS

Alterations in the external chemical milieu may pro-
foundly infl uence erythrocyte metabolism. The rate of 
glycolysis, for example, is governed by the availability of 
Pi. High concentrations of Pi augment and low concen-
trations impede the glycolytic synthesis of ATP and 
2,3-DPG. Erythrocytes from uremic patients with 
hyperphosphatemia contain an average of 70% more 
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ATP than normal erythrocytes do, and a lesser, but sig-
nifi cant increase in 2,3-DPG concentration is also found 
in the hyperphosphatemic cell.486 Conversely, hypophos-
phatemia induced by hyperalimentation with low-
phosphate nutrients487 or by anion resin therapy for 
hyperphosphatemia488 is associated with a reduction in 
erythrocyte organic phosphates. The organic phosphate 
depletion resulting from hypophosphatemia may be suf-
fi cient to displace the oxyhemoglobin dissociation curve 
to the left, thereby unfavorably infl uencing tissue oxygen-
ation. Profound hypophosphatemia may produce a 
spherocytic hemolytic anemia secondary to erythrocyte 
ATP defi ciency.488-490 Some investigators have found that 
experimental magnesium defi ciency in the rat resembles 
hypophosphatemia in that erythrocyte glycolysis is inhib-
ited, ATP and 2,3-DPG levels are subnormal, and red 
cell rigidity is increased. Spherocytes are evident on the 
blood smear, and red cell survival is reduced.491 Magne-
sium is essential for the normal function of a variety of 
glycolytic and nonglycolytic enzymes. However, using a 
different diet to induce magnesium defi ciency, Piomelli 
and co-workers492 showed that although hemolytic anemia 
accompanies magnesium depletion in rats, erythrocyte 
glycolysis and the activity of red cell glycolytic enzymes 
remain normal. Magnesium defi ciency also infl uences 
other red cell components, notably the membrane,493 and 
the relative contribution of such abnormalities to short-
ened red cell life span remains undefi ned.

Iron defi ciency not only decreases the production of 
red cells but also accelerates their destruction.494 Studies 
of the metabolic properties of iron-defi cient red cells have 
revealed several abnormalities that might reduce cell 
viability. Although erythrocyte glycolysis in vitro is normal 
for cell age,495 cell ATP is unstable on incubation. The 
ATP concentration in freshly obtained red cells may be 
either normal496 or low.497 The spontaneous autohemoly-
sis of iron-defi cient red cells incubated at 37º C is 
increased.498 The increased rigidity characteristic of an 
ATP-depleted cell is present in iron-defi cient cells as 
well.498 These fi ndings suggest that a defect in energy 
metabolism may contribute to the shortened survival of 
iron-defi cient red cells.

Alterations in erythrocyte enzyme activity are often 
found during the course of either acute or chronic leu-
kemia,499 nonmalignant pancytopenia,499,500 congenital 
dyserythropoietic anemia,501 acquired dyserythropoietic 
anemia,499,502 myeloid metaplasia,499 and polycythemia 
vera.499 One, several, or many enzymes may be involved, 
and activity may be either increased or decreased. The 
unusual pattern of enzyme activity may, on occasion, be 
useful in diagnosis, for example, to distinguish congenital 
hypoplastic anemia from transient erythroblastopenia of 
childhood.503

Several quite different processes appear to be respon-
sible for the development of acquired enzymopathies.504 
Reversion to fetal hematopoiesis may alter enzyme func-
tion.505 Post-translational changes in normal enzyme 
protein have been demonstrated.506 Synthesis of enzyme 

protein by developing erythroid cells may be impaired, 
perhaps as a result of alterations in chromosome number 
or disorderly and dyssynchronous nuclear maturation. 
Although some components of the abnormal pattern of 
enzymes (such as low PFK or high enolase activity) may 
suggest a reversion to fetal erythropoiesis, others do not. 
The possibility that these enzyme abnormalities may be 
familial and antedate the onset of an acquired blood 
disorder has not been fully explored.
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Most hemolytic anemias can be categorized, at least at 
fi rst approximation, as being either inherited or acquired, 
due to either intracorpuscular or extracorpuscular causes. 
Hemolytic anemia associated with defi ciency of glucose-
6-phosphate dehydrogenase (G6PD) glaringly defi es this 
categorization. Indeed, the majority of persons with 
inherited G6PD defi ciency have no anemia and almost 
no hemolysis. Both develop only as a result of challenge 
by exogenous agents. Because the metabolic role of 
G6PD in red blood cells is primarily related to its reduc-
tive potential, the threat to G6PD-defi cient red cells is 
oxidative damage. Therefore, to understand hemolytic 
anemia associated with G6PD defi ciency, we fi rst need 
to defi ne the physiologic role of G6PD1-3 and pinpoint 
why the red cells are defi cient in G6PD.4-6

G6PD IN RED CELL METABOLISM

In metabolic maps, G6PD is commonly referred to as 
the fi rst enzyme of the hexose monophosphate shunt, or 
the pentose phosphate pathway (Fig. 17-1). Although 
these time-honored phrases persist in textbooks, it is now 
clear that the main role of G6PD is not glucose utilization 
(G6PD accounts for less than 10% of that); rather, it is 
production of the reduced form of nicotinamide adenine 
dinucleotide phosphate (NADPH). NADPH has a crucial 
role in preventing oxidative damage to proteins and to 
other molecules in all cells (Fig. 17-2).7,8 This role is 
particularly crucial in red cells because being oxygen 
carriers par excellence, they have a literally built-in danger 
of damage by oxygen radicals generated continuously in 
the course of methemoglobin formation.9 The highly 
reactive oxygen radicals either decay spontaneously or 
are converted by superoxide dismutase to hydrogen per-
oxide (H2O2), which is still highly toxic. Detoxifi cation of 
H2O2 to H2O is effected by catalase10 and by glutathione 
peroxidase11 (GSHPX). NADPH is crucial for the func-
tion of both these enzymes: it is a structural component 
of catalase,12 and it is required as a substrate by glutathi-
one reductase, which regenerates GSH when it has been 
oxidized to GSSG by GSHPX (see Fig. 17-2). G6PD-
defi cient red cells are highly vulnerable to oxidative 
damage (see later), even though G6PD defi ciency is 
never complete in humans. When complete G6PD defi -

ciency was produced in mouse embryonic stem cells 
(ESCs) by targeted inactivation of the G6PD gene,13 the 
G6PD-null cells thus obtained were viable, but they 
formed colonies only in a low-oxygen environment; even 
so, they had an impaired capacity to form erythroid colo-
nies.14 When G6PD-null ESCs were injected into mouse 
blastocysts, chimeric embryos were obtained, and germ-
line transmission was achieved; however, only female 
heterozygous mice were obtained because hemizygous 
male embryos died.15 Thus, a G6PD-null mutation is an 
embryonically lethal condition.

Structure and Biochemistry of G6PD

G6PD is a ubiquitous enzyme that must be quite ancient 
in evolution because it has been found in all organisms, 
from prokaryotes to yeasts, to protozoa, to plants and 
animals.2,16,17 In mammals, G6PD is a good example of 

Glucose
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NADPH

Free radical
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Biosynthetic
reactions
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ATP

Energy

FIGURE 17-1. The role of G6PD in red blood cell metabolism. As a 
somewhat crude oversimplifi cation, glucose can be visualized, after 
phosphorylation to glucose 6-phosphate (G6P), as being at the bifurca-
tion between two major pathways: glycolysis, which produces adenosine 
triphosphate (ATP), and the pentose phosphate pathway, which gener-
ates reducing power (reduced nicotinamide adenine dinucleotide phos-
phate [NADPH]). Under “normal” conditions, probably less than 1% 
of G6P enters the pentose phosphate pathway; under maximal oxidative 
stress, the amount may reach 10%.
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FIGURE 17-2. G6PD and the glutathione (GSH) cycle. The 
front-line defense against oxidative damage by hydrogen peroxide 
(H2O2) is GSH by means of GSH peroxidase (GSHPX). GSHPX 
uses up GSH, and its regeneration can be effected in the red blood 
cell only through GSH reductase (GSSGR) by NADPH, which is 
ultimately provided by G6PD. (Redrawn from Luzzatto L, Mehta 
A, Vulliamy T. Glucose-6-phosphate dehydrogenase defi ciency. In Scriver 
C, Beaudet A, Sly W, Valle D [eds]. The Metabolic & Molecular Bases 
of Inherited Disease, 8th ed. New York, McGraw-Hill, 2001, pp 
4517-4553.)
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a housekeeping enzyme produced by a housekeeping 
gene; indeed, the gene is expressed in all cells of the body. 
G6PD is a typical cytoplasmic enzyme, although some 
G6PD activity is associated with peroxisomes in liver and 
kidney cells.18 This is consistent with the view that these 
organelles have evolved as part of the need of early 
eukaryotes to defend against oxygen, which is germane 
to the role of G6PD today.

The enzymatically active form of G6PD is either a 
dimer or a tetramer (Fig. 17-3) of a single polypeptide 
subunit of about 59 kd.19 The complete primary struc-
ture of the human enzyme has been deduced from the 
sequence of a full-length complementary DNA clone.20 
The amino acid sequence of rat liver G6PD shows 94% 
homology to the human sequence and provides evidence 
that the N-terminal amino acid is N-acetylalanine, which 
must result from post-translational cleavage of the N-
terminal methionine. The same is probably true of the 
human enzyme.21

Extensive data are available on the kinetics of G6PD. 
Its coenzyme specifi city is exquisite; human G6PD has 
practically no activity with nicotinamide adenine dinu-
cleotide (NAD). Its substrate specifi city is also very high 
because activity on other hexose phosphates (e.g., 
mannose 6-phosphate or galactose 6-phosphate) is neg-
ligible. The affi nity for nicotinamide adenine dinucleo-
tide phosphate (NADP) is about 1 order of magnitude 

higher than the affi nity for glucose 6-phosphate 
(G6P).2,16

The tertiary structure of the molecule has been 
determined (see Fig. 17-3).23 The G6P binding site is 
near K205, and the critical role of this amino acid in 
electron transfer27 has been confi rmed by showing that 
its replacement with threonine nearly abolishes catalytic 
activity.28 The NADP binding site is located near a fan 
of β-sheet structures, with a critical G-X-X-G-X-X 
peptide motif corresponding to amino acids 38 to 43 
encoded in exon 3.

Although many natural and non-natural substances 
can affect the activity of G6PD, it is not certain which 
ones may be important physiologically. NADPH, 
one product of the G6PD reaction, is a potent quasi-
competitive inhibitor,29 and since most of the coenzyme 
in cells is in the reduced form,30 it can be assumed that 
G6PD is normally under strong inhibition. Because the 
Km values for both G6P and NADP are higher than their 
normal respective intracellular concentrations, it is likely 
that these two substrates themselves are the main regula-
tors of intracellular G6PD activity, together with NADPH. 
Any oxidative event affecting the cell will alter the 
NADPH/NADP ratio in favor of NADP. The simultane-
ous increase in NADP and decrease in NADPH act 
additively to increase G6PD activity by increasing the 
substrate drive on the reaction rate and decreasing 
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FIGURE 17-3. Three-dimensional structure of 
the human G6PD tetramer. The structure of the 
dimer was modeled fi rst,22 and then the tetramer 
structure was solved23,24 and the details of sub-
strate binding elucidated.25,26 A to D are the four 
identical monomers. The tetramer is a dimer of 
a dimer, and both the dimer and the tetramer are 
enzymatically active, whereas the monomer is 
not. The monomer consists of two domains—a 
smaller coenzyme domain encompassing resi-
dues 1 to 198 and a larger β + α domain consist-
ing of residues 199 to 514. The gray background 
outlines, within each dimer, the critical area of 
the monomer-monomer interface, in which 57 
amino acid residues are involved. Only some of 
the many mutations known are indicated; most 
of those in the dimer interface cause severe 
G6PD defi ciency with congenital nonspherocytic 
hemolytic anemia (CNSHA). AHA, acute hemo-
lytic anemia (see Table 17-1). (Redrawn from 
Mason PJ, Bautista JM, Gilsanz F. G6PD defi -
ciency: the genotype-phenotype association. Blood 
Rev. 2007;21:267-283.)
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product inhibition.8 Under most conditions this may be 
the most important short-term regulatory signal, although 
it is, of course, possible that other regulatory effects play 
a role as well.

Notes on Terminology

G6PD is the accepted abbreviation for the enzyme 
glucose-6-phosphate dehydrogenase (E.C. 1.1.1.49); the 
G6PD gene is designated Gd.4,16 In this chapter the terms 
G6PD normal and G6PD defi cient are used to designate 
the phenotypes of persons; G6PD(+) and G6PD(−) are 
used to designate the phenotypes of individual cells. 
Because Gd is X-linked (see later), males can be only 
normal hemizygotes (Gd+) or defi cient hemizygotes 
(Gd −); females can be normal homozygotes (Gd +/Gd +), 
defi cient homozygotes (Gd −/Gd −), or heterozygotes (Gd +/
Gd −). The phenotype of the last group is often referred 
to as “intermediate” because their overall red cell G6PD 
level usually lies in between the normal and the defi cient 
range; however, exceptions do occur (see later). Conse-
quently, G6PD defi ciency should not be regarded as a 
recessive but rather as a codominant trait. According to 
a classifi cation introduced in 1966 (Table 17-1), G6PD-
defi cient variants that result in congenital nonspherocytic 
hemolytic anemia (CNSHA) are designated class I; 
G6PD-defi cient variants that do not result in CNSHA 
are designated class II or class III, depending on the 
severity of the reduction in enzyme activity in red cells. 
The separation between class II and class III is blurred 
and probably no longer useful. Class IV variants are those 
with normal activity. Class V was reserved for variants 
with increased activity, but after an initial report (G6PD 
Hektoen31), none has been found. In practice, because 
the majority of G6PD-defi cient persons are mostly 
asymptomatic, their G6PD defi ciency is referred to as 
mild, simple, or common (corresponding to class II or 
III); the minority of persons who have CNSHA are 
referred to as having rare, sporadic, or severe G6PD 
defi ciency (corresponding to class I).

When a diagnostic test for G6PD is carried out, 
the phrase “positive result” is sometimes used to in -
dicate that the test has shown G6PD defi ciency; this has 
caused confusion and should be avoided by saying that 
the test has shown either a normal result or a defi cient 
result.

Genetics of G6PD

Gd, the G6PD gene, is located near the telomeric 
region of the long arm of the X chromosome32-34 (band 
Xq28); historically, Gd has been a valuable X-linked 
genetic marker and a precious tool for studying the X-
chromosome inactivation phenomenon35,36 and clonal 
populations of somatic cells.37-39 The Gd region was also 
one of the fi rst regions of the human genome to be fully 
sequenced.40

X-linkage of Gd has three major consequences: (1) 
Gd mutations display the typical pattern of mendelian 
X-linked inheritance41; (2) severe G6PD defi ciency is 
much more common in males than in females; and (3) 
as a result of X-chromosome inactivation, females het-
erozygous for two different Gd alleles exhibit somatic cell 
mosaicism.35,42 This means that if one of the alleles entails 
enzyme defi ciency, about half the cells will be G6PD(+) 
and the other half will be G6PD(−), although there is a 
large range of variation around that average43,44 for various 
reasons, not all of them fully known. At fi rst approxima-
tion it can be assumed that X-inactivation takes place at 
random, and therefore a binomial distribution would be 
expected; the width of this distribution depends on the 
number of cells in the embryo or in individual embryonic 
tissue at the time of X-inactivation. If this number is 32 
to 64, a fraction of about 2% of women with an “extreme 
phenotype” is predicted, that is, with less than 5% of one 
of the two cell types; this is in good agreement with 
observation in an unselected sample of Gd +/Gd − hetero-
zygotes,44 although some studies have suggested an even 
larger proportion.45

TABLE 17-1 Heterogeneity and Clinical Expression of Glucose-6-Phosphate Dehydrogenase Defi ciency

Class*
Clinical 
Manifestations†

G6PD 
Activity (% 
of Normal)

Number of 
Known Mutant 
Alleles‡ Examples Comments

IV None >85 2 A, B G6PD B is the 
normal “wild type”

II + III Asymptomatic in the 
steady state, but risk 
for NNJ, AHA, favism

<30 75 Med, A−, Orissa, 
Mahidol, Canton, 
Vanua Lava, Seattle

Most of these 
variants are known 
to be polymorphic

I NNJ (severe), CNSHA, 
acute exacerbations

<10 in most 
cases

61 Sunderland, Nara, 
Guadalajara

Never polymorphic; 
but same mutation 
can recur

*The separation between class II and class III is blurred and, in the authors’ opinion, no longer useful.
†In brief, variants in class II and III can be regarded as having a mild phenotype confi ned to acute episodes; variants in class I have a severe phenotype with chronic 

illness.
‡See Fig. 17-4B. We have counted only variants for which the mutation is known and the clinical expression clearly reported.
AHA, acute hemolytic anemia; CHSHA, congenital nonspherocytic hemolytic anemia; NNJ, neonatal jaundice.
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Thus, in many cases unbalanced phenotypes may 
arise simply by chance, according to the laws of statistics. 
However, in certain cases there is evidence of selection 
at the somatic cell level after X-chromosome inactivation. 
This was fi rst well established in women who are hetero-
zygous for hypoxanthine phosphoribosyltransferase 
(HPRT) defi ciency,46 and it has also been observed in 
several women heterozygous for severely defi cient G6PD 
variants.47,48 In these cases one has to infer that the 
G6PD(−) state is a selective disadvantage for hematopoi-
etic stem cells; interestingly, this disadvantage is cell 
lineage specifi c because it does not affect, for instance, 
fi broblasts.47 Finally, because selection might take place 
at other X-linked loci,49 heterozygotes exhibiting extreme 
phenotypes by analysis of G6PD may arise from selection 
acting on an allele at another locus (a “hitchhiking 
effect”), as has been suggested in a family with G6PD 
Ilesha.50-52

At the genomic level, the Gd gene (Fig. 17-4A) con-
sists of 13 exons, the fi rst of which is noncoding.53 The 
total length of the gene is about 18.5 kilobases (kb), 
much of which (about 12 kb) consists of intron 2. The 
signifi cance of this large intron is unknown; it may be 
important for effi cient transcription or for processing 
because it is still the largest intron, even in the com-
pressed version of the G6PD gene found in the puffer 
fi sh Fugu rubripes.54 The promoter region is highly 
enriched in guanine and cytosine residues (i.e., GC rich), 
as found characteristically in other housekeeping genes.55 
Deletion analysis has revealed that the “essential” portion 
of the promoter is only about 150 bp long.56 Within this 

region, two Sp1 binding sites have been identifi ed, either 
of which is essential for promoter activity.57 This and 
other regions are highly conserved between human and 
mouse,58 thus supporting the notion that they are impor-
tant for gene regulation.

Features of G6PD in Red Cells

There is only one structural gene for G6PD, although a 
related autosomal hexose dehydrogenase also exists.59,60 
Biochemical evidence is in keeping with the notion that 
the G6PD protein in red cells is the same as that in other 
somatic cells; thus, when red cells are severely defi cient 
in G6PD, this defi ciency is also found to a greater or 
lesser degree in other somatic cells.16 However, a signifi -
cant difference in the metabolism of G6PD arises from 
the characteristic inability of mature red cells to synthe-
size protein. As a result, whereas in most somatic cells 
G6PD is subject to turnover, in red cells any G6PD 
molecule undergoing denaturation or proteolytic break-
down cannot be replaced (this is true, of course, not only 
for G6PD but also for most other red cell enzymes61). In 
normal red cells, the decay of G6PD approximates an 
exponential (see Fig. 17-6) with a half-life of about 60 
days,62 although it has been claimed that it may more 
closely approximate a two-slope curve with very fast 
breakdown when reticulocytes mature to erythrocytes 
and much slower breakdown subsequently.63 The age 
dependence of red cell G6PD activity is so characteristic 
that it can almost be regarded as a marker of red cell age. 
In normal blood, reticulocytes have about fi ve times more 
activity than the 10% oldest red cells.64

U

1 kb

MUTATIONS IN G6PD

100 bp

2

1 2 3 4 5 6 7 8 9 10 11 12 13

3 4 5 6 7 8 9 10 11 12 13

A

B

Union;

a Aures; z Cosenza; A A–(968C).h Chatham; i Coimbra; S Seattle; s Santamaria;

Canton;C M A–(202A);A

A

Kaiping;k Taipei;t

t

Mediterranean;

a

v

v

Viangchan; m Mahidol;

m

Si
s A h

z

U
k

C
M
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Molecular Basis of G6PD Defi ciency

In principle, genetically determined defi ciency of G6PD, 
like that of any other protein, might be due either to 
quantitative changes, such as mutations that affect the 
amount of the enzyme but not its structure, or to qualita-
tive changes, such as mutations that affect the structure 
of the enzyme and hence its stability or catalytic effi -
ciency. Extensive investigations of G6PD from G6PD-
defi cient cells, mostly carried out before the sequence of 
G6PD was known, revealed that (1) enzyme activity, even 
when severely reduced (sometimes to less than 1% of 
normal), is never completely absent and (2) enzymic 
properties (Km, Ki, activity on substrate analogues, ther-
mostability, etc.) are often different from those of the 
normal enzyme65 (i.e., G6PD defi ciency is associated 
with qualitative abnormalities). These data are consistent 
with point mutations in the coding region. In fact, from 
a database66 of nearly 150 mutant alleles now known a 
reasonably clear pattern has emerged.

1. In nearly all the G6PD variants there is a single amino 
acid replacement caused by a single missense point 
mutation.

2. In a few cases (namely, G6PD Santamaria, G6PD 
Mount Sinai, G6PD Akrokorinthos, and the three 
types of G6PD A−), two amino acid replacements are 
found; in all these cases one of the replacements is 
G6PD A (N126D). Because this nondefi cient G6PD 
variant is polymorphic in Africa, the most likely expla-
nation is that a second point mutation has taken place 
in a GdA gene. In another case, the two mutations 
G6PD Cassano (Q449H) and G6PD Union (R454C) 
are found in tandem in G6PD Hermoupolis; because 
both of the former are polymorphic, the latter night 
have arisen through intragenic recombination.67

3. Three small in-frame deletions have been discovered: 
one removes a single amino acid (G6PD Sunder-
land),68 one removes two adjacent amino acids (G6PD 
Stonybrook),69 and one removes eight adjacent amino 
acids (G6PD Nara).70

4. Only one mutation affecting splicing71 has been discov-
ered thus far.

5. The majority of the mutations (see Fig. 17-4B) in the 
database66 are sporadic, and most of them have been 
detected because they result in G6PD defi ciency and 
CNSHA by causing suffi cient loss of activity in red 
cells to become limiting for their in vivo survival. 
Sporadic variants associated with CNSHA are not 
likely to spread by genetic drift. However, in several 
instances the same variant has been encountered 
recurrently (for instance, we have found G6PD Tokyo 
in Scotland,72 G6PD Guadalajara has turned up in 
Japan73 and in Belfast,72,74 and G6PD Nara has been 
observed at least three times).75 That the same muta-
tion may be found recurrently in people who are 
almost certainly not ancestrally related is not trivial; 
these observations corroborate the notion that there 

must be specifi c subtle constraints whereby a particu-
lar G6PD variant has a distinctly severe clinical 
expression but remains compatible with life.

6. Polymorphic mutations (Fig. 17-5). The majority of 
known mutations in this category again are associated 
with G6PD defi ciency, and there is overwhelming evi-
dence that they have become polymorphic as a result 
of malaria selection (see later). For these mutations 
we can visualize more stringent constraints; indeed, 
though still causing defi ciency in red cells, they must 
not affect them so severely that the advantage with 
respect to malaria is outweighed. Thus, it is not sur-
prising that nearly all the polymorphic variants fall 
into classes II or III and none of them cause CNSHA 
(class I; see Table 17-1).

7. The pattern of G6PD mutations, whereby null muta-
tions (such as nonsense mutations, frameshifts, or 
large deletions) are conspicuously absent, is in striking 
contrast to that seen in other inherited disorders, such 
as the thalassemias, hemophilia, and muscular dystro-
phy. An important functional difference between these 
conditions and G6PD defi ciency is that the former 
result from mutations in tissue-specifi c genes whereas 
Gd is a housekeeping gene. When a tissue-specifi c 
gene is totally inactivated by a mutation, it may cause 
severe disease but will not necessarily have interfered 
with embryonic development. By contrast, we know 
that G6PD-null mutations are lethal to the mouse 
embryo15; they probably occur in humans, but we 
never see them because they must be lethal in the 
human embryo as well. Some clue regarding what 
mutation can cause G6PD defi ciency has come from 
alignment of the amino acid sequence of G6PD from 
42 different organisms; there was a striking correlation 
between the amino acid replacements that cause 
G6PD defi ciency in humans and the sequence con-
servation of G6PD.17 Interestingly two thirds of such 
replacements are in highly and moderately conserved 
(50% to 99%) amino acids; relatively few are in fully 
conserved amino acids (where they might be lethal) 
or in poorly conserved amino acids, where presumably 
they simply would not cause G6PD defi ciency.

8. The biochemical mechanism of G6PD defi ciency is 
strongly contingent on the fact that in normal red 
cells, G6PD decreases exponentially as red cells age, 
with a half-life of about 50 days (see earlier). Because 
G6PD is an oligomeric globular protein, it is not sur-
prising that many point mutations producing replace-
ment of individual amino acids can further decrease 
the stability of G6PD; in fact, for most mutants, 
enzyme instability is the main mechanism of enzyme 
defi ciency6,66,76 (Fig. 17-6). The instability is most 
extreme when the amino acid involved is at the inter-
face between the two subunits of G6PD; in such cases 
the dimer does not form or falls apart.24 This situation 
applies to G6PD mutants that cause the most severe 
clinical phenotypes (that of CNSHA; see later). In a 
few cases (e.g., G6PD Orissa), altered catalytic func-
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FIGURE 17-5. World map of G6PD defi ciency. The shadings indicate the overall prevalence of G6PD defi ciency in individual countries; the dis-
tribution of individual G6PD variants is shown by colored symbols. (Redrawn from WHO Working Group. Glucose-6-phosphate dehydrogenase defi ciency. 
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tion (instead of or in addition to protein instability) 
may be the main mechanism of G6PD defi ciency.77

Epidemiology of G6PD Defi ciency

The geographic distribution78 of G6PD defi ciency is 
rather extraordinary in two ways. First, it has a very high 
prevalence overall, with more than 500 million people 
estimated to be involved (most of them mostly asymp-
tomatic); second, it has a high prevalence in many popu-
lations in most tropical and subtropical parts of the world 
because of malaria selection (see Fig. 17-5 and the last 
section in this chapter). Thus, G6PD is prevalent in all 
fi ve continents; it has never been reported in Amerindi-
ans, and one might speculate that this is related to the 
fact that they have been exposed to malaria only over the 
past 3 centuries.

CLINICAL MANIFESTATIONS OF 
G6PD DEFICIENCY

The most classic manifestation of G6PD defi ciency is 
acute hemolytic anemia (AHA); in children, however, 

another syndrome of great clinical and public health 
importance is neonatal jaundice (NNJ). CNSHA is a 
much rarer manifestation of G6PD defi ciency and a life-
long hemolytic process. These different clinical manifes-
tations are discussed in turn.

Acute Hemolytic Anemia

Clinical Picture. A child with G6PD defi ciency is 
clinically and hematologically normal most of the time, 
and this can be designated as a steady-state condition. 
However, a rather dramatic clinical picture can develop 
upon ingestion of fava beans (favism),79 during the course 
of infection, or after exposure to certain oxidative agents 
(see Table 17-3). With infection or drugs the clinical 
picture may be more complicated than with favism; 
therefore, here we will describe favism as a paradigm. 
After a lag of hours the child may become fractious and 
irritable or subdued and even lethargic. Within 24 to 48 
hours the child’s temperature is often moderately ele-
vated. Nausea, abdominal pain, diarrhea, and rarely vom-
iting may be present. In striking contrast to these relatively 
nonspecifi c symptoms, the patient or a parent will observe, 
within 6 to 24 hours, the telltale and rather frightening 
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event that the urine is discolored (Fig. 17-7). It will be 
reported as dark, as red, brown, or black, or as “passing 
blood instead of water;” it will be said, depending on 
experience, culture, and socioeconomic background, to 
resemble Coke or strong tea or port wine. At about the 
same time jaundice will become obvious. Physical exami-
nation may reveal little more than the signs correspond-

ing to these symptoms. The child will be pale and 
tachycardic; in severe cases there may be evidence of 
hypovolemic shock or, less likely, heart failure. The spleen 
is usually moderately enlarged, and the liver may also be 
enlarged; either or both may be tender.

Laboratory Findings. Anemia may range from moder-
ate to extremely severe (hemoglobin values of 2.5 g/dL 
have been recorded). In the absence of other preexisting 
hematologic abnormalities the anemia is normocytic and 
normochromic. The morphology of the red cells may be 
striking (Fig. 17-8A). There is often marked anisocytosis 
(refl ected as a wide red cell size distribution on the elec-
tronic counter) because of the coexistence of large poly-
chromatic cells and “contracted” cells, some of which can 
be frankly classifi ed as spherocytes. There is also marked 
poikilocytosis with the presence of distorted red cells, 
“irregularly contracted” red cells, and red cells with 
apparently uneven distribution of the hemoglobin inside 
them (hemighosts).80 Although some of these appear-
ances are probably smearing artifacts, electron micro-
graphic evidence suggests that in some of the cells, 
opposing surfaces of the membrane have become “cross-
linked.”81 Probably the most characteristic poikilocytes 
are those in which the cell margin literally appears dented, 
as though a portion has been plucked out or bitten away 
(“bite cells”; see Fig. 17-8A). The reticulocyte count is 
increased and may reach peaks of 30% or greater (blood 
counters using immunofl uorescent technology will show 
an elevated percentage of the immature reticulocyte frac-
tion); this refl ects a prompt and effective bone marrow 
response, which will take place provided that there is no 
preexisting or concomitant bone marrow pathology. 
Careful inspection of reticulocyte preparations may reveal 
inclusion bodies different from those normally seen in 
reticulocytes; these bodies are discrete, round, and 1 to 
3 μm in diameter, and they usually appear to be leaning, 
from the interior, against the cell membrane. These inclu-
sions are more clearly displayed by supravital staining 
with methyl violet and are referred to as Heinz bodies (see 
Fig. 17-8B). They consist of precipitates of denatured 
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Clinical Course. In the majority of cases the hemolytic 
attack, even if severe, is self-limited and tends to resolve 
spontaneously (see Fig. 17-7B). Depending on the pro-
portion of red cells that have been destroyed (as refl ected 
by the severity of the anemia), the hemoglobin level may 
be back to normal in 3 to 6 weeks. Although the blood 
urea level may be transiently elevated, the development 
of renal failure in children is exceedingly rare, even in the 
presence of massive hemoglobinuria (see Fig. 17-7A).

Diagnosis. With a history of fava bean ingestion fol-
lowed by hemoglobinuria (see Table 17-2), the diagnosis 
is almost always straightforward, and it can be made quite 
confi dently even before obtaining the fi nal proof that the 
patient is G6PD defi cient (see later). If the hemoglobin-
uria has already subsided and the history is uncertain, 
one is faced instead with the much wider differential 

TABLE 17-2 Hemoglobinuria in Children

Condition Circumstances Diagnostic Approach

G6PD defi ciency Exposure to a trigger of hemolysis Test for G6PD activity
Blackwater fever Relatively rare complication of malaria Blood slide for malaria parasites
Paroxysmal cold hemoglobinuria Usually associated with viral infection Test for Donath-Landsteiner antibody
Mismatched blood transfusion Usually ABO incompatibility Repeat crossmatch
Paroxysmal nocturnal hemoglobinuria Tends to recur Flow cytometry for CD59
Clostridium welchii septicemia Burns, severe open trauma, 

transfusion of contaminated blood
Culture of blood or appropriate 
patient material
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FIGURE 17-8. Blood smears in G6PD defi ciency. A, Acute hemolytic 
anemia (favism) characterized by marked morphologic abnormalities of 
red blood cells with anisocytosis, polychromasia, bizarre poikilocytes, 
“bite cells,” and “hemighosts.” Note the nucleated red blood cell 
and polymorphonuclear leukocytosis with a marked shift to the left. B, 
Supravital stain with methyl violet carried out at an early stage during 
an attack of favism demonstrates one or more Heinz bodies in individual 
red blood cells. C, Chronic nonspherocytic hemolytic anemia. The mor-
phologic abnormalities are much less pronounced, but several poikilo-
cytes and occasional bite cells are seen.

C

hemoglobin, and they are the vivid manifestation of the 
oxidative insult that this protein and the cell itself has 
suffered. However, Heinz bodies are a very transient 
fi nding because they tend to be promptly “pinched off” 
by the spleen82 (thus giving rise to bite cells) and the red 
cells containing them are very rapidly removed from the 
circulation. Haptoglobin is reduced to the point of being 
undetectable. In severe cases it is possible to demonstrate 
free hemoglobin in plasma (hemoglobinemia). The white 
blood cell count is usually moderately elevated, with a 
predominance of granulocytes. The platelet count may 
be normal, increased, or moderately decreased. The 
unconjugated bilirubin level is elevated, but “liver 
enzyme” levels are generally normal. The dark urine tests 
strongly positive for blood because of the presence of free 
hemoglobin (see the differential diagnosis of this sign in 
Table 17-2).
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diagnosis of AHA. A negative direct antiglobulin test 
will militate against autoimmune hemolytic anemia. In 
endemic areas it will be important to exclude malaria or 
the much rarer babesiosis. In hemolytic-uremic syn-
drome, the red cell morphology is different and there will 
be evidence of impaired renal function. In all cases, dem-
onstration of G6PD defi ciency will be conclusive, and in 
uncertain cases it will be crucial.

Pathophysiology. The clinical picture of AHA in a 
G6PD-defi cient child is a vivid expression of the fact that 
as we know already, hemolysis results from the action of 
an exogenous factor on intrinsically abnormal red cells. 
Hemoglobinemia and hemoglobinuria unambiguously 
indicate that the hemolysis is at least in part intravascular. 
At fi rst approximation we can visualize the following 
sequence of events: (1) an oxidative agent causes conver-
sion of GSH to GSSG; (2) because of the limited capac-
ity of G6PD-defi cient red cells to regenerate GSH, their 
GSH reserve is rapidly depleted; (3) once GSH is 
exhausted, the sulfhydryl groups of hemoglobin and 
probably other proteins are oxidized to disulfi des or sulf-
oxides; and (4) coarse precipitates of denatured hemo-
globin cause irreversible damage to the membrane, and 
the red cells lyse.

Not all of these steps from oxidative attack to fi nal 
hemolysis have been fully documented in vivo, in part 
because of one major diffi culty: in the course of AHA the 
red cells sampled from the patient are obviously, at any 
given stage, those that have not yet hemolyzed. However, 
GSH depletion is a most characteristic fi nding when red 
cells are subjected to oxidative challenge,83,84 and in one 
careful study it has been demonstrated that during an 
attack of favism, the fi rst measurable biochemical change 
is a fall in NADPH, followed by a fall in GSH,85 in 
keeping with stages 1 and 2 described earlier. Heinz 
bodies (see Fig. 17-8B) are the visible expression of stage 
3. Stage 4 is less clearly defi ned, although studies suggest 
that the abnormal proteolytic activity is associated with 
increased intracellular calcium,86,87 as well as binding of 
hemichromes (arising from denaturation of hemoglobin) 
to band 3 molecules.88

Even though intravascular hemolysis in AHA associ-
ated with G6PD defi ciency is important in pathophys-
iology and diagnosis, a substantial proportion of the 
hemolysis is extravascular (as shown by the enlarged 
spleen). Probably the most severely damaged red cells 
hemolyze in the bloodstream on their own, whereas less 
severely damaged red cells will be recognized as abnor-
mal by macrophages and will undergo extravascular 
hemolysis in the reticuloendothelial system. This process 
has been referred to as an example of an “innocent 
bystander” phenomenon89 (although the red cells, by 
virtue of being G6PD defi cient, are not that innocent), 
in which complement and immunoglobulins may be 
involved.90 Finally, it is important to remember that 
the red cell destruction in AHA associated with G6PD 
defi ciency is an orderly function of red cell age (see Fig. 
17-6). The oldest red cells with the least G6PD are the 

fi rst to hemolyze, and the hemolytic process progresses 
upstream toward cells with more and more G6PD.91 As 
a result, there is a selective enrichment in red cells that 
despite being genetically G6PD defi cient, have relatively 
higher levels of G6PD. This phenomenon can be so 
marked with certain G6PD variants that patients in the 
post-hemolytic state are found to be relatively resistant 
to further challenge; thus, the patient may be in a state 
of compensated hemolysis.92

Triggers and Mechanism of Hemolysis. G6PD defi -
ciency was fi rst discovered by investigating a possible 
genetic basis for sensitivity to primaquine. Since that 
time, numerous other drugs have been reported as being 
potentially dangerous in G6PD-defi cient individuals 
(Table 17-3). There is no obvious relationship in chemi-
cal structure among all of these substances, but they have 
in common the ability to stimulate the pentose phosphate 
pathway in red cells,93 which must mean that they are 
able to oxidize NADPH, directly or indirectly. Extensive 
studies on the components of fava beans responsible for 
hemolysis have led to the identifi cation of vicine and 
convicine, two β-glycosides that generate the redox agly-
cones divicine and isouramil.94 These compounds, in the 
course of their auto-oxidation, produce free radicals, 
which in turn oxidize GSH and thereby activate the chain 
reaction of events previously outlined.95 The drugs listed 
in Table 17-3, or their metabolites, act in a similar way. 
Cosmetic use of henna dyes in several populations, mainly 
in Asia, can also cause serious hemolysis.96-99

An intriguing feature of AHA associated with G6PD 
defi ciency is its considerably erratic character, which is 

TABLE 17-3  Drugs That Can Trigger Hemolysis in 
G6PD-Defi cient Children*

Category of 
Drug Defi nite Risk Possible Risk

Antimalarials Primaquine
Dapsone-
containing 
combinations†

Chloroquine
Quinine

Analgesics Acetanilid Aspirin
Sulfonamides/
sulfones

Sulfamethoxazole/
co-trimoxazole

Dapsone†

Sulfasalazine
Sulfadiazine

Quinolones Nalidixic acid
Ciprofl oxacin
Norfl oxacin
Moxifl oxacin
Ofl oxacin

Other 
antimicrobials

Nitrofurantoin
Methylene blue

Chloramphenicol

Other Niridazole Vitamin K
Rasburicase
Ascorbic acid
Glibenclamide

*For all drugs the risk of hemolysis is dose related, as well as the severity 
of hemolysis. For instance, aspirin up to 20 mg/kg is probably safe; three times 
that dose will almost certainly cause some hemolysis.

†Dapsone can cause hemolysis even in non–G6PD-defi cient children.
Table modifi ed from British National Formulary, 55th edition, March 

2008.
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more conspicuous with certain agents than with others. 
For instance, it is estimated that in adults, ingestion of 
fava beans does not trigger AHA in more than 25% of 
cases, and even in the same person favism may occur on 
one occasion but not on another.90 One obvious factor 
must be the dosage, that is, the amount of fava beans 
ingested (in relation to body mass). Another is the quality, 
with raw fava beans being more likely to cause favism 
than cooked, frozen, or canned fava beans. Perhaps even 
more important is the fi nding that the glycoside content 
is a function of the maturity of the beans, with young, 
small beans being much richer (as well as more tasty!). 
With respect to drugs, primaquine causes hemolysis reg-
ularly but aspirin does so only sometimes100; once again, 
the dosage must be important, but additional genetic or 
acquired factors affecting metabolism of the drug may 
play a role. As regards infection, the best documented 
precipitants are hepatitis, pneumonia, and typhoid fever, 
but viral infections of the upper respiratory or gastroin-
testinal tract may also trigger hemolysis.101 Recently it has 
been reported102 that in a group of patients who suffered 
major trauma in road traffi c accidents, the frequency and 
severity of infection were signifi cantly higher in patients 
who were G6PD defi cient; in addition, more severe 
anemia occurred in this group.

Release of peroxides during phagocytosis of bacteria 
by granulocytes might explain the hemolytic process in 
bacterial infections.103 In this respect it is possible that 
hemolysis has sometimes been attributed to drugs used 
for treating infection when it should have been blamed 
on the infection itself.

Treatment. A child with AHA may be a diagnostic 
problem that once solved, does not require any specifi c 
treatment at all, or the child may be a medical emergency 
requiring immediate action. The most urgent question is 
whether a blood transfusion is needed. It is diffi cult to 
give absolute directives, but the following guidelines may 
be useful104:

1. If the hemoglobin level is below 7 g/dL, the child 
should be transfused forthwith.

2. If the hemoglobin level is below 9 g/dL and there is 
evidence of persistent brisk hemolysis (hemoglobin-
uria), immediate blood transfusion is also indicated.

3. If the hemoglobin level is above 9 g/dL but hemoglo-
binuria persists or if the hemoglobin level is between 
7 and 9 g/dL but there is no hemoglobinuria, the child 
is kept under close observation for at least 48 hours 
and transfused if either condition 1 or 2 develops.

The most important complication that may require 
treatment is acute renal failure, which is exceedingly rare 
in children.

Neonatal Jaundice

From an epidemiologic point of view, it is noteworthy that 
the frequency of NNJ varies widely in different popula-
tions; in many populations in which G6PD defi ciency is 

prevalent, the rate of pregnancies at risk for Rhesus 
incompatibility happens to be low.105,106 In addition, as 
rhesus-related hemolytic disease of the newborn (HDN) 
is disappearing thanks to the implementation of appro-
priate prophylaxis, one can expect G6PD-related NNJ to 
be generally on the increase, at least in relative terms.

Clinical Features. NNJ related to G6PD defi ciency is 
very rarely present at birth; it has a peak incidence 
between day 2 and day 3.107 There is more jaundice than 
anemia, and the anemia is very rarely severe.108 For this 
reason the terms HDN and NNJ cannot be regarded as 
interchangeable, at least in the context of G6PD defi -
ciency. The severity of G6PD-related NNJ varies from 
being subclinical to imposing the threat of kernicterus 
if not treated. Thus, prompt recognition of the problem 
is extremely important to avoid crippling neurologic 
sequelae.109-112

Nature of the Association between G6PD Defi ciency 
and Neonatal Jaundice. It is not fully explained why NNJ 
develops in some but not all G6PD-defi cient newborns. 
Several clinical studies have established beyond any 
possible doubt that the association is statistically much 
higher than could be expected by chance (Table 17-4).113 
However, because not all G6PD-defi cient newborns have 
NNJ (Table 17-5), it is likely that genetic or environmen-
tal factors (or both) are involved in addition to G6PD 
defi ciency and that the same factors can also, if more 
extreme, make the NNJ more severe. NNJ is not the 
prerogative of some G6PD variant because it is prevalent 
in widely remote parts of the world (e.g., Nigeria,113 
Sardinia,114 Singapore,115 China116) in which the Gd alleles 
underlying G6PD defi ciency are different; moreover, 
both within Sardinia117 and within Taiwan,118 NNJ has 
been found in babies with any of several different G6PD 
variants. The possibility that NNJ correlates with the 
quantitative level of residual G6PD activity is controver-
sial.119,120 Specifi c features of erythrocytes in newborns, 
such as elevated levels of ascorbic acid, depressed activity 
of glutathione reductase,113 and low levels of vitamin E, 
GSHPX, and other enzymes,121 could contribute to the 
degree of jaundice. It must be noted that there is a 

TABLE 17-4  Association between G6PD Defi ciency 
and Jaundice in Newborns

Number
% G6PD 
Defi cient

Normal 500 22.5
Mild jaundice (bilirubin 
150-200 μmol/L)

 38 45

Severe jaundice (bilirubin 
>230 μmol/L)

 70 60

Admitted with kernicterus  20 78

Data collected in Ibadan, Nigeria, on consecutive babies born in or admit-
ted to a teaching hospital; see Bienzle U, Effi ong CE, Luzzatto L. Erythrocyte 
glucose 6-phosphate dehydrogenase defi ciency (G6PD type A−) and neonatal 
jaundice. Acta Paediatr Scand. 1976;65:701-704.
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remarkable dissociation between hyperbilirubinemia 
and anemia in G6PD-defi cient neonates.108,114 Indeed, in 
one series there was no difference in the distribution of 
hematocrit values in cord blood and on day 3 between 
jaundiced and nonjaundiced G6PD-defi cient newborns, 
thus suggesting that to a large extent this jaundice may be 
of hepatic origin rather than hemolytic. In keeping with 
this notion, measurements of the bilirubin production-
conjugation index have demonstrated that the NNJ in 
otherwise healthy G6PD-defi cient neonates depends 
more on ineffi cient bilirubin conjugation than on hemo-
lysis.122 The UDPGT1 mutation characteristic of Gilbert’s 
disease is associated with a much higher risk for NNJ and 
kernicterus in G6PD-defi cient babies.123,124 In addition, 
environmental factors can certainly exacerbate NNJ, in 
some cases by causing hemolysis in individual G6PD-
defi cient newborns; such factors include prematurity, 
breast-feeding,125 naphthalene (camphor balls) inhala-
tion, acidosis, hypoxia, infection such as viral hepatitis,126 
oxidant drugs, and ingestion of drugs127 or fava beans 
(favism in utero128) by the mother before delivery.

In summary, there are probably two different types 
of NNJ associated with G6PD defi ciency: (1) a more 
common type (see Table 17-5) can best be visualized as 
a marked exaggeration of “physiologic jaundice”; this 
type is usually clinical benign and not greatly infl uenced 
by the environment; and (2) a rarer, frankly hemolytic 
type, more severe, can be visualized as AHA occurring in 
a newborn baby because the baby happened to be exposed 
to one of the same agents that could cause AHA even in 
an adult.

Severe NNJ can occur in girls heterozygous for 
G6PD defi ciency.129 In addition, in geographic areas 
where G6PD defi ciency is very common, female new-
borns might be homozygous for the trait, thus behaving 
like a hemizygous G6PD-defi cient male newborn.

Treatment. Management of NNJ associated with 
G6PD defi ciency does not differ from that recommended 
for other causes. Thus, mild cases do not require treat-
ment; intermediate cases require phototherapy; and 
severe cases require exchange transfusion, just as in NNJ 
caused by “classic” HDN. Kernicterus is still an impend-
ing threat, especially when severe NNJ is associated with 
anemia, hypoxia, or infection. Clinical practice guidelines 

for the management of hyperbilirubinemia in newborns 
quote: “measurement of the glucose-6-phosphate dehy-
drogenase (G6PD) is recommended for a jaundiced 
infant who is receiving phototherapy and whose family 
history or ethnic or geographic origin suggest the likeli-
hood of G6PD defi ciency or for an infant in whom the 
response to the phototherapy is poor.”130 G6PD-defi cient 
newborns must be considered as being “at high risk”125 
and therefore requiring greater surveillance and more 
intensive treatment of hyperbilirubinemia. Specifi cally, it 
is recommended that in full-term newborns, exchange 
transfusion be carried out if the serum bilirubin level 
exceeds 15 mg/dL in the fi rst 2 days of life or 19 mg/dL 
at any time in the fi rst week of life.

Congenital Nonspherocytic 
Hemolytic Anemia

A small minority of children with G6PD defi ciency have 
hemolytic anemia not only when it is triggered by an 
exogenous factor but even in the steady state (Fig. 17-9). 
These children have special G6PD mutations (class I); 
all of them are rare, but they are scattered worldwide, 
regardless of whether G6PD defi ciency is endemic in the 
region.

The patient is invariably male and in general is evalu-
ated because of unexplained jaundice, frequently pre-
senting at birth (NNJ). (The only known exception is a 
woman heterozygous for G6PD Volendam, who had an 
extremely skewed X-inactivation pattern favoring, para-
doxically, the X chromosome with the abnormal G6PD 
allele.132) Unfortunately, anemia recurs and the jaundice 
fails to clear completely, thus requiring further investiga-
tion. In other cases, NNJ may have been overlooked or 
forgotten and the patient is reinvestigated only much 
later in life (e.g., because of gallstones in a boy or in a 
young adult). The severity of the anemia ranges from 
being borderline to being transfusion dependent in dif-
ferent patients (Table 17-6). The anemia is usually nor-
mochromic but somewhat macrocytic because a large 
proportion of reticulocytes (up to 20% or more) will 
cause an increased mean corpuscular volume and a 
shifted, wider than normal red cell size distribution curve. 
The red cell morphology is mostly not characteristic, and 

TABLE 17-5 Features of Neonatal Jaundice in 500 African American Male Babies

G6PD Normal (n = 436) G6PD Defi cient (n = 64)

Plasma total bilirubin (PTB), mmol/L 139 ± 48 157 ± 43
Median end-tidal CO, ppm 2.1 (1.7-2.5) 2.4 (2.0-2.9)
Babies with PTB >75th percentile (%) 23.4 48
Babies with PTB >95th percentile (%) 6.7 22
Mean age at which the highest PTB occurs (hr) 64 55
Babies requiring phototherapy (%) 5.7 20.3

Data from Kaplan M, Herschel M, Hammerman C, et al. Hyperbilirubinemia among African American, glucose-6-phosphate dehydrogenase–defi cient neonates. 
Pediatrics. 2004;114:e213-e219.
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for this reason it is referred to in the negative as being 
“nonspherocytic.” The bone marrow shows normoblastic 
hyperplasia, unless the increased requirement for folic 
acid associated with the high red cell turnover has caused 
it to become megaloblastic. There is chronic hyperbiliru-
binemia, decreased haptoglobin, and increased lactate 
dehydrogenase. Hemoglobinuria is rare, but hemosider-
inuria may be detected sometimes. The spleen is usually 
moderately enlarged in small children, and subsequently 
it may increase in size suffi ciently to cause mechanical 
discomfort, hypersplenism, or both.

Pathophysiology. The pattern of hemolysis in these 
patients is different from that described earlier for AHA 
associated with G6PD defi ciency and instead more remi-
niscent of the chronic hemolysis seen in hereditary sphe-
rocytosis. However, oxidative stress caused by exposure 
to the same agents that cause AHA will cause acute 
exacerbation of hemolysis in CNSHA. Unlike the situa-
tion in thalassemia major, even in severe cases there is no 

evidence of ineffective erythropoiesis. The fact that there 
is no hemoglobinuria, at least in the steady state, suggests 
that the hemolysis is mainly extravascular and therefore 
that its mechanism is different from that of AHA. Studies 
of red cell membrane proteins have revealed the presence 
of high-molecular-weight aggregates133,134 consisting 
largely of spectrin, which seem to make the membrane 
abnormally susceptible to shear-induced fragmenta-
tion.135 These abnormalities in the red cells of G6PD-
defi cient patients with CNSHA are not found in 
asymptomatic G6PD-defi cient subjects, thus suggesting 
that whereas in the latter the reductive potential of resid-
ual G6PD is adequate in the steady state, in the former, 
continuous oxidation of sulfhydryl groups takes place, 
followed by irreversible changes in the confi guration of 
membrane proteins. The reason why the severity of 
CNSHA associated with G6PD defi ciency is so variable 
is that almost every case is due to a different mutation 
(see later) and each mutation will have a different effect 
on stability of the enzyme, on its kinetic properties, or on 
both.

Diagnosis. Laboratory diagnosis of G6PD defi ciency 
is discussed next, but a special problem in relation to 
CNSHA is to fi rmly establish the causal link between the 
former and the latter. If the patient is, for example, a 
Swede of Swedish ancestry or a Japanese of Japanese 
ancestry, the link will be taken for granted, and this is 
generally justifi ed, given the rarity of G6PD defi ciency in 
these populations. On the other hand, if the patient is 
from a population in which G6PD defi ciency is common, 
its presence in a patient with CNSHA might be a mere 
coincidence, and the cause of the CNSHA might be 
something else altogether. In such cases, while other 
causes of CNSHA are being ruled out, it becomes essen-
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FIGURE 17-9. Clinical course of a boy with 
congenital nonspherocytic hemolytic anemia 
(CNSHA) caused by severe G6PD defi ciency. 
Severe neonatal jaundice was the initial 
manifestation; subsequently, the child devel-
oped normally but required many blood 
transfusions. The transfusion dependence 
remitted after splenectomy. Currently, 
the patient, now in his early twenties, has 
had a cholecystectomy; he has moderate 
anemia and is still jaundiced. The patient’s Gd 
mutation was characterized as G6PD Harilaou 
(F216L).47,131

TABLE 17-6  Clinical Spectrum of Chronic 
Nonspherocytic Hemolytic Anemia 
Caused by Severe G6PD Defi ciency

Patients studied 25 (all male)

% With neonatal jaundice 100
% Requiring exchange transfusion 24
% With splenomegaly 68
Steady-state hemoglobin, range (g/dL) 6-14
Lowest hemoglobin known, range 
(g/dL)

3.8-9.3

Reticulocytes, range (%) 3-51
% Requiring multiple blood 
transfusion

72
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tial to characterize the G6PD of the patient. If it is a 
common variant known to be asymptomatic in other 
subjects, it can certainly be exonerated, whereas if it is a 
new unique variant, it is likely to be the culprit.

Treatment. In general terms, management of CNSHA 
associated with G6PD defi ciency does not differ from 
that of CNSHA related to other causes (e.g., pyruvate 
kinase defi ciency). If the anemia is not severe, regular 
folic acid supplements and regular hematologic surveil-
lance suffi ce. It is important to avoid exposure to poten-
tially hemolytic drugs, and blood transfusion may be 
indicated when exacerbations occur, mostly in concomi-
tance with intercurrent infection. In rare patients, the 
anemia is so severe that it must be regarded as transfu-
sion dependent. In these cases blood transfusion will 
probably be needed at approximately 2-month intervals 
to keep the hemoglobin in the 8- to 10-g/dL range. A 
hypertransfusion regimen aiming to maintain a normal 
hemoglobin level is not indicated (because there is no 
ineffective erythropoiesis in the bone marrow). However, 
depending on the extent of the blood transfusion require-
ment, appropriate iron chelation should be instituted 
from the age of 2 years onward and must be continued 
as long as transfusion treatment is necessary; sometimes 
the transfusion requirement may decrease after puberty.

A special problem is that of splenectomy.72 There is 
no evidence of selective red cell destruction in the spleen, 
as in hereditary spherocytosis. However, the fact that the 
spleen is usually enlarged suggests that its role in hemoly-
sis is not negligible. In practice, there are three indications 
for splenectomy: (1) if splenomegaly becomes a physical 
encumbrance; (2) if there is evidence of hypersplenism; 
and (3) if the anemia is severe, even in the absence of the 
fi rst two indications. Splenectomy may reduce the overall 
rate of hemolysis (see Fig. 17-9) just enough to make a 
transfusion-dependent child become transfusion inde-
pendent.136 This is doubly important because it will make 
it possible to dispense with iron chelation. Active immu-
nizations before splenectomy and penicillin prophylaxis 
after splenectomy must be started according to national 
guidelines such as that produced by the British Commit-
tee for the Standards in Haematology (http://www.
bcshguidelines.com/pdf/SPLEEN21.pdf).

When a diagnosis of CNSHA is made, the family 
must be given genetic counseling, and it is advisable to 
establish whether the mother is a heterozygote. If she is, 
the chance of recurrence is 1:2 for every subsequent male 
pregnancy. Prenatal diagnosis should be offered; although 
it could be carried out on amniotic fl uid cells, it would 
be much preferable137 to determine the mutation involved 
and test for it on DNA from chorionic villi. G6PD-
defi cient patients with severe CNSHA (see Fig. 17-9), 
because its clinical manifestations are limited to blood 
cells, would in principle be good candidates for gene 
therapy by gene transfer into hematopoietic stem cells. 
This approach has not yet reached the stage of clinical 
application, but preclinical experiments have been carried 
out successfully in mice138 and Rhesus monkeys.139

LABORATORY DIAGNOSIS OF 
G6PD DEFICIENCY

Although the clinical picture of favism and other forms 
of AHA associated with G6PD defi ciency is characteris-
tic, the fi nal diagnosis must rely on direct demonstration 
of decreased activity of this enzyme in red cells. In NNJ 
and CNSHA, the differential diagnosis is much wider, 
and therefore this test is even more important. Fortu-
nately, the enzyme assay is very easy, and numerous 
“screening tests” can be used as substitutes if a spectro-
photometer is not available. However, a number of poten-
tial pitfalls and sources of error must be understood, and 
the use of commercial kits is not a substitute for such 
understanding. Here the value and limitations of the 
regular quantitative assay are discussed fi rst, and then the 
use of alternatives is mentioned.

Tests for G6PD Defi ciency

G6PD can be assayed by the classic spectrophotometric 
method,140 which directly measures the rate of formation 
of NADPH through its characteristic absorption peak 
in the near ultraviolet spectrum at 340 nm. Red cell 
activity is expressed in international units (micromoles of 
NADPH produced per minute) per gram of hemoglobin; 
therefore, it is best to assay the enzyme activity and the 
hemoglobin concentration in the same hemolysate and 
work out the ratio. Because G6PD activity is much higher 
in leukocytes (particularly in granulocytes) than in eryth-
rocytes, for accurate measurements it is essential to 
remove all leukocytes by the Ficoll-Hypaque method or 
by fi ltration through cellulose powder141 rather than by 
the cruder approach of sucking off the buffy coat; however, 
for the purpose of clinical diagnosis of G6PD defi ciency, 
this is not strictly necessary. In normal red cells the range 
of G6PD activity, measured at 30° C, is 7 to 10 IU/g of 
hemoglobin.

Several “screening tests” for G6PD defi ciency are 
useful and reliable provided that they are run properly 
and their limitations are understood. The most popular 
are the dye decolorization tests,142 the methemoglobin 
reduction test,143 and the fl uorescence spot test,144 
Recently, a formazan-based screening test has been 
developed145 and fi eld-tested.146 All these methods are 
semiquantitative, and they are meant to classify a sample 
simply as “normal” or “defi cient.” The cutoff point can 
be set by following the appropriate instructions and by 
trial and error in the individual diagnostic laboratory; one 
should aim to classify as defi cient any sample having less 
than 30% of normal activity because above this level one 
is unlikely to encounter clinical manifestations. Screening 
tests are of course especially useful for testing large 
numbers of samples. They are also perfectly adequate for 
diagnostic purposes in patients who are in the steady 
state but not for patients in the post-hemolytic period or 
with other complications; in addition, they cannot be 
expected to identify all heterozygotes. Finally, an ideal 
screening test ought not to give “false-negative” results 
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(i.e., it should not misclassify a G6PD-defi cient subject 
as normal), but it can be allowed to give a few “false-
positive” results (i.e., a G6PD-normal subject might be 
misclassifi ed as being G6PD defi cient). Ideally, every 
patient found to be G6PD defi cient by screening should 
be confi rmed by the spectrophotometric assay. For special 
purposes, formazan-based cytochemical methods are 
also available.147,148

The Effect of Red Cell Age and Selective Hemolysis. Be-
cause G6PD decreases gradually as red cells age,61 any 
condition associated with reticulocytosis will entail an 
increase in G6PD activity (Table 17-7). This means that 
if a subject is genetically G6PD normal, in the course of 
hemolysis, red cell G6PD activity will now be above the 
normal range. This does not affect the diagnosis because 
G6PD defi ciency will be correctly ruled out. However, if 
the subject is genetically G6PD defi cient, red cell G6PD 
may now be raised to the extent of being near or even 
within the normal range, and the patient might therefore 
be misclassifi ed as being G6PD normal149 (even though 
at the onset of the attack the level may have been low).150 
Thus, after a hemolytic attack two circumstances concur 
to cause a risk of misdiagnosis: fi rst, the older cells have 
been destroyed selectively; second, the marrow response 
has caused a sudden outpouring of young cells into the 
peripheral blood. (A third confusing factor may be admix-
ture of G6PD-normal red cells if the patient has been 
transfused.) Although the reticulocyte count is a good 
warning to avoid this mistake, it must be realized that 
because reticulocytes turn into morphologically “mature” 
erythrocytes within 1 to 2 days, their count is not a sensi-
tive index of mean red cell age; in other words, mean red 
cell age may be signifi cantly younger than normal even 
when the reticulocyte count is normal. There are several 
ways to circumvent these problems. First, a G6PD level 
in the low-normal range (as opposed to higher than 
normal) in the presence of reticulocytosis is always suspi-
cious; indeed, this fi nding suggests that the patient is 
actually G6PD defi cient. Second, if the patient is suffer-
ing or is recovering from AHA, the suspicion generated 
from the fi nding just mentioned can be simply kept in 
store for a few weeks, when the situation will be evolving 
toward the steady state, and a repeat test will prove 

whether the patient is indeed G6PD defi cient. Third, if 
either the urgency of some clinical decision or academic 
curiosity demands a more prompt solution of the problem, 
the presence of severely G6PD-defi cient red cells can be 
demonstrated either by enzyme assay of the oldest cells 
(fractionated by sedimentation) or by a cytochemical 
method (see earlier).

G6PD Defi ciency in Heterozygotes. For hemolysis to 
be clinically signifi cant in heterozygous girls, at least 50% 
of the red cells must be defi cient, and therefore the G6PD 
level will be about 50% of normal or less. This level of 
defi ciency can be diagnosed by a quantitative test; 
however, the problems associated with current or recent 
hemolysis outlined for male patients will be compounded 
in the case of heterozygous females, and they can usually 
be overcome by a similar approach, particularly with the 
use of a cytochemical test. A different matter is the bio-
logic diagnosis of heterozygosity, regardless of immediate 
clinical implications, as may sometimes be required for 
appropriate genetic counseling. In cases of “extreme phe-
notypes” (sometimes referred to as arising from “imbal-
anced lyonization”), the G6PD-defi cient red cells may be 
so few that the only way to identify heterozygous G6PD 
defi ciency will be by DNA analysis, for which the under-
lying mutation must be known or identifi ed for the 
purpose. A special situation involves heterozygotes for 
G6PD variants associated with CNSHA. In the authors’ 
experience, the mothers of (male) patients with this con-
dition are often G6PD normal, either because the variant 
in the offspring is due to a de novo mutation151 or because 
the mother is a heterozygote but is phenotypically normal, 
presumably because somatic selection has favored the 
hematopoietic progenitor cells with the normal G6PD 
allele.48

Molecular Analysis of the G6PD Gene. In the vast 
majority of cases, the family history, the clinical course, 
and a G6PD assay are suffi cient to establish the diagnosis 
of conditions associated with G6PD defi ciency. In special 
cases (see the previous section for heterozygote diagno-
sis) and particularly in the case of CNSHA, identifi cation 
of mutations in the G6PD gene can be carried out, with 
reference to the large numbers of mutations already 

TABLE 17-7 Red Blood Cell G6PD Levels in Various Clinical Situations

Clinical Condition Gender
Result of 
Screening Test

Result of 
G6PD Assay Interpretation

Normal M or F Normal 8.1 Normal
Normal M Abnormal 0.4 G6PD defi ciency, steady state
Normal F Abnormal 2.1 Heterozygote for G6PD defi ciency
Normal F Normal 4.9 Heterozygote for G6PD defi ciency
Acute hemolysis M Abnormal 2.3 AHA in G6PD-defi cient boy
Acute hemolysis F Normal 7.2 AHA in G6PD heterozygote girl
Chronic hemolysis M Normal 15.5 Hemolysis unrelated to G6PD defi ciency
Chronic hemolysis M Abnormal 1.4 CNSHA, probably caused by G6PD defi ciency

AHA, acute hemolytic anemia; CNSHA, congenital nonspherocytic hemolytic anemia; G6PD, glucose-6-phosphate dehydrogenase.



898 HEMOLYTIC ANEMIAS

known (see Human Gene Mutation Database, http://
www.hgmd.cf.ac.uk/ac/gene.php?gene=G6PD). Further-
more, in this way new mutations are still likely to be 
discovered.

GENOTYPE-PHENOTYPE CORRELATIONS

A rigorous defi nition of a polymorphic allele is one with 
a frequency higher than can be accounted for by recur-
rent mutation; however, for convenience, a conservative 
practical criterion is any allele with a frequency of at least 
1% in at least one population. By this criterion there are 
26 well-mapped Gd polymorphic alleles (see Figs. 17-4B 
and 17-5) already known.66 The ratio of subjects having 
G6PD defi ciency associated with CNSHA to those 
having “simple” G6PD defi ciency varies in different pop-
ulations. For instance, in Japan, where G6PD defi ciency 
is, on the whole, very rare, the majority of patients with 
G6PD defi ciency have been reported to have CNSHA.152 
This suggests that CNSHA, caused by rare sporadic vari-
ants, many of which may result from recent mutations, 
refl ects the intrinsic mutation rate of the human Gd gene, 
which is likely to be uniform throughout the world; in 
contrast, “simple” G6PD defi ciency almost always results 
from common variants that have arisen many generations 
ago and spread through biologic selection.

The three variants mentioned previously, G6PD A−, 
G6PD Mediterranean, and G6PD Mahidol, are probably 
those for which clinical expression has best been charac-
terized.153 Although the former is often quoted as having 
fewer clinical manifestations than the others, the differ-
ences are marginal, and they are unlikely to be relevant 
with respect to patient management. The severity of 
hemolysis and whether it is “self-limited” depend on the 
offending agent, on its dose, and on the time course of 
exposure probably more than it depends on the G6PD 
variant involved. Notably, favism has been unambigu-
ously documented with G6PD A−.154-156

In terms of clinical expression, the demarcation 
between class I variants and all others is, by defi nition, 
much more clear-cut. Indeed, one of the outstanding 
questions in the biochemical genetics of G6PD is why a 
particular variant can cause CNSHA rather than just 
AHA. In certain cases the level of residual enzyme activ-
ity is not the whole answer—qualitative differences are 
also important, as fi rst suggested by Kirkman and Riley.157 
The most likely way in which a structural change can 
signifi cantly alter the function of G6PD, given the same 
level of defi ciency, is by affecting the binding of one of the 
main ligands (i.e., G6P, NADP, NADPH). For instance, 
G6PD Mediterranean and G6PD Coimbra both have 
mutations near the G6P binding site, and both have 
increased affi nity for G6P. Perhaps because of this, 
although they are both severely defi cient, they belong to 
class II and not to class I. G6PD Orissa, the main poly-
morphic variant in tribal Indian populations158 also 
belongs to class II despite having decreased affi nity for 

NADP. Thus, the affi nity for G6P appears to be of greater 
importance. Indeed, comparison of the distribution of 
Km

G6P values of class I variants with that of class II and 
III variants shows that they are signifi cantly lower in the 
latter group.8

However, in most cases the main factor responsible 
for causing CNSHA is a very low level of residual activity 
in red cells, which in turn is due to marked in vivo insta-
bility. It is quite remarkable that although G6PD muta-
tions as a whole are evenly spread throughout the gene’s 
coding sequence, the majority of class I mutations are 
clustered in exons 10 and 11 (see Fig. 17-4B). The three-
dimensional model of the human G6PD dimer has, at 
long last, provided a reasonable explanation for this 
fi nding.66,159 Indeed, these two exons encode the protein 
region that constitutes the interface between the two 
identical subunits of the enzyme. As a result, any muta-
tion in this region causes the respective amino acid 
replacements in the two subunits to be quite near each 
other in the dimer structure, thus potentially increasing 
their deleterious effects. Even more important, because 
there is no covalent link between the subunits, it stands 
to reason that any interference in the shape of the inter-
face surfaces may affect their mutual fi t and therefore 
dramatically destabilize the active form of the enzyme. 
Defects in protein folding have been studied in detail for 
certain G6PD variants.160,161

G6PD DEFICIENCY AND 
PREVENTIVE MEDICINE

Because NNJ and AHA are the most common manifesta-
tions of G6PD defi ciency, it is most important to consider 
how they can be prevented. The fi rst step is to identify 
G6PD-defi cient individuals, which is where screening is 
most pertinent. Of course, whether population-wide 
screening is both desirable and feasible depends primarily 
on the prevalence of G6PD defi ciency in any particular 
community; this will determine the cost-benefi t ratio. If 
screening is done at all, it is best done on cord blood. 
Once a subject is known to be G6PD defi cient, the two 
main implications are the risk for NNJ and the impor-
tance of avoiding exposure to agents that can cause AHA. 
NNJ cannot be prevented as yet, but awareness of G6PD 
defi ciency must entail surveillance for NNJ until at least 
day 4 and special recommendations with respect to 
factors, such as naphthalene, that can cause it or make it 
worse. By contrast, at least one type of AHA, namely, 
favism, is completely preventable (Fig. 17-10). Preven-
tion of infection-induced hemolysis is obviously more dif-
fi cult. Prevention of drug-induced hemolysis is possible in 
most cases by choosing alternative drugs, but it may be 
diffi cult when none are available. The most common 
problem is the need to administer primaquine for the 
eradication of malaria caused by Plasmodium vivax or 
Plasmodium malariae. In these cases, administration of a 
lower dosage for a longer time is the recommended 
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approach. Hemolysis will still occur, but under appropri-
ate surveillance it will be of an acceptably mild degree.

A special problem in prevention is what to do about 
new drugs, the hemolytic potential of which is unknown. 
Although in vitro methods to test drugs in this respect 
do exist,162,163 such tests are unfortunately not routinely 
carried out before drugs are released on the market, 
so their hemolytic potential will become apparent only 
from clinical observation. Recently, a combination of 
dapsone and chlorproguanil, used as an antimalarial in 
several African countries,164,165 has been withdrawn 
from the market because of life-threatening hemolytic 
complications.

G6PD DEFICIENCY IN 
NONERYTHROID CELLS

As mentioned earlier, because nucleated somatic cells 
have the capability to synthesize G6PD constitutively, 
they are affected less than red cells by G6PD defi ciency.166 
For instance, subjects with G6PD Mediterranean have 
less than 5% G6PD activity in red cells but about 30% 
of normal in granulocytes; subjects with G6PD A− have 
about 12% G6PD activity in red cells but nearly normal 
activity in granulocytes. On the other hand, if defi ciency 
results from a drastic change in catalytic effi ciency or in 
substrate affi nity, defi ciency may be more universal. In 
practice, the only well-documented pathologic effect is 
expressed in granulocytes. Very few of the class I G6PD 
variants cause not only CNSHA but also granulocyte 
dysfunction, mainly in the way of impaired killing of 
phagocytosed bacteria (an example is G6PD Barce-

lona).167 Patients with these variants have increased 
susceptibility to bacterial infection, particularly with 
Staphylococcus aureus. Recently, in a group of patients 
who suffered major trauma in road traffi c accidents, 
Spolarics and colleagues102 made the interesting observa-
tion that the frequency and severity of infection were 
signifi cantly higher in patients who were G6PD defi cient; 
thus, neutrophil function may be affected in extreme situ-
ations, even in the common type of G6PD defi ciency (the 
patients in the clinical study all had G6PD A−). The 
mechanism whereby G6PD defi ciency impairs phagocy-
tosis is a defect of the oxidative burst caused by a short-
age in NADPH supply, similar to that observed in chronic 
granulomatous disease, in which one of the components 
of the cytochrome-b245 system is defective.168 Functional 
abnormalities have also been demonstrated in macro-
phages from G6PD-defi cient mice.169

Erythrocytes are not the only non-nucleated 
cells in the body. Another example is in the eye lens, 
and juvenile cataracts have been reported occasionally in 
subjects with G6PD defi ciency.170,171 Whether G6PD 
defi ciency is more generally associated with a higher 
frequency or earlier onset of cataracts appears to still be 
controversial.172-175

G6PD DEFICIENCY COEXISTING WITH 
OTHER DISORDERS

In areas where G6PD defi ciency is common, it is not 
infrequent that it may be encountered in the same patient 
together with another condition, whether a hematologic 
or a nonhematologic condition.
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FIGURE 17-10. Control of favism in a community. The data show the decrease in the number of yearly admissions for favism in the children’s 
department of the main city and university hospitals in Sassari, northern Sardinia. During the 10-year period intervening between the two sets of 
data, two preventive measures were adopted: (1) education through the media and (2) screening of all newborns for G6PD defi ciency. Note the 
dramatic reduction in the incidence of favism in boys and the more modest decrease in girls. The data suggest that (1) preventive measures are 
effective; (2) the increased proportion of girls can be attributed to failure of the screening method used to pick out many of the heterozygotes; and 
(3) in view of (2), the dramatic reduction observed in boys can perhaps be credited to screening more than to the educational campaign. (Courtesy 
of Professor Tullio Meloni, Sassari, Sardinia.)
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Association with Other Hematologic Diseases. The 
combination of G6PD defi ciency with the sickle cell trait 
has been no more frequent than could be expected by 
chance.176,177 Several studies have shown that there are 
no signifi cant differences in a variety of clinical and 
hematologic parameters between two otherwise compa-
rable groups of patients with sickle cell anemia, those 
with and without G6PD defi ciency,149,178-180 but it must 
be borne in mind that acute intravascular hemolysis 
superimposed on chronic severe extravascular hemolysis 
is an added risk with this association. The combination 
of G6PD defi ciency with the β-thalassemia trait has been 
found to cause a signifi cant increase in mean corpuscular 
volume,181 which remains, however, below the normal 
range. Association of G6PD defi ciency with thalassemia 
major is unlikely to be a problem because patients with 
the latter condition are treated with regular blood trans-
fusions or with bone marrow transplantation. However, 
the association may be signifi cant in patients with various 
forms of thalassemia intermedia syndromes (e.g., hemo-
globin E–β-thalassemia).182

Occasionally, G6PD defi ciency has been observed in 
association with much rarer red cell abnormalities, such 
as pyruvate kinase defi ciency,183,184 congenital dyseryth-
ropoietic anemia type II,185-187 and hereditary ellipto-
cytosis.188 In these cases the two abnormalities seem to 
produce only additive clinical effects, but in at least one 
family G6PD defi ciency was synergistic with hereditary 
spherocytosis in causing moderately severe chronic 
hemolytic anemia.189

Association with Nonhematologic Diseases. Several 
studies have reported variable degrees of association 
between diabetes and G6PD defi ciency.190-196 It now 
appears clear that diabetic ketoacidosis does not trigger 
hemolysis197; on the other hand, downregulation of G6PD 
has been reported in some West African patients with 
type 1 diabetes predisposed to ketoacidosis.198 Apart 
from the fact that hepatitis can precipitate hemolysis in 
G6PD-defi cient children, ribavirin, now much used in 
the treatment of hepatitis C, can itself cause hemolytic 
anemia (regardless of whether the patient is G6PD defi -
cient). On the other hand, it has recently been shown that 
G6PD-defi cient patients with hepatitis C can be treated 
safely with ribavirin and pegylated interferon.199

Trauma and G6PD Defi ciency. Although G6PD defi -
ciency protects against malaria, there are reports indicat-
ing that it worsens the clinical course of traumatic 
patients.189 Altered cytokine response would be the 
underlying pathogenetic mechanism predisposing to 
infections in G6PD-defi cient individuals.200

G6PD POLYMORPHISM AND MALARIA

The striking correlation between the worldwide distribu-
tion of G6PD defi ciency (see Fig. 17-5) and that of 

Plasmodium falciparum prompted formulation of the 
“malaria hypothesis” nearly half a century ago.201,202 Since 
that time, numerous more detailed epidemiologic studies, 
which can be referred to as “micromapping,”203 as well 
as clinical studies,204 have supported the notion that 
G6PD defi ciency confers some degree of resistance to 
the potentially lethal malaria parasite P. falciparum; and 
that in malaria-endemic areas, G6PD alleles associated 
with enzyme defi ciency have therefore been subjected to 
positive darwinian selection.205-207 A geographic correla-
tion certainly does not amount to proof, but three large 
controlled clinical studies, all carried out in Africa, have 
shown concordantly that children with G6PD defi ciency 
tend to have less severe malaria and, therefore, presum-
ably a decreased risk of dying of malaria. It is puzzling 
that in one of these studies (from Nigeria208), increased 
resistance to the parasite (relative to that in appropriate 
controls) was signifi cant only in heterozygous females; in 
another study (from Gambia and Kenya209), a protective 
effect was seen in both males and females; and in the 
third study (from Mali210), a protective effect was noted 
only in males. These differences might result from genetic 
variations (other than G6PD) in different populations, 
from the use of different criteria to measure the severity 
of malaria, from different levels of statistical power, or 
from any combination of these factors. However, all three 
studies concur in supporting the notion of malaria selec-
tion for G6PD defi ciency. A more diffi cult issue is under-
standing the mechanism of this phenomenon. In vitro 
studies have shown that invasion of G6PD-defi cient red 
cells by P. falciparum takes place normally and the para-
site can multiply effi ciently in G6PD-defi cient red cells, 
at least after several cycles.211 On the other hand, in vitro 
experiments have shown that parasitized red cells are 
recognized more promptly by macrophages when they 
are G6PD defi cient212; thus, accelerated removal of para-
sitized red cells (suicidal infection)213 may be the most 
important mechanism of protection, as it is for subjects 
with the sickle cell trait.214 An additional strong argument 
in favor of malaria selection is the genetic heterogeneity 
of polymorphic Gd − alleles in itself. Indeed, each one of 
these alleles, having arisen through an independent muta-
tional event, must have increased in frequency on its own 
in a particular geographic area215 where malaria was or 
still is endemic—a good example of convergent evolution 
driven by the same selective force.216
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912 DISORDERS OF HEMOGLOBIN

TABLE 18-1 Primary Amino Acid Structure of the Hemoglobin Molecule*

Helix a x Helix b d g e

NA1 1 Val Ser NA1 1 Val Val Gly Val 
NA2 2 His His His His 

NA2 2 Leu Leu NA3 3 Leu Leu Phe Phe 
A1 3 Ser Thr A1 4 Thr Thr Thr Thr 
A2 4 Pro Lys A2 5 Pro Pro Glu Ala 
A3 5 Ala Thr A3 6 Glu Glu Glu Glu 
A4 6 Asp Glu A4 7 Glu Glu Asp Glu 
A5 7 Lys Arg A5 8 Lys Lys Lys Lys 
A6 8 Thr Thr A6 9 Ser Thr Ala Ala 
A7 9 Asn Ile A7 10 Ala Ala Thr Ala 
A8 10 Val Ile A8 11 Val Val Ile Val 
A9 11 Lys Val A9 12 Thr Asn Thr Thr 
A10 12 Ala Ser A10 13 Ala Ala Ser Ser 
A11 13 Ala Met A11 14 Leu Leu Leu Leu 
A12 14 Trp Trp A12 15 Trp Trp Trp Trp 
A13 15 Gly Ala A13 16 Gly Gly Gly Ser 
A14 16 Lys Lys A14 17 Lys Lys Lys Lys 
A15 17 Val Ile A15 18 Val Val Val Met 
A16 18 Gly Ser 
AB1 19 Ala Thr 
B1 20 His Gln B1 19 Asn Asn Asn Asn 
B2 21 Ala Ala B2 20 Val Val Val Val 
B3 22 Gly Asp B3 21 Asp Asp Glu Glu 
B4 23 Glu Thr B4 22 Glu Ala Asp Glu 
B5 24 Tyr Ile B5 23 Val Val Ala Ala 
B6 25 Gly Gly B6 24 Gly Gly Gly Gly 
B7 26 Ala Thr B7 25 Gly Gly Gly Gly 
B8 27 Glu Glu B8 26 Glu Glu Glu Glu 
B9 28 Ala Thr B9 27 Ala Ala Thr Ala 
B10 29 Leu Leu B10 28 Leu Leu Leu Leu 
B11 30 Glu Glu B11 29 Gly Gly Gly Gly 
B12 31 Arg Arg B12 30 Arg Arg Arg Arg 

This chapter deals with the structure and properties of 
hemoglobin (Hb) and disorders stemming from struc-
tural abnormalities (mutations of the coding sequence) 
that lead to clinical manifestations. Not included are 
sickle cell disease and the thalassemias, which are covered 
in Chapters 19 and 20.

At last count (mid-2008), 983 human Hb mutations 
have been cataloged: 267 for the α1 gene, 314 for the α2 
gene, 732 for the β gene, 79 for the δ gene, 50 for the Aγ 
gene, and 56 for the Gγ gene. Of these, 91 have high affi n-
ity for O2 and 134 are unstable. (A list of the mutants 
can be found at the Globin Gene Server [http://globin.
cse.psu.edu], a website founded by Ross Hardison and 
initially based on Titus Huisman’s database.)

NORMAL HEMOGLOBIN A: STRUCTURE 
AND FUNCTION

Overall Hemoglobin Structure

The major Hb molecule in adults is a tetramer formed 
by four polypeptide chains, two α chains (141 amino 

acids long) and two β chains (146 amino acids long). The 
primary structure (amino acid sequence) is illustrated in 
Table 18-1. Each of these chains is attached to a pros-
thetic group heme formed by protoporphyrin IX and 
complexed with an iron molecule. All globins consist of 
eight helices and interconnecting loops (nonhelical), 
except for α Hb subunits, which lack the D helix because 
of deletion of fi ve consecutive residues. Each chain is 
formed by helical regions and nonhelical regions (which 
allow for bending) that fold into a tightly globular 
protein.

a Chains of Hemoglobin 
(Tertiary Structure)

The α chains have the general architecture of myoglobin 
(Fig. 18-1) but are shorter and contain 141 rather than 
153 amino acids as a result of the absence of six residues 
from the C-terminal portion and six from the D helix. 
The D helix in myoglobin and in the β subunit of Hb is 
required for retention of heme.1

The deletion of the D helix in the α chains has no 
explanation. Disappearance of the nonhelical C-terminal 
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TABLE 18-1 Primary Amino Acid Structure of the Hemoglobin Molecule*—cont’d

Helix a x Helix b d g e

B13 32 Met Leu B13 31 Leu Leu Leu Leu 
B14 33 Phe Phe B14 32 Leu Leu Leu Leu 
B15 34 Leu Leu B15 33 Val Val Val Val 
B16 35 Ser Ser B16 34 Val Val Val Val 
C1 36 Phe His C1 35 Tyr Tyr Tyr Tyr 
C2 37 Pro Pro C2 36 Pro Pro Pro Pro 
C3 38 Thr Gln C3 37 Trp Trp Trp Trp 
C4 39 Thr Thr C4 38 Thr Thr Thr Thr 
C5 40 Lys Lys C5 39 Gln Gln Gln Gln 
C6 41 Thr Thr C6 40 Arg Arg Arg Arg 
C7 42 Tyr Tyr C7 41 Phe Phe Phe Phe 
CE1 43 Phe Phe CD1 42 Phe Phe Phe Phe 
CE2 44 Pro Pro CD2 43 Glu Glu Asp Asp 
CE3 45 His His CD3 44 Ser Ser Ser Ser 
CE4 46 Phe Phe CD4 45 Phe Phe Phe Phe 

CD5 46 Gly Gly Gly Gly 
CE5 47 Asp Asp CD6 47 Asp Asp Asn Asn 
CE6 48 Leu Leu CD7 48 Leu Leu Leu Leu 
CE7 49 Ser His CD8 49 Ser Ser Ser Ser 
CE8 50 His Pro D1 50 Thr Ser Ser Ser 

D2 51 Pro Pro Ala Pro 
D3 52 Asp Asp Ser Ser 
D4 53 Ala Ala Ala Ala 
D5 54 Val Val Ile Ile
D6 55 Met Met Met Leu 

CE9 51 Gly Gly D7 56 Gly Gly Gly Gly 
E1 52 Ser Ser E1 57 Asn Asn Asn Asn 
E2 53 Ala Ala E2 58 Pro Pro Pro Pro 
E3 54 Gln Gln E3 59 Lys Lys Lys Lys 
E4 55 Val Leu E4 60 Val Val Val Val 
E5 56 Lys Arg E5 61 Lys Lys Lys Lys 
E6 57 Gly Ala E6 62 Ala Ala Ala Ala 
E7 58 His His E7 63 His His His His 
E8 59 Gly Gly E8 64 Gly Gly Gly Gly 
E9 60 Lys Ser E9 65 Lys Lys Lys Lys 
E10 61 Lys Lys E10 66 Lys Lys Lys Lys 
E11 62 Val Val E11 67 Val Val Val Val 
E12 63 Ala Val E12 68 Leu Leu Leu Leu 
E13 64 Asp Ser E13 69 Gly Gly Thr Thr 
E14 65 Ala Ala E14 70 Ala Ala Ser Ser 
E15 66 Leu Val E15 71 Phe Phe Leu Phe 
E16 67 Thr Gly E16 72 Ser Ser Gly Gly 
E17 68 Asn Asp E17 73 Asp Asp Asp Asp 
E18 69 Ala Ala E18 74 Gly Gly Ala Ala 
E19 70 Val Val E19 75 Leu Leu Ile, Thr Ile 
E20 71 Ala Lys E20 76 Ala Ala Lys Lys 
EF1 72 His Ser EF1 77 His His His Asn 
EF2 73 Val Ile EF2 78 Leu Leu Leu Met 
EF3 74 Asp Asp EF3 79 Asp Asp Asp Asp 
EF4 75 Asp Asp EF4 80 Asn Asn Asp Asn 
EF5 76 Met Ile EF5 81 Leu Leu Leu Leu 
EF6 77 Pro Gly EF6 82 Lys Lys Lys Lys
EF7 78 Asn Gly EF7 83 Gly Gly Gly Pro
EF8 79 Ala Ala EF8 84 Thr Thr Thr Ala
F1 80 Leu Leu F1 85 Phe Phe Phe Phe
F2 81 Ser Ser F2 86 Ala Ser Ala Ala
F3 82 Ala Lys F3 87 Thr Gln Gln Lys
F4 83 Leu Leu F4 88 Leu Leu Leu Leu
F5 84 Ser Ser F5 89 Ser Ser Ser Ser
F6 85 Asp Glu F6 90 Glu Glu Glu Glu
F7 86 Leu Leu F7 91 Leu Leu Leu Leu
F8 87 His His F8 92 His His His His
F9 88 Ala Ala F9 93 Cys Cys Cys Cys
FG1 89 His Tyr FG1 94 Asp Asp Asp Asp

Continues
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*The α and α-related (δ) subunits are shown at the left. The β and β-related (δ, γ, and ε) chains are at the right. The amino acids’ relationship to the eight globin 
helices (A to H) is also shown. Thus, A16 is the 16th amino acid in the A helix. Interhelical elbows are named for the two adjacent helices (e.g., AB1 is the fi rst amino 
acid between helices A and B). The N- and C-terminal residues are labeled NA and HC, respectively. The residues are aligned to maximize the homology between sub-
units, which causes some gaps.

Modifi ed from Bunn HF, Forget BG. Hemoglobin: Molecular, Genetic, and Clinical Aspects. Philadelphia, WB Saunders, 1986.

TABLE 18-1 Primary Amino Acid Structure of the Hemoglobin Molecule*—cont’d

Helix a x Helix b d g e

FG2 90 Lys Ile FG2 95 Lys Lys Lys Lys
FG3 91 Leu Leu FG3 96 Leu Leu Leu Leu
FG4 92 Arg Arg FG4 97 His His His His
FG5 93 Val Val FG5 98 Val Val Val Val
G1 94 Asp Asp G1 99 Asp Asp Asp Asp
G2 95 Pro Pro G2 100 Pro Pro Pro Pro
G3 96 Val Val G3 101 Glu Glu Glu Glu
G4 97 Asn Asn G4 102 Asn Asn Asn Asn
G5 98 Phe Phe G5 103 Phe Phe Phe Phe
G6 99 Lys Lys G6 104 Arg Arg Lys Lys
G7 100 Leu Leu G7 105 Leu Leu Leu Leu
G8 101 Leu Leu G8 106 Leu Leu Leu Leu
G9 102 Ser Ser G9 107 Gly Gly Gly Gly
G10 103 His His G10 108 Asn Asn Asn Asn
G11 104 Cys Cys G11 109 Val Val Val Val
G12 105 Leu Leu G12 110 Leu Leu Leu Met
G13 106 Leu Leu G13 111 Val Val Val Val
G14 107 Val Val G14 112 Cys Cys Thr Ile
G15 108 Thr Thr G15 113 Val Val Val Ile
G16 109 Leu Leu G16 114 Leu Leu Leu Leu
G17 110 Ala Ala G17 115 Ala Ala Ala Ala
G18 111 Ala Ala G18 116 His Arg Ile Thr
G19 112 His Arg G19 117 His Asn His His
GH1 113 Leu Phe GH1 118 Phe Phe Phe Phe
GH2 114 Pro Pro GH2 119 Gly Gly Gly Gly
GH3 115 Ala Ala GH3 120 Lys Lys Lys Lys
GH4 116 Glu Asp GH4 121 Glu Glu Glu Glu
GH5 117 Phe Phe GH5 122 Phe Phe Phe Phe
H1 118 Thr Thr H1 123 Thr Thr Thr Thr
H2 119 Pro Ala H2 124 Pro Pro Pro Pro
H3 120 Ala Glu H3 125 Pro Gln Glu Glu
H4 121 Val Ala H4 126 Val Met Val Val
H5 122 His His H5 127 Gln Gln Gln Gln
H6 123 Ala Ala H6 128 Ala Ala Ala Ala
H7 124 Ser Ala H7 129 Ala Ala Ser Ala
H8 125 Leu Trp H8 130 Tyr Tyr Trp Trp
H9 126 Asp Asp H9 131 Gln Gln Gln Gln
H10 127 Lys Lys H10 132 Lys Lys Lys Lys
H11 128 Phe Phe H11 133 Val Val Met Leu
H12 129 Leu Leu H12 134 Val Val Val Val
H13 130 Ala Ser H13 135 Ala Ala Thr Ser
H14 131 Ser Val H14 136 Gly Gly Gly, Ala Ala
H15 132 Val Val H15 137 Val Val Val Val
H16 133 Ser Ser H16 138 Ala Ala Ala Ala
H17 134 Thr Ser H17 139 Asn Asn Ser Ile
H18 135 Val Val H18 140 Ala Ala Ala Ala
H19 136 Leu Leu H19 141 Leu Leu Leu Leu
H20 137 Thr Thr H20 142 Ala Ala Ser Ala
H21 138 Ser Glu H21 143 His His Ser His
HC1 139 Lys Lys HC1 144 Lys Lys Arg Lys
HC2 140 Tyr Tyr HC2 145 Tyr Tyr Tyr Tyr
HC3 141 Arg Arg HC3 146 His His His His



 Chapter 18 • Hemoglobins: Normal and Abnormal 915

FIGURE 18-1. Myoglobin structure. 
The myoglobin molecule consists of 
eight stretches of helix that surround 
the heme group to form a pocket. 
Single letters signify a helix and double 
letters a corner or bend (nonhelical 
regions). The heme pocket is formed 
by helices E and F. Helices B, G, and 
H are at the bottom, and the CD 
corner closes the open end. Histidine 
side chains interact with the heme 
from both sides. (From Dickerson RE, 
Geis I. Hemoglobin: Structure, Function, 
Evolution, and Pathology. Menlo Park, 
CA, Benjamin/Cummings, 1983, p 26.)

residues could be related to the important bond between 
Arg-α141 and Tyr-α140 and the appropriate receptor, 
which are important for the conformational changes 
involved in the transformation from oxygenated (oxy) 
to deoxygenated (deoxy) forms (see later discussion), 
a central feature of the tetramer structure-function 
relationship. The additional C-terminal residues 
in myoglobin might strain these critical molecular 
interactions and make the conformational change 
impossible.

The differences between α chains and myoglobin 
could also be derived from the need for α chains to bind 
several different β-like chains (γ, δ, and ε), with varied 
requirements for generation of the quaternary structure. 
Specifi cally, generation of a quaternary structure implies 
changes in the character of the residues involved in 
subunit contact. That is, residues that are polar in myo-
globin (because they are in direct contact with the solvent) 
might be buried in an intersubunit contact in several 
of the Hbs and hence have to be replaced by hydro -
phobic amino acids. For example, in residue B15, a 
lysine in myoglobin is a leucine in human α chains, 
whereas residue C1, a histidine in myoglobin, is a 
phenylalanine.1,2

b Chains of Hemoglobin 
(Tertiary Structure)

Human β chains, which contain 146 residues, are also 
shorter than myoglobin. The general architecture of the 
chain and its secondary and tertiary structure complies 
closely with the myoglobin fold.3-5

Two small structural differences with myoglobin are 
apparent: disappearance of two residues from the junc-
tion of the A and B helices, thereby making the AB elbow 
sharper, and six residues missing from the C-terminal 
sequence (as in the α chains). The reason for the change 
in the AB elbow is not understood. The critical bonds 
involving His-β142 and Tyr-β145 might be incompatible 
with the presence of the nonhelical terminal residues 
found in myoglobin. In the β chains, changes of charged 
to hydrophobic residues can also be observed in areas of 
the sequence involved in subunit interaction.

The Tetramer (Quaternary Structure)

The Hb molecule is a tetramer formed by two α chains 
and two β chains and has a total molecular mass of 
64.5 kd.
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How Do the Two Pairs of Chains Generate a 
Tetramer? The arrangement of the two types of chains in 
the tetramer conforms to a 222 symmetry. This designa-
tion means that the structure can be characterized by 
three twofold axes of symmetry perpendicular to each 
other (Fig. 18-2). To understand this symmetry, consider 
the upper half (the dark pair of chains) in the vertical 
axis. If you rotate these two chains 180 degrees, they will 
coincide perfectly with the light-colored pair of chains, 
an arrangement called a twofold or diad axis of symme-
try, hence the three “2”s. Of course, α chains are not 
identical to β chains. Therefore, in an actual Hb molecule 
this symmetry is only approximate. A homotetramer 
of β chains (β4 or HbH), observed in a severe form of 
α-thalassemia, exhibits perfect 222 symmetry in the 
oxygenated tetramer because all the chains are truly 
identical.

How Do the Four Chains Interact? The tetramer α2β2 
exhibits several types of subunit interactions, but the 
weakest contact occurs between identical chains, that is, 
in the α1α2 or β1β2 interfaces. Strong interactions occur 
in contacts between the dissimilar pair of chains, that is, 
in the interfaces α1β1 or the equivalent α2β2.

The next level of complexity is the contact between 
these two pairs of unlike chains. This contact occurs in 
two areas on the surface of these dimers: the α1β2 contact 
(see Fig. 18-2) and the equivalent α2β1 contact, which is 
called the sliding contact. Conversely, the α1β1 dimer has 

FIGURE 18-2. The four chains of 
hemoglobin, front view: α1β2 contacts 
(the α2β1 contacts are identical on the 
back side of the molecule). The per-
pendicular pseudoaxis is indicated by 
dashes. Only the carbons of the main 
chains are shown. The side chains 
involved in contact between subunits 
are indicated by numbers in large 
circles. (From Dickerson RE, Geis I. 
Hemoglobin: Structure, Function, Evolu-
tion, and Pathology. Menlo Park, CA, 
Benjamin/Cummings, 1983, p 36.)

areas of interaction between the α and β chains that are 
called packing contacts. These dimers are strong and can 
be broken only with very high concentrations of urea or 
certain salts, and they remain as such throughout the 
conformational changes of Hb.

The sliding contact, in contrast, is weaker and has 
strategically located hydrogen (H+) bonds and salt bridges 
that can be broken and reformed elsewhere to allow 
mobility of the two surfaces, a phenomenon indispensable 
for conformational changes (see next section). When the 
tetramer dissociates, α1β1 dimers are generated. About 
20% of the surface area of the subunits is consumed in 
subunit-subunit interactions, 60% of which are involved 
in packing contacts and 35% in sliding contacts.6

Oxygen Binding of Hemoglobin and 
Structure-Function Relationships

Hb carries O2 from the lungs to the capillaries and car -
bon dioxide (CO2) in the reverse direction. In addition, 
mammals need to adapt to sudden changes in oxygen-
ation requirements; therefore, they require modulation of 
the O2-carrying capacity of Hb. Functions of Hb are 
summarized as follows:

1. Cooperative O2 binding that is allosterically 
regulated

2. pH-dependent oxygen binding (Bohr effect)
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3. Allosteric effectors (2,3-diphosphoglycerate [2,3-
DPG], H+, and CO2) that modulate O2 affi nity

Allostery and Cooperativity

Hemoglobin Binds Oxygen Allosterically. The myoglo-
bin molecule, being a monomer, binds O2 as predicted 
by mass action; a plot of the partial pressure of O2 (Po2) 
versus O2 saturation can be described as hyperbolic. In 
contrast, the Hb tetramer, with four hemes, binds O2 
with a sigmoidal curve (Fig. 18-3). Binding of O2 by 
myoglobin can be described at equilibrium by the simple 
relationship

y = KaPo2/(1 + KaPo2),

where y is the fractional saturation of the myoglobin 
molecule with O2, Ka is the association constant, and Po2 
is the partial pressure of O2.

For the Hb molecule, binding of O2 is different, and 
at equilibrium this reaction can be described by the 
formula

y = KaPo2
n/(1 + KaPo2

n),

where n is the Hill coeffi cient, an empirical number that 
is an index of the sigmoidicity of the curve and an index 
of the extent of cooperativity. The Hill coeffi cient is 
approximately 3 for Hb, whereas it is equal to 1 for 
myoglobin.

What Is Cooperativity? Cooperativity underlies the 
sigmoid shape of the O2 equilibrium curve of Hb. The 
initial portion of the curve has a low slope, which refl ects 
a low affi nity for O2 by Hb at the beginning of the loading 
process. That is, when Hb is totally deoxygenated, it has 
rather poor avidity for O2 (see Fig. 18-3). As loading 
proceeds and Hb binds more O2 molecules, the slope of 

the reaction begins to change rapidly and becomes steep. 
Hence, the affi nity for O2 becomes much higher. Thus, 
the initial molecules of O2 that bind a deoxy-Hb tetramer 
change the avidity of the protein for O2. This property, 
called cooperativity, ensures that the Hb tetramer, after 
it begins to accept O2, promptly and readily binds the 
remaining heme groups. Consequently, if we measure the 
distribution of O2 in all the Hb molecules in a solution 
that contains enough O2 to oxygenate only half the hemes 
available, most Hb molecules would either not be oxy-
genated at all or would be entirely oxygenated, with a 
small compartment of partially oxygenated Hb.

The Molecular Basis of Cooperativity. The generally 
accepted basis of cooperativity is the two-state (or con-
certed) model of Monod, Wyman, and Changeaux7 (the 
MWC model). The model is based on two fundamentally 
different conformations: one for oxygenated Hb and 
another for the deoxygenated molecule. In its strictest 
form, this model does not accept meaningful intermedi-
ate conformations, only two extreme ones. It predicts that 
the molecule of Hb will bind two or three molecules of 
O2 at low affi nity (deoxy conformation) and then, sud-
denly, the molecule will fl ip to the oxygenated conforma-
tion, thereby drastically increasing the O2 affi nity of the 
molecule as a whole. Perutz and colleagues8-11 were very 
successful in accommodating the MWC model to their 
structural analyses (Fig. 18-4).

Formally, the two-state model can be defi ned by two 
quantities: c, which represents the difference in activity 
between the two enzyme states but, in the special case of 
Hb, corresponds to the ratio of the O2 affi nity constants 
between the two conformation states (Ka oxy/Ka deoxy = 
c). The second quantity, the allosteric constant L, is the 
fraction of Hb molecules in the T state. The rest are R 
structures. L defi nes the equilibrium constant for the 
conformational change itself between the two states: T 
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FIGURE 18-3. Oxygen equilibrium curves of sperm whale myoglobin 
(Mb) and hemoglobin (Hb) in human red cells. At pH 7.4 and 37º  C, 
oxygen saturation of the red cells is 98% at the arterial blood partial 
pressure of O2 (Po2) (100 mm Hg) and 75% at mixed venous blood 
Po2 (40 mm Hg), so oxygen corresponding to a saturation difference 
of 23% is transported by circulating red cells. (After Imai K. Allosteric 
Effects in Haemoglobin. Cambridge, England, Cambridge University Press, 
1982.)

X X

X

R
X X

X X

X
T

X X

X X

FIGURE 18-4. Two-state model of binding of oxygen and other ligands 
to hemoglobin. R stands for the relaxed or high-affi nity conformer, and 
T stands for the tense or low-affi nity conformer. X stands for the ligand. 
Each chain is in the R state (sphere) or the T state (square). Notice that 
when the tetramer is liganded in two of the hemes, it tends to adopt 
(switches to) the T conformer.
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for tense, the nonaccepting or low-affi nity state (the 
deoxygenated conformer in the case of Hb), and R for 
relaxed, the accepting or high-affi nity state (the oxygen-
ated conformer in the case of Hb). The signifi cant switch 
in conformation occurs in Hb somewhere between the 
binding of two and three molecules of O2. Under physi-
ologic conditions of pH, the presence of effectors, and 
osmolarity, at full saturation only 1 in 3 million Hb mol-
ecules has the T structure. The results of recent analyses 
argue convincingly that the two-state MWC model of 
Perutz defi nes the fundamental function of Hb and, in 
addition, casts doubt on the interpretation of some of the 
experiments that seem to contradict this model.12,13

Why Is the Hemoglobin Tetramer of Higher Organisms 
Allosteric? Allosterism makes Hb a molecule with lower 
affi nity for O2 than for myoglobins or the isolated Hb 
chains. Allosteric effectors such as 2,3-DPG and H+ ions 
modulate the reduced affi nity by lowering KT (the asso-
ciation constant for the T state) and raising the L con-
stant. KR (association constant of the R state) and L at 
full O2 saturation are not modifi ed.8

What Are the Structural Events Underlying 
Cooperativity? The critical differences between the R and 
T conformers involve the areas of contact between the 
α1β1 and α2β2 dimers. The intersubunit areas of contact 
in the α1β1 and α2β2 dimers are essentially immobile 
during the conformational change because these dimers 
move as a unit. These events are pictured in Figure 
18-5.

Three regions sustain the major changes during the 
R-to-T conformational change, which consists of a 15-
degree rotation of the α1β1 dimer with respect to the α2β2 

dimer around a pivot passing through the terminal por-
tions of the H helix in both chains. These movements 
exclusively involve the residues that touch each other in 
the α1β2 areas of contact (Fig. 18-6). One movement 
involves pivotal sliding of the two dimers with respect to 
each other, with the contact involving the β FG corner 
moving farther away from the pivotal axis. This is called 
the switch region. Another movement involves the FG 
corner of the α chains contacting the C helix of the β 
chains, but the contact is less affected because the α FG 
corner is much closer to the pivotal axis. This is called 
the fl exible joint. In addition, a change is seen in the set 
of salt bridges between the H helix (C-terminal portion 
of the β chain) and the C helix of the α chain and 
between the C-terminal portion of the α chains and the 
C helix of the β chain. These contact points have no par-
ticular name but are referred to here as the C-terminal 
changes. Detailed residue interactions are depicted in 
Figure 18-6.

All these H bonds and salt bridges are broken in the 
oxy conformer, thus providing one of the most important 
sources of the difference in free energy between the T 
and R states in Hb.

What Triggers the Conformation Change at the Level 
of the Heme Molecule? The iron in deoxy-Hb is slightly 
out of the plane of the heme molecule (domed confi gura-
tion) because the pyrrole rings are also slightly pyramidal. 
The angle between the heme plane and iron is 8 degrees 
in the α heme and 7 degrees in the β heme. The His F8 
axis is 8 degrees off center, and the Val FG5 is in contact 
with the vinyl side chain of pyrrole 3 (Fig. 18-7). When 
the ligand binds the sixth coordinating position of the 
iron, signifi cant steric stresses are introduced, particu-
larly between the heme and the proximal histidine, the 
ligand and the heme, and the heme and Val FG5. To 
relieve this strain, the histidine moves 8 degrees to become 
perpendicular to the heme, thereby signifi cantly decreas-
ing doming of the iron (the angle between iron and the 
heme molecule falls to 4 degrees). In addition, FG5 is 
displaced in the direction of His F8. The confi guration 
around the heme has now changed to the oxygenated or 
R state, and a chain of events involving the critical inter-
actions in the α1β2 area of contact follow.

What Is the Conformational Micropath between the 
Heme and the Globin? In the α chain, displacement of 
His F8 to straighten up its 8-degree tilt in the liganded 
heme requires that the F helix move with it. This dis-
placement of the F helix, along its axis, is accompanied 
by a shift downward, which moves it closer to the heme. 
The heme shifts toward the interior of the heme pocket. 
The changes in the F helix are propagated along the E 
and G helices, but the rest of the α chain is left unchanged. 
In the β subunit, the changes are similar, except that the 

FIGURE 18-5. The α2β2 dimer is seen in a side view. The dotted areas 
depict the packing contacts that hold the dimer together. The sliding 
contacts with the α1β1 dimer are depicted by areas of gray stippling. (From 
Dickerson RE, Geis I. Hemoglobin: Structure, Function, Evolution, and 
Pathology. Menlo Park, CA, Benjamin/Cummings, 1983, p 38.)
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FIGURE 18-6. Front view of hemo-
globin showing extensive subunit 
interactions between the FG corners 
and C helices in the α1β2 contacts. 
The area outlined in A is enlarged in 
B. Important interaction regions 
from top to bottom are the β-chain 
C-terminal, the switch region, the 
fl exible joint, and the β-chain 
terminal. (From Dickerson RE, Geis 
I. Hemoglobin: Structure, Function, 
Evolution, and Pathology. Menlo 
Park, CA, Benjamin/Cummings, 1983, 
p 43.)

heme also tilts around a pyrrole 2-4 axis. In both heme 
niches, Val FG5 moves closer to the vinyl side chains; this 
van der Waals contact breaks the critical H bonds between 
Val98 and Tyr145 in the β chain and between Val98 and 
Tyr140 in the α chain. The rest of the H bonds and salt 
bridges described earlier for the C-terminals become 
weakened to the point of breakage, which releases the 
molecule from the T state (closed and low affi nity) to the 
R state (open and high affi nity).

Allosteric Effectors: Protons, 
2,3-Diphosphoglycerate, and CO2

Oxygen Binding Is pH Dependent. The Bohr effect 
describes pH-dependent changes in O2 affi nity. Within 
the physiologic range, the lower the pH, the lower the 
affi nity or the higher the partial pressure of O2 at which 
Hb is half saturated (P50). That is, an increased concen-
tration of protons favors a low-affi nity state in Hb. Deoxy-
Hb binds more protons than the oxy conformer does, 
which means that in the absence of a buffer, oxygenation 
is accompanied by a drop in pH (Haldane effect). The 
enhanced ability of deoxy-Hb to bind protons endows 
blood with very high buffering capacity. In the microcir-
culation, CO2 from respiring tissue readily enters red 
cells and dissociates into bicarbonate anions and protons. 
The protons then bind to deoxy-Hb. When the blood 
reaches the lungs, Hb is reoxygenated and the Bohr 
protons are expelled; they recombine with bicarbonate, 
and CO2 is exhaled.

FIGURE 18-7. The protoporphyrin IX heme structure consists of four 
pyrrole rings with the following side chain replacements: two methyl 
and two propionic acids in pyrrole 1 and 4 and two methyl and two 
vinyls in pyrroles 2 and 3. Iron is tetracoordinated by the nitrogens of 
the pyrrole rings. (From Dickerson RE, Geis I. Hemoglobin: Structure, 
Function, Evolution, and Pathology. Menlo Park, CA, Benjamin Cummings, 
1983, p 55.)



920 DISORDERS OF HEMOGLOBIN

All the features described in the previous paragraph 
are the consequence of H+ ions acting as allosteric effec-
tors: H+ binds more avidly to the deoxy conformer (T 
state) than to the oxy conformer (R state). The so-called 
Bohr protons (protons released during oxygenation) 
originate primarily from breakage of the C-terminal 
bonds during ligand binding (see Fig. 18-6).

Seventy-fi ve percent of the Bohr effect is derived 
from differences in the pK of the following residues when 
the molecule changes from the oxy to the deoxy confor-
mation: (1) the two terminal histidines of the β chains 
(β146 His) account for approximately 40% of the Bohr 
protons as determined by Perutz and associates,14-17 (2) 
the α amino groups of the two N-terminal residues (Val1) 
of the α chains account for approximately 25% of the 
Bohr proteins, and (3) α122 His contributes about 10% 
of the Bohr protons.18

Recently, individual pK values of the 24 histidyl resi-
dues of HbA have been measured.19 Among these surface 
histidyl residues, β146 His has the biggest contribution 
to the physiologic Bohr effect. The sum of the contribu-
tions from 24 surface histidyl residues accounted for 86% 
of the alkaline Bohr effect at pH 7.4 and about 55% of 
the acid Bohr effect at pH 5.1. The results of this study 
support the presence of a global electrostatic network for 
regulation of the Bohr effect in the Hb molecule.

Hemoglobin Binds CO2 While It Is Unloading O2 and 
Releases CO2 When It Is Binding O2. Hb is designed to bind 
CO2 after delivering O2 to tissues, thereby helping dissi-
pate the increase in concentration of CO2 by delivery of 
this metabolic end product to the lung alveoli. This 
exchange is facilitated because CO2 is an allosteric inhibi-
tor of Hb and thus decreases the O2 affi nity of the 
molecule.

CO2 binds to Hb by forming carbamates with the α 
amino groups of the α chains. Through this new negative 
charge, CO2 can bind Arg141 in the absence of Cl− ions. 
This bond stabilizes the T conformer and decreases O2 
affi nity of the molecule.20 The reaction is

Hb—NH2 + CO2 → Hb—NH—COO− + H+.

Although CO2 also binds the α amino groups of the 
β chains, thus helping transport more of this end product, 
the reaction does not contribute to allosterism. The β-
chain carbamate reaction favors the deoxy conformer by 
the production of H+, but this effect is counteracted by 
the reduction in positive charges in the central cavity, an 
event that favors the R state. Binding of CO2 to hemo-
globin contributes much less than the Bohr effect to the 
buffering capacity of blood.

Other Allosteric Effectors That Modulate the O2 Affi nity 
of Hemoglobin. Benesch and Benesch21 discovered the 
effects of 2,3-DPG on the function of Hb after they 
noticed, while examining tabular data in preparation for 
a lecture to medical students, that this intraerythrocytic 
organic phosphate was almost equimolar to the Hb tet-

ramer (≈5 mM). Oxygen equilibrium measurements in 
the presence and absence of 2,3-DPG readily demon-
strated that this effector drastically displaced the P50 of 
Hb to the right, thereby making Hb less avid for the 
ligand.

Independently and simultaneously, Chanutin and 
Curnish22 realized that these substances have an impor-
tant biologic effect on the red blood cell. Their dis -
coveries were followed by the fi nding that inositol 
pentaphosphate, a higher-level polyphosphate than 2,3-
DPG and a more powerful effector, has the same func-
tion as 2,3-DPG but at lower concentration in the red 
cells of birds. Finally, in some fi sh, red cell adenosine 
triphosphate (ATP) and guanosine triphosphate seem to 
be the physiologic O2 modulators.

In an allosteric model, the effector must bind differ-
entially to each of the conformational states. For an effec-
tor to be an inhibitor (a molecule that decreases the 
activity of the molecule—in this case O2 affi nity), it must 
bind more strongly to the T form. Biochemical23 and 
crystallographic24 studies have demonstrated that 2,3-
DPG binds to the central cavity of Hb, that is, the space 
surrounding the true diad axis of symmetry between the 
two β chains (ββ) (Fig. 18-8). The displacement of the 
β chains away from each other by 7  Å in deoxy-Hb 
makes this single site in the tetramer capable of accom-
modating the highly negatively charged 2,3-DPG 
molecule, whereas the tighter ββ interaction in oxy-Hb 
does not allow the effector to penetrate the central cavity. 
The fi ve negative charges of 2,3-DPG bind to comple-
mentary positive charges on the β chains to form salt 
bridges just under the edge of the ββ central cavity. The 
globin residues involved in the binding are the two N-
terminals of the β chains, the two β143 histidines, and 
one of the two β82 lysines. The purpose of this effector 
is to modulate the O2 equilibrium curve according to 
physiologic requirements. For example, in anemia, syn-
thesis of 2,3-DPG increases, thereby favoring the release 
of O2 and partially compensating for the decrease in the 
number of O2 carriers.

Red Cell Oxygen Transport

The O2 equilibrium of red cells depends on the following 
factors: (1) the intrinsic O2 affi nity of the Hb molecule 
(determined in solutions stripped of phosphate), (2) 
intraerythrocytic pH, (3) the intraerythrocytic concentra-
tion of 2,3-DPG, (4) temperature, and (5) the partial 
pressure of CO2 (Pco2).

Intraerythrocytic pH. The Bohr effect of whole blood 
is essentially identical to that of Hb in solution. For 
normal blood (37º  C and 40 mm Hg CO2), the log P50-
to-pH ratio is close to 0.5. Intracellular pH is approxi-
mately 0.2 unit below extracellular pH, as determined by 
the concentration of permeant anions, chloride and 
bicarbonate, and the major impermeant anions, Hb itself 
and 2,3-DPG.
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FIGURE 18-8. 
chains around the 2,3-diphosphoglyc-
erate (DPG) binding site. This top 
view of the central cavity in human 
deoxyhemoglobin shows the positive 
charges lining the DPG site: two each 
from the N-terminal (Val-β1), from 
His-β2, from Lys-β82, and from His-
β143. The DPG molecule, with its fi ve 
negative charges, sits in the middle of 
this ring of positive charges. The fetal 
γ chain loses two of its eight positive 
charges by substituting Ser for His at 
β143, thereby decreasing the affi nity 
for DPG. (From Dickerson RE, Geis I. 
Hemoglobin: Structure, Function, Evolu-
tion, and Pathology. Menlo Park, CA, 
Benjamin/Cummings, 1983, p 44.)

Concentrations of solutes inside and outside the red 
cell follow the Gibbs-Donnan relationship, which requires 
electroneutrality and due consideration of differences in 
activity coeffi cients in the two compartments. As Hb and 
2,3-DPG, which are negatively charged at pH 7.4, are 
trapped inside the red cell, the erythrocyte Cl− concentra-
tion has to be decreased, thus accounting for the 0.7 ratio 
between intracellular and extracellular Cl−. Calculation 
of the Gibbs-Donnan equilibrium predicts the observed 
0.2-unit difference in pH between the inside and outside 
of the red cell, which suggests that no signifi cant partici-
pant is missing in this phenomenon.

2,3-Diphosphoglycerate. The normal mean level of 
red cell 2,3-DPG is 12.8 μmol/g of Hb for males and 

13.8 μmol/g of Hb for females.25 Children younger than 
5 years and elderly patients have increased and decreased 
levels, respectively.26,27 This amount of 2,3-DPG makes 
organic phosphate almost equimolar with Hb in red 
cells, whereas in other cells it exists in very small 
concentrations.

Metabolically, 2,3-DPG is generated by the 
Rapoport-Luebering shunt from 1,3-DPG by 2,3-DPG 
synthase or mutase. Its level depends on its rates of syn-
thesis and hydrolysis. The rate of synthesis is complex 
and depends on the amount of the substrate 1,3-DPG 
generated by glycolysis, which in turn increases directly 
with pH, and on the amount of 1,3-DPG entering the 
shunt. The alternative pathway for 1,3-DPG, and the 
most energetic, is conversion into 3-phosphoglycerate 
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and generation of an ATP molecule. This alternative is 
probably greatly affected by the activity of the synthase, 
which is stimulated in direct proportion to the red cell 
pH and is under end-product inhibition by the concen-
tration of 2,3-DPG.

Hypoxia has a marked impact on these relationships, 
and the consequences of acidosis and alkalosis are 
described in Figure 18-9.

Temperature. The P50 of blood is almost doubled by 
an increase of 10º  C (between 20º  C and 30º  C), an 
appropriate response to hypothermia and hyperthermia. 
Cold decreases metabolic requirements and reduces 
the need for O2. During fever, metabolism is increased 
dramatically, and an increase in the delivery of O2 is 
required.

Oxygen Transport to Tissues. The fundamental rela-
tionship that describes delivery of O2 to tissues is the Fick 
equation:

Vo2 = 1.39(Q)(Hb)(Sao2 − Svo2)

where Vo2, milliliters of O2 deliveved by a liter of blood 
to tissues per minute, is the product of three independent 
variables: (1) blood fl ow (Q) in liters per minute; (2) the 
amount of O2 carried by that fl ow, which is the product 
of 1.39 (the amount of O2 in milliliters that a fully satu-
rated gram of Hb is capable of carrying) and Hb in grams 
per liter; and (3) extraction of O2 at the level of the 
tissues, which is the difference between the fractional 
saturation of arterial blood (Sao2) and the fractional satu-
ration of mixed venous blood (Svo2).

The consequence of this analysis is that when regula-
tion of O2 release is desired, it is done in the following 
independent ways: (1) blood fl ow (Q)—this in turn is 
affected by cardiac output and the luminal size and dis-
tribution of vessels in the microcirculation; (2) hemoglobin 
concentration—red cell mass is the balance between eryth-
ropoiesis and red cell destruction and is actively regu-
lated by erythropoietin as a response to hypoxia detected 
in the postarterial side of the renal circulation by a detec-
tion system that is described in Chapter 6; and (3) oxygen 
extraction by tissues (Sao2 − Svo2)—this parameter depends 
on the shape of the O2 equilibrium curve, as discussed 
earlier, and on tissue Po2. The determinants of tissue Po2 
and its regulation are poorly understood.

Nitric Oxide Binding

Chemistry and Physiology

In addition to oxygen, heme in its reduced (ferrous) form 
binds readily to two other important gaseous ligands, 
carbon monoxide (CO) and nitric oxide (NO). The affi n-
ity of Hb for NO is 100 times higher than that for CO 
and 20,000 times higher than that for O2.

During the past 2 decades there has been an explo-
sive accumulation of information on the biologic proper-
ties of NO, which include, primus inter pares, its role 
as a potent vasodilator. The biologic activity of NO is 
mediated by activation of a soluble guanylyl cyclase 
to produce cyclic guanosine monophosphate (cGMP). 
This second messenger is involved in many cellular 
functions. The NO formed by the action of NO synthase 
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FIGURE 18-9. Effect of hypoxia on red cell pH and 
2,3-diphosphoglycerate (2,3-DPG). (After Bunn HF, 
Forget BG. Hemoglobin: Molecular, Genetic, and Clinical 
Aspects. Philadelphia, WB Saunders, 1986.)
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diffuses out of its cell of origin and affects only nearby 
target cells (because NO has a short half-life); it binds 
the heme group of cytosolic guanylate cyclase and 
activates this enzyme by breaking the iron–proximal his-
tidine bond.

The steady-state level of blood NO refl ects a balance 
between the production of NO by NO synthase and 
binding or scavenging of NO by Hb (bound at the heme 
level). It is likely that most NO bioactivity involves direct 
cell-to-cell interactions rather than mediation by blood 
NO. Nevertheless, two hypotheses have proposed in 
which Hb plays a central and catalytic role in the regula-
tion of hypoxic vasodilation, an important adaptation 
against tissue ischemia. Stamler and colleagues28 have 
shown that the oxidized nitrosyl derivative of NO (NO+) 
can form adducts with the sulfhydryl groups on cysteine 
residues, including the highly conserved β93 Cys on Hb, 
which lies in close proximity to the subunit’s heme pocket. 
These investigators propose that the SNO adduct of Hb 
enables release of NO into the microcirculation, where 
it dilates blood vessels.28-31 NO, produced in pulmonary 
arteries and arterioles, binds to the reactive β93 Cys in 
oxy-Hb to form the SNO derivative. As blood passes 
through the microcirculation, unloading of oxygen to 
tissues results in formation of the deoxy or T-state Hb, 
which precludes binding of NO to β93 Cys. The NO is 
thus ejected and diffuses out of the red cell into the 
lumen of the arteriolar and precapillary resistance vessels, 
where it functions as a vasodilator. The more hypoxic the 
tissue, the more NO that is released, thereby enhancing 
fl ow and maximizing oxygenation. As deoxygenated 
blood returns to the lungs, the increase in oxy-Hb allows 
re-formation of the SNO adducts, thus completing a 
dynamic and physiologically appropriate cycle. More 
recently, Stamler’s group32 has reported that the SNO-
Hb generated from NO associates predominantly with 
the red blood cell membrane and principally with cyste-
ine residues in the Hb binding, cytoplasmic domain of 
band 3, the anion channel in the red cell membrane. The 
authors postulate that the interaction with band 3 pro-
motes the deoxygenated structure in SNO-Hb, which 
facilitates transfer of NO to the membrane. Although this 
model has enormous appeal, it remains highly controver-
sial because of methodologic challenges in measuring 
extremely small in vivo levels of SNO-Hb and the rate of 
fl ow through the microcirculation, as well as diffi culties 
reconciling the release and transit of NO or NO-like 
species from the red cell with what is currently known 
about the chemistry of Hb binding to NO.33 Although 
the concept of SNO-Hb is attvactive, the in vivo signifi -
cance of this phenomenon has been challenged by a 
recent report34 showing that mice expressing human Hb 
in which β93 Cys has been mutated to alanine have 
normal circulatory dynamics and unimpaired vasodila-
tion in response to hypoxia.

Gladwin and his group have proposed an alternative, 
but equally controversial model of how Hb may function 
catalytically in the mediation of hypoxic vasodilation.35 

These investigators reason that plasma contains low to 
sub-micromolar concentrations of nitrite which could be 
a stable biologic reservoir of NO. They demonstrated a 
signifi cant arterial-venous drop in the level of plasma 
nitrite in forearm blood fl ow studies even after abolishing 
endogenous production of NO, which is a known source 
of plasma nitrite.36 These investigators went on to dem-
onstrate that infusions of nitrite induce vasodilation along 
with binding of hemoglobin heme to NO.37 The fact that 
this effect was maximal when red cell Hb was half satu-
rated with oxygen led these investigators to conclude that 
an oxygen-dependent conformational change in Hb was 
required for maximal nitrite reductase activity38 and that 
Hb may therefore mediate hypoxic vasodilation by serving 
as both the oxygen sensor and the requisite enzyme for 
regulated production of NO. This process apparently 
does not involve SNO-Hb because mutants with other 
residues replacing β93 Cys have even greater nitrite 
reductase activity.

Both the SNO model and the nitrite reductase 
model are heuristic but diffi cult to fully comprehend. 
The red cell is such a vast sink for NO that it is diffi cult 
to imagine how biologically signifi cant amounts of NO 
or some other nitrogenous product can be released unless 
there is exquisite compartmentalization at the red cell 
membrane.

Clinical Relevance

In addition to red cell Hb, free Hb in plasma may also 
have an important impact on NO biology and pathogen-
esis of disease. Hb is released into plasma by both intra-
vascular and extravascular hemolysis. Gladwin and 
colleagues at the National Institutes of Health have 
obtained results suggesting that sickle homozygotes with 
a relatively high degree of hemolysis appear to be more 
likely to have pulmonary hypertension, ankle ulcers, pria-
pism, and early mortality.39,40 In contrast, those with a 
comparatively low degree of hemolysis are more likely to 
have vaso-occlusive episodes, including acute pain crises. 
They hypothesize that enhanced hemolysis may have an 
impact on sickle cell pathogenesis by virtue of NO 
metabolism. Red cells that are prematurely destroyed in 
the circulation release arginase, which can lower the 
availability of arginine, a substrate required for the bio-
synthesis of NO via NO synthase. In addition, free Hb 
in plasma diffuses readily to the surface of endothelial 
cells and is capable of scavenging the NO that is released 
from these cells. These two processes can lead to a rela-
tive defi ciency in NO that results in enhanced vasomotor 
tone, as well as activation of platelets that may indepen-
dently accentuate vaso-occlusion.

The utility of the degree of hemolysis as an indepen-
dent index of prognosis in sickle cell disease depends 
on how readily sickle homozygotes can be segregated 
into two groups of high versus low hemolytic rate. If 
these groups are readily separable, such laboratory 
assessment could be useful in helping assign prognostic 
risk to a given sickle patient. In a recent comparison of 
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a group of 223 sickle cell patients with priapism and a 
group of 979 controls who lacked this complication, 
those with priapism indeed had a somewhat higher rate 
of hemolysis, but the difference between the two groups 
was small.41 The laboratory parameter that was most 
statistically signifi cant in distinguishing between those 
with and without priapism was the white blood cell count. 
However, in all these measurements there is a very high 
degree of overlap between the two groups. Results such 
as this suggest that hemolysis may not segregate suffi -
ciently into discrete subgroups to make it useful for 
assessing prognosis.

OTHER NORMAL HEMOGLOBINS

Hemoglobin F

In 1866, Korber42 discovered that the red cells of new-
borns are resistant to alkaline denaturation. This was the 
fi rst suggestion that these cells contain Hb that is differ-
ent from normal adult Hb. The composition of this fetal 
Hb (HbF) is α2γ2.

The γ chains are different from the β chains in 39 or 
40 positions in the sequence.43 γ Chains are the product 
of two genes placed in tandem between the ε and pseudo-
β genes in the β-like globin cluster on chromosome 11. 
The only difference between the two gene products is the 
presence of glycine in position γ136 in the Gγ gene, the 
left gene, and the presence of alanine in the same position 
in the Aγ gene, to the right. A common polymorphism is 
found in the Aγ gene, with threonine replacing isoleucine 
at position 75.44 The striking similarities in the protein 
sequences are refl ected at the nucleotide level, where the 
homology between the two genes is high. Smithies and 
associates45 were the fi rst to point out that this is a con-
sequence of gene conversion, a mutational event in which 
sequences upstream replace sequences downstream, par-
ticularly in tandem genes, and homogenize them in the 
process. This phenomenon was demonstrated in the 
Bantu haplotype linked to the βS gene.46

One interpretation of this phenomenon is that con-
siderable selective value is placed on the sequence of γ 
chains and on the structure of HbF. This is not surprising 
because HbF is present throughout most of fetal life 
(though mostly during the last two trimesters), and 
abnormalities could easily cause fetal death.

Sequence Differences between 
γ and β Chains

The 39 differences include 22 on the surface of the mol-
ecule (see Table 18-1). Four critical substitutions are in 
the α1β1 area of contact (the packing contact). This is the 
strong contact that dissociates only under extreme condi-
tions such as very low or high pH.

Nevertheless, two of these substitutions, Thr112 and 
Try130, in the α1γ1 contact could be involved in the 
alkaline resistance of HbF, as well as in its decreased 

dissociation to monomers. In the β chains, position β112 
is a Cys and β130 is a Tyr. Both these residues ionize at 
alkaline pH, which could promote dissociation of the 
dimer into monomers. Thr and Tyr are polar but not 
ionizable. No sequence changes affect the α1β2 area of 
contact (sliding contact), which is critical for the ligand-
dependent conformational changes.

Protein Conformation

Crystallographic studies of HbF at 2.5-Å resolution show 
almost complete isomorphism between HbA and HbF.47 
The only difference is in the N-terminal portion. This 
change increases the distance of 2,3-DPG from γ2 His, 
which may contribute to the reduction of the effect of 
2,3-DPG on HbF.

Ligand Binding

The red cells of newborns (containing mostly HbF) 
have higher O2 affi nity than adult red cells do (P50 of 
≈15 mm Hg versus ≈26 mm Hg in adults), but the O2 
affi nities of neonatal and adult red cell hemolysates are 
indistinguishable.48 This fi nding suggests that HbF and 
HbA have identical O2-binding properties but that the 
red cells contain effectors that interact differentially with 
HbF.

2,3-DPG exhibits decreased binding to HbF.49 The 
structural basis for this fi nding is replacement of β143 
His (phosphate binding site in the central cavity) with a 
serine residue at γ143. This substitution abolishes an 
important binding site. Secondary effects arise from dis-
placement of the N-terminal portion of the γ chains, 
which inhibits the binding of phosphates with γ2 His. In 
addition, HbF molecules that are acetylated at the γ-chain 
N-terminal are incapable of binding 2,3-DPG.23

The effect of Cl− is also altered.50 This anion binds 
at the 2,3-DPG site in the central cavity. At low NaCl 
concentrations (up to 0.05 mol/L), HbF has lower affi n-
ity for O2 than HbA does. At higher Cl− concentrations, 
the differences disappear. This effect is not well under-
stood but might have to do with the diminution of posi-
tive charges in the central cavity; therefore, the binding 
affi nity for anions and the destabilizing effect on the T 
state are reduced. The increased stability of the T state 
induced by the absence of anion-neutralizing positive 
charges would favor low ligand affi nity.

Binding of CO2 to HbF is drastically decreased.51 
Fewer carbamates are formed at the N-terminal over a 
range of Pco2 values. The γ-chain N-terminal amino acid 
has a pKa of 8.1, which is much higher than the pKa of 
β chains (6.6). Under physiologic conditions, 90% of the 
γ sites are protonated and unable to bind CO2.

The alkaline Bohr effect (relationship between high 
pH and ligand affi nity) is increased by 20% in HbF-
containing red cells.52 This seems to be an effect of Cl− 
because in isolated HbF at low anion concentrations, 
HbA and HbF have an identical Bohr effect and the Bohr 
effect of HbF increases pari passu with the Cl− concentra-
tion. A plausible explanation is that binding of Cl− at low 
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pH to β143 His stabilizes the R state. The absence of this 
Cl− site in γ chains would lower the low-pH Bohr effect 
because it is a situation that favors the T state. As a con-
sequence, the alkaline Bohr effect is favored in HbF.

Physiology of Hemoglobin F–Containing 
Red Cells

How do the aforementioned properties of HbF benefi t 
the fetus and newborn? Perhaps the main feature of the 
fetal circulation, as opposed to the circulation in postna-
tal life, is that O2 loading is accomplished under more 
diffi cult circumstances in the fetus (liquid-liquid inter-
face) than in the neonate (gas-liquid interface). On the 
positive side, the tissues of the fetus have a high metabolic 
rate; therefore, the limitation may be on loading suffi cient 
O2 rather than delivery of O2 because a signifi cant differ-
ence between the Po2 of blood and that of tissue is likely 
to exist in the fetus. This explains why the O2 affi nity of 
HbF-containing red cells is increased, a situation that 
favors uptake of O2 in the placenta. Indeed, in nearly all 
mammals, fetal red cells have higher O2 affi nity compared 
with maternal red cells.

The Bohr effect accounts for 40% of the normal fetal 
gas exchange.52 In addition, in the fetus, an increased 
Bohr effect can modulate delivery of O2 to tissues (if 
needed), even in the absence of 2,3-DPG. About 50% of 
the delivery to tissues is accounted for by the increased 
Bohr effect. Finally, the increased Bohr effect could also 
explain the paradox observed53 in which mothers with 
high-affi nity Hb variants do not have pregnancy compli-
cations or fetal morbidity. The advantage of HbF is not 
limited to the difference in P50 with HbA. If the difference 
in affi nity is erased, as in patients with high-affi nity Hb, 
the enhanced Bohr effect can make up at least some of 
the difference.

As noted earlier, γ chains are synthesized by two 
sequence-identifi able genes. Additional heterogeneity 
arises from N-terminal acetylation of 10% to 15% of the 
γ chains of newborns. Acetylation is common in proteins 
that have N-terminal alanine, serine, and to a lesser ex -
tent, glycine residues.54 Hb needs to have its N-termini 
free for functional reasons; therefore, it is not surprising 
that acetylation has been largely excluded by selection. 
In the case of HbF, it contributes to the decrease in 2,3-
DPG binding, apparently a welcome feature. Acetylation 
occurs after synthesis, probably early in the process, and 
involves catalytic transfer of the acetyl moiety from acetyl 
coenzyme A to the protein by acetyltransferase. Hb 
Raleigh (β1 [NAI] Val→acetylatable alanine) is 100% 
acetylated. Cat Hb, in which the β1 residue is serine, is 
also 100% acetylated (and does not interact with 
2,3-DPG55).

Laboratory Determination of Hemoglobin F

The best methods of determining the level of HbF in the 
hemolysate depend on its concentration. For normal 
levels (0.1% to 1.5% of total Hb), immunologic assays 
are best. For levels between 1.5% and 40%, alkaline 

denaturation is accurate. For levels greater than 40%, 
high-performance liquid chromatography (HPLC) is 
probably the best method, although it can also be used 
at lower concentrations. A method of enriching HbF by 
chromatography or isoelectric focusing, followed by 
HPLC, allows this technique to be applied to all concen-
trations of HbF. Disposable columns for determination 
of HbF in hemolysates that contain no HbA (such as red 
cells from patients with HbSS or HbCC disease) are also 
available and produce reasonably accurate results.

HbF is unevenly distributed among red cells in 
normal subjects and in those with most medical condi-
tions except for some forms of hereditary persistence of 
HbF.56 Immunologic techniques that allow identifi cation 
of red cells containing HbF (F cells and F reticulocytes) 
and measurement of the average amount of HbF per cell 
have become powerful tools for the study of HbF expres-
sion.57-59 About 0.5% to 7% of red cells are F cells in 
normal adults.

Agar electrophoresis at pH 6.4 (available as a kit) 
offers an additional method to isolate or identify HbF. 
Hbs are subjected to a combination of chromatography 
and electrophoresis in agar. The agar matrix interacts 
with the central cavity of Hbs,60 and Hbs with abnormali-
ties in that region (such as HbF) tend to migrate faster 
(or slower) than their electrophoretic mobility would 
predict at pH 6.4. Therefore, when an Hb with anoma-
lous electrophoretic mobility in agar is compared with 
cellulose acetate (pH 8.6), a mutation of the central 
cavity should be suspected. Hb Hope is an example of 
this phenomenon.

Medical Conditions Apart from 
Hemoglobinopathies Associated with High 
Hemoglobin F

Newborns have between 65% and 95% HbF. This amount 
decreases progressively during the fi rst year of life. The 
normal adult level is approached by 1 year of age and is 
achieved by 5 years.

Pregnancy is accompanied by a modest increase in 
HbF in the second trimester. Hydatidiform moles are 
associated with particularly high HbF values. Although 
maternal pregnancy hormones have been implicated, the 
mechanism of this elevation is not clear.61

Some conditions (besides hemoglobinopathies) 
retard downregulation of HbF in the fi rst 5 years of life. 
Such conditions include prematurity, trisomy 13, and 
maternal diabetes.62 Acceleration of the decrease in HbF 
is observed in patients with Down syndrome and those 
with C/D translocations.

Hemolytic anemias, acute bleeding, and treatment 
with hydroxyurea or arabinocytidine can all be associated 
with higher than normal values of HbF. This phenome-
non has been interpreted to mean that under these condi-
tions, early progenitors are rushed through development 
while they retain their HbF program because the reduc-
tion in the number of cell divisions precludes their 
downregulation.
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the three CCAAT box-like sequences, none is perfectly 
conserved. Instability of δ-mRNA may also contribute to 
poor expression of the δ gene.

Functional and Structural Aspects

HbA and HbA2 have similar ligand-binding curves, 
although the latter has slightly higher O2 affi nity. The 
Bohr effect, cooperativity, and the response to 2,3-DPG 
are identical.

Among the differences are that the fact HbA2 is more 
thermostable because of a change at Arg-δ116. This Arg 
forms a salt bridge with Pro-α114, thereby increasing the 
stability of the α1α1 packing contact even further. Another 
difference is that HbA2 binds to the red cell membrane 
better than HbA does.70

The low levels of HbA2 and the multiple functionally 
abnormal mutations found in primate δ-like genes have 
been suggested as reasons for the lack of functional 
importance of this minor component. According to this 
view, the δ gene is condemned to the biologic trash 
heap of history as a pseudogene. This conclusion presup-
poses that the only functional role of any Hb is to carry 
O2. If so, HbA2 is clearly useless. Alternatively, the 
increased binding of HbA2 to the membrane could indi-
cate another role for this Hb. It is necessary to know what 
proteins in addition to band 3 are capable of binding this 
Hb and whether such binding has any functional role. 
The fi nding of an HbA2 polymorphism in the Dogon 
region of the Republic of Mali (see later) stimulates this 
thinking.

Mutational Events Involving the δ Gene

Nearly 80 amino acid substitutions, all resulting from 
single base changes, have been described in HbA2. This 
might be the tip of the iceberg because these substitu-
tions are diffi cult to detect. Two mutations, HbA2 Wrens 
(δ98 [FG4] Val→Met)71 and HbA2 Manzanares (δ121 
[GH4] Glu→Val),72 are unstable. HbA2 Canada (δ99 
[G1] Asp→Asn)73 has very high affi nity for O2, but 
because of its low level, no erythrocytosis is present.

A common mutation, found mostly among African 
Americans and Africans, is HbA′2, also called HbB2 (δ16 
[A13] Gly→Arg). In Africa, it has been described in 
samples from different geographic locations, one of which 
is Ghana. HbA′2 has been found at polymorphic rates in 
one of the castes in the Dogon region of the Republic of 
Mali. Haplotype analysis of the Mali β-like gene cluster 
demonstrates that all unrelated persons carrying this 
mutation have the same haplotype. Samples from unre-
lated African Americans with this mutation also demon-
strate haplotype homogeneity. Hence, it is possible that 
HbA′2 arose in Africa unicentrically and was distributed 
to other regions of Africa by gene fl ow.

An interesting set of mutational events involves 
unequal crossover between the δ gene and the β gene. 
Such crossover generates Hbs with portions of δ chains 
and portions of β chains. They are called Lepore-type 
Hbs after the fi rst family described. The fi rst three exam-

Invariably, juvenile chronic myeloid leukemia, 
Diamond-Blackfan anemia, and Fanconi’s anemia are 
accompanied by signifi cant elevations of HbF. Erythro-
leukemia, paroxysmal nocturnal hemoglobinuria, kala-
azar, preleukemia, and recovery from marrow aplasia are 
also associated with variable elevations of HbF. The 
highest levels are found in patients with Di Guglielmo’s 
disease (erythroleukemia). Many conditions, including 
solid tumors, occasionally cause increased levels of 
HbF.62-64

Mutations in the Gγ Genes

Variants of the Gg Gene. Fifty-six variants with a single 
amino acid substitution in the Gγ gene have been 
described. Of these, two are unstable: HbF Poole (Gγ130 
[H8] Trp→Gly), which is signifi cantly unstable, and HbF 
Xin Jin (Gγ119 [GH2] Gly→Arg).65 A mutation at the 
same site, but not the same amino acid as in Hb Poole, 
has also been identifi ed in β chains (Hb Wien [β130 
Try→Asp]).

Also found in HbF is the equivalent of M Hbs in the 
β chains: HbF-M Fort Ripley, which has a cyanotic phe-
notype in the newborn and corresponds to substitution of 
the proximal histidine, γ92 (F8) His→Tyr. It is perfectly 
equivalent to Hb Hyde Park. The other mutation, HbF-M 
Osaka,66 involves the distal histidine, γ63 (E7) His→Tyr, 
and is equivalent to HbM Saskatoon. Newborns with α-
chain substitutions of the proximal or distal histidines 
have the same cyanotic phenotype as that of adults, with 
the cyanosis appearing early in the neonatal period.67,68

Finally, one high-affi nity variant has been described: 
HbF Onoda69 (Gγ146 [HC3] His→Tyr).

Hemoglobin A2

HbA2 is present both in the neonatal period and during 
the rest of an individual’s life and is a product of the 
combination of α chains with δ chains (α2δ2). The δ gene 
is expressed at a very low level. HbA2 represents about 
2.4% of the Hbs present in normal hemolysates. The δ 
gene resides in the cluster of β-like genes between the 
pseudo-β gene and the β gene.

δ Gene

The δ gene arose from a duplication of the β gene about 
40 million years ago (although one cannot exclude the 
possibility that gene conversion could have erased differ-
ences of an older gene). The δ gene also exists and is 
expressed at low levels in New World primates (1% to 
6%). In some Old World primates, the δ gene is present 
but not expressed. The δ gene is absent in other mammals. 
In any case, the distribution among animals suggests that 
this was the last globin gene to emerge in the β-like gene 
cluster. Its relatively recent appearance (or recent gene 
conversion) explains why the δ chain exhibits only 10 
sequence differences from the β gene.

The low level of transcription of the δ gene might be 
the consequence of changes in the 5′ fl anking region. Of 
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ples of this type of event were characterized in heterozy-
gotes by low levels of the Lepore-type Hb (about 20%), 
electrophoretic migration similar to that of HbS, and a 
thalassemic phenotype (microcytosis, hypochromia, and 
hemolytic anemia). In homozygotes for this condition, 
severity varies from transfusion dependency to moderate 
anemia. Groups at risk are principally Italians, Greeks, 
and Yugoslavians (the latter being the most severely 
affected), but examples have been found in Turkish 
Cypriots, inhabitants of Papua New Guinea, African 
Americans, Indians, and Romanians.

Hb Lepore Hollandia, Hb Lepore Baltimore, and Hb 
Lepore Washington-Boston (the fi rst described)74-76 have 
different lengths of the δ sequence in the N-terminal 
portion of the hybrid chain and complementary portions 
of the β chains at the C-terminal end. All have a total of 
146 amino acids. The more recently described Lepore-
type Hb, Hb Parchman, is a patchwork in which a 
segment of the β sequence is located in the center of the 
chain. The location of the crossover is uncertain because 
with only 10 amino acid differences between the δ and β 
chains, there are too few informative sites.

If a Lepore-type unequal crossover occurs, an anti-
Lepore Hb molecule is also generated, but fi nding it 
depends on its prevalence and luck. HbP Nilotic is the 
anti-Lepore of Lepore Hollandia. Hb Lincoln Park is 
probably the same with an added deletion at position 
δ137. Hb Miyada and HbP Congo could be anti-Lepores 
of Lepore Hbs that are yet to be found. Electrophoreti-
cally, HbP Congo, HbP Nilotic, and Hb Lincoln Park 
migrate like HbS, whereas Hb Miyada and Hb Parchman 
migrate like HbC.

Variation of Hemoglobin A2 Levels with Other 
Clinical Conditions

Levels of HbA2 are elevated in a number of conditions; 
in some instances this feature is of diagnostic value. The 
most common and important clinical instance is β-
thalassemia (see Chapter 20). HbA2 is also elevated in 
sickle trait, in blood from patients with SS disease, par-
ticularly SS disease with α-thalassemia, and in acquired 
conditions such as megaloblastic anemia and hyperthy-
roidism. HbA2 may also be elevated in patients with 
malaria. Elevation of HbA2 is not due to an increase in 
the synthesis of δ chains but is a consequence of the 
preferential assembly of δ with α chains, particularly if β 
chains are in short supply.77 Decreased levels of HbA2 are 
found in α-thalassemia, δβ-thalassemia, and δ-thalasse-
mia and in hereditary persistence of HbF, either because 
the δ gene is deleted or because the α chains are more 
avid for γ or β chains than for δ chains. A decrease in 
HbA2 is also seen with iron defi ciency, but it returns to 
normal after iron therapy.

Embryonic Hemoglobins

At 4 to 14 weeks of gestation, the human embryo syn-
thesizes three distinct Hbs in yolk sac–derived primitive 

nucleated erythroid cells: ζ2ε2 (Hb Gower-1), ζ2γ2 (Hb 
Portland), and α2ε2 (Hb Gower-2).78 ζ- and ε-globin 
chains are expressed before the γ- and α-globin chains. 
After establishment of the placenta, at 14 days of devel-
opment, embryonic Hbs are replaced by HbF, but ζ- and 
ε-globin chains can be found in defi nitive fetal erythro-
cytes.79 At 15 to 22 weeks of gestation, 53% of fetal 
cells contained ζ-globin chains and 5% had ε-globin 
chains. At term, cord blood contained 34% and 0.6% of 
ζ- and ε-globin chain–positive cells, respectively. Eryth-
rocytes from normal adults do not contain embryonic 
globins.

Developmental timing of the synthesis of embryonic 
Hbs has been studied in embryonic erythroid cells.80 
Embryonic, fetal, and adult globins are synthesized in 
vivo and in cultures of erythroid burst-forming units in 
the yolk sac (where primitive erythropoiesis occurs) and 
in liver cells (site of defi nitive erythropoiesis). Similarly, 
the adult α-globin gene and the corresponding embry-
onic α-like chains (ζ-globin gene) are coexpressed in the 
earliest murine erythrocyte progenitors.81 From these 
studies and from the recent fi nding of embryonic Hb in 
cord blood, it appears that embryonic globin is expressed 
in both primitive and defi nitive erythroblasts, though in 
vastly different quantities. These results are compatible 
with the notion that the switch from embryonic to fetal 
globin synthesis represents a time-dependent change in 
programs of progenitor cells rather than a change in 
hemopoietic cell lineages.

Embryonic Hbs obtained from an in vitro expression 
system in the absence of any effector of Hb function, 
including Cl−, all have O2 affi nity and ligand-binding 
rates similar to those of HbA.82 In the presence of organic 
phosphates, the O2 affi nity of ζ2ε2 and α2ε2 is lowered, 
though to a lesser extent than for normal HbA. This 
demonstrates that ε-globin chains do bind 2,3-DPG, but 
less than β chains do. Hb Portland binds organic phos-
phates even less well, which is not surprising because its 
central cavity is formed by γ-globin chains (see earlier 
discussion).

Decreased rates of O2 dissociation from embryonic 
Hbs appear to be responsible for the high O2-binding 
affi nity of the embryonic proteins.83 The pH dependence 
of the O2 dissociation rate constants also accounts for the 
rather unusual Bohr effects characteristic of embryonic 
Hbs. In α2ε2 (Hb Gower-2),84 the tertiary structure of the 
α-globin chain is unchanged from that of HbA and 
HbF.

Crystallographic data on the CO form are available 
for α2ε2 (Hb Gower-2).85 When compared with the struc-
tures of HbA and HbF, the tertiary structure of the α-
globin chain is unchanged. The ε-globin chain has a 
structure very similar to that of the β-globin chain, with 
small differences in the N-terminal and A helix.

The most distinct difference in Hb Gower-2 and 
HbA is a shift of the N-terminal and the A helix, similar 
to that seen in HbF. The α helix moves into the central 
cavity as a consequence of complex disruption of the N-
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terminal region. This shift may explain the decrease in 
binding of 2,3-DPG to Hb Gower-2.

Finally, embryonic ζ- and ε-globin subunits assemble 
with each other and with adult α- and β-globin subunits 
into Hb heterotetramers in both primitive and defi nitive 
erythrocytes. The use of complex transgenic knockout 
mice that express these Hbs at high level has allowed 
functional characterizations of these hybrids.86 The 
exchange of ζ chains for α chains increases P50 and 
decreases the Bohr effect, thereby increasing O2 transport 
capacity. In comparison, the exchange of ε chains for β 
chains has little impact on these parameters. Hb Gower-
1, assembled entirely from embryonic subunits, displays 
an elevated P50, a reduced Bohr effect, and decreased 
2,3-DPG binding in comparison to HbA. The data 
support the hypothesis that Hb Gower-2, assembled 
from reactivated ε-globin in individuals with hemoglo-
binopathies and thalassemias, would serve as a physio-
logically acceptable substitute for defi cient or dysfunctional 
HbA. In addition, the unexpected properties of Hb 
Gower-1 make a primary role for it in embryonic devel-
opment unlikely.

Mutations Affecting 
Embryonic Hemoglobins

The most common mutation producing lethal hydrops 
fetalis is the Southeast Asian (−/SEA) double α-globin 
gene deletion.87 Erythrocytes from adults heterozygous 
for the (−/SEA) deletion have minute amounts of embry-
onic ζ-globin chains detectable by anti–ζ-globin mono-
clonal antibodies. The majority of subjects are of Chinese, 
Filipino, or Laotian ancestry. The (−/SEA) double α dele-
tion was the only abnormality in two thirds of these 
individuals. In others, this deletion was combined with 
α-globin or β-globin mutations or coincidental iron defi -
ciency. Four other samples from (−/SEA) heterozygotes 
produced negative results with this immunologic assay. 
Anti-ζ–negative samples included deletions of the total 
α-globin region (−/Tot), single α-globin deletions, and a 
variety of β-globin mutations; normocytic samples with 
normal α genes also produced negative results. Benign 
triplicated ζ-globin genes were detected as well. Anti-ζ 
immunobinding testing provides rapid, simple, and reli-
able screening for the (−/SEA) double α-globin deletion, 
although it does not detect the (−/Tot) total α-globin 
deletions.

PATHOPHYSIOLOGY OF 
HEMOGLOBIN ABNORMALITIES

Nearly 1000 mutant human hemoglobins have been 
reported. Those involving the δ and γ subunits have been 
mentioned in earlier sections of this chapter. Because 
HbA (α2β2) constitutes about 97% of Hb within the red 
cell after infancy, the most common and most important 
human Hb mutants pertain to either the α or the β 
subunit.

Assembly of Mutant Hemoglobins

The composition of normal and mutant Hbs in the red 
cells of heterozygotes provides insight into the assembly 
of human Hbs.88,89 The great majority of β-chain mutants 
are synthesized at the same rate as βA and have normal 
stability. Therefore, heterozygotes would be expected to 
have equal amount of normal and mutant Hb. However, 
measurements of the proportion of normal and abnormal 
Hbs in heterozygotes have revealed unexpected variabil-
ity. Figure 18-10 shows a comparison of stable β-chain 
mutants. Positively charged mutants, such as Hbs S, C, 
D Los Angeles, and E, account for signifi cantly less than 
half of the total Hb in heterozygotes and are reduced 
further in the presence of α-thalassemia. In contrast, 
many of the negatively charged mutants are present in 
amounts exceeding that of HbA. In two heterozygotes 
who had a negatively charged mutant (HbJ Baltimore 
or HbJ Iran) in conjunction with α-thalassemia, the pro-
portion of the mutant Hb was found to be increased 
further. Analysis of the proportion of β-chain mutant in 
heterozygotes suggests that alterations in surface charge 
contribute to different rates of assembly of the Hb tetra-
mer. This hypothesis is supported by in vitro mixing 
experiments on normal and mutant subunits showing 
that when α chain is present in limiting amounts (mim-
icking α-thalassemia), negatively charged mutants are 

+2 +1 0 –1 –2 αα/
α–

α–/
α–

––/
α–

αα/
αα

70

60

50

40

30

20

10

%
 o

f t
ot

al
 h

em
og

lo
bi

n

E

S

C

D-Los
Angeles

O-Arab

J-Iran
Korle-Bu

N-Baltimore

J-Baltimore

A B

FIGURE 18-10. A, Effect of charge on the proportion of abnormal 
hemoglobin in individuals heterozygous for 72 stable β-globin variants. 
Each data point represents a mean value for a given variant. The blue 
points (•) denote measurements of Huisman90 by high-resolution chro-
matography. Substitutions involving a histidine residue were scored as 
a change of one-half charge. The “−1” group differs signifi cantly from 
the “+1” group (P < .001) and from the “0” group (P < .05). B, Effect 
of α-thalassemia on the proportion of six positively charged β-chain 
variants (blue dots) and three negatively charged variants (orange 
dots). (Data from Bunn HF, McDonald MJ. Electrostatic interactions in the 
assembly of haemoglobin. Nature. 1983;306:498-500; Rahbar S, Bunn HF: 
Association of hemoglobin H disease with Hb J-Iran (beta 77 His----Asp): 
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formed much more readily than positively charged 
mutants.91,92 This electrostatic model of Hb assembly has 
clinical implications. Differences in rates of assembly 
explain not only the low proportion in HbS–sickle C 
(SC) disease (see later) but also the differences in levels 
of HbA2

89 and HbF93,94 that accompany certain hemato-
logic disorders.

The majority of human Hb mutants were discovered 
as an incidental fi nding, unassociated with any hemato-
logic or clinical phenotype. However, a number of α- and 
β-globin mutants are associated with distinct clinical 
phenotypes, which fall into four broad categories: mutants 
with high oxygen affi nity resulting in erythrocytosis, 
unstable mutants causing congenital Heinz body hemo-
lytic anemia, low–oxygen affi nity mutants and the M Hbs 
causing cyanosis, and mutants associated with a thalas-
semia phenotype.

High–Oxygen Affi nity 
Hemoglobins: Erythrocytosis

Structural Defects
Mutations resulting in changes in the primary structure 
of the α or β chains can lead to changes in oxygen affi nity. 
An example is shown in Figure 18-11. Increases in the 
O2 affi nity of Hb result from various mechanisms. In 
most instances, the changes in O2 affi nity are in concor-
dance with our understanding of the structure-function 
relationships of Hb. In a few instances, the known altera-
tions in the primary structure are not suffi cient to explain 
the observed effect, given the state of our knowledge.

The mutations that generate high-affi nity Hbs can 
arise from single point substitutions, double point sub-
stitutions (although some of these substitutions could be 

crossover events between two mutated chains), deletions, 
additions, frameshift mutations, and fusion genes.

The molecular mechanisms of ligand high-affi nity 
Hb mutants can be grouped into four categories. (For 
more detailed information, see the article by Wajcman 
and Galacteros94).

1. Alterations in the switch region, the fl exible joint, or 
the C-terminus in the α1β2 area of contact that favor 
the R (or oxy) state, either by stabilizing this conformer 
or by destabilizing the T (or deoxy) state; examples 
include Hb Bethesda (β145 [HC2] Tyr→His)95 and 
Hb Kempsey (β99 [G1] Asp→Asn).96

2. Alteration of the α1β1 area of contact with disruption 
of the overall architecture of Hb that favors the R 
state. Examples include Hb San Diego (β109 [G11] 
Val→Met)97 and Hb Crete (β129 [H7] Ala→Pro).98

3. Reduction in heme-heme interaction by restraining of 
quaternary conformation because of a tendency to 
aggregate or polymerize. In Hb Porto Alegre (β9 [A6] 
Ser→Cys), the additional cysteine sulfhydryl results 
in disulfi de cross-linking and increases oxygen 
affi nity.99,100

4. Mutations that decrease the affi nity of Hb for 2,3-
DPG; examples include Hb Providence (β82 [EF6] 
Lys→Asn→Asp)101 and Hb Old Dominion (β143 
[H21] His→Tyr).102

Identifi cation of High–Oxygen 
Affi nity Hemoglobins

In 1966, an 81-year-old patient complaining of mild 
angina was found to have erythrocytosis, an abnormal 
band in his Hb on electrophoresis, and red cells with 
increased O2 affi nity.103 The abnormal Hb proved to be 
a Leu→Arg substitution in residue 92 of the α chains. 
Discovery of the fi rst carrier of Hb Chesapeake opened 
a new chapter in the study of hemoglobinopathies because 
it demonstrated that a variant of this molecule could 
generate a distinct clinical syndrome. Discovery of this 
and other high-affi nity Hbs has been useful in elucidation 
of the molecular mechanisms underlying the function of 
normal Hb.

Is the mild angina seen in the Hb Chesapeake pedi-
gree a characteristic of carriers of high-affi nity Hbs? 
Other members of the same pedigree and a large number 
of carriers of high-affi nity Hbs generally have had no 
clinical consequences.

Patients with high-affi nity Hbs have normal white 
cell and platelet counts and do not have splenomegaly. 
They sometimes have a family history of “thick blood,” 
but a signifi cant number of high-affi nity Hbs are new 
mutations; that is, no abnormal Hb is found in parents 
or siblings.

The differential diagnosis of erythrocytosis is 
outlined in Box 18-1. Erythrocytosis should not be 
confused with polycythemia, in which numbers of white 
cells and platelets are elevated and splenomegaly is 
usually present. Diagnosis of the conditions in Box 18-1 
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Finally, many individuals with familial erythrocytosis 
have normal O2 affi nity, regardless of whether red cells 
or hemolysate is used. The inheritance pattern may be 
either dominant or recessive. Affected individuals may 
exhibit clubbing.106 Two interesting groups of patients 
have erythrocytosis unrelated to Hb variants or enzyme 
abnormalities: erythropoietin receptor mutations and 
erythrocytosis caused abnormal oxygen sensing.

Erythropoietin Receptor Mutations. A number of 
families have been encountered in which erythrocytosis 
is inherited in an autosomal dominant manner as a result 
of truncation of the cytosolic portion of the erythropoie-
tin receptor, which eliminates the negative regulatory 
domain of the receptor. The truncation does not allow 
the physiologically appropriate shutoff of the signaling 
cascade induced by erythropoietin binding and receptor 
dimerization. This leads to inappropriate erythropoietin 
signaling, increased red cell formation relative to plasma 
levels of erythropoietin, and high Hb levels.

Oxygen Sensing Mutations. In addition to mutations 
of globin, red cell enzymes, and the erythropoietin recep-
tor, familial erythrocytosis can also be caused by inher-
ited defects in the oxygen-sensing pathway leading to 
enhanced production of erythropoietin. Normally, eryth-
ropoietin mRNA expression is driven by the hypoxia-
inducible transcription factor (HIF). In normoxic cells, 
HIF is markedly suppressed by proline hydroxylation of 
the HIF α subunit, thereby enabling it to bind to von 
Hippel-Lindau (VHL) protein, which mediates ubiquity-
lation of HIF-α and destruction in the proteasome.107 A 
sizable population living in the Chuvash district of central 
Russia has autosomal recessive erythrocytosis because of 
a mutation in the VHL gene.108 In addition, familial 
erythrocytosis with increased expression of erythropoie-
tin may also be due to mutations in the prolyl hydroxylase 
2 gene109,110 and the HIF-2α gene.111,112

To summarize, in the identifi cation of high-affi nity 
Hb variants, the following points should be 
remembered:

1. Normal results on electrophoresis do not exclude the 
diagnosis of a high-affi nity Hb.

2. A P50 value useful for diagnosis of a high-affi nity Hb 
cannot be a value “calculated” from Po2 data. (One 
has to be able to directly measure Hb saturation and 
Po2 to obtain a useful P50 value. Types of apparatus 
such as the Hem-o-Scan are adequate for this 
purpose.)

3. Plasma erythropoietin levels are diagnostically 
useful.

Pathophysiologic and Clinical Aspects of 
High–Oxygen Affi nity Hemoglobins

Most patients with high-affi nity Hbs and erythrocytosis 
have a benign clinical course and no apparent complica-

 Box 18-1 Differential Diagnosis of Erythrocytosis

A.  Primary increase in erythropoiesis (low plasma 
erythropoietin levels)

 1. Polycythemia vera
 2. Mutations of the erythropoietin receptor
B.  Secondary increase in erythropoiesis (appropriately 

high erythropoietin levels)
 1. Hypoxemia related to
  a. Chronic pulmonary disease
  b. Right-to-left cardiac shunts
  c. Sleep apnea
  d. Massive obesity (pickwickian syndrome)
  e. High altitude
 2. Red cell hemoglobin defects
  a. High–oxygen affi nity hemoglobins
  b.  Absence or decrease in 2,3-diphosphoglycerate 

mutase
  c. Some cases of congenital methemoglobinemia
  d.  Chronic carbon monoxide poisoning (smoking 

and work-related exposure)
C.  Secondary increase in erythropoiesis (inappropriately 

high erythropoietin levels)
 1. Erythropoietin-producing neoplasms
 2. Erythropoietin-producing renal lesions
 3. Defects in oxygen sensing
  a.  von Hippel-Lindau mutant (Chuvash 

polycythemia)
  b. Prolyl hydroxylase 2 mutants
  c.  Hypoxia-inducible transcription factor-2α 

mutants
D.  Idiopathic familial erythrocytosis

is facilitated by measurement of blood erythropoietin 
levels. Hypoxia of pulmonary or cardiovascular origin 
can be excluded by analysis of arterial blood gases. 
Affected patients characteristically have low Po2 values 
and low O2 saturation. Patients with red cells that have 
an altered capacity to transport O2 have normal arterial 
Po2.

Individuals with increased O2 affi nity can be investi-
gated further by comparing the oxygen binding of phos-
phate-free hemolysates at physiologic pH and temperature 
with that of the red cells. The hemolysates identify intrin-
sic defects in the Hb molecule; study of intact red 
cells identifi es other red cell factors (such as 2,3-DPG) 
that alter the O2 affi nity of otherwise normal Hb. Defi -
ciency of 2,3-DPG mutase results in red cells with high 
O2 affi nity, normal O2 affi nity of the red cell hemolysate, 
and a very low 2,3-DPG concentration.104 In all these 
cases the absorption spectrum of the hemolysates is 
normal.

Methemoglobin (Met-Hb) (such as that seen in con-
genital or toxic methemoglobinemia) and carboxy-Hb 
(secondary to CO poisoning)105 can be identifi ed by spec-
trophotometric examination of the red cell hemolysate. 
Several gas-measuring apparatuses are available in hos-
pitals (e.g., the IL CO oximeter) that can give an accurate 
reading of Met-Hb and carboxy-Hb concentrations in 
whole blood.
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tions. Although the fi rst high-affi nity Hb was identifi ed 
in the course of a workup for angina, this association was 
probably fortuitous.

Patients with Hb Moke have been reported to have 
symptoms and to have benefi ted from phlebotomy and 
the transfusion of normal blood, but this is the exception 
and not the rule.113 In a signifi cant number of these 
patients, erythrocytosis is diagnosed during routine 
hematologic examination or when the pedigree of a pro-
positus is examined. There are generally no physical fi nd-
ings, except occasionally a ruddy complexion. Hb and 
hematocrit levels are only moderately increased.

The most pressing reason to identify these high-
affi nity Hbs early and accurately is to avoid submitting the 
patient to unnecessary invasive diagnostic procedures and 
inappropriate and often dangerous therapeutic interven-
tions. Some have undergone several courses of radioactive 
phosphorus (32P) treatment based on a mistaken diagno-
sis of polycythemia vera. As a general rule, any patient 
suspected of having polycythemia vera who is about to 
undergo a serious therapeutic intervention should have a 
whole blood O2 equilibrium measurement.

In patients who have had a physiologically signifi cant 
high-affi nity Hb all their lives, reasonable compensation 
is probably present throughout their lives. The reduced 
delivery of O2 to tissues is compensated for primarily by 
increases in erythropoietin-induced red cell mass and 
also probably by increases in blood fl ow and changes in 
perfusion patterns in selected regions.

Erythropoietin-mediated increases in red cell mass 
respond to hypoxic stimuli.114-116 Patients with several 
high-affi nity Hbs and erythrocytosis have had normal 
urinary erythropoietin levels that dramatically increased 
when they were phlebotomized to a normal red cell mass. 
This effect was not observed in patients with idiopathic 
familial erythrocytosis. Patients with high-affi nity Hbs 
have normal O2 consumption, normal arterial Po2 
values,114 slightly reduced mixed venous Po2 values in 
some instances, and slightly decreased resting cardiac 
output. More important, these numbers change signifi -
cantly after phlebotomy or measured exercise, with 
marked increases in cardiac output and lowering of mixed 
venous Po2. The compensatory mechanisms might 
include increased perfusion effi ciency. For example, 
patients with Hb Malmo have been shown to have 
increased myocardial blood fl ow, and patients with Hb 
Yakima have increased cerebral blood fl ow.

Following childbirth of women with high affi nity 
mutants, no increase in morbidity or mortality in the 
infant or mother is observed, thus suggesting that com-
pensatory mechanisms other than the differences in O2 
affi nity between HbF and HbA (the former has lower 
affi nity) must operate in pregnancies in which the moth-
er’s Hb has higher O2 affi nity than that of HbF.117

Why do the levels of Hb vary among carriers of the 
same high-affi nity Hb? Charache and colleagues117 
observed that carriers of Hb Osler had the same O2 affi n-
ity as patients with Hb McKees Rocks but that Hb levels 

were signifi cantly higher (by more than 4 g/dL) in male 
carriers of the former. When O2 transport was assessed 
in these two groups, only a small decrease in mixed 
venous Po2 was observed. This could be a consequence 
of better O2 extraction by carriers of Hb McKees Rocks; 
as a result, they do not require as much of an increase in 
red cell mass as needed for those with Hb Osler.

These results imply that epistatic (modifi er) genetic 
effects might be operating, thus making the extent of 
increase in red cell mass variable according to a person’s 
genetic makeup. Charache and colleagues117 have pointed 
out that adaptation to hypoxia at high altitude is also 
different in different ethnic groups. Among the Sherpas 
of Nepal, a lower hematocrit value, no chronic mountain 
sickness, and a normal O2 equilibrium curve are found, 
whereas in the populations adapted to the Andes 
(Quechuas and Aymaras), a higher hematocrit value, 
chronic mountain sickness, and right-shifted O2 equilib-
rium curves are observed. These fi ndings suggest that 
adaptation might involve a choice among several possible 
strategies (with potential differences in success) accord-
ing to the different genetic background.

Should carriers of high-affi nity Hbs undergo phle-
botomy? The preceding discussion suggests that patients 
with high-affi nity Hbs have a reasonable compensation 
for their abnormality with correction of O2 delivery to 
tissues despite increases in blood viscosity; therefore, no 
intervention is needed. Results of exercise studies before 
and after phlebotomy in patients with Hb Osler showed 
no need for phlebotomy.118 Nevertheless, as mentioned 
earlier, there are reports of individual patients who have 
benefi ted from the procedure. Perhaps, in some patients 
other factors interfere with the normal compensation for 
a high-affi nity Hb and the increased viscosity may become 
a burden. These are exceptional patients, and prudence 
dictates a conservative approach and review of the 
patient’s condition at 6-month intervals during the fi rst 
few years after diagnosis. In older patients, attention to 
coronary status is recommended.

Conditions of low ambient Po2 (e.g., unpressurized 
airplane cabins or living or climbing in mountains) do 
not represent a risk to patients with these high-affi nity 
Hbs. In fact, they are better equipped than the average 
person to handle such situations because their Hbs bind 
O2 avidly.118a

Low–Oxygen Affi nity Hemoglobin 
Mutants: Cyanosis

Carriers of some low–O2 affi nity Hb variants have a slate 
gray color of their skin and other teguments. Cyanosis 
can be present from birth in the α-chain mutants and 
from the middle to the end of the fi rst year of life in the 
β-chain mutants. This differential pattern results because 
α chains are expressed from the second trimester of fetal 
life whereas β chains begin to be synthesized in the peri-
natal period and do not reach signifi cant levels until 



932 DISORDERS OF HEMOGLOBIN

about 6 months of age. Cyanosis caused by abnormal 
Hbs has to be distinguished from other more common 
causes, particularly pulmonary and cardiac disorders.

Many fewer low-affi nity than high-affi nity Hbs are 
described. They can be classifi ed as resulting from the 
following three structural perturbations, which are dis-
cussed at length later:

1. Alterations in the switch region, the fl exible joint, or 
the C-terminal of the α1β2 area of contact that favor 
the T state, either by stabilizing this conformer or by 
destabilizing the R state. Examples include Hb 
Kansas (β102 [G4] Asn→Thr), Hb Beth Israel (β102 
[G4] Asn→Ser),119 and Hb Bruxelles (β42 [CD1] 
Phe→0).120,121

2. Steric hindrance of the heme resulting in decreased 
affi nity for ligands. An example is Hb Chico (β66 
[E10] Lys→Thr).

3. Alteration of the α1β1 area of contact with disruption 
of the overall architecture of the Hb that favors 
the T state. Examples include Hb Yoshizuka (β108 
[G10] Asn→Asp) and Hb Presbyterian (β108 [G10] 
Asn→Lys). Affected carriers usually have mild anemia 
and no cyanosis.

Hb Beth Israel119 was found in a person of Italian 
descent, but the abnormal Hb was not detected in his 
parents. The propositus exhibited clinically apparent cya-
nosis involving his fi ngers, lips, and nail beds.119 He had 
been severely disciplined in the past for constantly having 
“dirty hands,” and the abnormal skin color was not 
noticeable to him or his parents. The cyanosis was 
detected by a surgeon about to perform a herniorrhaphy. 
As shown in Figure 18-12, whole blood P50 was 88 mm Hg 
(normal is 26 mm Hg), and arterial blood was only 63% 
saturated despite a normal Po2 of 97 mm Hg. Red cell 
2,3-DPG was mildly elevated (20 mmol/L). The hemol-
ysate showed low O2 affi nity and a normal Bohr effect. 
The molecular mechanism involved here is the same as 
that in Hb Kansas: the amino acid replacement at the 
α1β2 interface destabilizes the R quaternary structure.

Pathophysiologic Considerations

Low-affi nity Hbs generally deliver more O2 to tissues. 
The difference between O2 binding at 100 mm Hg (lungs) 
and 40 mm Hg (tissues) in a low-affi nity curve can be 
twice as high as that of a normal O2 equilibrium curve. 
However, the increase in oxygen extraction is not mono-
tonic with the increase in P50. Hence, patients with mod-
erately right-shifted red cell O2 equilibrium curves (P50 
of 35 to 55 mm Hg) could be “anemic.” Less oxygen-
carrying capacity is needed because of the enhanced 
oxygen unloading (see the Fick equation, discussed 
earlier). However, no anemia should be expected in 
patients with severely right-shifted curves (P50 ≈ 
80 mm Hg). Findings in patients with Hb Kansas, Hb 
Beth Israel, Hb Titusville, and Hb Seattle confi rm this 
analysis. Clinically apparent cyanosis is observed in 

carriers with markedly right-shifted curves (P50 > 
50 mm Hg).

The effect of the right-shifted curve on the level of 
2,3-DPG is of interest. In erythrocytes, 20% of the con-
version of 1,3-DPG to 3-phosphoglycerate is done indi-
rectly through the formation of 2,3-DPG. The level of 
red cell 2,3-DPG rises in conditions associated with 
hypoxia. This effect is related to the decrease in O2 satu-
ration of red cells and is independent of the presence of 
hypoxia per se; therefore, it applies to the low-affi nity 
Hbs despite the absence of tissue hypoxia.

Desaturation increases intraerythrocytic pH as a 
result of deoxy-Hb binding more protons than oxy-Hb 
does (Bohr effect). This slight red cell alkalosis stimulates 
two enzymes involved in 2,3-DPG synthesis: phospho-
fructokinase, which controls the overall glycolytic rate, 
and 2,3-DPG mutase, which directly controls the rate of 
2,3-DPG synthesis. In addition, high pH inhibits 2,3-
DPG phosphatase. Hence, increased pH simultaneously 
increases the synthesis of 2,3-DPG and decreases its 
destruction. Finally, relief of end-product inhibition may 
also be involved. Red cells with low-affi nity Hb have an 
increased proportion of deoxy-Hb and will bind more 
2,3-DPG, thereby decreasing free 2,3-DPG and thus 
inhibiting 2,3-DPG mutase25 (see Fig. 18-9).
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Identifi cation of Low–Oxygen Affi nity 
Hemoglobin Variants

The presence of a low-affi nity Hb should always be con-
sidered in patients with cyanosis, particularly when car-
diopulmonary causes can be ruled out. In patients with 
cyanosis of unknown origin, it is advisable to perform 
electrophoresis of Hb and measure whole blood P50 
before expensive or risky invasive diagnostic procedures 
are undertaken. The search for low-affi nity Hbs as the 
explanation for anemia is less compelling because the 
yield is very low and the tests are not cost-effective. Nev-
ertheless, if other investigations prove to be fruitless, 
unexplained normocytic anemias can be explored with 
the aforementioned tests.

A simple “bedside” test (even able to be performed 
at the bedside) to distinguish low-affi nity Hbs and car-
diopulmonary cyanosis from methemoglobinemia, the 
presence of M Hbs, and sulfhemoglobinemia is to expose 
blood from the patient to pure O2. This will turn the 
purple deoxy-Hb in normal venous blood and that of 
patients with low-affi nity Hbs to the bright red color of 
oxy-Hb. In contrast, the blood of patients with methe-
moglobinemia, sulfhemoglobinemia, or M Hbs retains its 
abnormal color despite exposure to O2.

M Hemoglobins: Cyanosis

Description and Pathophysiologic Features of 
the M Hemoglobins

Horlein and Weber122 described a family with congenital 
cyanosis caused by abnormal red cells 1 year before 
Pauling’s discovery of HbS. The defect was autosomal 
dominant and was produced by red cells with an abnor-
mal pigment that was similar to Met-Hb. The genetic 
defect resided in the globin and not in the heme, based 
on recombination experiments in which the patients’ 
globin was bound to normal heme and the patients’ heme 
to normal globin. The amino acid substitutions charac-
terizing three of these M Hbs were determined by Gerald 
and Efron.123 About the same time, the Japanese124 solved 
the problem of hereditary nigremia (kuroko or “black 
child”) observed in the Shiden village of the Iwate pre-
fecture for more than 160 years. They found a brownish 
colored Hb in the hemolysate of a patient with this condi-
tion, which was later called Hb Iwate.

In the M Hbs, each mutated globin chain (α or β) 
creates an abnormal microenvironment for the heme iron 
in which the equilibrium is displaced toward the oxidized 
or ferric state. The combination of the iron (Fe3+) and its 
abnormal coordination with the substituted amino acid 
generates an abnormal visible spectrum that resembles 
but is different from Met-Hb (oxidized heme iron in a 
normal globin chain). The strength at which the abnor-
mal hemes are locked into this situation differs from one 
M Hb to another.

In four of the fi ve known M Hbs, the distal or proxi-
mal histidine that interacts with the heme iron is replaced 
by tyrosine, either in the α chains or in the β chains. In 
the fi fth, HbM Milwaukee-I, Val-β67 (E11) is replaced 
by a glutamic acid whose longer side chains can reach 
and perturb the heme iron.

Several molecular abnormalities are associated with 
the M Hbs. They can be classifi ed into the following 
categories.

Weak Heme Attachment. X-ray crystallographic 
studies of deoxy-HbM Hyde Park (β92 [F8] His→Tyr) 
showed a loss of 20% to 30% of the heme.125 Others 
detected a minor component (5%) in the hemolysate of 
these patients that migrated between HbA2 and HbA 
Hyde Park.126 The α chains of the abnormal component 
were normal, but only one of the two βHP chains con-
tained heme.

In this context, the mutation in Hb Auckland (α97 
[F8] His→Asn) is particularly interesting.127 This muta-
tion, which involve the proximal histidine, does not lead 
to methemoglobinemia, as do other mutations of the 
proximal histidine, but to instability and accelerated 
heme loss. The clinical picture is a mild compensated 
hemolytic anemia but not methemoglobinemia.

Binding of the Iron to the Remaining Histidine and to 
the Newly Introduced Tyrosine. In βM chains (Hb Hyde 
Park) and αM chains (HbM Iwate), the proximal F8 his-
tidine is replaced by tyrosine. Crystallographic analysis 
of HbM Hyde Park showed that the Tyr must be accom-
modated by movements of the F helix, which appears to 
be largely destabilized.125

The fi ndings in HbM Iwate (α87 [F8] His→Tyr) are 
the opposite. Here, crystallographic studies125 show that 
the E helix of the α chains is displaced toward the heme 
plane by about 2 Å, which enables the heme iron to bind 
to the distal histidine (α58 [E7]).128-130

The distal histidines (E7) are substituted by tyrosines 
in the βM chain of HbM Saskatoon (β63 [E7] His→Tyr) 
and the αM chain in HbM Boston (α58 [E7] His→Tyr). 
In HbM Boston, as illustrated in Figure 18-13, the tyro-
sine surprisingly fi lls the fi fth coordinating position of the 
heme iron despite the presence of a normal proximal 
histidine.131 This bond moves the plane of the heme suf-
fi ciently to make interaction between the proximal histi-
dine and the heme iron impossible. No crystallographic 
data are available on HbM Saskatoon.

Finally, HbM Milwaukee-I is unique among the M 
Hbs in that it is not a mutation of the proximal or distal 
histidines but a mutation of a nearby residue (67Val 
[E11]). When substituted by Glu, it perturbs the heme 
iron and generates an M Hb (defi ned as a variant having 
an abnormal Met-Hb–like spectrum). Other mutations 
at that site, such as Hb Bristol (Asp) or Hb Sidney (Ala), 
are unstable or have low affi nity but do not generate an 
abnormal ferric state of the heme iron. The carboxylic 
group of the new glutamate in βM Milwaukee occupies 
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the sixth coordination position of the iron, and the proxi-
mal histidine maintains its role in binding iron at the fi fth 
coordinating position.132 This situation, of course, stabi-
lizes the abnormal ferric state of HbM Milwaukee-I.

Oxygen-Binding Properties and R T Transition of M 
Hemoglobins. HbM Milwaukee-I, HbM Hyde Park, and 
HbM Boston all adopt a deoxy or deoxy-like conforma-
tion upon deoxygenation of the two normal chains 
(despite the fact that the abnormal chains cannot deoxy-
genate). This fi nding helps us understand the function of 
normal Hb; that is, after two hemes become deoxygen-
ated, the molecule as a whole adopts a deoxy conforma-
tion (T state).

HbM Milwaukee-I, HbM Saskatoon, and HbM 
Hyde Park adopt the R state when the two normal chains 
are oxygenated. Nuclear magnetic resonance studies on 
HbM Milwaukee-I133 also support a conformational 
change when the normal hemes are oxygenated. In con-
trast, HbM Iwate is in the crystallographic T-confi gura-
tion state when the normal hemes are in the ferric state. 
This explains its decreased affi nity. The molecule does 
not shift to the R state when the normal hemes are ligan-
ded and remains in the low-affi nity T state. Similarly, in 
HbM Boston the deoxy-Hb crystal remains intact after 
oxygenation, thus suggesting that no conformational 
change has occurred.131

The reason that HbM Boston and HbM Saskatoon 
have different properties (despite their common substitu-
tion of the distal histidine) is that the former does not 

change conformation when oxygenated and the latter 
does. Why β chains differ from α chains when their distal 
histidine is substituted has not been resolved.

Iron Oxidation and Spectral Characteristics. The fun-
damental characteristic of the M Hbs is that their hemes 
are stabilized in the abnormal ferric state. Hence, they 
exhibit an abnormal visible spectrum that can easily be 
distinguished from that of normal methemoglobin A. 
This characteristic separates these variants from Hb 
mutants that have a tendency to form normal Met-Hb, 
such as Hb Saint Louis,134 Hb Bicêtre,135 HbI Toulouse,136 
and Hb Seattle,137 all of which are unstable.

Clinical Aspects and Diagnosis

The predominant clinical feature associated with M Hb 
carriers is cyanosis.138-148 The skin and mucosal mem-
branes may be brownish or slate colored, more like the 
coloration seen in methemoglobinemia, but not as blue-
purple as the much more common cyanosis due to 
increased deoxyhemoglobin. The distinction is subtle and 
might not be apparent without contrasting the two condi-
tions simultaneously. The reason for the difference is that 
the color of the skin is induced by Hb molecules that 
have an abnormal Met-Hb state rather than by the pres-
ence of more than 5 g/dL of deoxy-Hb. The cyanosis is 
present from birth in individuals with α-chain abnormali-
ties and from the middle of the fi rst year in those with 
β-chain mutants. In addition, a mixture of the abnormal 
pigment and increased desaturation of the normal chains 
are observed in the low-affi nity M Hbs (HbM Boston 
and HbM Iwate).

Affected persons apparently have normal life expec-
tancy and no dyspnea or clubbing. A mild hemolytic 
anemia (with an increased reticulocyte count) has been 
observed in HbM Hyde Park and can be explained by 
instability of the Hb induced by partial loss of the 
hemes.

The possibility of M Hb should be considered in all 
patients with abnormal homogeneous coloration of the 
skin and mucosa, particularly when pulmonary and 
cardiac function is normal. The diagnosis can be rein-
forced by observing an abnormal brown coloration of a 
blood sample. To distinguish this coloration from that 
caused by Met-Hb, the addition of potassium cyanide to 
the hemolysate is useful. Hemolysates containing Met-
Hb turn red; those containing M Hb often change color 
more slowly. The rate of color conversion varies among 
the M Hbs. A recording spectrophotometer is required 
for defi nitive diagnosis.

Electrophoresis is of limited value because the oxy 
forms are not separable from normal Hb by cellulose 
acetate. Agar electrophoresis is preferable.

Perhaps the greatest hazard for carriers of M Hb is 
misdiagnosis and the risk of expensive and hazardous 
workups. A 1-week-old infant underwent a Blalock pro-
cedure because of misdiagnosis of pseudotruncus arteri-
osus. When the family study was completed many years 
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FIGURE 18-13. Schematic depiction of the crystallographic fi ndings 
in HbM Boston (A, α58 [E7] His→Tyr) and HbM Milwaukee-I 
(B, β67 [E11] Val→Glu) versus those of normal hemoglobin. (A, After 
Pulsinelli PD, Perutz MF, Nagel RL. Structure of hemoglobin M Boston, a 
variant with a fi ve-coordinated ferric heme. Proc Natl Acad Sci U S A. 
1973;70:3870. B, after Perutz MF, Pulsinelli PD, Ranney HM. Structure 
and subunit interaction of haemoglobin M-Milwaukee. Nature. 1972;
237:259.)
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later, the father and child were identifi ed as carriers of 
HbM Boston.

Unstable Hemoglobin Variants: Congenital 
Heinz Body Hemolytic Syndrome

Some Hb mutants have substitutions that alter the solu-
bility of the molecule in the red cell.149 The intraerythro-
cytic precipitated material derived from the unstable 
abnormal Hb is detectable by a supravital stain as dark 
globular aggregates called Heinz bodies (HBs). These 
intracellular inclusions reduce the life span of the red cell 
and generate a hemolytic process of varied severity called 
congenital HB hemolytic anemia.

Structural Abnormalities Involved in 
Unstable Hemoglobins

Substitutions in the primary sequence can lead to altera-
tions in the tertiary or quaternary structure and result in 
a globin polypeptide chain or a Hb tetramer that is rela-
tively unstable and tends to precipitate inside the red cell. 
The structural alterations leading to this event can be 
classifi ed as follows.

Mutations That Weaken or Modify Heme-Globin 
Interactions. Binding of heme to globin is important not 
only for the O2-binding properties of the molecule but 
also for its stability and solubility. Such mutations include 
the following:

1. Substitutions that introduce a charged side chain into 
the heme pocket where a nonpolar side chain existed 
previously: examples are Hb Boras, Hb Bristol, Hb 
Olsted, Hb Himeji, and others

2. Deletions involving residues that directly interact with 
heme, such as Hb Gun Hill

3. Nontyrosine substitutions of the proximal histidine 
(F8), such as Hb Saint Etienne (also known as Hb 
Istanbul), HbJ Altgeld Gardens, Hb Mozhaisk, Hb 
Newcastle, Hb Iwata, and Hb Redondo (also known 
as Hb Ishehara)

4. Nontyrosine substitutions of the distal histidine (E7), 
such as Hb Zurich and Hb Bicêtre

Hb Zurich (β63 [E7] His→Arg) is an interesting 
mutation that deserves special mention.150 Substitution 
of an arginine for the distal histidine in the β chains 
makes the space available for ligand binding around the 
iron much larger, thereby fundamentally changing some 
of its interactions with ligands.

Carriers of Hb Zurich exhibit an increased affi nity 
for CO because of the increased space in the heme 
pocket. This is a protective mechanism of sorts. It does 
not allow the abnormal β chain to become ferric, which 
would increase its instability. Smokers with Hb Zurich 
have high levels of carboxy-Hb, but carriers who are 
nonsmokers also have abnormal carboxy-Hb levels. 
Because of the partially protective effect of carboxy-Hb 

Zurich, hemolysis is less severe in smokers than in non-
smokers with this abnormal Hb.150

Carriers of Hb Zurich are especially susceptible to 
hemolytic crises induced by sulfanilamide. The increased 
aperture of the heme pocket also explains this phenom-
enon: sulfanilamide is capable of binding to the heme 
and producing Met-Hb directly. Again, CO has a protec-
tive effect.

Mutations That Interfere with the Secondary Structure 
of the Subunits. As previously mentioned, Hb is com-
posed of more than 75% α-helical regions, and any dis-
ruption of this secondary structure reduces the solubility 
of the subunit. Unstable Hb mutants can result from 
introduction of proline into the helical structure or substi-
tution of glycine by a mutation in invariant positions in 
the bands. About 15% of mutations responsible for unsta-
ble Hbs involve the introduction of a proline residue.

Hb Brockton (β138 [H16] Ala→Pro)151 is associated 
with moderate anemia. It cannot be separated from HbA 
by standard electrophoretic procedures. Crystallography 
showed that the tertiary structure was disrupted in the 
vicinity of the mutated residue. Its molecular instability 
is probably the result of breakage of a buried hydrogen 
bond that normally links Ala-β138 with Val-β134, a task 
that the proline side chain cannot accomplish.

Hb Singapore (α141 Arg→Pro) is an unusual excep-
tion in which the introduction of a proline is not accom-
panied by instability. The reason is that the substituted 
residue is the last amino acid of the α chain, Arg141, and 
no disruption of an α helix takes place.

Mutations That Interfere with the Tertiary Structure of 
the Subunits. Hb is a globular protein, quite tightly 
bound, which means that the α-helical regions must be 
folded into a solid sphere. This design places enormous 
constraints on its three-dimensional structure. Substitu-
tions of the sequence can occur with no change in solu-
bility as long as (1) no charged residues (hydrophilic) are 
allowed to point inward, (2) no bulky side chains are 
allowed to substitute for less bulky residues inside the 
molecule, and (3) loss of critical nonpolar residues from 
the surface of the subunit is avoided. The latter includes 
hydrophobic residues that are located on the surface and 
serve to prevent water from invading the interior of the 
molecule.

Mutations That Affect Subunit Interactions: Interfer-
ence with the Quaternary Structure. These mutations 
involve the introduction of charged residues into the inte-
rior or the loss of intersubunit contact hydrogen bonds 
or salt bridges in the α1β1 contact. Normal oxy-Hb tet-
ramer readily dissociates at the α1β2 interface into αβ 
dimers. In contrast, breakdown of α1β1 dimers normally 
occurs to a vanishingly small extent but is a great threat 
to the molecule because it generates Met-Hb and conse-
quent instability. Dissociation of α1β1 dimers generates 
monomeric α and β chains, which uncoil and loosen their 
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heme-globin interaction, thereby favoring Met-Hb for-
mation. Several unstable Hb mutations involve residues 
located in the α1β1 area of contact: Hb Philly,152 Hb 
Peterborough,153 Hb Stanmore,154 HbJ Guantanamo,155 
and Hb Khartoum.156

Hyperunstable Hemoglobins. This term was coined 
by Ohba157,158 to characterize unstable Hbs that are either 
barely detectable or undetectable in hemolysates. These 
Hbs are presumably synthesized normally but are rapidly 
destroyed in bone marrow, thus creating a phenotype 
closer to thalassemia than to the hemolytic anemia nor-
mally associated with unstable Hbs. Hb mutants associ-
ated with a thalassemic phenotype are discussed in a later 
section.

Clinical Characteristics of the Congenital 
Heinz Body Hemolytic Anemias

Anemia is the centerpiece of the syndrome, but its inten-
sity varies widely among patients, depending on the Hb 
variant.

Unstable Hbs are uncommon mutational events gen-
erally limited to a single pedigree. One exception is Hb 
Köln (β98 [FG5] Val→Met), which has been detected in 
many different pedigrees and geographic locations. The 
time at which anemia appears depends on the chain 
affected. One of the α-chain mutants, Hb Hasharon (α47 
[CE5] Asp→His), which is found predominantly among 
Ashkenazi Jews, produces signifi cant hemolysis in new-
borns but is milder in adults.159,160 In some carriers it 
produces a mild anemia, whereas no hemolysis is observed 
in other carriers within the same pedigree. Epistatic effects 
of other nonlinked genes are probably involved here.

Unstable γ-chain variants, such as HbF Poole, cause 
signifi cant hemolysis in the fi rst 3 months of life65 that is 
ameliorated by the emergence of β chains at the end of 
the fi rst year.

Patients with unstable Hb may have hemolytic crises 
associated with bacterial or viral infections or exposure 
to oxidants. Pyrexia and transient acidosis contribute 
to hemolysis because they increase Hb denaturation. 
Drugs (e.g., sulfonamides) have been directly im -
plicated in hemolytic crisis associated with Hb Zurich, 
Hb Hasharon, Hb Shepards Bush, and Hb Peterborough. 
The crises are generally self-limited, and stopping 
the administration of all drugs is prudent. Patients are 
also susceptible to parvovirus B19–induced aplastic 
crises.

Patients with unstable Hbs can have characteristi-
cally dark urine or pigmenturia. The color change is not 
due to bilirubin but rather to the presence of dipyrrole 
methylenes of the mesobilifuscin group.161 These com-
pounds probably arise from nonenzymatic catabolism of 
heme. Fluorescent dipyrroles may also be present in 
HBs.162

The absence of pigmenturia does not exclude the 
diagnosis of unstable Hb because not all mutants exhibit 
pigmenturia. In addition, the extent of hemolysis does 

not correlate with pigmenturia because signifi cant pig-
menturia is seen with both Hb Köln (severe hemolytic 
anemia) and Hb Zurich (little hemolysis).

Congenital HB hemolytic anemias related to unsta-
ble Hbs are generally mild and do not require therapy 
except for supportive and preventive measures, including 
administration of folic acid to ensure that the overworked 
marrow does not become defi cient in this nutrient, pre-
vention and prompt treatment of infections, avoidance of 
pyrexia with the use of aspirin, and avoidance of oxidant 
drugs such as acetaminophen. In patients with more 
severe disease, hydroxyurea may be effective in lowering 
the hemolytic rate.163

The question of splenectomy arises for patients with 
more severe hemolysis. There is little doubt that the 
spleen plays an important pathophysiologic role in the 
destruction of HB-containing red cells. Nevertheless, this 
needs to be balanced with the role of the spleen in the 
susceptibility to pneumococcal infections early in life and 
the need to use antipneumococcal vaccines after splenec-
tomy in childhood. There is additional concern that sple-
nectomy may promote the development of thrombosis 
and pulmonary hypertension.164 Splenectomy is benefi -
cial, on balance, for patients with the most severe unsta-
ble hemoglobinopathies, and partial correction of the 
anemia has been achieved.165 Nevertheless, the success 
of the splenectomy cannot be ensured.

Identifi cation of Unstable Hemoglobins

Elements in the differential diagnosis of unstable Hbs 
consist of the following:

1. HBs spontaneously present in blood (less often) or 
induced by 24-hour incubation of a sterile sample in 
sterile saline and stained by supravital pigments

2. Abnormal Hb electrophoresis (sometimes a smeared 
band is observed); normal results are not diagnosti-
cally useful

3. Positive tests for heat or isopropanol stability

All these tests are useful and should be pursued because 
the results of any one of them could be negative. The heat 
and isopropanol stability tests are the least likely to be 
negative.

Because the spleen removes HBs effi ciently, many 
patients with unstable Hbs lack HBs before splenectomy, 
and the differential diagnosis includes autoimmune 
hemolytic anemias and other disorders with nonspecifi c 
red cell morphology, such as glycolytic and other red cell 
enzyme defects, Wilson’s disease, paroxysmal nocturnal 
hemoglobinuria, hereditary xerocytosis, and (very rarely) 
erythropoietic porphyria.

The differential diagnosis of an unstable hemoglo-
binopathy in an adult is the same as that for other causes 
of congenital HB hemolytic syndrome and acquired 
forms of HB hemolytic anemia (acquired methemoglo-
binemia, chemical and drug oxidants, and other condi-
tions). In rare instances, several of these entities interact 
with each other to the detriment of the patient.166
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Smear and Heinz Body Preparation. The blood smear 
reveals nonspecifi c abnormalities, including anisocytosis 
and sometimes hypochromia and microcytosis. Baso-
philic stippling is often prominent and is a useful clue to 
the diagnosis because it is uncommon in other hemolytic 
anemias, except for the rare pyridine 5′-nucleotidase defi -
ciency. Howell-Jolly bodies and normoblasts may also be 
observed in the peripheral blood of splenectomized 
patients.

Detection of HBs requires the use of methyl blue or 
crystal violet supravital stains. HBs appear as irregular 
pale purple inclusions, singly or a few together. They are 
2 μm in diameter or smaller and often appear to be 
attached to the membrane.161 Sometimes HBs are appar-
ent in fresh blood, but usually sterile incubation of the 
blood for 24 hours in the absence of glucose is required 
to elicit HBs. A sample of normal blood should always 
be run as a control. After splenectomy, red cells with HBs 
occur more often and are easier to detect. Indeed, in 
occasional patients HBs can be detected only after 
splenectomy.

Electrophoresis. Electrophoresis of Hb can demon-
strate an abnormal component, but many times the 
unstable Hb appears as a diffuse band. This alteration is 
probably related to the partial denaturation of Hb mole-
cules during electrophoresis (as a result of the heat gener-
ated) or during manipulations of the hemolysate. 
Occasionally, only precipitated material at the origin is 
observed. Many unstable Hbs are not detectable by 
electrophoresis.

Heat Stability Test. The heat denaturation test, which 
consists of incubation of a hemolysate for 1 or 2 hours 
at 50º  C, is a simple and reliable procedure.165,166 Normal 
hemolysates are stable under these conditions, and the 
presence of an unstable Hb is signaled by the appearance 
of a visible precipitate. Some abnormal Hbs, such as Hb 
Hasharon, precipitate at temperatures higher than 50º  C. 
Irrespective of incubation temperature, controls are 
indispensable. Normal Hb begins to precipitate at about 
55º  C.

Other laboratory procedures are available. The iso-
propanol test167 is used in many laboratories, but it gives 
false-positive results when the sample contains more than 
5% HbF. HbF does not interfere with zinc acetate pre-
cipitation.168 Mechanical agitation can also reveal the 
presence of unstable Hbs.169

Pathophysiology of the Heinz Body 
Hemolytic Syndrome Produced by 
Unstable Hemoglobins

Thermostability of Hemoglobins. When heat-unstable 
Hbs were related to the presence of an HB hemolytic 
anemia, the conceptual framework for understanding this 
syndrome was generated. Homeothermic mammals and 
birds have relatively thermostable Hbs. If a hemolysate is 
incubated for 1 or 2 hours at 50º C, little protein precipi-

tation occurs. This property is observed even among 
reptile Hb, though to a lesser degree. In amphibians and 
fi sh, the thermostability of Hb decreases substantially.

The molecular basis of thermostability is not clear. 
Perutz and Raidt170 suggested that the thermostability of 
proteins, including Hb, is based on electrostatic interac-
tions and salt bridge formations. Others171 contend that 
hydrophobic interactions are critical, and some claim that 
both electrostatic and hydrophobic interactions are con-
tributory.172 Most of the evidence comes from structural 
analysis of proteins obtained from thermophilic and 
mesophilic bacteria173 or from comparison of amino acid 
sequences in the Hbs of organisms living at different 
temperatures.174

Other contributions to thermostability come from 
the strength of the heme-globin bonds. Heme exchange 
between Hb and albumin and between Hbs decreases 
considerably when the Met-Hb heme is ligated with 
cyanide.175 Cyanomethemoglobin has a stronger 
heme-globin attachment than Met-Hb does and is more 
similar to liganded Hb. Deoxy-Hb has an even tighter 
bond.

Denaturation of Hemoglobin and Hemichrome 
Formation. HBs, one of the hallmarks of the hemolytic 
syndrome generated by unstable Hbs, are the product of 
Hb denaturation. HBs probably contain a signifi cant 
amount of heme-depleted globin chains.172,176 The pre-
cipitated material is hemichromes.177-180 As shown in 
Figure 18-14, these hemichromes are derivatives of the 
low-spin forms of ferric Hb that have the sixth coordina-
tion position occupied by a ligand provided by the globin: 
a hydroxyl group (—OH) or an unprotonated histidyl 
(reversible hemichrome) or a protonated histidyl (irre-
versible hemichrome).181 Irreversible hemichromes seem 
to be an indispensable stage in the formation of HBs, and 
both α and β chains are present.182

Anemia with the Unstable Hemoglobins That Generate 
Heinz Body Hemolytic Syndrome. The primary cause of 
the anemia is the reduced life span of the red cells that 
contain HBs. Evidence indicates that HBs, at least in 
part, adhere to the cytosolic side of the membrane183 by 
hydrophobic interactions and not through covalent 
bonds.184,185

Unstable Hbs generate considerable amounts of 
hemichromes, some of which bind to the negatively 
charged cytosolic domain of band 3,186-189 a transmem-
brane protein that functions as the primary anion 
exchanger in the red cell. It is not surprising that these 
red cells exhibit decreased deformability, a characteristic 
that will condemn them to be preferentially trapped in 
the spleen, the organ that maintains red cell quality 
control.190 It is possible that HB-containing red cells are 
pitted initially. The term pitting refers to the mechanism 
by which HBs and a portion of the overlying plasma 
membrane are excised from the cells during their passage 
through the spleen. This manipulation converts red cells 
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FIGURE 18-14. Diagrammatic representation 
of the structure of hemichromes showing the 
proximal histidine below the plane of the heme 
and the distal histidine above the plane. One or 
both of the histidines can be substituted. (After 
Peisach J, Blumberg WE, Rachmilewitz EA. The 
demonstration of ferrihemochrome intermediates in 
Heinz body formation following the reduction of oxy-
hemoglobin A by acetylphenylhydrazine. Biochim 
Biophys Acta. 1975;393:404.)

progressively into spherocytes through loss of membrane, 
which produces a rigid remnant that will eventually be 
eliminated from the circulation.

Other sources of membrane damage come from per-
oxidation and cross-linking of membrane proteins. These 
are probably related to the presence of free heme and 
iron and to free radicals generated during the formation 
of Met-Hb and denaturation of Hb.191-194 Other evidence 
of membrane alteration is the presence of abnormal 
potassium (K+) effl ux in some of these cells.190,195

Another determinant of the anemia in patients with 
unstable Hbs is the O2 equilibrium curve. The level of 
2,3-DPG is generally normal,196 but some variants have 
high or low O2 affi nity. As discussed earlier, persons with 
high-affi nity unstable Hbs tend to have less anemia than 
those with low-affi nity unstable Hbs. Finally, several 
unstable Hbs coexist with α- or β-thalassemia: the α-
chain mutants Hb Suan-Dok and Hb Petah Tikva coexist 
in cis with α-thalassemia, and the β-chain mutant Hb 
Leiden coexists in cis with β-thalassemia.

Hemoglobin Mutations with 
Abnormal Assembly: Dominant 
Thalassemia Syndrome

The dominant thalassemia syndrome includes mutations 
in the coding region of the globin genes that lead to a 
signifi cant defi cit in synthesis and that are clinically man-
ifested as autosomal dominant thalassemia. Examples 
include Hb Indianapolis (β112 [G14] Cys→Arg)197 and 
Hb Manhattan (β109 [G11] → −G→ frame shift).197

Clinical Picture and Diagnosis

The dominant thalassemia syndrome is characterized by 
signifi cant anemia, often transfusion dependent, by sple-
nomegaly, and by a blood smear with prominent hypo-
chromia, microcytosis, and basophilic stippling.198 The 
reticulocyte count is often high. Inclusion bodies are 
frequently observed in erythrocyte precursors with supra-
vital staining, which is why some authors call this syn-
drome “inclusion body thalassemia.” The bone marrow 
shows considerable erythroid hyperplasia and evidence 

of ineffective erythropoiesis. Finally, the full-fl edged thal-
assemic syndrome is found in members of different gen-
erations in the same pedigree, often in one of the parents 
or progeny of the propositus. Although the syndrome is 
similar to thalassemia intermedia, an astute clinician can 
exclude this diagnosis when the intensity of the disease 
in the parents or descendants is equal to that seen in the 
propositus. Thalassemia intermedia usually results from 
homozygosity or double heterozygosity for much milder 
defects; hence, the parents or progeny have much milder 
disease. Nevertheless, lack of parental involvement 
does not exclude the diagnosis because the mutation can 
arise de novo. A clinical picture of thalassemia in a patient 
with an ethnic origin not associated with β-thalassemia 
should also increase suspicion of the clinician for this 
syndrome.

Electrophoresis might not reveal an abnormal band 
because the abnormal Hb either is synthesized at an 
extremely low level, is rapidly catabolized, or both.

Highly unstable α-globin variants, in contrast to β-
globin variants, are usually phenotypically apparent only 
when they interact with other α-thalassemia mutations. 
A child with clinical and hematologic features consistent 
with those of β-thalassemia intermedia nonetheless had 
a DNA analysis that excluded β-globin gene mutations. 
Instead, the propositus had a novel deletion (β37 [C2] 
Pro→0 [Hb Heraklion]) in the α1-globin gene in trans to 
a common Mediterranean nondeletional α-thalassemia 
mutation.199 This deletion results in severe instability of 
the variant Hb, which interacts with the α-thalassemia 
mutation and causes a relatively severe dyserythropoietic 
anemia—an alternative phenotype associated with the 
highly unstable α-chain variants. The dyserythropoietic 
marrow is due to the premature destruction of early red 
cell precursors.

Pathophysiology

The molecular basis of the dominant thalassemia syn-
drome involves several types of changes: (1) single point 
mutations (substitutions and deletions) affecting, in par-
ticular, exon 3; (2) exon 3 chain length shortening (pre-
mature termination) or elongation (frameshift mutation 
leading to an altered stop codon); and (3) amino acid 
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replacements in α-globin that impair binding to α-globin 
stabilizing protein (AHSP). Such mutations include Hb 
Groene Hart (α119 [H2] Pro→Ser) and Hb Diamant 
(α119[H2]Pro→Leu).200 For more information on AHSP, 
see Chapter 20.

What causes the severity of the phenotype of domi-
nant thalassemia? The answer lies in the notion that in 
dominant thalassemia, the abnormal chain is synthesized 
at close to the normal rate but is rapidly destroyed because 
it cannot assemble into tetramers; inclusions are created 
and free radicals are generated as a result of oxidation of 
the heme groups to metheme.

Clinically Important Interactions among 
Mutant Hemoglobins

Hemoglobin C

HbS (β6 [A3] Glu→Val), HbC (β6 [A3] Glu→Lys), and 
HbE (β26 [B8] Glu→Lys) are the three most prevalent 
abnormal Hbs in humans. HbS and sickle cell disease 
are discussed in Chapter 19. HbE, which confers a 
mild thalassemia phenotype, is discussed in detail in 
Chapter 20.

The unique pathogenetic feature of HbC is its capac-
ity to induce erythrocyte dehydration. In CC disease 
(homozygous state for the HbC gene), this pathologic 
change results only in mild hemolytic anemia. In SC 
disease, in which equal levels of HbS and HbC coexist, 
HbC accentuates the deleterious properties of HbS and 
produces a clinically signifi cant disorder, though milder 
than sickle cell anemia.201

Origins, Selection, and Distribution of the 
Hemoglobin C Gene

HbC is the product of the βC-globin gene generated by 
a GAG→AAG (Glu→Lys) substitution in codon 6 of the 
β-globin gene. The βC mutation occurred originally 
among ethnic groups in Burkina Faso (previously Upper 
Volta). HbC reaches its highest rate of occurrence in 
central western Africa, and occurrence of the gene 
decreases concentrically outward from this region. It is 
also found in western Africa, west of the Niger River, and 
exclusively in areas where HbS is also present.201

The HbC gene exists at polymorphic rates (>1%), 
thus suggesting that its presence confers selective advan-
tage to the carrier. Modiano and collaborators,202 in a 
large case-control study performed in Burkina Faso on 
4348 Mossi subjects, found that HbC is associated with 
a 29% reduction in the risk for clinical malaria in HbC 
heterozygotes (AC) (P = .0008) and a 93% reduction in 
HbC homozygotes (CC) (P = .0011). These fi ndings 
establish the fact that HbC is selected for in malaria 
caused by Plasmodium falciparum. Balanced polymor-
phism203 explains the selective advantage of the HbS trait 
and is based on the advantage of heterozygotes and the 
disadvantage of homozygotes. It does not seem to apply 

to HbC because both heterozygotes and homozygotes 
have some level of advantage, and surprisingly, that of 
homozygotes is stronger. These fi ndings, together with 
the limited pathologic changes in the AC and CC geno-
types versus those of the severely affected SS and SC 
genotypes and the low occurrence of the βS gene in the 
geographic epicenter of HbC, also support the hypothesis 
that in the long term and in the absence of malaria 
control, HbC interferes with the lysis of parasitized red 
cells in the late schizont state, thereby impairing the dis-
persion of merozoites.204

Properties of Hemoglobin 
C–Containing Erythrocytes

The erythrocytes of HbCC homozygotes have microcytic 
and hyperchromic target cells, microspherocytes, and 
cells with crystalline inclusions.201 Target cells, a diagnos-
tically useful feature, are presumably the consequence of 
the greater surface-to-volume ratio of HbCC red cells, 
which in turn is a consequence of their reduced water 
content (see later).

Red cell life span is shortened to approximately 40 
days in HbCC disease. However, this is at least three 
times as long as the life span of cells in sickle cell 
anemia.205

Scanning electron microscopic examination of cells 
isolated from density gradients showed intracellular HbC 
crystals.206 Freeze-fracture preparations, followed by 
electron microscopy, also showed intracellular crystals.207 
Circulating crystals can be detected in unperturbed wet 
preparations from individuals with HbC disease, but they 
are rare. Together, these observations are consistent with 
early reports of an increase in intraerythrocytic crystals 
in patients with HbC disease after splenectomy.208

Why do red cells that contain HbC crystals not 
induce vaso-occlusion? The answer to this riddle is that 
the crystal forms of oxy-HbC and deoxy-HbC differ. 
HbC crystals in the red cells of splenectomized patients 
with CC disease were found to be in the oxy state and 
melted after deoxygenation.209 Moreover, when cells from 
venous and arterial blood were fi xed and counted, there 
was a signifi cant difference in the mean percentage of 
crystal-containing cells in the arterial circulation versus 
the venous circulation (1.6% ± 0.22% versus 1.1% ± 
0.23%). Hence, the oxy-HbC crystals melt before they 
can do any damage to the microcirculation.

Effect of Hemoglobin C on Cell Density

A high mean corpuscular hemoglobin concentration 
(MCHC) and low intracellular water content are charac-
teristics of HbC-containing cells. Red cell density is 
directly related to the MCHC. Cells in both HbC trait 
and HbC disease are denser than normal.210,211 The 
average MCHC in CC disease, SC disease, HbC trait, 
and HbA cells is 38, 37, 34, and 33 g/dL, respectively. 
Cells in all four of these genotypes have a narrow density 
distribution such that the youngest and lightest cells 
differ from the oldest and most dense cells by only 3 to 
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4 g/dL. In contrast, cells in sickle cell anemia have a very 
wide density distribution. The reticulocytes of individuals 
with CC and SC disease and HbC trait are denser than 
normal reticulocytes. This implies either that these cells 
are denser than normal when they fi rst enter the circula-
tion or that their density changes within their fi rst 24 
hours in the circulation when they are still recognizable 
as reticulocytes.

Increased volume-regulated loss of red cell K+ and 
water makes an HbC-containing cell dehydrated and 
more dense than normal.210,211 This single feature may be 
responsible for all the abnormalities that have been 
detected in erythrocytes that contain high levels of 
this Hb.

Binding of Hemoglobin C to Cell Membranes

Like HbS, HbC interacts more strongly with the eryth-
rocyte membrane than HbA does. This interaction has 
been studied by using changes in the fl uorescence inten-
sity of a membrane-embedded probe, the fl uorescence of 
which is quenched when it is approached by Hb.212-214 
The cytoplasmic portion of band 3 was implicated as the 
binding site for both HbA and HbC.

In HbC, substitution of a charged lysine residue 
for β6 glutamic acid causes a very different pathophysi-
ologic condition than the hydrophobic β6 valine present 
in HbS does. Whereas deoxy-HbS polymerizes, oxy-HbC 
has an increased tendency for intraerythrocytic crystalli-
zation, which along with cell dehydration caused by the 
HbC-induced loss of K+ and water, is the basis of the 
pathophysiology of HbC disease, particularly the hemo-
lytic process. As discussed later, similar mechanisms con-
tribute to the pathologic changes in HbSC disease, with 
the addition that here, the presence of intraerythrocytic 
HbC induces a reduction in volume by loss of water 
and K+, thereby increasing the tendency of HbS to 
polymerize.

HbC crystals are most likely to form in cells with low 
HbF content.209 When the cells of individuals with CC 
disease are density fractionated, cells of the highest 
density have the lowest HbF content. In this dense cell 
fraction, no F cells contained HbC crystals. HbF inhibi-
tion of HbC crystallization might contribute to the 
potentially benefi cial effects of hydroxyurea in HbSC 
disease in individuals who have an increase in HbF in 
response to treatment with this drug (see later).

Vaso-occlusive episodes are not a feature of HbC 
disease despite the presence of intraerythrocytic HbC 
crystals because as mentioned earlier, oxy-HbC crystals 
will melt when HbC cells approach the microcirculation 
in which Po2 is low.

Pathophysiology of Hemoglobin SC Disease

Why is SC a “Disease”? Individuals who are com-
pound heterozygotes for HbS and HbC have a disorder 
with clinical manifestations that are very similar to those 
of SS disease, though less severe. A critical question is 
why SC patients have signifi cant morbidity whereas indi-

viduals with sickle trait have virtually no signifi cant 
pathology. Three explanations have been proffered:

1. HbC enhances the polymerization of HbS (like HbO 
Arab, see later). Indeed, early in vitro studies suggested 
that this might be the case.215-217 However rigorous 
mixing experiments of deoxygenated solutions of pure 
HbS and HbC under carefully controlled solvent con-
ditions showed that the polymerization was identical 
to comparable mixtures of HbS and HbA.218,219 Thus 
there must be another explanation for why HbSC is a 
disease whereas sickle trait is not.

2. The higher intracellular Hb concentration in SC red 
cells than in AS red cells leads to enhanced polymer-
ization. As stressed in Chapter 19, the rate of polym-
erization of sickle Hb is exquisitely dependent on the 
intracellular Hb concentration. It has long been appre-
ciated that SC red cells have a higher MCHC than 
AS red cells do. More recent studies of SC and CC 
cells by density gradients revealed that the presence 
of HbC results in dehydration, thus making red cells 
denser.210,218

3. SC red cell contain a higher proportion of HbS than 
HbAS red cells do. Patients with HbSC disease gener-
ally have about 50% HbS and 50% HbA. In contrast, 
individuals with sickle trait have about 35% to 40% 
HbS and 60% to 65% HbA. The higher amount of 
HbS in SC red cells can be explained by the impor-
tance of electrostatic attraction in the assembly of Hb 
tetramers within the developing red cell (see earlier, 
Assembly of Mutant Hemoglobins).89 In AS cells, 
positively charged α subunits have a substantially 
higher rate of combination with βA subunits that have 
a strong negative charge than they do with βS subunits, 
which have a weaker negative charge. In contrast, in 
SC red cells the positively charged α subunits bind 
more readily to βS subunits than to βC subunits, which 
have an even weaker negative charge.91

Careful quantitative assessment of the second and third 
contributors, the intracellular Hb concentration and the 
fraction of HbS, indicated that they each contribute 
about equally to HbS polymerization and to the patho-
genesis of HbSC disease.218

Cellular Factors Accounting for the Pathophysiology 
and Severity of SC Disease. Rarely, crystals may be 
observed in Wright- and vital dye–stained smears and 
in wet preparations from fi ngerstick blood samples.210 
When α-thalassemia is present with SC disease, the 
typical crystals are absent. The red cells of all patients 
with SC disease exhibit heavily stained conglomerations 
of Hb that appear marginated with rounded edges 
as opposed to the straight-edged crystals. Such cells 
have been called “billiard ball” cells. Both crystals and 
billiard ball cells are found in the densest fraction of cells 
from individuals with SC disease and represent aggrega-
tion of Hb distinct from the polymerization of HbS. An 
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enlarged, infarcted, and perhaps abnormally functioning 
spleen might fail intermittently in its pitting function and 
thus allow Hb crystals and aggregates to remain in the 
cell.

Regardless of the α-globin gene haplotype, the blood 
of patients with SC disease has additional abnormally 
shaped cells that are strikingly apparent on scanning 
electron microscopic examination. Typical are “folded 
cells,” some of which have a single fold and resemble—to 
the gastronomically inclined—pita bread or a taco. These 
are most likely the cells that Diggs called “fat cells” 
because in Wright-stained smears they appear as wide 
bipointed cells. Other misshapen cells are triconcave tri-
angular cells with three dimples, very much like those 
seen in acute alcoholism that Bessis termed “knizocytes.” 
One remarkable shape was the “triple-folded cells” that 
appeared as two pita breads stuck together. These bizarre 
shapes are the product of an increased surface-to-volume 
ratio, which provides an excess of surface for the cytosol 
volume. Excessive surface is resolved largely by mem-
brane folding.

Cation Content. The cation content of SC disease red 
cells is intermediate between that of normal and that of 
CC disease cells.211 Oxygenated SC disease cells exhibit 
a volume-stimulated potassium effl ux similar to that 
observed in sickle cell anemia and CC disease.211 This 
transporter appears to be chloride dependent and stimu-
lated by N-ethylmaleimide220; it is found in the young 
cells of normal control subjects and individuals with 
sickle cell anemia and SC disease. It is inhibited by 
deoxygenation through modulation of cytosolic magne-
sium (Mg2+).221-223

SC disease cells also exhibit a diminished change in 
cell volume in response to variations in the osmolarity of 
the suspending medium, which is likely to be due to the 
volume-regulated potassium effl ux. Volume-regulated K+ 
effl ux should have an adverse impact on the pathophysi-
ology of disease because any increase in MCHC will 
aggravate HbS polymerization.

Correction of SC Disease. SC disease cells share the 
increased red cell density characteristics of all cells con-
taining HbC. Because of the increased MCHC, the intra-
cellular HbS concentration is raised to a level at which 
polymerization occurs under physiologic conditions. 
Reducing the MCHC in individuals with SC disease to 
normal levels of 33 g/dL by osmotically swelling SC cells 
results in normalization of many of the polymerization-
dependent abnormal properties of these cells206: increased 
Hb-oxygen affi nity (reduced in SC disease), a reduction 
in the viscosity of deoxygenated erythrocyte suspensions 
(increased in SC disease), a decrease in the rate of sick-
ling (similar to that in sickle cell anemia), and a reduction 
in the deoxygenation-induced K+ leak (greater than that 
observed in sickle cell anemia). At an osmolarity of 
240 mOsm/L, SC cells become biconcave discs. This is a 
welcome feature of the rehydration of SC disease cells 

because the discoid shape is indispensable for normal 
deformation of red cells in the microcirculation.

Better knowledge of the transport physiology and 
genetics of red cells could reveal interventions that can 
cure SC disease by changing the hydration status of SC 
cells.224

Hemoglobins O Arab, S Oman, and S

HbO Arab (β121 [GH4] Glu→Lys) is of special interest 
because double heterozygotes for HbS and HbO Arab 
have signifi cant hemolytic anemia and red cells denser 
than normal, with some as dense as the densest cells 
found in sickle cell anemia. As with HbD Los Angeles 
(D Punjab) (β121 [GH4] Glu→Gln), HbO Arab copo-
lymerizes with HbS, and as a result, compound hetero-
zygotes have clinical manifestations similar to those of 
HbS disease. HbO Arab, having the same charge as HbC, 
is more strongly bound than HbS and is even more 
tightly membrane bound than HbC.225 This suggests that 
both electrostatic charge and the protein conformation 
in the vicinity of the charged groups play a role in mem-
brane binding.

All red cells from patients homozygous for HbO 
Arab were denser than normal red cells, as is observed 
for patients homozygous for HbC, and red cell density 
was strongly infl uenced by the presence of α-thalassemia, 
which resulted in an average red cell density slightly 
greater than that of normal (HbAA) red cells. Patients 
heterozygous for HbO Arab but without α-thalassemia 
had denser red cells, similar to those seen in patients with 
sickle cell disease, with some cells of normal density but 
with most cells being very dense.

Reticulocytes in patients homozygous for HbO Arab 
were found in the densest density fraction. Cation trans-
port in patients homozygous for HbO Arab is abnormal, 
with enhanced K+-Cl− cotransport activity leading to red 
cell dehydration. The similarity of the charge and conse-
quences of the presence of both HbC and HbO Arab, 
which are the products of mutations at opposite ends of 
the β chain, raises the possibility that this pathologic 
change is the result of a charge-dependent interaction of 
these Hbs with the red cell membrane or its cytoskeleton 
and that this abnormality is present early in red cell 
development.77

HbS Oman has two mutations in the β chains. In 
addition to the classic βS mutation, it contains a second 
mutation in the same chain (β121 [GH4] Glu→Lys) that 
is identical to the HbO Arab mutation. An informative 
pedigree of heterozygous carriers of HbS Oman segre-
gates into two types of patients: those expressing about 
20% HbS Oman and concomitant −α/α α-thalassemia 
and those with about 14% HbS Oman and concomitant 
−α/−α α-thalassemia.225 Higher expressors of HbS Oman 
have a sickle cell anemia clinical syndrome of moderate 
intensity, whereas lower expressors have no clinical syn-
drome. In addition, higher expressors exhibit a unique 
form of irreversibly sickled cells shaped like a “yarn and 



942 DISORDERS OF HEMOGLOBIN

knitting needle,” in addition to folded and target cells. 
The CSAT (solubility of the polymer) of HbS Oman is 
identical to that of HbS Antilles, another supersickling 
Hb whose carriers express the abnormal Hb at 40% to 
50%, with a clinical picture very similar to that of HbS 
Oman. Because the level of expression is so different and 
the clinical picture is so similar and on the basis of CSAT 
values of the hemolysates, it was concluded that HbS 
Oman produces pathologic changes beyond its sickling 
tendencies. There is increased association of HbS Oman 
with the red blood cell membrane, the presence of dense 
cells by isopyknic gradients, the presence of folded cells, 
and accelerated K+-Cl− cotransport in red cells expressing 
more than 20% HbS Oman. Hence, the pathologic effect 
of heterozygous HbS Oman is the product of the sickling 
properties of the Val-β6 mutation, which are enhanced 
by the second mutation at β121, in addition to further 
enhancement by a hemolytic anemia induced by the 
mutation at β121. It is likely that the additional hemolysis 
results from the abnormal association of the highly posi-
tively charged HbS Oman (three charges different from 
normal Hb) with the red cell membrane.
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HISTORY

Sickle cell anemia was fi rst described in a West Indian 
dentistry student, Walter Clement Noel, by Herrick and 
Irons in 1910.1,2 Sydenstricker and colleagues described 
the fi rst cases in children, recognized the association with 
hemolytic anemia, and introduced the term crisis to 
describe periodic acute episodes of pain.3 The pathologic 
basis of the disorder and its relationship to the hemoglo-
bin molecule were defi ned in 1927 by Hahn and Gil-
lespie.4 Shortly after the application of moving-boundary 
electrophoresis to the separation of sickle from normal 
hemoglobin by Pauling and co-workers,5 Neel6 defi ned 
the genetics of the disorder and clearly distinguished 
sickle trait—the heterozygous condition (AS)—from 
sickle cell anemia—the homozygous state (SS). Further 
understanding of the molecular basis of the disorder was 
made possible by the fi nding that normal human hemo-
globin is composed of two pairs of globin subunits: one 
pair that is invariant, the α chain, and another pair that 
is variable, the ε, γ, δ, or β chain. The relative ease with 
which sickle hemoglobin (HbS) could be isolated by 
chromatography or zone electrophoresis techniques led 
to Ingram’s application of tryptic digestion, high-voltage 
electrophoresis, and paper chromatography to isolated 
HbS, with the result that the amino acid substitution in 
HbS is now known to be a valine instead of a glutamic 
acid in the number 6 position of the β chain. The α chain 
is normal.7 The chemical nomenclature for HbS is there-
fore α2β2

Glu6→Val. (See Fig. 19-1 for an overview of patho-
physiology of the βS mutation.) Excellent reviews of the 
history of sickle cell anemia are available.8

PATHOPHYSIOLOGY

Hemoglobin S Mutation

Origins. The sickle gene is a common mutant that in 
the heterozygous state provides some protection to infants 
who might otherwise succumb to cerebral falciparum 
malaria. The frequency of the sickle gene in a population 
parallels the historical incidence of malaria. Whereas the 
average incidence of the sickle gene among American 
blacks is approximately 8%,9 its frequency is much higher 
in inhabitants of certain areas of Africa. Polymorphic 
sites around globin DNA and their linkages to the βS gene 
indicate that this mutation may have developed indepen-
dently and spontaneously at least fi ve times.10-12 However, 
analysis of nuclear and mitochondrial DNA from African 
populations suggests that a single mutation may have 
occurred 50,000 years ago.13 In Africa, there are four 
major sickle haplotypes, each associated with a particular 
geographic region: “Senegal” (Atlantic West Africa), 
“Benin” (Central West Africa), “Bantu” (also called 
“CAR” for Central African Republic), and Cameroon.11,14 
The Benin type is found not only in Benin but also in 
Ibadan,15 Algeria,12 Sicily,16 Turkey,17 Greece, Yemen, 

and southwest Saudi Arabia.15 In North American sickle 
cell patients of African heritage, 50% to 70% of chromo-
somes are Benin, 15% to 30% are Bantu-CAR, and 5% 
to 15% are Senegal.18,19 In Africa, virtually all patients in 
a region are homozygous for a given haplotype. Nagel 
and co-workers documented the different hematologic 
characteristics of the different homozygote groups.20,21 
Benin and Senegalese individuals have higher levels of 
fetal hemoglobin (HbF) and fewer dense cells than 
Bantu-CAR people do. The Senegalese have a high pro-
portion of Gγ HbF. In contrast to what is found among 
Africans in Africa, African Americans are mainly hetero-
zygotes. Less common βS-linked haplotypes are usually 
recombinations of the common haplotypes occurring 5′ 
to the β-globin gene.22,23 When patients identifi ed in 
hospital-based clinics are studied, these haplotypes may 
be associated with overall clinical severity—Bantu-CAR 
being the most severe and Senegalese the least.24

A different haplotype is found in India and parts of 
Saudi Arabia.15 In the Eastern oases of Saudi Arabia, the 
African haplotypes are not seen, but a unique “Arabian-
Indian” haplotype is found. This haplotype is also noted 
in patients from Orissa and Poona, India. Patients from 
these regions have long been recognized as having mild 
disease and elevated levels of HbF.25-28 In contrast, in 
Riyadh, Saudi Arabia, all patients with sickle cell anemia 
are from southwest Saudi Arabia and Yemen and are 
homozygous Benin.

Interaction with Malaria. Heterozygotes with HbS, 
HbC, HbE, α- and β-thalassemia, and glucose-6-
phosphate dehydrogenase (G6PD) defi ciency are pro-
tected from malaria relative to the normal population.29 
The physiologic basis for the infl uence of malaria on the 
sickle gene (so-called balanced polymorphism) is not well 
understood. It may be due to increased phagocytosis of 
infected red blood cells (RBCs),30,31 failure to grow within 
RBCs,32 decreased RBC invasion of the parasite because 
of RBC rigidity,33 or reduced bioavailability of nitric 
oxide (NO).34 Transgenic mice expressing HbS are par-
tially protected from malaria.35 Interestingly, protection 
against Plasmodium falciparum in inhabitants of Kenya is 
lost with coinheritance of HbAS and α-thalassemia (neg-
ative epistasis).36

The Hemoglobin S Polymer

Polymer Structure. In 1927, Hahn and Gillespie4 
showed that sickling, the change from a biconcave disc 
to the sickle form, was dependent on deoxygenation. 
Harris37 subsequently demonstrated that cellular sickling 
was associated with the formation of “tactoids” of HbS, 
which appeared as the hemoglobin became deoxygen-
ated. Electron micrographs of sickled red cells38-41 reveal 
long, thin bundles of HbS fi bers that run parallel to the 
long axis of the cell or the abnormal protuberances. The 
ultrastructure of HbS fi bers, as detailed by electron 
microscopy and image reconstruction, reveals a complex 
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FIGURE 19-1. Pathophysiology of sickle cell disease. The βS mutation, A→T in the sixth codon, results in an abnormal globin with valine instead 
of glutamic acid in the sixth position. That hydrophobic valine is exposed when the globin tetramer assumes the deoxy confi rmation and tends to 
burrow into the hydrophobic pocket of nearby β chains. Polymerization of hemoglobin S tetramers occurs rapidly and leads to increased red rigid-
ity. The inherent instability of the HbS polymer leads to oxidative damage (O2

−) of the red cell membrane (red dashed lines). In the area of red cell 
membrane damage, phosphatidylserine (PS) becomes exposed on the outer surface of the membrane, which activates the coagulation system and 
leads to hypercoagulation. Membrane damage also leads to increased infl ux of Ca2+ into the cell, which activates the Gardos channel (tan vertical 
bars) and leads to the effl ux of K+ and Cl−. To compensate for the loss of K+ and Cl−, water exits the cell and the cell becomes more acidic (infl ux 
of H+Cl−). Acidosis then activates the K+-Cl− cotransporter (K:Cl), thereby leading to further effl ux of K+ and Cl− and more dehydration and 
intracellular acidosis. Some intravascular hemolysis occurs as a result of red blood cell (RBC) membrane damage, which leads to free hemoglobin 
tetramer binding to plasma nitric oxide (NO). Depletion of plasma NO leads to vasoconstriction, which along with increased RBC rigidity and 
increased adherence of sickled RBCs to vessel walls, leads to decreased blood fl ow, hypoxia, and vascular injury and localized damage to endothelial 
cells (lightning bolt). Endothelial damage leads to expression of adherent proteins on the surface of the endothelial cells (***, VV), thus increasing 
adherence of red and white blood cells to the vessel wall. Endothelial injury and hypoxia lead to vascular injury and acute and chronic infl amma-
tion. This ultimately results in organ damage. Each SS patient has a unique environment (e.g., exposure to infections) and unique genetic makeup 
(e.g., increase in fetal hemoglobin because of genetic modifi ers of the hemoglobin switch) that can modify the severity of the disease and thereby 
make the clinical severity of SS disease extremely variable.

solid-core structure 21 nm in diameter and composed of 
14 fi laments arranged as seven pairs of double fi la-
ments42,43—an inner pair with six peripheral pairs.44 Each 
fi lament pair is half-staggered along the fi ber axis and has 
an inherent polarity (three pairs of one polarity and four 
pairs of the other polarity).45-48 The radius of the HbS 
fi bers are polymorphic and related to the helical pitch of 
the double fi laments.49

The detailed crystal structure suggested by Wishner, 
Love, and colleagues50,51 identifi ed several critical inter-
molecular contact sites: Asp β73, and Glu β121. A topo-
graphic map of the HbS fi ber at the level of specifi c 
amino acids was proposed by Edelstein.52 Three classes 
of intermolecular contacts are evident in this model. 
Contacts along the axis of the fi lament are made by α 
and β chains and include the following residues in which 
mutants affect fi ber formation: β121 (O Arab), β16 (J 

Baltimore), β17 (J Amiens), β19 (D Ouled Rabah), β22 
(G Coushatta), α16 (I), and α116 (O Indonesia). The 
lateral contacts between fi laments of a pair are largely 
between β chains and include the primary sickle muta-
tion β6. For each hemoglobin tetramer, one chain con-
tributes the β6 mutation, whereas the other contributes 
a critical receptor region around the Phe β85 residue. In 
this critical receptor region lie residues where mutants 
affect fi ber formation: β73 (Korle Bu), β66 (I Toulouse), 
β83 (Pyrgos), and β87 (D Ibadan). Within the acceptor 
pocket, the mutant valine closely contacts four different 
hydrophobic residues (β70, β73, β84, and β85), and in 
addition to the hydrophobic interaction, water moleclules 
are present near the mutant valine and form hydrophilic 
interactions in the lateral contact region.53 Contact 
between fi lament pairs is largely through α chains. α-
Chain mutations (J Mexico α54, Sealy α47, Winnipeg 
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α75, Stanleyville II α78, Sawara α6, Anantharaj α11, and 
G Philadelphia α68) that occur at sites critical for inter-
pair associations also infl uence fi ber formation. With 
resolution of the crystalline structure of HbS to 2.0 Å, 
this model has been confi rmed.54

Polymer Formation. Polymerization of deoxy-HbS is 
a highly complex process that results in the formation of 
gelled, aggregated HbS tetramers in equilibrium with 
hemoglobin tetramers in solution. Pertubations in oxygen 
levels,55,56 temperature,57-59 pH,60 ionic strength,61 2,3-
diphosphoglycerate (2,3-DPG),60,62 and carbon monox-
ide63-65 affect the formation of HbS gels. This polymerization 
of HbS is the basic feature that leads to the viscosity 
changes, distortion of cell morphology, sludging, and 
organ infarction that are identifi ed as the clinical mani-
festations of sickle cell disease (SCD). Although data 
from various techniques differ somewhat, a representa-
tive kinetic model was proposed by Hofrichter, Ross, and 
Eaton57,63 and expanded by Ferrone66 (Fig. 19-2).

The kinetics of HbS polymerization can be explained 
by a double-nucleation mechanism. Gelation is initiated 
by a process called “homogeneous nucleation” in which 
single deoxy-HbS molecules aggregate. Aggregation of a 
few molecules is thermodynamically unstable, but once 
a certain number of molecules aggregate, termed the 
critical nucleus, the addition of further molecules pro-

duces a more stable aggregate or polymer. Thus, homo-
geneous nucleation is very highly dependent on the 
concentration of deoxy-HbS molecules. The second 
nucleation phase, termed heterogeneous nucleation, takes 
place on the surface of preexisting polymer. Recent data 
suggest that the same intermolecular contacts between 
the mutant valine and its receptor on the surface of the 
polymer are responsible for heterogeneous nucleation 
and cross-linking between strands.67 As polymerization 
progresses, more surface area becomes available and 
therefore the reaction becomes autocatalytic.

The result of this double-nucleation mechanism is a 
measurable delay time between the initiation of polymer-
ization and the exponential rise in polymer formation. 
The delay time varies as the 30th power of the hemoglo-
bin concentration:

1/td = K(C/Cs)n

in which td = delay time, C = hemoglobin concentration, 
Cs = hemoglobin solubility, and n = 30 (the number of 
hemoglobin tetramers in the “critical polymer”). Because 
n is so large, small changes in hemoglobin concentration 
have a profound effect on the delay time. For example, 
decreasing the mean corpuscular hemoglobin concentra-
tion (MCHC) from 32 to 30 g/dL will increase the delay 
time threefold.68 Gelation is also exquisitely sensitive to 
changes in temperature and pH. A change from 38.5º C 
to 37º C or an increase in intracellular pH of 0.03 would 
also double the delay time.

The phenomenon of delayed gelling of HbS in solu-
tion is also seen in red cells containing HbS.69,70 The 
distribution of observed delay times within intact RBCs 
is consistent with the distribution of MCHC in cells. The 
double-nucleation hypothesis provides for the formation 
of a network of polymers termed a domain that is non-
uniformly distributed within the cell. Rapid deoxygen-
ation leads to the formation of multiple small domains 
of polymer and little morphologic deformation of the 
cell. On the other hand, slow deoxygenation results in 
large, aligned polymers, which causes signifi cant distor-
tion of cell morphology.71,72

A kinetic model of HbS gelation that incorporates 
the concept of a critical delay time has led Eaton and 
co-workers to propose that polymerization kinetics plays 
an important role in the pathophysiology of SS disease.73,74 
Oxygenation and deoxygenation of cells in the circulation 
take place in a time frame that is of the same order of 
magnitude as the sickling and unsickling of HbS in vitro. 
Cells exposed to the high Po2 of the lungs are quickly 
“degelled” because HbS gels melt in less than 0.5 second 
when exposed to oxygen. The cells contain little polymer-
ized HbS while in the oxygenated environment of the 
arterial circulation. As the cells enter the capillary circu-
lation, oxygen saturation decreases rapidly, as does hemo-
globin solubility. The red cell spends an average of 1 
second in the capillary circulation, although this is highly 
variable. If the delay time is less than 1 second, the cell 
will sickle and occlude the capillary. If the delay time is 

RATE-LIMITING HOMOGENEOUS NUCLEATION PHASE
sensitive to: HgB concentration, pH, temperature, ionic strength
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FIGURE 19-2. Model of the polymerization and alignment of deoxy-
hemoglobin S. (Adapted from Hofrichter J, Ross PD, Eaton WA. Super 
saturation in sickle cell hemoglobin solutions. Proc Natl Acad Sci U S A. 
1976;73:3035-3039; and Ferrone FA, Hofrichter J, Eaton WA. Kinetics of 
sickle hemoglobin polymerization; II A double nucleation mechanism. J Mol 
Biol. 1985;183:611-631.)
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prolonged, sickling will not take place in the capillary and 
obstruction will not occur. If the transit time through the 
capillary is shortened and is less than the delay time, 
occlusion will not occur. This is presumably the situation 
in the myocardium, in which sickling and infarction do 
not occur because of the extremely short transit time 
despite the high oxygen extraction. Factors such as low 
pH, high hemoglobin concentration, and high ionic 
strength, which shorten the delay time in vitro, also affect 
in vivo sickling. Patients who become hypoxic, acidotic, 
dehydrated, and febrile are likely to experience vaso-
occlusive episodes. The hypertonic renal medulla and the 
acidotic, high-hematocrit environment of the spleen 
make these organs prime targets for sickling.

Relatively little is know about the uniformity of the 
depolymerization process within RBCs. It is likely that 
depolymerization occurs from both the ends and sides of 
polymer fi bers.75 Failure of complete depolymerization 
in the passage through the oxygentated environment of 
the lungs (1 to 3 seconds) may lead to the residual 
polymer observed by Noguchi and associates.76 Using 
nuclear magnetic resonance, they measured the quantity 
of HbS polymer in AS and SS red cells under varying 
conditions related to MCHC and oxygenation77,78 and 
found polymer formation and impaired erythrocyte 
deformability at oxygen saturations above the level at 
which cells appear to morphologically sickle.79 They pro-
posed that the amount of HbS polymer present at equi-
librium in SS patients is the major factor determining 
clinical severity80,81; however, this relationship was not 
confi rmed by others.82 Important variables that affect the 
HbS polymer fraction (HbF, 2,3-DPG levels, oxygen 
saturation, and pH) are heterogeneously distributed 
within subsets of red cells, and these factors along with 
other factors, such as membrane abnormalities and red 
cell–endothelial interactions, are likely to play a role in 
the variable clinical severity of SCD.

Interactions of Hemoglobin S with Hemoglobin A and 
Hemoglobin F. Study of the interaction with other hemo-
globins supports a rational basis for understanding the 
clinical manifestations of the various sickle syndromes 
and provides a rationale for therapy. Investigators have 
extensively studied mixtures of HbS with HbF or HbA 
to determine the effects on gelation83-88 and solubility.89-91 
In these studies the nonideal behavior of concentrated 
hemoglobin solutions58,92 was considered—the bulky 
hemoglobin molecules take up much of the solution 
volume, thus making the effective concentration of hemo-
globin higher than the measured concentration. Kinetic 
data show that HbA and HbF have a profound, dose-
related effect in which delay time is increased and the 
HbS polymer content in cells is decreased (Fig. 19-3). 
The effect of HbF is considerably greater than the effect 
of HbA. Sunshine and others demonstrated that when 
compared with pure HbS solutions (as seen in sickle cell 
anemia), mixtures with 15% to 30% HbA (as found in 
S–β+-thalassemia) have delay times that are 10 to 102 
times longer, mixtures with 20% to 30% HbF (as found 
in S–hereditary persistence of fetal hemoglobin [HPFH]) 
have delay times that are 103 to 104 times longer, and 
mixtures with 60% HbA (as found in sickle trait) have 
delay times that are 106 times longer.83,85 HbA and HbF 
also increase the solubility of HbS, with HbF being more 
effective than HbA. Studies of the composition of the 
gels and supernatant of these mixtures demonstrate that 
asymmetric hybrids of HbS and HbA (α2βSβA) are readily 
incorporated into the gel. In mixtures of HbF and HbS 
in which the concentration of HbF is less than 40%, very 
little if any HbF is incorporated into polymer, thus sug-
gesting that asymmetric hybrids of HbS and HbF (α2βSγ) 
and HbF (α2γ2) are not incorporated into polymer under 
most physiologic conditions.84,86,89-91 HbA has a lesser 
effect on HbS solubility than HbF does because the 
asymmetric hybrids readily copolymerize with HbS.93 
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Crowding of hemoglobin molecules can reduce the effect 
of HbF replacement at hemoglobin concentrations higher 
than 30 g/dL.94 Replacement of HbS by 20% HbF at 
hemoglobin concentrations above 30 g/dL will increase 
the delay time only by 10 times, not by the 1000 times 
predicted at concentrations of hemoglobin lower than 
30 g/dL.

Membrane Damage

The basic pathophysiology of sickle cell anemia is directly 
related to polymerization of HbS. Secondary effects of 
the primary lesion may modulate clinical expression of 
the disease. Alterations in the red cell membrane because 
of structural damge from HbS polymerization or oxida-
tive damage as a result of unstable HbS may be impor-
tant determinants of disease severity for several reasons 
(see Fig. 19-1). First, the membrane is the structure most 
intimately associated with the abnormal gene product 
and is therefore vulnerable to damage. Second, the mem-
brane is largely responsible for maintaining the environ-
ment in which this abnormal product resides. Third, the 
membrane is the face that the red cell presents and is 
recognized by proteins in plasma, by other cells in the 
circulation, by the vascular endothelium, and by the 
reticuloendothelium.

Mechanism of Membrane Damage. In normal cells, 
HbA has been shown to bind to membranes95,96 at or near 
the cytoplasmic portion of band 3 protein97,98 and with 
relatively low affi nity to phospholipids on the inner 
surface of the memebrane.99 Hemoglobin at physiologic 
concentrations stabilizes the confi guration of spectrin 
heterodimers.100 HbS and βS-globin bind to membranes 
more readily than HbA does.101-103 Evans and Mohandas 
demonstrated that membrane-associated HbS was a 
major determinant of erythrocyte rigidity.104 In these 
experiments, normal deformability was found when 
normal hemoglobin was reconstituted in sickle or normal 
membrane ghosts, but abnormal deformability was asso-
ciated with reconstitution of sickle or normal red cell 
membranes with HbS. In one study, membrane rigidity 
was associated with the presence of a small amount of a 
high-molecular-weight spectrin-hemoglobin complex in 
the membrane.105

HbS is inherently unstable106,107 and has an increased 
tendency to denature and form small aggregates—
“micro–Heinz bodies.” These bodies attach with high 
affi nity to the cytoplasmic portion of band 3 protein at 
or near the HbA binding site.108 Such binding on the 
inside surface of the membrane is translated into changes 
on the outside surface because both band 3 protein and 
glycophorin (the major bearers of the cell’s antigens 
and charge) are found to be clustered above the micro–
Heinz bodies.109 Clustering of band 3 protein is associ-
ated with deposition of specifi c anti–band 3 protein 
antibodies on the cell,108,110 a process linked to normal 
cell senescence111,112 and perhaps contributing to the 

short life span of SS cells.113 Ankyrin is also abnormally 
clustered around the denatured HbS and, like band 3 
protein, may be damaged in the process.109 In addition, 
the hydrophobic surface of the Heinz body sequesters 
lipid, spectrin, band 3, ankyrin, and protein 4.1 inside 
the cell and may contribute to the reduced surface area 
of such cells.114

HbS has an increased tendency to auto-oxidize and 
form methemoglobin, thereby generating superoxide 
and losing heme.115 In fact, sickle cells generate twice the 
normal amount of the potent oxidants superoxide, per-
oxide, and hydroxyl radical.116 Iron in different compart-
ments (denatured hemoglobin, free heme, hemichromes, 
and nonheme iron) is found bound to various sites in the 
sickle red cell membrane. This iron serves as a catalyst 
for the production of highly reactive hydroxyl radicals, 
which leads to oxidative damage of the various compo-
nents of the membrane.117,118

Membrane Deformability. As sickle cells are deoxy-
genated and fi ll with polymerized hemoglobin, they 
become less deformable.118-122 However, even fully oxy-
genated cells have abnormal rheologic properties.123 
Using the ektacytometer, Clark and colleagues studied 
the deformability of SS red cells and showed that 
decreased deformability was directly related to increased 
MCHC and that correcting the elevated MCHC restored 
normal deformability.124 By means of a high-shear/hemol-
ysis assay, normalization of the tendency to hemolyze 
was noted when MCHC was corrected, except in the 
most dense fraction, where normalization was incom-
plete.125 This incomplete normalization suggests that 
severe cellular dehydration itself may contribute to the 
development of a membrane lesion. Using micropipette 
techniques to measure membrane deformability, two 
studies126,127 have shown that MCHC is the major con-
tributor to cell rigidity but that irreversible membrane 
changes as a result of dehydration also increase mem-
brane rigidity.

Membrane rigidity is further evidence that a struc-
tural membrane lesion is present. The fi nding that the 
cytoskeleton of irreversibly sickled cells (ISCs) was per-
manently distorted led several investigators to analyze the 
various components. Abnormalities in the cytoskeleton 
of ISCs include aberrant cross-linking of actin,128 disso-
ciation of spectin tetramers,129 and clustering of band 3 
protein and glycophorin.130 Disordered mobility of the 
cytoskeleton relative to the overlying membrane may 
relate to decreased binding of normal ankyrin to sickle 
protein 3131 or to binding of normal spectrin to sickle 
ankyrin.132 With the use of newer proteomic techniques, 
four groups of proteins appear to be increased in sickle 
RBC membranes: actin accessory proteins, components 
of lipid rafts, scavengers of oxygen radicals, and protein 
repair participants.133 All these observations support the 
hypothesis that membrane rigidity is due to cytoskeletal 
damage associated with HbS polymer formation and oxi-
dative damage.
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Hemoglobin Concentration. Sickle cell individuals 
have more light cells (reticulocytes) and more dense cells 
(MCHC >37 mg/dL) than normal individuals do (Figs. 
19-4 and 19-5). The vaso-occlusive nature of these dense 
cells was reported by Kaul and colleagues, who showed 
that cells separated by density (and therefore MCHC) 
from patients with sickle cell anemia obstruct fl ow in an 
artifi cially perfused capillary system in proportion to 
their MCHC.134 Although early reports suggested that 
the percentage of dense cells decreases during vaso-
occlusive crises,135 there is no correlation between the 
percentage of dense cells and the frequency or onset of 
crises.136 The decreased MCHC associated with α-thalas-
semia leads to a more uniform distribution of red cell 
densities and a decreased percentage of dense cells.137,138 
Paradoxically, individuals with HbSC have milder clinical 
disease but more dense cells than do individuals with 
homozygous sickle cell anemia (see Fig. 19-5).139

The heterogeneity of red cell shape and density in 
sickle cell anemia is due partially to the heterogeneous 
distribution of HbF in a subset of red cells called F 
cells.140 Because HbF interferes with HbS polymeriza-
tion, F cells survive longer in the circulation than do cells 
with no HbF,141 and the relative proportion of F cells in 
the densest cell fractions is very low.137,142 The densest 
cell fraction in SS contains the oldest non–HbF-contain-
ing RBCs, ISCs, and young reticulocytes poor in HbF 
that dehydrate rapidly.143

Shape Changes (Sickling) in Red Blood Cell. The time 
course of cellular events associated with oxygenation and 
deoxygenation has been investigated by Hahn and 
associates,143a who studied cells from patients with SS 
disease under physiologic time and oxygen conditions. 
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FIGURE 19-4. Oxygenated peripheral blood smears from 
individuals with sickle cell anemia (A), hemoglobin SC disease 
(B), sickle-β0-thalassemia (C), homozygous hemoglobin C 
(D), and hemoglobin SD disease (E).

FIGURE 19-5. Typical distribution patterns of cell volume and hemo-
globin concentration in different sickle syndromes. Note that in SS 
disease, the cells fall below and above the normal (shaded) range of both 
volume and concentration. The large (microcytic) cells are low-density 
reticulocytes. The dehydrated population is enriched in irreversibly 
sickled cells and is low in HbF. In S-thalassemia (S thal) syndromes, 
the entire volume curve is shifted toward the left, and few dense cells 
are seen. In SC disease, the microcytes are often spherocytic, very 
dehydrated cells. Nl, normal.
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shown to be associated with a variety of pumps, channels, 
and leaks involving potassium (K+), sodium (Na+), chlo-
ride (Cl−), calcium (Ca2+), and magnesium (Mg2+). 
Although the pathogenesis of these pathways remains 
incompletely understood, they are undoubtedly 
related to the physical distortion associated with 
sickling,125-127,151-157 young cell age,158-160 oxidant 
damage,161-163 and the hemoglobin mutation itself.164-166 
At least two major channels are responsible for the dehy-
drating process: the Gardos channel and the K+-Cl− 
cotransporter (KCC). Several investigators noted that 
ISCs and other dense sickle RBCs had increased concen-
trations of Ca2+,167,168 and this was later shown to be 
partially due to the high concentrations of Ca2+ found in 
endocytic vesicles in sickle RBCs.169 The molecular basis 
for how HbS polymerization leads to infl ux of Ca2+ is still 
unknown. SS reticulocytes exposed to deoxygenation and 
HbS polymerization accumulate suffi cient Ca2+ to acti-
vate the Gardos channel,170 a Ca2+-sensitive, K+-selective 
channel. Cl− and HCO3

− are also lost via parallel voltage-
sensitive pathways. Loss of KCl and KHCO3 results in 
osmotically driven water loss. The activated Gardos 
channel leads to rapid RBC dehydration to a much 
greater extent than other transporters do. The Gardos 
channel has been shown to be inhibited by clotrimazole, 
an imidazole antimycotic agent in vitro,171 in the SAD 
mouse model for SCD in vivo,172 and in a short-term 
study in patients with SCD.173

A second pathway involved in RBC dehydration is 
the KCC. The KCC pathway is stimulated to lose K+, 
Cl−, and water when (predominantly young) sickle cells 
are exposed to a low pH environment, as might occur in 
areas of poor perfusion.174 The KCC pathway is also 
activated by deoxygentation of hemoglobin148,175 and by 
low levels of Mg2+.176,177 Acid activation of the KCC is 
exaggerated in SS reticulocytes and may be due to sulf-
hydyl oxidation.178 Genes for four KCC isoforms have 
been identifi ed. The 1, 3, and 4 isoforms of KCC are 
present in SS and normal RBCs, but SS RBCs may have 
N-terminal splicing variants of these isoforms.179 The 
KCC pathway is inhibitable by magnesium in vivo,176,177 
and Mg2+ is depleted in sickle erythrocytes, possibly 
through abnormal Na/Mg exchange.180 Two preliminary 
studies demonstrated the effectiveness of oral magnesium 
in the prevention of cellular dehydration in a mouse 
model of SCD181 and in patients,182,183 and clinical trials 
are under way.

Lew and Bookchin reviewed the evolution of our 
knowledge of ion transport pathology in SS dehydration 
and proposed a multistep dehydration model that leads 
to the formation of ISCs from SS reticulocytes.184 HbS 
polymerization in SS reticulocyes distorts the RBC mem-
brane, which results in the infl ux of Ca2+ suffi cient to 
activate the Gardos channel, thereby leading to loss of 
K+, Cl−, and HCO3

−. These losses result in dehydration 
and acidifi cation predominantly through reentry of H+ 
and Cl−. Subsequently, acid-stimulated KCC channels 
lead to further loss of K+ and Cl− and acidifi cation and 

They described two categories of cells—a fraction of 
dense cells (MCHC >36 g/dL) that exhibited reversible 
polymerization and shape change (reversibly sickled cells 
[RSCs]) and a fraction of very dense cells (MCHC of 
44 g/dL) that exhibited reversible polymerization but 
irreversible shape change (ISCs). Changes in the rheol-
ogy of the cells paralleled the appearance of polymers in 
cytoplasm a considerable time before any detectable dis-
tortion of cell shape.

RSCs have normal shape and normal viscosity when 
oxygenated. The vaso-occlusive complications of SCD 
may be due to the “Trojan horse performance” of these 
RSCs, which are able to slip into the microvasculature 
because of their normal rheologic properties when oxy-
genated and then become distorted and viscous as they 
become deoxygenated in the vessel.

ISCs are slender, elongated cells with blunt ends that 
are visible on an oxygenated peripheral blood smear in 
SCD (see Fig. 19-4). These cells are extremely dense, 
have little HbF to dilute their concentrated HbS, and 
survive in the circulation for only a few days.142 In 1968, 
Dobler and Bertles143 demonstrated unpolymerized 
hemoglobin in an oxygenated ISC. In the Hahn studies,143a 
ISCs underwent hemoglobin polymerization and depo-
lymerization upon deoxygenation and reoxygenation. 
When compared with the RSC fraction, however, polym-
erization took place sooner, was much more highly 
aligned, and took longer to disappear upon deoxygen-
ation. Onishi and Horiuchi demonstrated that in vitro 
formation of ISCs is correlated with the maximum linear 
distortion of red cell diameter under deoxygenated con-
ditions, thus suggesting that the length of HbS polymer 
fi bers in SS cells contributes to irreversible membrane 
damage.144 ISCs can be formed in vitro by prolonged 
deoxygenation,145 by incubation of red cells in a high-
calcium buffer,146 and by repeated oxygenation-deoxy-
genation cycles.122 Reversible oxidative damage to β-actin 
and loss of ubiquitination of α-spectrin lead to ISC mem-
brane skeleton formation. The result is a membrane cyto-
skeleton that is “locked” because it cannot disassemble 
or reassemble.147 Antioxidants can reduce the formation 
of ISCs in vitro.148 As detailed earlier, ISCs vary widely 
from patient to patient and correspond well with hemo-
lytic rate149 and spleen size150 but poorly with vaso-
occlusive severity.

Ion Transport and Volume Control. The abnormal 
cation permeability of a sickled red cell is characterized 
by calcium loading, potassium depletion, increased aci-
dosis, and dehydration, which enhances the tendency for 
HbS polymerization (see Fig. 19-1). In 1955, Tosteson 
and colleagues151,152 showed that HbS polymer formation 
with deoxygentation causes reversible potassium loss and 
sodium gain in SS cells. Because this cation fl ux was 
reversible with reoxygentation, by itself it could not 
explain the dehydration associated with ISCs and other 
very dense SS red cells. The abnormal water and cation 
movement across the sickle cell membrane has been 
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dehydration of the cell. In the acidic state, the KCC 
pathway would remain active in both the oxygenated and 
deoxygenated state.158 This model explains how reticulo-
cytes may rapidly become ISCs.

External Membrane Interactions

Increased Red Cell Adhesion to Endothelium. More 
than 15 years ago, investigators fi rst discovered that sickle 
erythrocytes have an abnormal propensity to stick to 
vascular endothelial cells,185,186 an adhesive force that 
results from numerous attachment sites187 that can with-
stand the detaching forces found in low-shear vascular 
beds.188 This observation has taken on increased impor-
tance in conceptualizing the pathophysiology of SCD. As 
cells fl ow through vessels of critical dimension, an 
increased tendency to linger at the endothelial surface 
will increase the odds that polymerization and obstruc-
tion will occur (see Fig. 19-1). Support for this hypothe-
sis comes from studies that suggest a correlation between 
adhesiveness and clinical severity.189,190

A variety of RBC adhesion molecules are found on 
SS RBCs, especially SS reticulocytes. The adhesion 
process can alter or even dislodge endothelial cells. Such 
circulating cells may have left behind areas of exposed 
subendothelium. SS RBCs bind to three subendothelial 
extracellular matrix proteins, laminin, thrombospondin, 
and fi bronectin.191 SS red cells show the highest affi nity 
for laminin because of two isoforms of the protein that 
bear the Lutheran blood group antigens (B-CAM and 
LU).192,193 Adhesion proteins to thrombospondin on SS 
reticulocytes include CD47 and VLA-4 (very late antigen 
4). Mature SS RBCs retain CD47 receptors but not 
VLA-4. CD44 is the adhesion protein found on RBCs 
that binds to fi bronectin. VLA-4 (α4β1 integrin) also 
binds to the endothelial protein vascular cell adhesion 
molecule 1 (VCAM-1).191

Perhaps more signifi cantly, a variety of agonists can 
activate SS RBC adhesion properties. Protein kinase C 
can activate adhesion to fi bronectin and thrombospon-
din.194,195 Activation of signaling pathways within the RBC 
involving adrenergic receptors, cyclic adenosine mono-
phosphate (cAMP), and protein kinase A also increases 
RBC adhesion.196-199 SS RBCs are more responsive than 
normal RBCs to these agonist, possibly because of higher 
levels of signaling transduction proteins found in younger 
RBCs. Endothelial cells differ in their repertoire of surface 
molecules—for example, CD36 is expressed on microvas-
cular but not large vessel endothelium.200 Endothelial 
cells also express differing amounts of surface molecules 
and become more or less adherent, depending on envi-
ronmental stimuli. Cytokines such as interleukin-18 and 
tumor necrosis factor201 promote endothelial adherence, 
largely as a result of upregulated VCAM-1 expression. 
Infected endothelial cells become adhesive by a variety of 
mechanisms. Herpesvirus-infected cells attract sickle red 
cells because of increased Fc receptor expression.202 
Endothelial cells exposed to Sendai viral double-stranded 

RNA become adhesive through upregulated VCAM-1.203 
In transgenic sickle mice, the anti-infl ammatory agent 
dexamethasone inhibited hypoxia-induced endothelial 
cell activation of NFκB, VCAM-1, and intercellular adhe-
sion molecule 1 (ICAM-1), whereas blocking antibodies 
to VCAM-1 and ICAM-1 blocked RBC- and leukocyte-
mediated vaso-occlusion.204

Circulating endothelial cells from patients with SCD 
exhibit an activated phenotype displaying ICAM-1, 
VCAM-1, E-selectin, P-selectin, and tissue factor.205,206 
Increased production of endothelial-derived adhesion 
molecules (VAM-1, ICAM-1, and E-selectin) was seen 
in 10 adult SS patients during acute sickle cell pain 
crises.207 Furthermore, in a cohort of 160 adult patients 
in steady state, soluble levels of VCAM-1, ICAM-1, and 
E-selectin were elevated and independently associated 
with pulmonary hypertension (PHT) and mortality.208

Membrane Lipid Orientation and Coagulation 
Defects. Normally, the phospholipids of the red cell 
membrane are partitioned with amino phospholipids 
(phosphatidylserine [PS] and phosphatidylethanolamine 
[PE]) sequestered on the inner (cytoplasmic) surface and 
with sphingomyelin and phosphatidylcholine (PC) 
exposed on the outer surface (see Fig. 19-1). This asym-
metry is not unique to the red cell and probably refl ects 
a general structural pattern that keeps the amino phos-
pholipids from activating soluble coagulation factors. 
This asymmetry is maintained by the interaction of spec-
trin209 with the phospholipids and by a specifi c adenosine 
triphosphate (ATP)-dependent translocation process.210 
In RSCs, PS and PE fl ip back and forth from the inner 
leafl et to the outer leafl et during oxygenation and deoxy-
genation. Although early studies suggested that PS was 
permanently stuck to the outer leafl et in deoxygenated 
sickle cells,211 later studies suggested that small amounts 
of PS accumulate on the outer surface of subpopulations 
of sickle cells212 where the lipid bilayer is uncoupled from 
the cytoskeleton and when the cell is depleted of ATP.213 
Exposure of PS or PE on the outer surface during sick-
ling may lead to increased phagocytosis by PS-binding 
proteins secreted by macrophages,214 and these proteins 
may bind to specifi c PS receptors on certain enthothelial 
cells.215 Alteration of the fatty acyl groups in PC results 
in changes in cell shape and deformability of SS cells, 
thus suggesting that the species composition of PC can 
affect membrane permeability and cellular deformabil-
ity.216 Both plasma and SS RBC membrane are defi cient 
in certain long-chain polyunsaturated fatty acids. This 
defi ciency is correlated with steady-state hemoglobin 
levels and may be affected by dietary intake.217

Abnormal lipid asymmetry accelerates clotting in 
vitro,218 and PS-positive sickle RBCs (not PS-positive 
platelets) are correlated with markers of thrombin gen-
eration (prothrombin fragment F1.2, thrombin-anti-
thrombin complexes) and fi brin degredation (D-dimers 
and plasmin-antiplasmin complexes).219 Another marker 
of thrombophilia is the reduction in protein C and protein 
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S.220 Platelet activation is also present in the steady state. 
In addition, microparticles from endothelial cells, plate-
lets, monocytes, and red cells are seen in the steady state 
and increase during crises.221 These microparticles are 
associated with increased hemolysis and activation of the 
procoagulant system.222

A growing body of evidence suggests that proco-
agulant and anticoagulant proteins and platelets play 
an important role in adhesion of sickle RBCs to endo-
thelium. von Willebrand factor,223-225 platelets,226 and 
thrombospondin227,228 increase RBC adhesiveness. Plate-
let-activating factor increases sickle red cell adherence to 
endothelium, and this interaction can be selectively 
blocked by an anti–αVβ3 integrin antibody, thus suggest-
ing a potential therapeutic strategy.229 Hence, abundant 
data support the view that SCD is a “hypercoagulable 
state.”230 It is unclear whether the hypercoagulable state 
is a consequence or a cause of vaso-occlusion, and large 
well-controlled trials of anticoagulants have not been 
conducted.230

Hemolysis

RBC life span is shortened in SS disesease to approxi-
mately 8 to 21 days. Hemolysis is both extravascular and 
intravascular. Extravascular hemolysis is enhanced by 
externalized PS on SS RBCs, which is recognized by 
macrophages with receptors specifi c for PS.214 The mem-
brane changes found in SS RBCs are similar to those 
seen in nucleated cells undergoing apotosis (externaliza-
tion of PS, annexin binding to and blebbing of the mem-
brane along with cell shrinkage). These changes are 
accentuated by accumulation of intracellular Ca2+ sec-
ondary to oxidative stress.231 Approximately 30% of the 
total hemoglobin is released intravascularly, with approx-
imately 4 micromoles of plasma hemoglobin being present 
during steady state.232

Nitric Oxide Depletion. NO is produced by endothe-
lial cells from l-arginine by isoforms of the enzyme NO 
synthetase (NOS). NO increases intracellular cyclic gua-
nosine monophosphate (cGMP), which decreases smooth 
muscle calcium concentrations and leads to muscle relax-
ation, vasodilation, and increased regional blood fl ow.233 
NO also suppresses platelet aggregation,234 reduces 
expression of endothelial cell adhesion molecules,235 and 
reduces the secretion of procoagulant proteins.236 NO 
levels may be depleted in patients with SCD for several 
reasons. Sickle cell patients have low arginine levels237 and 
high plasma arginase levels.238 NO reacts with oxyhemo-
globin and deoxyhemoglobin to produce nitrate, methe-
moglobin, and iron nitrosylhemoglobin (reviewed by 
Reiter and colleagues239). Free plasma hemoglobin con-
sumes NO 1000 times more rapidly than intracellular 
hemoglobin does.240 Reiter and associates have shown 
that SS patients have elevated levels of plasma free hemo-
globin, that plasma from SS patients consumes NO, and 
that SS patients with elevated plasma free hemoglobin 

have reduced forearm blood fl ow responses to infusion of 
an NO donor, nitroprusside239 (see Fig. 19-1). The reac-
tive oxygen species that are elevated in sickle cell patients 
for multiple reasons also reduce NO.116,117,241 Work by 
Gladwin and co-workers has led to the hypothesis that 
SCD leads to depletion of NO and thereby a “hemolysis-
induced endothelial dysfunction syndrome” character-
ized by PHT, priapism, leg ulcers, stroke, renal insuffi ciency, 
and esophageal dysmotility.242,243 Furthermore, hemoly-
sis-induced NO depletion may play a role in the SS meta-
bolic hypercoagulable state244 (Fig. 19-6).

Acute and Chronic Infl ammation

Several lines of evidence suggest that the HbS mutation 
leads to an acute and chronic infl ammatory state. Markers 
of infl ammation, including increased levels of white blood 
cells (WBCs), platelets, C-reactive protein, and fi brino-
gen, all increased at steady state and during crises.245,246 
Increased adherence of SS RBCs, neutrophils, and plate-
lets to vascular endothelium may initiate local infl amma-
tory responses. Hypoxia, increased proinfl ammatory 
cytokines (interleukins 1, 2, 4, 6, and 8; tumor necrosis 
factor-α), and infections may activate vascular endothe-
lium and leukocytes, which in turn can further increase 
adhesion molecules on both circulating cell surfaces and 
endothelial cell surfaces246 (see Fig. 19-1).

White Blood Cells. There has been increasing evi-
dence that circulating WBCs, particularly neutrophils, 
play a role in the pathogenesis of SS disease. Baseline 
WBC counts in SS individuals are elevated. The degree 
of elevation is directly related to early mortality247 and an 
increased frequency of acute chest syndrome (ACS)248 
and is a predictor of clinical severity in infants.249 Ele-
vated WBCs in the normal population appear to be 
genetically determined,250 but in SS patients it is also 
associated with elevated levels of granulocyte-macro-
phage colony-stimulating factor (GM-CSF).251 Polymor-
phonuclear neutrophils (PMNs) show enhanced adhesion 
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FIGURE 19-6. Factors leading to and the results of nitric oxide deple-
tion. Intravascular hemolysis leads to elevated levels of plasma arginase 
and free plasma hemoglobin. Increased reactive oxygen species results 
from denatured HbS, oxidative damage to red cell membranes, tissue 
ischemia/reperfusion injury, and increase expression of endothelial xan-
thine oxidase, reduced endothelial nicotinamide adenine dinucleotide 
phosphate oxidase, and uncoupled endothelial nitric oxide synthetase.
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to endothelium during crises.252 Activation of neutrophils 
is seen in the stready state and during vaso-occlusive 
crises.253 In a transgenic sickle mouse model, PMNs are 
involved in reperfusion infl ammation after hypoxia. This 
reperfusion injury can be abated by blocking PMN 
adherence with an antibody to P-selectin.254 Thus, ele-
vated level of PMNs in blood and the adhesiveness of 
PMNs to endothelium may reduce blood fl ow and, in 
association with sickled erythrocytes, can cause micro-
vascular occlusion and crisis.255

Genetic Modifi ers

Any analysis of the pathophysiology of SCD must address 
the remarkable heterogeneity in clinical severity that is 
observed in individuals homozygous for the sickle muta-
tion. With completion of the human genome map, several 
important concepts have emerged. First, there is remark-
able genomic heterogeneity between individuals, includ-
ing single nucleotide polymorphisms (SNPs), varying 
length of tandem repeat sequences, and previously under-
appreciated structural variation in the genome.256-258 
Second, coexistence of the sickle mutation with varia-
tions in multiple genes whose interactions are associated 
with common complex disorders (stroke, hypertension) 
may be responsible for some variation in the severity of 
SCD. Third, known mutations in nonglobin genes associ-
ated with other single-gene disorders (G6PD gene in 
G6PD defi ciency, uridine diphosphate-glucuronosyl-
transferase 1A [UGT1A] in Gilbert’s disease) may explain 
some of the heterogeneity in the phenotype of SCD. New 
technology now allows scanning of the whole genome or 
large genomic regions in large numbers of SS individuals 
with and without common subphenotypes (stroke, ACS, 
elevated HbF levels), which has resulted in identifi cation 
of genes that might contribute to that phenotype. Finally, 
newer appreciation of how the environment has led over 
evolutionary time to the selection of more favorable 
variations in proteins continues to enlighten our under-
standing of susceptibility to certain acquired diseases 
(malaria).

Glucose-6-Phosphate Dehydrogenase. G6PD defi -
ciency is a single-gene variant common in black popula-
tions that also protects against malaria. There is no 
increased incidence of G6PD defi ciency in SCD.40,259,260 
In a survey of 801 SS males, G6PD defi ciency did not 
cause more hemolysis or increased anemic episodes.259 
Episodes of accelerated hemolysis of G6PD-defi cient SS 
red cells have been described.260 Because of the large 
population of very young G6PD-rich cells, this acceler-
ated hemolysis is likely to be due to the enzyme abnor-
mality only when the population is shifted toward the 
oldest cells, that is, during an aplastic episode. Recently, 
the common type A variant of G6PD defi ciency has been 
associated with increased septic complications and 
anemia in African Americans trauma patients,261 thus 
suggesting that individuals with SS disease and G6PD 

defi ciency may have a poorer prognosis in this setting or 
with sepsis.

a-Thalassemia. Homozygous HbSS disease with 
accompanying α-thalassemia has been well described.137,262-

270 The diagnosis is based on the following criteria: (1) 
hemoglobin electrophoresis showing no HbA, normal 
HbA2, and predominantly HbS; (2) microcytosis without 
iron defi ciency; (3) both parents with the S trait, one with 
the typical AS α-thalassemia picture (microcytosis and 
HbS concentration <35%); (4) elevated Hb Bart’s (γ4) 
detectable in cord blood; and (5) α-gene mapping 
showing a total of two or three α genes. Approximately 
30% of American blacks have three α genes, and approxi-
mately 2% only have two α genes. α-Thalassemia in 
U.S. SS disease patients is usually due to the α-thal-2 
haplotype, a deletion of approximately 3.7 kilobases (kb) 
involving the entire α2 gene.269 There has been consider-
able interest in these patients because α-thalassemia has 
an effect on some of the hematologic features of sickle 
cell anemia and may provide insight into the pathophysi-
ology of the disease. The primary effect of α-thalassemia 
is to decrease the cellular content of HbS, which increases 
the surface-to-volume ratio and results in a reduced 
MCHC that prolongs the delay time for HbS polymeriza-
tion. Patients with α-thalassemia tend to have smaller, 
lighter cells with a higher hemoglobin level and fewer 
reticulocytes.262,269-271 Although the hematologic parame-
ters of sickle cell anemia are clearly improved by coexist-
ing α-thalassemia, the vaso-occlusive severity is not 
obviously different. One study262 indicated that leg ulcers 
and ACS were less frequent with α-thalassemia, but this 
fi nding was not confi rmed by others.267 Avascular necro-
sis (AVN) of the femoral head was increased in sickle cell 
anemia with α-thalassemia. α-Thalassemia does not 
protect children with SS disease from strokes.272 Mears 
and co-workers have suggested that α-thalassemia is 
associated with increased life expectancy.273 α-Thalasse-
mia not only reduces mean corpuscular volume (MCV) 
and MCHC but also decreases the percentage of dense 
cells and ISCs.137,274 The cells of patients with α-thalas-
semia and SS disease are more deformable and have 
fewer cation fl uxes and a greater ratio of membrane 
surface area to volume.264 Differences in hemoglobin 
values between children with SS disease with four and 
two genes is not apparent until after the age of 4 years,275 
but the microcytosis and elevated red cell counts are 
present at birth.276 Steinberg has recently summarized 
the effects of α-thalassemia in SS disease.277

Hemoglobin F Production. HbF levels in sickle cell 
anemia may vary over a 60-fold range from 0.5% to 30%. 
Because of the known ameliorating effect of HbF in 
reducing HbS polymerization, the origin of this marked 
variability has been of great interest. Because HbF is 
heterogeneously distributed among the red cells of SS 
individuals, the percentage of HbF is the result of three 
independent processes: the number of cells produced 
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that contain HbF (F cells), the amount of HbF per F 
cell, and the variable preferential survival of F cells over 
non-F cells in the circulation.141 Early investigators sug-
gested that different “threshold” levels of HbF (between 
10% and 20%) were necessary to ameliorate the clinical 
severity of SS disease.278,279 In a natural history study, 
Platt and co-workers showed that any increment in HbF 
above 4% was associated with reduced pain crises280 and 
that HbF levels greater than 9% were associated with 
decreased mortality.247

Three broad categories of genetic mutations that 
increase HbF in association with HbS have been 
described. Large deletions of the γδβ-globin gene region 
resulting in δβ-thalassemia or pancellular HPFH are rare 
in the general sickle cell population (see Chapter 20 for 
more details on these deletions). HbS–pancellular HPFH 
patients represent a unique syndrome in which one fi nds 
between 24% and 34% HbF distributed in all red cells, 
no anemia, minimal microcytosis (MCV of 78.8 μm3), 
and no clinical disease.281-283

A second group of mutations that increase HbF in 
SCD are linked to the β-globin gene region and are 
termed nondeletion HPFH.284-287 Some linked mutations 
may be associated with single nucleotide substitutions in 
the promoter regions of the γ genes; however, such muta-
tions are quite rare in the general SS population.288 HbF 
is usually distributed heterogeneously in these disorders, 
but some have been associated with a pancellular distri-
bution. Another type of linked nondeletion mutation that 
may increase HbF (Gγ-C158→T) is associated with the 
Senegal and Arab–Indian (Saudi) β-globin haplo-
types.20,25-28 These haplotypes are found commonly in 
genetic isolates in Western Africa, in Shiite Saudi Arabi-
ans, and in the Orissa region of India.289-292 Among U.S. 
patients with sickle cell anemia, less than 10% have one 
chromosome with either of these haplotypes and less 
than 2% are homozygous for the Senegal haplotype.18,19

A third group of genetic disorders that infl uence 
HbF levels in patients with SS disease are not linked to 
the β-globin region.293-295 A third of full siblings each with 
SS disease have signifi cantly different genetic programs 
for production of HbF.295 Because both siblings inherited 
the same γδβ-globin regions from their sickle trait parents, 
the HbF program must be separate from the γδβ-globin 
region. After Myoshi and associates296 noted that HbF 
(defi ned by F-cell levels) in normal blood donors was 
inherited in an X-linked pattern, it was shown that F-cell 
production in sickle cell patients was inherited by a dial-
lelic gene on the short arm of the X chromosome, Xp22-
23, termed the F-cell production (FCP) locus.297 The 
FCP locus accounted for 40% of the variation in HbF 
levels in sickle cell anemia patients and one form of β-
thalassemia in Sicily.298,299 However, twin studies of 
normal individuals by Thein and colleagues have not 
detected an X-linked locus300 but suggested a locus on 
chromosome 8 that may interact with β-globin haplo-
types. Thein has localized another genetic locus that con-
trols F-cell levels in normal white individuals and in an 
Asian-Indian kindred to chromosome 6q22.3301 and 

recently has identifi ed a potential role for the gene cMYB 
in regulation of HbF levels in this population.302 Stein-
berg and colleagues, using haplotype mapping of SNPs, 
have recently shown in 1311 SS individuals that 6q22.3-
23.2, the TOX gene on chromosome 8, and Xp22.2-22.3 
are involved in baseline HbF levels.303 They also showed 
that these same regions on chromosomes 6 and 8 and 
loci on chromosomes 1, 12, 13, and 14 were involved in 
the change in HbF levels in response of SS patients to 
hydroxyurea. BCL11A on chromosome 2, along with the 
C-MYB region on chromosome 6, has been associated 
with HbF levels in a genome-wide association study of 
thalassemia and SS patients in the Cooperative Study of 
Sickle Cell Disease (CSSCD).304 In addition to these 
disorders, it has been shown that α-thalassemia is associ-
ated with decreased HbF levels in SS disease. The differ-
ences in HbF levels among SS patients with or without 
α–thalassemia may be indirectly related to the lowered 
MCHC of the SS-thalassemia red cells. Preferential sur-
vival of F cells over non-F cells is less in SS–α-thalasse-
mia because the non-F cells in α-thalassemia have less 
cation loss and a lower MCHC, which reduces HbS 
polymerization and results in a longer life span.137,263

Genetic Modifi ers of Clinical Subphenotypes. It is 
likely that networks of genes that respond to or modulate 
hemolysis, vasoregulation, infl ammation, cell adhesion, 
hemostasis, and oxidative stress play roles in the severity 
of SS disease (Table 19-1; see also Fig. 19-1). As knowl-
edge of the genes involved in these various pathways has 
increased, numerous investigators have used candidate 
gene approaches to study the association of genetic modi-
fi ers with clinical complications in SS disease. The studies 
published thus far on large cohorts of SS patients who 
have been rigorously phenotyped are most likely to yield 
the best evidence for genetic modifi ers. However, by defi -
nition, the candidate gene approach will not identify 
unknown networks of genes or unknown genes in a 
defi ned pathway involved in the clinical phenotype. Asso-
ciation between a genetic variant and a phenotype does 
not necessarily mean causality. Association studies alone 
may identify SNPs within a gene, but this association 
may indicate that the gene is involved or that genes in 
linkage disequilibrium with the SNP are involved. In 
addition, studies that look at large number of genes or 
numerous polymorphisms in a single gene are likely to 
lead to false-positive associations. Finally, most associa-
tions, albeit statistically signifi cant, have shown relatively 
small effects (<5% of the variation), thus suggesting that 
a large number of genes are likely to be involved in any 
one clinical subphenotype.

The hemolysis associated with the sickle mutation 
leads to release of free hemoglobin, scavenging of NO, 
and increased oxidative stress. Clinical phenotypes asso-
ciated with increased hemolysis in SS disease include 
stroke, priapism, PHT, and leg ulcers.317 Interestingly, 
priapism,318,319 leg ulcers,320,321 and PHT322 are seen to a 
lesser extent in other hemolytic anemias. Among the so-
called hemolytic phenotypes, certain common genetic 
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and in SCD patients,306 BMPR2 is associated with both 
familial and sporadic PHT in normal individuals331 and 
in SCD,325 and polymorphisms of UGT1A are associated 
with hyperbilirubinemia in normal persons (Gilbert’s 
syndrome)332 and with higher bilirubin levels and gall-
stones in sickle cell patients.310

Ultimately, identifi cation of genetic modifi ers should 
lead to detection of sickle cell individuals at increased 
risk for a particular complication. Because it is likely that 
multiple factors are involved, few studies have been 
robust enough to test the predictability of their fi ndings 
in a general SS population. Sebastiani and colleagues 
analyzed 114 individuals (7 with and 107 without stroke) 
not included in their original study of genetic modifi ers 
of stroke in SS disease. The polymorphism associated 
with six SNPs in fi ve genes (ANXA2, BMP6, SELP, 
TGF-β3, and ERG) gave an overall predicted accuracy 
of 98.2%.306 Reproduction of these fi ndings has not yet 
been performed.

DIAGNOSIS

The Fetus. The ability to perform prenatal diagnosis 
for sickle cell anemia has progressed rapidly in the past 
3 decades. In 1978, Kan and Dozy333 described DNA 
polymorphisms around the β-globin gene that were in 
linkage disequilibrium with the βS gene, thereby leading 
to the fi rst DNA-based method for prenatal diagnosis. 
Identifi cation of the A→T substitution in codon 6 respon-
sible for the glutamic acid–to-valine change in β-globin 
can be detected by alteration of a site of a specifi c restric-
tion enzyme, by homologous synthetic oligonucleotides 
that detect a single base substitution, and by polymerase 
chain reaction amplifi cation of DNA.334-340 With the 
advent of polymerase chain reaction amplifi cation of spe-
cifi c DNA sequences, suffi cient DNA can be obtained 
from a very small number of fetal cells, thereby eliminat-
ing the necessity for culture of fetal fi broblasts.341,342 Cho-
rionic villus biopsy offers an alternative to amniocentesis 
for obtaining fetal cells as early as 8 to 10 weeks’ gesta-
tion.343,344 Preimplantation genetic diagnosis of single 
blastomeres by single-cell polymerase chain reaction fol-
lowed by standard in vitro fertilization has led to the birth 
of unaffected twins to a couple both with sickle trait.345

The Newborn. A newborn with sickle cell anemia is 
not generally anemic and is asymptomatic because of the 
protective effect of HbF. The “sickle prep” and solubility 
tests are unreliable during the fi rst few months of life. 
Because recognition of the disease in a newborn can lead 
to prevention of mortality and morbidity, it is now rec-
ommended that all newborns at risk be screened for 
sickle cell anemia. Screening combined with comprehen-
sive follow-up care was fi rst begun by Pearson in New 
Haven and Serjeant and colleagues in Jamaica in the 
1970s.346,347 Present screening methodologies include 
acid and alkaline electrophoresis, high-performance 
liquid chromatography, and isoelectric focusing. These 

TABLE 19-1  Putative Genetic Modifi ers 
Identifi ed by Single Nucleotide 
Polymorphisms of Candidate Genes

Genetic Modifi ers
Clinical 
Subphenotype

VCAM-1,305, TGF-β/BMP,306 
SELP,306 ANXA2,306 BMP6,306 
ERG,306 ILA4R,307 TNF,307 
LDLR,307 ADRB2307

Nonhemorrhagic 
stroke

BMPR2,308 TGF-β/BMP,308 
ADCY6,309 ADRB1308

Pulmonary 
hypertension

UGT1A310 Cholelithiasis/
hyperbilirubinemia

BMPR1B311 Renal failure

KL,312 TGF-β/BMP,312 
ANXA2312

Osteonecrosis

KL313 Priapism

TGF-β/BMP,314 IGF1R314 Bacteremia/sepsis

KL,315 TGF-β/BMP,315 TEK315 Leg ulcers

TOX,316 AQP9,316 MAP2K1,316 
HBS1l-MYB,316 SMAD,316 
GPM6B,316 BCL11A304*

Elevated 
hemoglobin F

*Performed by genome-wide association technology, not candidate gene 
analysis.

ADCY6, adenylate cyclase 6 gene; ADRB2, beta-adrenergic receptor gene; 
ANXA2, annexin A2; AQP9, aquaporin 9; BCL11A, B cell lymphoma 11A gene; 
BMP, bone morphogenetic protein; BMPR, bone morphogenetic protein recep-
tor; ERG, Ets (transcription factor)–related gene; GPM6B, golli-myelin basic 
protein gene; HBS1l-MYB, intergenic region of the gene for HBS1L (a G-
protein/elongation factor) and the MYB oncogene; IGF, insulin-like growth 
factor; IGFR1, insulin-like growth factor receptor gene; IL4HR, interleukin-4 
receptor gene; KL, Klotho; LDLR, low-density lipoprotein receptor; MAP2K1, 
mitogen-activated protein kinase 2 gene; SELP, soluable P-selectin gene;  SMAD, 
signaling mediators and antagonists of the transforming growth factor-beta 
(TGF-beta); TEK, tyrosine kinase receptor gene; TGF-β, transforming growth 
factor β; TNF, tumor necrosis factor; TOX, thymocyte selection–associated HMG 
box protein gene; UGT1A1, Uridine diphosphate-glucuronosyltransferase 1A1; 
VCAM-1, vascular cell adhesion molecule 1.

modifi ers appear. Polymorphisms of Klotho (KL), a gene 
that encodes a membrane protein that regulates many 
vascular functions, including expression of vascular endo-
thelial growth factor and release of NO by endothe-
lium,323 is associated with priapism324 and leg ulcers.315 
KL may also participate in bone metabolism and is asso-
ciated with an increase risk for osteonecrosis of the hip 
or the shoulder (or both) in SS patients.312

Several subphenotypes (stroke,306 leg ulcers,315 osteo-
necrosis,312 PHT,325 and bacteremia314) are associated 
with genes in the transforming growth factor β/bone 
morphogenic protein (TGF-β/BMP) pathway. BMPs, 
including BMP6, are pleiotropic secreted proteins struc-
turally related to TGF-β and activins. BMP6 and SAND 
(a transcription factor activated by BMP6) are involved 
in infl ammatory processes326 and are important for bone 
formation.327 The TGF-β/BMP pathway also consist of 
genes that play a role in cell proliferation, tissue repair, 
immune surveillance, and infl ammation.328,329

Some genes have been implicated in similar disorders 
in the normal population and in patients with SCD: 
polymorphisms in P-selectin (SELP) are associated with 
an increased risk for stroke in the normal population330 
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tests can be performed on cord blood or on a dried blood 
specimen blotted on fi lter paper. False-negative screening 
results with these methods have been reported in infants 
who received perinatal transfusions before screening.348 
Diagnosis can also be performed by polymerase chain 
reaction amplifi cation of DNA extracted from fi lter 
paper.349 Universal screening versus targeted screening of 
newborns of parents “at risk” has been shown to identify 
more infants with disease and prevent more deaths and 
is cost effective in areas in which sickle trait occurs in 7 
to 15 per 1000 births.350,351

The Older Child. After the fi rst few months of life, as 
βS-globin production increases and HbF declines, the 
clinical syndrome of sickle cell anemia emerges (Table 
19-2). Although at 1 week of age the hemoglobin level of 
SS infants is statistically lower than that of AA infants, 
the overlap between the two groups is considerable and 

does not diverge much before the second month of life.346 
Anemia and reticulocytosis are usually evident by 4 
months of age.346 ISCs are frequently absent from the 
peripheral blood of young children, and the morphology 
is typical of that of normal newborns—target cells, frag-
ments, and poikilocytes. By 3 years of age, the typical 
peripheral blood smear is seen, including ISCs, target 
cells, spherocytes, fragments, biconcave discs, Howell-
Jolly bodies, and nucleated red cells. The amount of HbF 
decreases with age, as in normal children, but it occurs 
much more slowly.346,352

CLINICAL MANIFESTATIONS

The clinical manifestations of SCD are extremely vari-
able. Some patients are entirely asymptomatic, whereas 
others are constantly plagued by painful episodes. Most 

TABLE 19-2 Hematology of Infants with SS Disease, SC Disease, and S–b+-Thalassemia

Percentile

AGE (mo)

2-3 4-5 6-8 9-11 12-14 15-17 18-23 24-29 30-35 36-47 48-60

SS DISEASE
Hemoglobin 
level (g/dL)

5 7.0 7.0 7.1 7.2 7.2 7.2 7.1 6.9 6.7 6.4 6.6
50 9.3 9.2 9.2 9.2 9.1 9.0 8.9 8.6 8.3 8.1 8.3
95 11.4 11.3 11.4 11.5 11.5 11.5 11.3 11.1 10.9 10.5 10.4

Mean 
corpuscular 
volume (fL)

5 72 69 68 67 67 67 67  68 69 71 72
50 84 81 81 82 82 83 84 85 86 88 90
95 96 94 94 95 96 96 96 97 97 98 100

Fetal 
hemoglobin 
level (%)

5 14.6 12.3 10.8 9.1 7.8  6.7 5.6 4.8 4.5 4.4 3.3
50 43.5 34.1 29.1 24.3 20.6 17.7 14.8 12.8 12.4 12.4 9.0
95 68.5 59.0 53.0 47.3 42.7 39.1 35.3 32.5 31.2 29.6 21.9

Reticulocyte 
count (%)

5 1.0 1.1 1.2 1.3 1.4 1.6 1.9  2.3 2.6 2.7 1.8
50 4.0 5.1 5.9 6.7 7.4 8.0 8.7 9.3 9.8 10.4 11.8
95 15.5 17.9 19.4 20.7 21.8 22.5 23.2 23.5 23.6 23.6 25.8

SC DISEASE
Hemoglobin 
level (g/dL)

5 8.0 8.2 8.6 8.9 9.2 9.3  9.5 9.5 9.4 9.3 9.6
50 9.7 9.8 10.1 10.3 10.5 10.6 10.7 10.8 10.7 10.6 10.6
95 11.6 11.5 11.7 11.8 12.0 12.0 12.1 12.2 12.2 12.1 11.9

Mean 
corpuscular 
volume (fL)

5 68 65 64 64 63 63 63 63 64 66 69
50 81 78 77 75 74 74 74 74 76 77 77
95 91 88 86 85 84 84 84 84 86 88 87

Fetal 
hemoglobin 
level (%)

5 13.6 2.9 2.9 3.1 3.1 2.9  2.4 1.4 0.5 0.0 2.0
50 31.6 17.9 14.5 11.6 9.3 7.4 5.5 4.2 3.9 4.4 4.2
95 54.0 39.1 32.1 25.7 20.9 17.6 14.7 13.8 14.7 15.9 8.3

Reticulocyte 
count (%)

5 0.8 0.8 0.8 0.7 0.7 0.7 0.7  0.7 0.7 0.7 0.9
50 2.8 2.8 2.7 2.6 2.5 2.5 2.5 2.6 2.7 2.9 2.8
95 8.2 8.8 8.9 9.0 8.9 8.7 8.4 8.0 7.9 8.8 13.4

S–b+-THALASSEMIA
Hemoglobin 
level (g/dL)

5 9.2 9.4 9.1 8.5 9.1 9.1  9.9 10.0 9.8 9.3 10.0
50 10.8 10.9 11.0 10.8 10.6 11.2 10.9 11.0 10.7 10.6 10.8
95 12.4 12.7 13.5 11.8 14.1 12.0 12.0 13.0 11.3 11.6 11.2

Mean 
corpuscular 
volume (fL)

5 70 64 61 61 63 82 63 61 66 64 66
50 80 73 72 69 72 70 70 70 72 76 68
95 88 83 84 75 84 73 77 79 76 76 76

Reticulocyte 
count (%)

5 1.1 0.0 1.1 0.9 0.8 0.9 0.7 1.5 1.2 1.0 3.0
50 2.6 1.8 2.5 2.5 3.0 2.5 2.4 2.2 3.4 2.2 4.1
95 8.5 6.4 2.5 4.6 5.9 7.4 5.1 6.2 7.4 7.6 5.7

Data from Brown AK, Sleeper LA, Miller ST, et al. Reference values and hematologic changes from birth to fi ve years in patients with sickle cell disease. Arch 
Pediatr Adolesc Med. 1994;148:796-804.
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patients fall between these extremes and have relatively 
long asymptomatic periods punctuated by occasional 
clinical crises. The complex nature of the clinical vari-
ability from patient to patient and from time to time in 
each patient has been prospectively studied on a large 
scale by the CSSCD under the auspices of the Sickle Cell 
Disease Branch of the National Heart, Lung, and Blood 
Institute (NHLBI).353,354

Sickle Cell Crisis

The term sickle cell crisis was defi ned by Diggs355 as “any 
new syndrome that develops rapidly in patients with 
sickle cell disease due to the inherited abnormality.” 
There are three categories of sickle crisis—vaso-occlu-
sive, sequestration, and aplastic—and they are covered 
individually in the next few sections. The best perspective 
on how these acute events play out in a typical group of 
children comes from a report by Gill and colleagues 
describing the experience of almost 700 infants moni-
tored for 10 years as part of the CSSCD.356 The age at 
fi rst event is displayed in Figure 19-7.

Vaso-occlusive Sickle Crises

Vaso-occlusive crises are acute, often painful episodes 
caused by intravascular sickling and tissue infarction. In 
a prospective study of children with SS disease moni-

tored since birth in Jamaica, painful crisis was the fi rst 
symptom in more than a fourth of the patients and the 
most frequent symptom after the age of 2 years.357 Painful 
episodes are such a prominent manifestation of the 
disease that African tribal names for SCD are onomato-
poeic repetitive descriptions of pain, such as “chwech-
weechwa” (Ga tribe), “nwiiwii” (Fante tribe), “nucdudui” 
(Ewe tribe), and “ahotutuo” (Twi tribe). Tribal names 
translate as “beaten up,” “body biting,” and “body 
chewing.”358 Vaso-occlusive episodes are the major clini-
cal manifestations of SCD and occur most commonly in 
the bones, lungs, liver, spleen, brain, and penis. Fre-
quently, the differential diagnosis is very diffi cult because 
there is no defi nitive objective hallmark of a vaso-
occlusive crisis.

Painful Crisis. The most common acute vaso-occlu-
sive crisis is acute pain. Virtually all patients with SS 
disease experience some degree of acute pain. For many, 
these episodes are mild and are handled entirely at home, 
school, or work. Little is known about the extent or 
nature of pain-coping activities that go on outside the 
medical environment, but diary studies suggest that it is 
enormous. The “tip” of the pain “iceberg” is made of 
episodes that drive patients to seek medical attention. 
These episodes vary widely among patients280 (Fig. 19-8) 
and represent the most common reason for patients to 
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FIGURE 19-7. Age at fi rst clinical 
event in patients with sicke cell disease, 
from birth to 10 years of age. A, Painful 
events. B, Acute chest syndrome. 
C, Hand-foot syndrome. D, Bactere-
mia. E, Acute anemic crisis. F, Splenic 
sequestration. (Adapted from Gill FM, 
Sleeper LA, Weiner SJ, et al. Clinical events 
in the fi rst decade in a cohort of infants with 
sickle cell disease. Cooperative Study of 
Sickle Cell Diseases. Blood. 1995;86:
776-783.)



964 DISORDERS OF HEMOGLOBIN

0–9 10–19 20–29 30–39 40–49 50+

Age (yr)

%
 o

f p
at

ie
nt

s

50

40

30

20

10

0

# pain episodes/yr

= 0
<1
1–3

3–6
6–10
>10

FIGURE 19-8. Distribution of pain rate in 
patients with SS disease. (Data from Platt OS, 
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cell disease. Rates and risk factors. N Engl J Med. 
1991;325:11-16.)

visit outpatient offi ces and emergency departments and 
be admitted for inpatient care. Despite the fact that there 
is variation in how or why individual patients decide to 
seek attention for a given episode of pain, epidemiologic 
evidence strongly indicates that patients with higher rates 
of medical attention for pain have lower levels of HbF, 
higher WBC counts, higher steady-state hemoglobin con-
centrations, and higher mortality.247,280 Some studies have 
suggested that infections, changes in climate,359,360 and 
psychological factors may precipitate pain episodes, 
although commonly no precipitating factors can be iden-
tifi ed. These patients typically have a rapid onset of deep, 
gnawing, throbbing pain, usually without any abnormal 
physical or laboratory fi ndings but sometimes accompa-
nied by local tenderness, erythema, warmth, and swell-
ing. The underlying pathology is bone marrow ischemia, 
sometimes leading to frank infarction with acute infl am-
matory infi ltrates.361-363 The most frequently involved 
areas are the lumbosacral spine, knee, shoulder, elbow, 
and femur. Less often, the sternum, ribs, clavicles, calca-
neus, iliac crest, mandible, and zygoma are involved.358 
Joint effusions during acute episodes are particularly 
common in the knees and elbows. Typically, aspiration 
yields straw-colored fl uid, usually with a “noninfl amma-
tory” profi le. Rarely, sterile purulent exudates are 
found.364 Given the range of marrow involvement and 
infl ammatory response, it is not surprising that the 
patients with the most infl ammation mimic the fi ndings 
of osteomyelitis and those without fi ndings are at risk of 
being considered malingerers.

Even in patients with measurable signs of infl amma-
tion, the diagnosis of infarction is favored over osteomy-

elitis. The results of one study suggest that acute long 
bone infarction is at least 50 times more common than 
osteomyelitis.365 In this study of 41 acute long bone 
infarcts, 38% affected the humerus, 23% affected the 
tibia, and 19% affected the femur. All patients experi-
enced local tenderness, with swelling in 85%, joint fi nd-
ings in 68%, and local heat in 65%. Fourteen percent 
appeared “toxic,” 21% had a temperature higher than 
39º C, and 43% had a temperature lower than 38º C. The 
total WBC count ranged between 7200 and 43,000 cells/
mm3, with a mean of 17,000. The mean sedimentation 
rate was 30.5 mm/hr, with a range of 3 to 66. Although 
various radionuclide scans have been suggested as a way 
of distinguishing between infarction and infection,366-370 
in many studies371-373 such investigations were inconclu-
sive. Magnetic resonance imaging (MRI) of patients with 
SS disease shows decreased intensity of short relaxation 
time/echo time pulse sequence imaging as a result of 
hyperplastic marrow that converts to high intensity on 
long relaxation time/echo time images in painful crises,363 
but no defi nitive series has compared infarction with 
infection. Therefore, despite the progress made in the 
development and use of imaging techniques, a defi nitive 
diagnosis of osteomyelitis in SCD still relies more on 
clinical assessment together with positive cultures from 
blood or bone obtained by aspiration or biopsy than on 
any single imaging modality.374

Except for a positive blood or tissue culture, no labo-
ratory test can differentiate acute infection from a painful 
crisis.362,375 Needle aspiration and culture of the highly 
suspicious area are critical in isolating the organism and 
should be done before initiating empirical antibiotic 
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therapy. The aspirated fl uid may be quite purulent, even 
in the patients with sterile infarcts. In most series, the 
most common organism causing osteomyelitis is Salmo-
nella,376 although Staphylococcus, Streptococcus pneumoniae, 
and gram-negative enteric bacilli are also common.377 
Initial empirical antibiotic therapy should be chosen to 
cover these possibilities. Treatment failures are seen when 
anything but the most aggressive antibiotic regimens are 
used.

As described earlier, episodes of acute bone pain and 
impressive signs of infl ammation may be diffi cult to dis-
tinguish at outset from osteomyelitis. More common and 
just as challenging are the evaluation and management 
of severely painful episodes in patients without signs of 
infl ammation. Some of these patients will show labora-
tory evidence of acute infl ammation such as elevated 
C-reactive protein,37 of fi brinolysis such as elevated 
d-dimers,379,380 or of red cell trapping such as loss of 
dense cells.381 These measurements are not helpful in the 
management of individual cases, nor should they be used 
in an attempt to “validate” an individual patient’s report 
of symptoms. In a research setting, these measurements, 
done on large numbers of patients with and without 
symptoms, provide clues to potential innovative thera-
peutic interventions. For example, the common fi nding 
of elevated acute phase reactants stimulated a trial of 
methylprednisolone for treating acute bone pain.382 This 
preliminary work showed that a short course of high-dose 
corticosteroid decreases the duration of severe pain but 
results in more “rebound” attacks after treatment is dis-
continued. Similarly, despite the fact that previous trials 
of aspirin therapy were not encouraging,383 there is sig-
nifi cant interest in the role of platelets,384,385 soluble pro-
coagulants,206 anticoagulants,386,387 and endothelial cells254 
in precipitation or propagation of vaso-occlusion to 
reopen this potential line of treatment.

In children younger than 5 years, the small bones of 
the hands and feet are frequently affected, and in contrast 
to most episodes of bone pain in older children, physical 
fi ndings are common. This painful dactylitis (“hand-foot 
syndrome”) is typically the fi rst clinical manifestation of 
SCD. A young child cries with pain; refuses to bear 
weight; and has puffy, tender, and warm feet or hands, 
or both. The child may appear acutely ill, be febrile, and 
have an impressive leukocytosis. At the onset of soft tissue 
swelling, bony changes are not generally apparent on 
radiographs. After 1 to 2 weeks, subperiosteal new bone, 
irregular areas of radiolucency, cortical thinning, or com-
plete destruction of bone can be seen. All the bone 
changes are usually reversible but may persist for as long 
as 8 months.388,389 A rare complication, permanent short-
ening of the digits after hand-foot crisis, has been 
reported.390 Dactylitis before 1 year of age is a strong 
predictor of overall severity (stroke, death, high pain rate, 
or recurrent ACS) by 10 years of age,249 although recent 
single-institution evidence suggests that dactylitis is not 
a strong predictor of subsequent pain or ACS.391 In addi-
tion to dactylitis, the risk for severe disease is further 

increased if the child has also experienced an episode in 
which the hemoglobin content dropped below 7 g/dL or 
the baseline WBC count is elevated (or both).249

Acute Chest Syndrome. ACS is an acute illness with 
lung injury characterized by any combination of chest 
pain, fever, or respiratory symptoms and accompanied 
by a new pulmonary infi ltrate on a chest radiograph. The 
diagnostic criteria most commonly include radiographic 
evidence of a new segmental pulmonary infi ltrate and one 
or more of the following: fever, tachypnea, cough, new-
onset hypoxia, increased work of breathing (intercostal 
retractions, nasal fl aring, accessory muscle use), or chest 
pain.392 The term “acute chest syndrome” was introduced 
by Charache and co-workers393; it refl ects the diffi culty 
of establishing a defi nitive etiology and emphasizes the 
fact that in individual patients, knowing the specifi c etiol-
ogy is less critical for management than being able to 
assess the magnitude and pace of the lung injury.

The critical pathophysiology is that only deoxygen-
ated HbS polymerizes and that reoxygenation eradicates 
the polymer. The lung is the critical organ that protects 
the arterial side of the circulation from the sludge of 
sickle polymers. When the lung is injured, underventi-
lated, or infl amed, protection is inadequate, and down-
stream tissues, including the injured lung itself, become 
increasingly susceptible to sickling and ischemia. In fact, 
when fl ow is eventually restored, reperfusion injury may 
occur, as suggested by the study by Kaul and Hebbel, 
who found that cycles of oxygenation/deoxygenation 
cause classic P-selectin–inhibitable movement of infl am-
matory cells to tissue in a sickle mouse model.254

Although some patients, particularly adults, are ini-
tially seen with a full-blown picture of chest pain, hypoxia, 
and abnormal x-ray fi ndings, frequently the diagnosis 
becomes clear only days into an event that starts as a 
fever without source, abdominal pain, or extremity pain. 
The diagnosis of ACS can be very diffi cult to make. 
Children younger than 4 years often have few signs at 
initial evaluation: 35% to 40% have a normal lung exami-
nation, 30% to 40% have no tachypnea, and 30% to 50% 
have no tachycardia.394 Radiographic evolution often lags 
behind clinical progression. In one series, only 36% of 
patients had abnormal radiographic fi ndings on evalua-
tion, although abnormal fi ndings eventually developed 
in all.395

Vichinsky and associates demonstrated that almost 
half of all patients in whom ACS develops were initially 
admitted for other reasons, frequently with vaso-occlu-
sive pain.392 Opioid analgesics and pain in the spine, ribs, 
and abdomen can lead to hypoventilation with decreased 
tidal volume, development of atelectasis, and ventilation-
perfusion (V/Q) mismatch. The subsequent hypoxemia 
results in further intrapulmonary sickling. Secretory 
phospholipase A2 (sPLA2) and serum C-reactive protein 
have been proposed as possible laboratory predictors of 
the development of ACS.396-398 Elevated sPLA2 as a 
trigger for simple transfusion appeared to reduce the risk 
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of ACS developing in comparison to standard therapy in 
one small uncontrolled trial.399

ACS is a leading cause of morbidity and mortality. 
It represents the second most common acute complica-
tion (pain episode is fi rst), with a rate of 12.8 cases per 
100 patient-years,248 and the most common condition at 
the time of death.247,392 The highest incidence is found in 
children 2 to 4 years of age (25.3 per 100 patient-years 
in sickle cell anemia) and lowest in adults (8.8 per 100 
patient-years in sickle cell anemia).248 Patients who have 
not experienced an episode of ACS have longer life 
expectancy than do those who have, and those with a 
higher level of HbF and lower steady-state leukocyte 
count have a lower attack rate for ACS.248 Hydroxyurea 
therapy lowers the attack rate in adults by about 50%.400 
Asthma appears to be a risk factor for ACS.401-406

Vichinsky and colleagues prospectively studied 671 
episodes of ACS.392,407 The most common causes were 
fat/bone marrow emboli and bacterial (Chlamydia, Myco-
plasma), viral, or mixed infection. In contrast to patients 
with infection, those with bone marrow emboli were 
more likely to have an associated episode of bone pain, 
chest pain, abnormal neurologic symptoms, and fall in 
platelet count.407

Bacterial pneumonia was rare overall, but more 
common in children than adults, in whom it was associ-
ated with bacteremia in 58% of cases of S. pneumoniae and 
18% of cases of Haemophilus infl uenzae.394 Regardless of 
etiology, ACS is always accompanied by some degree of 
localized sickling and lung ischemia; in 16% of cases no 
precipitating embolus or pathogen was identifi ed. Overall, 
the prognosis is poor. Thirteen percent of patients required 
mechanical ventilation, new abnormal neurologic fi nd-
ings developed in 11%, and 9% of patients who were 20 
years or older died. In general, the death rate from ACS is 
four times higher in adults than children.394

There was a considerable change in blood counts at 
initial evaluation in patients with ACS. Hemoglobin 
dropped an average of 0.7 g/dL, and WBC counts 
increased an average of 69%. The mean Po2 was 
71 mm Hg, with a fi fth of patients having a Po2 of less 
than 60 mm Hg. Because the hemoglobin-oxygen disso-
ciation curve varies among patients and because the 
shallow portion of the curve is between a Po2 of 50 and 
100 mm Hg, transcutaneous oxygen saturation measure-
ments are not suffi cient unless there are enough simul-
taneous direct measurements of arterial Po2 to detect 
trends.408 In one study, all children with SS disease and 
ACS had transcutaneous saturation measurements below 
96% or only 3 points below their steady-state values.409 
Given that it is not unusual for a transcutaneous mea-
surement to vary by as much as 3 points with slight dif-
ferences in positioning of the probe, it is unwise to place 
too much reliance on single measurement in isolation. 
Unfortunately, no clinical fi ndings are reliably predictive 
of the degree of hypoxia.394

Several important therapeutic principles emerged 
from the Vichinsky study.392,394 First of all, bronchodilator 

therapy was remarkably effective in 20% of the patients 
with wheezing or pulmonary function tests indicating 
obstruction at initial evaluation (61% of all the patients). 
This is consistent with the observation that measurable 
airway hyperactivity has been documented in as many 
as 73% of children with SS, even without a history of 
asthma.410 Second, red cell transfusion improved oxygen-
ation. Simple transfusion was used in 68% of patients 
and appears to be as effective as exchange transfusion—
although the study was not designed to test this hypoth-
esis. It may be that the effi cacy of simple transfusions 
relates to the fact that ACS is typically associated with a 
0.5- to 1.0-g/dL decrease in hemoglobin at initial evalu-
ation. Third, the prominence of Chlamydia and Myco-
plasma underscores the importance of including macrolide 
antibiotics in the initial broad empirical therapy.

Optimal management of patients with ACS requires 
vigilant monitoring and considered judgment. A few 
guidelines are presented here, but they should not sub-
stitute for consultation and collaboration with a clinician 
experienced in managing this complex problem. All 
patients with ACS must be managed in the hospital, in a 
setting where they can have frequent monitoring of vital 
signs and arterial blood gases. Oxygen therapy is critically 
important in hypoxic patients. Broad-spectrum antibiot-
ics, including a macrolide, should be used empirically 
after careful culturing while keeping in mind the preva-
lence of Chlamydia, Mycoplasma, S. pneumoniae, and H. 
infl uenzae. A trial of bronchodilator therapy should be 
instituted, especially in patients with a history of obstruc-
tive lung disease or those who exhibit wheezing on exami-
nation. A Po2 of less than 75 mm (or a 25% decrease 
from baseline if the patient is chronically hypoxic) carries 
a poor prognosis.386 Simple transfusion should be con-
sidered early for those with persistent or worsening 
hypoxia (Po2 <75 mm Hg or a 25% decrease from base-
line). Exchange transfusion is indicated if the hematocrit 
is high, the hypoxia is worsening, or the patient is dete-
riorating rapidly despite simple transfusion. Because the 
splinting and atelectasis associated with chest pain may 
exacerbate or even cause ACS, analgesic therapy should 
not be withheld from patients with chest pain but should 
titrated with extreme caution to analgesic effect. These 
patients may hover on the brink of hypoventilation from 
either too little or too much analgesia. Compulsive con-
tinuous monitoring of oxygen saturation and the respira-
tory rate monitoring and pain evaluation are critical. 
Fluid overload with pulmonary edema, congestive failure, 
or both is easy to achieve in the setting of ACS. Once 
normal hydration is attained, maintenance fl uids should 
be given. Progression to respiratory failure is not uncom-
mon if treatment is not early and aggressive, and mechan-
ical ventilation is sometimes required. Both high-frequency 
ventilation411 and extracorporeal membrane oxygen-
ation412,413 have been used successfully in severe cases of 
respiratory failure in ACS. In ventilated patients, bron-
choscopy may have both diagnostic and therapeutic 
benefi t by detection of plastic bronchitis and removal of 
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branching bronchial casts that can exacerbate the hypox-
emia and V/Q mismatch.414,415 Alternatively, nebulized 
recombinant human DNase has shown some effi cacy in 
plastic bronchitis.416 Preliminary evidence suggests that 
inhaled NO, a selective pulmonary vasodilator, may be 
of benefi t in severe cases.417,418 However, there have been 
no controlled studies confi rming a role of NO therapy in 
the treatment of ACS.

Although most patients with ACS recover unevent-
fully, the course is unpredictable, and rapid, unexpected 
deterioration is common. Most series of ACS include a 
section on autopsy fi ndings. Pulmonary postmortem 
fi ndings typically include areas of alveolar wall necrosis 
and focal parenchymal scars.419 In one autopsy, multiple 
large infarcts but no accompanying occluded vessels were 
found, thus suggesting that severe vasospasm may play a 
role in some cases.420

Acute Abdominal Pain. Severe acute abdominal pain 
is a common event that often poses a diffi cult differential 
diagnosis. The cause of this syndrome is unknown, 
although mesenteric sickling and vertebral disease with 
nerve root compression have been suggested. This type 
of crisis can be accompanied by guarding, tenderness, 
rebound, fever, and leukocytosis that are indistinguish-
able from an acute surgical abdomen. Frequently, the 
patient is the best judge and is aware of whether the pain 
is characteristic of a “crisis.”

These patients should receive the general supportive 
measures described later in this chapter, with the omis-
sion of high-dose analgesics. Patients should be given 
nothing by mouth and be monitored closely by both 
medical and surgical personnel. Abdominal fi lms, includ-
ing upright views, may be helpful in identifying a perfo-
rated viscus. Usually, a patient with vaso-occlusive pain 
will remain stable or improve slightly with hydration and 
mild sedation. In extreme cases in which the clinical situ-
ation is deteriorating, emergency surgical exploration 
may be necessary. Simple or exchange transfusion should 
be done if possible before surgery.

Acute right upper quadrant pain may be a result of 
acute cholecystitis or intrahepatic sickling.421,422 Abdomi-
nal ultrasonography will indentify cholelithiasis and 
choledocholithiasis in the hands of a skilled operator. 
The presence of gallstones and a clinical syndrome 
characteristic of cholecystitis does not necessarily mean 
that the symptoms are due to the stones. Many patients 
and their physicians have been disappointed when their 
“cholecystitis” returned after cholecystectomy. In a ret-
rospective study of acute abdomen in 28 patients with 
SS disease,423 the presence of gallstones on ultrasound 
evaluation did not predict which patients could be 
managed without surgery. Sickle patients with acute cho-
lecystitis should undergo surgery only after the gallblad-
der has had a chance to “cool down” because postoperative 
management can be fraught with complications.424 (For 
further discussion, see the section on the hepatobiliary 
system.)

Intrahepatic sickling can result in acute right upper 
quadrant pain from acute sickle hepatic crisis, hepatic 
sequestration, or sickle cell intrahepatic cholestasis (or 
any combination of these conditions). Acute hepatic 
crisis occurs in approximately 10% of patients with sickle 
cell anemia422 and is commonly manifested as acute right 
upper quadrant pain, tender hepatomegaly, nausea, low-
grade fever, and jaundice. Transaminases are rarely 
greater than 300 IU/L, and serum bilirubin levels are 
usually less than 15 mg/dL.422,425 The crisis generally 
resolves within 2 weeks with intravenous hydration and 
analgesia. Hepatic sequestration is also manifested as 
sudden tender hepatomegaly; however, in contrast, it is 
accompanied by acute anemia but without cholestasis or 
transaminitis.426,427 Treatment is to replace circulating 
volume by crystalloid or simple transfusion. Transfusion 
must be undertaken judiciously because the liver may 
“release” the endogenous sickle erythrocytes, which can 
lead to an elevated hematocrit and subsequent problems 
secondary to hyperviscosity. Exchange transfusion should 
be considered. Sickle cell intrahepatic cholestasis is a 
severe syndrome consisting of right upper quadrant pain, 
nausea/vomiting, fever, tender hepatomegaly, leukocyto-
sis, and extreme direct hyperbilirubinemia. The spectrum 
of this entity includes acute liver failure with bleeding 
diatheses, encephalopathy, renal failure, and progression 
to multiorgan failure, and it is associated with high mor-
tality.425,428,429 These hepatic complications are not to be 
confused with “benign hyperbilirubinema” described by 
Buchanan and Glader,421 which is characterized by 
marked conjugated hyperbilirubinemia, only mild trans-
aminitis, and no liver synthetic dysfunction. This entity 
resolves spontaneously within 2 to 8 weeks and may 
represent a very mild variant of intrahepatic cholestasis.

Acute Central Nervous System Event. Acute infarction 
of the brain can result in a devastating stroke, which 
occurs in approximately 7% of children with SCD.430,431 
The incidence is estimated to be 0.7% per year during 
the fi rst 20 years of life, with the highest rates in children 
5 to 10 years of age.432 This disaster may occur as an 
isolated event but also appears in the setting of evolving 
ACS, aplastic crisis, viral illness, painful crisis, priapism, 
or dehydration.430,431 The most common underlying lesion 
is an intracranial arterial stenosis or obstruction, usually 
in the internal carotid and often in the proximal middle 
cerebral or anterior cerebral arteries.433-435 Pathologically, 
these vessels, whose endothelium has presumably been 
chronically injured by sickle erythrocytes, show heaped-
up intima with proliferation of fi broblasts and smooth 
muscle.436 The lumen may be narrowed or completely 
obliterated by the vascular lesion, thus suggesting that 
acute sickling may simply be the “last straw” causing 
acute infarction in the setting of a chronic vasculopathy. 
Hemiparesis, focal seizures, gait dysfunction, and speech 
defects are the most common signs.

A careful discussion of the evaluation of a child with 
new neurologic symptoms is provided by Adams.437 As 
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soon as cerebral ischemia is suspected and the patient 
is stabilized, the best initial diagnostic test is a non–
contrast-enhanced computed tomography (CT) scan. 
Although CT may not be positive for infarction within 
the fi rst 6 hours of ischemia, it can rule out hemorrhage 
or nonischemic causes. Diffusion-weighted MRI and 
fl uid-attenuated inversion recovery (FLAIR) sequences 
are highly sensitive and provide better detail of the areas 
of ischemia within minutes of ischemia.438-440 The typical 
fi ndings are infarcts associated with obstruction of major 
vessels or distal obstruction of smaller vessels leading to 
infarction in the “border zone” area between the anterior 
cerebral and middle cerebral vessels.441,442 Assessment of 
the intracranial and cervical artery vasculature by three-
dimensional time-of-fl ight (TOF) magnetic resonance 
angiography (MRA) is becoming increasingly useful in 
the early evaluation of a patient with new symptoms443 
and is nearly as accurate as conventional cerebral 
angiography.444

The standard approach to treating a patient with 
acute infarction is immediate exchange transfusion (see 
the section on transfusion for details). If exchange trans-
fusion is delayed, temporization by hydration with crys-
talloid and simple transfusion may be benefi cial. There 
are no data on the use of recombinant tissue plasminogen 
activator (tPA) in sickle-associated cerebral ischemia. 
Patients treated by exchange transfusion usually show 
marked improvement in motor function, although the 
prognosis is considerably worse for those with multiple 
infarcts. After the initial exchange, a chronic maintenance 
transfusion program should be carried out (see “Transfu-
sion”). In untreated patients, the mortality rate is approx-
imately 20%, with about 70% of patients experiencing a 
recurrence within 3 years. In these untreated patients, 
more than 70% were left with permanent motor disabili-
ties and a defi cit in IQ.430 A regular chronic maintenance 
transfusion program designed to keep HbS less than 30% 
reduces the incidence of stroke to 10% to 15%, which is 
a 90% reduction in stroke rate in comparison to no inter-
vention.434,445-448 Patients whose initial stroke was tempo-
rally unrelated to another medical event (e.g., ACS) are 
at higher risk for recurrent stroke while receiving regular 
transfusions.449 Repeat arteriograms in patients main-
tained on transfusion generally, but not invariably show 
stabilization and smoothing of intimal lesions, whereas 
untransfused patients demonstrate progression of 
disease.445 The appropriate duration of chronic erythro-
cyte transfusions for secondary stroke prophylaxis has 
not been fi rmly established. Two prospective studies doc-
umented a very high risk for recurrent stroke (60% to 
70%) after discontinuation of either a short-term (1 to 2 
years) or long-term (5 to 12 years) transfusion 
regimen.434,450 Therefore, it is recommended that the 
maintenance transfusion program be continued indefi -
nitely to prevent secondary stroke. In one informative 
series, liberalization of the transfusion regimen allowed 
the pretransfusion percentage of HbS to rise to 50% and 
effectively prevented recurrent infarction over 84 months 

of follow-up.451 Unfortunately, liberalization did not 
prevent hemorrhage—two patients died, one of intraven-
tricular and one of subarachnoid bleeding. Though clearly 
benefi cial, indefi nite maintenance transfusion carries the 
risks of allosensitization,452 autoantibody formation,453 
transfusion-borne infections, and the certain problem of 
iron overload. Bone marrow transplantation in patients 
with strokes can be curative,454 although parenchymal 
brain disease may progress.455 Hydroxyurea treatment to 
increase HbF and as an alternative to chronic transfu-
sion456 effectively prevented secondary stroke in a single 
institution,457 and a prospective randomized trial is under 
way.458

Application of newer techniques for noninvasive 
assessment of the brain and its vasculature has focused 
attention on two new areas—identifying children at high 
risk for stroke and identifying children with “asymptom-
atic” brain disease. Adams and associates demonstrated 
that children with abnormally increased blood fl ow in 
their intracerebral arteries as measured by transcranial 
Doppler (TCD) had a relative risk of stroke of 44 (95% 
confi dence interval, 5.5 to 346).459 A systematic study of 
MRI fi ndings in asymptomatic children with SCD 
revealed that unanticipated infarcts are highly predictive 
of subsequent clinical stroke.460 However, in older chil-
dren (mean age of 11 years) without evidence of previous 
central nervous system (CNS) disease, abnormal TCD 
and MRI fi ndings are often discordant, thus indicating 
that these tests may be measuring different aspects of 
CNS pathology in these subjects.461 MRI has revealed 
that as many as 17% of children older than 6 years have 
evidence of silent infarcts,462 and in one study of 36 
asymptomatic children 7 to 48 months of age, the inci-
dence was 11%.463 These silent infarcts are associated 
with impaired performance on psychometric tests that 
measure fi ne motor skills and cognitive ability.464,465 Older 
children (>6 years) with silent infarcts were more likely 
to have a history of seizures, low hemoglobin level, and 
high WBC count (>11.8 × 109/L).462 In a study of 392 
children monitored prospectively up to 10 years, an ele-
vated WBC count, dactylitis, and low hemoglobin content 
(<7 g/dL) before the age of 2 years were associated with 
adverse outcomes, including strokes.249 In other studies, 
low hematocrit,466 ACS,467 and hypertension468 have been 
associated with silent infarcts, clinical strokes, or both. In 
the multicenter prospective Stroke Prevention Trial in 
Sickle Cell Anemia (STOP) of 130 asymptomatic chil-
dren with abnormal Doppler fl ow measurements 
(>200 cm/sec), subjects were randomized to transfusions 
or standard care. The study was terminated early when 
it was shown that only 1 of 63 transfused children versus 
11 of 67 had strokes, a 92% decrease in the relative stroke 
rate in the treated group.469 The NHLBI issued a Clinical 
Alert suggesting that children between the ages of 2 and 
16 years be screened with Doppler and that transfusion 
therapy be considered for those with abnormal Doppler 
studies. A second randomized, controlled clinical trial 
(STOP 2) tested whether chronic transfusions for primary 
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stroke prevention based on abnormal TCD fi ndings 
could be safely discontinued after at least 30 months in 
children who had not had an overt stroke and who exhib-
ited reversion to low-risk TCD fl ow measurements 
(<170 cm/sec) with chronic transfusion therapy. After 79 
of a planned 100 children were randomized, the trial was 
also terminated early because 16 of 41 subjects random-
ized to stop transfusion achieved an end point (14 rever-
sions to high-risk TCD fi ndings without stroke and 2 
ischemic strokes) versus 0 of 38 in those maintained on 
chronic transfusion treatment.470 The NHLBI issued 
another Clinical Alert recommending continuation of 
transfusion and acknowledging the need for alternative 
therapy to transfusion for primary stroke prophylaxis. 
These observations suggest that TCD or MRI (or both) 
should be used to screen older children with poor school 
performance or evidence of other risks factors. Clinical 
trials under consideration or under way include transfu-
sions,471,472 hydroxyurea,456,473 and bone marrow trans-
plantation474 in younger children with MRI evidence of 
silent infarcts or abnormal intracranial Doppler fl ow 
measurements.

Not all acute focal neurologic events in patients with 
sickle cell anemia are infarcts. Intracranial hemorrhage is 
the other major category of sickle-related CNS events, 
although the incidence may be higher in adults than in 
children.467 These events are manifested as a sudden 
severe headache, sometimes with neck pain, vertigo, 
syncope, nystagmus, ptosis, meningismus, or photopho-
bia. Many of these episodes are subarachnoid hemor-
rhages from small bleeding aneurysms that probably arise 
as a result of intimal damage during childhood. Multiple 
aneurysms with extensive collaterals (similar to moya-
moya disease) have been found incidentally during angio-
graphic evaluation of children with stroke.436 Many risk 
factors for hemorrhagic stroke have been proposed, but 
few have been rigorously evaluated exclusively in chil-
dren. Risk factors include increasing age, low steady-state 
hemoglobin concentration, high steady-state leukocyte 
count,467 previous ischemic stroke,475 moyamoya,476 cere-
bral aneurysms,477 ACS,150 acute hypertension, transfu-
sion,478 and recent corticosteroid use.479 Although 
mortality in some series approaches 50%,430 some 
describe more successful aggressive neurosurgical 
approaches to these bleeding lesions480-482 and suggest 
that angiography should be performed to identify patients 
with surgically amenable lesions.

Priapism. Priapism occurs in males of all ages. In a 
Jamaican study of 104 males aged 10 to 62 years, 42% 
reported at least one episode of priapism, with a median 
age at onset of 21 years.483 A long-term follow-up of 
patients in Los Angeles determined that priapism devel-
ops in about 7% of SS and approximately 2% of SC 
males, with a median age at onset of about 22 years.24 A 
questionnaire survey administered to 98 patients younger 
than 20 years in Dallas found the mean age at the initial 
episode to be 12 years, with an average number of epi-

sodes per patient of 15.7 and an 89% actuarial probabil-
ity of experiencing priapism by 20 years of age.484 
Prolonged sexual arousal, fever, cold exposure, nocturnal 
tumescence (rapid eye movement [REM] sleep), full 
bladder, dehydration, alcohol, cocaine, and testosterone 
therapy have all been implicated as triggers.485-487 Several 
genetic polymorphisms324,489 (see “Genetic Modifi ers”) 
and particularly high hemolytic rates317,482 have also been 
associated with a risk for priapism. Because early inter-
vention and treatment may prevent irreversible penile 
fi brosis and impotence, to prevent embarrassment, 
patients and parents should be educated in advance of 
its occurrence to treat prolonged priapism as a urologic 
emergency.

Four clinical entities are described: stuttering pria-
pism, with short (less than 2 to 3 hours), often multiple 
episodes; acute prolonged priapism (more than 24 hours), 
which can persist for weeks; chronic priapism, a painless 
induration that may last for years; and acute-on-chronic 
priapism, with acute painful episodes complicating 
chronic induration. Sexual dysfunction was reported by 
46% of patients with a history of priapism.483 In general, 
young patients with brief episodes restricted to the 
corpora cavernosa (“bicorporal priapism”) are less likely 
to become dysfunctional,490,491 whereas adults with 
involvement of the corpora cavernosa and corpus spon-
giosum (“tricorporal priapism”) tend to have prolonged 
episodes and a better than 50% chance of becoming 
impotent.492 Urinary retention requiring catheterization 
may complicate such acute episodes. Patients with tri-
corporal involvement are also particularly susceptible 
to acute severe neurologic complications and overall 
increased morbidity—even those treated by exchange 
transfusion.493,494 They should be monitored closely for 
early neurologic symptoms, especially headache.

Diagnostic studies such as technetium scans, MRI, 
Doppler fl ow studies, measurements of corporal pres-
sure, hemoglobin electrophoresis, and blood gases are 
currently being used in a variety of settings to help defi ne 
the anatomy and potential prognostic features of pria-
pism. As yet, they have not had an impact on clinical 
decision making in individual patients.495-497

A consensus on treatment of priapism has not been 
reached; no controlled clinical trials have been conducted 
to guide therapy.498 Short episodes of acute priapism 
usually occur on awakening and can be managed at 
home. Patients should be instructed to urinate frequently, 
perform some vigorous exercise, increase fl uid intake, 
soak in a warm tub, and take analgesics. If the episode 
does not resolve within a few hours, the patient should 
appear for medical treatment with intravenous fl uid and 
analgesics. If the episode persists beyond 4 hours, intra-
cavernosal aspiration and instillation of an α-agonist 
should be performed and repeated.499,500 Although the 
role of RBC transfusion is somewhat controversial,501 
priapism may respond to simple red cell transfusion.490 
Exchange transfusion may produce results in 6 to 8 
hours,502,502 but most do not show signs of detumescence 
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for 24 to 48 hours and some do not respond at all.504 Use 
of intracorporal and oral α-adrenergic agents has been 
tried successfully in a small experimental group in Paris 
in both the acute and chronic setting,500 and in one group 
of patients with stuttering priapism in Jamaica, stilbestrol 
was helpful in preventing recurrences.505 Numerous ther-
apeutic options have been attempted, including diethyl-
stilbestrol, gonadotropin-releasing hormone analogues, 
various adrenergic agonists, and hydroxyurea.498,506

Surgical shunting procedures should be considered 
for patients who have not shown any signs of detumes-
cence 12 to 24 hours after corporal irrigation, transfu-
sion, or both, particularly if they are postpubertal. 
Historically, these procedures have carried a high com-
plication rate with subsequent penile deformities and 
impotence. In fairness, it is diffi cult to determine how 
much of any observed adverse effects are related to the 
procedure and how much to the priapism itself. The most 
conservative shunt is Winter’s procedure or one of its 
modifi cations, whereby a needle or scalpel is inserted 
through the glans into one of the corpora and the viscous 
blood is aspirated. This temporarily allows drainage of 
cavernous blood into the systemic circulation and has 
been used successfully in SS disease patients.507 Intermit-
tent compression with a blood pressure cuff is critical to 
limit refi lling. Anecdotal evidence suggests that penile 
implants to correct impotence may be more easily inserted 
soon after an impotence-causing episode.508,509

Splenic Sequestration

One of the leading causes of death in children with sickle 
cell anemia is an acute splenic sequestration crisis.510 
Children with SS disease who have not yet undergone 
autosplenectomy, as well as older patients with SC disease 
or S–β-thalassemia,511 may have sudden, rapid, massive 
enlargement of the spleen with trapping of a considerable 
portion of the red cell mass. Patients suddenly become 
weak and dyspneic, with a rapidly distending abdomen, 
left-sided abdominal pain, vomiting, and shock. The 
tempo of this crisis may be so fast that the patient dies 
before reaching the hospital. On physical examination, 
there may be profound hypotension with cardiac decom-
pensation and massive splenomegaly. The hemoglobin 
concentration is at least 2 g/dL lower than baseline and 
is accompanied by a brisk reticulocytosis with increased 
nucleated red cells and moderate to severe thrombocy-
topenia.510 This complication has been described as early 
as 8 weeks of age.512

Emond and colleagues described the natural history 
of acute sequestration crisis in a cohort of 308 children 
with SS disease in Jamaica.513 Eighty-nine patients expe-
rienced 113 attacks, with 67 children having their fi rst 
attack before the age of 2 years. There were 13 fatalities, 
10 of which occurred before the age of 2. The most fre-
quently associated clinical problem was upper respiratory 
tract infection and ACS. Sixteen percent of the patients 
had positive blood cultures. Recurrences are frequent 
and develop in 49% of survivors of the fi rst attack. A 

parental education program directed toward teaching 
parents the technique of spleen palpation and the urgency 
of seeking medical attention for an enlarged spleen and 
pallor led to an increase in the incidence of cases (from 
4.6 to 11.3 per 100 patient-years of observation) and a 
decrease in the fatality rate (from 29.4 to 3.1 per 100 
events).

Therapy consists of emergency restoration of intra-
vascular volume and oxygen-carrying capacity by the 
immediate transfusion of packed red cells. Once normal 
cardiovascular status is restored, patients improve rapidly. 
The spleen usually shrinks within a few days, and the 
thrombocytopenia resolves. Care must be taken to not 
transfuse to baseline hemoglobin levels because with 
improvement, the spleen releases the endogenous eryth-
rocytes and a relative erythrocytosis with hyperviscosity 
may result. Recurrence of sequestration is common, 
usually within 4 months of the initial episode. To elimi-
nate recurrence, some have recommended elective sple-
nectomy after the fi rst signifi cant episode514; others, 
concerned with postsplenectomy sepsis, have suggested 
splenectomy after two episodes of sequestration.510 Emer-
gency splenectomy during acute sequestration is not 
indicated.

Kinney and co-workers’ review of splenic sequestra-
tion from Duke University strengthens the position of 
those who favor elective splenectomy for children who 
have had one episode of acute sequestration.515 In this 
series of 23 patients, 4 underwent early splenectomy, 7 
were observed carefully, and 12 were placed on a main-
tenance transfusion program. Of those treated by trans-
fusion, two were well and still receiving transfusions, 
three had recurrences while still receiving transfusions, 
four experienced recurrence within 3 months of the last 
transfusion, and only three remained well at 11 months 
(3.9 years after the last transfusion). Fourteen percent of 
children became alloimmunized, and non-A, non-B hep-
atitis developed in 1. Eventually, 14 of the 23 patients 
underwent splenectomy. All were immunized against 
pneumococcus and were prescribed penicillin for pro-
phylaxis. None had experienced a life-threatening infec-
tion 65.6 patient-years later. Serjeant’s group has 
demonstrated in a 22.5-year follow-up study that post-
spenectomy children in Jamaica are not at greater risk 
for infection than a matched control group of SS 
patients.516

Rao and Gooden described a subacute form of 
sequestration in 11 patients characterized by increased 
spleen size, a 25% drop in hematocrit, less than 100,000 
platelets, and elevation in the reticulocyte count above the 
patient’s baseline. All responded to chronic transfusion 
programs, but seven patients had recurrent episodes after 
transfusions were stopped and eventually required 
splenectomy.517

Sequestration can also take place in the liver. Tender 
hepatomegaly, increased anemia, reticulocytosis, and 
hyperbilirubinemia are the usual clinical features,421,426,427 
but because the liver is not as distensible as the spleen, 
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there is rarely pooling of red cells signifi cant enough to 
cause cardiovascular collapse.

Aplastic Crisis

The clinical characteristics of the aplastic crisis of SCD 
have been well characterized.518-520 In the normal steady 
state, a patient with sickle cell anemia can compensate 
for the decreased red cell survival (15 to 50 days) by 
increasing bone marrow output sixfold to eightfold. Tem-
porary cessation of bone marrow activity because of sup-
pression by intercurrent viral or bacterial infection causes 
the hematocrit value to fall as much as 10% to 15% per 
day with no compensatory reticulocytosis. The short-
lived HbF-poor cells are the fi rst to disappear from the 
circulation, whereas the high-HbF–containing cells linger. 
This natural selection of HbF-containing cells accounts 
for the apparent increase in the percentage of HbF during 
aplastic episodes.

Patients usually exhibit pallor and fatigue but no 
jaundice and have laboratory evidence of severe anemia 
below baseline with associated reticulocytopenia. Spon-
taneous recovery is generally heralded by a markedly 
elevated nucleated RBC count, followed in 1 or 2 days 
by a brisk reticulocytosis. Spontaneous recovery usually 
occurs within 7 to 10 days and may require no therapy, 
but some patients are extremely ill when initially seen, 
and many require short-term hospitalization and eryth-
rocyte transfusions. This recovery phase, with the char-
acteristic anemia, nucleated red cells, reticulocytosis, and 
occasional hyperbilirubinemia, is probably responsible 
for most cases referred to as “hyperhemolytic crisis.”

In 1981, two groups linked transient aplastic crisis 
to parvovirus.521,522 The Jamaican group subsequently 
documented the epidemiology and follow-up of parvovi-
rus in a cohort of infants identifi ed at birth—308 with 
sickle cell anemia and 239 controls.523,524 They made a 
number of important observations: (1) the frequency of 
infection (about 40%) did not differ between sickle and 
control groups, (2) 20% of infections in the sickle group 
did not result in signifi cant aplasia, (3) 100% of aplastic 
episodes were associated with parvovirus, (4) no patient 
had recurrent aplasia, and (5) 45% of infected patients 
maintained elevated parvovirus-specifi c IgG after 5 years. 
In a more recent series of aplastic episodes, approxi-
mately 70% were associated with positive diagnostic tests 
for parvovirus.525 The secondary attack rate of siblings 
with SCD is 50% to 60%, so siblings with SCD should 
be monitored for evolving aplastic crisis when acute par-
vovirus B19 infection is diagnosed in another sibling. 
Parvovirus B19 has also been implicated as the etiologic 
agent in erythema infectiosum (fi fth disease),526,527 
although frequently the classic rash of fi fth disease is 
absent.527,528 Parvovirus B19 infection has been related to 
several other sickle cell complication as well, including 
acute splenic sequestration,529 hepatic sequestration,530,531 
ACS,392 glomerulonephritis,532,533 and stroke.534 Many 
sickle patients will be seropositive for parvovirus B19 
without a history of an aplastic event, thus suggesting 

that many infections are subclinical.535 Since then, the 
relationship between parvovirus and erythropoiesis has 
been studied in detail. The virus specifi cally retards late 
erythroid precursor differentiation536 and is responsible 
for temporary erythroid aplasia in a broad array of hemo-
lytic anemias.528

Infections

Infection is the most common cause of death in children 
with sickle cell anemia.537-539 In one study, the risk of 
acquiring sepsis or meningitis was greater than 15% in 
children younger than 5 years, with an associated mortal-
ity of approximately 30%.540 In young children, the risk 
for pneumococcal sepsis appears to be 400 times greater 
than that of normal children, and H. infl uenzae sepsis 
appears to be two to four times as common.541 These two 
reports date from the period before the licensing of con-
jugated vaccines for S. pneumoniae and H. infl uenzae. In 
general, the organisms responsible for infection are pri-
marily encapsulated bacteria and are not unusual patho-
gens (Table 19-3), but the infections that they cause in 
such patients are more frequent and severe.

The major risk factor for this increased vulnerability 
to infection is splenic dysfunction. The spleen normally 
serves two separate immunologic functions: (1) clearance 
of particles from the intravascular space and (2) antibody 
synthesis. Both functions are impaired in sickle cell 
anemia.

During the fi rst year of life, “functional asplenia,” the 
inability to clear particulate matter from the blood, devel-
ops in patients with sickle cell anemia.542 This is heralded 
by the appearance of red cells with Howell-Jolly bodies 
and irregular surface characteristics (pits). When the per-
centage of “pitted” red cells exceeds 3.5%, the spleen is 
generally considered nonfunctional.543 Splenic dysfunc-
tion occurs early in life, with 50% of 2068 children with 
SS disease having greater than 3.5% “pitted” red cells by 
2 years of age. Dysfunction occurred less rapidly and less 
commonly in children with HbSC and S–β-thalassemia. 
Despite palpable splenomegaly, children with elevated 
numbers of pitted RBCs have no splenic uptake of tech-
netium 99m (99mTc) sulfur colloid and are susceptible to 
the most serious infectious complication of asplenia and 
pneumococcal sepsis.544 Repeated infarction results in a 
nonpalpable, fi brotic, often calcifi ed spleen that may be 
visualized on a99mTc-diphosphonate bone scan.545 Splenic 
infarction in young children with SS disease appears to 
be an insidious process—usually without much in the 
way of symptoms. In older children and adults, however, 
especially those with HbSC and S–β-thalassemia, severe 
left upper quadrant pain often accompanies the infarc-
tion. Transfusion,546 hydroxyurea,547,548 and bone marrow 
transplantation549 can correct the splenic phagocytic 
defect, although these treatments are not indicated for 
splenic dysfunction per se.

Children with functional asplenia fail to respond to 
intravenously administered antigen,550 even when phago-
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TABLE 19-3  Bacteremia and Associated Acute Events in a Cohort of 694 Children with Sickle Cell Anemia (SS) 
and Hemoglobin SC Disease Monitored Prospectively from Infancy

Organism Patient
Total No. 
Cases

Isolated 
Bacteremia

Acute Chest 
Syndrome Meningitis Bone/Joint

Streptococcus pneumoniae SS 62 39 (5 dead) 14 (1 dead) 8 (2 dead) 1
SC 12 9 3 0 0

Haemophilus infl uenzae SS 10 6 (2 dead) 3 1 0
SC 4 2 2 1 0

Staphylococcus aureus SS 5 2 2 0 1
SC 1 1 0 0 0

Viridans streptococci SS 5 4 1 0 0
SC 1 1 0 0 0

Escherichia coli SS 5 3 1 0 1
SC 2 0 1 0 1

Salmonella species SS 3 2 0 0 1
SC 2 1 0 0 1

Other SS 2 1 1 0 0
SC 0 0 0 0 0

Data from Gill FM, Sleeper LA, Weiner SJ, et al. Clinical events in the fi rst decade in a cohort of infants with sickle cell disease. Blood. 1995;86:776.

cytic function of the spleen has been restored by transfu-
sion. As in other asplenic individuals, however, these 
children do respond normally to intramuscularly admin-
istered polysaccharide and conjugated pneumococcal 
vaccine.551-553

Levels of serum immunoglobulins are normal or 
increased in children with sickle cell anemia.552,554,555 
However, the serum is defi cient in heat-labile opsonizing 
activity556 because of an abnormality in the properdin 
pathway557,558 that is specifi c for the phagocytosis of 
pneumococci. There is increased activation of comple-
ment via the alternative pathway559 and no intrinsic defect 
in the complement system.560 Opsonic activity can be 
reconstituted in vitro by addition of only the F(ab′)2 frag-
ments of capsular antibodies to S. pneumoniae.561 This 
abnormal opsonic activity and associated functional 
asplenia may partially explain the propensity for pneu-
mococcal infections.

Boggs and co-workers562 have demonstrated that the 
chronic leukocytosis of SCD is a refl ection of a shift of 
granulocytes from the marginating to the circulating 
pool with a high granulocyte turnover rate. Neutrophil 
chemotaxis is normal to slightly reduced, and no specifi c 
abnormality in neutrophil oxidative metabolism has been 
found in patients with SS disease.563-565 There is evidence 
to suggest that the phagocytic function of neutrophils 
toward Candida albicans may be reduced in some indi-
viduals with sickle cell anemia and is correlated with the 
severity of SCD.566 Epidemiologic studies have also 
shown a positive correlation between chronic leuko -
cytosis and early mortality247 and frequent chest 
syndromes.248

Recurrent pneumoccocal infections have been 
described in sickle cell patients.567 In one series, patients 
with serious invasive bacterial infections were 4.8 and 
15.8 times more likely to have a second or third infection, 

thus suggesting that a subgroup of SS patients have an 
increased susceptibility to infection.568

Treatment. Because of the increased incidence of 
serious bacterial infections in patients with sickle cell 
anemia, the index of suspicion for infection should 
always be high. In general, the higher the temperature569 
and leukocyte count,570 the higher the probability 
of a serious bacterial infection. Unfortunately, however, 
the wide variability in the temperature and laboratory 
values of bacteremic children does not permit accurate 
prediction of whether an individual febrile child is bac-
teremic. The following are guidelines for empirical evalu-
ation and treatment of a febrile child younger than 12 
years:

• Perform a complete blood cell count, urinalysis, 
chest radiography, and cultures of blood, urine, and 
throat.

• “Toxic” children, or those with temperatures higher 
than 39.9º C, should be treated with parenteral antibi-
otics promptly, before radiographs are taken or the 
results of laboratory tests are available. These children 
should be admitted to the hospital.

• Lumbar puncture should be performed on “toxic” chil-
dren and those with any signs of meningitis.

• Nontoxic children with temperatures below 40º C, but 
with infi ltrates on the chest radiograph, a WBC count 
higher than 30,000/mm3 or lower than 500/mm3, a 
platelet count less than 100,000/mm3, hemoglobin 
below 5 g/dL, or a history of sepsis should be treated 
parenterally and admitted to the hospital.

• Nontoxic children with temperatures below 40º C, a 
normal chest radiograph, normal leukocyte count, and 
reliable parents can be treated with a long-acting anti-
biotic (e.g., ceftriaxone, 50 to 75 mg/kg, parenterally), 
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observed over a period of hours, and be discharged 
home for follow-up evaluation the next day and a pos-
sible repeat empirical antibiotic dose.571

• Empirical antibiotic selection should be based on the 
ability to kill both pneumococcus and H. infl uenzae and 
to penetrate the CNS. In areas where β-lactamase–pro-
ducing H. infl uenzae or penicillin- and cephalosporin-
resistant pneumococci are regularly encountered, these 
issues should be factored into the choice of drug.

• If children do well and culture results remain negative 
after 24 to 48 hours, antibiotics can be discontinued.

• Documented sepsis should be treated parenterally for 
a minimum of 1 week.

• Bacterial meningitis should be treated for a minimum 
of 10 days parenterally or for at least 1 week after the 
cerebrospinal fl uid has been sterilized.

• Patients with infi ltrates on the chest radiograph should 
have cultures of sputum, blood, and stool and be treated 
as described for ACS. Because of the high incidence of 
pneumococcal, chlamydial, and mycoplasmal pneumo-
nia, patients should be treated with an appropriate 
antipneumococcal agent and macrolide antibiotic. M. 
pneumoniae infection may be manifested as a lobar infi l-
trate,572 and the presence of a positive cold agglutinin, 
albeit nonspecifi c, should be an indication for a mac-
rolide. A stool culture positive for Salmonella may be 
the only evidence of Salmonella pneumonia. In most 
cases, no bacterial confi rmation will be available, and 
the patient should receive at least a 1-week course of 
antibiotics to cover pneumococci, H. infl uenzae, and 
atypical organisms (e.g., M. pneumoniae).

Despite advances in laboratory and imaging tech-
niques, the diagnosis of osteomyelitis in SCD is often 
very diffi cult to distinguish from aseptic bone infarct and 
still relies heavily on clinical assessment.374 Patients with 
clinical fi ndings that are highly suggestive of osteomyelitis 
should undergo needle aspiration and culture of the 
lesion. After obtaining material for culture, children who 
appear acutely ill should be started on antibiotics. The 
antibiotic regimen chosen should include agents effective 
against Salmonella and Staphylococcus aureus. Antibiotics 
should be discontinued or modifi ed when culture reports 
are available.

Prevention. Attempts at preventing pneumococcal 
disease in patients with sickle cell anemia have focused 
on prophylactic antibiotics and vaccines. Prophylactic 
penicillin was fi rst shown to be effective in the prevention 
of pneumococcal disease by John and associates,573 who 
used monthly intramuscular injections of long-acting 
penicillin. However, if penicillin prophylaxis was discon-
tinued after 3 years of age, an increase in pneumococcal 
infections was noted. Gaston and co-workers, in a blinded 
placebo-controlled clinical trial in the United States, 
showed that 84% of the pneumococcal infections in chil-
dren younger than 5 years could be prevented with oral 
penicillin.574 As a result of this landmark study, aggressive 

universal newborn screening programs have been orga-
nized throughout the United States so that all children 
with sickle cell anemia can be identifi ed and started on 
penicillin prophylaxis by 8 weeks of age. If penicillin is 
discontinued after 5 years, patients do not have a higher 
incidence of infections than those who remained on pro-
phylaxis,575 and there are confl iciting data regarding the 
increased risk for penicillin-resistant pneumococcal colo-
nization while on prophylaxis.576,577 Our approach to pro-
phylaxis is as follows:

• Give prophylaxis to all newborns with SS, S–β-thalas-
semia, and SC disease. (Some practitioners prefer not 
to treat infants with SC disease because their splenic 
dysfunction typically appears later in life.)

• Start as early as possible—optimally by 8 weeks of 
age.

• Prescribe penicillin, 125 mg orally twice a day, until 3 
years of age. At age 3, increase the dose to 250 mg 
orally twice a day. Penicillin can be stopped after 5 
years of age without resulting in an increased incidence 
of infection.

• Prescribe erythromycin ethyl succinate, 10 mg/kg orally 
twice a day, for patients allergic to penicillin.

• Educate families on the importance of compliance and 
early recognition of signs of infection.

• Polyvalent pneumococcal vaccine has been shown to 
be effective in eliciting a normal antibody response, 
increasing pneumococcal opsonizing activity, and 
reducing the incidence of pneumococcal disease.553,559,578 
Both heptavalent conjugated and 24-valent polysac-
charide pneumococcal vaccines are commercially avail-
able. The 24-valent vaccine includes 90% of the 
common serotypes of pathogenic pneumococci. Chil-
dren younger than 2 years respond relatively poorly in 
general to this vaccine,579 and 2-year-old children 
respond poorly to two common pneumococcal sero-
types, 6A and 19.580 Revaccination after 4 years 
improved protective levels of antibody without serious 
adverse reactions in children.581 The newer heptavalent 
vaccine, when given in repeated doses to children 
younger than 1 year, is effective in mounting antibody 
titers to the capsular antigens that it includes, increases 
opsonizing activity, and is recommended for all chil-
dren, including sickle patients.553,582,583 H. infl uenzae 
conjugated vaccine is immunogenic in children with 
SCD and should be given at the same schedule used 
for normal infants.584,585

Even though prophylactic penicillin and new vac-
cines are clearly effective in preventing some overwhelm-
ing infections, several children have been documented to 
have fatal pneumococcal sepsis who were vaccinated and 
had been prescribed oral penicillin.586 Although penicil-
lin-resistant pneumococci were not demonstrated in 
patients receiving prophylaxis, multidrug-resistant pneu-
mococci appeared to emerge in patients treated for longer 
than 5 years.576 These examples underscore the need for 
physicians to emphasize the importance of compliance 
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and to continue to have a high index of suspicion of sepsis 
in a febrile child with SCD.

Chronic Organ Damage

Cardiovascular System. Abnormal cardiac fi ndings 
are present in most patients with sickle cell anemia587-590 
and are primarily the result of chronic anemia and the 
compensatory increased cardiac output.591 On physical 
examination, the most common fi ndings are systolic ejec-
tion murmur, S3, split S1, suprasternal notch thrill, and 
diastolic murmur.587 Cardiac fi ndings may closely resem-
ble the fi ndings in rheumatic valvular disease or congeni-
tal cardiac anomalies. Frequently, echocardiography is 
necessary to diagnose abnormal cardiac structure. Car-
diomegaly is present in most patients, with electrocardio-
graphic fi ndings of left ventricular hypertrophy seen in 
about 50% of patients.588

In view of the fact that the hallmark of SCD is vaso-
occlusion, it is remarkable that myocardial infarction is 
an extremely rare event.588,592,593 In one review of the 
postmortem literature in SCD, including examination of 
153 hearts, only four infarcts were reported.592 Despite 
the high oxygen extraction in the coronary circulation, 
blood in the coronary sinus contains no more sickled 
forms than blood in the general circulation does,593 pre-
sumably because of the short transit time through the 
coronary vessels.591 Atherosclerosis is virtually absent in 
this population, seen in one study in none of the 100 
hearts of patients (55 of whom were 16 to 47 years old, 
with a median age of 30) examined at autopsy.592 This is 
in marked contrast to a Vietnamese study,595 in which 
atherosclerosis was found in 45% of 105 battle casualties. 
When injected at autopsy, a sickle cell heart has normal 
patent coronary arteries, frequently of larger caliber than 
seen in normal hearts.596 The cause of this apparent pro-
tective effect against atherosclerosis is unknown but may 
involve genetic or dietary factors or anemia itself.

The most comprehensive prospective examination 
of cardiac function in an unselected population of patients 
with sickle cell anemia was done as part of the CSSCD.597 
One hundred ninety-one steady-state patients 13 years 
and older underwent echocardiography, and all of the 
measurements were done centrally by an investigator 
without access to other patient data. After appropriately 
adjusting for body surface area, the left and right ventri-
cles, aortic root, and left atrium were noted to be larger 
than normal. Signifi cant wall thickening was found only 
in the septum. The left ventricular dilation correlated 
with hemoglobin and age, thus suggesting that the major 
cardiac fi ndings are indeed related to the years of 
increased stroke volume in compensation for the anemia 
and abnormal rheology. The fi nding of normal left and 
right ventricular function suggests that if a specifi c “sickle 
myocardiopathy” exists, it is rare. As discussed in the 
section on chronic lung disease, patients with cor pulmo-
nale and right ventricular dysfunction have a high mor-
tality rate.

PHT is a common complication in adult patients 
with SCD, with a reported prevalence of approximately 
20% to 40%.598-601 Multiple retrospective studies report 
signifi cantly increased mortality in SCD patients with 
PHT when compared with those without PHT.599,601,603 
Castro and colleagues demonstrated that SCD patients 
with PHT confi rmed by right heart catheterization had 
a median survival of 25.6 months whereas patients 
without PHT had greater than a 70% survival rate at the 
end of a 10-year observation period.603 A more recent 
study of 195 SCD patients reported a signifi cantly higher 
mortality rate in adult patients with PHT (defi ned as a 
tricuspid regurgitant jet velocity >2.5 m/sec on echocar-
diography) than in those with no PHT after a median 
follow-up of 18 months.601 Markers of hemolysis 
(increased lactate dehydrogenase, bilirubin, reticulocyte 
count) resulted in increased risk for adult PHT.601,604 
Intravascular hemolysis leads to increased plasma hemo-
globin and arginase and is associated with indicators of 
reduced NO bioavailability (also see the section on NO 
depletion), subsequent endothelial dysfunction, and 
PHT.317 The prevalence of elevated TR jet velocity in 
children appears similar to that in adults605-607; however, 
the signifi cance of the fi nding and the prognostic implica-
tions remain to be established in this age group.608

Arrhythmias are rare under usual conditions, although 
in one study, during the fi rst hour of therapy for painful 
crisis, 80% of patients had arrhythmias—67% atrial 
and 60% ventricular. These arrhythmias were not clini-
cally signifi cant and probably represented response to 
pain.609

Blood pressure in steady-state patients with sickle 
cell anemia (and to a lesser extent, SC disease) is lower 
than in a race-, gender-, and age-matched normal popu-
lation (Table 19-4).468 This fi nding may be related to the 
tendency to lose sodium and water in urine. This study 
demonstrated that high blood pressure is a risk factor for 
stroke and early mortality and that the diagnosis of high 
blood pressure depends on knowing the “normal values” 
for this population (see Table 19-4). Blood pressures 
above the 90% percentile in this population overlap with 
the normal range in a normal population, and a steady-
state blood pressure of 140/90 is ominous. Such patients 
should be considered candidates for antihypertensive 
therapy.

Renal System. Hyposthenuria, hematuria, nephrotic 
syndrome, and uremia are the major renal complications 
of SCD.610 In addition, production of erythropoietin in 
response to anemia may be lower in older patients with 
SS disease, possibly because of primary renal disease.611

Hyposthenuria612,613 develops early in childhood and, 
as is the case with functional asplenia, may be temporar-
ily reversed by transfusion.614,615 The hypertonic environ-
ment of the renal medulla promotes sickling even at 
normal Po2,616 which leads to decreased medullary blood 
fl ow and derangement of the countercurrent multiplier. 
Abnormality of the countercurrent multiplier may be the 
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mechanism for hyposthenuria, or as suggested by Buck-
alew and Someren,610 it may be due to decreased fl ow to 
nephrons in patients with long loops of Henle and pres-
ervation of fl ow to nephrons with short loops. The obliga-
tory water loss results in a tendency toward dehydration 
and invalidates the use of urine volume or concentration 
as an indicator of the patient’s state of hydration. Noc-
turia and enuresis are common complaints of these 
patients, who excrete large volumes of dilute urine.617 
Urinary sodium losses may be high and result in signifi -
cant hyponatremia.618 A renal tubular acidifi cation 
defect,619,620 as well as hyporeninemic hypoaldostero-
nism621 and impaired potassium excretion,622 has been 
identifi ed. In one review, de Jong and Statius van Eps 
emphasized that renal-vasodilating prostaglandins are 
increased in sickle cell patients, thereby leading to a 
compensatory increase in renal blood fl ow, glomerular 
fi ltration rate, and proximal tubular activity.623

Although hematuria is usually mild, bleeding is occa-
sionally severe enough to cause signifi cant blood loss.624 
Papillary necrosis is generally the underlying anatomic 
defect.625 Maintenance of high urinary fl ow with increased 
fl uid intake will eliminate clots from the bladder and 
decrease medullary osmolality. Urinary alkalinization 
and diuretics may be benefi cial. ε-Aminocaproic acid has 
been suggested for stopping severe hematuria that is 
refractory to transfusion,626 but it must be used cau-
tiously because of the risk of ureteral or pelvic clotting 
and obstruction. In patients with long-standing hematu-
ria, supplemental iron may be necessary to prevent iron 
defi ciency. Hematuria may also be the initial symptom of 
a renal tumor. A surprisingly high incidence of renal 
medullary carcinoma has been reported in adults and 
children with sickle cell anemia and sickle trait.627,628

Uremia is a rare complication in children with SCD 
that may follow a symptom complex of nephrotic syn-
drome629 and glomerulonephritis. The nature of the glo-
merular lesion is unknown but may represent a response 
to iron deposition,630 an antigen-antibody complex,631 or 
mesangial phagocytosis of fragmented sickled cells.632,633 

Recently, parvovirus infection, with or without an ante-
cedent aplastic crisis, has been associated with acute 
glomerulonephritis.532,533 Proteinuria in SCD frequently 
progresses to nephrotic syndrome634 and ultimately to 
renal failure,633,635 which is a common cause of mortality 
in adults with SCA.247,636 Microalbuminuria, as mani-
fested by a ratio of albumin to creatinine of greater than 
20, is seen in more than 40% of adults and in a similar 
percentage of children 10 to 18 years of age with SCD.637 
Recently, a study of 442 children with SCD monitored 
for 10 years showed that proteinuria occurred in 6.2% 
and increased to 12% in teenagers. Proteinuria was asso-
ciated with lower hemoglobin levels, higher MCV, higher 
WBC counts, and more clinically severe disease.638 A 
study of 381 adults with SCD demonstrated that 7% 
had elevated serum creatinine levels and 26% had pro-
teinuria.639 Ten patients with proteinuria underwent renal 
biopsy, and the glomerular lesions showed perihilar focal 
segmental sclerosis and glomerular enlargement, similar 
to fi ndings in an animal model with glomerular hyperten-
sion and efferent arteriolar vasoconstriction. To test the 
animal analogy, these patients were treated with enala-
pril, an angiotensin-converting enzyme (ACE) inhibitor 
that has been shown to decrease efferent arteriolar con-
striction. In all treated patients, the level of proteinuria 
fell during treatment and returned toward abnormal after 
discontinuation.

The predictive value of microalbuminuria has not 
been fully elucidated in children but has been suggested 
by some.637,640 Serum cystatin C may be a better screen 
for the glomerular fi ltration rate than creatinine is in 
sickle cell anemia because it appears to rise according to 
the degree of albuminuria and before signifi cant elevation 
in serum creatinine is detected.641

Treatment of microalbuminuria642 or proteinuria639 
with ACE inhibitors can be effective, but long-term ther-
apeutic benefi ts for the prevention of progressive glo-
merular disease have not yet been demonstrated.643 
Addition of hydroxyurea to ACE inhibitors may further 
improve renal function.644

TABLE 19-4 Blood Pressure in Patients with Sickle Cell Anemia

Percentile

AGE (yr)

2-3 4-5 6-7 8-9 10-11 12-13 14-15 16-17 18-24 25-34 35-44

FEMALES

Systolic 50 90 95 96 96 104 106 110 110 110 110 110
90 100 110 110 110 110 118 120 122 122 125 130

Diastolic 50 52 60 60 60 60 62 70 70 64 68 70
90 62 70 70 70 74 74 80 78 80 80 84

MALES
Systolic 50 90 95 100 100 100 110 108 112 112 114 110

90 104 110 108 116 112 120 120 128 130 130 132
Diastolic 50 54 60 60 60 60 64 64 70 68 70 70

90 66 68 68 70 70 72 78 80 80 80 84

Data from Pegelow CH, Colangelo L, Stunberg M, et al. Natural history of blood pressure in sickle cell disease. Am J Med. 1997;102:171-177.



976 DISORDERS OF HEMOGLOBIN

Bakir and associates estimated that nephrosis devel-
ops in 4% of adult SS patients and that in two thirds of 
these patients, renal failure eventually develops.633 Renal 
failure can be managed by peritoneal dialysis, hemodialy-
sis, and transplantation. Renal transplantation can be 
successful in patients with end-stage sickle nephropathy, 
but 3-year allograft and patient survival is signifi  -
cantly decreased when compared with other patient 
populations.645

Hepatobiliary System. Liver and biliary tract abnor-
malities are common in SCD646,647 and are the result of 
cholelithiasis, hepatic infarction, and transfusion-related 
hepatitis.

Bilirubin stones are common.648,649 Two large series 
have studied the incidence of gallstones as detected by 
ultrasound in children with SS disease.650,651 The percent-
age of gallstones in 226 patients aged 5 to 13 selected 
randomly from a group of children with SS disease iden-
tifi ed at birth was 13%,646 a value lower than that found 
in a survey of clinic patients studied by Sarnaik and 
associates.650 In this report, the incidence of gallstones 
was 12% by 2 to 4 years of age.650 With advancing age, 
the incidence increased gradually and reached 42% in 
the 15- to 18-year-old age group. Fourteen of the 226 
patients were noted to have “sludge” in the gallbladder 
and had ultrasonograms repeated up to 2 years later. 
Stones developed in four, four had no further evidence 
of sludge, and six remained unchanged. Comorbid 
Gilbert’s syndrome (UGT1A genotype) signifi cantly 
increases serum bilirubin levels in children with SCD 
and the likelihood of requiring early cholecystectomy.310 
Evidence is good that children tolerate elective cholecys-
tectomy with little morbidity if they are prepared prop-
erly for surgery.424,652,653 Laparoscopic cholecystectomy 
has been particularly effective in reducing postoperative 
hospital stay in children with SCD.654 In contrast, operat-
ing during the acute phase carries a signifi cant risk of 
complication.424,655

Intrahepatic sickling can result in massive hyperbili-
rubinemia,421 elevated liver enzyme values, and a painful 
syndrome mimicking acute cholecystitis422 or viral hepa-
titis648 (see “Acute Abdominal Pain”). Fulminant hepatic 
failure with massive cholestasis and rapidly progressing 
hepatic encephalopathy and shock has been described as 
a rare, often fatal complication of SCD that may be ame-
nable to exchange transfusion.425,656,657

A review of postmortem liver fi ndings in 70 SCD 
patients examined at Johns Hopkins Hospital658 revealed 
hepatic necrosis, portal fi brosis, regenerative nodules, 
and cirrhosis in adults, thought to be a consequence of 
recurrent vascular obstruction and repair. In contrast, 19 
liver biopsy specimens from symptomatic patients with 
SS disease failed to show necrosis and more often showed 
evidence of acute or subacute infection.659

Eyes. Tortuosity and sacculation of conjunctival 
vessels are noted in more than 90% of patients with SCD. 

These lesions are best seen in the lower temporal area, 
disappear after exchange transfusion, and are curiously 
related to the ISC count in peripheral blood.660 They have 
no deleterious effect on the eye.

Retinopathy is classifi ed as either proliferative or 
nonproliferative. Nonproliferative retinopathy probably 
results from retinal arteriolar infarction with adjacent 
hemorrhage and requires no therapy. Depending on the 
duration, layer, and extension of the hemorrhage, the 
result can be a salmon patch, schism cavity, vitreous 
hemorrhage, or black sunburst.661 In two patients with 
documented acute arteriolar occlusion, salmon patches 
developed in a matter of hours to days, with atrophic 
schism cavities evolving in 3 to 4 months.662 In older 
patients, angioid streaks are common, but the cause is 
unknown.663,664

The more serious complication is proliferative reti-
nopathy, which has been classifi ed by Goldberg665 as 
stage 1, peripheral arteriolar occlusions; stage 2, arterio-
lar-venular anastomoses; stage 3, neovascularization; 
stage 4, vitreous hemorrhages; and stage 5, retinal detach-
ment. Because these lesions may progress to blindness, 
laser therapy to occlude the feeding vessels of advanced 
proliferative lesions has been advocated. Unfortunately, 
photocoagulation carries the risk of neovascularization of 
the choroid666 and retinal breaks,667 complications that 
can result in blindness. The dilemma of choosing poten-
tially blinding therapy for a potentially blinding lesion is 
complicated by the observation that some proliferative 
lesions heal spontaneously by autoinfarction. In one 
study of untreated retinopathy in Jamaica, 567 eyes were 
observed for 8 years.668 Proliferative retinopathy was ini-
tially present in 12% of the eyes and developed in another 
8% during follow-up. Blindness resulted in 12% of the 
eyes with retinopathy. In the original group of eyes with 
retinopathy, progressive retinopathy developed in 30%, 
10% underwent spontaneous regression, and the remain-
ing 30% showed a mix of regression and progression. In 
another prospective Jamaican study, treatment of reti-
nopathy was compared with no treatment.669 No statisti-
cal difference in visual acuity between the two groups was 
reported. Macular ischemia and color blindness have 
been reported to be prevalent in patients with SS disease 
without evidence of retinal lesions on ophthalmologic 
examination.670,671

Rarely, acute painless loss of vision is the result of 
central retinal artery occlusion. Although such lesions 
may resolve spontaneously, exchange transfusion has 
been recommended for bilateral disease.672

Blunt trauma to the eye may result in hyphema 
(bleeding into the anterior chamber). Because the condi-
tions in this chamber overwhelmingly favor sickling, any 
hemoglobin-containing red cell will sickle and may cause 
obstructive glaucoma and blindness. Common medical 
treatments that might be considered in nonsickle patients 
may promote sickling and should be avoided (e.g., hyper-
osmotic/diuretic agents, carbonic anhydrase inhibitors). 
Initial topical β-adrenergic antagonists (e.g., timolol) or 
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α2-adrenergic agonists (e.g., brimonidine) may be effec-
tive,673 but a low threshold for surgical evacuation of 
anterior chamber blood should be observed so that vision 
is preserved.674 This condition is one of the true ocular 
emergencies that occurs in patients with sickle trait or 
SCD.

Skin. Leg ulcers do not usually occur in childhood. 
In adolescence and adulthood, ulcers may constitute a 
crippling symptom. This skin lesion is seen with other 
chronic hemolytic anemias such as hereditary spherocy-
tosis, thalassemia, elliptocytosis, and pyruvate kinase 
defi ciency675 and therefore may not represent vaso-occlu-
sion. Ulceration may result from increased venous pres-
sure in the legs caused by the expanded blood volume in 
the hypertrophied bone marrow.676 In tropical areas in 
which shoes are not generally worn and insect bites are 
common, leg ulcers are frequent.677 In Jamaica, leg ulcers 
typically start in the 10- to 20-year-old group and eventu-
ally appear in 75% of adults. Koshy and colleagues678 
reported data from the CSSCD regarding leg ulcers in 
sickle cell patients. Leg ulcers appear to be less frequent 
in individuals with two α genes than in those with three 
or four genes. Leg ulcer frequencies appear to decrease 
consistently with increases in HbF production.678 Venous 
outfl ow is decreased in the lower extremities of patients 
with leg ulcers when compared with patients without 
ulcers, thus suggesting that venous incompetence may 
contribute to the development or failure of these lesions 
to heal.679 In addition, low steady-state hemoglobin values 
and markers of a high hemolytic rate are associated with 
an increased incidence of leg ulcers and may be associ-
ated with decreased NO bioavailability and endothelial 
dysfunction.315,680

Chronic lesions become a major source of morbidity 
and have a profound negative impact on educational 
achievement and employment.681 Usually present over 
the medial surface of the lower part of the tibia or just 
posterior to the medial malleolus, they begin as a small 
depression with central necrosis and, if unattended, 
widen to encircle the entire lower portion of the leg. 
Débridement, scrupulous hygiene, topical antibiotics, 
bed rest, and elevation of the leg are the mainstays of 
therapy. In some patients, protection of the ulcer by the 
application of a soft sponge-rubber doughnut and low-
pressure elastic bandage seems to be benefi cial. One 
report suggested that an RGD peptide matrix designed 
to mimic the normal matrix was benefi cial.682 Close 
attention to improved venous circulation with the use of 
above-the-knee elastic stockings may prevent ulceration. 
If ulcers persist despite optimal care, transfusion therapy 
may be implemented and consideration given to split-
thickness skin grafts. Transfusion therapy is sometimes 
effective, but in many patients the ulcers either do not 
heal or recur after discontinuation of this therapy. 
Oral zinc sulfate may promote healing of leg ulcers,683 
and peripheral vasodilator therapy appears to be 
ineffective.684

Ears. Sensorineural hearing loss at both ends of the 
auditory spectrum was found in a substantial number of 
sickle cell patients in Jamaica.685,686 In a U.S. study, 12% 
of children with SS disease had high-frequency sensori-
neural hearing loss.687 Interestingly, although there was 
no increased otitis media or meningitis in the affected 
group, fi ve of the six children with CNS disease had 
abnormal hearing. The pathology of the auditory appa-
ratus appears to be sickling in the cochlear vasculature 
with destruction of hair cells.688

Skeleton. Skeletal changes in SCD are 
common364,374,689,690 and are due to expansion of the 
marrow cavity and repeated bone infarction. The 
expanded marrow is best seen on radiographs of 
the thickened calvaria with a wide diploic space. Over-
growth of the anterior part of the maxilla may lead to 
severe orthodontic and cosmetic problems. Vertebrae 
are generally fl attened, with a characteristic biconcave 
deformity called “codfi sh vertebrae.” In older patients, 
vertebral disease may cause chronic back pain. These 
individuals need to be treated as other patients who have 
chronic back disease: appropriate exercises, braces, bed 
rest, muscle relaxants, and moral support.

The major chronic bone complication of SCD is 
AVN. Indeed, the most common cause of AVN of the 
femoral head in children is SCD. As shown in (Fig. 19-9), 
the incidence is relatively low in children, with an esti-
mated prevalence of 3% in children younger than 15 
years.691 The incidence is remarkably increased in patients 
with SS disease and coexistent α-thalassemia.692 Patients 
at highest risk for complications were those with the 
highest rates of painful crises and those with the highest 
hematocrits. The recent discovery of SNPs in several 
genes related to bone metabolism may affect the natural 
history of AVN.312 The pathophysiology of AVN is 
unknown but is hypothesized to be related to sludging in 
marrow sinusoids, marrow necrosis, healing with 
increased intramedullary pressure, necrosis of the articu-
lar surface, bone resorption, and eventually, epiphyseal 
collapse.692,693 The diagnosis is made radiographically, 
classically with a spectrum of fi ndings from subepiphy-
seal lucency and a widened joint space to fl attening or 
fragmentation and scarring of the epiphysis. Although 
roughly half of the patients in whom AVN was diagnosed 
on the basis of screening radiographs were asymptomatic, 
signifi cant chronic pain and limited joint mobility plagued 
the others. MRI can identify changes of AVN earlier than 
conventional fi lms can.691,694 Managing osteonecrosis of 
the femoral head in young adults is a challenging problem 
with limited treatment options and often disappointing 
outcomes. Strict bed rest is helpful in a minority of 
patients,695 with little or no evidence to support the use 
of chronic transfusion therapy. Injection of cement696 and 
core decompression697 have been used successfully in 
some series. It is possible that these procedures might be 
helpful in patients with very early disease. A randomized 
prospective study of hip core decompression versus phys-
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FIGURE 19-9. Incidence of osteonecrosis of the femoral 
head per 100 patient-years by genotype. (Data from Milner PF, 
Kraus AP, Sebes JI, et al. Sickle cell disease as a cause of osteone-
crosis of the femoral head. N Engl J Med. 1991;325:
1476-1481.)

ical therapy for the treatment of early femoral head osteo-
necrosis revealed clinical improvement in both groups 
but one not more effective than the other.698 Despite 
interventions to preserve the femoral head, progression 
is frequent and may result in the need for total hip 
replacement arthroplasty in severely compromised 
patients. In the study of Milner and colleagues, 17% of 
patients underwent hip replacement, 30% of replaced 
hips required surgical revision within 4.5 years, and more 
than 60% of patients continued to have pain and limited 
mobility postoperatively.692 The epidemiology of AVN of 
the humeral head is virtually identical to that of the 
femur.699 In general, however, patients are less symptom-
atic, and shoulder arthroplasty was exceedingly rare.

Lungs. In contrast to ACS, chronic lung disease has 
been diffi cult to defi ne and quantitate. In older children, 
lung volumes are reduced700,701 in comparison to those of 
the normal white population but are appropriate when 
compared with those of a black control population.702 
Others report an early restrictive and obstructive pulmo-
nary function pattern in steady-state children with 
SCD.703,704 Resting arterial Po2 in asymptomatic children 
with SCD is typically 65 to 85 mm Hg (normal, 
>87 mm Hg). There are large alveolar-arterial Po2 differ-
ences with room air (27 to 42 mm Hg; normal, 
<16 mm Hg) and on 100% O2 (186 to 246 mm Hg; 
normal, <86 mm Hg). These values are consistent with 
increased pulmonary shunting of 12% to 16% (normal, 
<7%).702 The decreased membrane-diffusing capacity 
observed can be explained on the basis of anemia alone 
and does not suggest a substantial element of pulmonary 
vascular occlusion. No defi nitive profi le of pulmonary 
function in SCD has emerged, although 90% of adults 
from the CSSCD had abnormal pulmonary function test 
results, with 74% showing a restrictive pattern.705 In one 
survey of adults, fatal progressive pulmonary disease may 
have been related to history of previous chest syn-
dromes706; however, the relationship between acute epi-
sodes of chest syndrome and chronic lung disease has 

been diffi cult to establish reproducibly. There appears to 
be an emerging link between obstructive lung disease and 
the pathogenesis of ACS, particularly in children.404,410,707,708 
An increase in obstructive lung disease was documented 
in adult patients who had two to four episodes of ACS 
versus patients with no history.709 In another study, 
patients with SS disease were found to have abnormally 
small lungs, but this abnormality was not related to epi-
sodes of ACS.710 In a study of infants 3 to 30 months of 
age, restrictive lung disease was present in 3 of 12 infants 
and was not related to a history of ACS.711 These studies 
suggest that subtle subacute damage to the lungs pro-
ceeds even in the absence of acute disease. Hydroxyurea 
therapy400 reduces the incidence of recurrent ACS but 
does not lead to improved pulmonary function. In 24 
patients with a history of chest syndromes studied after 
bone marrow transplantation, 22 showed no improve-
ment and 2 had worse pulmonary function after 
transplantation.712

Central Nervous System. Abnormal neurologic fi nd-
ings in SCD were discussed earlier. Kral and co-workers 
found that children with SCD perform more poorly on 
measures of neurocognitive functioning with increasing 
age or lower hematocrits.713 In addition, TCD ultraso-
nography was the only radiologic measure that could 
predict neurocognitive outcome after controlling for age 
and hematocrit. Changes on CT and MRI may antedate 
the neurologic dysfunction and represent subclinical 
infarcts.440,441,446,714 It is now clear that cognitive function-
ing and fi ne motor skills are impaired in sickle cell patients 
with silent infarcts as diagnosed by MRI.464,715 Because 
abnormal Doppler or MRI studies, or both, can be seen 
in children with decreased neurocognitive performance, 
these radiologic studies are being considered as screening 
tools to select very young patients for experimental thera-
pies that may prevent further CNS damage.

Growth and Development. The birth weight of infants 
with sickle cell anemia is normal.716 Subsequently, a 



 Chapter 19 • Sickle Cell Disease 979

pattern of delayed growth emerges. Detailed anthropo-
morphic measurements of Jamaican children revealed 
decreased limb length, sitting height, and skinfold thick-
ness, along with increased anteroposterior chest diame-
ter,717 possibly related to cardiomegaly.718 Height and 
weight growth curves (Fig. 19-10) for individuals with 
SCD in the United States were generated as part of the 
CSSCD, sponsored by the Sickle Cell Disease Branch of 
the NHLBI.719 The important features of these curves are 
that they are different from those for normal black con-
trols, that weight is more affected than height, and that 
patients with sickle cell anemia and S–β0-thalassemia 
experience more delay in growth than do patients with 
HbSC disease and S–β+-thalassemia. In general, by the 
end of adolescence, patients with SCD have caught up 
with controls in height but not weight. The reason for 
this poor weight gain is not understood but is likely to 
represent increased caloric requirements of elevated 
resting energy expenditure related to anemia, increased 
bone marrow activity, and cardiovascular compensa-

tion.720 In a second large prospective study in Jamaica, 
both height and weight were signifi cantly lower than that 
of age- and sex-matched controls as early as 2 years of 
age.721 Zinc defi ciency has been suggested as a cause of 
poor growth in children with SS disease722,723 but has not 
been confi rmed.724 Levels of vitamins A, B6, and D have 
been discovered to be lower than those of ethnically 
matched children and may relate to morbidity.725,726 
Growth hormone defi ciency is a rare and reversible cause 
of growth delay.727 In general, growth hormone levels and 
growth hormone stimulation studies appear to be normal 
in children with SS disease who have impaired growth.728 
A review of nutritional studies in patients with SS disease 
is available,729 and one study has suggested that hyperali-
mentation may be useful in some patients.730

Sexual development is also delayed in patients with 
SCD.719 Such delay is found in both males and females 
and follows the same pattern as height and weight in 
other hemoglobinopathies. The estimated median age of 
attainment of Tanner stage for each hemoglobinopathy is 
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N Engl J Med. 1984; 311:7-12. Reprinted by permission from The New England Journal of Medicine.)



980 DISORDERS OF HEMOGLOBIN

well. In one study,735 patients did not differ from controls 
in personal, social, or total adjustment. Interestingly, 
acute anxiety was less frequent in patients than in con-
trols, although patients did demonstrate lower self-
concept. Another study pointed out the pitfalls of 
interpreting excessive fatigue as depression in these chil-
dren.736 Problems of particular concern to patients are 
coping with chronic pain, inability to keep up with peers, 
fears of premature death, and delayed sexual maturity. 
Discussion of prenatal diagnosis and selective abortion, 
particularly in a patient’s own family, increases doubt 
about self-worth. These issues need to be addressed 
openly and frankly and with appropriate psychological 
support. Self-help groups for patients and families are 
gaining in effectiveness and popularity throughout the 
country.

Mortality. Leikin and colleagues from the CSSCD 
examined mortality in children with SCD.737 They found 
that the peak incidence of death was between 1 and 3 
years of age and that it was generally due to infection. 
The overall mortality rate was 0.5 per 100 patient-years, 
and for patients with SS disease, the probability of surviv-
ing to 29 years of age was about 85%. For those with SC 
disease, the probability of surviving to 20 years was about 
95%. Quinn and associates from the Dallas Newborn 
Cohort reported an overall survival rate of 86% and a 
death rate of 0.59 per 100 patient-years for children with 
SS disease monitored from birth through 18 years of 
age.539 The Dallas cohort also showed trends of decreas-
ing sickle-related mortality, increasing mean age at death, 
and a smaller proportion of deaths related to infection 
than noted in the CSSCD356 and Jamaican738 cohorts.

As shown in Figure 19-11, when the data on deaths 
in children from the CSSCD are combined with the data 
on adults, it appears that the median age at death was 42 
years for males with SS disease, 48 years for females with 
SS disease, 60 years for males with SC disease, and 68 
years for females with SC disease.247 Among adults, those 
with the lowest levels of HbF, highest steady-state WBC 
counts, and highest rates of pain and chest syndrome had 
the highest risk of dying at an early age. There is an age-
related pattern in mortality rates: a peak in patients 
younger than 5 years and a gradual increase starting in 
late adolescence. Younger patients die primarily of pneu-

listed in Table 19-5. For females (regardless of hemoglo-
binopathy), menarche status is a function of age and 
weight. This normal relationship between menarche and 
weight suggests that in females, delayed sexual maturity 
is constitutional. This fi nding has been confi rmed in a 
careful analysis of female fertility in Jamaica, which 
revealed no difference in the interval between sexual 
exposure and pregnancy between patients and controls.731 
Most males do undergo delayed sexual maturation, also 
suggesting constitutional delay. However, among males 
there does seem to be evidence of decreased fertility, with 
abnormal sperm motility, morphology, and number.732 
Transient primary hypogonadism733 and hypothalamic 
hypogonadism responsive to clomiphene734 have also 
been described.

Psychological Aspects. As in any chronic disease, 
patients require strong, sympathetic support. Most 
patients with sickle cell anemia handle their illness very 
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TABLE 19-5  Estimated Median Age at Attainment 
of Tanner Stages According to 
Hemoglobinopathy

Tanner 
Stage

MEDIAN AGE

SS SC S-b+ S-b0

FEMALES
Breasts 2 11.8 9.8 10.6 11.8

3 13.5 11.9 12.6 12.8
4 15 13.9 13.8 14.8
5 17.3 16 16.5 17.2

Pubic hair 2 12 10.1 10 11.5
3 13.5 11.8 11.2 12.8
4 15.2 14 13.8 14.2
5 19.2 17 17 20.8

MALES
Penis 2 12 10.4 11.9 12.4

3 14.2 13 13 13.2
4 16 14.1 13.5 15.5
5 17.6 16.6 16.6 18.8

Pubic hair 2 13.2 11.5 12 13.2
3 14.8 13.2 13 13.9
4 16.2 14.2 13.9 16.2
5 17.9 16.6 17.1 18.5

Reprinted with permission from Platt OS, Rosenstock MSPH, Espeland 
MA. Infl uence of sickle hemoglobinopathies on growth and development. N Engl 
J Med. 1984;311:7.
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mococcal disease and less often of acute splenic seques-
tration, ACS, or stroke.537,739 Older patients die of ACS, 
during pain crises, of chronic organ system failure from 
cancer and other specifi c diseases of adults, and suddenly 
without obvious cause.247 It is encouraging that coinci-
dent with the widespread use of prophylactic penicillin 
in young children, aggressive treatment of pulmonary 
disease and infection, careful selection of patients for 
transfusion therapy, and thoughtful comprehensive care 
have led to improvement in survival.740

Much is known about the risk factors for early mor-
tality in patients with sickle cell anemia. Those with a 
higher level of HbF have a longer life expectancy,247 as 
do whose with a low rate of pain crisis,247 low rate of 
ACS,248 no hand-foot crisis before 1 year of age,249 no 
severe anemia before 2 years of age,247,249 low baseline 
WBC count,249 and low blood pressure.468

APPROACHES TO THERAPY

Replacement of the Defective Gene

The most direct approach to reduction of HbS polymer 
is to replace the defective globin gene with a normal gene. 
Bone marrow transplants from sickle trait or normal 
siblings have been performed in more than 200 
patients.712,741-747 After preparation with various regimens 
and prophylactic treatment of graft-versus-host disease, 
the overall survival rate was 93%, the event-free survival 
rate was 82%, and SCD recurred in just 11% of 147 
patients receiving HLA-identical sibling marrow trans-
plants.748 More recently, among 87 consecutive patients 
treated with myeloablative regimens, the addition of 
antithymocyte globulin reduced the rate of rejection from 
23% to 3%.746 Newer nonmyeloablative regimens have 
not yet proved successful in SS patients.749 Transplant 
complications have included CNS hemorrhage (particu-
larly in patients with a history of stroke), hypogonadal 
function, graft rejection, and acute or chronic graft-
versus-host disease.746,747,750,751 Prophylactic anticonvul-
sant treatment and maintenance of a high platelet count 
may result in reduced CNS morbidity. The restoration of 
splenic function in successful transplant recipients holds 
out hope that other chronic organ dysfunction may 
improve with this approach.549,752 In a recent summary of 
53 children with SS disease undergoing bone marrow 
transplantation, growth was not impaired in younger chil-
dren, but diminished growth occurred in patients who 
received transplants near or during the adolescent growth 
spurt.745 Selecting patients for this high-risk therapy is 
particularly problematic because of the unpredictability 
of the clinical course, the paucity of sibling matches,753 
and parental concern.754 Availability of unrelated or 
sibling cord blood stem cells may offer an increased 
donor pool for transplantation.755,756 More specifi c “gene 
therapy,” such as random insertion of a normal β gene 
or “correction” of the abnormal gene product in hema-

topoietic stem cells, remains a long-term goal. However, 
awareness that random insertion of normal genes into 
donor stem cells might lead to insertional mutagenesis 
and malignant transformation has tempered enthusiasm 
for this approach.757 Transplantation of embryonic stem 
cells or induction of pluripotent stem cells from donor 
fi broblasts after homologous recombination has replaced 
the human βS gene with a normal human β-globin gene 
has led to correction of the sickle mutation in transgenic 
mice.758,759

Reduction of Polymer Formation

Stimulation of Hemoglobin F Production. As noted in 
the section on interactions of HbS with HbF, increasing 
the amount of HbF will increase the delay time and solu-
bility of HbS. In SCD, both 5-azacytidine760-763 and 
hydroxyurea764-767 have been used successfully to increase 
HbF in adult SS individuals. Recombinant erythropoie-
tin with hydroxyurea has inconsistently increased HbF 
above levels obtained with hydroxyurea alone.768,769 
Butyric acid analogues also increase HbF production in 
sickle cell patients, some thalassemia patients, and normal 
individuals.770-772 Charache and colleagues demonstrated 
that daily hydroxyurea treatment of adult sickle cell 
patients increases HbF levels from pretreatment mean 
levels of 4% to 16% without clinically signifi cant bone 
marrow toxicity.766 In addition to increasing HbF, 
hydroxyurea has been noted to reduce the proportion of 
dense cells and increase the MCV and mean corpuscular 
hemoglobin (MCH) of sickle cells.760,763-765 On the basis 
of epidemiologic data that an increase in HbF from 4% 
to 16% could decrease vaso-occlusive crises by 50%,280 
a multicultured double-blind prospective clinical trial of 
daily hydroxyurea treatment of SS adults was under-
taken.400 This trial was terminated early when it was 
obvious that vaso-occlusive crisis, chest syndromes, and 
transfusions were reduced by almost 50% in the hydroxy-
urea-treated group versus controls. However, increases in 
HbF alone did not predict the decrease in painful crises 
seen in the controlled trial of hydroxyurea in adult SS 
patients.400 Multiple factors such as perturbation of WBC 
or cytokine levels, changes in RBC adherence to vascular 
endothelium (see Fig. 19-1), or alteration of NO/intra-
vascular hemoglobin equilibrium may also play a role in 
the hydroxyurea-related decrease in crises.773,774

A long-term follow-up of patients taking hydroxy-
urea revealed an impressive 40% reduction in mortal-
ity.775 However, there has been variable acceptance of 
hydroxyurea therapy in adults with SS.776 Hospitalization 
for neither pediatric (<18 years) nor adult (>18 years) 
sickle cell patients has decreased from 1996 to 2004, thus 
indicating that on a population basis, hydroxyurea has 
not reduced hospital admissions.777

Small-scale trials of hydroxyurea therapy in children 
demonstrated that the drug can be given safely,456,778-781 
and 5- and 10-year follow up studies in SS children con-
tinue to demonstrate its ability to increase HbF with 
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minimal side effects.782 It is noteworthy that in the only 
large study of 122 SS children in which maximum toler-
ated doses (MTDs) were obtained in the same fashion as 
in the adult MSH study,400 very few if any nonresponders 
were noted. Hydroxyurea therapy at MTDs was well tol-
erated and demonstrated sustained hematologic effi cacy 
with apparent long-term safety.783

Infants with SS diseases tolerate prolonged hydroxy-
urea therapy and exhibit sustained hematologic benefi ts, 
fewer ACS events, improved growth, and possibly pre-
served organ function.548 However, previous data suggest-
ing than an elevated WBC count, dactylitis, and anemia 
predicted more severe later outcomes in children younger 
than 4 years249 was not confi rmed in a second cohort of 
patients.391 Thus, predicting clinical severity in very young 
children remains problematic. Recent data indicate that 
children taking hydroxyurea have decreased TCD veloci-
ties, which suggests that the drug may reduce the risk for 
stroke in young children.784,785 These data leave open the 
possibility that the fi rst effi cacy trial of hydroxyrea in 
infants with SS disease should be directed toward preven-
tion of CNS disease in this vulnerable age group.

Decreased Cell Hemoglobin S Concentration. Because 
polymerization of HbS is exquisitely concentration 
dependent, reduction of the MCHC by swelling the cell 
with water has been considered as a therapeutic maneu-
ver. Two approaches have been tried: lowering plasma 
osmolarity and increasing intracellular cations. The fi rst 
approach was used by Rosa and colleagues,786 who suc-
cessfully reduced the duration and frequency of painful 
crises by lowering the MCHC with dietary salt restriction 
and desmopressin. Subsequently, others have found this 
therapy too diffi cult to maintain, neurologically toxic, 
and ineffective.787-789 The second approach has been used 
primarily in vitro and has focused on the property of 
various membrane-active agents to increase intracellular 
cations. Some of the interesting agents include the anti-
biotics monensin790 and gramicidin791; the calcium 
channel blockers nitrendipine, nifedipine, and vera-
pamil792; and the peripheral vasodilator cetiedil.793 As 
discussed previously, preliminary evidence suggests that 
blocking the Gardos channel with oral clotrimazole171 
and blocking K+-Cl− cotransport with oral magne-
sium182,183 may decrease the HbS concentrations by pre-
venting dehydration and could therefore prove to be 
useful therapies. Dipyridamole has been observed to 
block sickling-induced cation fl uxes in vitro, but no trials 
have been reported.794

Increased Hemoglobin S Solubility. The most straight-
forward approach to preventing polymerization of HbS 
is to attack the β6 valine, the key to fi ber formation. 
Unfortunately, this is an extremely unreactive residue, so 
efforts to increase the solubility of HbS have hinged on 
the importance of the other intermolecular contacts. 
Reagents that increase deoxy-HbS solubility by noncova-
lent interactions with HbS have been recognized. Chang 

and colleagues791 compared the effects of 15 antisickling 
agents on HbS solubility, oxygen affi nity, and cell sick-
ling. Urea is an effective agent but requires concentra-
tions greater than 200 μM, too high for in vivo use. The 
best studied covalent modifi er is cyanate, but clinical 
trials have not been promising. Unfortunately, despite the 
encouraging clinical and in vitro data, this compound is 
not usable because of signifi cant neurotoxicity795 and 
cataract formation.796 A major problem with covalent 
reagents is that they interact with a wide variety of 
functional groups found in many molecules other than 
hemoglobin.

Decreased Dwell Time. Any manipulation that would 
allow a cell to traverse a vessel faster than its delay time 
will prevent occlusion of that vessel. Therapy aimed at 
reducing endothelial adherence has thus far not been 
successful.797 Rodgers and co-workers798 showed that 
microcirculatory fl ow in patients with SCD has an 
unusual periodic pattern indicative of abnormal vasomo-
tor control. Recent work indicates that free plasma HbS 
binds NO, thereby reducing the ability of NO to maintain 
vasodilation.242,243 Efforts to increase NO with hydroxy-
urea,773,774,799 arginine therapy,800,801or inhaled NO802 
could possibly lead to less vasocontriction and increased 
dwell time (see Figs. 19-1 and 19-6).

Routine Health Maintenance

Patients with sickle cell anemia should be monitored on 
a routine basis (Table 19-6). Regular visits along with 
routine laboratory studies when the patient is well help 
establish both the individual’s steady-state normal values 
(e.g., hemoglobin, reticulocytes, WBCs, differential, 
platelet count, erythrocyte sedimentation rate, chest fi lm, 
electrocardiogram) and baseline physical fi ndings (e.g., 
icterus, cardiomegaly, murmurs, organomegaly). These 
baseline data are extremely helpful in sorting out prob-
lems when the patient is ill.

Careful evaluation of the interval history may provide 
insight into factors that provoke painful crises. Continu-
ing education of patients and families on how to avoid 
and treat painful episodes will reduce the morbidity and 
hospitalization rate and promote the patient’s sense of 
independence. Education should also include genetic 
counseling of the parents so that they understand the 
risks of SCD in future pregnancies.

Careful attention is paid to routine immunization 
schedules; all patients should receive the complete sched-
ule of conjugated pneumococcal, conjugated H. infl uen-
zae, and hepatitis B vaccines. Prophylactic penicillin 
should be given to all children younger than 5 years.574 
Most important, the patient and family should be edu-
cated about the importance of early detection and treat-
ment of infection.

Although folic acid, 1 mg/day, is recommended for 
prevention of folate defi ciency in adults, no defi nite 
advantage has been seen in children.803 Iron defi ciency is 
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extremely rare because of the hemolysis-induced increased 
absorption of gastrointestinal iron. Iron supplements are 
used only when iron defi ciency is documented or when 
blood loss is chronic (e.g., hematuria).

Specially trained ultrasonographers can use TCD 
according to the STOP criteria to screen children with 
sickle cell anemia and S–β0-thalassemia to identify those 
at increased risk for primary stroke. Children with inter-
nal carotid or middle cerebral blood fl ow greater than 
200 cm/sec benefi t from prophylactic maintenance trans-
fusion to prevent stroke.469 The ideal age range and fre-
quency of TCD screening have not been determined 
yet804; however, the NHLBI recommends screening 
approximately every 6 months in patients 2 to 16 years 
of age, when the risk for stroke is highest.

Ophthalmologic examinations should be started at 
school age and repeated every few years unless retinopa-
thy is discovered. For patients with retinopathy, more 
frequent follow-up and fl uorescein angiography are nec-

essary to establish the tempo of the lesion and to deter-
mine appropriate therapy.

Regular dental care is critical in preventing the intra-
oral lesions that might predispose to infections such as 
mandibular osteomyelitis.805

Birth control options should be discussed as with any 
adolescent patient. Barrier methods and low-dose estro-
gen oral and depot injectable contraceptives can be used 
safely.806,807

Management of Painful Crises

Most painful crises can be successfully treated at home 
by increased fl uid intake and oral analgesics. If the pain 
is too severe for oral analgesics or if the patient cannot 
maintain adequate fl uid intake, the episode must be 
treated at the hospital. Hospital management of painful 
crisis includes hydration and analgesia. In dehydrated 
patients, the intravenous fl uid rate is usually one and a 

TABLE 19-6 Routine Health Maintenance for Patients with Sickle Cell Anemia

AGE (YR)

<5 5-10 10-20 20+

ISSUES/ANTICIPATORY GUIDANCE
Penicillin prophylaxis
Splenic sequestration
Fever or infection
Coping with pain
Dental care
Groups for parents
Priapism
Smoking
Self-esteem, independence
Education
Recreation
Puberty, birth control, genetics
Leg ulcer
Career planning
Self-help groups
Family planning, fertility
Prognosis

LABORATORY
Complete blood count 1-3/yr 1-2/yr 1-2/yr 1-2/yr
Red cell antigen typing Once
Liver function, renal function Yearly Yearly Yearly
Urinalysis Yearly Yearly Yearly Yearly

SPECIAL STUDIES
Pulmonary function q3-5 yr q3-5 yr q3-5 yr
Chest radiography q3-5 yr q2-3 yr q2-3 yr
Eye examination q3-5 yr Yearly Yearly
Transcranial Doppler Age 2/yearly Yearly Yearly

TREATMENT
Penicillin prophylaxis
Folate
Pneumococcal vaccine 2 mo Boosters as recommended

Boosters as recommended
Boosters as recommended

Haemophilus infl uenzae vaccine Infant
Hepatitis B vaccine Infant
Infl uenza vaccine Yearly as recommended
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half times maintenance; however, some cannot tolerate 
this expansion of intravascular volume. Frequent moni-
toring of vital signs during fl uid administration is essen-
tial to prevent iatrogenic cardiac failure. Serum electrolyte 
levels must be checked early and intravenous solutions 
adjusted appropriately. Though theoretically sound, the 
use of intravenous bicarbonate has not been shown to be 
effective.808 Face mask oxygen is of little therapeutic value 
unless the patient is hypoxic. Furthermore, Embury and 
colleagues have shown that continuous oxygen inhalation 
can suppress erythropoiesis, with reticulocyte counts 
falling within days.809 In addition, painful crisis may 
result from rebound marrow activity after the abrupt 
discontinuation of oxygen therapy or cessation of transfu-
sion programs.810

Analgesia must be suffi cient to control the pain. 
Analgesics and other adjuvants may be combined to opti-
mize effi cacy/safety. “Standard doses” may not be ade-
quate to “capture” an individual patient’s pain, especially 
if not opioid naïve on initial evaluation, so dosing should 
be titrated to relief. Although opioid dependence or 
enhanced opioid-seeking behavior may be a problem for 
rare patients, overestimation of the incidence of this 
unusual situation must not affect the decision to control 
severe pain.811 It is very unfortunate that subtle miscon-
ceptions interfere with providing appropriate pain relief. 
In one study, standardized patients with a chief com-
plaint of pain who gave histories of frequent pain crises 
were given less opioid by nurses than were identical 
patients whose scripts included a history of infrequent 
pain episodes.812

One should choose opioids with side effects, drug 
interactions, serum half-lives, and previous effi cacy in 
mind. Changes in the route of administration (intrave-
nous, oral, transdermal) require adjustments for equian-
algesic dosages. Serial intramuscular injections should 
be avoided because they can lead to the formation of 
sterile abscesses. High-dose meperidine may cause sei-
zures, particularly in the setting of compromised renal 
function, in which toxic levels of normeperidine accumu-
late.813 At the onset of inpatient therapy for severe pain, 
regular dosage intervals based on half-life should be used 
and not an “as-needed” dosage strategy. This approach 
may avoid the recurrence of pain and anxiety as a result 
of delay in obtaining the next dose of medicine after 
being requested. Continuous intravenous opioid therapy 
in children has been successfully used,814 but ACS may 
be precipitated by respiratory depression.815 Perhaps an 
optimal approach is the use of patient-controlled analge-
sia816,817 initiated in the emergency department818 to 
provide adequate pain relief at a lower total opioid 
dose.819

Hypoventilation is the most serious side effect of 
opioid therapy and must be carefully avoided by careful 
monitoring of oxygen saturation, aggressive use of incen-
tive spirometry,820 and use of oxygen when the patient is 
hypoxic. In one study, epidural anesthesia was success-
fully used to alleviate pain and maintain or improve oxy-

genation.821 Constipation and urinary retention are 
common problems that should be remedied early. Some-
times it is virtually impossible to make a patient entirely 
comfortable with safe doses of opioids. This frustrating 
situation needs to be approached with care and sensitiv-
ity, with involvement of every member of the patient care 
team.822,823 The addition of nonsteroidal anti-infl amma-
tory agents is helpful to some patients. Others have ben-
efi tted from adjuncts such as acupuncture,824 biofeedback, 
and hypnosis.825 For the rare patient who is incapacitated 
by recurrent episodes of pain and who spends more time 
in the hospital than out, chronic outpatient opioid therapy 
may be useful.826 Although transfusion (even exchange 
transfusion) is rarely effective for acute pain, a brief 
maintenance program may facilitate completion of a 
school year or an important project at work; however, this 
must be tempered by risks of allosensitization, iron over-
load, and blood-borne infection. Hydroxyurea is effective 
at decreasing the frequency of recurrent painful crises, 
but its favorable effect may be delayed by months or until 
MTDs are reached.393

Transfusion

Transfusions improve the oxygen-carrying capacity and 
decrease the proportion of erythrocytes that carry HbS. 
Although transfusion is typically not used for the treat-
ment of chronic anemia or acute painful crises, it is often 
necessary for associated comorbid conditions.827 Current 
transfusion practices include episodic or chronic regi-
mens, depending on whether the reduction in risk for 
severe clinicopathologic sequelae from SCD (e.g., stroke 
or recurrent ACS) outweighs the risks inherent in a 
chronic transfusion regimen.

Episodic transfusions (simple or exchange) are used 
primarily to treat acute complications of SCD. Simple 
transfusion is possible when the anticipated post-transfu-
sion hemoglobin level will not exceed 10 to 11 g/dL. 
Exchange transfusion (either by manual technique or 
automated erythrocytapheresis) is reserved for complica-
tions that are either life threatening or pose risk for irre-
versible tissue damage (e.g., stroke, severe ACS) or when 
initial simple transfusion was ineffective. The primary 
goal of exchange transfusion is to reduce the HbS con-
centration rapidly to less than 30% of the total hemoglo-
bin content without increasing blood viscosity or 
expanding the blood volume, thereby reducing potential 
cardiovascular strain. In centers in which an automated 
cell separator is available, a two-volume exchange trans-
fusion can be effi ciently accomplished in less than 90 
minutes.502,503 Episodic transfusion is indicated for the 
management of symptomatic episodes of acute anemia 
(e.g., aplastic crisis triggered by parvovirus infection), 
severe/progressive ACS, acute stroke, splenic sequestra-
tion, and priapism unresponsive to medical therapy, as 
well as perioperatively. As discussed previously, simple 
transfusion is preferred instead of exchange transfusion 
in the preoperative setting.
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Chronic transfusion therapy is implemented when 
the ongoing risk of morbidity from sickle cell complica-
tions outweighs the risks inherent in recurrent blood 
exposure. In a chronic regimen involving simple or 
exchange methods, transfusions are usually scheduled 
every 3 to 4 weeks, with the goal of maintaining the HbS 
level between 30% and 50%. Chronic transfusion therapy 
has been indicated for primary stroke prevention in high-
risk children identifi ed by TCD and for prevention of 
recurrent stroke in children who have already experienced 
an overt stroke. Limited-duration regular transfusions 
may be indicated for reducing the frequency and severity 
of ACS, complicated pregnancy, prolonged hematuria, 
and chronic vaso-occlusive complications (e.g., nonheal-
ing leg ulcer). Sickle trait blood should not be used.

Chronic transfusion regimens in SCD may increase 
risk for the transfusion-associated complications of allo-
sensitization, infection, and progressive iron overload. 
Transfusional iron accumulation is ultimately unavoid-
able, though often clinically undetected and undertreated. 
Excess iron is deposited in multiple organs, including the 
liver, heart, pancreas, endocrine glands, and skin, with 
potential for organ damage. There is no physiologic 
mechanism for iron removal, but fortunately, parenteral 
deferoxamine828,829 and oral deferasirox830 are effective 
chelators if adhered to chronically. Serial assessment of 
serum ferritin levels may provide insight into ongoing 
iron balance in SCD,831,832 but because infections and 
vaso-occlusive crises also increase ferritin levels, it is a 
suboptimal predictor of liver iron burden and liver fi bro-
sis. However, high liver iron levels were not associated 
with as much liver disease as expected from similar data 
in thalassemia.833

In children who have received multiple transfu -
sions, the rate of alloimmunization is between 7% and 
20%.834-837 The likelihood of alloimmunization is related 
to the number of transfusions, racial differences between 
the common donor and recipient erythrocyte phenotype, 
and as yet unknown genetic factors that control the 
responsiveness of the recipient to transfused antigens.452 
Opinions and practices differ in regard to the utility of 
preventing sensitization with the use of expensive antigen-
matched cells as opposed to providing these cells after 
sensitization occurs.838,839 The most common antibody-
provoking antigens are K, C, E, S, Fya, Fyb, and Jkb. 
Ideally, patients with SS SCD should receive antigen-
matched red cells beyond ABO and D to include C, E, 
and Kell to reduce the hazard of sensitization,839 and 
such a strategy has been demonstrated prospectively to 
reduce sensitization.840 Some suggest further extension 
of phenotype matching,841,842 but the added expense and 
relative scarcity of the required random donors make this 
impractical.839 Potential benefi ts from attempting to 
prevent allosensitization include prevention of complica-
tions from the fi rst delayed transfusion reaction and pos-
sibly the prevention of autoantibodies that appear in the 
same context. Clinically signifi cant autoantibodies do 
occur in about 10% of patients with SCD, and the inci-

dence appears to be higher in those with alloantibod-
ies.837,842,843 In 183 children the incidence of autoantibodies 
was 7.6%, and when associated with C3 on the red cells, 
the autoantibodies resulted in hemolysis.453

Preparation for Surgery

Children with SCD have an increased likelihood of 
undergoing surgical procedures, in particular, cholecys-
tectomy, splenectomy, and joint replacement. The 
CSSCD found that 7% of all deaths in patients with 
sickle cell anemia were related to surgery.247 In 1079 
surgical procedures on 717 patients of all genotypes, the 
mortality within 30 days of the procedure was 1.1% (12 
deaths); however, no deaths were reported in children 
younger than 14 years.844 That same series illustrated 
comparable complication rates in the SS and SC groups 
and suggested that patients undergoing regional anesthe-
sia were at higher risk for complications than those 
undergoing general anesthesia.844

The CSSCD “natural history” study did not defi ni-
tively address the important question of the effectiveness 
of preoperative transfusion. In a review of records from 
Dallas Children’s Hospital, pulmonary complications 
were particularly common in patients undergoing lapa-
rotomy, thoracotomy, or tonsillectomy and adenoidec-
tomy who were not transfused preoperatively (9/29) when 
compared with those who underwent transfusion for 
these procedures (0/8).845 More recently, Vichinsky and 
collaborators in the Preoperative Transfusion in Sickle 
Cell Disease Study Group reported the fi ndings of a 
prospective, multi-institutional study that randomized 
more than 600 preoperative HbSS patients to receive 
either simple transfusion designed to increase the total 
hemoglobin concentration to 10 g/dL or exchange trans-
fusion designed to decrease the HbS percentage to less 
than 30 and increase total hemoglobin to 10 g/dL.846-850 
Several key points emerged from that study:

• There was no signifi cant difference between the two 
transfusion strategies in terms of complications; both 
strategies reported a high 30% postpartum complica-
tion rate. Transfusion-related complications were twice 
as common (14%) in the exchange transfusion arm as 
in the simple transfusion arm (7%).

• The most common and serious complication was ACS, 
which occurred in 10% of procedures in both arms. 
The average time at onset was postoperative day 3, the 
average length of the episode was 8 days, 11% of the 
patients required intubation, and two died.

• Those in a higher surgical risk category—history of 
pulmonary disease, occurrence of ACS, and increased 
frequency of hospitalization—were at higher risk for 
complications.

These data suggest that at minimum, a simple trans-
fusion designed to raise the preoperative hemoglobin 
level to 10 g/dL should be administered to all patients 
with HbSS disease.
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In addition to transfusion, perioperative morbidity 
can be minimized safely by careful collaboration between 
the hematologist, anesthesiologist, and surgeon during 
the perioperative period. Those with previous pulmonary 
dysfunction or a history of multiple hospital admissions 
should receive a minimum of overnight maintenance 
intravenous hydration and be monitored as high-risk 
patients. During the procedure and in the postoperative 
period, all patients should have compulsive attention paid 
to oxygenation, hydration, maintenance of warm body 
temperature, acid-base balance, and positioning that 
does not impair circulation.844,851-856 Choice of an anes-
thetic agent is not as critical as the care with which it is 
delivered.853

Management of Pregnancy

Although many women with SCD have normal pregnan-
cies, pregnancy can be associated with serious problems 
for both the mother and fetus. Pregnant women should 
be monitored closely and collaboratively by obstetricians 
and hematologists experienced in high-risk pregnancies. 
Maternal complications may include an increase in the 
frequency and severity of painful crises, an increase in 
the severity and frequency of chest syndrome, exaggera-
tion of physiologic anemia of pregnancy, toxemia, and 
death.857 Because of sickling in the placenta, fetal com-
plications can include spontaneous abortion, prematu-
rity, and intrauterine growth retardation. Some authors 
have suggested that pregnancy outcome could be 
improved further if mothers are prophylactically trans-
fused,858,859 but no signifi cant benefi t of transfusions to 
the mother or fetus during pregnancy was demonstrated 
in the only prospective trial.860 Hepatitis, alloimmuniza-
tion, and hemolytic transfusion reactions860,861 have been 
reported in transfused pregnant sickle patients. There-
fore, transfusion therapy is not recommended prophylac-
tically and is reserved for acute, severe, or persistent 
complications.862,863 With modern obstetric management, 
regular prenatal care, and better nutrition, maternal mor-
tality has been reduced to less than 1% and perinatal 
deaths have declined to less than 15%.864,865

OTHER SICKLE SYNDROMES

Sickle Cell Trait: a2b2, a2b2
Val6

Sickle cell trait is a benign condition that is not associated 
with increased morbidity or mortality.866-870 There is no 
associated anemia, abnormal morphology, or decreased 
red cell survival. Most individuals have approximately 
40% HbS and 60% HbA. A population with 28% to 35% 
HbS has been identifi ed and shown to have accompany-
ing α-thalassemia.871 Decreased levels of HbS can also be 
seen in patients with iron872 and folate873 defi ciencies. 
Growth, behavior, educational achievement, and preg-
nancy risks in children with sickle trait are entirely 
normal.874-876 Black American professional football players 

have the same incidence of sickle trait as the general black 
population does.877 In a retrospective study of sudden 
death during physical training in the U.S. Armed Forces, 
Kark and colleagues noted a 1 in 3200 incidence of 
sudden death among sickle trait recruits, a frequency 27 
times greater than that in non-HbS controls.878 All deaths 
were associated with strenuous physical exertion, and 
risks increased with age. After this report, modifi cations 
in basic training for all recruits have been recommended, 
but follow-up data are not yet available. A subsequent 
prospective study of 25 sickle trait recruits and non-HbS 
controls revealed no difference in exercise tolerance or 
physical conditioning after 7 weeks of basic training.879 
Several authors have stressed that these data do not 
justify restriction of sickle trait men from the armed 
services or organized sports.880-882 Although anecdotal 
reports of various severe vaso-occlusive episodes in those 
with sickle trait appear in the literature, they are extremely 
rare and not clearly due to sickle trait. However, Eichner 
has reviewed the sudden death of nine college athletes 
with sickle trait and summarized fi ndings that distin-
guished sickling from more common heat-related ill-
nesses.883 Postmortem fi ndings of intravascular sickling 
are not evidence that the sickling had occurred before 
death. Under certain extreme conditions, however, sick-
ling and even death may occur in individuals with sickle 
trait. Such conditions include severe pneumonia,884 
unpressurized fl ying, and exercise at high altitudes.885,886 
The risk associated with routine aviation in individuals 
with sickle trait has been overstated.887 Careful general 
anesthesia does not carry great risk for a person with 
sickle trait,888,889 but tourniquet surgery853 and deep 
hypothermia should be avoided. The most consistent 
abnormality found in sickle trait is an inability to con-
centrate urine.890 Persistent hematuria in sickle trait indi-
viduals has been associated with papillary necrosis of the 
kidney891 and rarely renal medullary carcinoma.627 Trau-
matic hyphema in sickle trait is a medical emergency 
because in the hypoxic conditions of the anterior chamber 
of the eye, HbAS red cells will sickle and lead to increased 
intraocular pressure.892 Sickle trait women in one pro-
spective study showed an increased risk for preeclampsia, 
and their infants had a minimal decrease in gestational 
age and birth weight but no increased infant mortality.893 
Previous retrospective and case-control studies have pro-
vided confl icting data regarding differences in birth 
weight or gestational age at birth.894-897 Patients in whom 
sickle trait is diagnosed but a clinical and laboratory 
phenotype consistent with a sickling disorder develops 
should be considered for molecular globin diagnostics to 
ensure accuracy of the diagnosis.898,899

SC Disease: a2b2
Val6, a2b2

Lys6

Hemoglobin SC disease is a mild chronic hemolytic 
anemia associated with variable degrees of vaso-occlusive 
complications. As described in Table 19-2, the patient 
typically has a hemoglobin concentration of 10 to 12 g/
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dL, a reticulocyte count of 1% to 13%, and a 
relative microcytosis for the degree of reticulocytosis. 
The peripheral blood smear (see Fig. 19-4) is more 
characteristic of HbC than HbS and reveals impressive 
target cells and rare, if any ISCs. The clinical course is 
quite variable, with some patients severely affected at an 
early age and others entirely asymptomatic and identifi ed 
only as adults on routine screening. Hemolysis is less 
severe in SC disease than in SS disease900 and therefore 
results in a higher hematocrit in patients with SC 
disease.

The major complications of HbSS disease are not as 
common in SC disease but have been reported to include 
recurrent painful bone crises, painful abdominal crises, 
gallstones, pulmonary infarction, priapism, and CNS 
infarction.901-904 As shown in Figure 19-7, the pattern of 
clinical events is different in SC disease, with most events 
occurring not only less frequently but also later in life. 
Certain complications appear to be more common in the 
SC disease population: eye disease,665,902,905-907 AVN of the 
femoral heads, renal papillary necrosis,908 and pregnancy-
related problems.909 Splenomegaly is found in approxi-
mately 60% of patients with SC disease and has been 
associated with splenic infarction910 and splenic seques-
tration,911 particularly at high altitudes. Although infec-
tion is not as common in SC disease as in SS disease,912 
splenic hypofunction and an increased risk for pneumo-
coccal and H. infl uenzae sepsis are found in SC disease.913 
Pneumococcal and H. infl uenzae vaccines are indicated 
in SC disease, and the use of prophylactic penicillin is 
recommended.

Patients with SC disease clearly have more sickling 
complications than do individuals with sickle trait, who 
are essentially free of sickling complications. One would 
therefore assume that mixtures of HbS and HbA are less 
likely to polymerize than mixtures of HbS and HbC. 
Interestingly, Bunn and associates914 have shown that 
such is not the case because the kinetic and equilibrium 
behavior of mixtures of HbS and HbA is essentially 
identical to the behavior of mixtures of HbS and HbC. 
One can resolve this apparent paradox by considering 
how the hemoglobin mixtures are packaged in SC and 
AS cells. There are two major factors that explain why 
SC cells sickle more readily than AS cells do: (1) there 
is more HbS in an SC cell, and (2) an SC cell has a higher 
MCHC. Because the charge and affi nity for β-globin 
differs between βS-globin and βC-globin, individuals with 
SC disease usually have 50% HbS and 50% HbC, 
whereas those with sickle trait typically have 60% HbA 
and 40% HbS.908 The increased HbS content of SC cells 
results in an approximately sevenfold increase in the rate 
of polymerization.915 The increase in MCHC in SC 
disease, which is quite obvious on density separation of 
SC red cells139,914,916 (see Fig. 19-5) and even C trait red 
cells,915 is probably due to activation of the KCC system 
by the positively charged HbC molecules.917 The cellular 
dehydration and microcytosis associated with HbC has 
been well characterized by Brugnara and colleagues918 
and Ballas and associates.916

Hemoglobin SC and a-Thalassemia

One patient with HbSC and α-thalassemia trait has been 
described.919 This 7-year-old child had the following lab-
oratory values: hematocrit, 25.8%; hemoglobin, 7.9 g/dL; 
MCV, 53 μm3; MCH, 16.2 pg; MCHC, 30.6 g/dL; retic-
ulocytes, 7.2%; HbS, 50.5%; HbC, 47.7%; and HbF, 
1.8%. One parent had 27% HbS with an MCV of 71 μm3; 
the other had 24% HbC with an MCV of 57 μm3. This 
patient, like many patients with SC disease, was relatively 
asymptomatic. Of interest is that her hematocrit level and 
reticulocyte count are compatible with a considerable 
degree of hemolysis.

SO Arab: a2b2
Val6, a2b2

Lys121

SOArab double heterozygotes are quite rare and have a rela-
tively severe disorder with chronic hemolytic anemia and 
vaso-occlusive episodes.920 As seen in Figure 19-4, the O 
Arab mutation lies within the area critical to axial contact 
in the HbS fi ber. Routine cellulose acetate electrophoresis 
at pH 8.6 does not distinguish between HbC and HbOArab. 
Citrate agar electrophoresis at pH 6 does separate HbC 
from HbO and should be performed for patients who 
appear to have HbSC disease on cellulose acetate electro-
phoresis but who have particularly severe symptoms.921

SD: a2b2
Val6, a2b2

Glu121

SD double heterozygotes have severe hemolytic anemia 
with a peripheral blood smear comparable to that seen in 
HbSS. These rare patients have severe vaso-occlusive 
complications,922-924 thus illustrating, as in those with 
HbOArab, the critical nature of the β121 contact site. HbD 
migrates with HbS on cellulose acetate electrophoresis at 
alkaline pH and can be distinguished from HbS on citrate 
agar electrophoresis at acid pH. HbD is suspected when a 
hemoglobin appears to be HbS on cellulose acetate elec-
trophoresis but gives a negative “sickle prep.” Identifi ca-
tion of a parent with HbD is important socially because it 
may become diffi cult to explain how a child has “SS 
disease” and only one parent has a positive sickle prep.

S Korle Bu: a2b2
Val6, a2b2

Asn73

Hemoglobin Korle Bu is a rare hemoglobin mutant.925 It 
is mentioned here only because it illustrates an important 
pathophysiologic point. Korle Bu participates poorly in 
sickling.926 This mutation interferes with lateral contact 
between HbS fi bers by blocking the critical receptor area 
for βVal6. S Korle Bu double heterozygotes are entirely 
symptom free.

Hemoglobin C Harlem (C Georgetown): 
a2b2

Val6, Asn73

Hemoglobin CHarlem (also known as CGeorgetown) has two 
substitutions on the β chain: the sickle mutation βVal6 and 
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the Korle Bu mutation βAsn73.927 Patients with these muta-
tions are asymptomatic. Patients doubly heterozygous for 
HbS and HbCHarlem have clinical crises resembling SS 
disease.927,928

Hemoglobin S Antilles: a2b2
Val6, Ile23

HbS Antilles also has two substitutions on the β chain: 
the sickle mutation βVal6 and a second mutation βIle23.929 
This mutation results in hemoglobin with low oxygen 
affi nity that in heterozygotes for HbA and HbS Antilles, 
results in mild hemolytic anemia and the presence of 5% 
to 7% ISCs. A transgenic mouse with HbS Antilles and 
the HbD mutations (see earlier) exhibits many of the 
clinical features of SS disease.930

Sickle–b-Thalassemia

Patients heterozygous for HbS and β-thalassemia have 
clinical severity that depends on the output of the thalas-
semic β gene.511,931,932 If no HbA is produced (“S–β0-thal-
assemia”), the clinical course is comparable (see Table 
19-2 and Fig. 19-9) to that of homozygous sickle cell 
anemia. Electrophoresis shows mostly HbS with slightly 
elevated HbA2 and variable amounts of HbF. Features 
that distinguish these patients from those with sickle cell 
anemia are that they may be of Mediterranean origin, 
have microcytosis, and often have splenomegaly. One 
parent will have classic sickle trait, whereas the other will 
have β-thalassemia trait. The hemolytic rate is lower, and 
the patients tend to have a slightly higher hematocrit and 
lower reticulocyte count. Their peripheral blood mor-
phology is notable for target cells, microcytosis, and 
generally fewer ISCs than in sickle cell anemia. If there 
is output from the β-thalassemia gene (“S–β+-thalasse-
mia”), patients tend to have a milder clinical course, 
comparable to that of SC disease. Electrophoresis in 
these patients shows predominantly HbS, elevated HbA2, 
variable amounts of HbF, and HbA. Features that distin-
guish these individuals from those with sickle cell anemia 
are HbA, microcytosis, splenomegaly, and a relatively 
benign clinical course. The ameliorative effects of HbA 
(see Table 19-2 and Figs. 19-5 and 19-9) are apparent. 
These patients can be distinguished from individuals 
with sickle trait because of a higher percentage of HbS 
than HbA, microcytosis, hemolytic anemia, abnormal 
peripheral morphology, and splenomegaly. α-Thalasse-
mia with HbS–β0-thalassemia results in higher hemoglo-
bin levels, lower reticulocyte counts, and increases in 
MCV and MCHC.271

Hemoglobin C Disease: a2b2
Lys6

Homozygous HbC disease is a mild disorder character-
ized by hemolytic anemia, microcytosis, and splenomeg-
aly.933-938 The tendency of HbC to aggregate and 
crystallize939-941 is probably responsible for the character-
istic target morphology of the stained and dried red cell 

in homozygous C disease and in HbC trait, although 
these crystals are not likely to be directly responsible for 
the hemolytic anemia. In HbC trait, target cell formation 
and mild microcytosis are the only manifestation of the 
anomaly. Hemolytic anemia is not present.

The basis of the aggregation and crystal formation 
of HbC cells is not precisely understood. It is thought 
that the substantial charge difference between HbC and 
HbA is in some way responsible for the tendency toward 
aggregation of C molecules, which leads to local incre-
ments in hemoglobin concentration in excess of its solu-
bility.938 The structure of these crystals has been examined 
by x-ray diffraction analysis.939-941

The hemolytic anemia of homozygous HbC disease 
is probably due to the fact that these cells are dehydrated. 
Brugnara and colleagues have demonstrated that CC red 
cells have decreased water and cation content associated 
with a large effl ux of potassium.918 As discussed in the 
previous section on membrane abnormalities, this 
volume-dependent potassium effl ux is regulated by the 
KCC pathway.
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The thalassemias are a heterogeneous group of inherited 
anemias caused by mutations affecting the synthesis of 
hemoglobin.1-3 Milder forms are among the most com-
monly seen genetic disorders, whereas the less often seen 
severe forms lead to signifi cant morbidity and mortality 
worldwide (Fig. 20-1).

Study of the thalassemias traces the history of the 
application of recombinant DNA methods to analysis of 
inherited diseases and underscores how naturally occur-
ring mutations in humans illuminate genetic principles. 
Here, the genetics of hemoglobin genes are reviewed as 
background for discussion of the molecular basis of the 
thalassemia syndromes, their clinical phenotypes, prena-
tal diagnosis, and current management.

HUMAN HEMOGLOBINS: COMPOSITION 
AND GENETICS

Normal hemoglobins are tetramers of two α-like and two 
β-like globin polypeptides. The predominant hemoglobin 
in normal adult red blood cells is hemoglobin A (HbA), 
α2β2.4,5 The α- and β-globins contain 141 and 146 amino 
acids, respectively. In addition to HbA, adult red cells 
normally contain two minor hemoglobins: HbA2 (α2δ2) 
and fetal hemoglobin (HbF) (α2γ2). The γ and δ polypep-
tides are related to β but differ in their primary amino 
acid sequences; hence they may be referred to as β-like 

globins. HbA2 normally accounts for 2% to 3.5% of the 
total hemoglobin. Though a minor component in adult 
red cells, HbF is the predominant hemoglobin in fetal 
red cells during the latter two trimesters of gestation. 
Because it does not bind 2,3-diphosphoglycerate, its 
affi nity for oxygen is higher than that of HbA.6 As such, 
HbF enhances the fetus’ ability to extract oxygen from 
the placenta. HbF constitutes a small fraction of the total 
hemoglobin in adult red cells (0.3% to 1.2%), in which 
it is largely restricted to a small subset of circulating 
erythrocytes (0.2% to 7% of the total cells) referred to 
as F cells.7,8 Production of HbF in normal adults appears 
to be largely genetically controlled as demonstrated by 
studies in twins and familes.9-13 During the fi rst trimester 
in utero, embryonic hemoglobins with differing subunit 
composition are found in the yolk sac–derived macro-
cytic (or primitive) red cells.1

The genes that encode the globin polypeptides are 
organized into two small clusters.2,4,5,14,15 The α-like genes 
are located near the telomere of the short arm of chromo-
some 16 (16p13.3), whereas the β-like genes reside on 
chromosome 11 at band 11p15.5.16,17 A schematic 
diagram of the human globin genes and the composition 
of the various hemoglobins are shown in Figure 20-2.

The α-globin gene cluster contains three functional 
genes, ζ, α2, and α1, oriented in a 5′-to-3′ direction along 
the chromosome.2,15,18,19 ζ-Globin, encoded by the ζ 
gene, is found in two embryonic hemoglobins, Hb 

α- and β-thalassemias

FIGURE 20-1. Geographic distribution of 
thalassemia.
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Gower-1 (ζ2ε2) and Portland (ζ2γ2).20 The duplicated α-
globin genes (α1 and α2) encode identical polypeptides. 
DNA sequence analysis has revealed three additional 
globin gene–like sequences in the cluster: pseudo-ζ (ζ1), 
pseudo-α1, and pseudo-α2.2,15 Although they resemble 
the functional genes, sequence differences in coding or 
critical regulatory regions render these genes inactive; 
hence they are referred to as pseudogenes.

Five functional genes, ε, Gγ, Aγ, δ, and β, are present 
within the β-like cluster and are arranged in a 5′-to-3′ 
direction as they are expressed during development.21-24 
The product of the embryonic ε gene is found in the 
embryonic hemoglobins Hb Gower-1 (ζ2ε2) and Hb 
Gower-2 (α2ε2). The fetal γ genes are duplicated but 
encode globins differing only at amino acid 136; Gγ-
globin and Aγ-globin contain a glycine or alanine residue, 
respectively. Gγ- and Aγ-globins are both found normally 
in HbF (α2γ2). The δ-globin gene encodes a polypeptide 
differing in only 10 of 146 residues from β, and yet it is 
expressed at a very low level in adult red cells (<3% of 
β). The poor expression of δ-globin is attributed to dif-
ferences in critical regulatory sequences25 within the gene 
that appear to inhibit messenger RNA (mRNA) process-
ing26 and the inherent instability of δ mRNA.27 Only a 
single functional β-globin gene is present in the cluster. 
β-Globin is the predominant β-like globin in adult red 
cells, in which HbA (α2β2) accounts for more than 95% 
of the total hemoglobin.

The relative synthesis of individual globin chains and 
the major sites of erythropoiesis during development are 
depicted in Figure 20-3.1,4,28-30 Embryonic hemoglobins 
are expressed nearly exclusively in primitive nucleated 
red cells differentiating in the yolk sac blood islands. HbF 
production commences during the next wave of erythro-
poiesis in the fetal liver. Fetal liver–derived red cells lose 
their nuclei as terminal maturation occurs, whereas the 
primitive, yolk sac–derived cells remain nucleated. The 

transition from HbF to HbA coincides approximately 
with the switch from fetal liver to bone marrow erythro-
poiesis. Despite this correlation between the site of eryth-
ropoiesis and the hemoglobins expressed, careful analysis 
of tissues derived from experimental animals and human 
fetuses has shown that embryonic hemoglobins are syn-
thesized in the liver as well as the yolk sac and HbFs are 
produced in the bone marrow as well as the liver. The 
developmental switches in hemoglobin expression are 
related to the time of gestation rather than the anatomic 
site of erythropoiesis per se.

Globin Gene Structure

The globin genes were among the fi rst eukaryotic genes 
to be isolated by recombinant DNA cloning methods in 
the late 1970s. Subsequent work has provided the entire 
DNA sequences of the human α- and β-globin gene 
clusters and extensive sequences of other vertebrate 
globin complexes. These data have been invaluable in 
determining the mutations underlying thalassemia syn-
dromes and in manipulating gene regulatory regions.

Intervening Sequences or Introns

A remarkable fi nding was made on initial study of the 
globin genes: the coding region, rather than being orga-
nized in a single continuous unit, is interrupted by non-
coding DNA known as intervening sequences (IVSs), or 
introns. The majority of eukaryotic genes contain one or 
more introns. As indicated in Figure 20-4, globin genes 
are interrupted at two positions. The discontinuous 
nature of the coding region of globin genes poses a for-
midable problem for the formation of mRNA that must 
be translated into globin polypeptides on cytoplasmic 
ribosomes. Transcription of a globin gene generates a 
precursor mRNA containing introns. Formation of 
mature mRNA is accomplished by post-transcriptional 

α−like genes Chromosome 16

β−like genes Chromosome 11
Kilobases

0

Hb Gower 1
(ζ2ε2)

Hb Gower 2
(α2ε2)

Hb Portland
(ζ2γ2)

Embryonic

HbF
(α2γ2)

HbA2
(α2δ2)

Fetal

HbA
(α2β2)

Adult

Hemoglobins

Developmental
period

10 20 30 40 50 60

ζ2 α2 α1 Θ1ψζ1 ψα2

ψβ1

ψα1

ε δ βGγ Aγ
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FIGURE 20-4. Structure of the human α- and β-globin genes. 
Untranslated (UT) regions, exon, and intervening sequences (IVS, 
introns) are depicted by green, salmon, and blue boxes, respectively.

processing, termed RNA splicing. The pathway of RNA 
processing is depicted in Figure 20-5.

RNA splicing must be executed with exquisite preci-
sion for functional mRNA to be generated. Because 
translation of mRNA proceeds by the reading of triplets 
(codons), excision of introns needs to be accurate to the 
nucleotide; otherwise, shifts in the reading frame of the 
translated polypeptide will result. RNA processing is 
guided by specifi c sequences, known as splice site con-
sensus sequences, located at the 5′ and 3′ boundaries of 
the introns. The donor site, which marks the 5′ end of 
the intron, generally conforms to the sequence 5′ (C/
A)AG′GT(A/G)AGT, where the prime sign indicates the 
position of splicing and GT is an essentially invariant 
dinucleotide at the 5′ end of the intron. The acceptor site, 
which defi nes the 3′ end of the intron, usually fi ts the 
consensus 5′ (T/C)nN(C/T)AG′G, where n is 11 or 
greater, N is any nucleotide, the prime sign indicates the 
site of splicing, and AG is an essentially invariant dinu-
cleotide. Excision of introns generally occurs between the 
dinucleotides GT and AG, the GT-AG rule.

Conserved Features of Mature Globin mRNA

Sequences of human globin genes represented in pro-
cessed globin mRNA include additional segments located 
before (5′) and after (3′) the coding region. These untrans-
lated regions are depicted in Figure 20-5. In addition, the 
mature mRNA is modifi ed at both termini. At the 5′ end 
a methylated guanylic acid (m7G) cap structure is present. 
A variable number of adenylic acid residues are added at 
the 3′ end and constitute a poly(A) tail. The 5′ cap struc-
ture appears to be important for effi cient initiation of 
mRNA translation, whereas the poly(A) tail contributes 
to mRNA stability. Overlapping the beginning of the 
mRNA sequence in genomic DNA are sequences that 
aid in directing the initiation of transcription to the 
proper site. In some eukaryotic genes these sequences 
conform to an initiator (Inr) consensus element.31 The 
human β-globin gene has been shown to possess an Inr 
element that is functional in transcription reactions per-
formed in vitro.32

Polyadenylation at the 3′ end of mRNA precursors 
depends on a signal in the 3′-untranslated region, gener-
ally AAUAAA (AATAAA in genomic DNA). The mecha-
nism of modifi cation of the 3′ end is complex and involves 
not only polyadenylation but also cleavage of the precur-
sor RNA because the primary RNA transcript extends 
several hundred nucleotides past what becomes the posi-
tion at which the poly(A) tail is added.

Translation of mRNA into a polypeptide proceeds 
by the reading of triplets (codons) on cytoplasmic ribo-
somes. The fi rst AUG codon (specifying methionine) 
present in the mRNA specifi es the start site for transla-
tion of the mRNA into protein and is embedded in a 
sequence context (the Kozak consensus sequence, typi-
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cally CC[A/G]CCATGG) that signals the binding of 
translation initiation factors and ribosomes to the RNA. 
Usually, the amino-terminal methionine residue is 
removed from the growing polypeptide chain even before 
its synthesis is completed. Termination of polypeptide 
chain translation is directed by the termination codons 
UAA, UAG, or UGA. Mutation of these codons allows 
continued translation into the 3′-untranslated sequences 
of mRNA, as occurs in selected α-globin chain variants 
associated with α-thalassemia (see later).

As briefl y reviewed earlier, the formation of func-
tional mature mRNA demands extraordinary precision 
and depends on highly conserved sequence elements. As 
exemplifi ed by the thalassemia syndromes, point (or 
other) mutations in these signals lead to reduced or 
absent polypeptide chain synthesis, the hallmark of thal-
assemia. Mutations causing thalassemia involve all phases 
of gene expression, including gene transcription, RNA 
splicing, integrity of the coding sequence, 3′ polyadenyl-
ation, and translation initiation (see later).

Regulation of Globin Gene Expression

Globin genes in all vertebrates are expressed in a tissue-
specifi c and developmentally programmed manner. Their 
transcription is activated only within developing ery-
throid precursor cells. Moreover, individual globin genes 
are expressed at different developmental stages. Hence, 
within the genes of the β cluster, globins are expressed 
at the embryonic (ε), fetal (γ), or adult (β and δ) stages, 
whereas within the α cluster, embryonic (ζ) and adult 
(α) chain expression is seen. A central problem posed by 
the organization of the globin gene clusters is how these 
patterns of tissue- and developmental-stage specifi city 
are achieved. Current fi ndings suggest that interactions 
between regulatory regions and their chromatin-bound 
proteins located near the genes (the proximal regulatory 

elements) and more distant control regions provide the 
means by which transcription is orchestrated in globin 
gene clusters.

Proximal Regulatory Sequences and 
Transcription Factors

Several conserved sequence elements (motifs) in the 5′-
fl anking sequences of globin genes comprise the pro-
moter, a region required for accurate and effi cient 
transcription of genes by RNA polymerase II.33-36 Pro-
moters of vertebrate globin genes are similar in overall 
confi guration and subset of motifs present but differ 
in their detailed organization and sequences. Promoters 
generally cooperate with more distant regulatory ele-
ments termed enhancers to stimulate transcription.37-39 
As discussed later, globin gene promoters appear to inter-
act in a synergistic fashion with very powerful distant 
elements known as locus control regions (LCRs).

The TATA (or ATA) box is a motif seen in nearly all 
promoters, including those of the globin genes. The 
TATA box, typically located 20 to 30 base pairs (bp) 
upstream from the transcription start site, constitutes the 
binding site for a general transcription factor, the TATA-
binding protein (TBP).40-42 Binding of TBP to the TATA 
box is the fi rst step in the assembly of a basal transcrip-
tion complex (often termed TFIID) that includes many 
additional proteins (such as TFIIA, TFIIB, TFIIE/F, and 
TFIIH) and RNA polymerase II.36 Mutations within the 
TATA box, as occur in some types of β-thalassemia,43-49 
decrease the binding of TBP to the promoter and decrease 
transcription.40,41,50

DNA sequence motifs located upstream of the TATA 
box bind proteins that interact with the general transcrip-
tion machinery through protein-protein contacts with the 
TFIID complex and other associated proteins.35,37,38,42 
These promoter-bound proteins may either increase 
(activate) or decrease (repress) the rate of transcription. 
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FIGURE 20-5. Expression of the 
β-globin gene. Transcription of the 
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which is processed by RNA splic-
ing to form messenger RNA.
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A relatively small set of motifs are consistently present 
in globin gene promoters, including the CCAAT box, the 
CACC box, and GATA consensus sequences. Each motif 
may be viewed as a potential binding site for one or 
multiple transcription factors, which are either tissue 
restricted or ubiquitous in their cellular distribution.

Transcription factors are typically viewed as modular 
proteins made up of two domains that fulfi ll different 
functions: a DNA-binding domain responsible for 
sequence-specifi c DNA recognition and an activation (or 
repression) domain or domains that interact with com-
ponents of the basal complex to modulate transcription. 
Additionally, some transcription factors may function to 
recruit activities that modify the histones around which 
DNA is wrapped to make chromatin. These modifi ca-
tions can indirectly alter the activity of the basal tran-
scriptional complex. It is currently believed that 
transcriptional specifi city is achieved by functional coop-
eration and interaction between cell-restricted and 
general transcription factors. As background for under-
standing globin gene control, the presently characterized 
erythroid-enriched transcription factors are reviewed 
here. For additional discussion of these proteins, readers 
are referred elsewhere.51,52

The consensus motif (A/T)GATA(A/G), the GATA 
motif, is found in the promoter region of most vertebrate 
globin genes and binds an abundant erythroid-restricted 
transcription factor, GATA-1. GATA motifs have been 
identifi ed in the regulatory elements of virtually all ery-
throid-expressed genes, consistent with the notion that 
GATA-1 should serve a critical role in erythroid gene 
expression. As noted later, multiple GATA sites are also 
present within distant regulatory elements. The essential 
role of GATA-1 in erythroid development was formally 
demonstrated through gene targeting experiments in 
mouse embryonic stem cells. Disruption of the single X-
chromosome GATA-1 gene in totipotent embryonic stem 
cells prevents their development into normal erythroid 
cells. Naturally occuring hypomorphic mutations of 
GATA-1 in humans have been shown to cause β-thalas-
semia or disrupt normal erythroid development.53-58 The 
GATA-1 protein is a member of a small family of related 
“GATA factors” that are distinguished by a novel zinc-
fi nger DNA-binding domain. In addition to merely speci-
fying DNA recognition, this domain also mediates 
protein-protein interactions. Accordingly, GATA-1 is able 
to interact physically with other GATA-1 molecules or 
with other types of zinc-fi nger proteins, including the 
ubiquitous CACC- or GC-binding factor Sp1, the tran-
scription factor erythroid Krüppel-like factor (EKLF), 
and a specifi c cofactor called FOG-1 (for friend of GATA-
1)59,60 (see later). It is envisioned that through its multiple 
physical interactions GATA-1 cooperates with other tran-
scription factors, perhaps bound to DNA at distant sites, 
to program erythroid-specifi c transcription.

CACC motifs, which are represented by diverse 
sequences within globin and other gene promoters, bind 
a variety of transcription factors. Many CACC sequences 

are recognized by Sp1, a ubiquitous zinc-fi nger activator 
protein.61 A particular CACC motif, CCACACCCT, is 
found in the adult β-globin gene promoter and is recog-
nized with high affi nity by the erythroid-specifi c protein 
EKLF. The functional relevance of this binding site has 
been established through naturally occurring mutations 
that lead to β-thalassemia (see later). In addition, gene 
targeting (or knockout) experiments in mice have for-
mally established that EKLF is necessary for effi cient β-
globin transcription in vivo.62

A third erythroid transcription factor, known as NF-
E2, binds to an extended motif—(T/C)TGCTGA(C/
G)TCA(T/C)—that is found within some distant regula-
tory elements (see later) and a small subset of erythroid 
promoters, but not within globin gene promoters. NF-E2 
is a heterodimer of two polypeptides of the basic domain–
leucine zipper (or b-zip) class of transcription factors.63,64 
One subunit of NF-E2 is tissue restricted, whereas the 
other is ubiquitous. Although NF-E2 is essential for 
globin gene expression in mouse erythroleukemia cells in 
tissue culture,65,66 its role in vivo appears to overlap that 
of one or more unknown factors that may act through 
the same target sites in DNA.67

Locus Control Regions and 
Chromatin Domains

How is globin gene transcription activated and develop-
mentally controlled? Inspection of the DNA sequences 
of globin gene promoters in the early 1980s failed to 
provide substantive insight. Initial attempts to dissect 
control elements involved introducing globin genes into 
the germline of mice by oocyte injection but were plagued 
by low-level and erratic transgene expression. Nonethe-
less, it was possible to show that stage specifi city was 
imparted by the human β- and γ-globin gene promoters. 
For example, when the human β-globin promoter is 
introduced into transgenic mice, it directs gene expres-
sion only in adult erythroid cells,68-71 whereas the human 
γ-globin promoter is active only in embryonic erythroid 
cells (mice do not have an HbF stage).72,73

These early globin gene regulation studies suggested 
that critical regulatory elements required for high-level 
expression were missing from the immediate vicinity of 
the genes themselves. When sensitivity to digestion by the 
enzyme DNase I was used as an indicator of chromatin 
structure in the mid-1980s, regions of extreme sensitivity 
(hypersensitivity sites [HSs]) were identifi ed far upstream 
(≈30 to 50 kilobases [kb]) of the adult human β-globin 
gene74,75 (Fig. 20-6). Four subregions were delimited; 
they are present in the chromatin of erythroid but not 
nonerythroid cells. An additional site located even further 
upstream was found in all tissues. In a formal test of their 
functional relevance, the HSs were linked to a human β-
globin and introduced into the germline of mice. Remark-
ably, transgenic mice then expressed the human β-globin 
gene at a level equivalent to that of the endogenous 
mouse β gene.76 Further studies showed that the trans-
gene is expressed not only in a tissue-specifi c manner but 
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also in a copy number–dependent fashion, independent 
of the chromosomal site of integration. These HSs com-
prise an essential distal regulatory domain, now referred 
to as the LCR (see elsewhere51,52 for more detailed history 
and discussion).

Other globin gene clusters also contain erythroid-
specifi c DNase I HSs. A segment of extreme DNase I 
hypersensitivity (known as HS-40) located far upstream 
of the human α-globin genes serves as an enhancer for 
the α locus. HS-40, however, does not display the full 
properties of an LCR because it does not direct copy 
number–dependent transgene expression.77 Nonetheless, 
the in vivo relevance of both the β-LCR and HS-40 is 
underscored by the discovery of patients with thalassemia 
who have specifi c deletions in these regions (see later).

The human β-LCR, HS-40, and analogous regions 
studied in other species are composed of cores, each 
encompassing a DNase I HS. Cores are approximately 
200 to 300 bp in length. Remarkably, within the cores 
three major protein-binding sites are consistently found: 
GATA, AP-1 (NF-E2), and CACC sequences. The posi-
tion-independent activity of the β-LCR correlates best 
with the presence of GATA and CACC motifs, particu-
larly within the subregion known as HS-3. Enhancer 
activity of the LCR, particularly within subregion HS-2, 
requires the NF-E2 motif. The protein-binding motifs 
within the LCR are also found in globin and other ery-
throid-expressed gene promoters. To date, no protein-
binding sites unique to LCR elements have been 
identifi ed. Hence, the distinctive properties of the LCR 
(or HS-40) appear to refl ect the synergistic interactions 
of more typical transcription factors rather than the 
action of a new set of regulatory proteins.

The discovery of distant control elements, marked 
by DNase I hypersensitivity, emphasizes the relationship 
between chromatin structure and globin gene regulation, 
an association solidifi ed by the unraveling of a rare syn-
drome, α-thalassemia with X-linked mental retardation.78 
This condition results from mutations in a gene desig-
nated XH2 (or ATR-X) that encodes a member of the 
helicase superfamily.79 Such proteins, which are often 
involved in DNA recombination and repair and in the 
regulation of transcription in Drosophila, yeast, and 
mammals, appear to infl uence transcription in a global 
manner by altering chromatin structure.

Regulation at a Distance: Globin 
Gene Switching

How do LCR sequences infl uence globin gene transcrip-
tion over large distances (>50 kb)? How are the individual 
globin genes developmentally regulated? Two formal pos-
sibilities have been considered. On the one hand, the LCR 
might merely provide an environment conducive for acti-
vation of the downstream globin genes. The globin genes 
would be autonomously regulated; that is, the develop-
mental profi le of their expression would be intrinsic to the 
individual genes (and presumably determined by their 
promoters). The “infl uence” of the LCR is most simply 
viewed as refl ecting physical association of the LCR with 
globin genes brought into apposition by chromosomal 
looping. On the other hand, sequential activation of the 
particular genes might depend (at least in part) on com-
petition of each gene for infl uence of the LCR such 
that only one gene-LCR interaction would be productive 
on a single chromosome at any time. The outcome of 
the competition would be dependent on the array of 
proteins bound not only at each promoter but also at spe-
cifi c sites in the LCR. Data in favor of both autonomous 
and competitive mechanisms of regulation have been 
obtained (see Orkin51 for detailed discussion).

The human embryonic ζ- and ε-globin genes appear 
to be largely autonomously regulated. LCR-containing 
transgenes are expressed during embryonic erythropoie-
sis (the yolk sac stage) and then extinguished during the 
fetal liver stage. The information required for shutoff is 
contained near the globin genes, and competition by 
adjacent globin genes is not required. Shutoff is hypoth-
esized to refl ect the action of repressors, or silencer pro-
teins, that bind the gene promoters. Motifs within the 
human ε-globin promoter involved in silencing bind 
GATA-1 and a ubiquitous factor, YY1.80

The competitive model of gene regulation is based 
on experiments in chicken red blood cells that demon-
strate competition between the chicken β- and ε-globin 
gene promoters for a single enhancer located between the 
genes.81 In the chicken it has been proposed that an adult 
stage–specifi c factor (NF-E4) favors interaction of the β 
promoter with the enhancer to the exclusion of the ε 
promoter. In an analogous fashion, data suggest that the 
human β-globin gene may be negatively regulated in a 
competitive fashion by the γ-globin gene. Whereas the γ 
gene is largely autonomously regulated, the β-globin gene 
is silenced in the embryonic and early fetal stage by a 
linked γ gene (a γ gene in cis to β). Shutoff of the γ gene, 
presumably as a result of repressors (or silencers), allows 
the adult β-globin to be expressed. It has been suggested 
that a protein complex known as the stage-selector protein 
(SSP), which binds to a site in the proximal γ promoter, 
serves a function analogous to that proposed for chicken 
NF-E4 and tips the balance to γ-globin transcription at 
early stages.82 Of interest, both NF-E4 and SSP com-
plexes appear to contain the ubiquitous transcription 
factor CP2.82 Although other models are theoretically 

DNase I hypersensitive sites

Locus control region (LCR)

Insulator
AdultFetalEmbryonic

5 4 3 2 1 βε GγAγ δ

FIGURE 20-6. Schematic representation of the human β-globin gene 
locus. The yellow boxes depict the core DNase I hypersensitive subre-
gions of the locus control region. The individual globin genes are indi-
cated with their stage of expression.
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possible, the capacity of the LCR to act at a distance in 
regulating activation of globin genes is most compatible 
with the formation of physical contacts between the LCR 
(or subregions thereof) and their associated proteins with 
regulatory elements neighboring the genes themselves. 
Stage-specifi c and competitive regulation would there-
fore refl ect engagement of the LCR with genes one at a 
time. LCR-gene interactions probably have intrinsic 
stabilities and off-rates such that a single erythroid cell 
might express more than one globin over time, even from 
a single chromosome. Experiments examining nascent 
human globin RNA along the β-gene complex tend to 
support such models and lend credence to the notion 
that chromosomal looping brings the LCR and individ-
ual genes in apposition. Evidence for LCR interactions 
with the proximal promoter regions of both the β- and 
α-globin genes has recently been directly demonstrated 
by using novel in vivo biochemical approaches.83-85 
Dynamic interactions between the β-LCR and the γ- and 
β-globin genes appear to underlie the reciprocal expres-
sion of these genes in erythroid cells and provide hope 
that subtle alterations in the nuclear environment may 
facilitate reactivation of γ-globin genes in patients with 
hemoglobinopathies such as sickle cell anemia or 
β-thalassemia.

CLASSIFICATION OF THE THALASSEMIAS

The hallmark of thalassemia syndromes is decreased 
(or absent) synthesis of one or more globin chains. The 
designation α- and β-thalassemia refers to defi cits in α- 
and β-globin production, respectively. The α- and β-
thalassemias include clinical syndromes of varying 
severity (Table 20-1). Knowledge of molecular genetics 
provides a framework in which to consider their clinical 
heterogeneity.

Because the structural gene for α-globin is dupli-
cated on chromosome 16, each diploid cell contains four 
copies of the α-globin gene. The four α-thalassemia syn-
dromes—silent carrier, α-thalassemia trait, HbH disease, 
and hydrops fetalis (see Table 20-1)—refl ect the inheri-
tance of molecular defects affecting the output of one, 
two, three, or four of the α-globin genes, respectively. 
More than 30 different mutations affecting one or both 
α-globin genes on a chromosome have been described. 
Some mutations abolish expression of an α-globin gene 
(α0), whereas others reduce expression of the gene to a 
variable degree (α+). Within the four general categories 
of α-thalassemia there is marked genetic and clinical 
heterogeneity. Heterogeneity arises because the syndrome 
in any given individual may represent a combination (or 
so-called interaction) of 2 of the 30 or more mutations 
that have been described.

The β-thalassemias also include four clinical syn-
dromes of increasing severity—silent carrier, thalassemia 
trait, thalassemia intermedia, and thalassemia major (see 
Table 20-1).1,3,86,87 In contrast to the α-thalassemias, the 
four classes of β-thalassemia are not correlated with the 
number of functioning genes. Because a single functional 
β-globin gene resides on each chromosome 11, a diploid 
cell normally has two β-globin genes. The clinical hetero-
geneity of the β-thalassemias represents the diversity of 
specifi c mutations that variably affect β-globin gene 
expression. Almost exclusively, these mutations involve 
the β-globin gene rather than an unlinked genetic deter-
minant. Many mutations eliminate β-gene expression 
(β0), whereas others cause a variable decrease in the level 
of β-gene expression (β+).3,87 The capacity of individual 
patients to synthesize γ-globin modulates the clinical 
severity. Such is the case because the severity of thalas-
semias is determined by the degree of globin chain imbal-
ance rather than by the absolute level of either α- or 
β-globin synthesis per se.88-92 Substantial synthesis of γ-
globin in the marrow cells of individuals with β-thalas-
semia lessens the extent of chain imbalance and therefore 
improves red cell production.93-95 Particular mutations of 
the β-globin gene in β-thalassemia appear to affect γ-
globin gene expression directly. However, some individu-
als with otherwise severe β-thalassemia may coinherit 
additional genetic determinants that enhance the synthe-
sis of HbF. Coincident inheritance of an α-thalassemia 
mutation also reduces chain imbalance in patients with 
homozygous or heterozygous β-thalassemia.96 Clinical 
severity in any individual patient represents the outcome 
of these complex genetic interactions.

Origin of Thalassemia Mutations: 
The Infl uence of Malaria

Mutations causing thalassemia have arisen spontane-
ously. The nearly exclusive distribution of lethal red blood 
cell disorders, such as thalassemia, sickle cell disease, and 
glucose 6-phosphate defi ciency, in tropical and subtropi-

TABLE 20-1  Clinical Classifi cation of 
the Thalassemias

Silent carrier (α or β) Hematologically normal
Thalassemia trait (α 
or β)

Mild anemia with microcytosis 
and hypochromia

HbH disease (α-thal) Moderately severe hemolytic 
anemia, icterus, and 
splenomegaly

Hydrops fetalis 
(α-thal)

Death in utero caused by 
severe anemia

Severe β-thalassemia 
(Cooley’s anemia)

Severe anemia, growth 
retardation, 
hepatosplenomegaly, bone 
marrow expansion, and bone 
deformities

Thalassemia major Transfusion dependent
Thalassemia 
intermedia

No regular transfusion 
requirement

thal, thalassemia.
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cal regions led Haldane in 1949 to propose that the 
heterozygous carrier state for these conditions confers a 
selective advantage in locations where malaria is 
endemic.97 The incidence of these genes in a population 
is determined by the balance between premature death 
of homozygotes and increased fi tness of heterozygotes. 
The frequency of β-thalassemia mutations is high (>1%) 
in regions such as the Mediterranean basin, northern 
Africa, Southeast Asia, India, and Indonesia but uncom-
mon in northern Europe, Korea, Japan, and northern 
China.3,98,99 The incidence of β-thalassemia trait may 
exceed 20% in some villages in Greece.100 α-Thalassemia 
is perhaps the most common single gene disorder in the 
world.2 The frequency of α+-thalassemia alleles ranges 
from 5% to 10% in the Mediterranean basin,101 20% to 
30% in portions of West Africa,102 and 68% in the south-
west Pacifi c.103 The incidence of α-thalassemia is less 
than 1% in Britain, Iceland, and Japan.104,105 Although 
the incidence of malaria and the rate of occurrence of 
thalassemia are not always inversely correlated, the 
anomalies and inconsistencies seem to be the result of 
genetic drift, migration, and demographic changes that 
have occurred in the last 10,000 years.106

Additional epidemiologic studies have provided 
further evidence for the validity of the “malaria hypoth-
esis” in both α- and β-thalassemia.103,107-114 Siniscalco and 
associates107 showed that β-thalassemia is uncommon in 
inhabitants of the mountainous areas of Sardinia, where 
malaria is rare, as compared with the incidence in coastal 
populations. In Melanesia, α-thalassemia is correlated 
with malaria across both latitude and altitude.103 β-Thal-
assemia in Melanesia is also associated with malarious 
coastal regions.111 A study by Williams and colleagues 
found that children with α-thalassemia trait appear to 
have a higher incidence of malaria in childhood that 
appears to confer subsequent immunity to more severe 
malarial infections.115 Follow-up studies in other popula-
tions have demonstrated that although α-thalassemia 
does not confer a reduced risk of malarial infection, it 
does dramatically reduce the incidence of severe malarial 
complications.116,117

The cellular mechanisms responsible for the selective 
advantage of thalassemia heterozygotes remain incom-
pletely defi ned. Cultured erythrocytes containing high 
concentrations of HbF retard the growth and develop-
ment of Plasmodium falciparum.118 β-Thalassemia hetero-
zygotes have a delayed disappearance of HbF in the fi rst 
year of life.1 This might provide protection from poten-
tially fatal cerebral malaria early in life as the passive 
immunity acquired in utero wanes. Until recently, however, 
investigators were unable to document decreased invasion 
or growth of P. falciparum in red cells from thalassemia 
heterozygotes except under conditions of unusual oxidant 
stress.99,119 Using modifi ed tissue culture conditions, 
Brockelman and associates120 and, more recently, Pat-
tanapanyasat and colleagues121 demonstrated decreased 
parasite multiplication in the red cells of β-thalassemia 
heterozygotes. They theorized that P. falciparum resistance 

was a consequence of the inability of the parasite to 
acquire suffi cient nutrients from the digestion of hemo-
globin in thalassemic red cells. In one study, red cells with 
α- and β-thalassemia trait bound greater levels of anti-
body than control cells did. This could lead to greater 
removal of parasitized red cells and hence provide protec-
tion.122 Recent studies have suggested that parasitized red 
cells from α-thalassemia heterozygotes may have altered 
membrane properties that more readily allow binding of 
antibody to the red cell and may promote more effective 
antimalarial immune responses.123 Erythrocytes from 
individuals with HbH disease also appear to inhibit P. fal-
ciparum in vitro.120,124 Recently, it has been suggested that 
rosette formation, the binding of uninfected red cells to 
P. falciparum–infected red cells, is decreased in thalasse-
mia because of reduced red cell size and that such impaired 
rosette formation may hinder the development of cerebral 
malaria by lessening sequestration.125

The diffi culty in documenting the cellular mecha-
nism of P. falciparum resistance in thalassemic erythro-
cytes in vitro suggests that the heterozygote advantage 
may be small. The high mortality associated with malaria 
in endemic regions is a powerful selective force that may 
be suffi cient to amplify a small increase in fi tness.

Classes of Mutations That Cause 
Thalassemia

Thalassemia is the consequence of mutations that dimin-
ish (or abolish) production of either the α or β chain of 
hemoglobin. Molecular cloning, DNA sequencing, and 
functional analysis of cloned genes have provided the 
tools with which to dissect the thalassemia syndromes. 
This analysis has revealed remarkable heterogeneity in 
the specifi c alterations in DNA that lead to these clinical 
syndromes.

Typically, single nucleotide mutations associated 
with thalassemia interfere with one of the critical steps 
in mRNA production (Fig. 20-7 and Table 20-2). Base 
substitutions alter promoter function, RNA processing, 
or mRNA translation or modify a codon into a “nonsense 
codon” that leads to premature termination of translation 
or substitution of an incorrect amino acid. Insertion or 
deletion mutations within the coding region of the mRNA 
create “frameshifts” that prevent the synthesis of a com-
plete, normal globin polypeptide. Large deletions within 
the α- or β-globin clusters may remove one or more genes 
and alter regulation of the remaining genes in the cluster. 
The phenotype that results from the diverse mutations 
found in thalassemia is determined by the degree of 
inactivation of the affected gene or genes and the extent 
of associated increases in expression of other genes within 
the cluster.

Mutations Affecting Gene Transcription

Point mutations within promoter sequences recognized 
by transcription factors tend to reduce the affi nity with 
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which these proteins bind. Typically, this leads to reduced 
gene transcription. Analysis of the promoter for the β-
globin gene in patients with β-thalassemia has identifi ed 
a variety of mutations clustered in the ATA and CACC 
motifs (Fig. 20-8; see also Table 20-2).3,40-46,126-129 These 
mutations are associated with preservation of some β-
globin expression and hence are customarily associated 
with the phenotype of thalassemia intermedia. The 
C→T substitution at position −101, which results 
in a particularly mild defect, is associated with the “silent 
carrier” phenotype in heterozygous carriers.126,204 
Although the CCAAT box is highly conserved in 
globin genes, no mutations within this motif have 
been identifi ed in thalassemia. Rare mutations in tran-
scription factors that result in thalassemia have been 

detected, and exceedingly rare families have been identi-
fi ed in which a thalassemia mutation is unlinked to the 
globin clusters (see the section on mutations not linked 
to the globin gene clusters that alter globin gene 
expression).

Mutations of the ATA box presumably reduce binding 
of TBP and therefore lead to decreased transcription 
initiation. Substitutions in the CACC motifs decrease the 
affi nity of binding by several transcription factors, includ-
ing the erythroid-specifi c factor EKLF and the ubiqui-
tous protein Sp1. Studies showing that mice engineered 
to lack EKLF suffer lethal β-thalassemia at the fetal liver 
stage have established EKLF as a β-globin activator 
protein in vivo.62,205 Human β-thalassemias resulting from 
mutation of a single CACC motif are presumably mild 

1. PROMOTER: DNA sequences required for accurate and efficient initiation of
transcription.

2. EXONS: DNA that specifies the amino acid sequence of the polypeptide.

3. INTRONS: DNA that interrupts the coding sequence of the gene.

4. ENHANCER: DNA sequences that increase promoter activity at a distance and
independent of orientation relative to coding sequence.

5. CAP SITE: Position where transcription of gene into RNA begins.

6. TRANSLATION INITIATION SITE: Position where translation of mRNA into protein begins.

9. RNA CLEAVAGE/POLYADENYLATION SIGNAL: Sequence that specifies the 3' end
of the RNA transcript and the addition
of the poly(A) tail.

7. SPLICE DONOR SITE
8. SPLICE ACCEPTOR SITE

Sequences required for precise and efficient
removal of RNA transcribed from introns.

Transcription

RNA splicing

Cap site

RNA cleavage

Frameshift codon

Nonsense codon

Unstable globin

Small deletion

Initiator codon

2 3 2 23
1

9
8787

5
4

3'

6
FIGURE 20-7. Location of various 
classes of point mutations that 
cause β-thalassemia with respect 
to important structural elements 
present in the β-globin gene. 
(Adapted from Kazazian HH Jr, 
Boehm CD. Molecular basis and pre-
natal diagnosis of beta-thalassemia. 
Blood. 1988;72:1107-1116.)
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FIGURE 20-8. Point mutations 
in the β-globin gene promoter. The 
sequences of conserved motifs 
within the promoter and their dis-
tance from the transcription start 
site are indicated. A single base 
substitution at the indicated posi-
tions results in β+-thalassemia.
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TABLE 20-2 Point Mutations That Cause Thalassemia

Gene Position* Mutation Classifi cation Ethnic Group† Detection‡ References

A. TRANSCRIPTION MUTATIONS
β 1 -101 C→T β+ Turkish

Bulgarian
Italian

126

2 -92 C→T β+ Mediterranean 3
3 -88 C→T β+ American black

Asian Indian
(+) FokI 127

4 -88 C→A β+ Kurdish 128
5 -87 C→G β+ Mediterranean (−) AvrII 129
6 -86 C→G β+ Lebanese 3
7 -31 A→G β+ Japanese 43
8 -30 T→A β+ Turkish

Bulgarian
44

9 -30 T→C β+ Chinese 45
10 -29 A→G β+ American black (+) NlaIII 46

Chinese 47
11 -28 A→C β+ Kurdish 48
12 -28 A→G β+ Chinese 49

B. CAP SITE MUTATION
β 11 A→C β+ Asian Indian 130

C. RNA SPLICING MUTATIONS
1. Splice Junction Change in
a. 5′ Donor Site
α2 1 IVS-1 n. 2-6 5-bp deletion α0 Mediterranean 131, 132
β 1 IVS-1 n. 1 G→A β0 Mediterranean (−) BspM1 129

2 IVS-1 n. 1 G→T β0 Asian Indian
Chinese

(−) BspM1 133

3 IVS-1 n. 2 T→G β0 Tunisian 134
4 IVS-1 n. 2 T→C β0 Black 135
5 IVS-1 5′ end 44-bp deletion β0 Mediterranean 136
6 IVS-2 n. 1 G→A β0 Mediterranean (−) HphI 137

Tunisian 134
American black 138

b. 3′ Acceptor Site
β 1 IVS-1 n. 130 G→C β0 Italian 3

2 IVS-1 n. 130 G→A β0 Egyptian 3
3 IVS-1 3′ end 17-bp deletion β0 Kuwaiti 136
4 IVS-1 3′ end 25-bp deletion β0 Asian Indian 139
5 IVS-2 n. 849 A→G β0 American black 46
6 IVS-2 n. 849 A→C β0 American black 140

2. Splice Consensus Sequence Change in
a. 5′ Donor Site
β 1 IVS-1 n. −3 (codon 29) C→T ? Lebanese 133

2 IVS 1 n. −1 (codon 30) G→C Hb Monroe Tunisian 134
American black 141

3 IVS 1 n. −1 (codon 30) G→A ? Bulgarian 142
4 IVS-1 n. 5 G→C β+ Asian Indian 133

Chinese 143
5 IVS-1 n. 5 G→T β+ Melanesian 111

Mediterranean 144
American black 145

6 IVS-1 n. 5 G→A β+ Algerian
Mediterranean

(+) EcoRV 146

7 IVS-1 n. 6 T→C β+ Mediterranean (+) SfaNI 129

B. 3′ Acceptor Site
β 1 IVS-1 n. 128 T→G β+ Saudi Arabian 147

2 IVS-2 n. 843 T→G β+ Algerian 148
3 IVS-2 n. 848 C→A β+ Iranian

Egyptian
147

American black 145

Continues
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TABLE 20-2 Point Mutations That Cause Thalassemia—cont’d

Gene Position* Mutation Classifi cation Ethnic Group† Detection‡ References

3. Mutations within Exons That Affect Processing
β 1 Codon 19 (Asn-Ser) A→G Hb Malay Malaysian 149

2 Codon 24 (silent) T→A β+ American black 150
3 Codon 26 (Glu-Lys) G→A Hb E Southeast Asian

European
(−) MnlI 87, 151

4 Codon 27 (Ala-Ser) G→T Hb Knossos Mediterranean 152

4. Internal IVS Change
β 1 IVS-1 n. 110 G→A β+ Mediterranean 153, 154

2 IVS-1 n. 116 T→G β0 Mediterranean 155
3 IVS-2 n. 654 C→T β0 Chinese 127
4 IVS-2 n. 705 T→G β+ Mediterranean 156
5 IVS-2 n. 745 C→G β+ Mediterranean (+) RsaI 129

D. RNA CLEAVAGE AND POLYADENYLATION MUTATIONS
α2 1 Cleavage signal AATAAA→ 

AATAAG
α+ Middle Eastern

Mediterranean
157, 158

β 1 Cleavage signal AATAAA→
AACAAA

β+ American black 159

2 Cleavage signal AATAAA→
AATAAG

β+ Kurdish 128

3 Cleavage signal AATAAA→
AATGAA

β+ Mediterranean 160

4 Cleavage signal AATAAA→
AATAGA

β+ Malaysian 160

5 Cleavage signal AATAAA→A 
(−AATAA)

β+ Arab 3

E. INITIATION CONSENSUS SEQUENCE MUTATIONS
α2: 1 Initiation codon ATG→ACG α0 Mediterranean (−) NcoI 161
α1: 2 Initiation codon ATG→GTG α0 Mediterranean (−) NcoI 162
−α: 3 Initiation codon ATG→GTG α0 Black (−) NcoI 163
−α3.7II 4 Initiation consensus CCACCATGG→

CC  .  .  .  CATGG
α+ Algerian 164

Mediterranean 165
β 1 Initiation codon ATG→AGG β0 Chinese 3

2 Initiation codon ATG→ACG β0 Yugoslavian 160
3 Initiation codon ATG→ATA β0 Swedish

F. PREMATURE TERMINATION MUTATIONS
1. Substitutions
α2 1 Codon 116 GAC→TAG α0 Black  166
β 1 Codon 15 G→A β0 Asian Indian 133

2 Codon 17 A→T β0 Chinese (+) MaeI 167
3 Codon 35 C→A β0 Thai 168
4 Codon 37 G→A β0 Saudi Arabian 169
5 Codon 39 C→T β0 Mediterranean (+) MaeI 170
6 Codon 43 G→T β0 European 171
7 Codon 61 A→T β0 Chinese (−) HinfI 172

Black 145

2. Frameshifts
−a 1 Codons 30/31 −2 bp (−AG) α0 Black 173
β 1 Codon 1 −1 bp (−G) β0 Mediterranean 3

2 Codon 5 −2 bp (−CT) β0 Mediterranean 174
3 Codon 6 −1 bp (−A) β0 Mediterranean (−) CvnI 145

American black 174
4 Codon 8 −2 bp (−AA) β0 Turkish 175
5 Codon 8/9 +1 bp (+G) β0 Asian Indian 133
6 Codon 11 −1 bp (−T) β0 Mexican 3
7 Codons 14/15 +1 bp (+G) β0 Chinese 176
8 Codon 16 −1 bp (−C) β0 Asian Indian 133
9 Codons 27/28 +1 bp (+C) β0 Chinese 3
10 Codon 35 −1 bp (−C) β0 Indonesian 150
11 Codons 36/37 −1 bp (−T) β0 Iranian 128
12 Codon 37 −1 bp (−G) β0 Kurdish 129

Continues
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TABLE 20-2 Point Mutations That Cause Thalassemia—cont’d

Gene Position* Mutation Classifi cation Ethnic Group† Detection‡ References

13 Codons 37-39 −7 bp 
(−GACCCAG)

β0 Turkish 177

14 Codons 41/42 β0 Asian Indian 133
−4 bp (−CTTT) Chinese 178

15 Codon 44 −1 bp (−C) β0 Kurdish 179
16 Codon 47 +1 bp (+A) β0 Surinamese 

black
3

17 Codon 64 −1 bp (−G) β0 Swiss 180
18 Codon 71 +1 bp (+T) β0 Chinese 3
19 Codons 71/72 +1 bp (+A) β0 Chinese 143
20 Codon 76 −1 bp (−C) β0 Italian 181
21 Codons 82/83 −1 bp (−G) β0 Azerbaijani 3
22 Codons 106/107 +1 bp (+G) β0 American black 130

G. TERMINATION CODON MUTATIONS
α2 1 Codon 142 (ter-Gin) TAA→CAA Hb Constant 

Spring
Chinese 182, 183

2 Codon 142 (ter-Lys) TAA→AAA Hb Icaria Mediterranean 184
3 Codon 142 (ter-Ser) TAA→TCA Hb Koya 

Dora
Indian 185

4 Codon 142 (ter-Glu) TAA→GAA Hb Seal Rock Black 186
β 1 Codon 147 (ter-Gin) Hb Tak Thai 187

H. UNSTABLE HEMOGLOBIN CHAINS
1. Amino Acid Substitutions
−α 1 Codon 14 (Trp-Arg) Hb Evanston Black 188
α2 2 Codon 109 (Leu-Arg) T→G Hb Suan Dok Southeast Asian  189, 190
α 3 Codon 110 (Ala-Asp) T→C Hb Petah 

Tikvah
Middle Eastern 191

α2 4 Codon 125 (Leu-Pro) Hb Quong 
Sze

Southeast Asian 192, 193

β 1 Codon 60 T→A β+ Italian 194
2 Codon 110 (Leu-Pro) T→C Hb Showa-

Yakushiji
Japanese 195

3 Codon 112 (Cys-Arg) Hb 
Indianapolis

European 196

4 Codon 127 (Gin-Pro) Hb Houston British 197
5 Codons 127/128 (Gin, 
Ala-Pro)

−3 bp (−AGG) β+ Japanese 198

2. Frameshift, Extended Chain
β 1 Codon 94 +2 bp (+TG) Hb Agnana 

(inclusion 
body)

Italian 199

2 Codons 109/110 −1 bp (−G) Hb 
Manhattan

Lithuanian 3, 197

3 Codon 114 −2, +1 (−CT, + G) Hb Geneva 
(inclusion 
body)

French-Swiss 200
4 Codons 128-135 Net-10 bp

β+ (inclusion 
body)

Irish 201

3. Premature Termination
β 1 Codon 121 G-T β0 (inclusion 

body)
Greek-Polish
French-Swiss
 British

201-203

*The position specifi es the location in the gene at which the point mutation occurs. Positions are specifi ed with reference to the start site for transcription (Cap 
site), the position within the intron (intervening sequence [IVS]), or the position of the codon.

†When more than one ethnic group is indicated, the mutation has had more than one origin.
‡Loss (−) or gain (+) of a restriction enzyme site with mutation is indicated; the remainder of the mutations can be detected with allele-specifi c oligonucleotides 

(see the section on direct detection of thalassemia mutations).
We are grateful to Drs. Halg Kazazian and Titus Huisman and colleagues for providing us with their detailed lists of β-thalassemia point mutations. (From Kaza-

zian H. The thalassemia syndromes: molecular basis and prenatal diagnosis in 1990. Semin Hematol. 1990;27:209; and Huisman TH. Beta-thalassemia repository. 
Hemoglobin. 1990;14:661, by courtesy of Marcel Dekker, Inc.)
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because of the presence of one normal CACC motif 
within the promoter.

In addition to the protein-binding sites in the pro-
moter, proper transcription depends on sequences sur-
rounding the start site of transcription (known as +1). 
These sequences often display functional activity in in 
vitro assays and herald the binding of specifi c protein 
complexes to this type of element, termed the Inr. Mild 
β-thalassemia has been associated with a base substitu-
tion (A→C) at +1. Recently, this substitution has been 
shown to impair the β-globin Inr.32 The proteins that 
mediate this effect are unknown.

A novel mechanism by which transcription at the α-
globin locus can be disrupted has recently been described 
and serves as a paradigm for a new class of mutations 
that can cause human disease. Higgs and colleagues 
found a variant single nucleotide change upstream of the 
α-globin genes that creates a binding site for the tran-
scription factor GATA-1.206 This in turn produces a 
novel promoter that competes with the endogenous α-
globin promoters for interaction with upstream enhancer 
elements such as HS-40. As a result of this mutation, α-
globin gene synthesis is reduced and α-thalassemia 
results. This mutation is present in approximately 4% of 
the Melanesian population.

RNA Processing Defects in Thalassemia

The importance of RNA splicing for the formation of 
functional mRNA cannot be overemphasized. As dis-
cussed earlier, removal of introns must be precise to the 
nucleotide for a continuous, translatable mRNA to be 
generated from an mRNA precursor. As soon as introns 
were discovered, it was hypothesized that mutations 
affecting RNA splicing would probably be involved in the 
thalassemia syndromes. Apart from its role in construct-
ing a functional mRNA, RNA splicing also appears to be 
a determinant of mRNA stability207,208 and is possibly 
coupled to RNA transport from the nucleus to the 
cytoplasm.209

Mutations That Alter Splice Junctions or 
Splice Consensus Sequences

Mutations at the 5′ donor site (GT)129,131-138 or at the 3′ 
splice acceptor site (AG)3,46,135,136,139,140,210 abolish proper 
splicing of the pre-mRNA transcript and result in α0- or 
β0-thalassemia (Fig. 20-9; see also Table 20-2). Substitu-
tions at other sites within the splice junction consensus 
sequence have varied effects; because some correctly 
spliced RNA is produced, albeit a reduced amount, a 
β+-thalassemia phenotype ensues. 110,128,129,133,134,141-148,211

Splice donor
mutation

Normal

Splice acceptor
mutation

Deletion
T
A
C
G

β0

β+

β+

β0

T
C
A
C
T
A
C

CAGGTTGGT

CCTTAGGCTGCT

C
A
Deletion

G

E1

E1 E2

E2 E3

E1 E2 E3
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FIGURE 20-9. Examples of abnormal splicing that result from alterations in the splicing consensus sequences. The three β-globin gene exons are 
symbolized by blue boxes, the normal splicing pattern is illustrated by lines that project above the exons, and the splice donor and splice acceptor 
sequences of the fi rst intron are shown. Mutations in the invariant GT dinucleotide of the splice donor site abolish normal splicing of the fi rst 
intron and result in β0-thalassemia, whereas mutations elsewhere in the consensus sequence preserve some normal splicing and cause β+-thalassemia. 
Changes in the splice donor site are associated with abnormal splicing from three cryptic splice donors (lines that project below the exons); one 
site is within the fi rst intron and results in the addition of intron sequences to exon 1 (brown boxes). Similarly, changes in the invariant AG dinucleo-
tide of the splice acceptor sequence are associated with β0-thalassemia, whereas a mutation in an adjacent nucleotide causes β+-thalassemia.
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Mutations within the splice site or the splice site 
consensus sequences favor improper processing of the 
mRNA precursor. These secondary splicing events, which 
are not seen under normal circumstances, occur at posi-
tions that resemble splice site consensus sequences. 
Splicing at these “cryptic” sites generates aberrantly pro-
cessed, nonfunctional globin mRNA (see Fig. 20-9). 
Mutations within the β-globin IVS-1 splice donor site 
activate two cryptic donor sites in exon 1 and a third site 
in IVS-1,129,136,212 whereas mutation in the IVS-2 splice 
donor activates a cryptic donor site in IVS-2.137 Mutation 
of the IVS-2 splice acceptor site activates an upstream 
cryptic splice acceptor at position 579 in IVS-2.46 These 
incorrectly spliced mRNA molecules suffer either inser-
tions or deletions in the coding region and also shifts in 
the translational reading frame downstream of the cryptic 
splice site. The polypeptide synthesized beyond this point 
bears no resemblance to the globin chain and is often 
prematurely shortened by a termination codon encoun-
tered in the new reading frame.

Mutations within Exons That Create an 
Alternative Splice Site

RNA from β-thalassemia genes with mutations in the 
IVS-1 donor splice site may be processed via a cryptic 
splice donor site GTGGTGAGG in exon 1 (codons 24 
through 27). Four independent mutations have been 
identifi ed that activate this cryptic site in the presence of 
a normal IVS-1 splice donor site (Fig. 20-10; see also 
Table 20-2).87,150-152 These mutations appear to enhance 
the ability of the cryptic site to compete with the normal 
site for binding of the splicing complex. A T→A mutation 
at codon 24 is “silent” at the translational level, yet 
approximately 80% of RNA transcripts are spliced at this 
incorrect site; hence, mild β+-thalassemia ensues. Two 
mutations—GAG→AAG in codon 26 and GCC→TCC 
in codon 27—lead to amino acid replacements that 
produce the hemoglobin variants HbE and Hb Knossos, 
respectively, in normally processed mRNA. Because a 
proportion of transcripts are aberrantly spliced, mild β+-
thalassemia results. An analogous mutation in codon 19 
produces β+-thalassemia with the hemoglobin variant Hb 
Malay.149 These represent mutations that lead to thalas-
semic hemoglobinopathies.

Mutations within Introns That Create an 
Alternate Splice Site

Mutations within β-globin IVS-1 may create a new splice 
acceptor sequence (Fig. 20-11; see also Table 20-2).153-155 
In the fi rst of this class of mutations to be characterized, 
a G→A substitution at position 110 (19 nucleotides 
upstream of the normal intron/exon boundary), the 
majority of globin mRNA precursors are spliced at this 
alternate site.153,154,213,214 Because the incorrectly spliced 
mRNA contains 19 nucleotides from IVS-1, a shift in the 
reading frame leads to premature termination of transla-
tion. A T→G mutation at position 116 of IVS-1 creates 
a new acceptor site that is used exclusively, thereby 
leading to little or no normal β-globin mRNA production 
and to β0-thalassemia.155

Three mutations in IVS-2 create new donor sites and 
activate an upstream cryptic donor site located 579 
nucleotides from the exon 2–IVS-2 boundary (see Table 
20-2 and Fig. 20-11).129,143,156 The consequence of these 
mutations is the insertion of a fourth “exon” derived 
from sequences within IVS-2. Although the normal donor 
and acceptor sites are unaffected, little or no correctly 
spliced β-globin mRNA may be produced.129,143,156

RNA Cleavage and Polyadenylation Defects

Proper cleavage at the 3′ end of the pre-mRNA 
and subsequent poly(A) addition depend on the integrity 
of the AAUAAA signal in the 3′-untranslated region. 
The importance of the polyadenylation signal for effi cient 
production of globin mRNA was fi rst demonstrated 
in α-thalassemia.157,158,215 An AAUAAA→AAUAAG 
mutation in the α2 gene reduces the effi ciency of 
cleavage-polyadenylation of precursor RNA and leads 
to “run-on” transcripts that terminate downstream of 
the gene (see Fig. 20-13). Mutations in the AAUAAA 
element have also been described in β-thalassemia,128,159,160 
in which the presence of elongated in vivo transcripts 
has been demonstrated.159 The transcripts appear to 
terminate at the next AAUAAA signal, which is pres -
ent approximately 900 nucleotides downstream of the 
normal cleavage site. These mutations lead to a moderate 
reduction in the level of β-globin mRNA and a β+ 
phenotype.

Codon

β+

AAC GGT

19 24 25 26 27

GGT GAGGCC

E1

E1 E2

E2 E3

E3

T (Hb Knossos)
A (Hb E)
T (Hb A)
G (Hb Malay)

FIGURE 20-10. Mutations that create an alternate splice donor site in the fi rst exon decrease but do not abolish the occurrence of normal splic-
ing (pattern that projects above the exons) and are associated with splicing from the new site in the fi rst exon (pattern that projects below the 
exons). Three of these mutations lead to the incorporation of a different amino acid into the β-globin chain derived from the decreased quantity 
of correctly spliced β-globin mRNA and generate variant hemoglobins.
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Mutations Affecting mRNA 
Translation Initiation

Translation begins at an AUG codon that usually lies 
within the consensus sequence (GCC)GCC(A/
G)CCATGG.216 Substitutions within the AUG codon 
abolish translation, whereas those in other positions of 
the consensus often result in less effi cient initiation of 
translation.

Four mutations in α-globin genes alter the consensus 
sequence and impair translation (see Table 20-2). Three 
of them affect the AUG initiator.161-163 No globin poly-
peptide is produced because the next downstream initia-
tor is in a different reading frame. The fourth α-globin 
mutation in this class, found on a chromosome in which 
one α-globin gene was deleted, alters the consensus 
sequence by the deletion of 2 bp and reduces mRNA 
translation to 50% of normal.164,165 Two AUG initiator 
mutations of the β-globin gene have been described, and 
both are of the β0 type (see Table 20-2).3,160

Premature Termination (Nonsense) Mutations

Nucleotide substitutions within the coding region are 
innocuous if they occur in the third position of a codon 
and do not alter the amino acid inserted during transla-
tion. Substitutions that alter codons from one amino acid 
to another lead to hemoglobin structural variants. Some 
substitutions change a triplet coding for an amino acid 
to a stop codon (UAG, UUA, or UGA). Such chain ter-
mination (or nonsense) mutations abort mRNA transla-
tion and lead to the synthesis of a truncated polypeptide. 
Moreover, nonsense mutations also reduce the amount 
of stable mRNA generated, which is a refl ection of cou-
pling between mRNA biogenesis and mRNA translation 
(Fig. 20-12).217

Chang and Kan167 described the fi rst nonsense muta-
tion in β-thalassemia in which a lysine codon at amino 
acid position 17 was converted to a stop codon (AAG→
UAG). Although no β-globin chains were produced in 
vivo, complete translation of the abnormal mRNA could 
be achieved in a cell-free extract capable of protein syn-
thesis by the addition of a “suppressor” tRNA that inserts 
a serine at the UAG codon.218 Several other nonsense 
mutations causing thalassemia have been described (Fig. 
20-13; see also Table 20-2).133,145,168-172 In addition, single 
or dinucleotide insertions or deletions have been observed 
that alter the translational reading frame and introduce 
a premature stop codon as a consequence.3,128,143,146,149,173-

180,219 Two termination mutations have been described in 
the α-globin genes, one that introduces a stop codon166 
and the other a frameshift.172 In addition, frameshift 
mutations have been described that result in abnormal 
elongation of globin chains (see the section on unstable 
β-globin chains).

mRNA molecules with termination mutations often 
do not accumulate to a normal level in vivo.215,220 The 
extent of this effect is variable and depends on the spe-
cifi c mutations; deletion of the third nucleotide (C) from 

codon 41 (Fig. 20-14) leads to complete absence of 
globin mRNA,221 whereas a single substitution in the β39 
codon allows the accumulation of roughly 5% to 10% of 
the normal amount of globin mRNA.220 The basis for the 
quantitative defi ciency in these mRNA species is of con-
siderable interest. Some data suggest that such mutations 
lead to intranuclear degradation of abnormal globin 
RNA and suggest a link between mRNA translation and 
nuclear RNA processing or nuclear to cytoplasmic trans-
port of mRNA.222,223 Experimental studies in tissue 
culture systems have shown that the defi ciency in β-
globin mRNA accumulation is specifi c for nonsense 
mutations and is not observed with missense muta-
tions217; a suppressor tRNA that allows the abnormal 
mRNA molecule to be translated completely will correct 
the quantitative defi ciency in globin mRNA.223 Recent 
work from a number of investigators has begun to unravel 
the molecular machinery that mediates this phenome-
non, which has been termed nonsense-mediated decay 
and appears to play an important role in normal physiol-
ogy, as well as pathologic states.224

Termination Codon Mutations

UAA is the normal termination codon for both α- and β-
globin mRNA translation. The 3′-untranslated regions 
are 109 and 132 nucleotides for α- and β-globin mRNA, 
respectively. A single nucleotide substitution in the termi-
nation codon could either create another stop codon 
(UAG) or permit incorporation of an amino acid at this 
position and translation of the otherwise untranslated 3′ 
sequences until the next in-frame stop codon. Four ter-
mination codon mutations involving the α2 gene have 
been reported (see Table 20-2).182-187 These mutants differ 
only in the specifi c amino acid incorporated at the termi-
nator codon position (Fig. 20-14). Translation terminates 
in each instance at a UAA codon in the polyadenylation 
signal (AAUAAA) downstream, and a 172–amino acid 
polypeptide is produced. The fi rst of these elongated α 
chains to be described was found in Hb Constant 
Spring.182,183 The α chain in this hemoglobin has a glycine 
substituted at codon 142. Hb Constant Spring produces 
an associated thalassemia phenotype because of a marked 
reduction in α2-globin mRNA stability.225-227

Mutations that give rise to elongated β-globin chains 
have also been described. Hb Tak is a 157–amino acid 
product of a β-globin mRNA molecule containing two 
inserted nucleotides in the terminator codon 147.187 An 
analogous elongated β-globin with 157 amino acids found 
in Hb Cranston refl ects a dinucleotide insertion in codon 
147, but red cells containing Hb Cranston are morpho-
logically normal.228 The mechanism by which the βTak 
mutation causes thalassemia has not been elucidated.

Mutations Affecting Globin Chain Stability

Hemoglobin Assembly

Shortly after synthesis is completed, α- and β-globin 
chains bind a heme moiety and rapidly associate into 
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FIGURE 20-11. Mutations within introns that create a 
new splice site. Three mutations in the second intron 
create a new splice acceptor site (the invariant GT is 
underlined) and activate the identical cryptic splice donor 
site located just upstream. Abnormal splicing from these 
sites (pattern that projects below the exons) leads to the 
creation of a fourth exon (brown boxes) derived from 
sequences within the second intron. Two mutations in the 
fi rst intron create a new splice acceptor site with the 
conserved AG dinucleotide, and abnormal splicing from 
this site (pattern that projects below the exons) adds 
sequences from the fi rst intron to the beginning of the 
second exon.

FIGURE 20-12. Two of the several thalassemia muta-
tions that destroy gene function by the introduction of 
a premature translation termination codon in β-globin 
mRNA. The numbers above the individual codons refer 
to the position of the encoded amino acid in the β-
globin. Replacement of C with T in codon 39 introduces 
the terminator UAG in β-globin mRNA. Another β0 
gene has a deletion of the third nucleotide (C) in codon 
41. This results in a shift in the reading frame of the 
mRNA; the new amino acid sequence is shown above 
the line. This new reading frame has an in-phase termi-
nator (UGA) in a position corresponding to codon 60 
to 61. (Redrawn from Nienhuis AW, Anagnou NP, Ley TJ. 
Advances in thalassemia research. Blood. 1984;63:
738-758.)

FIGURE 20-13. RNA cleavage and polyadenylation occur 15 to 20 bp downstream from the AAUAAA polyadenylation signal. Mutational analysis 
in the rabbit β-globin gene has established that sequences located downstream from the polyadenylation site, called the G/U cluster, are also 
required for effi cient cleavage and polyadenylation. Individual point mutations at one of several nucleotides within the AAUAAA polyadenylation 
signal result in β+-thalassemia. The same A→G mutation in the last position that causes β-thalassemia has been observed in the α2-globin gene 
and results in α+-thalassemia.
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α1β1 dimers in a noncovalent reaction that is nearly 
irreversible under physiologic conditions.229 The majority 
of the heme contact points are present in the portion 
of the globin chains encoded by exon 2, whereas 
most α1β1 contacts are located within the exon 3 
domain (Fig. 20-15).6,230 These dimers may then revers-
ibly associate with other dimers to form the hemoglobin 
tetramer. Formation of the α1β1 dimer, therefore, is 
the principal controlling step in the assembly of 
hemoglobin.

Hemoglobin assembly is an important determinant 
of the fi nal hemoglobin composition of the erythro-
cyte.229,231,232 The rate constant of dimer formation 
depends greatly on the surface electrostatic charge of the 
subunits.229 α-Globin has a net positive surface charge, 
whereas β-globin has a net negative surface charge. The 
other normal β-like globin chains, γ-globin and δ-globin, 
dimerize with the α chain at a lower rate. δ-Globin 
has a lower net negative surface charge than β-globin 
does, and the signifi cant structural differences between 
γ- and β-globin presumably account for the differing 
dimerization rates. When β-globin chains are in limited 
supply (i.e., β-thalassemia), HbA2 and HbF levels 
may rise because of enhanced dimerization with α 
chains, independent of changes in the production of 
δ and γ chains. In α-thalassemia or iron defi ciency, 
HbA2 and HbF levels will fall because of competition 
with β chains for the limited number of α chains. Simi-
larly, β-chain variants may have decreased (βS and βE) or 
increased (βBaltimore) affi nity for α chains based on their 
net surface charge. The net hemoglobin composition of 
the cell is determined by these simple rules of competi-
tion based on the relative affi nity of hemoglobin 
subunits.

An effi cient, energy-dependent proteolytic system is 
present in erythrocytes that rapidly degrades free globin 
chains while leaving chains incorporated into dimers or 
tetramers unaffected.229 Changes in globin chain struc-
ture that result from amino acid substitutions, premature 
chain termination, or chain elongation may slow or block 
the formation of stable α1β1 dimers and lead to rapid 
degradation of the globin chain. In some instances, as 
discussed later, mutations may also enhance association 
of the free globin chain with the cell membrane and 
thereby promote oxidative damage to the membrane and 
shortened red cell survival.

Recently, an erythroid-specifi c protein called AHSP 
(for α-hemoglobin–stabilizing protein) has been identi-
fi ed that appears to act as a chaperone for free α-globin 
chains. In the absence of this protein mice exhibit mild 
hemolytic anemia as a result of α-globin precipitation.233 
When this protein is absent in the presence of a β-thalas-
semia mutation in mice, a much more severe thalassemic 
phenotype occurs.234 However, it is currently not clear 
whether variation in the structure or expression of this 
gene in humans causes phenotypic variability in patients 
with β-thalassemia. One study has suggested that this was 
not the case in patients with HbE–β-thalassemia in Thai-
land.235 Another study has suggested that expression 
levels of this gene vary in humans and that such levels 
may correlate with the severity of β-thalassemia.236 
Further studies will need to be conducted to better 
understand whether AHSP plays a role as a modifi er gene 
in β+-thalassemia.
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FIGURE 20-15. Schematic representation of the α- and β-globin 
chains and the location of residues involved in different hemoglobin 
functions (black vertical bars). Heme contact sites and α1β2 contacts 
are concentrated in the second exon (blue), whereas α1β1 contacts 
are principally located in the third exon (salmon). DGP, diphosphoglyc-
erate. (Adapted from Eaton WA. The relationship between coding sequences 
and function in haemoglobins. Nature. 1980;284:183-185. Reprinted by 
permission from Nature, copyright © 1980, Macmillan Magazines 
Limited.)
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FIGURE 20-14. Point mutations in the terminator codon of the α-
globin gene that lead to the synthesis of elongated α-globins. The 
normal terminator, UAA, of α-globin mRNA is shown in the center. 
Each of the nine possible single nucleotide substitutions is depicted; 
two would result in the formation of another terminator codon, whereas 
the other seven would lead to insertion of an amino acid at this position 
and continued synthesis of the globin chain. Four such mutations have 
been described; the mutation that causes the synthesis of Hb Constant 
Spring (CS) is the most common. (Adapted from Weatherall DJ, Clegg 
JB. The Thalassemia Syndromes. Oxford, Blackwell Scientifi c, 1981, p 
578.)
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During hemoglobin biosynthesis it is also important 
that the globin chains not be produced in excess of heme. 
A protein called heme-regulated inhibitor kinase (HRI) 
appears to mediate this function by inhibiting globin 
chain translation when an erythroid precursor is defi cient 
in heme.237 When HRI is absent in mice with a β-thalas-
semia mutation, the thalassemic phenotype is exacer-
bated and lethality of the mice results.238

Unstable a-Globin Chains

One such unstable variant was identifi ed on sequencing 
of a mutant α-globin gene (see Table 20-2).192 The αQuong 
Sze variant, which contains a Leu→Pro substitution at 
position 125, is so unstable that the mutant globin chain 
cannot be detected by biosynthetic studies in intact cells 
or by conventional hemoglobin electrophoresis.193 The 
αQuong Sze chain appears to be stable once it is incorporated 
into the hemoglobin tetramer. Three other similar unsta-
ble α-globin chain mutations have been described (see 
Table 20-2).188-191

Unstable b-Globin Chains

Several unstable β-globin chains have been associated 
with thalassemia (see Table 20-2). Five mutations lead to 
amino acid substitutions in the β-globin chain.194-198 
Frameshift mutations in the third exon result in the 
synthesis of an elongated β-globin chain with a novel 
carboxy-terminal.3,197,199-203 A premature termination 
mutation in exon 3 has also been described.201-203 Many 
of the unstable β-globin chain mutations in exon 3 are 
associated with a dominantly inherited form of thalasse-
mia (see the section on dominant β-thalassemia).197,198 
Thein and associates201 proposed that alterations in β-
globin structure in exon 3 interfere with α1β1 dimer 
formation yet may permit binding of heme to the mutant 
globin chain through contacts in the exon 2 domain. 
These free, heme-associated β chains may be more 
resistant to proteolysis and associate with the cell mem-
brane, where they form “inclusion bodies” and induce 
oxidative damage.

Thalassemic Hemoglobinopathies

The mutations described in this section, taken together 
with the RNA-processing mutants HbE, Hb Knossos, 
and Hb Malay and the termination mutant Hb Tak, 
include a distinctive set characterized by structural 
changes in the hemoglobin molecule and a thalassemia 
phenotype. These mutations are often referred to as 
“thalassemic hemoglobinopathies” (see the section on 
thalassemic hemoglobinopathies)239 and are character-
ized clinically by a syndrome of ineffective erythropoiesis. 
Other globin variants may be associated with mild hypo-
chromia, microcytosis, and chronic hemolysis because of 
instability and degradation of hemoglobin tetramers and 
are discussed in detail in Chapter 18. Because thalasse-
mia is the consequence of an imbalance in α- and β-
globin chains, these variants are not considered part of 
the spectrum of thalassemia.

Identifi cation, Characterization, and Ethnic 
Distribution of b-Thalassemia Mutations

The hemoglobin disorders serve as a paradigm for the 
molecular analysis of genetic disease. Study of β-thalas-
semia was aided by the introduction of now widely used 
methods for identifying and characterizing mutant alleles. 
Accordingly, the identifi cation of β-thalassemia muta-
tions in many ethnic groups is nearly complete.3,136

In this section we briefl y outline molecular tech-
niques that have been applied to the characterization of 
β-thalassemia mutations. An understanding of these 
methods is important not only because they are broadly 
used in the study of other genetic diseases but also 
because they are directly relevant to strategies for genetic 
screening and prenatal diagnosis of β-thalassemia.

Haplotype Analysis

The fi rst several β-thalassemia mutations were 
identifi ed by cloning and sequencing β-globin 
genes isolated from individuals with β-thalassemia 
major.130,137,153,154,167,170,219,240-243 Because certain muta-
tions are extremely common, a nondirected strategy is 
ineffi cient since β genes with common mutations will be 
repeatedly studied. For example, 95% of the β-thalasse-
mia alleles on the island of Sardinia contain the codon 
39 nonsense mutation.244

To facilitate the search for new β-thalassemia muta-
tions, Orkin, Kazazian, and their colleagues129,245,246 intro-
duced the concept of haplotype analysis to the study of 
thalassemia. Naturally occurring, genetically neutral, 
nonselected sequence differences among individuals 
constitute polymorphisms, which are estimated to occur 
roughly once every 100 bp.247 These sequence differences 
are heritable, and those residing close to one another on 
a chromosome tend to be inherited together, a property 
known as linkage. A subset of polymorphisms will alter 
the cleavage site for a restriction enzyme or create a site 
where one did not exist. Therefore, when DNA from 
unrelated individuals is digested with a restriction enzyme 
and analyzed by Southern blotting, polymorphisms in 
the restriction enzyme digest pattern may be observed 
and are referred to as restriction fragment length poly-
morphisms (RFLPs).248 Within the 60 kb of the human 
β-globin cluster, more than such 20 RFLPs are known5,249; 
at least 13 have been identifi ed in the α cluster.2,250 The 
pattern of these RFLPs (each based on the presence [+] 
or absence [−] of a restriction enzyme cutting site) along 
the chromosome defi nes a haplotype of associated or 
linked polymorphisms. Seven RFLPs were used initially 
to defi ne nine distinct haplotypes (I through IX) of the 
β-gene cluster in the analysis of thalassemia mutations in 
Greek and Italian populations from the Mediterranean 
basin (Fig. 20-16).129

Close inspection of these haplotypes revealed a non-
random association of restriction digest patterns within 
the β-gene cluster (Fig. 20-17).245,251 The pattern of 
restriction sites 5′ of the δ-globin gene is inherited as a 
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group, whereas restriction sites downstream (including 
the β-globin gene) track as another set. In all populations 
only a few haplotypes predominate.252 The full spectrum 
of haplotypes is derived from random association over 
evolutionary time between the 5′ and the 3′ subhaplo-
types, presumably refl ecting the presence of a recombina-
tion “hot spot” lying between these regions.137,251,253,254

The generation of haplotypes appears to be an ancient 
event predating racial dispersion. Consequently, a spe-
cifi c haplotype may be found in diverse ethnic and racial 
groups from different geographic locations. The intro-
duction of malaria as a selective pressure for certain 
random mutations is a more recent phenomenon. A 
mutation leading to thalassemia would be under positive 
selection and amplifi ed within a population; accordingly, 
the mutation would be expected to be found on the hap-
lotype background in which it originated in that ethnic 
group. Several conclusions can be derived from the study 
of different racial groups.87 Within a single population 
both normal and thalassemia β-globin genes are found 
on the same haplotype, but specifi c thalassemia muta-
tions tend to be linked to a single haplotype. Individual 
thalassemia mutations are generally restricted to a single 
population (see Table 20-2). In circumstances in which 
specifi c mutations are found in different populations, the 
identical thalassemia mutation may have occurred and 

been selected for independently and will be found on a 
different haplotype background.47,141,255 This observation 
has provided a sound genetic basis for the belief that 
thalassemia has had multiple distinct origins throughout 
the world. In circumstances in which a specifi c mutation 
is found on more than one haplotype within a population, 
the 3′ subhaplotypes (where the β-globin gene resides) 
may be identical, whereas the 5′ subhaplotypes differ 
because of recombination between the two subhaplo-
types (for an example, see codon 39 mutation, see Fig. 
20-16). By this mechanism, specifi c mutations can be 
distributed to new haplotypes within an ethnic group, 
and an independent origin of the mutation need not be 
invoked.

New thalassemia mutations were identifi ed by cloning 
thalassemia β-globin genes from distinct haplotypes 
within a population, thereby avoiding the likelihood of 
repeated cloning of the same common mutation.129 In 
this way, the great diversity of thalassemia mutations was 
elucidated.139

Direct Detection of Thalassemia Mutations

Restriction Enzyme Analysis

Several thalassemia mutations fortuitously result in the 
creation or destruction of a restriction enzyme cleavage 
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site within the α- or β-globin gene. The change in the 
restriction digest pattern can be detected in a Southern 
blot of digested genomic DNA or can be visualized 
directly when the analysis is performed on DNA ampli-
fi ed by polymerase chain reaction (PCR) (see later).256-258 
A list of mutations that alter restriction enzyme sites is 
provided in Table 20-2. Although approximately 50% of 
the common thalassemia mutations in Mediterranean 
populations may be detected in this manner, this approach 
is of less utility in other groups.3,139

Allele-Specifi c Oligonucleotide Hybridization and 
Polymerase Chain Reaction

Specifi c synthetic oligonucleotide probes approximately 
19 nucleotides in length extend the capacity to detect 
specifi c thalassemia mutations directly in genomic DNA 
or in DNA amplifi ed by PCR.258,259 Single nucleotide 
mismatches between a probe of this length and a target 
DNA sequence destabilize hybridization.260 To study a 
given mutation or allele, two probes are generally used, 
one identical in sequence to the normal gene and the 
other identical to the mutant sequence. To facilitate 
detection of a mutation, probes are generally designed 
to position the difference in the center of the probe. In 
Southern blots, such probes can be shown to be highly 
specifi c for cloned DNA fragments containing particular 
mutations. When the target is DNA amplifi ed by PCR, 
probes with low specifi c activity or nonradioactive probes 
can be used to detect the presence or absence of the 
mutation.261-264 Although there are many β-thalassemia 
mutations, relatively few predominate in each ethnic 
group (see the section on ethnic distribution). Hence, a 
small panel of oligonucleotides can be used to identify 
the majority of potential mutations in any given 
population.265,266

The introduction of PCR in 1985267 and subsequent 
modifi cation of the procedure with the use of thermo-
stable Taq polymerase268 have revolutionized molecular 
biology and the ease with which specifi c mutations can 
be identifi ed in DNA.269,270 Application of PCR to the 
analysis of thalassemia facilitated the rapid identifi cation 
of several new and quite rare mutations.137 Several fea-
tures of the PCR method are of particular relevance.268-270 
First, only minute quantities of relatively impure genomic 
DNA are required as starting material; in fact, the DNA 
of a single cell may be suffi cient. Fragments ranging from 
50 to several thousand base pairs can be rapidly amplifi ed 
more than 106-fold in vitro. Second, the product of PCR, 
double-stranded DNA, can be readily subcloned, sub-
jected to restriction enzyme analysis,257,258 hybridized to 
allele-specifi c probes,261,264 or directly sequenced.130 As 
discussed earlier, the combination of PCR with restric-
tion enzyme analysis or oligonucleotide hybridization 
lessens the need to work with high–specifi c activity radio-
active probes to detect mutations. Third, the technique 
is easily automated. Finally, the analysis, including DNA 
sequencing if required, can be completed within several 
days of obtaining tissue for DNA preparation.

Ethnic Distribution

Determining the incidence of specifi c β-thalassemia 
mutations in different ethnic groups is particularly rele-
vant to strategies for prenatal diagnosis of thalassemia.3 
Nearly complete surveys of thalassemia mutations have 
been performed in Greek and Italian,246 Asian Indian,208,271 
American black,43,145 Sardinian,244 Chinese,272,273 Leba-
nese,209 Turkish,274 Spanish,275 Sicilian,181 Thai,168 Kurdish 
Jewish,128 and Japanese198 populations. From these 
studies, several general conclusions can be drawn. First, 
in each ethnic group a small subset of mutations (as few 
as four or six) constitute more than 90% of the mutant 
alleles. This is particularly striking on the island of Sar-
dinia, where the codon 39 nonsense mutation accounts 
for 95% of the β-thalassemia genes and a codon 6 frame-
shift represents another 4%.244 Second, the remaining 5% 
to 10% of mutant alleles in an ethic group are divided 
among a larger number of rarer alleles. For example, four 
alleles account for 90% of the β-thalassemia genes in 
Chinese, and 11 rare alleles account for the remaining 
10%.3,272 Third, several mutations appear to have origi-
nated independently in different ethnic groups and are 
present on different haplotype backgrounds as discussed 
earlier. For example, the IVS-2 no. 1 (G→A) mutation 
is present in Mediterranean, Tunisian, and American 
black populations134,136,138; the IVS-1 no. 5 (G→C) sub-
stitution is present in Asian Indians, Chinese, and Mela-
nesians.111,133,143 Finally, as a consequence of the large 
number of mutations present in each population, most 
individuals with severe β-thalassemia are genetic com-
pound heterozygotes for two different thalassemia 
mutations.

Mutations That Affect b-Globin 
Gene Regulation

Deletions within the β-globin gene cluster often lead to 
thalassemia. Many of these deletions are associated with 
a signifi cant increase in the level of HbF, a fi nding that 
distinguishes them from the common varieties of β-thal-
assemia. Ordinarily, heterozygous carriers of β-thalasse-
mia have an increase in the level of HbA2 (to >3% of total 
hemoglobin) and, at most, a slight increase in the level 
of HbF. Before detailed molecular analysis was available, 
these conditions were broadly grouped into two catego-
ries, hereditary persistence of fetal hemoglobin (HPFH) 
and δβ-thalassemia4,276,277 (Table 20-3). HPFH heterozy-
gotes have normocytic, normochromic red cells, whereas 
δβ-thalassemia heterozygotes have hypochromic and 
microcytic cells. Many HPFH heterozygotes have high 
levels of HbF (up to 30%) with a uniform or pancellular 
distribution in circulating erythrocytes, whereas in δβ-
thalassemia heterozygotes, the amount of HbF is less 
abundant and it is present in an uneven or heterocellular 
distribution among red cells. In rare individuals homo-
zygous for either condition, only HbF is found. HPFH 
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homozygotes have normal or slightly elevated total 
hemoglobin concentrations, their red cells are slightly 
hypochromic and microcytic, and globin synthesis is 
modestly imbalanced.278,279 Thus, these mutations are 
appropriately considered along with the thalassemia 
mutations.

Deletion mutations of the β-globin gene cluster rep-
resent in vivo experiments of nature useful in developing 
and validating experimental models of gene regulation. 
Multiple regulatory elements are present within the 
cluster, and the clinical phenotypes observed with spe-
cifi c deletions relate to removal of one or more such 
regulatory elements. More than 30 deletion mutations 
have been described (Table 20-4 and Fig. 20-18)293; they 
vary greatly in size from a few hundred base pairs of the 
β-globin gene to more than 100 kb with loss of the entire 
cluster. In addition to deletion mutations, signifi cant 
elevations of HbF in adults may arise as a result of single 

base substitutions within the γ-globin gene promoters 
(Table 20-5). Such mutations, also classifi ed as nondele-
tion HPFH, appear to enable the γ-globin genes to 
“capture” the infl uence of the LCR at the adult stage. 
Individuals with these HPFH mutations have HbF values 
ranging from only slightly elevated to more than 20%, 
which can be distributed in either a heterocellular or 
pancellular fashion.

HPFH and δβ-thalassemia mutations are uncom-
mon, and individuals who inherit these mutations are 
asymptomatic or have mild disease. Their importance 
relates to the insight that they provide into globin gene 
regulation and the role of HbF in modulating disease 
severity in patients with severe β-thalassemia or sickle cell 
anemia.

Isolated point mutations of the δ-globin gene, similar 
to those in β-thalassemia, may lead to “δ-thalassemia.” 
This is a benign condition with no clinical signifi cance 
that when inherited with a β-thalassemia mutation may 
lead to a normal- or low-HbA2 thalassemia phenotype in 
heterozygotes.374,375

Crossover Globins: Hemoglobin Lepore and 
Hemoglobin Kenya

Deletion mutations in the α- and β-globin gene clusters 
arise through unequal homologous recombination or 
through nonhomologous (illegitimate) recombination. In 
contrast to the α-globin cluster, in which there are blocks 
of tandem duplicated sequences (see later discussion), 
the only directly repeated homologous segments of DNA 
in the β cluster are the globin genes themselves. Hence, 
mutations arising from homologous, but unequal cross-
over in the β-globin cluster are relatively uncommon and 
usually involve two globin genes directly (Fig. 20-19). 

TABLE 20-3  Phenotypes of GgAg Hereditary 
Persistence of Fetal Hemoglobin and 
GgAg (db)0-Thalassemia Heterozygotes

HPFH db-Thalassemia

Red cell 
morphology

Normal Abnormal

MCH Nearly normal Decreased
Hematocrit Normal Slightly decreased
HbF (%) 15-30 1-15
HbF distribution 
in red cells

Pancellular Heterocellular

HPFH, hereditary persistence of fetal hemoglobin; MCH, mean corpuscu-
lar hemoglobin.
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FIGURE 20-18. A, Organization and chromatin structure of the human β-globin cluster. The expressed genes are shown as salmon boxes and the 
single pseudogene in the cluster as a blue box. The arrowheads in the line fi gure indicate the location and orientation of Alu repetitive DNA sequences, 
whereas the green boxes represent members of the L1 family of repetitive DNA. The salmon downward arrows mark developmentally stable, erythroid-
specifi c hypersensitive sites that constitute the locus-activating region (LAR) fl anking the cluster. The true boundaries of the “active” chromatin 
domain established by these sites are unknown and extend beyond the cluster. Hypersensitive sites are also found over the promoters of the 
expressed genes (blue downward arrows). The location of the three enhancers in the cluster are marked by letters: A, hypersensitive site II enhancer; 
B, 3′ Aγ enhancer; C, 3′ β enhancer. B, The methylation pattern of the locus at different stages of ontogeny is depicted. Blue circles show an unmeth-
ylated site, salmon circles show a totally methylated site, and circles with blue and salmon show the degree of site methylation. The coordinates refer 
to distance in kilobases. (Adapted from Stamatoyannopoulos G, Nienhuis AW. Hemoglobin switching. In Stamatoyannopoulos G, Nienhuis AW, Leder P, 
Majerus PW [eds]. The Molecular Basis of Blood Diseases. Philadelphia, WB Saunders, 1987, p 79.)
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TABLE 20-4 Deletion Mutations of the b-Globin Gene Cluster

Type Ethnic Group
Deletion 
Size (kb)

Deletion 
Coordinates

HbF Level in 
Heterozygotes (%)

Other 
Information References 

A. Ag0

1 2.5 37.7-40.2 0.2 “Silent” 280

B. δ0

1 Corfu 7.20 48.9-56.1 1.1-1.6 δ0-Thalassemia 281-283

C. β0

1 Indian 0.619 63.?-64.0 Normal β0-Thalassemia 133, 242, 245, 284
2 American black 1.393 61.6-63.0 7.0-7.9 β0-Thalassemia 285, 286
3 Dutch 12.6 59.7-72.3 4-11 β0-Thalassemia 287, 288
4 Turkish 0.29 62.1-62.4 2.7-3.3 β0-Thalassemia 289, 290

Jordanian 9.4 β0-Thalassemia 291
5 Czech 4.237 58.9-63.1 3.3-5.7 β0-Thalassemia 292

Canadian

D. (db)0

1 Sicilian 13.377 56.0-69.4 5-15 293-295
2 Spanish ≅114 52.2-? 5-15 296-298
3 American black 12.0 52.3-64.1 25 Pancellular* 299
4 Japanese >130 43.1-? 5-7 300, 301
5 Laotian 12.5 56.0-68.5 11.5 302
6 Macedonian 18-23 54-74 7-14 303
7 Mediterranean 7.4 55.3-62.7 1-5 Hb Lepore 304-307

E. Gg+(Agdb)0

1 Indian Total 8.3 kb 40.1-40.9 10-15 308, 309
Iranian Deleted 55.5-63.0 
Kuwaiti 14.6 kb 

inverted
40.9-55.5 

2 American black 35.7 40.7-76.4 6-16 293, 310
3 Turkish 36.22 37.1-73.3 10-15 293, 311, 312

American black
4 Malaysian (1) >27 37.0-? Unknown 313
5 Malaysian (2) >40 39.1-? Unknown 314
6 Chinese ≅100 40.5-? 10-15 313, 315
7 German 53.0 37.6-90.6 9.9-12.5 316
8 Cantonese >43 37.0-? 20 309

F. (gdb)0

1 Hispanic 39.5 -19.5-10.0 317
2 English >100 ?-35.9 318
3 Dutch 99.4 ?-59.8 319-321
4 Anglo-Saxon 95.9 ?-62.6 312, 320, 322
5 Mexican >105 ?-? 323
6 Scotch-Irish >105 ?-64-71 324
7 Yugoslavian >148 ?-? 325
8 Canadian >185 ?-? 325

G. HPFH
1 American black ≅106 51.2-? 20-30 (5% G)† HPFH-1 298, 312, 326, 327
2 Black (Ghana) ≅105 47-? 20-30 (30% G)† HPFH-2 280, 298, 326-330
3 Indian 48.5 45.0-93.5 22-23 (70% G)† HPFH-3 58, 298, 331
4 Italian 40.0 50.0-90.0 14-30 HPFH-4 332
5 Italian 12.9 51.6-64.5 16-20 (15% G)† 333
6 Kenyan 22.8 40.0-62.8 5-8 Hb Kenya 334-336

*In a compound δβ-thalassemia/HbS heterozygote.
†Percentage of Gγ in total γ (Gγ/Gγ + Aγ). Forty percent Gγ is the normal value for an adult.
HPFH, hereditary persistence of fetal hemoglobin.
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Two crossover hemoglobins, Hb Lepore and Hb Kenya, 
are associated with thalassemia.

In 1958, Gerald and Diamond376 identifi ed a minor 
hemoglobin component by starch gel electrophoresis in 
the blood of parents of a patient with thalassemia major. 
Structural analysis revealed that the hemoglobin was 
composed of α-globin and a heretofore undescribed 
globin consisting of fusion of the 80 to 100 amino-
terminal amino acids of δ-globin with the carboxyl 
portion of β-globin.304,305,307,377 This “chimeric” globin 
polypeptide, named Lepore after the family in which it 
was fi rst described, arose from an unequal, homologous 
recombination event between the δ-globin and β-globin 
genes (Fig. 20-19). It is poorly expressed because tran-
scription of the fusion gene is under control of the γ-gene 
promoter. Other Lepore-type globins have been charac-
terized in which the relative contribution of the δ and β 
genes to the fusion protein varies as a result of a different 
point of crossover. Homozygotes for Hb Lepore have 
90% HbF and approximately 10% Hb Lepore, but no 
HbA or HbA2, whereas heterozygotes have mainly HbA, 
2% to 4% Hb Lepore, and 3% to 5% HbF.378,379 In het-
erozygotes, red cells have a very heterogeneous HbF 
content. Anti-Lepore globins with the amino-terminal 
sequence of β-globin and the carboxyl sequence of δ-
globin have also been described (see Fig. 20-19).380-383 
Individuals with anti-Lepore genes also have two normal 
δ- and two normal β-globin genes; consequently, their 
red cells lack any stigmata of thalassemia. The anti-
Lepore globins are produced in very low amounts, 
perhaps because of sequences within the large intron 

of the δ-globin gene that may reduce mRNA 
production.26

Hb Kenya, another important crossover hemoglobin, 
contains a non–α-globin composed of amino sequences 
of γ-globin and carboxyl sequences of β-globin334-336,384 
(see Fig. 20-19). Molecular analysis demonstrated that 
the Aγ-globin gene was involved in the crossover. The 
crossover occurred approximately at the position of 
amino acid codon 100. Hb Kenya was fi rst observed in 
an individual who was heterozygous for a βS gene. This 
patient had an increased level of HbF (up to 6%) that 
was uniformly distributed in all his red cells. The HbF 
was entirely of the Gγ type. Hb Kenya accounted for 17% 
to 20% of the total hemoglobin. Individuals who are 
heterozygous for Hb Kenya without HbS are clinically 
well. Approximately 10% Hb Kenya and 6% to 10% HbF 
of the Gγ type are found homogenously distributed in 
their red cells, in contrast to the distribution of HbF with 
the Lepore-type deletion.336 It was originally hypothe-
sized that the deletion removes a regulatory element that 
suppresses γ synthesis in adult life, thereby leading to a 
pancellular or uniform increase in HbF in the red cells 
of individuals with the Kenya fusion gene.385 Even before 
discovery of the LCR and other regulatory elements 
within the β cluster, this hypothesis was disproved by 
analysis of several other deletion mutations (see later). 
Current models of hemoglobin switching posit that 
increased expression and pancellular distribution of the 
Aγβ fusion gene and the adjacent Gγ gene result from 
deletion of the adult-stage δ- and β-globin genes and 
their promoters, which serves to eliminate competition 
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FIGURE 20-19. Schematic rep-
resentation of the unequal cross-
over events that occur during 
meiosis and result in formation of 
the Lepore and anti-Lepore (A) 
and the Kenya (B) genes. 
(Redrawn from Nienhuis AW, 
Benz EJ Jr. Regulation of hemoglo-
bin synthesis during the development 
of the red cell. N Engl J Med. 
1977;297:1318. Reprinted, by per-
mission, from The New England 
Journal of Medicine.)
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for the LCR. In addition, the deletion repositions an 
enhancer 3′ to the β-globin gene immediately down-
stream of the γ-globin genes and may also contribute to 
their increased expression.

Silent Deletions

Deletions that eliminate a single γ-globin gene or the 
δ-globin gene are unlikely to result in a phenotype that 
would be detected in hematologic screening. Thus, few 
of these mutations have been detected and described. A 
clinically silent deletion of the Aγ-globin gene was identi-
fi ed through extensive molecular screening of chromo-
somes in Melanesians.280 A 7.2-kb deletion involving the 
δ-globin gene but not the γ- or β-globin gene was reported 
in Corfu (δβ)0-thalassemia in cis to the G→A substitution 
at IVS-1 position 5.281 Homozygotes for the IVS-1 posi-
tion 5 mutation ordinarily exhibit a mild β+-thalassemia 
intermedia phenotype with 10% to 20% HbA,146 but 
homozygotes for Corfu (δβ)0-thalassemia display the 
clinical phenotype of β0-thalassemia intermedia with 
100% HbF. This has been interpreted as evidence that 
sequences in the deleted region are important in activat-
ing the β-globin gene and potentially in suppressing γ-
gene expression. Subsequently, however, the identical 
deletion was identifi ed in cis to a normal β-globin gene.282 
In this circumstance, the deletion leads to failure of δ-
globin gene expression but has no demonstrable effect 
on expression of the γ- and β-globin genes on the same 
chromosome. Recent work has suggested that this dele-
tion may increase γ-gene expression in cis to the deletion 
but that translation of the γ gene may be limiting in 
certain settings, thus helping explain the discrepancy 
between carriers of the deletion and homozygotes.283 
Nonetheless, the basis for the lack of β-gene expression 
in Corfu (δβ)0-thalassemia remains unresolved.

β0-Thalassemia Deletion Mutations

Several deletions remove the β-globin gene and are 
associated with typical high-HbA2 β0-thalassemia (see 
Table 20-4). Interestingly, deletions that remove the 
promoter region are associated with somewhat higher 
HbF levels than usually seen in β0-thalassemia heterozy-
gotes (e.g., see Oner and colleagues386). The HbF is 
distributed in a heterocellular pattern. In contrast, a 
0.6-kb deletion at the 3′ end of the β gene that spares 
the β-globin promoter, seen in Asian Indians, is not 
associated with an increased level of HbF in heterozy-
gotes.133,240-242,284 One explanation for the different 
phenotypes relates to the possibility that an intact β-gene 
promoter may interact productively with the LCR and 
thereby effectively compete with an incompletely silenced 
γ-globin gene at the adult stage. Removal of the promoter 
may alleviate competition and favor persistent γ-globin 
expression.

δβ-Thalassemia

Individuals heterozygous for these deletions generally 
have 5% to 15% HbF composed of both Gγ- and Aγ-

globins and distributed in a heterocellular fashion 
(see Table 20-4). The erythrocytes are typically hypo-
chromic and microcytic.1 The level of HbA2 is character-
istically low in comparison to the modest elevations 
observed in most individuals with β-thalassemia trait. 
Homozygotes for these deletions produce only HbF 
yet exhibit a mild β0-thalassemia intermedia phenotype 
with hemoglobin levels of approximately 10 g/dL. The 
most common of these deletions is referred to as 
the Sicilian type.285,294,295,387 The deletion extends from 
within the δ-globin gene to just beyond the β-globin gene 
(see Table 20-4).

The 5′ breakpoint junctions of δβ-thalassemia dele-
tions generally lie between the pseudo-β gene and the 
δ-globin gene. Located within this region are moderately 
repetitive sequences known as Alu sequences.388 Although 
the function of such sequence elements is unknown, their 
preservation in δβ-thalassemia deletions and their dele-
tion in HPFH encouraged speculation that the Alu ele-
ments might be involved in modulating HbF production 
during development.308,385 Based on analysis of additional 
deletion mutations, this hypothesis may not be likely (see 
Table 20-4). For example, the 7.2-kb Corfu deletion 
removes both Alu elements and the δ-globin gene, but 
it has not been associated with increased γ-gene expres-
sion.281,282 As described earlier (see the section on silent 
deletions), more recent work suggests that γ-gene tran-
scription may be increased in cis to the deletion.283 
However, the Japanese type of deletion, which also 
removes the Alu elements, is associated with a heterocel-
lular distribution of HbF and thalassemic red cell 
indices.300,301 The increase in HbF expression may be 
more appropriately explained by the deletion of local δ- 
and β-globin gene regulatory elements, which leaves the 
γ-globin genes to interact with the LCR unopposed by 
competition from the adult genes.

Aγδβ-Thalassemia

The phenotype of these deletions in heterozygotes 
is identical to that of δβ-thalassemia: hypochromic 
microcytic red cells with low levels of HbA2 and moder-
ately increased Gγ-HbF levels (5% to 15%) with a het-
erocellular distribution (see Table 20-4). Homozygotes 
have β0-thalassemia intermedia with 100% Gγ-HbF. 
The 5′ breakpoints in these instances lie between the 
two γ genes or within the body of the Aγ gene, thereby 
resulting in silencing of the Aγ gene together with the δ 
and β genes.308-312,314-316,389,390 The 3′ end points of several 
of these deletions have been precisely mapped. Other 
deletions are very large and extend well beyond the 
boundary of the β-gene complex (see Table 20-4). 
One interesting mutation of this type, the Indian form 
(see Table 20-4), has two deletions, one involving the γ 
gene and the second involving a portion of the δ and β 
genes and intragenic DNA. The segment of DNA between 
the two deletions is inverted such that the 5′ ends of the 
γ and δ genes come to be adjacent but in an inverted 
orientation.308,309
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γδβ-Thalassemia

The diagnosis of γδβ-thalassemia should be considered 
in newborns with hemolytic disease associated with 
hypochromic red cells. In adults, it is also a cause of 
normal-HbA2, normal-HbF β-thalassemia trait. The syn-
drome was fi rst identifi ed in a newborn with microcytic, 
hemolytic anemia.391 Heterozygous β-thalassemia associ-
ated with normal levels of HbA2 and HbF was identifi ed 
in the father and many relatives. Decreased γ- and β-
chain synthesis was demonstrated in the infant’s reticu-
locytes. The anemia was self-limited; as the baby grew 
older, the hemolytic anemia disappeared and the pheno-
type of simple heterozygous β-thalassemia developed in 
the child.

The syndrome of γδβ-thalassemia results from large 
deletions within the β-globin gene cluster (see Table 
20-4). They can be divided into two categories: extremely 
large deletions that remove the entire β-globin gene cluster 
or all of the structural genes323-325 and deletions such as 
the Hispanic, English, Dutch, and Anglo-Saxon forms in 
which the structural genes are left intact but the LCR ele-
ments are removed.312,317-322 The remaining genes on the 
chromosome are not expressed and are found in inactive 
chromatin that is methylated and resistant to nuclease 
digestion. Study of these deletions has provided the most 
convincing evidence that the LCR is required in normal 
erythroid cells for transcription of the β-like globin genes 
in vivo. Homozygous γδβ-thalassemia is expected to be 
incompatible with survival and has not been observed.

b-Thalassemia Mutants Unlinked to the 
b-Globin Complex

Until recently, the mutations characterized in β-thalas-
semias resided within or near the β-globin gene itself or 
the β-globin locus. In principle, defects in trans-acing 
regulatory factors could lead to failure of proper β-globin 
gene expression. Two examples are now known.

Mutation of the xeroderma pigmentosum disease 
(XPD) helicase gene, which encodes a component of the 
general transcription factor TFIIH, results in β-thalasse-
mia in association with trichothiodystrophy. Patients with 
specifi c mutations in XPD have typical features of β-
thalassemia trait, including reduced levels of β-globin 
synthesis. Inadequate expression of diverse, highly 
expressed genes is presumed to be the direct consequence 
of an abnormality in TFIIH.392

Mild β-thalassemia trait in association with throm-
bocytopenia was reported as an X-linked trait in a rare 
family.393 Linkage studies demonstrated that the gene 
mutated in this family resides on the short arm of the X 
chromosome, near the Wiskott-Aldrich syndrome (WAS) 
gene and the erythroid/megakaryocytic transcription 
factor GATA-1 gene.331 Subsequently, it was shown that 
affected boys in this family have a specifi c amino acid 
substitution in the amino zinc fi nger of GATA-1 that 

subtly alters its interaction with DNA and leaves its 
physical interaction with the cofactor FOG-1 intact.58 
How this change in the properties of GATA-1 leads to a 
slight imbalance in globin gene expression is unknown. 
Presumably, interactions of the regulatory elements of 
the LCR and β-globin complex are affected by the 
manner by which GATA-1 binds to DNA. More recently, 
similar mutations have been found in other patients. 
In one case, β-thalassemia was present along with an 
elevation in HbF to nearly 60%.56 This patient also had 
features of erythropoietic porphyria and mild thrombo-
cytopenia. However, another patient with a similar muta-
tion had features of only gray platelet syndrome, and 
β-thalassemia was not present.57 These phenotypic differ-
ences may be due to modifi er loci that vary with the 
genetic background of these different patients.

Hereditary Persistence of Fetal 
Hemoglobin

Individuals heterozygous or homozygous for mutations 
that enhance HbF are asymptomatic. They are identifi ed 
incidentally in routine screening programs or during 
investigation of family members with hematologic disease 
because of interaction of these variants with other muta-
tions in the β-globin gene cluster. Homozygotes for 
deletion forms of HPFH have normal hemoglobin con-
centrations, but their red cells are slightly hypochromic 
and microcytic.278,279 Minimal globin chain biosynthetic 
imbalance may be seen. No symptoms or physiologic 
impairment has been associated with the exclusive pro-
duction of HbF despite its high oxygen affi nity.

Hereditary Persistence of Fetal Hemoglobin 
Deletion Mutations

Several deletions produce the HPFH phenotype of 
increased levels of HbF in otherwise normal red cells 
(Table 20-5).* The 5′ breakpoints lie between the Aγ-
globin gene and the δ-globin gene, and in all cases (with 
the exception of Hb Kenya), an enhancer 3′ to the Aγ gene 
is unaffected by the mutation. Two of the deletions 
(HPFH-1 and HPFH-2) are very large and extend 
beyond the 3′ end of the cluster (see Table 20-4). The 
Kenya mutation is also included in this category because 
of the pancellular distribution of HbF that is character-
istic of this mutation.

Heterozygotes for these deletions produce up to 30% 
HbF containing both Gγ and Aγ chains in a pancellular 
distribution. Differences in the relative percentages of Gγ 
and Aγ chains can be detected between different types of 
HPFH deletions (see Table 20-4). Heterozygotes have 
normocytic red cells. The red cells of homozygotes 

*See references 58, 293, 298, 312, 326-330, 333-335, 337, 384, 
394, 395.
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contain HbF exclusively. The higher oxygen affi nity of 
HbF may lead to slightly elevated hemoglobin levels in 
such individuals. Although homozygotes are clinically 
well, the α-globin–to–γ-globin chain biosynthetic ratio 
may be slightly imbalanced, and mild microcytosis and 
hypochromia may be observed. This suggests that γ-chain 
synthesis occurs at levels below the output of the normal 
β-globin gene on these chromosomes.

Several hypotheses have been put forward to account 
for the increased expression and pancellular distribution 
of HbF in the deletion HPFH syndromes, particularly 
when compared with the moderate increase and hetero-
cellular distribution in δβ-thalassemia. Sequence analysis 
has confi rmed that the γ-globin genes linked to the 
HPFH-1 deletion do not contain additional mutations 
responsible for the increased HbF expression.396 As 
discussed earlier, deletion of postulated inhibitory 
sequences297,385 has not been substantiated by the effects 
of other mutations that remove similar elements. Because 
several mutations extend far beyond the 3′ end of the β-
globin cluster, it has been suggested that introduction of 
a distant enhancer into the locus might lead to activation 
of the γ genes. Some evidence is consistent with this 

model. Sequences located immediately 3′ of the HPFH-1 
deletion breakpoint and translocated into the cluster 
by the deletion event display transient enhancer activity 
when tested in erythroid cell lines.298 In addition, the 
DNA in the vicinity of this enhancer is hypomethylated 
and nuclease sensitive in normal erythroid cells and con-
tains a long open reading frame,298,397 thus suggesting 
that the enhancer may belong to a distinct gene that is 
also transcribed in erythroid cells. RNA transcripts from 
this putative gene have been detected in erythroid cell 
lines.398 In Spanish δβ-thalassemia, which exhibits a dele-
tion nearly identical to that in HPFH-1, the 3′ breakpoint 
is located approximately 9 kb downstream of HPFH-1, 
and therefore the putative distant enhancer is not 
imported into the locus.298

In another type of deletion HPFH observed in an 
Italian family, a 12.9-kb deletion removes the δ- and β-
globin genes and brings the enhancer 3′ of the β-globin 
gene closer to the γ-globin genes.333 Analogous to the 
comparisons between HPFH-1 and Spanish δβ-thalas-
semia, deletions similar in size and location to the 12.9-
kb Italian HPFH deletion that remove the 3′ β enhancer 
result in δβ-thalassemia rather than HPFH.332 The 

TABLE 20-5 Nondeletion Hereditary Persistence of Fetal Hemoglobin Mutations

Type Molecular Defect g Gene Ethnic Group

Percentage of 
HbF in 
Heterozygotes

Chains 
Gγ, Aγ

Distribution 
of HbF References

 1 C→G at −202 G Black 15-20 G only Pancellular 337-339
 2 C→T at −202 A Black 2-3 93% A Heterocellular 340
 3 +C insertion at −200 G Tunisian 18-27 G only 341
 4 T→C at −198 A British* 4-12 90% A Heterocellular 342-344
 5 C→T at −196 A Chinese 10-15 90% A Heterocellular† 345, 346

Italian‡ 10-20 95% A Pancellular 347, 348
 7 T→C at −175 G Italian 20-30 90% G 351

Black 30†§ G only Pancellular 353
 8 T→C at −175 A Black 35-40 80% A Pancellular 354
 9 G→A at −161 G Black 1-2 Heterocellular 355
10 G→T at −158¶ G Saudi# 2-4 G > A Heterocellular 356-362
11 G→A at −117 A Mediterranean** 10-20 95% A Pancellular 349, 350, 363

Black 10-20 85% A Pancellular 346
12 C→G at −114 G Australian 8.5 90% G 364
13 C→T at −114 G Japanese 11-14 G > A 365
14 C→T at −114 A Black 3-5 90% A  366
15 Deletion −114 to −102 A Black 30†§ 85% A‡ 367
16 X-Linked G “Swiss”‡‡ 0.8-3.4 Heterocellular 368
17 Unknown‡ G German 5-8 A and G Heterocellular 369
18 Unknown G “Georgia” 2.6-6 G > A Heterocellular 370, 371
19 Unknown G “Seattle” 3.7-7.8 G = A Heterocellular 372, 373

*Also found in whites in North America.
†More than 80% of the red cells contain fetal hemoglobin.
‡Also found in cis to codon 39 mutation (Sardinian δβ-thalassemia).
§In a β-S heterozygote.
¶This determinant appears to increase HbF only in patients with erythropoietic stress.
#Identifi ed in Greek and Sardinian families.
**Also found in several other ethnic groups.
++Ratio varies in different families.
‡‡Found in all ethnic groups.
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Kenyan deletion also brings the 3′ β-globin gene enhancer 
closer to the γ-globin genes. Though distributed in a 
pancellular pattern, the level of HbF is lower in the 
Kenyan deletion than in the other HPFH syndromes. It 
is noteworthy that it is also the only deletion mutation 
that does not spare the 3′ Aγ-globin enhancer.

Nondeletion Hereditary Persistence of Fetal 
Hemoglobin Mutations

Individuals with these mutations exhibit elevated levels 
of HbF with normal red cell indices and are identifi ed 
through hemoglobin screening programs or by study of 
families in which a segregating high-HbF allele modu-
lates the severity of sickle cell disease or β-thalassemia.93,94 
(The role of nondeletion HPFH mutations in modifying 
the course of sickle cell disease is discussed in more detail 
in Chapter 19.141) In many instances, single base changes 
have been discovered within the promoter region of either 
the Gγ- or Aγ-globin gene.338-340,342-350,352-363,367,399 These 
mutations are postulated to alter the binding of nuclear 
regulatory proteins and lead to a more favorable interac-
tion of the promoter with the LCR at the adult 
stage.349,350,400-405 Typically, only increased expression of 
the γ-globin gene in which the mutation is found occurs. 
In instances of the nondeletion HPFH syndrome, no 
mutation has been characterized. As discussed in a later 
section, the Swiss HPFH determinant may segregate 
with the X chromosome.12

The level of HbF observed in patients with this syn-
drome varies greatly and ranges from 1% to 4% in Swiss 
HPFH12,368 to 30% in the −175 T→C substitution found 
in either the Gγ- or Aγ-globin gene.352-354 Similar to the 
deletion forms of HPFH, the HbF may be found in either 
a heterocellular or a pancellular distribution (Table 20-6 
and Fig. 20-20). The −158 C→T substitution in the Gγ-
globin gene is associated with a normal level of HbF in 
otherwise normal heterozygotes but with a high level of 
HbF in the presence of erythropoietic stress.356-362 For 
example, in Saudi Arabia, patients with sickle cell anemia 

often have high HbF levels (25% or greater) and mild 
disease, whereas their parents with sickle cell trait have 
normal or only slightly elevated levels.356 Identifi cation 
of individuals with this mutation (or polymorphism) has 
been aided by the fi nding that it is linked to a rare sub-
haplotype.357,358 The −158 HPFH substitution also 
improves the clinical course of β-thalassemia. A Chinese 
individual homozygous for the −29 promoter mutation 
has transfusion-dependent β-thalassemia,47 yet black 
patients homozygous for the same mutation who coin-
herit the −158 HPFH mutation in the Gγ promoter have 
mild β-thalassemia.46,95

Confi rmation that the base substitutions in the pro-
moter region are the cause of increased γ-chain synthesis 
rather than associated random DNA polymorphisms is 
based on several lines of evidence (reviewed by Otto-
lenghi and co-workers406). As mentioned earlier, they are 
generally associated with overexpression of the gene in 
which the mutation is found and typically represent 
the only sequence change. None of the mutations listed, 
with the exception of the −158 mutation, have been 
observed in individuals with normal HbF levels. Haplo-
type analysis in some pedigrees of patients with HPFH 
has demonstrated that the HPFH determinant is linked 
to the β-globin cluster. The British type of nondeletion 
HPFH is quite informative in this regard. The gene has 
been tracked through three generations, and three homo-
zygous individuals have been observed.342-344,407 Haplo-
type analysis using restriction enzyme polymorphisms 
has established linkage of the British HPFH phenotype 
to the β-globin gene locus.343 More than 90% of the γ 
chains are of the Gγ type, and there is an associated muta-
tion at −198 of the Gγ gene.343 Even the three homozy-
gotes, with approximately 20% HbF, have heterogeneous 
distribution of HbF among their red cells. Two homozy-
gotes for −117 Aγ HPFH have also been described, 
and they had 24% HbF in a pancellular pattern.408 
More recent transgenic experiments unequivocally 
demonstrate that the single base substitutions seen in 

TABLE 20-6 a-Thalassemia Syndromes

Syndrome Clinical Features Hemoglobin Pattern

a-Globin Genes 
Affected by the 
Thalassemia Mutation

Silent carrier 
(α-thal-2)

No anemia, normal red cells 1-2% Hb Bart’s (γ4) at birth; may have 
1-2% Hb Constant Spring; remainder 
HbA

1

Thalassemia 
trait (α-thal-1)

Mild anemia, hypochromic 
and microcytic red cells

5-10% Hb Bart’s (γ4) at birth; may have 
1-2% Hb Constant Spring; remainder 
HbA

2

Hemoglobin H 
(HbH) disease

Moderate anemia; fragmented, 
hypochromic, and microcytic 
red cells; inclusion bodies 
may be demonstrated

5-30% HbH (β4); may have 1-2% Hb 
Constant Spring; remainder HbA

3

Hydrops fetalis Death in utero caused by 
severe anemia

Mainly Hb Bart’s; small amounts of HbH 
and Hb Portland also present

4
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HPFH lead to enhanced γ-globin expression into adult 
life.

An interesting aspect of this syndrome is a balanced 
α-globin–to–non–α-globin chain synthetic ratio, even in 
homozygotes,408 which implies that increased γ-globin 
synthesis is offset by decreased β-globin synthesis.363 
Expression of the β gene in cis to the mutation may 
be reduced by 20% to 30%.338,353,354,367,409 It has also 
been observed that HbA2 levels are uniformly low in the 
nondeletion HPFH syndromes and generally correlate 
inversely with HbF levels.1 The reduction in δ- and 
β-globin gene expression in cis to the HPFH mutations 
is compatible with models of competitive regulation of 
β-globin expression by the linked γ-globin gene.

Mutations That Alter a-Globin 
Gene Regulation

In contrast to the β-globin cluster, in which single nucle-
otide substitutions are the most common cause of thalas-
semia, large deletions within the α-globin cluster are the 
predominant basis of α-thalassemia. The overall impair-
ment in α-globin chain synthesis that results from defects 
in the α-globin cluster is determined by the number of 
genes inactivated (either by deletion or mutation), the 
type of lesion (deletion or mutation), and whether the 
lesion affects the α2 or α1 gene.

The α-globin cluster on chromosome 1616,410,411 con-
tains three functional genes (ζ, α2, and α1), an expressed 
gene of no apparent signifi cance, and three pseudo-
genes2,15 (see Fig. 20-2). Transcription of the genes 
depends on the integrity of the distant regulatory element 

HS-40. An α-thalassemia deletion mutation (ααRA) has 
been reported that removes a large segment of DNA 
upstream of the ζ2 gene but spares the remainder of the 
cluster.412 In heterozygotes, no expression of the ζ- or 
α-globin genes from this chromosome is detected in 
heterozygotes. These fi ndings are formally analogous to 
those in Hispanic and English γδβ-thalassemias (see 
Table 20-4),317,318 in which upstream LCR elements of 
the β-globin cluster are deleted.

The two human α-globin genes are thought to have 
been generated through a gene duplication event that 
occurred approximately 60 million years ago.413 The 
nucleotide sequences of the α2 and α1 genes have 
remained remarkably similar and represent an example 
of concerted evolution414-416 in which the two genes have 
exchanged genetic information through crossover fi xa-
tion and gene conversion events. The coding regions of 
the two genes are virtually the same and encode identical 
polypeptides.4149-417 The genes differ only in minor 
respects within IVS-2, whereas the sequences diverge 
signifi cantly in the 3′-untranslated region.

The α-globin genes are expressed in embryonic, fetal, 
and adult-stage erythroid cells. Initially it was believed 
that the two α genes were expressed at similar levels, but 
subsequent RNA analysis relying on sequence differences 
in their 3′-untranslated regions revealed that α2 RNA 
predominates over α1 RNA by a ratio of 3 : 1.225,418-420 
Because the two α-globin mRNA molecules have the same 
intrinsic stability, the higher level of α2 RNA refl ects 
increased transcription of the α2 gene. “Transcriptional 
interference” of the α1 gene by the upstream α2 gene has 
been proposed as an explanation for this observation.421 
Ribosome-loading studies suggest that α2 and α1 tran-

A B

FIGURE 20-20. A, Immunofl uo-
rescent staining of erythrocytes 
with antibody directed against 
HbF shows the distribution of 
HbF in a heterocellular pattern. 
B, Immunofl uorescent staining of 
erythrocytes with HbF distributed 
in a pancellular pattern. (Courtesy 
of Dr. George Stamatoyannopoulos.)
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scripts are translated at equivalent rates.422 Systematic 
characterization of the expression of α-globin structural 
variants at both the α2 and α1 loci has confi rmed that the 
α2 gene has a predominant role in α-globin chain produc-
tion.418,419 A direct prediction of this model is that muta-
tions altering the α2 gene would result in a greater defi ciency 
of α-globin chain production than would mutations of the 
α1 gene. Clinical support for this prediction is provided by 
study of Sardinian patients with HbH disease who are 
heterozygous for one chromosome with a deletion of both 
α genes (−/) and a chromosome with a nondeletion muta-
tion affecting the initiator codon of either the α2 gene 
(αTα/) or the α1 gene (ααT/).162 Patients with the mutation 
in the α2 gene (−/αTα) have clinically more severe disease. 
Consistent with its predominance, the α2 gene is involved 
in the majority of the reported mutations of the α-globin 
genes (see Table 20-2).

Deletion Mutations within the a-Globin 
Gene Cluster

Mutations That Remove One α-Globin Gene

The two α-globin genes are embedded in highly homolo-
gous, tandem repeated sequence blocks (called X, Y, and 
Z) that are separated by nonhomologous segments (Fig. 
20-21).18 Unequal, homologous recombination through 
the X and Z blocks generates a chromosome with a single 
α-globin gene and another with three α-globin genes. 
Homologous recombination in the small Y box has not 
been observed. The most common type of deletion in this 
class removes 3.7 kb as a result of misalignment of the Z 
boxes and is known as “rightward deletion.” The prod-
ucts of this crossover are the (−α3.7/)423,424 and (αααanti-3.7/) 
haplotypes.425,426 The −α3.7 products may be further sub-
divided into types I, II, and III by the precise location of 
recombination within the Z box.416 Unequal crossover 
events through the X box leads to “leftward deletion” of 
4.2 kb of DNA and the −α4.2 chromosome406 and its 
triplicated antitype.427,428 The incidence of the observed 
recombination products appears to refl ect the size of the 
homologous target sequence within the boxes because 
−α3.7I (1436 bp) is the most common, followed by −α4.2 
(1339 bp), −α3.7II (171 bp), and −α3.7III (46 bp).2,414,415,429 
Unequal α-gene recombination through the X and Z 
boxes has been reproduced in both prokaryotic and 
eukaryotic experimental systems with episomal 
vectors.18,430,431

The −α3.7I deletion is extremely common and is seen 
in all populations in which α-thalassemia is prevalent, 
whereas the −α4.2 deletion is most common in Asian 
populations.2,15 Frequencies of up 80% to 90% for the 
single-deletion chromosome have been reported in some 
populations.103 The association of these mutations with a 
variety of α-globin cluster haplotypes and α-globin vari-
ants in different populations suggests that they have 
arisen through numerous independent mutational 
events.103,432

Deletion of one α-globin gene does not affect expres-
sion of the ζ-globin gene433 but has unanticipated conse-
quences on expression of the remaining α-globin gene. 
The α1 gene that remains on the −α3.7 chromosome is 
expressed approximately 1.8 times more often than the 
α1 gene on a normal chromosome.419 Individuals homo-
zygous for the leftward deletion (−α4.2/−α4.2), who carry 
two copies of the α1 gene, express more α-globin than 
the anticipated 25% of normal.434 Homozygotes for the 
−α3.7III deletion (−α3.7III/−α3.7III), who carry two α2 genes, 
express less than the anticipated 75% of normal.434 The 
increased expression of the α1 gene on the −α3.7 and −α4.2 
chromosomes may be secondary to release of transcrip-
tional interference from the upstream α2 gene,421 whereas 

–α4.2(αααanti4.2)
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–α3.7I(αααanti3.7)

–α3.7II
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FIGURE 20-21. A, Deletion mutations that give rise to α-thalassemia. 
The two α-globin genes are embedded in a duplicated segment of DNA 
with homologous (X, Y, and Z boxes) and nonhomologous (I, II, and 
III) regions. The extent of specifi c mutations that delete a single α-
globin gene are indicated by salmon boxes and the limits of the break-
points as solid lines. These deletions and the reciprocal chromosomes 
containing three functional α-globin genes result from misalignment 
and unequal recombination mediated by the homologous blocks. 
B, Unequal crossover through the Z box deletes 3.7 kb of DNA 
and produces the α3.7 chromosome and its antitype, whereas recombi-
nation through the X box produces the −α4.2 chromosome and its 
antitype. The −α3.7 deletion can be further subdivided (I to III) by the 
exact location within the Z box where recombination occurs (see 
A). (Redrawn from Higgs DR, Vickers MA, Wilkie AO, et al. A review of 
the molecular genetics of the human alpha-globin gene cluster. Blood. 
1989;73:1081-1104.)
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the lower expression of the α2 gene in the −α3.7III deletion 
remains to be explained. An important consequence of 
this observation, however, is that common mutations that 
delete the α2 gene (α3.7I and α4.2) may lead to increased 
expression of the remaining α1 gene and to a less severe 
clinical phenotype than predicted from expression studies 
of the native α-globin genes.434 Single nucleotide substi-
tutions that inactivate the α2 gene do not affect α1 expres-
sion and consequently lead to a more severe clinical 
phenotype than single gene deletions do.2,15

Triplicated α-gene chromosomes are observed in 
populations in which the α3.7I and α4.2 chromosomes are 
present. The third gene is expressed and leads to a slight 
increase in the α-chain–to–β-chain ratio in homozygotes 
for the triplication, but this is generally of no clinical 
consequence.435,436 However, if a triplicated α-gene chro-
mosome is coinherited with a β-thalassemia gene, thalas-
semia intermedia may be seen.437,438A unique deletion 
that removes the α1 gene and some downstream sequence 
was recently described as a cause of α-thalassemia and 
appears to be due to a novel biologic mechanism.439 
As a result of the deletion, a promoter in the antisense 
orientation is brought into close proximity to the remain-
ing α2 gene. Antisense transcripts are created and 
appear to cause methylation of DNA and silencing of 
the chromatin in the region, thus attenuating transcrip-
tion of the intact α2 gene. Recent work in both yeast 
and human cells has begun to delineate the mechanisms 
that may be responsible for this phenomenon, which 
may normally play a major role in physiologic gene 
regulation.440

Mutations That Remove Both α-Globin Genes

Illegitimate, nonhomologous recombination within 
the α-globin cluster results in partial or complete deletion 
of both α-globin genes and generates an α0 chromo-
some.2,412,441-445 (Note that the term α+ and α0 may 

refer to the expression of α-globin from a single gene 
or may refer to the presence or absence of an intact α-
globin gene on a chromosome.) In some circumstances, 
the ζ-globin gene may also be encompassed by the 
deletion. The boundaries of many of the deletions 
that have been characterized are summarized in 
Figure 20-22. The geographic distribution of these 
lesions is more restricted than that of the α+-thalassemia 
deletions, the most common being the −SEA (Southeast 
Asia) and −MED (Mediterranean) deletions, thus suggest-
ing that they are rare genetic events. Theories concerning 
the mechanisms of these deletions are summarized 
elsewhere.2

Homozygotes for α0 chromosomes (−/−) suffer from 
hydrops fetalis, whereas individuals heterozygous for an 
α+ chromosome and an α0 chromosome (−/−α or −/αTα) 
exhibit HbH disease. Increased expression of minute 
quantities of ζ-globin into adulthood may accompany 
some of the mutations in which the ζ gene is left intact 
by the deletion.433 Sensitive radioimmunologic assays 
for the presence of ζ-globin chains in heterozygous 
adult carriers of these mutations have been devised,446 
and they may prove useful in areas such as Southeast 
Asia, where the incidence of the −SEA chromosome is as 
high as 3%.447

Mutations Not Linked to the Globin Gene 
Clusters That Alter Globin Gene Expression

Acquired Hemoglobin H Disease

A particularly severe, acquired form of HbH disease has 
been described in elderly men with clonal myeloprolifera-
tive disorders.448-451 In this setting, levels of HbH 
approaching 60% may be seen.426 Extremely low α-
chain–to–β-chain synthesis ratios and low α-globin 
mRNA levels have been documented in bone marrow 

FIGURE 20-22. Deletion mutations that give rise to α0-thalassemia. The organization of the α-globin cluster is shown. Expressed genes are rep-
resented by salmon boxes, whereas pseudogenes are shown as blue boxes. Two hypervariable regions (HVRs) are indicated as zigzag lines. Coordinates 
are in kilobase pairs (kb). The extent of each deletion is defi ned by a salmon box and the uncertainty of the breakpoints by blue boxes. The designa-
tion of the genotype is indicated to the right of each deletion. (From Higgs DR, Vickers MA, Wilkie AO, et al. A review of the molecular genetics of the 
human alpha-globin gene cluster. Blood. 1989;73:1081-1104.)
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cells from affected individuals.449,450 Residual α-globin 
mRNA expression may be derived from nonclonal ery-
throid cells. A bimorphic population of cells is present on 
examination of the peripheral blood smear. The manifes-
tations of hemolytic disease caused by HbH may increase 
and decrease with the clinical course of the myeloprolif-
erative disorder.449

Available evidence suggests that the absence of a 
positive regulatory factor in the clonal population or the 
presence of an inhibitory factor is responsible for the lack 
of α-globin gene expression. Extensive molecular analysis 
of the α-globin gene cluster in patients with acquired 
HbH disease indicates that it is structurally intact and 
hypomethylated in these individuals.449,450 Human α-
globin gene expression can be detected in somatic cell 
hybrids derived by fusion of bone marrow cells from 
patients with acquired HbH disease to murine erythro-
leukemia cells,452 thus further suggesting that the tran-
scriptional defect is not linked to the α-globin cluster. 
Additional study of this unusual condition may provide 
important information about factors regulating the α-
globin gene cluster.

X-Linked α-Thalassemia Associated with 
Mental Retardation Syndrome

Rare instances of α-thalassemia occurring in individuals 
of Anglo-Saxon origin with phenotypically normal parents 
fi rst drew attention to a new syndrome.453 Further inves-
tigation revealed the commonly seen association of pro-
found mental retardation, facial anomalies, and genital 
abnormalities.78 Important recent studies demonstrated 
mutation of the AH2 gene, a member of the DNA heli-
case superfamily and presumed global transcriptional 
regulator, as the underlying basis of this syndrome.79

Silent β-Thalassemia

Hematologically normal “silent carriers” of β-thalasse-
mia are identifi ed through family studies.1,6,454-457 Some 
instances of “silent” β-thalassemia may be attributed to 
mutations that cause a very modest reduction in β-globin 
gene expression—the −101 promoter mutation126,130 and 
the +1 cap site mutation133—or attributed to the inheri-
tance of triplicated α-globin gene chromosomes.437,438 In 
an Albanian family in which the father was a silent carrier, 
the mother had high-HbA2 β-thalassemia trait, and two 
children had β-thalassemia, the silent carrier determinant 
did not appear to segregate with either of the paternal 
β-globin gene clusters.458 Subsequently, a number of 
reports of families in which a β-thalassemia mutation 
appeared to be unlinked to the β-globin complex have 
been reported.459-461 These rare instances of unlinked β-
thalassemia may be due to mutations in trans-acting 
factors. However, all these patients did not have the syn-
dromic features seen in those with the previously char-
acterized trans-acting regulatory factor mutations (see 
the section on β-thalassemia mutants unlinked to the β-
globin complex). Thus, new insight may be gained from 
genetic analysis of these rare cases.

Swiss Hereditary Persistence of Fetal 
Hemoglobin

Ordinarily, HbF constitutes less than 1% of the total 
hemoglobin in normal adult erythrocytes and is restricted 
to a subpopulation of erythrocytes (F cells) that represent 
between 3% and 7% of the total number of red cells.7,8 
Both the percentage of F cells present in the circulation 
and the amount of HbF per F cell are under genetic 
control, and evidence suggests that the determinants are 
not linked to the β-globin gene cluster.462

In the Swiss type of nondeletion HPFH (see Table 
20-5), HbF is distributed in a heterocellular fashion with 
levels of HbF of 0.8% to 3.4% in heterozygotes.1,12,93,368,462 
Interpretation of earlier studies of Swiss HPFH was com-
plicated by the small size of the pedigrees, overlap of HbF 
levels in heterozygotes and normal subjects, varying age 
of the research subjects (HbF levels tend to fall with age), 
and concomitant inheritance of β-globin gene alleles that 
can also infl uence HbF levels.

Several studies have been published in which linkage 
analysis clearly demonstrates that the HPFH determi-
nant segregates independently from the β-globin gene 
cluster. In the fi rst, a large Sardinian pedigree,463,464 and 
the second, a large Asian Indian pedigree,465 nondeletion 
HPFH and β0-thalassemia genes were segregating in each 
family. Studies of normal individuals in Japan with Swiss 
HPFH in which the F-cell percentage rather than the 
HbF level was used to defi ne HPFH have suggested that 
the “high–F-cell trait” segregates as an X-linked deter-
minant.12 A recent study has also localized a genetic 
determinant for HbF production to the long arm of 
chromosome 6 in a large HPFH pedigree.13 An addi-
tional locus for HbF production has been found on chro-
mosome 8 in the Asian Indian pedigree just described 
and also in a European twin study.466 Further mapping 
of these HPFH determinants may provide important 
insight into the mechanisms regulating hemoglobin 
switching. There is substantial evidence from the results 
of twin and family studies that HbF and F-cell levels are 
genetically controlled.9-11 Traditional approaches have 
used linkage analysis in an attempt to fi nd genetic deter-
minants that modulate HbF levels, but it is likely that 
complex trait analysis will be necessary to delineate puta-
tive common variants that have an effect on HbF.467 
Recently the analysis of HbF-regulating variants using 
genetic association studies has led to initial insight into 
genes unlinked to the β-globin locus that alter fetal hemo-
globin levels. Two regions harboring genetic variants 
have been found in the course of whole-genome associa-
tion studies in nonanemic Caucasian populations467a,467b. 
One region is found on chromosome 6 and is in an 
intergenic region between the genes HBS1L and 
cMYB.467a-467c The other region is found on chromosome 
2 and is within an intron of the zinc-fi nger transcription 
factor BCL11A467a,467b. How these particular variants 
lead to changes in fetal hemoglobin levels remains to 
be uncovered. Interestingly, the variant in BCL11A on 
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chromosome 2 also appears to ameliorate the severity of 
β-thalassemia in a cohort of patients from Sardinia.467a

CLINICAL HETEROGENEITY OF 
THALASSEMIA SECONDARY TO 
DIVERSITY OF MUTATIONS

In the previous sections, the extraordinary array of muta-
tions associated with the clinical syndrome of thalassemia 
has been described. In populations in which thalassemia 
is prevalent, different types of mutations that affect genes 
of either the α-globin, β-globin, or both globin clusters 
may coexist. Frequently, patients are compound hetero-
zygotes for these mutations. The relative degree to which 
globin chain synthesis is impaired refl ects this genetic 
heterogeneity and determines the clinical phenotype. In 
the following clinical description of the thalassemia syn-
dromes, we emphasize such genetic interrelationships.

a-Thalassemia

Nomenclature and Genetics of α-Thalassemia

α-Thalassemia is divided into four clinical subsets that 
refl ect the extent of impairment in α-globin chain produc-
tion: silent carrier (−α/αα), α-thalassemia trait (−α/−α or 
−/αα), HbH disease (−/−α), and hydrops fetalis (−/−) (see 
Table 20-6). Before the introduction of molecular analy-
sis, these syndromes were classifi ed on the basis of red 
blood cell parameters (hemoglobin level, mean corpuscu-
lar volume [MCV], mean corpuscular hemoglobin 
[MCH], globin biosynthetic ratio, presence of inclusions, 
and HbH [β4] levels), as well as the manner in which they 
interacted genetically to produce different phenotypes. 
Much of this early work relied on the study of Asian popu-
lations in which α-thalassemia is particularly common.1

The silent carrier state for α-thalassemia, in which a 
single α-globin gene on a chromosome is inactivated, has 
traditionally been designated α-thalassemia-2. Homozy-
gosity for α-thalassemia-2 or heterozygosity for an allele 
causing more severe disease in which both α-globin genes 
are inactivated leads to α-thalassemia trait, also termed 
α-thalassemia-1. According to the historical nomencla-
ture, HbH disease refl ects heterozygosity for α-thalasse-
mia-2 and α-thalassemia-1, whereas hydrops fetalis 
results from homozygosity for α-thalassemia-1.

Advances in molecular characterization of the α-
globin gene cluster have clarifi ed the genetic basis of 
these phenotypes. Weatherall and colleagues proposed a 
more informative nomenclature for these mutations.1,2 
Each chromosome may be designated as α+ or α0 to 
indicate the presence or absence of any α-globin chain 
production derived from that chromosome. This is 
referred to as a haplotype and should be distinguished 
from use of the term haplotype in describing the linkage 
of DNA polymorphisms on a chromosome. Haplotypes 
are further subdivided by the status of each α-globin gene 

on a chromosome. As discussed previously, mutations 
may be of the deletion or nondeletion type. Normal 
individuals are designated (αα/αα) to indicate the pres-
ence of four active α genes, two on each chromosome 16, 
with the fi rst position corresponding to the α2 gene and 
the second position to the α1 gene. Deletion of a single 
α-globin gene on a chromosome is designated (−α/), 
whereas deletion of both genes is indicated as (−/). 
Further refi nement of this nomenclature includes a des-
ignation of the specifi c mutation; for example, (−SEA/) 
signifi es the α0 deletion mutation that is common in 
Southeastern Asian populations (see Fig. 20-22), and 
(−α3.7/) symbolizes the α+ rightward α-gene deletion that 
is extremely common in the American black population 
(see Fig. 20-22). Nondeletion mutations in a haplotype 
are designated in this scheme by a superscript T (ααT) 
and can be more precisely described by symbols for the 
specifi c mutation and the gene affected. For example, 
(αCSα) designates a chromosome bearing the Constant 
Spring chain termination mutation affecting the α2 gene 
(see Table 20-2), and (αQSα) designates a chromosome 
bearing the α gene with a substitution in codon 125 that 
leads to the synthesis of an unstable globin (see Table 
20-2). This shorthand nomenclature is extremely useful 
when a patient’s genotype is known in detail and has 
simplifi ed description of the many genotypes that interact 
to generate the heterogeneous clinical syndromes.

At least 30 mutations that may inactivate one or both 
α-globin genes are known; thus, the different combina-
tions of chromosomes bearing α-thalassemia mutations 
number more than 200. The number of occurrences of 
the different genotypes and haplotypes defi ne the spec-
trum of disease observed in a given ethnic group. For 
example, severe forms of α-thalassemia (HbH disease and 
hydrops fetalis) are uncommon in blacks. In this group 
the single-deletion chromosome is very common,468,469 
whereas chromosomes with two defective α genes are 
quite rare. In some circumstances the phenotype of HbH 
disease is not readily related to genotype. Indeed, there is 
a signifi cant spectrum of disease severity in individuals 
from the Southeast Asian area with the same genotype 
(−α3.7/−SEA).432 The observed phenotype may be further 
complicated by the inheritance of another hemoglobin 
disorder (β-thalassemia) or the infl uence of environmen-
tal factors such as iron or other nutritional defi ciency.

Silent Carrier

The silent carrier state, or the α-thalassemia-2 defect, is 
due to the presence of a mutation affecting only one α-
globin gene. Most often this occurs because of a deletion 
mutation (−α/αα). Patients who are silent carriers for 
α-thalassemia have three rather than four functional 
α-globin genes.424,470 Thus, the impairment in α-globin 
synthesis is very mild. There is signifi cant overlap of their 
globin biosynthetic ratio with both that of normal sub-
jects and that of individuals with only two functional α-
globin genes (Fig. 20-23). Similarly, the mean MCV of 
patients with three functional genes is slightly lower than 
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that in normal subjects, but signifi cant overlap between 
the two groups exists.2 Despite these differences that 
become apparent on comparison of groups with different 
numbers of α-globin genes, there is no reliable way to 
diagnose silent carriers of α-thalassemia by hematologic 
criteria. Diagnosis has been reported by detection of 
small amounts of Hb Bart’s in cord blood,1 but additional 
studies indicate that this approach is unreliable in ascer-
taining the presence of the silent carrier state.471,472 
However, a more recent U.K. study using high-perfor-
mance liquid chromatography (HPLC) and genotyping 
to verify α-globin genotype on fresh cord blood samples 
demonstrated HPLC to be a reliable technique for deter-
mining the silent carrier state.

Silent Carrier Variant: Hemoglobin Constant Spring

Some silent carriers og α-thalassemia produce small 
quantities of slowly migrating hemoglobins (Fig. 20-24) 
that contain elongated α-globin chain variants resulting 
from termination codon mutations (see Table 20-2 and 
Fig. 20-14).182-186 The original elongated α-chain variant, 
Hb Constant Spring, was named for the small Jamaican 
town in which the Chinese family in whom these hemo-
globins were fi rst discovered resided.183 The family had 
three children with HbH disease; each had a small 
amount of the abnormal hemoglobins. One parent had 
typical thalassemia trait, whereas the other had normal 
red cells but, in addition, had approximately 1% of the 
abnormal hemoglobin. Similar slowly migrating hemo-
globins have been found in other racial groups in Thai-
land and Greece.473 Individuals homozygous for the αCS 
mutation (αCSα/αCSα) have a clinical syndrome similar to 
HbH disease, although their erythrocytes contain Hb 
Bart’s (γ4) rather than HbH and the degree of anemia 
and the extent of abnormalities in red cell indices are 
milder than those in most patients with HbH disease.474 
Compound heterozygotes for the α0 and αCS haplotypes 
(−/αCSα) exhibit typical HbH disease.

α-Thalassemia Trait

Two genotypes (−/αα and −α/−α) that refl ect inactivation 
of two α-globin genes are associated with α-thalassemia 
trait. Substitution mutations that affect the predominant 
α2 gene (αTα/αα) may also lead to α-thalassemia trait. 

The extent of the observed changes in red cell indices 
mirrors the reduction in α-globin production seen with 
each genotype, with the (−α/−α) genotype being less 
affected than the (−/αα) genotype. α-Thalassemia trait is 
characterized by marked microcytosis and hypochromia 
of red cells in conjunction with mild anemia and eryth-
rocytosis (see Table 20-6). Levels of HbA2 and HbF are 
generally normal or low. Diagnosis of this condition is 
typically made by family studies or by exclusion of iron 
defi ciency and β-thalassemia trait. The incidence is par-
ticularly high in Asian populations and less in African, 
Mediterranean, and American black populations. Even 
in the neonatal period, the red cells appear hypochromic 
and microcytic. The proportion of Hb Bart’s may be as 
high as 1% in the blood of normal newborns, but levels 
of 4% to 6% are attained in infants who are later shown 
to have α-thalassemia trait1 (see Table 20-6). Beyond the 

1.4
1.2
1.0
0.8
0.6
0.4
0.2

0

3.5
2.5
1.5

S
pe

ci
fic

 a
ct

iv
ity

 r
at

io
   

/

-Thalassemia -Thalassemia

Homozyg Heterozyg Heterozyg Hb – H DISSilent carrier
Normal

β

β
α

α

FIGURE 20-23. Biosynthetic α-globin–to–β-globin 
ratio in various forms of thalassemia. Peripheral blood 
cells were incubated with [14C]leucine for 2 hours in 
autologous plasma. The globin chains were isolated 
by ion exchange chromatography. The specifi c activity 
of the chains and the ratio of their radioactivities were 
then calculated. (Redrawn from Nathan DG. Thalasse-
mia. N Engl J Med. 1972;286:586-594. Copyright 1972, 
Massachusetts Medical Society.)

A

H

1

O

pH 8.6

2

1 2321 4

A

Constant Spring

A2

B C

A

S

A2

A

Lepore

O

A2

A
F

O

A2

FIGURE 20-24. Hemoglobin electrophoresis. A, Starch gel electro-
phoresis at pH 8.6; 1, normal; 2, HbH disease with Hb Constant 
Spring. B, Agarose electrophoresis at pH 8.6; 1, normal; 2, β-thalasse-
mia trait with increased HbA2; 3 and 4, homozygous β-thalassemia with 
different relative amounts of HbA and HbF. C, Starch gel electropho-
resis at pH 8.6; 1, Hb Lepore trait; 2, sickle cell trait. “O” indicates the 
origin. The anode is at the top of the fi gure.



 Chapter 20 • The Thalassemias 1049

neonatal period, biochemical markers such as HbA2 and 
HbF in β-thalassemia are not particularly helpful in con-
fi rming the diagnosis of α-thalassemia trait. The one 
exception occurs in circumstances in which the expres-
sion of ζ-globin is increased because of deletion of both 
α-globin genes on a chromosome.433,445,475 In Southeast 
Asia, where the −SEA allele is common, a sensitive radio-
immunoassay allows detection of ζ-globin chains in adult 
carriers of this mutation.

Measurement of the β-to-α biosynthetic ratio has 
little place in the routine diagnosis of α-thalassemia trait. 
Although detection of impaired α-globin synthesis has 
been reported,476,477 measurement is technically diffi cult 
because these individuals have a low reticulocyte count 
and the measured values overlap with those found in 
normal individuals (see Table 20-6). Iron defi ciency may 
raise the measured β-to-α biosynthetic ratio, thus further 
complicating interpretation.478-481 Consequently, in most 
patients the diagnosis of α-thalassemia trait is established 
by red cell morphology and parameters, coupled with 
exclusion of β-thalassemia trait and iron defi ciency. Gene 
deletions responsible for defi cient α-globin production 
can be demonstrated by restriction endonuclease 
mapping; this technique may be applied when an accu-
rate diagnosis is critical. Newer technology allows PCR 
detection of deletion482 and triplication483 of α genes, and 
it has the same level accuracy as the more cumbersome 
Southern blotting and DNA hybridization with φζ-globin 
gene probe.

Hemoglobin H Disease

Genetics

HbH disease occurs in individuals who have only a single 
fully functional α-globin gene. the genotypes leading to 
HbH disease are diverse.2 Most common is heterozygos-
ity for the single- and double-deletion chromosomes (−/
−α). As a result, HbH disease is observed most often in 
Southeast Asia (−SEA/−α3.7) and the Mediterranean basin 
(−MED/−α3.7), where the incidence of both the α+ and α0 
haplotypes is signifi cant. Nondeletion mutations may 
also interact to cause HbH disease. As discussed earlier, 
the α2 genes are responsible for the production of approx-
imately 75% of the total α-globin chains. Mutations that 
decrease expression from the α2 gene (αTα/) result in an 
α+ haplotype that produces fewer α-globin chains than a 
deletion α+ haplotype (−α/) does. Thus, homozygosity for 
mutations in both α2 genes (αTα/αTα) is phenotypically 
equivalent to deletion of three genes and is associated 
with HbH disease and not α-thalassemia trait.2,15 Con-
sistent with this observation, nondeletion α+-thalassemia 
haplotypes that are paired with α0-thalassemia haplo-
types (−/αTα) lead to more severe HbH disease than does 
the interaction of the deletion α+ haplotypes (−/−α).

Hemoglobin Pattern

Anemia of moderate severity characterized by hypochro-
mia, microcytosis, striking red cell fragmentation (Fig. 
20-25), and the presence of a fast migrating hemoglobin, 

HbH (β4), on electrophoresis (see Fig. 20-24) may be 
shown to represent an α-thalassemia syndrome by mea-
surement of the β-to-α biosynthetic ratio.476,484,485 Incuba-
tion of peripheral blood reticulocytes with [3H]leucine 
and subsequent chromatographic resolution of the globins 
indicate that such patients have a twofold to fi vefold 
excess of β-chain synthesis (see Table 20-6 and Fig. 
20-23). These excess β chains form HbH, which accounts 
for 5% to 30% of the total hemoglobin in patients with 
HbH disease.486 In approximately 50% of individuals 
with HbH disease in Southeast Asia, small quantities of 
Hb Constant Spring are found (see Fig. 20-24). HbH 
disease may be suspected in anemic neonates in whom 
all the red cells are severely hypochromic. At birth, 
patients with HbH disease also have large amounts of Hb 
Bart’s (γ4). In patients with HbH disease and an intact 
spleen, incubation of peripheral blood cells in brilliant 
cresyl blue produces many small inclusions in most red 
cells (Fig. 20-26). The dye induces precipitation of HbH 
by a redox reaction. In contrast, large and usually single 
preformed inclusions (Heinz bodies) may be visualized 
with methyl violet in the red cells of splenectomized 
patients (see Fig. 20-26).91,487 These inclusions are com-
posed of precipitated β-globin rendered insoluble by 
hemichrome formation or by interaction of β-globin sulf-
hydryl groups with the red cell membrane.91,488

Pathophysiology

HbH exhibits no Bohr effect or heme-heme interaction 
and thus is not effective for oxygen transport under phys-
iologic conditions.489 Consequently, patients with appre-
ciable amounts of HbH have a more severe defi cit in 
functional hemoglobin and oxygen-carrying capacity 
than the measured hemoglobin concentration might 
suggest. Red cells containing HbH are sensitive to oxida-
tive stress, thus accounting for the enhanced red cell 
destruction that may occur with the administration of 
oxidant drugs such as sulfonamides.490 As erythrocytes 
age and lose their capacity to withstand oxidant stress, 
precipitation of HbH occurs and leads to premature 
destruction of circulating red cells.91 Hence, HbH is pri-
marily a hemolytic disorder.487,491 Inclusions of HbH are 

FIGURE 20-25. Peripheral blood smear from a patient with HbH 
disease.
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rarely seen in bone marrow cells,492 and erythropoiesis is 
fairly effective.491

Clinical Features

Typical patients with HbH disease live quite normally. 
Generally, the anemia is moderate with a hemoglobin 
concentration of 7 to 10 g/dL, although occasional 
patients may have hemoglobin levels as low as 3 to 
4 g/dL.1 The complications of HbH disease are related to 
chronic hemolysis. Jaundice and hepatosplenomegaly are 
commonly present. Folic acid defi ciency, pigment gall-
stones, leg ulcers, and increased susceptibility to infec-
tion are also observed. Hemolytic episodes may be 
precipitated by drugs or infection. Iron overload is 
uncommon but may occur in patients receiving transfu-
sions and those older than 45 years.493 Development of 
the characteristic thalassemic facies, which refl ects expan-
sion of marrow space equivalent to that seen in patients 
with severe β-thalassemia, is rare. Usually, only moderate 
bone marrow erythroid hyperplasia is evident.481

Therapy

Consistent with the benign course of HbH disease, treat-
ment is primarily supportive. Therapy includes supple-
mentation with folic acid, avoidance of oxidant drugs and 
iron salts, prompt treatment of infectious episodes, and 
judicious use of transfusions. Splenectomy should be 
contemplated in patients with HbH disease only if hyper-
splenism is present as refl ected by leukopenia, thrombo-
cytopenia, and worsening anemia or the development of 
a transfusion requirement in a patient whose condition 
was previously stable. Thrombocytosis after splenectomy 
may be complicated by a clotting diathesis, recurrent 
pulmonary emboli, and pulmonary hypertension, partic-
ularly in patients with severe HbH disease and a fairly 
normal hematocrit.493-495 The use of measurements of red 
cell survival and splenic sequestration by 51Cr labeling of 
red cells is controversial in making a clinical decision 
regarding splenectomy because the label binds selectively 
to β-globin chains and may, by virtue of selective removal 
of HbH inclusions from red cells in the spleen, give a 
falsely high index of splenic destruction.496 Other studies, 

however, suggest that results from the 51Cr technique 
may be valid.497

Other Hemoglobin H Syndromes

Syndrome of a-Thalassemia with Mental 
Retardation

Patients with a syndrome characterized by mental 
retardation and a form of α-thalassemia that cannot 
be explained by simple mendelian inheritance of an α-
thalassemia gene have been described.453,498 In rare 
patients, the mutation arises as a de novo event in a 
paternal germ cell. These patients can be divided into two 
distinct syndromes (deletion and nondeletion) on the 
basis of their clinical features and the results of molecular 
analysis of their α-globin gene clusters.

Patients have been described with extensive deletions 
involving chromosome band 16p3.3 or, alternatively, 
with deletions resulting from unbalanced chromosome 
translocations that also lead to aneuploidy in a second 
chromosome. Patients with deletion mutations exhibit 
mild to moderate mental retardation and a broad spec-
trum of dysmorphic features. Other rare patients are 
characterized by more severe mental retardation and a 
uniform pattern of dysmorphic features, including genital 
abnormalities, but no detectable deletions involving the 
α-globin gene cluster.78 Such patients fall into the cate-
gory of the syndrome of X-linked α-thalassemia with 
mental retardation. As noted earlier, the affected gene is 
a putative global regulator (XH2).79

Although these disorders are seen rarely, they may 
be under-recognized. This is particularly true of ethnic 
groups in which α-thalassemia is uncommon, and the 
mild hematologic fi ndings in patients who do not inherit 
a second α-thalassemia gene might be overlooked. Infants 
with uncharacterized mental retardation should be 
studied with techniques suitable for detection of a defi -
ciency in α-globin synthesis.

Acquired Hemoglobin H Disease

HbH is also found rarely in the red cells of patients with 
erythroleukemia or a myeloproliferative syndrome.448-450 

A B

FIGURE 20-26. Red cell inclu-
sions in HbH disease. A, Inclu-
sions induced by incubation of 
peripheral blood in 1% brilliant 
cresyl blue and 0.4% citrate for 30 
minutes at 37º C (patient not sple-
nectomized). B, Preformed inclu-
sions in the peripheral blood of a 
splenectomized patient stained by 
a new methylene blue reticulocyte 
stain.
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The disorder may be clonal and displays a striking male 
predisposition (85% of confi rmed instances).453 The clin-
ical features manifested by these patients are those of 
their primary disorder; the fi nding of HbH is incidental 
to the outcome of the disease, although striking red cell 
abnormalities and active hemolysis may be present. The 
genetic mechanism of this syndrome appears to involve 
abnormal regulation of α-gene expression because of a 
mutation affecting a distant genetic locus (see earlier).

Hydrops Fetalis

Genetics

Homozygosity for the α0 haplotype (−/−) leads to hydrops 
fetalis, a disorder that is particularly common in South-
east Asia where the α0 haplotype is seen frequently. In 
rare infants from Greece and Southeast Asia, hydrops 
fetalis has been shown to result from the interaction of 
α0 haplotypes with nondeletion α+ haplotypes.499-501

Hemoglobin Pattern

The birth of stillborn infants to parents with α-thalasse-
mia trait refl ects the most severe form of α-thalasse-
mia.502,503 Because of the inability to synthesize any 
α-globin, their blood contains only Hb Bart’s (γ4), HbH 
(β4), and small amounts of Hb Portland (ζ2γ2) within red 
cells displaying morphologic changes characteristic of 
severe thalassemia.504,505

Pathophysiology

Although the hemoglobin concentration averages 
6.2 g/dL, both HbH and Hb Bart’s have high oxygen 
affi nity and no subunit cooperativity. Therefore, a 
hydropic infant has very little functional hemoglobin. 
Viability in utero is maintained by the presence of small 
quantities of Hb Portland 1 and 2.

Clinical Features

Generally, affected infants are delivered stillborn at 30 
to 40 weeks’ gestation or die shortly after delivery at 
term.447,504 Infants are grossly edematous or hydropic as 
a result of congestive heart failure induced by severe 
anemia. The blood smear is characterized by large hypo-
chromic macrocytes and numerous nucleated red cells. 
At autopsy, extensive extramedullary hematopoiesis and 
placental hypertrophy are seen. A high incidence of 
toxemia of pregnancy and postpartum hemorrhage is 
observed in mothers of hydropic infants,481,506 presum-
ably as a consequence of the massive placenta. Hence, 
early recognition of the disorder in at-risk pregnancies by 
prenatal diagnosis should lead to consideration of termi-
nation of the pregnancy.

Therapy

At least fi ve infants born prematurely with hydrops fetalis 
have survived with the use of chronic transfusion 
regimens.507,508 Intrauterine transfusion of fetuses with 
hydrops fetalis should also be considered if treatment 

after delivery is contemplated.509 Marrow transplantation 
may be considered if the affected infant is delivered 
safely.

Mild b-Thalassemia

Silent Carrier

A silent carrier state for β-thalassemia was recognized 
through the study of families in which affected children 
had a more severe β-thalassemia syndrome than a parent 
with typical β-thalassemia trait.1,6,454-457 A study of the 
“normal” parent often revealed mild microcytosis or a 
slight impairment in β-globin synthesis on radiolabeling 
of the globin chains in peripheral blood reticulocytes. 
Characteristically, silent carriers of β-thalassemia have 
normal levels of HbA2. These silent carriers must be dis-
tinguished from individuals whose red cells have all the 
stigmata of β-thalassemia trait but have normal levels of 
HbA2. Several patients who are homozygous for the silent 
carrier β-thalassemia gene have been described.1 Anemia 
is moderate (hemoglobin concentration of 6 to 7.0 g/dL), 
and these patients rarely require transfusion. Hepato-
splenomegaly may be signifi cant. HbF values range from 
10% to 15%, and the HbA2 level is elevated to the range 
normally seen in individuals with thalassemia trait.

The silent carrier state of β-thalassemia appears to 
be a distinct clinical and biochemical entity. The underly-
ing molecular defects cause only a modest reduction in 
β-globin synthesis. Two point mutations in the β-globin 
gene region have been linked to the silent carrier pheno-
type. The −101 promoter mutation appears to be a 
common cause of silent β-thalassemia in the Italian pop-
ulation204 and has been observed in Bulgarian and Turkish 
individuals,126 whereas the +1 cap site Inr mutation is 
associated with a silent carrier phenotype in an Indian 
family.133 As noted earlier, rare instances of silent β-thal-
assemia secondary to mutations unlinked to the β-gene 
cluster have been reported.

β-Thalassemia Trait

Genetics

In 1925, Rietti510 described Italian patients with mild 
anemia whose red cells exhibited increased resistance to 
osmotic lysis. A similar syndrome was later recognized in 
American patients of Italian descent by Wintrobe and 
co-workers,511 who noted that both parents of a patient 
with Cooley’s anemia also had this syndrome. Detailed 
analysis of several pedigrees by Valentine and Neel512 and 
others513,514 established the fact that this form of thalas-
semia occurs in individuals who are heterozygous for a 
mutation that affects β-globin synthesis. Expression of 
one β gene is impaired by mutation, whereas the other 
gene is normal.

Hemoglobin Pattern

Characteristically, HbA2, HbF, or both are elevated in 
patients with β-thalassemia trait, although normal levels 
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are observed occasionally. The relative amounts of HbA2 
or HbF have been used to classify thalassemia trait, which 
has relevance to the molecular lesion in certain instances 
and also to the severity of the disease in homozygous 
offspring.

Globin Biosynthetic Ratio

In peripheral blood reticulocytes, the measured β-to-α 
biosynthetic ratio varies from 0.5 to 0.7, as predicted for 
inactivation of a single β gene (see Fig. 20-23). However, 
when bone marrow cells are incubated with [3H]leucine, 
the measured β-to-α biosynthetic ratio is often 1 : 1 in 
patients with heterozygous β-thalassemia.515-519 The 
capacity of bone marrow cells to degrade free α-globin 
by proteolysis may explain why it is diffi cult to demon-
strate unbalanced synthesis of β- and α-globin chains in 
the marrow cells of heterozygotes. The measured β-to-α 
ratio is approximately 0.5 in pulses of 10 to 20 minutes, 
but if the incubation of bone marrow cells is prolonged, 
proteolysis apparently destroys the excess newly synthe-
sized α-globin.520,521 Fractionation of bone marrow cells 
after incubation in [3H]leucine demonstrated that prote-
olysis is most effi cient in the earliest erythroid cels, 
namely, proerythroblasts and basophilic erythroblasts.521 
The impairment in β-globin synthesis becomes easier to 
detect as erythroid cells mature, thus accounting for the 
reduced β-to-α biosynthetic ratio that is usually found in 
peripheral blood reticulocytes.

d-Globin Synthesis

Among inherited anemias, the elevation in HbA2 level is 
unique to β-thalassemia. The absolute quantity of HbA2 
present in red cells is a complex function of the inherent 
capacity for δ-globin chain synthesis and factors regulat-
ing rates of hemoglobin dimer and tetramer assembly. As 
discussed earlier, δ-globin is normally expressed at a low 
level, approximately 2.5% that of β-globin. The level may 
be reduced further by mutations that affect δ-globin 
expression. Heterozygous522,523 and homozygous524 states 
have been described. δ-Thalassemias refl ect point muta-
tions that completely silence the already defective δ-
globin genes.282,374,375,457,525-527

In heterozygous β-thalassemia, the observed increase 
in HbA2 represents a relative as well as an absolute 
increase in the quantity of HbA2 per red cell from the 
normal level of 0.6 to 0.7 pg to 1.0 pg.1 The increased 
amount of HbA2 contains δ-globin chains derived from 
the δ gene adjacent to the mutant β gene, as well as from 
the δ gene on the opposite chromosome. This has been 
inferred from the study of β-thalassemia heterozygotes 
who also have a variant δ chain.528 The increase in the 
HbA2 level can be accounted for by enhanced incorpora-
tion of δ-globin chains into hemoglobin dimers as a con-
sequence of defi cient β-globin chain production (see 
earlier discussion on hemoglobin assembly).229

Environmental factors also infl uence the absolute 
level of HbA2. Iron defi ciency leads to a decrease in the 
level of HbA2, which may become normal in thalassemia 

heterozygotes and therefore mask the diagnosis of β-thal-
assemia trait. In such instances, the level of HbA2 becomes 
elevated with iron repletion.529 An increase in the level of 
HbA2 may be seen in acquired megaloblastic disorders 
associated with either folic acid or vitamin B12 
defi ciency.529

Clinical Features

Peripheral blood smears from patients with β-thalassemia 
trait are shown in Figure 20-27. Microcytosis, hypochro-
mia, targeting, basophilic stippling, and elliptocytosis 
may be striking features, although the red cells may be 
nearly normal in occasional patients. The bone marrow 
is characterized by mild to moderate erythroid hyperpla-
sia; red cell survival is modestly decreased, and slight 
ineffective erythropoiesis is present.530 Inclusions in bone 
marrow cells and peripheral red cells are rare. Similar 
hematologic parameters appear to characterize Thai, 
Chinese, Greek, British, and Italian populations with β-
thalassemia trait,531-534 whereas African Americans appear 
to have a milder syndrome.535 Hepatomegaly and spleno-

A
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FIGURE 20-27. Peripheral blood smears from patients with hetero-
zygous β-thalassemia (A) and homozygous β-thalassemia (B) after 
splenectomy.
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megaly have been reported in 10% to 19% of Italian and 
Greek patients but are less common in other groups.533,534 
Iron or folic acid defi ciency, pregnancy, or intercurrent 
illness may exacerbate the anemia in patients with thalas-
semia trait.

Therapy

No therapy is required for thalassemia trait, but genetic 
counseling is imperative. The homozygous offspring of 
two individuals with high-HbA2 β-thalassemia trait 
usually have transfusion-dependent anemia and thalas-
semia major, but they may sometimes have a thalassemia 
intermedia phenotype. The precise nature of the muta-
tion or mutations in homozygous individuals is one factor 
in determining the clinical phenotype.

β-Thalassemia Trait Phenotypes

High-A2 b-Thalassemia

This is the most common form of β-thalassemia trait. 
HbA2 levels vary from 3.5% to 8.0%, whereas the HbF 
level varies from less than 1% to 5%.1,531-535 The vast 
majority of single base mutations resulting in β-thalasse-
mia (see Table 20-2) lead to typical high-HbA2 β-thalas-
semia trait. Although individual mutations variably reduce 
β-globin synthesis, efforts to differentiate the effect of 
specifi c mutations in heterozygous individuals have 
largely been unrewarding.1,533,536,537 In blacks, β0 and β+ 
mutations can often be distinguished in individual fami-
lies by the rate of occurrence of double heterozygotes for 
a β-thalassemia mutation and the βS mutation. In this 
population, MCV and MCH values are higher in β+ 
heterozygotes than in β0 heterozygotes, but circulating 
hemoglobin concentrations are nearly equivalent.535,538 
The common mutations found in American blacks, most 
notably residing in the ATA box of the promoter (see 
Table 20-2), only modestly impair β-globin gene expres-
sion,46,146 which perhaps accounts for the relatively mild 
phenotype of many individuals with heterozygous or 
homozygous β+-thalassemia in this population.

db-Thalassemia

Individuals heterozygous for these mutations have 
increased levels of HbF (5% to 15%) and low HbA2 
levels. This phenotype is most often generated by dele-
tions that remove most or all of the coding sequences of 
the δ- and β-globin genes (see Table 20-4). The propen-
sity of these deletion mutations for enhancement of the 
expression of γ-globin genes contributes to a relatively 
mild phenotype in homozygous individuals or those in 
whom a δβ-thalassemia deletion is inherited along with 
a thalassemia allele with a typical substitution 
mutation.

High-A2, High-F b-Thalassemia

A distinct variant of β-thalassemia trait has been described 
in which the level of HbA2 is elevated and the level of 
HbF is also elevated (5% to 20%).287,288,539 This form of 

thalassemia trait is associated with deletions of the β-
globin gene that leave the δ and γ genes intact (see Table 
20-4).

Normal-A2 b-Thalassemia

This form of β-thalassemia trait should be distinguished 
from the silent carrier state. Although both are character-
ized by low or normal HbA2 levels, the red cells in 
individuals with normal-HbA2 β-thalassemia are charac-
teristically hypochromic and microcytic,456,540 in contrast 
to silent carriers, whose red cells appear near normal.453,455 
Individuals who coinherit this type of β-thalassemia allele 
from one parent along with a high-HbA2 β-thalassemia 
allele from the other usually have severe transfusion-
dependent β-thalassemia.

This phenotype is thought to represent coinheritance 
of mutations (usually deletions) that decrease β- and 
δ-gene function. The mutations in the δ-globin gene 
may be present on the same chromosome or on 
the opposite chromosome from the β-thalassemia 
gene.282,374,3759,457,525-527

Differential Diagnosis of Thalassemia Trait

In clinical practice, thalassemia trait must be distin-
guished from iron defi ciency (see Chapter 12 for addi-
tional discussion of the differential diagnosis of 
microcytosis and iron defi ciency). Frequently, the differ-
ential diagnosis may be suspected from red blood cell 
indices; mild erythrocytosis and marked microcytosis are 
characteristic of thalassemia trait (Table 20-7).548-550 The 
red cell count is usually decreased in patients with iron 
defi ciency, whereas red cell volume may be normal or 
decreased, depending on whether the iron defi ciency 
anemia is acute or chronic,551-554 but red cell volume is 
rarely as low as in thalassemia trait. The mean corpuscu-
lar hemoglobin concentration (MCHC) is usually normal 
in thalassemia trait, whereas the MCHC may be low in 
a subset of cells in iron defi ciency; in both syndromes the 
hypochromic appearance of the red cells refl ects their 
small size, diminished hemoglobin content, and high 
surface-to-volume ratio. The red cell distribution width 
(RDW), a parameter available in modern automated cell 
counters, was originally believed to distinguish between 
iron defi ciency and other causes of microcytosis.555,556 
However, the RDW is also increased in the thalassemias 
and other hemoglobinopathies and is not a useful inde-
pendent discriminator.557-561 The absence of stainable 
iron in a bone marrow specimen is highly suggestive of 
iron defi ciency, but the presence of iron does not neces-
sarily exclude an iron-responsive anemia.

Several formulas have been developed to assist in the 
diagnosis of thalassemia trait during the assessment of 
microcytic hypochromic anemia (Table 20-8).552,562,563 
None of the discriminant functions are infallible. None-
theless, the Mentzer index552 is useful as an offi ce screen-
ing test. More accuracy in separating thalassemia trait 
from iron defi ciency may be achieved with the England 
and Fraser function,563-565 but when both conditions exist 
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simultaneously, all indices are subject to error. Additional 
discriminant functions and automated protocols have 
been proposed that may also prove useful.566-568 Free 
erythrocyte protoporphyrin, often incorporated into the 
initial workup of hypochromic microcytic anemia in 
childhood to screen for lead exposure, is an additional 
useful test for patients suspected of having thalassemia 
trait.569,570 This technique has been especially helpful in 
evaluating newly arrived Southeast Asian refugees to the 
United States.571 Of course, measurement of transferrin 
saturation or ferritin may also be used to verify or exclude 
the diagnosis of iron defi ciency. The ratio between micro-
cytic (MCV <61 fL) and hypochromic (MCHC <28 g/
dL) erythrocytes is a helpful parameter. A ratio greater 
than 1.0 is highly suggestive of thalassemic trait, whereas 
a ratio less than 1.0 is mostly associated with iron 
defi ciency.

In offi ce practice the distinction between thalassemia 
trait and iron defi ciency generally depends on examina-
tion of peripheral blood smears and, above all, the 
patient’s clinical history, as well as measurement of red 
cell indices in the parents. It is worth remembering that 
patients with thalassemia trait are not immune to iron 
defi ciency. In these patients, iron defi ciency may mask 
increases in the levels of HbA2 and HbF that would oth-
erwise suggest a diagnosis of β-thalassemia.

After iron defi ciency is excluded, differential diagno-
sis between α- and β-thalassemia trait depends on mea-
surement of HbA2 and HbF levels (see Table 20-7) and 
rarely if ever on measurement of the α-to-β biosynthetic 
ratio in peripheral blood reticulocytes. In patients with 
microcytosis, hypochromia, and erythrocytosis but 
without evidence of iron defi ciency or altered HbA2 and 
HbF levels, α-thalassemia is the most probable diagnosis. 
When both α- and β-thalassemia coexist, changes in the 
levels of HbF and HbA2 characteristic of β-thalassemia 
trait may not be present96 (see later). Molecular genetic 
analysis and family studies are often necessary to defi ne 
these complex interactions.

Severe b-Thalassemia

Historical Perspective

It was not until Thomas Cooley, a Detroit pediatrician, 
fi rst described the clinical entity that was to bear his 
name that thalassemia major was recognized as a distinct 
disease.572,573 Cooley recognized similarities in the appear-
ance and clinical course of four children of Greek and 
Italian ancestry. These children exhibited severe anemia 
(hemoglobin concentration of 3 to 7 g/dL), massive hep-
atosplenomegaly, and severe growth retardation. In addi-

TABLE 20-7 Hematologic Parameters in Thalassemia Trait and Iron Defi ciency

Parameter a-Thal b-Thal Iron Defi ciency

Hemoglobin concentration (g/dL) 12.6 ± 1.1 (541)* †M—12.6 ± 1.4 (542-545) 10.2 ± 1.6 (546)
12 ± 0.7 F—10.8 ± 0.9 (542-545)

C—11.3 ± 1 (542-545)
Adults—12 ± 1.3

Red cell count (×106/μL) 5.6 ± 0.5 M—5.8 ± 0.6 (542-545) 4.67 ± 0.43 (546)
F—5.1 ± 0.9 (542-545)
C—4.7 ± 0.6 (542-545)
Adults—6 ± 0.48

Mean corpuscular volume 64.7 ± 4.3 (541) 67 ± 6.6 (546)
 88.7 ± 5.3 (677) 72.2 ± 3.3 (541) 60.8 ± 5.6 (546)
 4 m3/red cell 65.2 ± 3 (547)
Mean corpuscular hemoglobin 23.2 ± 3.3 (541) 20.3 ± 2.2 (541) 21.8 ± 2.9 (546)
 pg/red cell 21 ± 1 (547) 20.2 ± 1.9 (546)
Hemoglobin A2 (2-3.5%) Normal or decreased

<1%
5.2 ± 0.8 (542-545) Normal or decreased

<1%Hemoglobin F (<1%) 2.1 ± 1.2 (542-545)

*Numbers in parentheses are reference citations.
C, children; F, females; M, males.

TABLE 20-8  Formulas for Differentiation of Thalassemia Trait from Iron Defi ciency

Thalassemia Trait Iron Defi ciency

Mentzer index (552)*
 MCV/RBC <13 >13
Shine and Lal (562)
 (MCV) 2 × MCH <1530 >1530
England and Fraser (563)
 MCV − RBC −(5 × Hb) − 8.4 Negative values Positive values

*Numbers in parentheses are reference citations.
MCV, mean corpuscular volume; RBC, red blood cell.
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tion, bone deformities, such as frontal bossing and 
maxillary prominence, gave the patients a characteristic 
facies. Deformities of the long bones of the legs were also 
commonly seen and thought to refl ect severe osteoporo-
sis. Thalassemia major, or “Cooley’s anemia,” was and is 
far more common in Greece and Italy than in the United 
States, and descriptions of the disease in these countries 
soon followed Cooley’s original report.574

Autopsy studies revealed extraordinary expansion 
of bone marrow at the expense of bony structures. Extra-
medullary hematopoiesis was often a striking feature and 
appeared as either isolated massive hepatosplenomegaly 
or hepatosplenomegaly in association with intrathoracic 
or intra-abdominal masses.573-575 Children were also 
noted to have signifi cant iron deposition in almost all 
organs, the signifi cance of which was not initially appreci-
ated.575 Before regular blood transfusion regimens were 
used, these changes progressed inexorably and were 
invariably fatal during the fi rst few years of life. Patients 
died of the effects of their anemia: congestive heart 
failure, intercurrent infection, or complications resulting 
from all too commonly seen pathologic fractures.

Initial transfusion regimens were mainly palliative; 
transfusions were recommended only when the anemia 
interfered signifi cantly with a patient’s ability to function 
on a daily basis. In defense of this regimen, we must 
realize that the pathophysiologic basis of the disease was 
not understood and that clinicians fi rst attempted to 
minimize the transfusional iron administered because 
they feared that the iron, seen ubiquitously in these 
patients at autopsy, might itself be the cause of the 
disease.575 Palliative transfusion therapy enabled affected 
individuals to live somewhat longer than patients not 
receiving transfusions, but the bone deformities and 
severe anemia forced them to lead markedly restricted 
lives.

In an attempt to improve the quality of life of these 
patients, trials using routine transfusion schedules to 
maintain hemoglobin levels of 8.5 g/dL or greater were 
initiated.576-578 The condition of patients improved dra-
matically, with fewer overt side effects of anemia and 
more normal growth.579,580 Clinical improvement proved 
transient, however, because regular transfusions led to 
the complications of chronic iron overload, including 
growth retardation from endocrine disturbances, diabe-
tes mellitus, and delayed sexual maturation. Death invari-
ably ensued in the second or early third decade of life, 
most often as a result of iron-induced cardiac arrhyth-
mias or intractable congestive heart failure.581

Pathophysiology

Imbalance in Globin Biosynthesis

That severe β-thalassemia was caused by impaired pro-
duction of β-globin was established in the mid-1960s by 
direct measurement of globin biosynthesis in reticulo-
cytes.582-586 Soon thereafter, impaired production of α 
chains was demonstrated in the α-thalassemia syn-

dromes.476 Decreased hemoglobin production is refl ected 
in the peripheral blood smear by hypochromia, microcy-
tosis, and target cells (which are a sign of the severe 
impairment in total hemoglobin production), as well as 
by teardrops, fragments, and microspherocytes (see Fig. 
20-27). Red cell fragmentation is a direct consequence 
of unbalanced globin chain synthesis. Excess α chains, 
which have no complementary non–α chains with which 
to pair, form insoluble inclusions, demonstrable on 
methyl violet staining of the peripheral blood of asplenic 
patients with β-thalassemia (Fig. 20-28). In nonsplenec-
tomized individuals, these inclusions are diffi cult to dem-
onstrate because they are effi ciently removed during the 
passage of red cells through the splenic sinusoids, where 
fragments and teardrops are generated (Fig. 20-29).

α-Globin inclusions in the erythrocytes and nucle-
ated erythroid cells of patients with thalassemia major 
were fi rst demonstrated by Fessas and associates587-589 
and by Nathan.590 The incidence of the inclusions paral-
lels the degree of impairment in β-globin synthesis. Inclu-
sions have several deleterious effects on erythroid cells 
and are believed to lead to severe ineffective erythropoi-
esis. Intranuclear α-globin inclusions, visualized with 
electron microscopy, have been hypothesized to interfere 
with cell division.591,592 Intracytoplasmic inclusions 
oxidize and mechanically damage cell membranes, inter-
fere with mitochondrial function, and permit the ingress 
of calcium ions, which perturb the internal monovalent 
cationic environment and thereby contribute to the intra-
medullary death of erythroid cells. Moreover, α inclu-
sions reduce red cell deformability and very likely interfere 
with egress from the bone marrow spaces, as well as from 
the tortuous vasculature of the spleen. The combined 
effects of ineffective erythropoiesis and severe anemia 
account for the extraordinary marrow expansion seen in 
patients with thalassemia major. In fact, these individuals 
have a nonfunctional cell mass that approximates the 1015 
tumor cells present in patients with fatal leukemia and is 
associated with a profound hypermetabolic state that 
includes fever, wasting, and hyperuricemia.590

FIGURE 20-28. Supervital stain (methyl violet) of the peripheral 
blood cells from a patient with homozygous β-thalassemia after 
splenectomy.
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The Red Cell Membrane

Numerous membrane abnormalities of thalassemic 
erythrocytes have been described.488,490,593 Many are 
attributable to oxidative damage from excess globin 
chains and the association of heme and iron with the cell 
membrane after the degradation of precipitated hemo-
globin chains.488,594 Other abnormalities may result from 
selective interaction of excess α or β chains with the 
membrane cytoskeleton. After oxidation, globin chains, 
as well as trace metals such as iron and copper, generate 
free oxygen radicals that foster oxidative injury to the 
membrane.595 Peroxidation of lipids in the red cell mem-
brane is refl ected by altered membrane lipid composition 
and distribution; polymerization of membrane compo-
nents caused by lipid peroxidation leads to excessive 
calcium infl ux, monovalent cation loss and dehydration, 
decreased cell deformability, and increased rigidity of the 
phospholipid bilayer.90,91,596 Similar changes are observed 
in normal red cells forced to engulf excess α chains.597 
The reductions observed in the level of serum and red 
cell vitamin E, a natural antioxidant, may result from 
accelerated consumption secondary to oxidant stress. 
The abnormal lipid distribution may contribute to 
enhanced clearance by macrophages. Increased binding 
of autologous immunoglobulin G (IgG) with an α-anti-
galactosyl specifi city, originally proposed to refl ect a 
decrease in sialic acid content of the membrane, may also 
promote clearance of thalassemic red cells from the cir-
culation. The increased calcium content of thalassemic 
red cells is a hallmark of membrane damage.

Electrophoresis of red cell membrane proteins readily 
demonstrates an increased association of globin chains 
with the red cell membrane (up to 11% of total protein), 
and similar fi ndings can be reproduced in nonthalasse-
mic erythrocytes by exposure to experimental oxidative 
stress.598 The α- and β-globin chains interact differently 
with components of the cytoskeleton.599-601 The specifi c-
ity of these interactions may contribute to the different 
phenotypic manifestations of the disorders. Membrane 
protein 4.1 of β-thalassemia erythrocytes has a dimin-
ished capacity to enhance the binding of spectrin to actin. 
In HbH disease, protein 4.1 appears to be normal, but 
binding of spectrin to inside-out vesicles is decreased, 
potentially because of oxidative damage to ankyrin pro-
moted by binding of HbH to protein band 3, with which 
ankyrin interacts. Spectrin binding is normal in β-thalas-
semia erythrocytes.

Schrier and colleagues602 reported differences in the 
rheologic properties of erythrocytes obtained from 
patients with HbH disease and β-thalassemia intermedia. 
Erythrocytes from both groups had a normal surface area 
but decreased cellular volume and increased membrane 
rigidity that resulted in decreased cellular deformability 
under conditions of hypertonic osmotic stress. Although 
HbH erythrocytes exhibit an increase in mechanical 
stability and a decrease in cell density, β-thalassemia 
erythrocytes are prone to cellular dehydration and have 
markedly decreased mechanical stability. In a murine 
model of β-thalassemia, these cellular abnormalities cor-
related with the extent of α-globin associated with the 
membrane; small increases in β-globin chain expression 

FIGURE 20-29. Phase-contrast 
microscopy of a wet preparation 
of scrapings from the spleen of a 
patient with homozygous β-thalas-
semia. Note the chain inclusion 
bodies (black arrowheads) within 
teardrop-shaped red cells, inclu-
sions being pulled out, or “pitted,” 
from the red cell by reticuloendo-
thelial cell action (lower left), and 
inclusions free in the splenic pulp 
(white arrowhead).
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through the introduction of a β-globin transgene resulted 
in a marked decrease in membrane-associated globin and 
signifi cant reversal of the rheologic abnormalities.603 
Thus, the slight improvements in chain synthetic balance 
that accompany increased expression of γ-globin or 
decreased expression of α-globin may result in dramatic 
improvements in membrane integrity in patients with β-
thalassemia. More detailed understanding of the red cell 
membrane abnormalities in thalassemia may facilitate 
the development of novel therapies in the future.

Genetic Heterogeneity

In current hematologic parlance, the term thalassemia 
major refers to patients with severe β-thalassemia who 
require regular blood transfusions to sustain life. In the 
vast majority of such patients, both β-globin genes are 
affected by a thalassemia mutation; hence, they are 
described as homozygous β-thalassemics, although in the 
United States most are actually double heterozygotes. In 
other patients who also appear to be homozygous for β-
thalassemia mutations based on family studies, a hemo-
globin concentration of 6 to 10 g/dL is maintained 
without blood transfusions except during periods of 
infection, surgery, or other stress.1,604 Such patients are 
said to have thalassemia intermedia. Thalassemia interme-
dia is a clinical term that describes the transfusion status 
of the patient. The term Cooley’s anemia is still often used 
and applied somewhat indiscriminately to individual 
patients with either the major or intermedia clinical syn-
drome. Although other acquired and genetic modifi ers 
exist, disease severity in the β-thalassemias is most directly 
related to the degree of imbalance between α- and total 
non–α-globin synthesis. Three major factors emerge as 
important determinants of the biosynthetic ratio in indi-
vidual patients: the nature of the specifi c mutation or 
mutations, the presence of abnormalities in the α-globin 
cluster that increase or decrease α-globin expression, and 
the genetic capacity for synthesis of HbF. Proteolysis of 
excess α chains, evident on comparison of the α-to–non-
α biosynthetic ratio by short- and long-term incubation 
of bone marrow cells515-519 (see earlier), is also likely to 
modulate disease severity, although no meaningful quan-
titative studies of this mechanism have yet appeared. 
Recently, a chaperone of free α-globin chains has been 
described (see earlier discussion).

Nature of Specifi c Mutations

The capacity for production of β-globin chains in an 
individual with thalassemia is directly determined by the 
specifi c mutations involving the β-globin gene. Because 
several different mutations are commonly found in 
populations with a high incidence of β-thalassemia, most 
American patients with clinical homozygous β-thalasse-
mia are heterozygous for two different mutations. The 
effect of specifi c mutations may range from total loss to 
only a mild impairment in β-globin synthesis, and thus 
the potential interactions based on the many different 
mutations are extraordinary. Indeed, disease severity may 

be viewed as a continuum, the extremes of which have 
been shown to correlate with specifi c mutations.

Mutations in the IVS-1 splice donor site (see Table 
20-2 and Fig. 20-11) provide a particularly illustrative 
example of the variable consequences of specifi c muta-
tions on β-chain synthesis. These mutations lead to either 
a complete block in correct splicing of β-globin mRNA 
or merely a reduction in the abundance of normal mRNA. 
Patients homozygous for a mutation in the conserved GT 
splice junction dinucleotide and who have not coinher-
ited an α-thalassemia gene or a determinant that increases 
HbF synthesis display severe transfusion-dependent β0-
thalassemia.129,133-135 Substitution of C or T at position 5 
of the splice donor consensus sequence results in severe 
β+-thalassemia,111,133,143-145 whereas substitution of A at 
the same position results in a more mild phenotype.146 
The T→C substitution at position 6 is also associated 
with mild β+-thalassemia.129

Dominant β-Thalassemia

In rare circumstances, the heterozygous state of β-thalas-
semia may be associated with severe disease rather than 
typical thalassemia trait. Several pedigrees with severe 
heterozygous β-thalassemia characterized by splenomeg-
aly, cholelithiasis, and leg ulcers have been described.605,606 
A striking association has been noted between mutations 
involving exon 3 of the β-globin gene and these unusual 
cases of dominantly inherited β-thalassemia.197,201 Third-
exon mutations typically lead to the production of an 
unstable β-globin chain. A subset of third-exon β-thalas-
semia mutations are associated with the presence of 
inclusion bodies in the normoblasts of affected heterozy-
gotes (see Table 20-2)199-203 and were fi rst reported as 
“inclusion-body β-thalassemia,” originally defi ned as a 
dominantly inherited dyserythropoietic anemia.607,608 The 
inclusion bodies, which may contain both α-globin and 
β-globin, represent an aggregation of precipitated α-
globin and unstable β-globin chains with the cell mem-
brane, where they presumably potentiate oxidative 
damage. The dominantly inherited β-thalassemias are 
relatively rare and are found in ethnic groups from non-
malarious regions.197,201 Presumably, there is little selec-
tive pressure for these mutations because of the decreased 
fi tness of heterozygous individuals.

Increased production of α-globin chains above 
normal levels may exacerbate the chain imbalance in 
β-thalassemia heterozygotes; coinheritance of triplicated 
α-globin gene chromosomes is another potential cause 
of severe heterozygous β-thalassemia, and patients 
usually have the phenotype of thalassemia 
intermedia.437,438,6-9-611

Interaction with Genetic Determinants That 
Increase Hemoglobin F Synthesis

Deletions within the β-globin gene cluster and mutations 
in the γ-globin promoters are sometimes associated with 
increased expression of γ-globin (see earlier discussion). 
Relatively small, genetically determined heterocellular 
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increases in HbF ameliorate the clinical course of thalas-
semia,93,94,343,356,463,539 thereby raising the prospect that 
pharmacologic augmentation of γ-chain production may 
be of particular benefi t in the management of thalassemia 
(see later).

Readily demonstrated in thalassemic patients is an 
apparent amplifi cation of the capacity for HbF synthesis 
during erythroid maturation. In the earliest erythroid 
precursor cells, γ-globin may be synthesized at a level less 
than that of β-globin and at only a small percentage of 
that of α-globin, yet the fi nal proportion of HbF in 
patients not receiving transfusions may be quite high.1,90 
This occurs because the subset of cells expressing γ-
globin have less overall globin chain imbalance and there-
fore preferentially survive in both bone marrow and 
peripheral blood. Hence, measurement of steady-state 
HbF levels provides an imperfect measure of the capacity 
for γ-globin synthesis in individual patients. More accu-
rate assessment of the HbF program is achieved by mea-
surement of the HbF accumulated in progenitor-derived 
erythroid colonies produced in vitro.612

Interaction of a- and b-Thalassemia Mutations

Because the clinical severity of α- and β-thalassemia cor-
relates with the degree of imbalance in the production of 
α and non-α chains, coinheritance of α- and β-thalasse-
mia mutations would be anticipated to yield syndromes 
of intermediate severity.613-619 This principle has been 
validated by clinical experience.96,620,621 One striking 
example is the infl uence of the number of functional α 
genes in individuals with β-thalassemia trait in Sardinia.96 
As shown in Table 20-9, MCV and MCH improve in a 
stepwise fashion as α-globin production decreases and 
the α-globin–to–β-globin ratio approaches 1, but they 
then deteriorate as the ratio decreases to less than 1. This 
analysis provides conclusive evidence that the degree of 
chain synthesis imbalance determines the red cell pheno-
type. Thus, a higher incidence of α-gene deletions (−α/αα 
or −α/−α) has been found in patients with thalassemia 
intermedia than in those with thalassemia. Further evi-
dence for the effect of α-gene number on clinical pheno-
type is the occurrence of thalassemia intermedia in a 
subset of individuals doubly heterozygous for β-thalas-
semia and triplicated α genes (ααα/αα)437,551,609-611 or 
severe β-thalassemia trait in individuals also heterozy-
gous for triplicated α genes.600,601,622-628 Individuals het-

erozygous for β-thalassemia but homozygous for 
triplicated α genes invariably have thalassemia 
intermedia.

Clinical Features and Laboratory Values on 
Initial Evaluation

Severe β-thalassemia is most often diagnosed between 
6 months and 2 years of age when the normal physiologic 
anemia of the newborn fails to improve. γ-Globin pro-
duction is not impaired in utero; therefore, only when β-
globin becomes the predominant β-like globin does 
anemia ensue. Occasionally, the disease is not recognized 
until 3 to 5 years of age because prolonged HbF synthesis 
compensates for the lack of HbA. When fi rst seen, affected 
infants usually display pallor, poor growth, and abdomi-
nal enlargement from hepatosplenomegaly.

Children with severe β-thalassemia are readily distin-
guished from those with other congenital hemolytic 
anemias. At initial evaluation, patients who have not 
received transfusions show 20% to 100% HbF, 2% to 7% 
HbA2, and 0% to 80% HbA (see Fig. 20-24), depending 
on the precise genotype. Consistent with severe ineffec-
tive erythropoiesis and splenomegaly, the reticulocyte 
count is characteristically low (often<1%), whereas the 
nucleated red cell count is elevated. Erythrocytes are 
severely microcytic (MCV of 50 to 60 μm3) with a hemo-
globin content as low as 12 to 18 pg/cell. HbF can be 
shown to be heterogeneously distributed among the red 
cells either by the Betke-Kleihauer acid elution technique 
or by anti-HbF fl uorescent staining (see Fig. 20-20).

Bone marrow examination reveals marked erythroid 
hyperplasia, often with an erythroid-to-myeloid cell ratio 
of 20 : 1 or greater. Before the onset of hypersplenism, the 
accelerated rate of hematopoiesis may also be refl ected 
by elevated white cell and platelet counts in peripheral 
blood. The serum iron value is markedly elevated, but 
total iron-binding capacity is usually only slightly 
increased, thereby resulting in a transferrin saturation of 
80% or greater. Serum ferritin levels are generally ele-
vated for age.

If laboratory parameters fail to establish the diagno-
sis of thalassemia, demonstration of a mild microcytic 
and hypochromic anemia, indicative of the presence of 
thalassemia trait in both parents, will allow the diagnosis 
to be made with confi dence. If the diagnosis remains in 
doubt, it can be confi rmed by globin genotyping.

TABLE 20-9  Effect of Successive a-Globin Gene Deletion on Hematologic Parameters in a Homogeneous 
Population with b-Thalassemia Trait

Group/Genotype Hb (g/dL) MCV (mm3) MCH (pg) HbA2 (%) HbF (%) Ratio

αα/αα (n = 20) 12.4 ± 1.2 66.2 ± 3.7 21.2 ± 1.2 4.8 ± 0.7 1.4 ± 1.3 2.2 ± 0.3
α−/αα (n = 12) 12.8 ± 1.3 67.3 ± 3.4 22.1 ± 1.1 5.2 ± 0.7   1 ± 0.3 1.3 ± 0.1
α−/α− (n = 4) 14.1 ± 1.1   76 + 3.4 24.8 ± 1.4 4.8 ± 0.6 1.3 ± 0.7 0.8 ± 0.1
α−/−− (n = 4) 11.7 ± 0.8 54.7 ± 2.5 18.4 ± 0.8 4.6 ± 0.2 — 0.5 ± 0.05

Adapted from Kanavakis K, Wainscoat JS, Wood WG, et al. The interaction of alpha thalassemia with beta thalassemia. Br J Haematol. 1982;52:465-473.
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Complications

The etiology of the complications of thalassemia is 
multifactorial and variable and depends on the genotype, 
other known and unknown phenotypic modifi ers, and 
availability and adherence to therapy. The pathophysiol-
ogy of the complications stems from ineffective and 
extramedullary hematopoiesis and treatment-related side 
effects, including transfusional iron overload, transfu-
sion-associated infections, and chelation. In addition, 
more recently recognized but not fully understood is the 
increased risk for clinically evident and silent thromboses 
leading to pulmonary hypertension and overt portal vein 
thromboses.The complications of thalassemia in a large 
group of North American patients have recently been 
reviewed.629

Bones

To appreciate the full spectrum of bone changes in severe 
β-thalassemia, one must examine patients who receive 
transfusions rarely.572,573 Bone disease in such patients is 
primarily related to erythroid expansion and not to iron 
overload or abnormalities in vitamin D metabolism.630,631 
Maintenance of nearly normal hemoglobin levels results 
in suppression of erythropoiesis and tends to reverse the 
bone abnormalities,600,601,622-628,632-634 but osteoporosis is 
common even in patients who receive regular transfu-
sions.635-638 Some clinics report a high incidence of ver-
tebral compression fractures.637 A recent review of more 
than 700 patients with thalassemia syndromes reported 
an overall fracture prevalence of 12.1% that ranged from 
2.5% in very young patients to 23% in those older than 
20 years. Therapy with excessively high doses and some-
times even standard doses of deferoxamine may also lead 
to metaphyseal dysplasia.639-641

Radiologic abnormalities may be present during the 
fi rst 6 months of life but are not usually marked until 
about 1 year of age.642 In the small bones of the hands 
and feet the trabecular pattern is coarse, cystic abnor-
malities are present, and the bones are tubular in appear-
ance. The long bones of the extremities exhibit thinning 
of the cortices and marked dilation of the medullary 
cavities. Accordingly, they become extremely fragile and 
prone to pathologic fractures.643 The skull is also classi-
cally involved, with marked widening of the diploic space 
and arrangement of the trabeculae in vertical rows, which 
tends to give a “hair on end” appearance to the skull 
radiograph (Fig. 20-30). Other radiologic abnormalities 
in the skull include failure of pneumatization of the max-
illary sinuses and overgrowth of the maxilla. These 
changes lead to maxillary overbite, prominence of the 
upper incisors, and separation of the orbits—changes that 
contribute to the classic “thalassemic facies.”

Other bone changes caused by medullary overgrowth 
include widening of the ribs with notching and the devel-
opment of masses of extramedullary hematopoietic tissue, 
which may appear as tumors in the chest and mediasti-
num. The vertebrae are square with coarse trabeculae. 

The aforementioned osteoporosis and associated bone 
pain may be relieved by calcitonin therapy,644 but the role 
of vitamin D and calcium supplementation in the preven-
tion of osteoporosis in patients with thalassemia has not 
been established. Controlled randomized studies have 
revealed the potential value of bisphosphonate therapy to 
improve bone denisty as measured with bone density 
scans.645

Gallbladder

Calcium bilirubinate gallstones secondary to excessive 
excretion of the products of heme catabolism are common 
in older patients.

Iron Deposition

Most longitudinal studies of iron overload have used 
serum iron, iron-binding capacity, and ferritin as nonin-
vasive measures of stored iron. As mentioned earlier, 
these parameters are easily perturbed by the effects of 
other diseases (e.g., hepatitis) or are highly variable (iron/
iron-binding capacity). Some clinics still rely on the mea-
surement of ferritin.646 The relationship between serum 
ferritin and body iron stores as measured by quantitative 
assay of liver iron remains poor. In a recent study using 
superconducting quantum interference device (SQUID) 
technology, only 25% of the variance in body iron could 
be explained by the variance in serum ferritin.647 This 
confi rms the earlier studies of Brittenham and co-
workers.648 The poor correlation between serum ferritin 
and total body iron in thalassemic patients receiving 
many transfusions649 can perhaps be improved somewhat 
by measuring the glycosylated form.650 Grading of stain-
able iron in liver biopsy samples also offers a rough 
assessment of parenchymal iron stores. Biopsy also pro-
vides a view of histology, as well as direct chemical mea-
surement of iron. It should be mentioned that excessive 
fi brosis may cause a false reduction in tissue iron content 
as estimated by measurements on biopsy material. Thus, 
there is no true “gold standard” of liver iron content. 
Only serial measurements of ferritin and an imaging 
signal in which patients serve as their own control provide 
a practical approach to analysis of the course of 
treatment.

Computed tomography (CT) has been used to dem-
onstrate iron overload in patients with thalassemia by 
detection of increased density of the liver.651-654 CT scans 
have also shown increased density of the spleen, pan-
creas, adrenal glands, and lymph nodes in the abdomens 
of these patients655 while also offering another assessment 
of extramedullary hematopoiesis656-658 and bone abnor-
malities.659 Repeated CT examinations involve substan-
tial radiation doses. Magnetic resonance imaging (MRI) 
has become the favored repeated imaging approach for 
iron assessment in the liver because of x-ray dosage con-
siderations. The procedure is not always suitable for small 
children because it requires cooperation, but recent 
applications have provided reproducible and clinically 
useful results within the range of hepatic iron content 
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expected in thalassemic patients.6592,660 T2* MRI is now 
used in thalassemia centers for assessment of cardiac iron 
content because it is a technique uniquely suited to cap-
turing data from a moving organ. Though yet to be vali-
dated in patients by an independent measurement, it is 
useful clinically and in therapeutic research.661,662 This 
technology has demonstrated that iron is removed more 
slowly from the heart than from the liver and has allowed 
enhanced chelation strategies to remove lethal iron from 
the heart.663

Determination of hepatic magnetic susceptibility 
with SQUID technology has been proved to have excel-
lent correlation with direct measurement of hepatic iron 
by biopsy,542,543 but it is very expensive, highly complex, 
generally unavailable, and poorly reproducible from 
center to center. It will probably be abandoned as a clini-
cal tool.

Pathophysiology of Iron Deposition. The original 
pathologic description of thalassemia544,575 was concerned 

with conditions extant in the untreated state and is 
not relevant to conditions seen in patients today who 
receive transfusions chronically and thus become 
iron overloaded. In countries in which transfusion is 
widely available, patients demonstrate few of the stigmata 
that characterized the disease during the fi rst few 
years of life in patients who do not receive transfusions. 
Depending on the level of hemoglobin maintained, 
most patients fortunately no longer have diffi culty with 
the marked erythroid hyperplasia that causes extensive 
medullary expansion and its consequent pathologic 
changes.576 However, patients are now confronted with 
consequences of the chronic iron overload that accom-
pany routine transfusion therapy.664 In a study of British 
Cypriot patients at autopsy, Modell665 found evidence of 
marked iron deposition in the liver, pancreas, thyroid, 
parathyroid, adrenal zona glomerulosa, renal medulla, 
heart, bone marrow, and spleen. Such parenchymal 
iron loading and the accumulation of “free” or non–
transferrin-bound iron in blood remain the major causes 
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FIGURE 20-30. Radiologic abnor -
malities in a patient with homozy-
gous β-thalassemia who receives 
blood transfusions rarely (thalas-
semia intermedia). A, Skull radio-
graph illustrating the typical “hair 
on end” appearance of the diploë 
and failure of pneumatization of 
the frontal sinus. B, Abdominal 
fi lm illustrating the coarse trabecu-
lation and osteoporosis within the 
vertebrae. Multiple calcifi ed gall-
stones are also seen. C, Severe 
osteoporosis, pseudofractures, 
thinning of the cortex, and bowing 
of the femur. D, Degenerative 
arthritis affecting the tibiotalar 
joint in particular is refl ected by 
loss of the cartilage space and scle-
rosis in the adjacent bone.
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of morbidity and mortality in patients with severe 
β-thalassemia.

Although the contribution of transfusional iron to 
iron toxicity is easily appreciated, anemic thalassemic 
patients also have markedly enhanced gastrointestinal 
iron absorption,666 particularly patients with thalassemia 
intermedia, such as those with HbE–β-thalassemia.545,667 
This seems paradoxical because one might expect sup-
pression of iron absorption in the presence of iron over-
load. In normal individuals, a portion of dietary iron 
presented to the gut lumen is transported across the 
brush border of the gut epithelium and is available for 
transfer to the plasma iron transport protein transferrin. 
The individual’s iron status should then determine the 
amount of iron eventually presented to the serum pool.668 
The observation that anemic patients with thalassemia 
major bypass the ferroportin mechanism in intestinal 
epithelial cells (see Chapter 12) and thereby display 
increased iron absorption is at least partially 
understood.

Calculations by Modell and Berdoukas669 suggested 
that the kinetic requirement of the expanded bone 
marrow for iron to make new red cells exceeds the rate 
at which the reticuloendothelial system is able to salvage 
iron from senescent red cells and replenish the erythron 
with iron. On this basis they argue that the bone marrow 
is relatively iron defi cient on a kinetic basis, thereby 
leading to enhanced gastrointestinal absorption. Increased 
absorption is variable666 (range, 2% to 40%) and appears 
to be directly related to erythroid activity670,671 measured 
by either morphologic observation of patient bone 
marrow672 or enumeration of nucleated red cells in 
peripheral blood.666 Experimental studies in animals 
suggest that hypoxia, even in the absence of increased 
erythropoiesis, may increase iron absorption.673

Hepcidin and ferroportin are pivotal to the increased 
iron absorption in the presence of ineffective erythropoi-
esis (see Chapter 12 for further details). It was fi rst 
discovered that elevated hepcidin mediates iron retention 
by macrophages and causes internalization of ferroportin 
on the intestinal brush border, which leads to failure 
of intestinal absorption. Conversely, hepcidin levels 
fall in response to iron defi ciency, hypoxia, erythropoie-
tin, or ineffective erythropoiesis, thus explaining the 
increase in intestinal iron absorption in thalassemic 
syndromes.674,675 That hepcidin remains inappropriately 
low suggests that the erythroid drive is a more potent 
regulator than the iron overload. A decrease in erythroid 
drive via transfusions upregulates hepcidin.675,676 The 
signaling molecule between erythroid drive and down-
regulation of hepcidin is being actively investigated. 
A recent study in the murine model demonstrated 
that inappropriately low hepcidin levels dominate 
the pathophysiology of iron loading early in life and 
upregulation of ferroportin mediates the absorption in 
later life.676 This has yet to be studied in humans. Con-
comitant mutations in the HFE gene also increase iron 
overload in thalassemia.677,678

With most modern transfusion regimens, iron 
absorption is signifi cantly decreased but iron loading is 
increased as transfused red cells become senescent and 
their iron is deposited in the reticuloendothelial system. 
Reticuloendothelial cells relinquish iron directly to trans-
ferrin. Although the erythron usually claims most of this 
circulating iron, a certain amount is also delivered to 
other cells according to their individual needs. Cellular 
uptake may normally depend on the number of transfer-
rin receptors on the cell membrane.679 As iron accumu-
lates in the body, individual tissues, particularly the liver, 
accelerate their production of apoferritin molecules to 
store the iron in a nontoxic form as ferritin or 
hemosiderin.680,681

Apoferritin production can be monitored by mea-
surement of the serum ferritin concentration via radioim-
munoassay. In patients receiving multiple transfusions682 
and in patients with increased gastrointestinal iron 
absorption who do not receive transfusions,683 serum fer-
ritin levels correlate well with total body iron stores 
during the fi rst several years of iron loading, but less well 
later.684 Serum ferritin is an acute phase reactant, as well 
as a product of hepatocellular damage. Infection, conges-
tive heart failure, and hepatitis may elevate serum ferritin 
levels. Thus, in patients with marked iron overload, the 
serum ferritin level correlates poorly with liver iron con-
centration. Patients with thalassemia intermedia have 
severe hepcidin defi ciency, which leads to hyperabsorp-
tion of dietary iron, as well as depletion of iron in mac-
rophages. It has been suggested that this is the basis of 
the lack of correlation between liver iron content and 
serum ferritin levels in thalassemia intermedia.685

The human body is extremely conservative in its 
handling of iron (see Chapter 12). Under normal condi-
tions, iron is always found in the presence of a chelating 
protein with a high affi nity constant. Serum transferrin 
binds iron with an association constant of 10 to 20 mol/
L.686-688 When transferrin arrives at its surface receptor, 
the complex is transferred to the “labile iron pool”689 by 
receptor-mediated endocytosis.541,688,690,691 This pool sup-
plies iron to cytosolic proteins. The remaining iron is 
directed to apoferritin for storage as ferritin. When ferri-
tin molecules accumulate, the protein moiety is appar-
ently cleaved, with smaller hemosiderin granules 
remaining but with greater iron concentrations.547 Theo-
retically, these storage forms of iron are inert and do not 
exert any pathologic damage. However, accumulated 
hemosiderin granules appear to cause release of hydro-
lytic enzymes from lysosomes that are toxic to the 
cell.692,693

As iron stores increase from both transfusions and 
gastrointestinal absorption, transferrin becomes satu-
rated with iron to greater than 90%. In parallel, a circu-
lating pool of non–transferrin-bound or free serum iron 
is found in iron-overloaded individuals.546,694-698 Its source 
is uncertain but presumably refl ects expansion of the 
intracellular labile iron pool, and it is thought to be par-
ticularly cardiotoxic.
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Cell damage probably occurs as a result of iron-
related catalysis leading to oxidation of membrane com-
ponents.699,700 Unbound iron induces lipid peroxidation 
in vitro.701-703 Peroxidation of mitochondrial membranes 
and hepatocyte microsomes has been demonstrated in 
vivo in rats overloaded with iron by parenteral or oral 
administration704 and in the spleens of thalassemic 
patients.705 Lysosomal leakage of hemosiderin and hydro-
lytic enzymes may also occur.706,707 Cultured rat myocar-
dial cells have been used to study the effects of iron 
deposition.708 Peroxidation of membrane lipids induces 
functional abnormalities in cultured myocardial cells that 
are exacerbated by ascorbic acid (see later), corrected in 
part by the antioxidant vitamin E, and markedly sup-
pressed by chelation with deferoxamine.709

Further evidence in support of the free radical 
hypothesis stems from measurement of substances that 
defend against free radical attack. Vitamin E, a potent 
antioxidant, is decreased in the serum and red cells of 
iron-overloaded thalassemic patients.488,710 Both vitamin 
E levels711 and total serum antioxidant activity bear strong 
inverse correlations to the degree of iron overload.712 
Perhaps most intriguing is a correlation between super-
oxide production in resting neutrophils and serum ferri-
tin in patients receiving multiple transfusions. The 
observed superoxide generation approaches fi ve times 
normal in some patients.713 It should be empahsized, 
however, that replacement therapy with vitamin E has 
little or no value in thalassemia. Elimination of iron by 
chelation is the only way to prevent iron-induced oxida-
tive damage.

Indirect data also suggest that the route of accumula-
tion (i.e., gastrointestinal absorption versus parenteral 
red cell transfusion) may be an important determinant 
of iron toxicity.714,715 Attention must be paid to the con-
tribution of gastrointestinal iron absorption.666,672 Experi-
ments in rats suggest that oral iron loading leads to more 
global hepatocyte damage than parenteral loading does.704 
Patients with hereditary hemochromatosis and thalasse-
mia intermedia who do not receive transfusions sustain 
parenchymal damage entirely from gastrointestinal 
absorption.672,716,717 On the other hand, extensive transfu-
sion in patients with hypoplastic anemia is associated 
with a lower incidence of cirrhosis.714 Nonetheless, the 
view that reticuloendothelial iron derived from trans-
fused red cells is innocuous is overly simplistic. There are 
no reasons to believe that transfusion protocols, designed 
to maintain a normal hemoglobin level and reduce gas-
trointestinal iron absorption, will be free of the complica-
tions of iron overload.

Clinical Consequences of Iron Deposition. Patients 
with thalassemia major have traditionally died of the 
cardiac complications of iron overload.581 Recurrent peri-
carditis, distinguished by characteristic pain, fever, and a 
friction rub, may be the initial manifestation of myocar-
dial iron deposition and occasionally requires pericardec-
tomy to relieve constriction. Ventricular tachycardia and 

fi brillation or severe refractory congestive heart failure 
are often fatal.718

Cardiac iron deposition has been studied in autop-
sies of patients with transfusional hemosiderosis and idio-
pathic hemochromatosis.719,720 Patients with a history of 
transfusion of more than 100 units of red cells without 
chronic blood loss generally exhibit signifi cant cardiac 
iron deposition. Cardiac hemosiderosis is not observed 
unless signifi cant iron accumulation has occurred in 
other organs. Cardiac iron deposits that are grossly visible 
at autopsy indicate that the patient experienced cardiac 
dysfunction during life, but severe cardiac dysfunction 
may also occur in the absence of signifi cant deposits of 
cardiac hemosiderin.720,721 Therefore, iron toxicity must 
be due to a small, highly reactive intracellular iron pool 
or to the labile pool of non–transferrin-bound iron in 
plasma. Prevention of cardiac dysfunction therefore 
requires a reduction in the iron load and persistent pres-
ence of a chelator in the blood. Preliminary data suggest 
that deferiprone, a chelator approved in Europe but not 
in the United States, removes iron from the heart more 
effectively than deferoxamine does.722 In vitro data dem-
onstrate better access to and removal of iron from rat 
cardiac myocytes by both deferiprone and deferasirox 
than by deferoxamine.723 In a gerbil model of iron over-
load, deferiprone and deferasirox have similar capacity to 
remove iron from myocytes.724 The clinical signifi cance 
of these observations remains to be confi rmed.

Cardiac disease in thalassemia and particularly thal-
assemia intermedia after splenectomy may be unrelated 
to cardiac iron deposition but instead be due to pulmo-
nary hypertension secondary to platelet activation 
together with the circulation of erythrocyte membrane 
fragments and the induction of an hypercoagulable 
state.725-727

Gross anatomic cardiac changes attributable to iron 
loading include dilation of the atrial and ventricular cavi-
ties and overall thickening of the muscle layer resulting 
in a twofold to threefold increase in heart weight. Micro-
scopic evaluation suggests that iron is fi rst deposited in 
the ventricular myocardium and later in conduction 
tissue.719 Thus, intracavitary endomyocardial biopsy is 
not useful in these patients as a means of evaluating 
cardiac iron deposition.728,729 Supraventricular arrhyth-
mias correlate well with the extent of iron deposition in 
the atrial myocardium but may occur in its relative 
absence. Cardiac abnormalities seem to be a function of 
both the quantity of iron deposited per fi ber and the 
absolute number of fi bers affected. Link and colleagues730 
have shown that myocardial cells in culture take up iron 
if there is no physiologic or pharmacologic chelator 
present. As iron loading takes place, peroxidation prod-
ucts accumulate and contractility and rhythm are dis-
turbed.709 This in vitro model parallels concepts developed 
from clinical fi ndings.

Noninvasive Studies of Cardiac Function. Echocar-
diography, radionuclide cineangiography, and 24-hour 
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recording of cardiac rhythm have been used to assess the 
effects of iron deposition in the heart and evaluate the 
results of chelation therapy.731 In general, echocardiogra-
phy may reveal alterations in cardiac anatomy but little 
change in cardiac function until clinically evident cardio-
myopathy develops.732-734 Low-dose dobutamine echocar-
diography is thought by some to be more helpful.735 
Radionuclide cineangiography offers the ability to observe 
dynamic cardiac function during exercise and may reveal 
changes in function before the appearance of clinical 
disease.734,736-738 Twenty-four-hour recordings of cardiac 
rhythm in patients with iron overload have demonstrated 
marked disturbances in most patients older than 12 years 
regardless of clinical symptoms.731 As previosuly men-
tioned, T2* MRI can be used to assess cardiac iron. It 
demonstrates that patients with high cardiac iron content 
are at substantial risk for sudden cardiac decompensa-
tion. However, patients with high liver iron and low 
cardiac iron are also at risk, and liver and cardiac iron 
correlate poorly, largely because the kinetics of iron fl ux 
are different in the two organs. Serial MRI assessment of 
both liver and cardiac iron are required for careful follow-
up of thalassemic patients. Box 20-1 summarizes the 
clinical course of patients before the onset of aggressive 
chelation programs. The effi cacy of future transfusion 
and chelation programs must be assessed in this context. 
Considerable data have recently demonstrated the bene-

fi ts of chelation therapy, both for prophylaxis and for 
treatment of cardiac disease in patients with iron over-
loading (see later).

Hepatic Abnormalities. Liver enlargement, long 
viewed as a hallmark of thalassemia, is prominent with 
contemporary transfusion regimens only in patients older 
than 10 years. Hepatomegaly is due to progressive 
engorgement of hepatic parenchymal and phagocytic 
cells with hemosiderin deposits rather than extramedul-
lary hematopoiesis.739 Hepatic iron stores correlate very 
well with total body iron stores.740 In addition, iron depo-
sition induces intralobular fi brosis.741,742 Intercurrent 
episodes of hepatitis may lead to marked liver dysfunc-
tion and contribute to the development of fi brosis and 
cirrhosis.743-745 Liver enzyme levels are rarely elevated in 
the absence of hepatitis. The concentration of total bili-
rubin in patients receiving adequate transfusion therapy 
is seldom greater than 2 mg/dL, 50% or less of which is 
typically indirect. Recent data clearly demonstrate that 
chelation therapy reduces the liver iron concentra-
tion740,746-748 and forestalls iron-induced liver damage. 
Progressive liver disease in patients receiving appropriate 
therapy is often due to viral hepatitis.749 A recent study 
demonstrated the value of interferon and ribavirin in the 
management of hepatitis C in patients with thalassemia.749a 
Despite expected increases in transfusion requirements 
because of ribavirin-induced hemolysis, patients toler-
ated the therapy, the degree of infl ammation as measured 
by alanine transaminase and hepatic biopsy decreased, 
and the molar effi cacy of deferoxamine improved.

Endocrine Abnormalities. Endocrine disorders com-
monly associated with thalassemia in the United States 
today are generally thought to be caused by chronic iron 
loading.664,669,750,751 Most of the pathologic changes 
develop slowly and are not usually apparent until the 
second decade of life. In patients not receiving transfu-
sions, these abnormalities develop more slowly.

Growth and Development. Growth retardation, histori-
cally considered a typical fi nding in thalassemia major,750 
is generally associated with moderate retardation in bone 
age. Patients undergoing chronic transfusion therapy may 
be spared growth retardation,752 which is seen in more 
than 50% of patients and then not until the second 
decade of life.669 Growth retardation is less evident in 
patients receiving chelation therapy,752,753 although exces-
sive amounts of deferoxamine can also impair growth.754,755 
Alternative causes should be sought in young thalassemic 
children who are receiving adequate transfusion therapy 
and still exhibit signifi cant growth retardation.

Growth retardation may also be associated with 
evidence of endocrine dysfunction. Impaired growth 
hormone production has been reported in some 
patients756-758 but not confi rmed in others.759 Treatment 
with growth hormone may accelerate the growth rate, but 
fi nal height may not be changed.760 A subset of patients 

BOX 20-1  Cardiac Disease in Patients with 
Iron Overload

STAGE I (<100 UNITS TRANSFUSED)

Asymptomatic
Echocardiogram: slight left ventricular wall thickening
Radionuclide cineangiogram: normal
24-Hour electrocardiogram: normal

STAGE II (100-400 UNITS TRANSFUSED)

Asymptomatic or mild fatigue
Echocardiogram: left ventricular wall thickening; left 

ventricular dilation but normal ejection fraction
Radionuclide cineangiogram: normal at rest but no 

increase or fall in ejection fraction with exercise
24-Hour electrocardiogram: atrial and ventricular 

premature beats

STAGE III

Palpitations and/or congestive heart failure
Echocardiogram: decreased ejection fraction
Radionuclide cineangiogram: normal or decreased ejection 

fraction at rest but a fall in ejection fraction during 
exercise

24-Hour electrocardiogram: atrial and ventricular 
premature beats, often in pairs or runs

Adapted from Nienhuis AW, Griffi th P, Strawczynski H, et al. 
Evaluation of cardiac function in patients with thalassemia 
major. Ann N Y Acad Sci. 1980;344:384-396.



1064 DISORDERS OF HEMOGLOBIN

with normal growth hormone production have low serum 
levels of somatomedin,761 a factor produced by the liver 
in response to growth hormone that promotes cartilage 
growth. Failure of adrenal androgen production may also 
contribute to growth failure.762 Thyroid defi ciency is an 
additional factor that may potentially contribute (see 
later). A thorough search for endocrine dysfunction is 
warranted in patients with growth retardation because a 
favorable response to specifi c replacement therapy may 
be anticipated.

Puberty. Puberty will occur normally in many patients 
with β-thalassemia who receive appropriate treatment 
and is typically seen in those with the least growth retar-
dation. Sexual maturation is variably observed in other 
patients and is retarded in patients whose transfusion and 
chelation therapy is inadequate.763 Failure of patients 
receiving transfusions to mature sexually may be the fi rst 
indication of iron toxicity. Breast development in females 
tends to begin normally, but menarche is frequently 
delayed until the late teenage years. In many female 
patients who progress through puberty normally, second-
ary amenorrhea will develop as a result of progressive 
iron accumulation.

Failure of patients to develop sexually is not usually 
related to primary end-organ unresponsiveness.764,765 
Although males tend to have low baseline testosterone 
levels, the response to treatment with human chorionic 
gonadotropin is generally normal.765 Moreover, sper-
matogenesis correlates directly with the stage of sexual 
maturation of the patient.766 Gonadotropins, on the other 
hand, have been implicated in a number of studies as the 
primary cause of dysfunction in the hypothalamic-
pituitary-gonadal axis.765,767-770 Although defective ovarian 
function has been described in some patients,771 patients 
who fail to attain puberty or who have experienced 
regression of secondary sexual characteristics demon-
strate blunted responses to luteinizing hormone–releas-
ing factor (LHRF) and follicle-stimulating hormone. 
Prolactin levels respond normally to thyroid-releasing 
factor stimulation. Failure of sexual maturation therefore 
appears to most often be related to hypothalamic-pitu-
itary axis dysfunction, and the anterior pituitary is often 
loaded with iron.

Although one report suggested preservation of 
normal gonadotropin production in young patients 
receiving large amounts of chelation therapy,766 modifi ca-
tion of transfusion schedules and chelation therapy has 
not yet been found to preserve normal function in many 
patients. This is a problem of increasing severity as the 
long-term clinical prognosis for patients improves. In 
approaching such patients, Modell and Berdoukas669 
have likened the attainment of puberty as a trophy in a 
race between a patient’s physical growth and iron over-
load. Patients with a constitution that favors tall stature 
and a rapid growth rate and whose transfusion programs 
and chelation regimens are adequate are likely to attain 

puberty. Those who do not require transfusion in the fi rst 
year of life may also have an advantage. Constitutionally 
short children and those whose transfusion and chelation 
regimens are inadequate often fail to “win the race.”

For patients with delayed puberty, initial efforts 
should be devoted to assessment of nutritional status, 
general health (i.e., presence of hepatitis), and the ade-
quacy of transfusion and chelation therapy. In addition, 
attention should be paid to the availability of calcium for 
growth (see later). For those receiving maximal therapy 
who have delayed puberty and also biochemical evidence 
of hypothalamic-pituitary axis dysfunction,772,773 pulsatile 
gonadotropin-releasing hormone infusions have been 
used to artifi cially induce puberty and growth (Chaterjee 
B: personal communication),774 although this approach 
may or may not be successful.769 More conventional 
treatment regimens include testosterone or estrogen sup-
plementation after the age of 14 or 15 for those in whom 
puberty was not achieved or in whom secondary hypo-
gonadism has developed, either clinically or based on loss 
of response to LHRF.

Thyroid Gland. Even though iron deposition in thyroid 
parenchymal tissue is often extensive, dysfunction is 
usually limited to primary subclinical hypothyroidism.775 
In one large series in which simultaneous serum thyrox-
ine and thyroid-stimulating hormone (TSH) levels were 
obtained in 31 thalassemic patients, mean thyroxine 
levels were signifi cantly lower (6.2 versus 9.5 μg/dL) 
and TSH levels were signifi cantly higher (3.2 versus 
1.0 μU/mL) than those in age-matched control sub-
jects.767 In a longitudinal study, serum thyroxine levels 
declined, whereas TSH secretion increased. Although the 
means were signifi cantly different, individual patients 
with thalassemia could not be reliably distinguished from 
control subjects. Androgen replacement in males may 
correct abnormalities in thyroid function.776

Adrenal Gland. In the adrenal gland, pathologic 
changes in patients with thalassemia are historically char-
acterized by iron deposition limited primarily to the zona 
glomerulosa,544 the site of mineralocorticoid production. 
Iron deposition in the zona fasciculata may also occur.669 
In one series, normal aldosterone production in response 
to salt deprivation was achieved only at the expense of a 
marked increase in serum renin.761 Basal morning adre-
nocorticotropic hormone (ACTH) levels measured in 
prepubertal thalassemic patients were 3 to 10 times 
normal.777 Basal glucocorticoid production and response 
to ACTH and insulin provocation are generally normal 
in younger patients, although older patients often dem-
onstrate a blunted provocative response.

Pancreas. Diabetes mellitus, a common and often 
under-recognized complication of thalassemia, is due to 
both pancreatic hypoproduction778 and (at least in some 
patients) insulin resistance.779 Even in patients between 
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5 and 10 years of age whose iron burden is approximately 
5 to 20 g, fasting blood glucose levels are signifi cantly 
elevated.777 When glucose tolerance tests are performed, 
as many as 50% of thalassemic patients have “chemical 
diabetes”; the majority of these patients have normal or 
elevated circulating insulin levels.779,780 Insulin resistance 
may predate the onset of glucose intolerance, as revealed 
by the euglycemic clamp method.781 In contrast, thalas-
semic patients who have not received transfusions display 
accelerated insulin clearance and normal tissue sensitiv-
ity.782 As symptoms of diabetes become evident, insulin 
output decreases, as occurs in most patients with juvenile 
diabetes. Glucose intolerance generally correlates with 
the number of transfusions received, age of the patient, 
and genetic predisposition.783

Parathyroid Glands. Symptomatic parathyroid disease 
manifested by classic tetany, hypocalcemia, and hyper-
phosphatemia is said to be an uncommon complication 
of iron overload.767,778,783-785 However, the prevalence was 
10% in one recent study. Affected patients had severe 
iron overloading.786 Subclinical defi ciency of parathyroid 
function is diffi cult to diagnose. The provocative use of 
calcium chelates to identify subclinical defi ciency of par-
athormone has been described.787 Patients with thalasse-
mia major have been reported to show diminished 
response to a challenge. Although symptomatic parathy-
roid disease may be rare, more common defects may 
affect the mobilization of calcium for growth and the 
preservation of normal serum ionized calcium, which are 
important in patients with cardiomyopathy or arrhyth-
mia. To complicate matters, defi ciency of activated 
vitamin D may occur, perhaps partially as a consequence 
of parathormone defi ciency. Symptoms of 25-hydroxy-
tachysterol defi ciency, which are relieved either by iron 
chelation therapy or by vitamin D supplementation, have 
been described in case reports.788,789 Therefore, careful 
attention should be paid to calcium, phosphate, and 
vitamin D intake in patients with growth disturbances 
and cardiac disease.

Pulmonary Abnormalities

Arterial Hypoxemia and Pulmonary Hypertension. In 
1981, Fucharoen and co-workers790 reported signifi cant 
arterial hypoxemia in patients with HbE–β-thalassemia, 
especially in those who had been splenectomized. These 
authors found circulating platelet aggregates in such 
patients and successfully used aspirin and dipyridamole 
to improve oxygenation. Other groups have reported 
hypoxemia in thalassemia major791-800 but have related it 
to changes in ventilatory mechanics, obstructive airway 
disease, or iron deposition in the lungs. Pulmonary 
hypertension, possibly associated with thrombocytosis 
and a general hypercoagulable state,801 may contribute to 
right ventricular dysfunction in these patients.802-807 A 
more recent multivariate analysis demonstrated that 

splenectomy was signifi cant correlated with pulmonary 
hypertension in patients with thalassemia syndromes. 
Further studies support the role of increased platelet 
activation as measured by P-selectin727 and impaired 
nitric oxide.808

Therapy for β-Thalassemia

Transfusion

Choice of Transfusion Regimen. The mainstay of man-
agement of severe β-thalassemia remains blood transfu-
sion.809-816 Transfusion programs have several aims. By 
increasing the hemoglobin content, transfusions enhance 
the oxygen-carrying capacity of blood and thereby 
decrease tissue hypoxia. The concomitant fall in erythro-
poietin levels blunts the massive erythroid expansion 
associated with the anemia. Furthermore, improved 
tissue oxygenation and reversal of the hypercatabolic 
state promote more normal growth and development. 
Suppression of erythropoiesis is associated with decreased 
intestinal iron absorption. These benefi ts must be weighed 
against the prospects of excessive iron loading, particu-
larly with more intensive transfusion protocols.

Transfusion management and the optimal mainte-
nance level of hemoglobin have evolved. Wolman and 
associates576,655 fi rst recommended a pretransfusion 
hemoglobin level of 8.5 g/dL. This approach improved 
survival, but chronic illness, bone disease, and anemic 
cardiomyopathy persisted. To enhance quality of life, Pio-
melli and colleagues580 suggested maintaining the hemo-
globin level at greater than 10 g/dL with a mean of 
12 g/dL. Such “hypertransfusion,” if initiated in the fi rst 
year of life, promotes normal initial growth and develop-
ment, limits the development of hepatosplenomegaly, 
prevents disfi guring bone abnormalities, reduces 
intestinal iron absorption, and decreases cardiac 
workload.817-820

In 1980, Propper co-workers821 proposed a “super-
transfusion” program with a pretransfusion hemoglobin 
level greater than 12 g/dL and a mean of 14 g/dL to more 
effectively eliminate chronic tissue hypoxia. Initial studies 
reported that the quantity of blood required to maintain 
a higher hemoglobin level was no greater than that 
required for maintenance of a lower level because of a 
decrease in intravascular volume.821-823 Further data, 
however, suggested that increasing the pretransfusion 
hemoglobin level may simply increase the quantity of 
transfused blood and thus increase iron loading,669,824 and 
this regimen is no longer recommended.

Senescence in red cells is a function of cell age. 
Because the iron content of transfused erythrocytes is 
independent of cell age, attempts have been made to 
improve the “quality” of transfused blood by infusing the 
youngest third of red cells present in whole blood (“neo-
cytes”).818,825 Administration of these cells would be pre-
dicted to decrease the transfusion requirement. Neocytes 
can be readily prepared with automated cell separa-
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tors,826-830 but 3 or more units is required to prepare the 
equivalent of 1 unit of blood, thus drastically increasing 
donor exposure for these patients. Although prolonged 
survival of neocytes has been documented in vivo, the 
observed sparing of transfusions with such therapy has 
been disappointing.831-834 Similarly, methods to remove 
“gerocytes” (old red cells) from the recipient’s circulation 
at the time of transfusion, though technically feasible, 
have not been widely applied.833,835 These approaches 
should be considered experimental at present.

Although specifi c practices differ among clinical 
centers, transfusion is indicated both to correct anemia 
and to suppress erythropoiesis.809 After diagnosis, a 
period of observation should be initiated to determine 
whether transfusion is required to maintain the hemoglo-
bin level at 7 g/dL or greater. The condition of patients 
with thalassemia intermedia will be stable without trans-
fusion. If the hemoglobin level falls to less than 7 g/dL, 
a transfusion program should be initiated to maintain the 
hemoglobin level at 9.5 to 11.5 g/dL. During the fi rst 
decade of life, normal growth provides reassurance that 
the transfusion regimen is adequate. Because the rate of 
iron absorption parallels the number of nucleated red 
cells in peripheral blood,666 adequate transfusion should 
suppress the nucleated cell count to less than 5 per 100 
white blood cells809; however, in older patients who 
received inadequate transfusion therapy early in life, it 
may not be possible to achieve this level. During the 
teenage years, growth failure may refl ect endocrine dys-
function rather than inadequate transfusions; laboratory 
investigation and appropriate replacement therapy are 
then indicated. After the epiphyses have fused and growth 
is complete, a hemoglobin level of 8.0 of 9.0 g/dL may 
be well tolerated. If the transfusion requirement exceeds 
200 mL of packed red cells per kilogram per year, sple-
nectomy should be considered (see further discussion 
later).809 Our current transfusion procedure is outlined 
in Box 20-2.

Complications of Blood Transfusion. The primary 
long-term complication of blood transfusion is iron 
loading and the resultant parenchymal organ toxicity, as 
discussed earlier. Febrile reactions to leukocyte antigenic 
determinants and allergic reactions to plasma compo-
nents are commonly encountered in patients receiving 
transfusions chronically. The use of prestorage leukore-
duction fi lters has signifi cantly decreased the rate of 
febrile reactions. Washing of red cells in saline to remove 
plasma proteins can be benefi cial.836

Alloimmunization to minor blood group antigens 
occurs in 20% to 30% of patients837-840 and may be mani-
fested as delayed hemolysis. Rare circumstances of mul-
tiple alloantibodies may be a potentially life-threatening 
complication in patients with transfusion-dependent β-
thalassemia because it may not be possible to fi nd suffi -
cient appropriately matched blood. Alloimmunization is 
frequently a less signifi cant problem in patients in whom 
transfusion is initiated before the age of 3 years.837-840 The 

benefi t of extended red cell phenotyping to minimize 
alloimmunization has been debated in the literature,841,842 
but crossmatching for the rhesus and Kell systems from 
the time of initial transfusion may decrease the incidence 
of alloimmunization.839 Detailed red cell phenotyping 
should be performed in all patients with newly diagnosed 
thalassemia before transfusion. The average transfusion 
regimen in most centers is 12 to 15 mL of leukocyte-poor 
red cells per kilogram per month. Autoimmune hemo-
lytic anemia is a rare but perilous complication of allo-
sensitization. It must be managed aggressively to prevent 
dangerous iron overload.

Transmission of viral infections by transfusion 
remains a serious and signifi cant problem in patients 
receiving transfusions chronically in countries in which 
the safety measures of volunteer donors, detailed donor 
questionnaires, and serologic and nucleic acid testing are 

BOX 20-2  Guidelines for Chronic Transfusions in 
Patients with Thalassemia

1. Determine the blood type of the patient 
completely to identify minor red cell antigens 
before the fi rst transfusion.

2. Keep the pretransfusion hemoglobin level between 
9.5 and 11.5 mg/dL as needed for suppressing 
ineffective erythropoiesis and maintaining a 
reasonable sense of well-being.

3. Give 10 to 20 mL/kg of leukocyte-poor, washed, 
and fi ltered red blood cells at a maximum infusion 
rate of 10 mL/kg over a 2-hour period; transfuse 
more slowly in patients with heart disease.

4. Avoid raising the post-transfusion hemoglobin level 
to greater than 16 g/dL.

5. Choose a transfusion interval to maintain 
pretransfusion levels as outlined above (3 to 5 
weeks, depending on individual patient needs). 
(Comment: Some patients tolerate slightly lower 
pretransfusion hemoglobin levels and need 5 weeks 
between transfusions, whereas others feel best 
coming every 4 weeks. Some prefer receiving fewer 
units and coming every 3 weeks. Some of the 
younger patients whose weight would require 
between 1 and 2 units receive a transfusion every 3 
or 4 weeks and alternate between 1 and 2 units 
per transfusion.)

6. Pretransfusion laboratory tests include a complete 
blood cell count, differential, crossmatch, and red 
cell antibody screen.

7. Height and weight are recorded at least every 3 
months.

8. Liver function (AST, ALT, bilirubin, and LDH) is 
evaluated every 3 months and serum ferritin every 
3 to 6 months. A deferoxamine (Desferal) challenge 
test is performed at irregular intervals to measure 
the appropriate Desferal dosage and chelatable 
iron stores.

ALT, alanine transaminase; AST, aspartate transaminase; 
LDH, lactate dehydrogenase.
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not used. In one study, approximately 25% of transfu-
sion-dependent patients with thalassemia had been 
exposed to hepatitis B, 80% of whom had clinical evi-
dence of hepatitis.843 Exposure to hepatitis C, with an 
incidence of approximately 6% per transfusion, was 
nearly inevitable in thalassemic patients receiving regular 
transfusions, and this agent accounts for the active hepa-
titis seen in many older patients. Identifi cation of the 
hepatitis C agent and the development of a serologic test 
to screen donors have greatly minimized this risk,844,845 
but the infection can lead to fi brosis, cirrhosis, and 
hepatic carcinoma if untreated.846-848 Treatment with 
interferon alfa and ribavirin is indicated and has now 
been demonstrated to be safe in patients with thalassemia 
despite the increased rate of hemolysis and transfusion 
secondary to ribavirin.749a Some studies have suggested 
that iron overload inhibits a therapeutic response,849-852 
but others have shown little or no such effect.853,854 A 
minority of patients with thalassemia have become 
infected with human immunodefi ciency virus, and the 
rate of progression to symptomatic acquired immunode-
fi ciency syndrome has been proportionately lower than 
in most infected populations.855 Although death and 
complications from these illnesses are uncommon in this 
patient population, it is prudent to exercise precautions. 
The most important consideration is the use of blood 
products screened for the presence of potential infectious 
agents. Patients should be immunized against hepatitis B 
upon diagnosis or if they have not acquired immunity. 
When practical, exposure to multiple donors or units of 
blood should be minimized. In this regard it is important 
to recognize that the use of washed or frozen red cells 
may lead to an increase in the number of transfused 
units.

Splenectomy

Splenectomy may be indicated in some patients in an 
attempt to decrease transfusion requirements. The role 
of the spleen must be carefully considered in patients 
who are treated with transfusion, iron chelation pro-
grams, or both. The spleen serves both as a scavenger by 
increasing red cell destruction and iron redistribution 
and as a storage depot by sequestration of the released 
iron in a potentially nontoxic pool. Unfortunately, splenic 
iron may equilibrate with other iron pools throughout the 
body. In one uncontrolled study, three splenectomized 
patients exhibited cirrhosis and massive iron deposition, 
whereas slightly younger patients with an intact spleen 
had only iron deposition.856 Risdon and colleagues,739 
however, observed no difference between splenectomized 
and nonsplenectomized patients with regard to patho-
logic changes in the liver. If the spleen acts primarily as 
a storage depot for excess iron, premature removal could 
theoretically be detrimental. On the other hand, if the 
splenic pool is a particular target for deferoxamine, the 
benefi cial effects of aggressive chelation therapy might be 
diminished by preferential removal of iron from this rela-
tively innocuous pool. Perhaps most important is the 

feasibility of achieving negative iron balance with con-
ventional chelation regimens (see later). Eventually, an 
increased requirement for transfusion because of hyper-
splenism perturbs the balance and contributes to iron 
loading.857

Splenectomy may be indicated in the management 
of patients with severe β-thalassemia. Massive spleno-
megaly with hypersplenism causing leukopenia, throm-
bocytopenia, and an increasing transfusion requirement 
is often seen in young patients whose transfusion regi-
mens are sporadic. Early splenectomy is often required. 
The development of splenomegaly is delayed in patients 
who are receiving a high number of transfusions.858 
Several factors should be considered in the decision to 
remove the spleen. Modell669,859,860 carefully documented 
the annual blood requirement of splenectomized patients 
with thalassemia major and suggested that the spleen be 
removed if the observed requirement exceeds that pre-
dicted by 50%. Data from other investigators suggest that 
the benefi ts of splenectomy on iron balance are realized 
if the transfusion requirement exceeds 200 to 250 mL of 
packed red cells per kilogram per year with a minimum 
hemoglobin level of 10 g/dL.857,861 Because a huge spleen, 
irrespective of functional hypersplenism, may account 
for a large fraction of the total blood volume, its removal 
often leads to a marked, though transient reduction in 
the patient’s requirement for blood.862,863 Most patients 
show a moderate, but signifi cant reduction in their 
requirement for transfusion to the predicted 200 mL of 
packed red cells per kilogram per year,859,860 and it remains 
stable for many years.864

The immediate surgical risk accompanying splenec-
tomy is minimal for experienced practitioners, although 
reports of acute portal vein thrombosis are increasingly 
being recognized. There is some evidence that iron over-
load itself may inhibit the immune response.865,866 Infec-
tions with Yersinia are sometimes observed in patients 
with iron overload.867 The potential for overwhelming 
infection by Diplococcus pneumoniae, Haemophilus infl uen-
zae, or Neisseria meningitidis868-870 should always be con-
sidered by the attending physician. Because removal of 
the spleen may blunt the primary immune response to 
encapsulated organisms, delay of splenectomy until after 
approximately 5 years of age is preferable. Patients should 
be immunized with polyvalent pneumococcal, meningo-
coccal, and H. infl uenzae vaccines.871-874 Supplemental 
prophylactic oral penicillin may also be used to prevent 
colonization by strains not covered by vaccines,809 par-
ticularly in young children. Illnesses accompanied by 
high fever of uncertain cause should be treated aggres-
sively with parenteral antibiotics until bacterial culture 
results are available. Patients in regions endemic for 
malaria should receive prophylactic treatment.860 Infec-
tions appear to be signifi cant causes of morbidity in 
HbE–β-thalassemia.875

Red cell survival usually increases immediately after 
splenectomy.862 The peripheral blood smear may reveal 
increased numbers of hypochromic, microcytic, and 
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nucleated red cells. Platelet counts greater than 106 are 
often seen, although correction of anemia by transfusion 
generally results in suppression of platelet production.494 
White blood cell counts of 15,000 to 20,000 are common; 
the differential is usually normal.

As discussed in more detail previously, arterial hypox-
emia and evidence of pulmonary vascular disease have 
been reported in patients with thalassemia, and it has 
been suggested that splenectomy may exacerbate these 
problems.790,802 Accordingly, splenectomized patients 
should be examined carefully for these fi ndings. Because 
thrombocytosis may be an inciting factor,802,876 prophy-
laxis with low-dose aspirin may be considered, although 
effective transfusion to correct anemia is probably the 
best form of preventive therapy.

Chelation Therapy

Progressive iron overload is the life-limiting complication 
of transfusion therapy. In the absence of adequate chela-
tion, cardiac dysfunction ends the life of a thalassemic 
patient receiving transfusions during the teenage years. 
Regular chelation with the drug deferoxamine has proved 
remarkably effective in reducing the iron burden of 
patients receiving transfusions. Cardiac disease is delayed 
or prevented, susceptibility to infection is reduced,876 and 
life expectancy is signifi cantly extended; nonetheless, 
endocrine dysfunction may develop and persist. Unfor-
tunately, effective use of deferoxamine requires strict 
compliance to subcutaneous administration via a mechan-
ical pump. The lack of oral absorption of the drug and 
its short serum half-life dictate this cumbersome route of 
administration. Recently, two oral iron chelators have 
been studied. Deferiprone is approved in more than 40 
countries but not approved by the Food and Drug 
Administration (FDA) in the United States. Deferasirox 
was approved in the United States and many other coun-
tries in 2004. Data on each of these chelators will be 
reviewed.

Deferoxamine. Deferoxamine has, until very recently, 
been the only approved iron chelator in the United States. 
The drug is a hexavalent hydroxylamine with a remark-
able affi nity for iron. It binds metal iron stoichiometri-
cally with a binding ratio of deferoxamine to iron of 
approximately 1 : 1. Deferoxamine enters cells, chelates 
iron, and appears in serum and bile as the iron chelate 
product feroxamine.699

Humans have no intrinsic mechanism for excreting 
excess iron. Iron available for chelation is thought to be 
derived from the “labile iron pool”689; the size of this pool 
is directly related to the total body iron burden.877,878 
Non–transferrin-bound plasma iron should also be avail-
able for chelation.695,696 A fraction of reticuloendothelial 
iron salvaged from red cells may likewise be chelated,879 
perhaps only when stored as ferritin.880 Urinary iron 
excretion appears to be proportional to marrow erythroid 
activity and is diminished by transfusion.881 Net iron loss, 
however, is not compromised because the diminution in 

urinary iron excretion is balanced by increased fecal 
excretion of iron.880,881 In patients with primary hemo-
chromatosis, in whom iron deposition is seen predomi-
nantly in parenchymal cells and erythropoiesis is normal, 
administration of deferoxamine results primarily in 
enhanced fecal iron excretion.699 Thus, the site of iron 
removal is infl uenced by the transfusion schedule, but no 
data are available regarding the infl uence of hemoglobin 
level on prevention or removal of cardiac iron deposits. 
In brief, chelation from a small labile pool that is in 
equilibrium with a much larger storage pool in the organs 
eventually reduces stored iron, but at different rates from 
different organs because of variations in effl ux rates.

Deferoxamine Chelation Regimens. Deferoxamine is 
active when administered by the intramuscular, subcuta-
neous, or intravenous routes. After its introduction in 
1962, the drug was given by the intramuscular route until 
the late 1970s. This regimen was only partially successful 
because rapid clearance from plasma via metabolism and 
biliary and urinary excretion699 led to insuffi cient iron 
removal to achieve a negative net iron balance in most 
patients.882 Supplemental oral administration of ascorbic 
acid enhanced urinary excretion (see later),883 but just 14 
to 16 mg of iron could be removed per day, even from 
patients with severe hemosiderosis. Adults receiving full 
transfusion support require removal of more than 35 mg/
day to have a negative net iron balance.882 Continuous 
intravenous infusion signifi cantly enhances iron excre-
tion,882,884 presumably because of exchange between def-
eroxamine and tissue iron pools. Substantial plasma and 
tissue drug concentrations can be attained by continuous 
subcutaneous administration via a pump mechanism.885 
Iron excretion is markedly enhanced in comparison to 
the intramuscular route,882,885-887 and net negative iron 
balance can be achieved in most patients older than 3 or 
4 years with an iron burden of 4 to 5 g.817,824,885

A typical regimen involves the administration of 30 
to 40 mg/kg of drug overnight (8 to 12 hours) at least 5 
to 6 nights per week; the patient thereby avoids the need 
to carry the pump during the daytime hours. Obviously, 
such a program is a compromise in that optimal manage-
ment demands drug infusion every hour of every day, a 
schedule met with poor compliance, particularly among 
teenagers. Data now show that regular use of deferox-
amine, if started by the age of 3 or 4, forestalls signifi cant 
iron overload. It also promotes elimination of excess iron 
in patients if started after a substantial transfusional iron 
burden has already developed.748,888-892 It is generally 
agreed that treatment should be initiated by 5 years in 
transfusion-dependent patients; some advocate treatment 
by the age of 3.812,824,893-895 It has been argued that irre-
versible tissue damage, particularly to endocrine glands, 
occurs at a very low iron burden during the fi rst years of 
life. However, the toxicity of deferoxamine is most sig-
nifi cant in patients with a low iron burden (see later). 
Indeed, growth retardation and other toxic effects have 
been documented in children younger than 3 years who 
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are given high doses of the drug.664 A test infusion of 
deferoxamine may be used to determine whether mobi-
lizable iron is present.809,812

Periodic intravenous administration allows the use 
of higher doses (6 to 10 g/day); local reactions at the site 
of administration limit the tolerable subcutaneous dose 
to 2.0 to 2.5 g/day. By extending the time of infusion and 
increasing the drug dose, iron removal can be greatly 
enhanced over that achievable with conventional subcu-
taneous therapy. Chelation with high drug doses by the 
intravenous route is capable of reversing established 
cardiac disease in some patients who continue to require 
transfusions (Nienhuis AW: unpublished observations, 
1990).737,813, 896,897 This regimen is most effective when 
instituted while the patient’s heart is still compensating, 
either with or without cardiac medications.

Effi cacy of Deferoxamine Chelation. Clinical experience 
has shown subcutaneous deferoxamine administration to 
be effective in preventing cardiac disease and prolonging 
the life of thalassemic patients receiving transfu-
sions.748,891,898-900 Life expectancy was previously approxi-
mately 16 years, with rare patients surviving into their 
mid-20s.581,718,901 Since the introduction of subcutaneous 
deferoxamine therapy, the projected life expectancy 
extends into the middle of the fourth decade.902 Several 
studies have also documented sparing of cardiac disease 
in patients receiving adequate chelation therapy.748,891,903,904 
Figure 20-31 shows a striking comparison between two 
groups of patients; one group received adequate chela-
tion therapy, whereas the other group was poorly compli-
ant. Onset of cardiac disease has been observed in the 
chelated group in whom negative iron balance was 
achieved,903 but the dose of the drug used was relatively 
low.

Unfortunately, the cohort of patients in whom sub-
cutaneous administration of deferoxamine was initiated 
in their late fi rst decade of life after signifi cant iron depos-
its had accumulated continues to exhibit endocrine dys-
function and growth retardation.892 Glucose intolerance 
and diabetes are observed even in patients receiving ade-
quate chelation therapy,905 although the incidence is 
reduced.748 There is scant evidence that deferoxamine 
can reverse established endocrine dysfunction. It remains 
to be determined whether patients in whom a regimen 
of subcutaneous deferoxamine is started at a very young 
age will fare better with respect to growth, sexual devel-
opment, and endocrine function. Because this cohort of 
patients is just now entering their teenage years, informa-
tion on this point may become available in the near 
future.

Toxicity of Deferoxamine. At high doses of deferox-
amine, signifi cant side effects are seen.699,809 Local ery-
thema may occur at the site of infusion and contribute 
to an infl ammatory response characterized by multiple 
subcutaneous nodules. These local reactions can be par-
tially suppressed by the inclusion of 5 to 10 mg of hydro-
cortisone in the deferoxamine solution.

Of particular concern is neurosensory toxicity 
observed at high doses. Several large series report a 30% 
to 40% incidence of high-frequency hearing loss, which 
may become symptomatic.906-910 Reversal with discon-
tinuation of the drug has been reported, although other 
patients have experienced persistent hearing loss. Ocular 
toxicity has also been reported.906,911 Progressive visual 
failure with night and color blindness and fi eld loss has 
also been described912 but may be not be related to chela-
tion therapy.913 In fact, in one study iron dysfunction was 
thought to be related to failure to take deferoxamine.914 
Reversal after discontinuation of deferoxamine has also 
been reported.

The neurosensory complications of deferoxamine are 
dose related and inversely correlated with the body iron 
burden. Patients with heavy iron loading are relatively 
protected, but those with lower iron burdens who receive 
aggressive chelation therapy may be more susceptible 
to these toxic effects.909,915,916 Administration of deferox-
amine to patients with rheumatoid arthritis and normal 
iron stores has induced neurologic defi cits, including 
confusion, nausea and vomiting, and coma.915,917 These 
fi ndings suggest that the toxicity is caused by free drug, 
which may chelate other metal irons.910 Alternatively, def-
eroxamine may reduce the concentration of iron in neu-
rosensory cells below a threshold needed for normal 
function. These serious complications necessitate careful 
monitoring of patients receiving deferoxamine. Young 
children and individuals from whom the majority of iron 
has been removed by chelation are particularly suscepti-
ble to these effects. The occurrence of complications is 
most likely in patients receiving continuous intravenous 
infusions of more than 50 mg/kg/day. Formal audiometry 
and ophthalmologic examination should be performed at 
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FIGURE 20-31. Cardiac disease–free survival of patients with respect 
to the serum ferritin level. The circles depict cardiac disease–free survival 
of patients with less than 33% of ferritin measurements greater than 
2500 ng/mL; squares, patients with 33% to 67% of measurements 
greater than 2500 ng/mL; and triangles, patients with more than 67% 
of measurements greater than 2500 ng/mL. (From Olivieri NF, Nathan 
DG, MacMillan JH, et al. Survival in medically treated patients with homo-
zygous beta-thalassemia. N Engl J Med. 1994;331:574-578. Copyright 
1994, Massachusetts Medical Society.)
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6-month intervals. The use of a test infusion to assess the 
ability of deferoxamine to mobilize iron, as advocated by 
Fosburg and Nathan,809 may help in avoiding toxicity.

Deferoxamine is normally used by microorganisms 
to facilitate iron uptake.699,918 Yersina enterocolitica, for 
example, uses deferoxamine in this manner.859 Although 
it is associated with low virulence in humans, serious Y. 
enterocolitica infections have been reported in treated 
patients.919,920 Mucormycosis has also been reported in 
patients undergoing hemodialysis who receive deferox-
amine.921 Of interest is the observation that iron chelators 
have profound in vitro effects on T-lymphocyte func-
tion.809,922-927 Whether these effects can be put to practical 
use is not known.926

Additional rare complications have been associated 
with high-dose deferoxamine. Pulmonary infi ltrates and 
respiratory insuffi ciency have been reported in eight 
patients928,929 and in iron-loaded mice.930 Curiously, def-
eroxamine also protects the developing lung931; therefore, 
the view that deferoxamine causes pulmonary toxicity in 
the treatment of iron overload is controversial.932 Indeed, 
iron overload is thought to contribute to pulmonary 
disease in thalassemia,802 although the latter is complex 
and probably also related to pulmonary vascular obstruc-
tion associated with chronic thrombocytosis.803,876 Acute 
and chronic renal decompensation has likewise been 
described.803,876,933-935 Growth failure and skeletal changes 
have been reported as well.936,937

The array of potential side effects should not obscure 
the fi nding that deferoxamine has proved to be very safe 
in the vast majority of patients. Many of the side effects 
have been seen only at higher intravenous doses or in 
patients with a low iron burden. Although careful follow-
up is warranted, patients can be reassured that deferox-
amine therapy is both remarkably effective and generally 
quite safe. Indeed, methods have been designed to permit 
chronic intravenous infusion.938-940 The major limitation 
of deferoxamine use is compliance and the serious prob-
lems faced by patients and their families as they deal with 
this lifesaving but onerous therapy.941-943

Deferiprone. Deferiprone, L-1-(1,2-dimethyl-3-
hydroxy-pyridin-4-one), is a bivalent iron chelator ini-
tially synthesized by Hider and colleagues.944 It was 
briefl y licensed to Ciba-Geigy (now Novartis) but aban-
doned by the company in 1993 because of its low thera-
peutic index in non–iron-overloaded animals, its poor 
stoichiometry (three molecules of drug are required for 
binding of each iron atom),945 and its rapid removal from 
the circulation.946,947

Effi cacy of Deferiprone Chelation. Deferiprone was fi rst 
investigated in uncontrolled clinical trials by a group at 
the Royal Free Hospital in London.948 These trials were 
followed by two studies by Olivieri, Brittenham, and their 
colleagues,949,950 who measured iron stores by liver biopsy 
and SQUID in patients treated with deferiprone. Their 
initial results, published in 1995, were encouraging.949 

The drug appeared to reduce or maintain liver iron levels 
in patients with thalassemia who were receiving many 
transfusions.951 In a second study, hepatic iron levels were 
not reduced below their starting points or actually 
increased to a value considerably above their starting 
points in a substantial fraction of deferiprone-treated 
patients.950 In addition, increased hepatic fi brosis appeared 
to have developed in some of the deferiprone-treated 
patients but none of the deferoxamine-treated patients 
(who had much lower liver iron levels on average). Other 
studies have confi rmed that iron stores, measured by liver 
biopsy, are not effectively reduced by deferiprone.952,953 
The infl uence of the drug on hepatic fi brosis remains 
uncertain.952,954,955 Recent published studies of deferi-
prone have been based on the level of serum ferritin as 
an index of effectiveness, but such studies956-958 are unre-
liable. Thus far the drug has been inadequately assessed.959 
Further studies of deferiprone are warranted. The drug 
may play a role in shuttling iron within membranes and 
within intracellular pools.960,961 More recent studies, ret-
rospective, prospective, and epidemiologic, provide some 
important data suggesting that deferiprone alone or in 
combination with deferoxamine may provide some 
important cardioprotective effect.

Toxicity of Deferiprone. Administration of deferiprone 
is associated with severe adverse side effects, including 
idiosyncratic agranulocytosis in 0.5% to 1% of patients 
and neutropenia in up to 5% of patients. Other complica-
tions include arthropathy, zinc defi ciency, gastrointesti-
nal symptoms, and abnormal liver function test 
results.962,963 Until the risk-to-benefi t ratio of deferiprone 
is established by additional clinical trials in which iron 
stores are measured, compliant patients should be 
advised to continue an effective deferoxamine chelation 
program.697,963,964

Deferasirox. Deferasirox, known in original studies 
as ICL670, produced promising results in early preclini-
cal trials965 and was approved by the FDA in 2004. Defer-
asirox is a tridentate chelator in a class of compounds 
known as 3,5-bis-(orthohydroxyphenyl)-1,2,4-triazoles. 
Therefore, two molecules of desferasirox are required to 
bind one molecule of iron. After an oral dose the drug is 
promptly absorbed, persists in blood with a half-time of 
8 to 16 hours, and excretes iron largely in feces.

Effi cacy of Deferasirox Chelation. In short-term dose-
fi nding clinical trials, the drug removed an amount of 
iron that would be expected to be delivered in a standard 
transfusion regimen.966 It has been extensively studied in 
preclinical967 and phase I, II,968,969 and III970,971 studies. 
The phase III study in patients with thalassemia demon-
strated no inferiority to deferoxamine at only at the higher 
deferasirox doses of 20 and 30 mg/kg/day. Further study 
has demonstrated that the effi cacy of deferasirox is related 
to ongoing transfusional iron burden and that this factor 
should be carefully monitored in patients.
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Toxicity of Deferasirox. Deferasirox has generally 
been well tolerated in the clinical trial setting. Mild gas-
trointestinal adverse events and rashes were the most 
common toxicities, and discontinuation of the study 
drug because of adverse events was rare. Mild increases 
in creatinine occurred, and in a small number it increased 
above the upper limit of normal. There were no reports 
of progressive or severe renal failure. Of more than 
800 patients treated, none have had signifi cant 
myelosuppression.967-969

Survival

There has been a marked improvement in the survival of 
patients with thalassemia major. In a cohort of U.S. 
patients born from 1960 to 1976, the median survival 
was 17.1 years. In Italy, 50% of patients died before the 
age of 12 years in the late 1970s. Borgna-Pignatti and 
co-authors972 reported on more than 1000 patients born 
since 1960 and demonstrated a statistically signifi cant 
improvement in survival in each of the more contempo-
rary cohorts (Fig. 20-32).

Vitamin Supplementation

Ascorbic Acid. The role of ascorbic acid in iron 
metabolism and chelation therapy is complex and con-
troversial.699,973 Tissue defi ciency of vitamin C often 
develops in patients with hemosiderosis because of accel-
erated catabolism; frank scurvy is documented in indi-
viduals with marginal dietary intake.974-977 Administration 
of vitamin C signifi cantly augments iron excretion in 
response to deferoxamine, particularly in patients who 
have vitamin C defi ciency. Serum iron and ferritin levels 
may also rise.881,977,978 Ascorbic acid retards the rate of 
conversion of ferritin to hemosiderin979,980 and presum-
ably allows more iron to remain in a chelatable form. 

Unfortunately, ascorbic acid also enhances iron-
mediated peroxidation of membrane lipids981,982 and has 
been shown to increase iron-induced membrane damage 
in cultured myocardial cells.709 It has also been observed 
that patients with iron overloads who are receiving vitamin 
C may experience cardiac dysfunction that is reversed 
when the supplementation is discontinued.983,984

Some investigators have suggested giving low doses 
of ascorbic acid (3 mg/kg) at the start of each subcutane-
ous infusion of deferoxamine. The chelator should be 
able to block the deleterious effects of ascorbic acid on 
lipid peroxidation of cellular organelles in vitro. Others 
avoid using vitamin C in patients with iron overload and 
argue that iron depletion can be achieved without supple-
mental vitamin C. Patients with signifi cant iron burdens 
should be cautioned against self-administration of sub-
stantial amounts of ascorbic acid because abrupt cardiac 
deterioration has been observed in this setting (Nienhuis 
AW: unpublished observations, 1990).

Vitamin E. Defi ciency of vitamin E has been noted 
in many patients with thalassemia major receiving trans-
fusions chronically.711,712,884,985,986 It may contribute to 
hemolysis as a result of red cell membrane damage.488,710 
α-Tocopherol has long been considered to be a potent 
antioxidant that protects membrane lipids from attack by 
free radicals formed when excess iron is present. Defi -
ciency in the neonatal period987 or defi ciency caused by 
malnutrition is associated with varying degrees of hemo-
lysis. Hemolysis and the characteristic increased red cell 
susceptibility to in vitro hydrogen peroxide are readily 
reversed by the administration of supplemental vitamin 
E. Of interest, supplemental iron administration increases 
the hemolytic rate, even in nonthalassemic patients with 
vitamin E defi ciency.987 In patients with iron overload, 
supplemental vitamin E may lessen iron-mediated cellu-
lar toxicity. One study in experimental animals suggests 
that vitamin E may also inhibit deferoxamine-induced 
urinary iron excretion.988 Although vitamin E is used 
clinically, the effi cacy of this therapy remains to be 
demonstrated.

Folic Acid. Megaloblastic anemia, which is almost 
invariably due to folic acid defi ciency, may occur in 
patients with severe β-thalassemia.989-991 In contrast, 
vitamin B12 defi ciency is extremely rare in thalassemic 
patients.991 Folic acid defi ciency is thought to develop as 
a result of decreased absorption, low dietary intake, and 
the enormous demand of bone marrow expansion. Most 
patients benefi t from daily folic acid administration 
(1 mg), although patients receiving adequate transfusions 
to suppress erythropoiesis and those living in countries 
where folic acid is added to many breads and cereals 
probably do not require supplementation.

Trace Metals. Trace metal defi ciency associated with 
thalassemia or aggressive chelation therapy is not com-
monly observed.699,992 Zinc defi ciency (acrodermatitis 

FIGURE 20-32. Kaplan-Meier survival curves, by birth cohort, of 977 
patients from seven Italian centers participating in a natural history 
study by Borgna-Pignatti and colleagues. Statistically signifi cant 
improvements in survival were demonstrated overall (P < .00005) and 
in later cohorts (P = .024). (From Borgna-Pignatti C, Rugolotto S, 
De Stefano P, et al. Survival and complications in patients with thalassemia 
major treated with transfusion and deferoxamine. Haematologica. 
2004;89:1187-1193.)
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enteropathica) has been reported in a patient receiving 
diethylenetriaminepentaacetic acid for chelation.993 The 
reversible toxic effects seen with high-dose deferoxamine 
chelation may refl ect trace metal defi ciency or intracel-
lular chelation of a trace metal. Newer techniques to 
analyze trace metal concentrations may reveal subtle defi -
ciencies; yearly screening for zinc defi ciency is appropri-
ate, but supplementation is not usually required.

Allogeneic Bone Marrow Transplantation

Successful cure of β-thalassemia by bone marrow trans-
plantation was fi rst reported by Thomas and associates 
in 1982.994 Subsequently, a number of centers have 
explored the use of this modality as defi nitive therapy for 
β-thalassemia. The most extensive published experience 
with bone marrow transplantation in β-thalassemia is 
that of Lucarelli and co-workers in Italy.995-999 The results 
of their early attempts to use transplantation in this 
patient population were discouraging.996 The preparative 
regimens used were often ineffective and associated with 
graft failure, toxicity, and high mortality. Their recent 
experience is considerably more promising.999 Patients 
were analyzed to identify clinically important variables 
predictive of transplant outcome. The probability of sur-
vival was decreased in patients with poor chelation status, 
hepatomegaly (>2 cm), and portal fi brosis. The probabil-
ity of event-free survival was reduced in the presence of 
hepatomegaly. Risk factors for hepatomegaly and portal 
fi brosis were used to divide patients into three classes: 
class 1, absence of both risk factors; class 2, one risk 
factor; and class 3, both risk factors. However, such clas-
sifi cation of patients may be diffi cult to reproduce (i.e., 
hepatomegaly of ≤2 cm and a history of adherence to 
chelation therapy). The most recent data from Lucarelli 
for class 3 patients younger than 17 years who received 
HLA-identical matched sibling donor transplants dem-
onstrated signifi cant improvement with the addition of 
hydroxyurea, azathioprine, and fl udarabine to the previ-
ous regimen of cyclophosphamide and busulfan. In the 
33 patients treated with the new protocol (protocol 26), 
the survival rate was increased to 93% and the rate of 
graft rejection decreased from 30% to 8%.1000 Adults 
treated with protocol 26 demonstrated an improved thal-
assemia-free survival rate of 62% to 67%, and transplant-
related mortality was decreased but still signifi cant at 
27%, down from 37%.

One of the major reasons for failure of bone marrow 
transplantation in patients with thalassemia may be the 
unpredictable pharmacologic effects of the busulfan used 
in most preparative regimens. Hyperabsorption of the 
drug is associated with hepatic veno-occlusive disease 
and hypoabsorption with recurrent thalassemia. Improved 
control of busulfan levels during induction may provide 
better clinical results.1001 Whatever the event-free survival 
estimates, bone marrow transplantation is the only viable 
option for patients who cannot or refuse to adhere 
to a well-administered transfusion and chelation 
program.1002

On the basis of available data, bone marrow trans-
plantation may be recommended to patients receiving 
adequate chelation with no evidence of liver disease. 
Many of these patients can be cured. Although most such 
patients are very young, age does not appear to be a sig-
nifi cant variable in determining outcome. Chronic graft-
versus-host disease is still a potential long-term 
complication of successful allogeneic transplantation. A 
current limitation to the general applicability of this 
therapy is the availability of a related, HLA-matched 
donor. Only one in four siblings on average will be HLA 
identical. Improved management of graft-versus-host 
disease and the development of technologies for bone 
marrow transplantation from unrelated donors may 
expand the pool of potential donors in the near future. 
Some encouraging results have recently been reported.1003 
The use of cord blood stem cells may also extend the 
donor pool.1004,1005

Pharmacologic Manipulation of 
Hemoglobin F Synthesis

The interaction between β-thalassemia and genetic 
syndromes that increase γ-globin synthesis has illustrated 
how even small increases in γ-globin production lead to 
a signifi cant improvement in the effectiveness of red 
blood cell production in patients with thalassemia. 
Although steady-state production of HbF is a genetically 
determined trait,12 perturbations in erythropoiesis may 
be associated with an increased capacity for HbF synthe-
sis. Treatment of experimental animals or patients with a 
variety of cytoreductive agents, including 5-azacytidine 
(5-Aza), hydroxyurea, vinblastine, and cytosine arabino-
side, leads to an increase in production of HbF.1006-1016 
Although the precise mechanism of action of these drugs 
remains incompletely defi ned, the increased capacity for 
γ-globin synthesis appears to be linked to rapid erythroid 
regeneration. Consistent with this hypothesis, hemato-
poietic growth factors that promote the expansion and 
maturation of erythroid precursors, including erythropoi-
etin,1017-1019 interleukin-3,1018-1020 and granulocyte-macro-
phage colony-stimulating factor,1018 have also been shown 
to enhance HbF synthesis in primate models. Of particu-
lar interest is the observation that infants delivered of 
diabetic mothers exhibit a delayed switch from γ- to β-
globin.1021 Levels of butyric acid derivatives are elevated 
in the serum of these mothers and their infants before 
birth. Similarly, patients with metabolic disorders associ-
ated with increased levels of short-chain fatty acids also 
have elevated HbF levels.1022 Infusions of sodium butyr-
ate or α-aminobutyric acid into fetal sheep markedly 
delay the perinatal switch,1023 whereas infusions in pri-
mates lead to activation of the γ gene (McDonagh KT, 
Bodine DM, Nienhuis AW: unpublished observa-
tions).1024,1025 It has been proposed that butyrate, propio-
nate, or the metabolite acetate promotes increased 
γ-globin expression by acetylation of histones and altera-
tion of chromatin structure, but other mechanisms cannot 
be excluded.1026,1027 A fl urry of articles have described the 
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results of treatment of patients with sickle cell anemia 
with butyrate or its derivatives.1028-1033 One patient1029 had 
a sustained increase in hemoglobin, and healing of leg 
ulcers without an increment in circulating hemoglobin 
has also been observed.1032 A recent report cited a sus-
tained increase in HbF in sickle cell anemia.1034,1035 
Caution must be exercised, however, because high doses 
of butyrate are associated with neurotoxicity in 
simians.1036

The most extensive experience with pharmacologic 
manipulation of HbF synthesis in patients has involved 
administration of hydroxyurea to patients with sickle cell 
disease (Dover GJ: personal cummunication).1012,1037-1041 
In this population, the majority of patients appear to 
respond to the drug with a twofold or greater increase in 
HbF levels over their baseline. In many patients, HbF 
levels between 10% and 15% of total hemoglobin are 
seen. This increase refl ects both augmented production 
and enhanced survival of HbF-containing cells. The clini-
cal results in patients with sickle cell anemia are impres-
sive as described in Chapter 19. However, the results in 
patients with thalassemia have been disappointing thus 
far.1014

A response to 5-Aza has been seen in several patients 
with thalassemia1007,10427,1043 (Fig. 20-33). The dramatic 
increases in HbF levels associated with administration of 
this drug may result from a combination of cyto -
toxicity and inhibition of postsynthetic methylation of 
DNA.1043-1047 Global demethylation of DNA, including 
the γ-globin gene, is observed after the administration of 
5-Aza. Despite its effectiveness, the use of 5-Aza in the 
treatment of hemoglobinopathies has been limited by 

concerns about its known carcinogenic potential,1048-1050 
as well as the demonstrated effectiveness and safety of 
current treatment strategies involving transfusion and 
chelation. Because response to the drug is short-lived, 
chronic therapy would be required.

Treatment of β-thalassemia with busulfan (Myleran) 
has been reported in two patients in China.1051 Combina-
tions of agents, notably erythropoietin and hydroxyurea, 
often enhance HbF production in experimental 
animals1019,1052 and have shown promise in preliminary 
trials in sickle cell patients (Rodgers GP: personal com-
munication). Undoubtedly, the response of individual 
patients to these medications will be infl uenced by their 
endogenous, genetically determined capability for γ- and 
β-chain synthesis.1053,1054

Gene Therapy

As a result of advances in molecular biology, treatment 
of hematologic disease through the introduction of new 
genetic material into bone marrow stem cells is a goal for 
the foreseeable future.1055-1058 Application of somatic gene 
therapy to the treatment of hematologic diseases requires 
improved effi ciency of gene delivery, regulated and sus-
tained expression of the introduced genes, and biologic 
studies demonstrating expression of the foreign gene. 
Although active research is ongoing, experimental short-
comings in all these aspects presently preclude the use of 
gene therapy for the management of thalassemia or sickle 
cell anemia.

Correction of thalassemia by gene transfer will neces-
sitate the introduction of a normal β-globin gene into 
pluripotent hematopoietic stem cells.1055-1057 Experimen-
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tal studies in mice have demonstrated that retroviral 
vectors are capable of transferring foreign sequences to 
hematopoietic stem cells.1059,1060 Expression of transferred 
genes has been more problematic but has been improved 
with use of a new vector containing a portion of the LCR, 
which has led to 17% to 33% HbF.1061 The effi ciency with 
which primate (or human) stem cells are infected by 
retroviral vectors appears to be lower than that observed 
in murine cells. Nonetheless, transfer of foreign sequences 
to long-term repopulating hematopoietic cells of primates 
and humans has been demonstrated.1062

For treatment of β-thalassemia (or sickle cell anemia) 
it will be necessary to express the transferred gene at high 
levels in erythroid cells. This has been a challenge in the 
fi eld, but vectors that incorporate elements of the LCR 
have recently been generated. Lentiviral vectors contain-
ing such elements have been constructed. Indeed, it has 
become possible to achieve long-term correction of both 
sickle cell anemia and β-thalassemia in mouse models 
with these viruses.1063-1065 A phase I human gene therapy 
trial has been initiated in France for thalassemia and 
sickle cell disease, but clinical data are not yet 
available.1066

Interaction of Thalassemia with Globin 
Structural Variants

In geographic areas in which thalassemia mutations and 
structural variants of α- and β-globin genes are both 
commonly seen (such as Africa and Southeast Asia), 
compound heterozygotes with a thalassemia mutation 
and a structural variant are common.1 In such double 
heterozygotes, disease may be more or less severe than 
that seen in individuals who are heterozygous for only 
the structural variant. For example, heterozygotes for a 
βS gene have 30% to 45% HbS and are usually clinically 
well, whereas patients with a βS gene and a β-thalassemia 
mutation (in the trans β gene) have 60% to 95% HbS 
and may have a severe sickling disorder. Individuals with 
a βS gene and α-thalassemia trait generally have less HbS 
than those with sickle trait1067,1068 and are asymptom-
atic.1069,1070 The interaction of α- and β-thalassemia muta-
tions and the HPFH mutations with the βS gene are 
described in detail in Chapter 19.

Hemoglobin E–β-Thalassemia

This syndrome is particularly common in Southeast Asia, 
where as many as 4000 to 5000 patients may reside in 
Thailand alone.1071,1072 As a result of immigration from 
Southeast Asia, HbE–β-thalassemia is now a commonly 
encountered form of transfusion-dependent thalassemia 
in certain areas of the United States.1073,1074 Double het-
erozygotes not receiving transfusions have hemoglobin 
levels of 2.3 to 7 g/dL, depending primarily on the output 
of the β-thalassemia gene. Because α-thalassemia is 
common in Southeast Asia, more complex phenotypes 
may be observed.1075 Nucleated red blood cells are found 

on the peripheral blood smear, whereas they are absent 
in patients homozygous for βE. HbE and HbA2 account 
for 50% to 70% of the total hemoglobin (5% HbA2 by 
HPLC).1074,1076 Small quantities of HbA are found in 
association with a β+-thalassemia gene. Patients with 
HbE–β-thalassemia usually require transfusions and 
exhibit the clinical features of thalassemia major. In areas 
where intensive treatment is unavailable, the disease 
resembles classic thalassemia major, with patients exhib-
iting massive hepatosplenomegaly, hypersplenism, severe 
skeletal disease, and death from infection in childhood. 
Iron loading occurs as a result of either transfusion or 
enhanced intestinal absorption.1077 Proper treatment is 
the same as that recommended for thalassemia major or 
intermedia, depending on the requirement for regular 
blood transfusion. Recent work has also suggested that 
there are different compensatory responses in HbE–β-
thalassemia as patients get older, and this may have 
important implications in the management of this 
disease.1078 These alterations in the compensatory 
responses of older patients are also likely to be applicable 
to patients with other forms of β-thalassemia.

Hemoglobin C–β-Thalassemia

The βC gene, which encodes a variant β chain with a 
lysine→glutamic acid substitution at position 6,1079 is 
common in blacks of West African origin. The only hema-
tologic consequence of simple heterozygosity for the βC 
gene is increased target cells on the peripheral smear. 
Double heterozygotes with a βC gene and β-thalassemia 
genes exhibit moderately severe hemolytic anemia with 
splenomegaly. The peripheral blood smear reveals hypo-
chromia and microcytosis with many target cells. HbC 
accounts for 65% to 95% of the total hemoglobin, 
depending on whether the thalassemia mutation is of the 
β+ or β0 variety. In the black population the disease is 
generally mild because of the prevalence of mild β-thalas-
semia genes (see earlier),535 whereas in Italian,1080 North 
African,1081 and Turkish patients,1082 the disease is more 
severe, particularly in those who have a β0-thalassemia 
mutation.

Thalassemic Hemoglobinopathies

As discussed in detail in earlier sections, several variant 
polypeptides can be described as thalassemic hemoglo-
binopathies. With the exception of HbE and the elon-
gated α-chain variants, these mutations are very 
uncommon. Interest in these mutations arises from the 
unique mechanisms by which they produce the thalasse-
mia phenotype.239,1083 The most common thalassemic 
hemoglobinopathy is HbE disease.

Hemoglobin E Disease

As described earlier, the βE mutation activates a cryptic 
splice site in exon 1 (see Fig. 20-10). Because the correct 
splice site is less effi ciently used, production of functional 
β-globin mRNA that codes for the variant decreases.142 
The incidence of the βE gene is extraordinarily high in 
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some populations (≈30% in Laos, Cambodia, and Thai-
land).1071,1084 The occurrence of the gene in immigrants 
from Southeast Asia to the United States refl ects these 
origins.1074

In the heterozygous form, patients are largely asymp-
tomatic with a hemoglobin level of 12 g/dL or greater, no 
reticulocytosis, an MCV of 74 ± 10.6 μm3, and an MCH 
of 25 ± 2.5 pg. The peripheral blood smear is distin-
guished by mild microcytosis and occasional target cells. 
Hemoglobin electrophoresis reveals HbE comigrating 
with HbA2 in the range of 19% to 34%. The α-to-β bio-
synthetic ratio is usually 0.8 or greater, hence the mild 
nature of HbE trait.

Patients with homozygous HbE disease are also 
asymptomatic.1072,1076 The hemoglobin level is rarely less 
than 10 g/dL, and signifi cant reticulocytosis is uncom-
mon. The red cells, however, are markedly microcytic 
(MCV of 50 to 66 μm3) and hypochromic (MCH of 
20.1 pg). Target cells and occasional coarse stippling are 
evident on the smear. HbE accounts for 90% or more of 
the total hemoglobin, with varying levels of HbF.

The differential diagnosis of microcytic anemia in 
the Southeast Asian population initially requires the 
exclusion of iron defi ciency. When present, electrophore-
sis will identify HbE. However, its level may be dimin-
ished in the presence of α-thalassemia or iron defi ciency 
because the affi nity of normal β chains for α-globin 
exceeds that of βE chains. Interaction of α-thalassemia 
mutations with the βE gene is usually seen because of 
the high incidence of each in the Southeast Asian 
population.1075

PRENATAL DIAGNOSIS OF THALASSEMIA

The morbidity and mortality associated with severe forms 
of thalassemia prompted efforts to develop effective pre-

natal diagnosis more than 2 decades ago. For the vast 
majority of β-thalassemias, for which point mutations are 
usually responsible, early efforts focused on determina-
tion of globin chain synthesis in fetal blood cells obtained 
by aspiration of placental vessels or direct visualization 
of fetal vessels.1085-1087 The risk associated with fetal blood 
sampling at 18 to 20 weeks’ gestation proved to be accept-
ably low when performed by experienced personnel (fetal 
loss rate of ≈3%; error rate of <0.5%) such that between 
1975 and 1985, more than 7900 pregnancies were 
studied.1088 As molecular methods and the knowledge of 
mutations leading to thalassemia improved, strategies for 
prenatal detection of these conditions evolved.

Successful prenatal diagnosis of α-thalassemia of the 
hydrops fetalis variety by solution hybridization methods 
to detect defi ciency of α-globin genes in amniotic fl uid 
cell DNA was fi rst reported by Kan and associates in 
1975.1089 Southern blot analysis rapidly supplanted this 
approach for the detection of gene deletion in either the 
α- or β-thalassemias.1090,1091 Detection of mutations in 
DNA rapidly became the preferred strategy for prenatal 
diagnosis as mutations became defi ned in the β-thalas-
semias.3 The introduction of PCR methods further facili-
tated the detection of mutations and also permitted the 
use of nonradioactive tests.1092 Coupled with chorionic 
villus biopsy, accurate and safe diagnosis can be accom-
plished within the fi rst trimester of pregnancy. More 
recently, noninvasive methods consisting of examination 
of fetal erythrocytes in maternal plasma1093 and analysis 
of nucleic acids in maternal plasma1094 have provided 
promise for detection of severe thalassemia syndromes, 
without risk to the fetus.

Besides molecular biology, prenatal diagnosis of 
thalassemia has relied on identifi cation of couples at risk, 
widespread public education, and genetic counseling. In 
countries in which the incidence of β-thalassemia is high 
and the burden of disease to the overall population great, 
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such as on the island of Sardinia and in Greece, intensive 
prevention programs have been established and have 
proved to be extraordinarily successful. For example, the 
birth of children with β-thalassemia in these area has 
been reduced by more than 90% in recent years1095-1100 
(Fig. 20-34). These results represent major achievements 
in the prevention of genetic disease and paradigms for 
other disorders.*
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1110 THE PHAGOCYTE SYSTEM

Phagocytic leukocytes are bone marrow–derived cells 
that have the capacity to engulf and digest particulate 
matter. Phagocytes are essential for the host response to 
infection and injury and are equipped with specialized 
machinery enabling them to seek out, ingest, and kill 
microorganisms. Other functions include the synthesis 
and secretion of cytokines, pyrogens, and other infl am-
matory mediators, as well as the digestion of senescent 
cells and debris. These functions are important for reso-
lution of injury and wound repair, as well as for linking 
innate to adaptive immunity.

The phagocyte system has two principal limbs: gran-
ulocytes (neutrophils, eosinophils, and basophils) and 
mononuclear phagocytes (monocytes and tissue macro-
phages). Both limbs participate in innate immunity and 
initiation of acquired immune responses. Neutrophils, 
the rapid effector cells of the innate immune system, cir-
culate in the bloodstream until encountering specifi c 
chemotactic signals that promote adhesion to the vascu-
lar endothelium, diapedesis into tissues, and migration to 
sites of microbial invasion or tissue injury, where they 
release chemotactic signals to attract and activate infl am-
matory monocytes, dendritic cells, and lymphocytes. 
Mononuclear phagocytes also function as resident cells 
in certain tissues, such as the lung, liver, spleen, and 
peritoneum, where they perform a surveillance role. Both 
granulocytes and mononuclear phagocytes dispose of 
target cells and particles by engulfment and sequestration 
within intracellular vacuoles, followed by the release of 
digestive lysosomal enzymes and bactericidal antibiotic 
proteins from storage granules and the generation of 
highly reactive oxidants from the respiratory burst 
pathway.

This chapter is divided into three major sections. The 
fi rst describes the normal distribution, structure, and 
function of granulocytes and mononuclear phagocytes. 
The second section reviews the clinical disorders associ-
ated with defi cient or excessive phagocytic number. The 
third focuses on disorders of phagocyte function, includ-
ing both intrinsic phagocyte defects and conditions sec-
ondary to other disease processes.

PHAGOCYTE DISTRIBUTION 
AND STRUCTURE

Regulation of Myelopoiesis

Granulocytes and monocytes are produced in the bone 
marrow in a complex, highly regulated, dynamic process 
that requires both specifi c hematopoietic growth factors 
and an appropriate bone marrow microenvironment. As 
reviewed in Chapter 6, multipotent, self-renewing hema-
topoietic stem cells give rise to lineage-restricted progeni-
tor cells that divide and further differentiate in bone 
marrow before release into the intravascular compart-
ment. Transcription factors of the PU.1 and CCAAT/
enhancer-binding protein (C/EBP) families play promi-

nent roles in normal myelopoiesis (Fig. 21-1). PU.1 is 
important for the development of early myeloid precur-
sors and is absolutely essential for subsequent differentia-
tion of the monocyte/macrophage lineage.1,2 Early steps 
in the differentiation of granulocytes are dependent on 
C/EBPα, whereas C/EBPε activity is required for termi-
nal maturation beyond the metamyelocyte stage.2 Cyto-
kines that promote the proliferation and differentiation 
of neutrophils and monocytes from primitive precursor 
cells include interleukin-3 (IL-3), IL-6, granulocyte-
macrophage colony-stimulating factor (GM-CSF), 
macrophage colony-stimulating factor (M-CSF), and 
granulocyte colony-stimulating factor (G-CSF).3-5 The 
latter two cytokines are relatively specifi c for the mono-
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FIGURE 21-1. Neutrophil maturation. Neutrophil maturation and 
control of granule protein biosynthesis are achieved by the sequential 
and combined action of specifi c transcription factors, including PU.1, 
the CCAAT/enhancer-binding protein (C/EBP) and acute myeloge-
nous leukemia (AML) families, CDP, Myb, and GATA-1. The granules 
formed at any given stage of maturation will be composed of the granule 
proteins synthesized at that time. The different subsets of neutrophil 
granules are the result of differences in the biosynthetic windows during 
maturation and not the result of specifi c sorting between individual 
granule subsets. When the formation of granules ceases, it is believed 
that secretory vesicles will form. It cannot be ruled out that post-
transcriptional control occurs, so biosynthesis of proteins may not 
always be a precise refl ection of the corresponding mRNA levels. BC, 
band cell; MB, myeloblast; MC, myelocyte; MMC, metamyelocyte; 
MPO, myeloperoxidase; PMC, promyelocyte; Segm., segmented cell 
(mature neutrophil). (Adapted with permission from Borregaard N, 
Cowland JB. Granules of the human neutrophilic polymorphonuclear leuko-
cyte. Blood. 1997:89:3503-3521.)
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cyte and neutrophil lineages, respectively. During infec-
tion, activated macrophages release cytokines, such as 
IL-1, IL-6, and tumor necrosis factor (TNF), that acti-
vate stromal cells and T lymphocytes to produce addi-
tional amounts of colony-stimulating factors and increase 
the production of myeloid cells. IL-5 plays an important 
role in inducing eosinophil differentiation,6-8 and IL-3 is 
the principal cytokine inducing human basophil growth 
and differentiation.9 In addition to their regulatory role 
in hematopoiesis, hematopoietic growth factors can act 
on mature myeloid cells and stimulate their functional 
activities. For example, circulating phagocytes become 
“primed” to undergo an enhanced respiratory burst on 
exposure to GM-CSF.10

Myeloid differentiation also appears to be modulated 
by transcriptional repressors such as Gfi  1 and retinoic 
acid receptors.11-14 The participation of retinoic acid in 
myeloid development was originally surmised from 
its ability to induce differentiation of myeloid leukemia 
cell lines and leukemic promyelocytes in patients with 
acute promyelocytic leukemia15 (see Chapter 11, Myeloid 
Leukemia, Myelodysplasia and Myeloproliferative 
Disease in Children, in Oncology of Infancy and 
Childhood).

Granulocytes

Neutrophils

The neutrophil life span is traditionally divided into the 
bone marrow, circulating, and tissue phases. Approxi-
mately 14 days are spent in the bone marrow, where 

proliferation and the early stages of neutrophil differen-
tiation are followed by the fi nal stages of maturation and 
retention in a large, nonmitotic storage pool that is many-
fold larger than the circulating and tissue neutrophil 
populations (Table 21-1).16-19 Once released into the 
bloodstream, neutrophils have a half-life of 6 to 10 hours 
and move between the circulating and marginated pools 
in a reversible fashion. Neutrophils then exit by diapede-
sis between endothelial cells into tissue sites of infection 
or infl ammation. Once in tissues, neutrophils are believed 
to live for another 1 to 2 days before undergoing apop-
tosis and engulfment by macrophages.20-22

Myeloblasts are the earliest morphologically recog-
nizable granulocyte precursor in marrow and are identi-
fi ed by their relatively undifferentiated appearance 
consisting of a large, oval nucleus, several prominent 
nucleoli, and few or no granules in gray-blue cytoplasm 
on Wright-stained preparations. This stage of neutrophil 
differentiation is followed by the promyelocyte and 
myelocyte stages, which are distinguished by the appear-
ance of distinct neutrophil granule populations23 (Table 
21-2). Azurophilic, or primary, granules are formed 
during the promyelocyte stage and contain myeloperoxi-
dase (MPO), bactericidal peptides, and lysosomal 
enzymes. The subsequent myelocyte stage is distinguished 
by the formation of peroxidase-negative specifi c, or sec-
ondary, granules containing lactoferrin. No further cell 
divisions occur after the myelocyte stage. The metamy-
elocyte, band, and mature neutrophil exhibit progressive 
nuclear condensation, accumulation of glycogen, and 
accumulation of tertiary gelatinase-rich granules and 
secretory vesicles marked by alkaline phosphatase.24,25

TABLE 21-1 Neutrophil and Monocyte Kinetics

Transit Time Range (hr) Total Cells (¥ 109/kg)

NEUTROPHILS
Marrow mitotic compartment
 Myeloblast 23 0.14
 Promyelocyte 26-78 0.51
 Myelocyte 17-1266 1.95
Postmitotic marrow maturation and storage compartment
 Metamyelocyte 8-108 2.7
 Band 12-96 3.6
 Neutrophil 0-120 2.5
 Total storage 8.8
Vascular compartment
 Circulating neutrophils 4-10 0.3
 Marginated neutrophils 4-10 0.4
 Total blood neutrophils 0.7
Tissue compartments 0-3 days (?) Not known
Neutrophil turnover rate 1.6 × 106/kg/day

MONOCYTES
Marrow mitotic compartment: promonocyte ≈160 0.006
Postmitotic marrow compartment: monocyte 24 0.10
Vascular compartment 36-104 0.024
Tissue compartment Days-months Not known
Blood monocyte turnover rate 6 × 106/kg/day

Neutrophil and monocyte kinetics based on references in the text.



1112 THE PHAGOCYTE SYSTEM

TABLE 21-2 Content of Human Neutrophil Granules and Secretory Organelles

Primary: Azurophil 
Granules

Secondary: Specifi c 
Granules

Tertiary: Gelatinase 
Granules Secretory Vesicles

MEMBRANE MEMBRANE MEMBRANE MEMBRANE

CD63 CD11b/CD18 (Mac-1) CD11b/CD18 (Mac-1) Alkaline phosphatase
CD68 CD15 antigens (Lewis X) CD67 CD10
Presenilin-1 CD66 Cytochrome b558 CD11b/CD18 (Mac-1)
Stomatin CD67 Diacylglycerol-deacylating 

enzyme
CD13

V-type H+-ATPase Cytochrome b558 Formyl peptide receptor CD14
Formyl peptide receptor Leukolysin (MMP-25) CD16 (FcγIIIR)
Fibronectin receptor NRAMP-1 CD35 (complement receptor 

type 1)
G protein α subunit SCAMP CD45
Laminin receptor SNAP-23, -25 CD67
NB-1 antigen (CD177) Tumor necrosis factor 

receptor
Chemokine receptors

Rap1, Rap2 Urokinase-type plasminogen 
activator (uPA) receptor

Cytochrome b558

SCAMP V-type H+-ATPase Decay-accelerating factor
SNAP-23, -25 VAMP-2 Ig (G, A, E) FcR
Stomatin Formyl peptide receptor

MATRIX Thrombospondin receptor Leukolysin (MMP-25)
Acid 
β-glycerophosphatase

Tumor necrosis factor 
receptor

SNAP-23, -25

Acid mucopolysaccharide Urokinase-type 
plasminogen activator 
(uPA) receptor

Tumor necrosis factor 
receptor

α1-Antitrypsin VAMP-2 V-type H+-ATPase
α-Mannosidase Vitronectin VAMP-2
Azurocidin/CAP37/
heparin-binding protein

Bactericidal/permeability-
increasing protein (BPI)

MATRIX MATRIX MATRIX

β-Glycerophosphatase β2-Microglobulin Acetyltransferase Plasma proteins
β-Glucuronidase Collagenase (MMP-8) β2-Microglobulin
Cathepsins Gelatinase (MMP-9) Gelatinase (MMP-9)
Defensins hCAP-18 Lysozyme
Elastase Heparanase
Lysozyme Histaminase
Myeloperoxidase Lactoferrin
N-acetyl-β-glucosaminidase Lipocalin (NGAL)
Proteinase-3 Lysozyme
Sialidase Plasminogen activator
Ubiquitin-protein 
conjugate

Vitamin B12–binding 
protein (transcobalamin 
I)

See text for references.
Adapted with permission from Borregaard N, Cowland JB: Granules of the human polymorphonuclear leukocyte. Blood 1997;10:3503-3521.

On Wright-stained blood smears, a mature neutro-
phil is 10 to 15 mm in size and has a multilobed, poly-
morphic nucleus with highly condensed chromatin and 
yellow-pink cytoplasm containing numerous granules, as 
well as clumps of glycogen. The mean lobe count is 
usually slightly less than three. Circulating neutrophils 
appear round with some cytoplasmic projections and 
surface ruffl ing. A scaffold of cytoskeletal fi laments, com-
posed of largely actin microfi laments and microtubules, 

plays a key role in mediating neutrophil locomotion on 
surfaces, phagocytosis, and exocytosis.26-28 Microtubules 
radiate from the centriole in the perinuclear cytoplasm 
near the Golgi region, whereas actin tends to be located 
more peripherally, where it forms an organelle-excluding 
meshwork. Actin is associated with a variety of actin-
binding proteins (ABPs) that regulate the structure of 
this meshwork and link the actin cytoskeleton to the 
plasma membrane.27
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The morphologic changes seen with neutrophil dif-
ferentiation are accompanied by temporally coordinated 
changes in gene expression and protein synthesis (see 
Fig. 21-1).29-31 Transcription and translation of mRNA 
for MPO and cathepsin, which are both primary granule 
constituents, are restricted to myeloblasts and promyelo-
cytes.31-34 In contrast, expression of secondary granule 
proteins, such as lactoferrin and transcobalamin I, occurs 
in myelocytes and metamyelocytes.33,34 Gelatinase expres-
sion occurs even later in maturation and is fi rst detected 
in bands and bone marrow neutrophils.34 The leukocyte 
β integrin subunit CD11b is fi rst detectable in myelo-
cytes and increases throughout the later stages of neutro-
phil differentiation.31 The gp91phox subunit of the 
respiratory burst oxidase complex is expressed relatively 
late in neutrophil maturation,24 consistent with the obser-
vation that respiratory burst activity is not detected until 
the metamyelocyte stage.35

A mature neutrophil, previously thought of as an 
“end-stage” cell, retains the capacity for inducible gene 
expression and protein synthesis even after release from 
the marrow cavity.36-39 For example, cytokines induce 
neutrophil expression of mRNA transcripts encoding 
respiratory burst oxidase components, Toll-like receptor 
2 (TLR2), and IL-8.40,41 Mature neutrophils also synthe-
size and secrete a variety of cytokines, including IL-1, 
IL-6, TNF-α, GM-CSF, M-CSF, and IL-8, which may 
promote recruitment and activation of both phago -
cyte and lymphocyte populations in the infl ammatory 
response.39,42 In some cases, increased cytokine synthesis 
is regulated by activating translation of preformed mRNA 
transcripts.43

Abnormalities in Neutrophil Morphology

Upon neutrophil activation by infl ammatory signals, 
granule fusion can result in vacuolization and toxic gran-
ulation (prominent azurophilic granules). These morpho-
logic changes refl ect a nonspecifi c response to infl amma -
tion and do not necessarily indicate the presence of 
bacterial infection. Large azurophilic granules are also 
seen in the Alder-Reilly anomaly, an autosomal recessive 
trait, but neutrophil function does not appear to be 
affected. Döhle bodies can be seen in normal neutrophils 
at times of infection. These inclusions represent strands 
of rough endoplasmic reticulum that are retained from a 
more immature stage and stain bluish because of their 
high content of RNA and ribosomes. Döhle bodies in 
granulocytes and monocytes, in combination with leuko-
penia, giant platelets, and variable thrombocytopenia, 
characterize the May-Hegglin anomaly. This autosomal 
dominant syndrome, like the very similar Fechtner and 
Sebastian syndromes, is caused by mutations in the gene 
encoding nonmuscle myosin heavy chain-9.44

Neutrophil hypersegmentation can be a sign of 
vitamin B12 or folate defi ciency. Hypersegmented neutro-
phils, with a mean of four lobes, also occur as a 
rare autosomal dominant trait that is not associated 
with disease. Nuclear hyposegmentation is seen in 

Pelger-Huët anomaly, an autosomal dominant trait 
caused by mutations in the gene encoding the lamin B 
receptor, an integral protein of the nuclear envelope.45 
Typically, the nucleus is bilobed (often described as 
pince-nez) but has mature, coarse, densely clumped 
chromatin. The nucleus remains round in the rare homo-
zygote. Pelger-Huët anomaly must be distinguished from 
neutrophil band forms and from the acquired or 
“pseudo”–Pelger-Huët anomaly, which can be seen in 
myeloproliferative disorders. Bilobed neutrophil nuclei 
are also seen in a rare functional disorder of neutrophil 
maturation—specifi c granule defi ciency (SGD). In this 
disorder the pink-staining specifi c granules are absent in 
peripheral blood neutrophils. Giant granules represent-
ing defective membrane targeting of proteins in secretory 
lysosomes are seen in the neutrophils of patients with 
Chédiak-Higashi syndrome (CHS), most prominently in 
the bone marrow. SGD and CHS are discussed in more 
detail in the section “Disorders of Granulocyte and 
Mononuclear Phagocyte Function” later in this chapter.

Neutrophil Granule Biosynthesis and Classifi cation

The numerous intracellular granules and vesicles in a 
neutrophil’s cytoplasm function as storage pools for cell 
surface receptors and as reservoirs of sequestered diges-
tive and microbicidal proteins. Many compounds are 
multifunctional. For example, cathepsin G, defensins, 
and azurocidin are both antimicrobial and chemotactic 
for monocytes and T cells, which helps amplify the 
infl ammatory response and link innate to adaptive immu-
nity. The older classifi cation of granules as either peroxi-
dase positive (azurophilic or primary) and peroxidase 
negative (specifi c or secondary) has proved to be too 
simplistic.24,38,39,46 A current classifi cation of neutrophil 
granules is shown in Table 21-2, which summarizes the 
composition of their membranes and luminal (matrix) 
contents.

Azurophilic (primary) granules are defi ned histo-
chemically by the presence of MPO, an enzyme in the 
oxygen-dependent killing pathway. This green heme 
enzyme lends its color to collections of mature neutro-
phils (pus) or myeloid leukemia cells in the bone marrow 
or extramedullary tumors (“chloromas”). Azurophilic 
granules also contain defensins and bactericidal/
permeability-increasing (BPI) protein, cytotoxic poly-
peptides that participate in oxygen-independent killing of 
microbes. Other components of the azurophilic granule 
matrix include neutral serine proteases, such as cathepsin 
and elastase, and other digestive enzymes.

Specifi c (secondary) granules, which are uniquely 
found in neutrophils, are classically identifi ed by their 
content of lactoferrin, an iron-binding protein that also 
has direct bactericidal activity. Specifi c granules contain 
additional antibiotic substances as well, including 
lysozyme, lipocalin (also known as neutrophil 
gelatinase–associated lipocalin [NGAL]), a bacterial 
siderophore–binding protein, and the metalloproteinases 
collagenase and gelatinase. The membranes of secondary 
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granules contain a major proportion of the neutrophil’s 
supply of fl avocytochrome b558, the electron carrier of the 
respiratory burst oxidase.47,48 Specifi c granule membranes 
also contain a pool of receptors for adhesive proteins, 
TNF, and chemotactic formyl peptides.

Although specifi c granules contain collagenase and 
some gelatinase, most of the neutrophil’s store of gelati-
nase is localized to the matrix of gelatinase (tertiary) 
granules, which also contain the membrane-associated 
metalloproteinase leukolysin (MMP-25). Tertiary gran-
ules are formed relatively late in neutrophil differentia-
tion and are smaller and more easily mobilized for 
exocytosis than secondary granules are. Secretory vesi-
cles are formed in bands and mature neutrophils by 
endocytosis of the plasma membrane and serve as an 
important store of leukolysin, as well as the adhesive 
protein Mac-1 (CD11b/CD18) and many other mem-
brane receptors (see Table 21-2).

The generation of different classes of granules largely 
refl ects the sequential synthesis of granule proteins 
during granulopoiesis (“targeting by timing”) (see Fig. 
21-1).24,38,39,46 As mentioned earlier, expression of primary, 
or azurophilic, granule proteins is restricted to myelo-
blasts and promyelocytes.31-34 Expression of specifi c and 
gelatinase granule matrix proteins occurs later in granu-
lopoiesis and requires the transcription factor C/EBPε. 
Specifi c and gelatinase granules are absent in neutrophils 
from C/EBPε-nullizygous mice generated by gene target-
ing.49 The phenotype of C/EBPε-nullizygous mice is 
similar to that seen in the rare inherited disorder SGD, 
and mutations in the C/EBPε coding sequence have been 

reported in several affected patients (see later in this 
chapter).50,51

Neutrophil Cell Surface Receptors

The primary function of a mature neutrophil is to move 
rapidly into tissue sites to destroy invading microbes and 
clear infl ammatory debris. To respond to infl ammatory 
stimuli, the neutrophil is equipped with an array of cell 
surface receptors for adhesive ligands, chemoattractants, 
and cytokines that can be divided into groups based on 
their structure and major intracellular signaling pathway 
to which they are linked (Table 21-3). Many of these 
surface proteins are pattern recognition molecules such 
as TLRs and formyl peptide receptor,52,53 a refl ection of 
the neutrophil’s role in the innate immune response. The 
signal transduction cascades triggered upon binding of 
ligand to neutrophil receptors are complex and probably 
redundant.54-56 A common early event downstream of 
neutrophil receptor binding is activation of phospholi-
pase C, which hydrolyzes the membrane phospholipid 
phosphatidylinositol 4,5-bisphosphate (PIP2) to generate 
two important second messengers, diacylglycerol and 
1,4,5-inositol triphosphate (IP3),57,58 which in turn cause 
the release of calcium from intracellular stores and acti-
vate protein kinase C. Changes in intracellular calcium 
concentration are important for neutrophil degranula -
tion and secretion and for phagolysosome fusion during 
phagocytosis.59 Activation of phosphatidylinositol 3′-
kinase (PI3K) is another common early event that cata-
lyzes the phosphorylation of PIP2 to generate a third 
important lipid messenger, phosphatidylinositol 3,4,5-

TABLE 21-3 Receptors in Neutrophils

Receptor Grouping Examples Structural Characteristics

G protein linked fMLP, C5a, PAF, LTB, 
IL-8, chemokines

Seven-transmembrane–spanning domains (serpentine); linked to 
heterotrimeric GTP-binding proteins

Membrane tyrosine 
kinases

PDGF Integral membrane protein, intrinsic tyrosine kinase activity; ligation 
leads to receptor dimerization and cross (“auto”) phosphorylation

Tyrosine kinase 
linked

FcγRIIA, GM-CSF FcγRII is a member of the immunoglobulin family of receptors
The GM-CSF receptor is an 84-kd transmembrane protein related to 
receptors for IL-2 and IL-6

Ligation of receptor activates cytosolic tyrosine kinases
GPI linked FcγRIIIB, DAF, CD14 Receptors with no transmembrane or intracellular domains. May 

associate with a partner receptor to mediate signal transduction
Adhesion molecules β2 Integrins β-Integrins are heterodimers with relatively long cytoplasmic tails

L-selectin L-selectin has an extracellular lectin-binding domain and a very short 
cytoplasmic tail

Ligation results in potentiation of the oxidative burst and phagocytosis 
in adherent cells, calcium signaling, actin cytoskeletal changes, and 
upregulation of gene expression

Ceramide linked TNF Single-membrane-spanning glycoproteins; ligation activates membrane-
bound sphingomyelinase with generation of ceramide, which in turn 
activates a 96-kd protein kinase

DAF, decay-accelerating factor; fMLP, N-formyl-methionyl-leucyl-phenylalanine (formyl peptide); GM-CSF, granulocyte-macrophage colony-stimulating factor; 
GPI, glycosylphosphatidylinositol; IL, interleukin; LTB4, leukotriene B4; PAF, platelet-activating factor; PDGF, platelet-derived growth factor; SH2, src homology 2; 
TNF, tumor necrosis factor.

Adapted with permission from Downey GP, Fukushima T, Fialkow L. Signaling mechanisms in human neutrophils. Curr Opin Hematol. 1995;2:76-88.
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triphosphate (PIP3). Neutrophil activation is also accom-
panied by alterations in the phosphorylation status of 
intracellular proteins, as regulated by protein kinase C, 
tyrosine kinases and phosphatases, and serine/threonine 
kinases of the mitogen-activated protein kinase (MAPK) 
family.59-63 Guanine nucleotide–binding proteins play 
important roles in neutrophil signal transduction. Such 
proteins include the heterotrimeric guanosine triphos-
phate (GTP)-binding proteins, which are coupled to the 
seven-transmembrane–spanning domain (7-TMS; ser-
pentine or heptahelical) receptors for chemokines and 
other chemoattractants,64-66 and the low-molecular-
weight guanosine triphosphatases (GTPases) of the Ras 
superfamily.67 The latter category includes p21Ras itself, 
which can be activated via chemoattractant receptors,68 
and the Rho family GTPases Rho, Rac, and Cdc42, 
which are involved in the regulation of many neutrophil 
responses, including adhesion, the respiratory burst 
reduced nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase, and actin remodeling during migra-
tion and phagocytosis.54 A dominant-negative form of the 
Rac2 GTPase has been identifi ed in an infant with recur-
rent deep-seated bacterial infections and leads to multi-
ple defects in phagocyte function.69,70

Eosinophils

Like neutrophils, eosinophils are compartmentalized in 
the bone marrow into mitotic and storage pools; they 
usually constitute no more than 0.3% of the nucleated 
bone marrow cells.71 Eosinophils arise from a progenitor 
cell, the eosinophil colony-forming cell (CFC-Eo), that 
is committed at a relatively early stage to differentiate 
into eosinophils instead of neutrophils and monocytes. 
GATA-1 plays a critical role in the transcriptional regula-
tion of eosinophil lineage commitment and differentia-
tion.72,73 Morphologic differentiation and maturation of 
the eosinophil parallel that of the neutrophil series, and 
the characteristic eosin-staining specifi c granules of this 
granulocyte lineage are prominent by the myelocyte 
stage. IL-3, IL-5, and GM-CSF mediate eosinophil pro-
duction in the bone marrow; IL-5, IL-13, chemokines 
(such as eotaxins [CCL11] and RANTES [CCL5]), and 
leukotrienes (such as leukotriene B4 [LTB4]) play key 
roles in regulating eosinophil differentiation, chemotaxis, 
and functional activation.6-8,74,75

Once released from bone marrow, eosinophils have 
a half-life in the bloodstream similar to that of neutro-
phils.76 After leaving the circulation, eosinophils typically 
localize in areas exposed to the external environment, 
such as the tracheobronchial tree, gastrointestinal tract, 
mammary glands, and vagina and cervix.77 They are also 
found in connective tissue immediately below the epithe-
lial layer. As discussed in a later section, eosinophils have 
both immunoenhancing and immunosuppressive func-
tions and play a role in helminthic infection, allergy, and 
the response to certain tumors.6,7,74,78 The majority of 
mature eosinophils reside in tissues, with an estimated 
blood-to-tissue ratio of 1 : 300 to 1 : 500. The life span of 

tissue eosinophils is not known but may be several 
weeks.77 The number of circulating eosinophils tends to 
be highest late at night, decreases during the morning, 
and begins to rise at mid-afternoon. These changes cor-
relate inversely with the diurnal variation in adrenal glu-
cocorticoid levels, to which circulating eosinophils are 
very sensitive.79

A mature eosinophil is slightly larger than a neutro-
phil, with a diameter of 12 to 17 μm. The nucleus is 
characteristically bilobed, although multiple lobes can be 
seen in patients with eosinophilia of diverse causes. The 
cytoplasm has prominent and morphologically distinc-
tive granules that stain strongly with acid aniline dyes 
because of their high content of basic proteins.

Like the neutrophil, a mature eosinophil is endowed 
with the capacity for chemotaxis, phagocytosis, degranu-
lation, and the synthesis of reactive oxidants and 
arachidonate metabolites.7,77,80,81 Eosinophil cell surface 
membranes express a wide variety of molecules, includ-
ing receptors for immunoglobulin and members of 
the immunoglobulin superfamily; cytokine receptors; 
adhesion molecules; chemokine, complement, and other 
chemotactic receptors; and major histocompatibility 
complex (MHC) class I and II and costimulatory 
molecules.7,77,80

The distinctive mature eosinophil granules are 
membrane-bound organelles 0.15 to 1.5 μm in length 
and 0.3 to 1.0 μm in width that contain a variety of 
enzymes and cytotoxic proteins.7,80 These small granules 
are round and homogeneous by electron microscopy and 
include the primary granules, which develop early in 
eosinophilic maturation,82 and a smaller population 
appearing in late eosinophils that contain arylsulfatase 
and other enzymes.83 The more numerous eosin-staining 
secondary (specifi c) granules are large ovoid bodies that 
contain an electron-dense crystalloid core surrounded by 
a less dense matrix. The eosinophil major basic protein 
(MBP) makes up about 50% of the dense crystalloid core 
of the eosinophilic specifi c granule, along with other 
basic proteins rich in lysine, arginine, and phospholip-
ids.84,85 MBP strongly absorbs to membranes, precipi-
tates DNA, and neutralizes heparin.86 MBP is toxic to 
the schistosomules of Schistosoma mansoni and larvae of 
Trichinella spiralis87 and induces the release of histamine 
from basophils and mast cells.88 Hydrolytic enzymes, 
cathepsin, and an eosinophil-specifi c peroxidase are 
located in the matrix. Eosinophil peroxidase plays an 
important role in the anthelmintic function of eosino-
phils89,90 and uses bromate to generate hypobromous acid 
from hydrogen peroxide.91 The specifi c granule matrix 
also contains eosinophilic cationic protein and eosino-
phil-derived neurotoxin, two cationic proteins with ribo-
nuclease activity.77

Eosinophil granule products—particularly MBP, 
eosinophil peroxidase, and eosinophil neurotoxin—are 
toxic to tissues, including the heart, lung, and brain.7,80 
These substances mediate many of the adverse clinical 
complications of eosinophilia and hypereosinophilic 
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syndrome (HES), such as Löffl er’s endocarditis and 
pneumonia.92,93

Both eosinophils and basophils contain a lysophos-
pholipase in the plasma membrane and primary granules 
that can polymerize to form the bipyramidal hexagons 
known as Charcot-Leyden crystals (CLCs).94,95 CLCs 
are typically found in areas of eosinophil degeneration, 
such as sputum from asthmatic patients, nasal mucus of 
patients with allergies, stool of patients with parasitic 
infections, and pleural fl uid of patients with pulmonary 
eosinophilic infi ltrates. The CLC lysophospholipase, 
whose protein sequence is distinct from that of other 
eukaryotic or prokaryotic lysophospholipases,96 catalyzes 
the hydrolysis and inactivation of lysophospholipids gen-
erated by phospholipase A2 and thereby prevents the 
generation of proinfl ammatory arachidonic acid metabo-
lites. The CLC protein constitutes about 5% of the total 
protein in eosinophils.77

Basophils

Basophils, like other granulocytes, differentiate and 
mature in the bone marrow over a period of 7 days before 
their release into the bloodstream; they are not normally 
found in connective tissue.97 Basophils account for 
approximately 0.5% of the total circulating leukocytes 
and 0.3% of nucleated marrow cells.98 Mature basophils 
have a bilobed nucleus and contain prominent metachro-
matic granules that stain purple or bluish with Wright 
stain because of their high content of sulfated glycosami-
noglycans. These granules are rich in heparin, chondroi-
tin sulfate, histamine, and kallikrein but lack acid 
hydrolases, alkaline phosphatase, and peroxidase.94,99 The 
heparin of basophils appears to have poor anticoagulant 
activity. Basophil granules also contain small amounts of 
MBP, as well as serine proteases. Receptors expressed on 
the plasma membrane of basophils include a high-affi nity 
receptor for the Fc portion of IgE, which is an important 
trigger for the release of granule contents and the pro-
duction of arachidonic acid metabolites in anaphylactic 
degranulation.100 Hence, basophils are key effector cells 
in certain hypersensitivity reactions.99 Basophils synthe-
size and secrete IL-4 and IL-13 and may thus mediate a 
link between the innate and adaptive immune systems for 
the generation of TH2 responses.99,101

Basophils share certain morphologic and functional 
features with mast cells, which appear to be derived from 
a common marrow progenitor.102,103 However, mast cells 
and basophils are distinct terminally differentiated cell 
lineages.9,104 Similar to basophils, mast cells contain 
histamine-laden metachromatic granules, express high-
affi nity IgE receptors, and participate in immediate and 
cutaneous hypersensitivity.94,102,105,106 However, mast cells 
lack receptors for IL-2, IL-3, and CD11b/CD18, which 
are present on basophils.9 The c-kit receptor for stem cell 
factor is present on mast cells but absent on the majority 
of basophils.105,107 Murine mast cells can secrete a wide 
variety of mitogenic or infl ammatory cytokines, including 
many interleukins (IL-1, IL-3, IL-4, IL-5, and IL-6), 

chemokines, GM-CSF, and TNF-α, that are likely to 
play an important role in leukocyte recruitment and 
infl ammation.105

Mast cells are ordinarily distributed throughout 
normal connective tissue, where they are often situated 
adjacent to blood and lymphatic vessels, near or within 
nerve sheaths, and beneath epithelial surfaces that are 
exposed to environmental antigens, such as the respira-
tory and gastrointestinal tracts.106 Mature mast cells do 
not circulate in the blood, although circulating mast cell 
progenitors have been described102 and retain a limited 
proliferative capacity in the tissue compartment.108 In 
contrast to monocytes and macrophages, a transforma-
tion between the circulating and tissue forms of basophils 
and mast cells has not been observed. The fate of baso-
phils in tissues is unknown.

Mononuclear Phagocytes

The blood monocyte is derived from a bone marrow 
progenitor cell (colony-forming unit–granulocyte-
macrophage [CFU-GM]) that is shared with the neutro-
phil and undergoes differentiation through stages as 
monoblasts and promonocytes in the marrow cavity. The 
transit time of monocytes in the marrow compartment is 
briefer than that of neutrophils, and the mature monocyte 
is released into the circulation only 24 hours after the last 
mitosis (see Table 21-1).109-111 Consequently, a relative 
monocytosis in peripheral blood commonly precedes the 
return of granulocytes during recovery from bone marrow 
aplasia or hypoplasia. Monocyte production and differen-
tiation are regulated by IL-3, IL-6, GM-CSF, and the 
more lineage-specifi c cytokine M-CSF.3-5,112,113

The monocyte may spend several days in the intra-
vascular compartment in either circulating or marginated 
pools.114 Monocytes then migrate into tissues and body 
cavities to participate in infl ammatory processes as 
exudate macrophages and to replenish the resident tissue 
macrophages, which have a relatively long life span. At 
least two subsets of circulating monocytes are present 
in humans.115-119 The majority are CD14+CD16– and 
are recruited into infl amed sites. A second subset is 
CD14+CD16+ and also expresses high levels of CX3CR1, 
a receptor for fraktalkine, which is a transmembrane che-
mokine found on endothelial cells (see later in this 
chapter). This subset is proposed to be a source of resi-
dent macrophages in noninfl amed tissue. In patients 
receiving allogeneic bone marrow transplants, host tissue 
macrophages disappear gradually and are replaced by 
donor macrophages approximately 3 months after 
transplantation.120

Circulating monocytes in Wright-stained blood 
smears are 10 to 18 μm in diameter with a convoluted 
surface, gray-blue cytoplasm, and an indented or kidney-
shaped, foamy nucleus. However, some monocytes can 
be as small as 7 μm in diameter and may be diffi cult to 
distinguish morphologically from lymphocytes.109 In con-
trast to neutrophils, monocytes contain a single class of 
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granules with lysosomal characteristics.121 After leaving 
the circulation, monocytes become larger and take on the 
appearance of tissue macrophages characteristic of the 
organ in which they reside. The nucleus of macrophages 
is typically oval with more prominent nucleoli, and the 
cytoplasm stains blue because of an increase in RNA 
content. Monocytes and macrophages are distinguished 
histochemically by the presence of a fl uoride-inhibitable 
nonspecifi c esterase and can be identifi ed immunohisto-
logically by a variety of monoclonal antibodies such 
as F4/80 in the mouse and anti-CD68 in human 
tissue.122,123

Monocytes and macrophages share many structural 
and functional features with neutrophils and are capable 
of sensing chemotactic gradients, migrating to infl amed 
sites, ingesting microorganisms, and killing them with a 
variety of cytocidal products. However, when compared 
with neutrophils, mononuclear phagocytes have a large 
and diverse developmental potential.115,119,124 In addition 
to their protective function as phagocytic cells in host 
defense, mononuclear phagocytes play a central role in 
the adaptive immune response by presenting antigens to 
lymphocytes; elaborating growth factors and cytokines 
important for lymphocyte function, wound repair, and 
hematopoiesis; and participating in a variety of scavenger 
and homeostatic pathways.

Factors modifying the enzymatic, antigenic, and 
functional profi le of mononuclear phagocytes are incom-
pletely understood and involve a combination of tissue-
specifi c signals and release of infl ammatory cytokines 
and toxins.115,125-127 Mononuclear phagocytes at infl am-
matory sites become “activated” and display morpho-
logic alterations and a variety of enhanced functions, 
including more pronounced ruffl ing of the plasma mem-
brane and pseudopod formation, increased capacity for 
adherence and migration to chemotactic factors, increased 
microbicidal and tumoricidal activity, and enhanced 
ability to release cytokines.128

In keeping with their broad range of activities, mono-
nuclear phagocytes possess an assortment of cell surface 
receptors not found in neutrophils, including receptors 
for the coagulation factors VII, VIIa, and thrombin129,130 
and receptors for low-density (LDL) and very-low-
density (VLDL) lipoprotein.131 Macrophages and mono-
cytes are also active secretory cells capable of secreting 
more than a hundred defi ned substances,132 many of 
which are listed in Box 21-1. These substances include 
molecules important in control of microbial pathogens, 
such as lysozyme, neutral proteases, acid hydrolases 
and reactive oxidants, components of the complement 
cascade, and coagulation factors. Mononuclear phago-
cytes secrete a large array of cytokines and hormones that 
regulate the proliferation and function of other cells that 
participate in the immune response, infl ammation, wound 
repair, and hematopoiesis. Tissue macrophages also play 
an important role in the clearance of apoptotic cells 
during embryogenesis, tissue homeostasis, and resolution 
of infl ammation.23,133

Monocytes and tissue macrophages are considered 
to make up a “mononuclear-phagocyte system,” a term 
that has replaced the “reticuloendothelial system.” Resi-
dent tissue macrophages were formerly referred to as 
histiocytes, an imprecise and often loosely applied term. 
Tissue macrophages are widely distributed and perform 
specialized functions at portals of entry, such as the pul-
monary alveoli, and in sterile sites, such as the bone 
marrow.115

Spleen. Macrophages are distributed in all parts of 
the spleen, including the germinal centers, where they 
are associated with lymphocytes. Splenic macrophages 
located in the red pulp and sinuses serve a clearance 
function, where sluggish blood circulation maximizes the 
interaction between blood elements and macrophages 
lining the sinus walls.

Liver. The portal circulation percolates through a 
labyrinthine system, the spaces of Disse, before exiting 
via the hepatic venous system. This hepatic circulation, 
though less sluggish than that of the spleen, provides 
considerable contact between blood and the resident liver 
macrophages, known as Kupffer cells, that reside within 
these vascular sinuses.

Lymph Nodes. As in the spleen, macrophages are 
present throughout all regions of peripheral lymph nodes. 
They are most abundant in the medullary zone close to 
efferent lymphatic and blood capillaries. This location 
is probably related to the important role that macro-
phages play in the presentation of antigens to T 
lymphocytes.127,134

Lungs. Pulmonary macrophages reside both in the 
interstitium of alveolar sacs and free within the air spaces, 
where they participate in the clearance of inhaled micro-
organisms and particulate matter. The number of lung 
macrophages increases in many chronic pulmonary 
infl ammatory disorders. Pulmonary macrophages are 
easily seen in the lungs of smokers, where black inclu-
sions mark the macrophage vacuoles.135 Hemosiderin-
laden alveolar macrophages can be indicative of recurrent 
pulmonary hemorrhage, such as seen in idiopathic hemo-
siderosis or Goodpasture’s syndrome. Gastric aspiration 
to detect ingested iron-laden macrophages is a useful test 
for these disorders.

Bone Marrow. Macrophages are found throughout 
the bone marrow cavity. They are particularly abundant 
within hematopoietic islands and on the walls of the 
marrow sinuses.136 Bone marrow macrophages may have 
a clearance function in normal or pathologic states of 
ineffective hematopoiesis.137 The clearance function of 
marrow macrophages is dramatically illustrated by lyso-
somal storage diseases such as Gaucher’s disease.138 
Large inclusions build up within marrow macrophages 
(as well as hepatic and splenic macrophages) because of 
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Box 21-1 Products Secreted by Mononuclear Phagocytes

ENZYMES

Acid ceramidase, lipase, phosphatase, DNAase, RNAase
α-Iduronidase, α-l-fucosidase, α-mannosidase, 

α-neuraminidase
α-Naphthylesterase
Angiotensin-converting enzyme
Arginase
Aspartyglycosaminidase
β-Glucuronidase, β-glucosidase, β-galactosidase
Cathepsins, collagenase, elastase
Leucine-2-naphthylaminidase
Lipoprotein lipase
Lysozyme
N-acetyl-β-galactosaminidase, N-acetyl-β-glucosaminidase
Phospholipase A2

Sphingomyelinase
Sulfatases

OXIDANTS

Hydroxyl radical, hydrogen peroxide, hypohalous acids, 
nitric oxide, peroxynitrate, superoxide anion

BINDING PROTEINS

Avidin, apolipoprotein E, acidic isoferritins, gelsolin, 
haptoglobin, transcobalamin II, transferrin

COAGULATION SYSTEM PROTEINS

Factors V, VII, IX, X, XIII
Tissue factor/procoagulant activity (PCA), plasminogen 

activator, urokinase, thrombospondin, plasminogen 
activator inhibitors, plasmin inhibitors

LIPID METABOLITES

Prostaglandins E2, F2, I; thromboxane A2; leukotrienes B, 
C, D, E; malonyldialdehyde; mono-diHETEs; platelet-
activating factor

COMPLEMENT SYSTEM PROTEINS

C1, 2, 3, 4, 5; factors B, D, H; properidin; C3b inactivator

CYTOKINES AND GROWTH FACTORS

Interferons α, β, γ
Interleukin 1α, 1β, 6, 8
Tumor necrosis factor (TNF)-α
Fibroblast growth factor (FGF), platelet-derived growth 

factor (PDGF), transforming growth factor-β (TGF-β)
Colony-stimulating factors (CSFs) G (granulocyte), GM 

(granulocyte/monocyte), M (monocyte)
Macrophage infl ammatory proteins (MIP) 1α, 1β, 2
Monocyte chemoattractent proteins (MCP) 1, 2, 3
Thymosin B4

MATRIX PROTEINS

Fibronectin, proteoglycans, thrombospondin

OTHER METABOLITES, PEPTIDES, AND PROTEINS

Glutathione, purines, pyrimidines
Sterol hormones, including 1α-25-dihydroxyvitamin D3

Adapted from Nathan C. Secretory products of mononuclear phagocytes. J Clin Invest. 1987;79:319. Reproduced from the Journal of 
Clinical Investigation, 1987, vol. 79, pp. 319-326, by copyright permission of the American Society for Clinical Investigation.

the inability of these cells to break down lysosomal 
contents.139

Other Sites. Mononuclear phagocytes associated 
with lymphoid cells reside throughout the alimentary 
tract, particularly in submucosal tissue and small intesti-
nal villi. They are present as microglial cells in the central 
nervous system (CNS), where their numbers increase 
after injury as monocytes emigrate across the blood-brain 
barrier,140 and they may contribute to the pathogenesis 
of the CNS manifestations of human immunodefi ciency 
virus (HIV) infection.141 Mammary gland macrophages 
released into milk during lactation have been implicated 
as a potential source of postnatal transmission of 
HIV.142

Dendritic Cells. Dendritic cells are specialized 
antigen-presenting cells with long cytoplasmic processes 
and are located in tissues throughout the body, except 
for the brain.143 They include the Langerhans cells of the 
epidermis, the veiled cells in lymph, and interdigitating 
cells in lymph nodes. Many dendritic cells have some of 

the antigenic characteristics of mononuclear phagocytes 
and share a common progenitor cell with granulocytes 
and monocytes/macrophages.119,124,143,144 Monocytes can 
give rise to dendritic cells in various in vitro culture 
systems.143-145 Some dendritic cells are also derived from 
the lymphoid lineage.119,146 Antigen presentation by den-
dritic cells, which have a high density of MHC class II 
molecules, is a particularly potent stimulus for T-cell 
mediation of the primary immune response.143,146,147

Osteoclasts. Osteoclasts are large, multinucleated 
mononuclear phagocytes that resorb mineralized carti-
lage and bone.148,149 Rodent transplantation studies have 
shown that osteoclasts can be derived from granulocyte-
macrophage progenitor cells.150 Defects in osteoclast 
function result in osteopetrosis, a genetically heteroge-
neous group of disorders characterized by defective bone 
resorption.149,151 The op/op osteopetrotic mouse mutant 
lacks M-CSF, which results in defi ciencies of both osteo-
clasts and tissue macrophages.152 However, M-CSF levels 
and osteoclast numbers are normal in human infantile 
(“malignant”) osteopetrosis,153 an autosomal recessive 
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disorder characterized by progressive obliteration of the 
marrow space.149,151 This severe form of osteopetrosis is 
caused by mutations in genes encoding a vacuolar proton 
pump or the ClC-7 chloride channel154,155 and is correct-
able by bone marrow transplantation.151,156 Gene therapy 
targeting hematopoietic stem cells has shown promising 
results in the mouse model of the disease.157 Administra-
tion of recombinant interferon-γ (IFN-γ), a major activa-
tor of macrophage function, can produce a clinically 
signifi cant increase in bone resorption in children with 
infantile osteopetrosis.158

FUNCTION OF PHAGOCYTES

Phagocytic leukocytes play a central role in the acute 
phases of the infl ammatory response, where they are 
rapidly mobilized into sites of tissue infection or injury 
and release an array of cytotoxic molecules to quickly 
eliminate the offending substance or microbe, as well as 
mediators that initiate an adaptive immune response. 
Phagocytes are also essential for normal repair of tissue 
injury, as evidenced by the impairment in wound heal -
ing in patients with defi cits in leukocyte function or 
number.

The classic signs of the infl ammatory response were 
described by the Roman writer Celsus as “rubor et tumor, 
cum calore et delore,” redness and swelling with heat and 
pain.159 However, it was not until the late 19th century 
that the cellular events associated with these signs were 
studied by Virchow and by Cohnheim.159 The benefi cial 
role of phagocytes in the infl ammatory process for 
host defense and wound healing was championed by 

Metchnikov. Much of his work, for which he received a 
Nobel prize,159,160 involved studies on the wandering 
ameboid mesenchymal cells of marine organisms such as 
the larval starfi sh, for which he coined the term “phago-
cyte” after the Greek word phagein, “to eat.”

In this section the principal functions of granulocytes 
and mononuclear phagocytes in the infl ammatory process 
are reviewed. Although these functions will be discussed 
as individual components, it is important to recognize 
that many occur either simultaneously or in rapid suc-
cession. Moreover, many of the cellular structures or 
secreted molecules participating in the infl ammatory 
process have multiple and redundant functions. For 
example, phagocyte cell surface proteins that act as adhe-
sive ligands for receptors on the vascular endothelium 
can also trigger phagocytosis and activation of the phago-
cyte respiratory burst. An overview of early events in the 
infl ammatory process and crosstalk between different 
leukocyte populations is shown in Figure 21-2. Note that 
the proinfl ammatory events that are critical for the 
response to tissue injury and effective elimination of 
microbial challenge also set into motion the generation 
of counter-regulatory signals leading to resolution of the 
infl ammatory response.161,162

Humoral Mediators of 
the Infl ammatory Response

The acute infl ammatory response refl ects an ongoing 
collaboration between tissue macrophages and mast cells, 
vascular endothelial cells, and circulating phagocytes.162,163 
The release of soluble infl ammatory mediators plays a 

Neutropeptides
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FIGURE 21-2. Early events in the response to 
infection accompanied by mild tissue injury. 
During the early infl ammatory response, a 
variety of soluble infl ammatory mediators are 
involved in crosstalk between different leuko-
cyte populations and lead to their recruitment 
and activation. Multiple signals, generally 
requiring evidence of both injury and infection, 
are required before each population fully joins 
in to amplify the infl ammatory process. Not 
shown are interactions among leukocytes, the 
endothelium, and the coagulation system; the 
generation of counter-regulatory signals that 
dampen the infl ammatory response; and signals 
that regulate the subsequent transition to wound 
healing. APCs, antigen-presenting cells, 
GM-CSF, granulocyte-macrophage colony-
stimulating factor; HMGB1, high–molecular 
group box 1 protein; HSPs, heat shock proteins; 
PDG2, prostaglandin G2; TNF, tumor necrosis 
factor. (Reprinted with permission from Nathan 
C. Points of control in infl ammation. Nature. 
2002;420:846-852.)
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crucial role in activating and coordinating this process. 
These molecules can be generated from serum proteins 
(e.g., the complement-derived protein fragment C5a), 
secreted by endothelial cells or infl ammatory leukocytes 
(e.g., lipid metabolites, histamine, cytokines, S100 
protein), derived from invading microbes (e.g., endotoxin 
or formylated chemotactic peptides), or released from 
damaged cells (e.g., heat shock proteins [HSPs], the 
nuclear high–molecular group box 1 protein [HMGB1]) 
(see Fig. 21-2).162,164-166

The proinfl ammatory cytokines TNF-α and IL-1 
have a broad range of activities in the acute infl ammatory 
response.55,167 Both IL-1 and TNF can cause fever and 
muscle breakdown and are involved in the cachexia asso-
ciated with chronic infection and malignancy. The syn-
thesis of acute phase reactants by the liver is induced by 
IL-6, whose synthesis and secretion are stimulated by 
IL-1. Proinfl ammatory cytokines also induce a proadhe-
sive state on the surface of endothelium and increase the 
production of chemotactic cytokines (chemokines). IFN-
γ is another important proinfl ammatory mediator that 
enhances the responsiveness of phagocytes to infl amma-
tory stimuli.126,168,169 Counterbalancing the activities of 
these polypeptides are IL-4, IL-10, and transforming 
growth factor β (TGF-β), which tend to downregulate 
the acute infl ammatory response.170-172

Vasodilation and increased vascular permeability are 
two early responses to an infl ammatory insult that are 
elicited, in large part, by products secreted by granulo-
cytes and mononuclear phagocytes. Activated basophils 
and tissue mast cells release histamine, which leads to 
vasodilation of tissue arterioles and microvascular beds 
through H1-type receptors.173,174 The lipid metabolite 
platelet-activating factor (PAF), secreted by activated 
macrophages, mast cells, and endothelial cells, induces 
platelet degranulation and the release of additional his-
tamine, as well as serotonin, another vasoactive amine.175,176 
Prostaglandin E and other arachidonic acid metabolites 
secreted by activated neutrophils and macrophages are 
another group of potent vasodilators.161,175,177 Finally, 
vasodilation can be triggered by the release of nitric oxide 
(NO) from endothelial and smooth muscle cells, as well 
as perhaps activated macrophages, which may be particu-
larly important in the hypotension seen in patients with 
gram-negative septicemia.178,179 The increased vascular 
permeability that produces the edema of acute infl am-
mation allows plasma proteins such as immunoglobulins 
and complement to enter tissues to promote phagocyte 
activation and opsonize microbes. Agents that increase 
vascular permeability include histamine, serotonin, PAF, 
and the leukotrienes LTC4, LTD4, and LTE4.175,176 
Bradykinin, which is generated as a result of cleavage of 
Hageman factor (factor XII), also induces enhanced vas-
cular permeability.

Chemokines and Other Chemoattractants

A wide variety of chemoattractants for neutrophils and 
other circulating phagocytes are generated at sites of 

infl ammation (Table 21-4).68,180-183 These molecules are 
chemically diverse and derived from many different 
sources in response to bacterial products and infl amma-
tory mediators released as a result of tissue necrosis. 
This diversity provides functional redundancy and 
ensures that leukocytes will be attracted to sites of injury 
or infection. In addition to molecules generated by the 
activation of complement (C5a) or bacteria themselves 
(formylated peptides), many are secreted by activated 
phagocytes, which acts as a positive feedback loop for 
additional recruitment and activation of infl ammatory 
cells.

The phospholipid PAF, released by both activated 
phagocytes and endothelial cells, triggers platelet activa-
tion and release of granules, in addition to being a potent 
chemoattractant for neutrophils and eosinophils.175,176 
Activation of phagocytes also stimulates phospholipase 
A2–mediated cleavage of membrane phospholipids to 
generate arachidonic acid, which is then converted into 
a variety of eicosanoid metabolites, including the che-
moattractant LTB4.161,184 Lipid mediators synthesized 
at later time points retard the accumulation of neutro-
phils and other leukocytes, which plays an important 
role in resolution of the infl ammatory response. Such 
mediators include lipoxins, another class of eicosanoids 
derived from arachidonic acid, as well as the resolvins 
and protectins, two newly discovered families of lipid 
mediators generated from ω-3 polyunsaturated fatty 
acids.161

Chemokines (named for their combined chemotactic 
and cytokine properties), a family of small (8 to 10 kd) 
basic heparin-binding proteins, are an important group 
of phagocyte chemoattractants.68,181-183,185,186 Chemokines 
were fi rst discovered in the late 1980s as molecules that 
interact relatively specifi cally with subsets of infl am-
matory leukocytes and therefore help orchestrate the 
sequential infl ux of neutrophils, monocytes, and fi nally 
lymphocytes into an infl amed tissue site. The heparin-
binding sites on chemokines can bind to negatively 
charged proteoglycans on endothelial cells or in the sub-
endothelial matrix to produce locally high chemokine 
concentrations at an infl amed site.180,187,188 As additional 
chemokines and their receptors have been identifi ed, 
many other functions have emerged, including regulation 
of lymphoid homeostasis, hematopoiesis, and angiogen-
esis.68,182,183,185 Of note, stromal cell–derived factor 1 
(SDF-1, CXCl2) provides a key retention signal for 
neutrophils in the marrow through its interaction with 
the CXCR4 receptor, and mutations in the CXCR4 
receptor account for myelokathexis syndrome, an inher-
ited neutropenia (see the later section Myelokathexis and 
the WHIM Syndrome).189

Members of the chemokine family, which have a 
conserved structure containing two cysteine pairs, have 
been divided into two groups based on their disulfi de 
sequence pattern. The CXC family, in which the fi rst 
cysteine pair is separated by an intervening amino acid, 
include IL-8 (CXCL8), the GRO peptides (CXCL1, 
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CXCL2, CXCL3), and NAP-2 (CXCL7), which are all 
potent neutrophil activators and chemoattractants. NAP-
2 is generated from the peptide CTAP-III released from 
platelets by proteolytic cleavage mediated by cathepsin 
G, a protease released from monocytes and neutrophils.190 
The IL-8 and GRO chemokines are secreted by phago-
cytes and mesenchymal cells (including endothelial cells) 
in response to infl ammatory mediators such as IL-1 and 
TNF.68,182,185 Fraktalkine (CX3CL1) is unique in having 
three intervening amino acids between the fi rst two cys-
teine residues. In addition, rather than being soluble, 
fraktalkine is expressed on the cell surface because it 
is linked via a mucin-like stalk to a transmembrane 
domain.191 The other major family of chemokines is 
called the “CC” family because the fi rst two cysteines are 
adjacent to each other. CC chemokines include two 
important inducers of mononuclear phagocyte migra-
tion, monocyte chemoattractant protein 1 (MCP-1, 
CCL2) and RANTES (CCL5).192-194 MCP-1 is produced 
by a wide variety of cells, whereas RANTES is secreted 
by macrophages and eosinophils.68 RANTES is chemo-
tactic for eosinophils, basophils, memory T cells, and 

monocytes,193 and both MCP-1 and RANTES induce 
the release of histamine from basophils.173,174,193

Chemokine receptors belong to the 7-TMS, G 
protein–coupled receptor family, with 6 receptors for 
CXC chemokines and 10 receptors for CC chemokines 
identifi ed to date.68,181,183,185 Most chemokines bind to 
more than one receptor, and most chemokine receptors, 
particularly those for CC chemokines, recognize more 
than one chemokine. Neutrophils, monocytes/macro-
phages, eosinophils, basophils, dendritic cells, lympho-
cytes, and T cells each express a distinctive subset of 
chemokine receptors. According to one model, specifi c 
receptors are used sequentially in successive gradients of 
chemoattractants. Some transmit desensitizing rather 
than activating signals or even fail to signal and act 
instead as “decoy” receptors to downregulate infl amma-
tory reactions.181,183 Of note, a number of chemokine 
receptors are coreceptors for HIV-1, including CCR5 
and CCR3, whose ligands include RANTES, and 
CXCR4, the major receptor for SDF-1, which is a 
chemoattractant for T lymphocytes, CD34+ hematopoi-
etic progenitor cells, and neutrophils.68,189

TABLE 21-4 Granulocyte and Monocyte Chemoattractants in Humans

Chemoattractant Receptor(s) Source Upregulators Target Cells

LIPIDS
PAF PAFR N, E, B, P, M, endothelium 

(phosphatidylcholine 
metabolism)

Calcium ionophores N, E

LTB4 B-LTR N, M (arachidonate 
metabolism)

Microbial pathogens, 
N-formyl peptides

N, M, E

12-HETE P (arachidonate 
metabolism)

Platelet activation E

CXC CHEMOKINES
IL-8 (CXCL8) CXCR1, 2 M, N, endothelium, many 

other cells
LPS, IL-1, TNF, IL-3 N, B

GRO α, β, γ (CXCL1, 
2, 3)

CXCR2, 1 M, endothelium, many 
other cells

IL-1, TNF N, B

NAP-2 (CXCL7) CXCR2 P* Platelet activators N
PF4 (CXCL4) CXCR3B P Platelet activators N, M, E
SDF-1 (CXCL12) CXCR4 Marrow stroma, other N, M, B, T
Fractalkine (CX3CL1) CX3CRI M, endothelium, other IL-1, TNF, LPS, IFN-γ M, T, NK

CC CHEMOKINES
MCP-1, 2, 3, 4 CCR2, 3

(CCL2, 8, 7, 13)
M, endothelium, many 
other cells

IL-1, TNF, LPS, PDGF M, B, E, T

RANTES (CCL5) CCR1, 3, 5 M, E IL-1, TNF, anti-CD3 M, B, E, T
Eotaxin (CCL11) CCR3 M, endothelium, other Allergens E, B, TH2

OTHER
N-formyl peptides fMLPR Bacteria, mitochondria — N, M, E, B
C5a C5aR Plasma complement Complement activation N, M, E, B
PDGF PDGFR P Platelet activation M
TGF-β TGFR P, other Platelet activation N, M

*Platelets, when activated, secrete platelet basic protein (PBP) and connective tissue–activating peptide III (CTAP-III), which are cleaved to NAP-2 by 
cathepsin.

B, basophil; E, eosinophil; F, fi broblast; IL-1, interleukin-1; K, keratinocyte; LPS, lipopolysaccharide; LTB4,leukotriene B4; M, monocyte; MCAF, monocyte che-
motactic and activating factor; MCP-1, monocyte chemoattractant protein 1; N, neutrophil; NAP-2, neutrophil-activating peptide 2; NK, natural killer; P, platelet; PAF, 
platelet-activating factor; PDGF, platelet-derived growth factor; RANTES, regulated upon activation, normal T cell expressed and presumably secreted; SDF-1, stromal 
cell–derived factor; T, T lymphocyte; TH2 = TH2 lymphocyte; TNF, tumor necrosis factor.

Adapted with permission from from Curnutte J, Orkin S, Dinauer M. Genetic disorders of phagocyte function. In Stamoyannopoulos G (ed). The Molecular 
Basis of Blood Diseases, 2nd ed. Philadelphia, WB Saunders, 1994, p 493-522. See text for additional references.
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In addition to their role as chemoattractants, the 
molecules listed in Table 21-4 induce the activation of 
other many other phagocyte functions on binding to their 
cognate cell surface receptors. Such functions include the 
upregulation and increased affi nity of leukocyte integrin 
adhesion receptors to promote fi rm attachment to the 
endothelium, degranulation, and activation of the phago-
cyte respiratory burst.180,182,185 The latter two responses 
generally require higher ligand concentrations than 
those that elicit chemotaxis, which can be as low as 
10−9 mol/L.195 Strong attachment of leukocytes to the 
endothelium can also be mediated by the membrane-
tethered chemokine fraktalkine.

Despite the diverse chemical structures of the phago-
cyte chemoattractants listed in Table 21-4, all of the cor-
responding receptors that have been cloned to date 
belong to the 7-TMS family of receptors, also known as 
hepta helical or serpentine receptors.67,196,197 The trans-
duction of signals through chemoattractant receptors is 
mediated by binding of heterotrimeric G proteins to spe-
cifi c intracellular domains of the receptor.198 Binding of 
ligand to the receptor promotes the exchange of GTP for 
guanosine diphosphate (GDP) bound to the G-protein 
α subunit, which in turns leads to dissociation of the β-γ 
subunits and their interaction with downstream signaling 
effectors, including enzymes that catalyze the production 
of important phospholipid second messengers at the cell 
membrane.63 Phospholipase C generates diacylglycerol 
and IP3 from PIP2, which then activate protein kinase C 
and induce the release of intracellular calcium stores. 
PI3K is another key target of activated heterotrimeric G 
proteins and catalyzes the phosphorylation of PIP2 
to form PIP3. Binding of formylated peptides to neutro-
phils also activates the p21ras-MAPK pathway and the 

Rho GTPases Cdc42 and Rac, with the latter known 
to play important roles in regulating the actin cytoskele-
ton and oxidant production 54,199-202 Certain Gα subunits 
are expressed preferentially in leukocytes and are impor-
tant in signaling through the phagocyte 7-TMS 
receptors.203,204

Adhesion and Migration into Tissues

The discovery that leukocytes migrate from the blood-
stream into extravascular sites of infl ammation, des -
cribed by Cohnheim in 1867, was a major milestone in 
the conceptualization of the infl ammatory process.159 
Cohnheim, who used intravital microscopy to study the 
microvasculature in the frog tongue and mesentery after 
tissue injury, also fi rst proposed that infl ammatory stimuli 
induce a molecular change in the blood vessel wall that 
promotes increased adherence of leukocytes, a concept 
that was fi nally proved a century later.

To move from the bloodstream into infl amed sites, 
leukocytes must attach to the vascular endothelium, 
migrate between adjacent endothelial cells in a process 
referred to as diapedesis, and penetrate the basement 
membrane. The molecular mechanisms underlying these 
events involve a series of sequential adhesive interactions 
between chemoattractant-activated leukocytes and endo-
thelial cells that are activated by infl ammatory mediators 
(Fig. 21-3).6,116,180,205,206

Leukocyte Adhesion and Migration 
into Tissues

The initial step in emigration from postcapillary venules 
is a low-affi nity interaction between the neutrophil and 
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Integrins and Ig-likeSelectins
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FIGURE 21-3. Adhesive interactions during phagocyte emigration. Under conditions of fl ow within postcapillary venules, leukocytes are fi rst 
observed to roll along the endothelium adjacent to the extravascular site of infl ammation. Subsequently, some of the rolling leukocytes adhere 
fi rmly, pass between endothelial cells by diapedesis, and then migrate into subendothelial tissue. Leukocyte rolling is mediated by multiple low-
affi nity interactions between selectin receptors and carbohydrate counter-receptors, and fi rm adhesion and diapedesis are largely mediated by 
integrin and immunoglobulin (Ig)-like adhesion proteins. Chemokines or other chemoattractants are important for both upregulating the cell 
surface expression of leukocyte integrins and triggering inside-out signaling to increase their avidity for endothelial ligands. (Adapted with permission 
from Carlos TM, Harlan JM. Leukocyte-endothelial adhesion molecules. Blood. 1994;84:2068-2101.)



 Chapter 21 • The Phagocyte System and Disorders of Granulopoiesis and Granulocyte Function 1123

the endothelium that is often referred to as “rolling” 
based on its appearance on intravital microscopy. This 
transient adherence, also called “tethering,” is mediated 
by the upregulation of selectin expression on endothelial 
cells. The selectin family of adhesion molecules consists 
of membrane-spanning glycoproteins (Fig. 21-4) that 
bind to fucosylated structures such as Lewis X (Galβ1→
4[Fucα1→3]GlcNac→R), sialyl-Lewis X, and other spe-
cifi c carbohydrates.205,207-209 P-selectin is important for 
the initial steps of neutrophil adhesion to the endothe-
lium and is stored in the Weibel-Palade bodies and alpha 
granules of endothelial cells and platelets, respectively. 
Upon endothelial cell activation by histamine, thrombin, 
and other infl ammatory molecules, these cytoplasmic 
storage granules fuse with the cell membrane to rapidly 
increase the surface expression of P-selectin. E-selectin 
is expressed on endothelial cells at low levels but is upreg-
ulated by transcriptional activation and de novo protein 
synthesis in response to infl ammatory cytokines.210 E-
selectin binds to three different ligands on neutrophils, 
P-selectin glycoprotein ligand 1 (PSGL-1), E-selectin 
ligand 1 (ESL-1), and CD44.211 These ligands allow 
endothelial cells to capture neutrophils by mediating 
tethering, rolling, and slowing of neutrophil velocity, 
respectively. L-selectin is expressed constitutively on the 
surface of neutrophils, mononuclear phagocytes, and 
lymphocytes and is shed within minutes of leukocyte 
activation by a proteolytic cleavage event near the exter-
nal membrane surface insertion site.212,213 Circulating 
L-selectin may modulate leukocyte adhesion during 
infl ammation.214

Rolling neutrophils can detach and return to the 
circulation. Others will come to a halt and, within seconds, 
adopt a fl attened, adherent morphology and attach fi rmly 

to the vessel wall.205 This fi rm attachment appears to be 
mediated in large part by binding of leukocyte integrin 
adhesion receptors to intercellular adhesion molecules 
(ICAMs) on the endothelium.205,206 In addition, comple-
ment fragments are found on the endothelial surface at 
infl amed sites and may also function as integrin-binding 
sites. Activation of leukocytes by chemoattractants and 
other infl ammatory mediators is critical to the develop-
ment of these strong adhesive interactions because it 
leads to upregulation of the number and avidity of cell 
surface integrins (“inside-out signaling”). Exposure to 
locally high concentrations of chemoattractants may be 
enhanced by selectin-mediated tethering and by reten-
tion of chemokines on the extracellular matrix.187,188

The integrins, a large family of adhesion proteins 
that are glycosylated heterodimers of a noncovalently 
linked α and β chain, are classifi ed into subfamilies 
according to the type of β subunit.205-207,215 Many integ-
rins mediate attachment to extracellular matrices by 
serving as receptors for matrix proteins. Others are 
involved in hemostasis, such as glycoprotein IIb/IIIa on 
platelets. Neutrophil β2 and β1 integrins appear to be 
involved in regulating neutrophil retention and release, 
respectively, from the bone marrow storage pool into the 
circulation.189

Leukocyte β2 integrins (Fig. 21-5) play a critical role 
in mediating adhesive interactions in infl ammation, 
including attachment of leukocytes to endothelial cells, 
and are also opsonic receptors for complement fragment 
C3bi-coated particles. There are four different leukocyte 
β2 integrins, each with a common 95-kd β subunit 
(CD18) but different α subunits: CD11a (177 kd), 
CD11b (165 kd), CD11c (150 kd), and CD11d (160 kd) 
(Fig. 21-5). Lymphocyte function antigen 1 (LFA-1) is 
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FIGURE 21-4. Selectin family of adhesion molecules. 
EGF, epidermal growth factor. (Adapted with permission 
from Kishimoto TK, Rothlein R. Integrins, ICAMs, and selec-
tins: role and regulation of adhesion molecules in neutrophil 
recruitment to infl ammatory sites. Adv Pharm. 1994;25:
117-169.)
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expressed by all leukocytes, including lymphocytes. Mac-
1 and p150,95 are expressed by granulocytes, mononu-
clear phagocytes, some activated T lymphocytes, and 
large granular lymphocytes.205-207,215 Mac-1 is the most 
prominent β2 integrin on neutrophils, whereas αd β2 is 
expressed particularly in tissue macrophages. Mutations 
in the common β subunit result in an inherited defect in 
phagocyte function—leukocyte adhesion defi ciency type 
I (LAD I), as discussed in a later section. All β2 integrins 
are absent in LAD I, thus indicating that the stability of 
each α subunit requires association with the β chain. The 
β subunit has a large, glycosylated extracellular domain, 
a single transmembrane-spanning domain, and a short 
cytoplasmic tail.216 The extracellular domain has two 
regions that are conserved among other β subunits.215 
There are four cysteine-rich tandem repeats that appear 
to be important for the tertiary structure of the β subunit. 
Another conserved region, located near the N-terminal, 
is critical for maintenance of the α/β heterodimer and 
may bind divalent cations as well. The α subunit is also 
a glycosylated integral membrane protein with a single 
membrane-spanning segment and a short cytoplasmic 
tail. The external domain contains three divalent cation-
binding motifs that must be occupied for ligand binding 
to occur. A second important extracellular domain, the I 
domain (for inserted or interactive domain), can coordi-
nate divalent cations and is likewise thought to be involved 
in ligand binding. The intracellular domain of the α 

subunit includes a conserved sequence that is critical for 
the modulation of integrin avidity (see later).217 The cyto-
plasmic tails of both the α and β integrin subunits also 
interact with cytoskeletal proteins.207,215 The endoparasite 
hookworm Ancylostoma caninum produces a heavily gly-
cosylated protein called NIF that binds to CD11b/CD18 
to inhibit neutrophil spreading and attachment to the 
endothelium.218,219

Although β2 integrins are constitutively expressed on 
the neutrophil cell surface, a large pool is stored in intra-
cellular secretory vesicles (see Table 21-2). These vesicles 
are rapidly mobilized upon neutrophil activation by 
chemoattractants and fuse with the membrane to increase 
the cell surface expression of β2 integrins by about 10-
fold.180,220 Signaling through chemoattractant receptors 
also markedly increases the avidity of β2 integrins for 
their ligands, which plays an even more important role 
in rapidly upregulating integrin activity and promoting 
fi rm attachment to the blood vessel wall.205,206,215 The 
increased adhesiveness of the β2 integrins appears to 
involve a conformational change in integrin structure 
upon cellular activation.

The major counter-receptors for the β2 integrins are 
the ICAMs (Fig. 21-6), which are members of the immu-
noglobulin superfamily.205,206,215 These transmembrane 
proteins contain anywhere from two to six immunoglob-
ulin domains and are present on endothelial cells, T cells, 
and a variety of other cell types. ICAM-1 and ICAM-2 
are of particular importance in mediating binding of 
neutrophils and other leukocytes to the endothelium. 
Endothelial cell expression of ICAM-1, which promotes 
increased cell-cell interactions with leukocytes at infl amed 
sites, increases in response to infl ammatory cytokines. 
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Vascular cell adhesion molecule 1 (VCAM-1) is another 
immunoglobulin superfamily member expressed on 
endothelial cells that can be induced by cytokines.206,221 
VCAM-1 is the counter-receptor for the β1 integrin very 
late antigen 4 (VLA-4) and appears to be important in 
promoting the adherence of monocytes and eosinophils 
during infl ammation. The β2 integrin Mac-1 (CD11b/
CD18) also has an important role as an opsonic receptor 
for the complement fragment C3bi, as discussed later.

In addition to their role in adhesion, β2 integrins play 
an important role in leukocyte activation.222,223 Binding 
of ligand to integrins results in their clustering and activa-
tion of tyrosine kinase and other signaling cascades,224 
which provides costimulatory signals to enhance migra-
tion, the respiratory burst, Fcγ-mediated phagocytosis, 
and degranulation.

Although leukocyte β2 integrin–mediated adhesion is 
clearly important for recruitment of neutrophils from the 
systemic microvasculature into infl ammatory sites, emi-
gration of neutrophils out of the pulmonary circulation 
can also be mediated by alternative pathways, depending 
on the infl ammatory stimulus.225 Whether the alternative 
pathway in pulmonary capillaries involves selectins or 
other adhesion molecules remains to be defi ned.

The fi nal steps in emigration of neutrophils from the 
blood vessel lumen into infl amed tissue involves squeez-
ing between adjacent endothelial cells (diapedesis) and 
penetrating the basement membrane (see Fig. 21-3). The 
presence of a chemotactic gradient is required to induce 
the directional migration of neutrophils.187,226,227 Adhesive 
interactions between the β2 integrins and endothelial cell 
ICAM-1 are essential for neutrophil diapedesis, whereas 
VCAM-1 and E-selectin can mediate the transmigration 
of monocytes and eosinophils.6,116 Junctional adhesion 
molecule 1 (JAM-1), an immunoglobulin superfamily 
protein expressed at the tight junctions of resting 
endothelial cells and epithelial cells, facilitates leukocyte 
transmigration via binding to LFA-1 (CD11a/CD18).228 
Transendothelial migration of neutrophils is also depen-
dent on homologous binding between neutrophil and 
endothelial cell platelet–endothelial cell adhesion mole-
cule 1 (PECAM-1, CD31), another immunoglobulin 
superfamily member expressed on the surface of leuko-
cytes, platelets, and endothelial cells, where it is localized 
at the junctions between cells.229,230 Migrating neutro-
phils induce increases in endothelial intracellular calcium 
levels and changes in the actin cytoskeleton that facilitate 
transmigration.231,232 Finally, chemoattractant-induced 
neutrophil degranulation results in the release of diges-
tive enzymes, including collagenase, elastase, and gelati-
nase, which facilitate penetration of the basement 
membrane.46,233

Chemotaxis

Chemotaxis is the directional movement of a cell along 
a concentration gradient.26,28,31,234,235 Defects in neutro-
phil cellular motility or other steps in chemotaxis can 
result in decreased resistance to bacterial and fungal 

infections, as discussed later in this chapter. The neutro-
phil chemotactic response occurs at chemoattractant 
concentrations that approximate the dissociation con-
stants of the chemotactic factors for their receptors, 
which are much lower than those that elicit degranulation 
and activation of the respiratory burst.29,195 Cells respond 
to a chemotactic gradient by constantly sensing across 
their surface, and bound chemotactic receptors are con-
tinuously internalized. A migrating neutrophil has a 
polarized appearance, with pseudopodia or lamellipodia, 
thin structures rich in actin fi laments and lacking intra-
cellular organelles, extending at the leading edge.29,31 The 
pseudopods appear to glide forward and pull the cell 
body behind them. The nucleus tends to remain in the 
posterior half of the moving leukocyte. Migration also 
requires the formation of a uropod at the “tail” of the 
leukocyte that deattaches from the underlying matrix and 
retracts the rear of the cell as it moves forward.236 Rho 
GTPases play an important role in establishing chemoat-
tractant-induced polarization and migration.54,202

Neutrophil movement is dependent on the dynamic 
assembly and disassembly of fi lamentous actin, coordi-
nated by various ABPs whose activity is regulated by 
intracellular signaling molecules.26,28,234,235,237,238 Leuko-
cyte motility is inhibited by the cytochalasins, which 
block actin assembly. Actin can exist either as a soluble 
monomer (globular actin) or in needle-like helical fi la-
ments (fi lamentous actin). Actin fi laments align sponta-
neously in parallel bundles, but in the cell they are 
organized into a branching network because of the pres-
ence of actin fi lament cross-linkers such as ABP.239,240 
Another class of actin regulatory proteins sequesters 
actin monomers and can thus control the availability of 
globular actin for fi lament formation. Prophyllin and thy-
mosin B4 are two major actin monomer–binding proteins 
in neutrophils.241 Other ABPs, such as gelsolin, cap the 
fast-growing barbed end of the actin fi lament or sever 
fi lamentous actin into shorter pieces, or both.29,31

Agonists acting via receptors on the cell membrane 
trigger the generation of second messengers that interact 
with ABPs to control dynamic local cycles of fi lamentous 
actin assembly.31 For example, increased local calcium 
concentrations activate gelsolin, which promotes actin 
disassembly by cleaving actin fi laments and capping its 
barbed ends. On the other hand, actin assembly is stimu-
lated by the accumulation of phosphoinositols liberated 
from membrane phospholipids around an activated recep-
tor. Phosphoinositols such as PIP2 interact both with 
actin-sequestering proteins to liberate actin monomers 
and with gelsolin to uncap the barbed ends of fi lamentous 
actin. The Rho GTPases Cdc42 and Rac are important 
regulators of actin remodeling and are activated by binding 
of ligand to chemoattractant receptors.54,201,202,234,242 
Cdc42 activates proteins of the Wiskott-Aldrich syndrome 
protein (WASP) family, which then bind to a complex of 
seven proteins known as the Arp2/3 complex to nucleate 
assembly of new actin fi laments at the leading edge of 
migrating cells.234,237,243 Activation of Rac appears to be 
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important both for de novo actin nucleation by the Arp2/3 
complex and for stimulating uncapping of existing actin 
fi lament barbed ends.199

During pseudopod extension in chemoattractant-
activated neutrophils, new actin polymerization occurs at 
the site of membrane protrusion while the fi lamentous 
actin in the rear of the cell disassembles.28,235,244 How 
actin assembly-disassembly results in membrane exten-
sion and the formation of pseudopodia is not fully under-
stood but may involve localized changes in osmotic 
pressure as a result of alterations in actin polymeriza-
tion.29,31 Membrane movement and retraction of the rear 
of the cell are mediated in part by Rho GTPase–
regulated contractile proteins such as myosin 1.235,245,246

Recognition, Opsonization, 
and Phagocytosis

Recognition, ingestion, and disposal of microbes, foreign 
particulate matter, and damaged cells constitute a major 
aspect of phagocyte function. To facilitate their recogni-
tion by phagocytes, these targets are coated with serum 
opsonins (from the Greek word meaning “to prepare for 
dining”) that include proteolytic fragments derived from 
the complement cascade, as well as specifi c immuno-
globulins. The key humoral opsonins are the proteolytic 
cleavage products of C3 (C3b and C3bi), which can be 
generated in the absence of specifi c immunity by the 
alternative and mannose-binding lectin (MBL) pathways 
(see later), and the opsonic antibodies IgM, IgG1, and 
IgG3. Targets are opsonized by the deposition of C3b 
and C3bi or IgG onto their surfaces via the specifi c (Fab) 
portion of the antibody. Antibacterial IgM antibodies, 
though not opsonic by themselves, play an important role 
in phagocytosis by activating complement. Opsonins are 
recognized by phagocyte cell surface glycoprotein recep-
tors for immunoglobulin and C3 cleavage products, as 
described later. Inherited defi ciencies of opsonization can 
result in increased susceptibility to bacterial infections, 
as discussed in a following section. In contrast, primary 
defects in phagocyte receptors for these opsonins appear 
to be an uncommon cause of recurrent infections.247

Phagocytes also have cell surface receptors capable 
of recognizing targets even in the absence of opsonins. 
These members of the “pattern recognition receptor” 
(PRR) family recognize broad classes of macromole-
cules.248-250 PRRs include scavenger receptors that have 
broad binding specifi city for polyanionic ligands and par-
ticipate in the clearance of diverse material, including 
modifi ed LDL and apoptotic cells.248 Many PRRs detect 
conserved molecular structures unique to microbes that 
are referred to as pathogen-associated molecular patterns 
(PAMPs).248-251 The mannose receptor recognizes carbo-
hydrate structures present in a range of cells infected by 
bacteria, fungi, viruses, and parasites, whereas the β-
glucan receptor (dectin-1) binds to β-glucan structures 
in zymosan and other yeast-derived particles. Mamma-

lian TLRs are an important group in the PRR 
family.249,250,252 At least 12 different TLRs have been 
described; they recognize conserved peptide, lipid, car-
bohydrate, and nucleic acid structures expressed by dif-
ferent groups of microbes. For example, peptidoglycan 
and lipopolysaccharide are PAMPs associated with gram-
positive and gram-negative bacteria and are recognized 
by TLR2 and TLR4, respectively. Binding to PRRs, 
which often occurs in a combinatorial fashion, activates 
an array of proinfl ammatory responses, including expres-
sion of proinfl ammatory cytokines and release of oxi-
dants and reactive nitrogen intermediates. TLR signaling 
activates the NF-κβ and interferon regulatory factor 
(IRF)-dependent pathways, and genetic defects in the 
protein that couples TLRs to NF-κβ lead to recurrent 
bacterial infections.253 Some PRRs, including the mannose 
receptor, scavenger receptors, and β-glucan receptor, also 
trigger phagocytosis.251

In addition to cell surface PRRs, soluble PRRs 
present in serum or tissues serve important roles in alert-
ing phagocytes to the presence of microbes.254,255 Such 
PRRs include the collectins (calcium-dependent lectins), 
which bind to oligosaccharide or lipid moieties of micro-
organisms to enhance their opsonization and effi ciently 
activate phagocytes. Members of the collectin family 
include the lung alveolar surfactant proteins A and D and 
the MBL, also known as MBP.255-257 Binding of MBL to 
mannose residues initiates a third pathway of comple-
ment activation (in addition to the classical and alterna-
tive pathways) by interacting with the serine proteases 
MASP1 and MASP2 and thereby generating opsonic 
C3 fragments.254,258 MBL itself can also function as an 
opsonin for promoting uptake by the complement 
receptor CR1.255,258

Complement Receptors

Activation of complement C3 to generate the cleavage 
fragments C3b and C3bi is the dominant source of opso-
nins in the absence of antibodies. Four C3 fragment 
receptors have been described on phagocytic leukocytes 
(Table 21-5). The human phagocyte C3b receptor (CR1, 
CD35) is a high-molecular-weight, single-subunit glyco-
protein that shows substantial heterogeneity in size 
because of the presence of four distinct alleles in the 
human population that encode proteins ranging in size 
from 160 to 250 kd. CR1 is responsible for the binding 
of C3b-opsonized particles and for initiating their inges-
tion.258,259 CR1 also recognizes microbes opsonized with 
MBL.255,256,258 The other major opsonic receptor, CR3, 
recognizes particles opsonized with C3bi. This receptor 
is the same as the β2 integrin Mac-1 (CD11b/CD18) 
discussed in detail in an earlier section (see Fig. 21-5). 
Binding of C3bi-opsonized particles to CD11b/CD18 
triggers both phagocytosis and, in neutrophils, the respi-
ratory burst. The CR4 receptor is the same as the β2 
integrin CD11c/CD18 and, on macrophages, can also 
initiate phagocytosis of C3bi-coated targets. Finally, a 
newly discovered receptor that binds the complement 
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fragments C3b and C3bi, termed CRIg (complement 
receptor of the immunoglobulin superfamily) is expressed 
primarily in resident macrophages of the liver (Kupffer 
cells).260 CRIg appears to play a critical role in mediating 
phagocytosis and clearance of C3 fragment–opsonized 
bacteria from the circulation, at least in mice.260

Immunoglobulin Receptors

Immunoglobulins are recognized by Fc receptors, which 
are members of the immunoglobulin gene superfamily. 
Fc receptors bind to the “constant domain” of the anti-
body molecule, these being specifi c to each class of 
immunoglobulin (IgA, IgE, IgG, and IgM).247,261-263 The 
most important from the standpoint of microbial opso-
nization are Fc receptors that recognize IgG (Table 21-
6). The Fcγ receptors include three distinct classes, 
FcγRI, FcγRII, and FcγRIII, which are encoded by at 
least eight genes that have evolved through gene duplica-
tion and alternative splicing, although not all give rise to 
detectable mRNA or protein.264 The low-affi nity FcγR 
genes (FcγRII and FcγIII families) and two of the genes 
for the high-affi nity IgE receptor are clustered on chro-
mosome 1q22. The high-affi nity IgG Fc receptors map 
to other sites on chromosome 1.

Except for FcγRIIIb, which is anchored in the mem-
brane by a glycosylphosphatidylinositol (GPI) moiety, 
the FcγR proteins have a single transmembrane domain. 
FcγRI and FcγRIIIa exist as oligomeric complexes with 
γ (in phagocytes) or ζ (in lymphocytes) chains that are 
important for both their stable expression and signaling 
functions.264 These accessory chains contain YXXL 
immunoreceptor tyrosine activation motifs (ITAMs), 
which become tyrosine-phosphorylated upon receptor 
cross-linking to initiate downstream signaling cas-

cades.247,261-263 The cytoplasmic tail of FcγRIIa contains 
variant ITAMs, and hence this receptor does not require 
accessory chains for its function. There is no murine 
equivalent to FcγRIIa.263 The GPI-linked FcγRIIIb must 
be colligated to either FcγRIIa or the β2 integrin 
CR3 (Mac-1) to initiate signaling functions upon liga-
tion.247,261-263 FcγRIIb, expressed on monocytes/
macrophages, mast cells, and lymphocytes, contains 
immunoreceptor tyrosine inhibition motif (ITIM) 
sequences and instead inhibits cellular activation upon 
immunoglobulin cross-linking.261-263

Each FcγR is expressed at different levels, depending 
on the type of phagocytic cell (see Table 21-6), and some 
FcγRII and FcγRIII family members are also expressed 
on lymphocytes, platelets, thymocytes, natural killer 
(NK) cells, and mast cells.263,264 The FcγRI class includes 
the products of three highly homologous genes, denoted 
A, B, and C, although the protein products of the latter 
two have not been detected in vivo. FcγRIa receptors are 
expressed by monocytes and neutrophils or eosinophils 
stimulated by IFN-γ or G-CSF and have high affi nity for 
monomeric IgG.247,262,263 Members of the FcγRII and 
FcγRIII families have low affi nity for monomeric IgG, 
but high affi nity for clusters of IgG (e.g., several antibod-
ies bound to the same particle) and immune complexes. 
Only neutrophils and IFN-γ–stimulated eosinophils 
appear to express FcγRIIIb, and polymorphisms in this 
receptor correspond to the serologically defi ned NA1/
NA2 antigen system, which is a common antibody target 
in autoimmune and alloimmune neutropenia.265,266 Poly-
morphisms in FcγRIIa, FcγRIIIa, and FcγRIIIb are asso-
ciated with an increased incidence or severity of various 
autoimmune or infectious diseases.267 For example, the 
131H allele of FcγRIIa, which is the only FcγR that 

TABLE 21-5 Human Phagocyte Receptors for Complement C3 Fragment

CR1 (CD35) CR3 (CD11b/CD18; Mac-1) CR4 (CD11d/CD18) CRIg

Cell 
distribution

Neutrophils
Monocytes
B lymphocytes

Neutrophils
Monocytes
Macrophages
NK cells

Macrophages
Dendritic cells

Kupffer cells, certain 
other resident tissue 
macrophages

Structure Transmembrane 
protein

Transmembrane, two 
subunits

Transmembrane, 
two subunits

Transmembrane protein

Ligands C3b
C4b
C3bi
C1q
Mannose-binding lectin 
(mannose-binding 
protein)

C3bi
ICAM-1, 2
Fibrinogen
Factor X

C3bi
Fibrinogen

C3b
C3bi

Function Phagocytosis Phagocytosis
Respiratory burst 
(neutrophils)

Adhesion
Activation

Phagocytosis
Adhesion

Phagocytosis

See text for references.
CR, complement receptor; ICAM, intracellular adhesion molecule; NK, natural killer.



1128 THE PHAGOCYTE SYSTEM

mediates effi cient phagocytosis of IgG2-opsonized bac-
teria, has been linked to a lower incidence of infections 
with encapsulated bacteria.247

Cross-linking of FcγRs can trigger a wide range of 
functional responses, including phagocytosis of IgG-
coated microbes, blood cells, or tumor cells; ingestion of 
immune complexes; release of infl ammatory mediators; 
activation of the respiratory burst; and antibody-
dependent cellular cytotoxicity (ADCC). The relative 
roles of different phagocyte FcγR classes have not been 
clearly delineated, although all can function as receptors 
for opsonized particles or immune complexes. Binding of 
IgG to FcγRI and FcγRIIa activates the respiratory burst, 
whereas secretion of granular contents is a prominent 
response on binding to FcγRII and FcγRIIIb.247,261 
Although the ligand-binding domains of different FcγRs 
all bind IgG, the specifi city of the cellular response may 
be governed by the unique transmembrane and cytoplas-
mic domains of a particular Fc receptor subtype.261-263

Ligation and cross-linking of FcγRs induce a cascade 
of biochemical signals that are initiated by activation of 
nonreceptor protein tyrosine kinases of the Src family, 
which phosphorylate ITAMs in the FcRγ chain and in 
FcγRIIa to recruit and activate the Syk tyrosine kinase 
and further amplify ITAM phosphorylation.261,268-270 
Subsequent activation of several parallel pathways, 
including activation of phospholipase C, PI3K, MAPK-
related pathways, and other targets, leads to various cel-
lular responses, such as actin and membrane remodeling 

for ingestion of particles, activation of NADPH oxidase, 
and release of cytokine.

Opsonization of microbes with secretory IgA anti-
bodies is likely to be important in the clearance of 
microbes from the mucosal surfaces of the respiratory, 
gastrointestinal, and urogenital tracts. Neutrophils and 
monocytes have an Fc receptor for IgA (FcRα) that has 
close structural similarities with other members of the Fc 
receptor family.271 Ligation of phagocyte FcRα can trigger 
phagocytosis, degranulation, and release of superox-
ide.272,273 IgE antibodies can activate eosinophils and 
mast cells through the high-affi nity FcεRI receptors.

Phagocytosis

Engagement of any of the opsonic receptors initiates 
phagocytosis of an opsonized particle by forming a 
phagocytic vacuole to enclose the particle. The molecular 
details of this process are incompletely understood but 
involve membrane remodeling and regulated assembly 
and disassembly of the actin cytoskeleton, in a fashion 
analogous to the mechanisms that result in cell move-
ment when chemotactic receptors are engaged. FcγR-
mediated phagocytosis triggers the extension of long 
pseudopodia that attach in a zipper-like fashion around 
the particle and then fuse to form the phagosome, 
which is then drawn into the cell.268-270 In contrast, 
complement-opsonized particles attach to the cell surface 
only at limited points and “sink” into the cytoplasm 
in the absence of any pseudopod extension.269 These 

TABLE 21-6 Human Phagocyte Fcg Receptors

FcgRIa (CD64) FcgRIIa (CD32) FcgRIIIa, b (CD16)

Polymorphisms 131R/H IIIa: 48L/R/H, 158F/V
IIIb: NA-1, NA-2

Cell distribution Monocytes
Macrophages
IFN-γ– or G-CSF–treated 
neutrophils

IFN-γ–treated eosinophils

Monocytes
Neutrophils
Macrophages
Eosinophils
Basophils
Platelets

IIIa: macrophages, monocytes (some), 
T cells, NK cells

IIIb: neutrophils, IFN-γ–treated 
eosinophils

Protein size, 
type

72 kd, transmembrane 40 kd, transmembrane 50-90 kd
IIIa: transmembrane
IIIb: GPI anchored

Associated 
proteins

FcRγ homodimer — IIIa: FcRγ homodimer (macrophage, 
monocyte)

IIIb: colligation with FcγRIIa or CR3
Ligands Monomeric IgG (G1 = G3 

> G4 >> G2)
Complexed IgG (G1 = G3 
>> G2, G4) (FcγRIIa 
131H-G2)

Complexed IgG (G1 = G3 >> G2, G4)

Affi nity High Low Low
Function Phagocytosis

Respiratory burst
Endocytosis of IC
ADCC
Antigen presentation

Phagocytosis
Respiratory burst
Exocytosis
Endocytosis of IC
ADCC
Antigen presentation

Phagocytosis
Exocytosis
Endocytosis of IC
ADCC (IIIa)
Antigen presentation (IIIa)

See text for references.
ADCC, antibody-dependent cellular cytotoxicity; G-CSF, granulocyte colony stimulating factor; IFN-γ, interferon-γ; FcγR, Fc receptor for IgG; GPI, glycosylphos-

phatidylinositol; IC, immune complexes; NK, natural killer.
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morphologic differences are associated with differences 
in the underlying biochemical pathways. FcR-mediated 
phagocytosis is sensitive to inhibitors of tyrosine kinases 
and requires the Rac and Cdc42 GTPases, whereas CR3-
mediated phagocytosis is dependent on protein kinase C 
and the Rho GTPase.

Microorganisms can also enter phagocytes by 
nonopsonic routes, which enables them to evade the 
cytocidal weapons that are otherwise activated upon 
phagocytosis. For example, after binding to the macro-
phage cell surface, Salmonella typhimurium induces exten-
sive membrane ruffl ing that leads to internalization of the 
bacterium into a macropinisome, or “spacious phago-
some.”274 Attachment of Legionella pneumophila to mac-
rophages induces the formation of a pseudopod that 
spirals around the bacterium to form a “coiling phago-
some” that does not acidify or fuse with lysosomes. 274

Cytocidal and Digestive Activity

Binding of ligands to phagocyte chemoattractant and 
opsonic receptors ultimately leads to the mobilization of 
phagocyte granules that contain cytotoxic and hydrolytic 
proteins and to the activation of enzymatic reactions that 
generate toxic oxygen metabolites (see Fig. 21-8). These 
complementary processes are designed to modify or 
destroy the inciting object and are often classifi ed as 
oxygen-independent and oxygen-dependent pathways.

Neutrophil granules are secretory organelles that can 
be divided into four general classes, as discussed in a 
preceding section (see Table 21-2). Degranulation (also 
referred to as exocytosis or mobilization), or the fusion 
of granule membranes with the plasma or phagosome 
membrane, results in the transfer of granule membrane 
constituents to a new membrane compartment and dis-
charge of the granule contents into the extracellular fl uid 
or phagocytic vacuole. Microtubules and microfi laments 
are involved in granule translocation. Degranulation is 
triggered by increases in calcium concentration when 
neutrophils are activated through chemoattractant and 
other receptors. Different neutrophil granule populations 
have marked differences in expression of VAMP-2, a 
fusogenic protein involved in exocytosis; expression is 
highest in secretory vesicles, less in gelatinase granules, 
and still lower in specifi c granules.39 Thus, different 
granule classes vary in their responsiveness to calcium, 
which leads to the mobilization of different granule 
classes, depending on the calcium concentration, which 
in turn is proportion to the concentration of the chemo-
attractant or other activating signal.24,46,275 Secretory 
vesicles, whose membranes are storage pools for β2 inte-
grin adhesion proteins and other receptors, are mobilized 
with relatively low concentrations of calcium. Fusion of 
secretory vesicles with the plasma membrane provides a 
rapid means of upregulating the cell surface expression 
of these receptors, along with the metalloproteinase leu-
kolysin (MMP-25), another membrane constituent of 
secretory vesicles. Gelatinase (tertiary) granules are 

also easily mobilized for exocytosis at the cell surface to 
release gelatinase (MMP-9). These metalloproteinases 
are stored as inactive proforms and become activated by 
proteolysis after exocytosis to facilitate the breakdown 
of extracellular matrix during the early phases of neutro-
phil migration.25,233 At the opposite end of the spec -
trum, azurophilic (primary) granules, which contain 
cytotoxic proteins and hydrolytic enzymes, undergo only 
limited exocytosis and fuse primarily with phagocytic 
vacuoles to deliver their contents into a sequestered 
compartment.

Monocytes and macrophages do not have popula-
tions of cytoplasmic storage granules and secretory vesi-
cles equivalent to those found in neutrophils. Instead, 
internalized phagosomes fuse sequentially with endocytic 
vesicles and subsequently lysosomes to form a phago-
lysosome, which has a highly acidic interior rich in 
hydrolases.121,268,269

Certain microorganisms can become intracellular 
parasites because they have developed mechanisms to 
prevent fusion of granules with the phagocytic vacuole or 
otherwise evade the phagocyte digestive and oxidative 
armamentarium. For example, although mycobacteria 
exist intracellularly within a phagosome, they produce 
compounds that inhibit their fusion with lysosomes.276 
L. pneumophila and Toxoplasma may inhibit acidifi cation 
and lysosomal fusion.274 Virulent strains of Salmonella 
engulfed by macrophages produce compounds that 
prevent translocation of the respiratory burst oxidase to 
the phagosomal membrane.277 Listeria monocytogenes 
escapes the phagocytic vacuole altogether to avoid attack 
by lysosomal products and can survive in the cytoplasm 
of relatively quiescent macrophages and hepatocytes.274 
Yersinia, group A streptococci, Helicobacter, Ehrlichia, and 
Francisella are examples of microbes that have developed 
similar strategies to survive in neutrophils.278

In addition to delivering their antimicrobial granule 
contents to the interior of phagosomes, dying neutrophils 
are also capable of extruding web-like extracellular struc-
tures, termed neutrophil extracellular traps (NETs), 
composed of chromatin and granule proteins that can 
bind and kill microbes.279 The formation of NETs appears 
to involve a novel process of cell death that is depend -
ent on oxidants generated from neutrophil NADPH 
oxidase.280

Oxygen-Independent Toxicity

Phagocyte granules supply preformed cytotoxic and 
digestive compounds that play a key role in oxygen-inde-
pendent killing and digestion of microbes, senescent 
cells, and particulate debris. In neutrophils, azurophilic 
(primary) and specifi c (secondary) granules serve as the 
main storage reservoir of these compounds. Oxygen-
independent pathways complement those dependent on 
the respiratory burst (see the following section) and are 
also important for phagocyte antimicrobial activity under 
the adverse conditions of hypoxia and acidosis often 
encountered locally at the site of infection.
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Numerous cationic antimicrobial proteins are con-
tained within neutrophil azurophilic granules.46,275,281,282 
Defensins are small (29– to 25–amino acid residue) basic 
peptides that constitute more than 5% of the total cellu-
lar protein of human neutrophils, although they are 
absent in murine neutrophils. These peptides exert anti-
microbial effects against a broad range of gram-positive 
and gram-negative organisms, fungi, mycobacteria, and 
some enveloped viruses. Defensins are also cytotoxic to 
mammalian cells. Defensins kill target cells by insertion 
into the cellular membrane and formation of voltage-
regulated channels. Defensin-like peptides have also been 
found in small intestinal Paneth cells and in tracheal 
epithelium.281,282 BPI is a 55-kd cationic protein that has 
potent cytotoxic effects on gram-negative bacteria.283 BPI 
binds avidly to lipopolysaccharide, which leads both to 
bacterial killing by damaging the cell membrane and to 
neutralization of the endotoxin associated with the bacte-
rial cell wall and in serum. Serpocidins are a family of 
25- to 29-kd glycoproteins that are homologous 
to members of the serine protease superfamily; they 
include azurocidin (CAP37) and three serine proteases 
(cathepsin G, elastase, and proteinase-3).282,284 In human 
neutrophils, serpocidins are even more potent than 
defensins in antimicrobial activity and have a broad 
spectrum of cytotoxicity that is, with few exceptions, 
unrelated to proteolytic activity. Cathepsin G, elastase, 
and proteinase-3 are often referred to as neutral prote-
ases because the optimal pH for their proteolytic activity 
is approximately 7. Azurocidin can bind to endotoxin, 
which appears to account for its activity against 
gram-negative bacteria.285 Azurocidin is also a potent 
chemoattractant for monocytes, as well as fi broblasts 
and T cells.285 Exogenous administration of antimicrobial 
peptides is being studied as an adjunctive or alterna -
tive therapy to conventional antibiotics in a number of 
settings.286

Both azurophilic and specifi c granules contain lyso-
zyme, which hydrolyzes the cell wall of saprophytic gram-
positive organisms and may also assist in the nonlytic 
killing of other organisms.46 hCAP-18, a member of the 
cathelicidin family of antimicrobial peptides, is cleaved 
by proteinase-3 after exocytosis. Its N-terminal region is 
homologous to that of other cathelicidins, whereas its 
37–amino acid C-terminal fragment, termed LL-37, has 
additional activities, including acting as chemoattractant, 
as well as effects on apoptosis.39 Specifi c granules also 
contain the iron-binding glycoprotein lactoferrin, which 
has direct bactericidal activity both related and unrelated 
to the chelation of iron compounds required for bacterial 
metabolism. Lactoferrin may also catalyze the nonenzy-
matic formation of OH· radicals during the respiratory 
burst (see the following section). Vitamin B12 (cobalamin) 
binding–protein has been proposed to bind an analogous 
family of compounds found in bacteria to exert an anti-
microbial effect.287 Lipocalin, also known as NGAL, 
interferes with bacterial iron utilization by binding to 
bacterial ferric-siderophore complexes.46

Azurophilic granules contain a variety of hydrolases 
(see Table 21-2) that have a lower optimal pH (<6), con-
sistent with the lysosomal character of these granules. 
Studies using indicator dyes and biochemical techniques 
suggest that after a transient rise, the pH of the phago-
cytic vacuole falls below 6, which would enhance the 
activity of these enzymes upon their discharge into the 
vacuole.288,289 The acid hydrolases serve primarily a diges-
tive rather than a microbicidal function.290 Azurophilic 
granules also contain MPO, which is an important 
enzyme in the microbicidal oxygen-dependent reactions 
that are described in the following section.

Inherited partial or complete defi ciency of MPO, 
which occurs in 0.05% of the population, can occasion-
ally result in increased susceptibility to infection (see later 
in this chapter). Defi ciencies in other individual neutro-
phil granule proteins have not yet been described in 
humans, but gene-targeted mice lacking the neutrophil 
granule serine proteases elastase or cathepsin G have 
impaired host defense against gram-negative sepsis and 
fungal infections.291,292 A few rare disorders involving 
defects in granule formation (SGF) or degranulation 
(CHS) are associated with recurrent bacterial infections. 
Inherited mutations in neutrophil elastase have recently 
been identifi ed in patients with cyclic neutropenia and 
severe congenital neutropenia (SCN).293,294 The mutant 
forms of elastase may have abnormal properties that 
exert a toxic effect on granulopoiesis.

Oxygen-Dependent Toxicity

The resting neutrophil relies primarily on glycolysis for 
energy and hence consumes relatively little oxygen.295 
However, within seconds after contacting opsonized 
microbes or high concentrations of chemoattractants, 
oxygen consumption increases dramatically, often by 
more than 100-fold. This “extra respiration of phagocy-
tosis” was fi rst observed in 1933,296 but it was almost 30 
years before it was appreciated that this process was 
insensitive to mitochondrial poisons and thus not related 
to increased energy demands.297 The enzyme complex 
responsible for this phenomenon, referred to as the 
NADPH or respiratory burst oxidase, is associated with 
the plasma and phagolysosomal membranes and cata-
lyzes the transfer of an electron from NADPH to molecu-
lar oxygen, thereby forming the superoxide radical (O2

−) 
(Fig. 21-7).298-301 Superoxide, though itself a relatively 
weak microbicidal agent, is the precursor to a family of 
potent oxidants that are essential for the killing of many 
microorganisms (Fig. 21-8; also see Fig. 21-7).298,299,302,303 
The importance of the respiratory burst to normal host 
defense is underscored by the recurrent and often life-
threatening infections seen in patients with chronic gran-
ulomatous disease (CGD); such patients are genetically 
defi cient in respiratory burst oxidase activity.

The respiratory burst oxidase is a multi-subunit 
enzyme complex assembled from membrane-bound and 
soluble proteins upon phagocyte activation (Fig. 21-9). 
Identifi cation of the components of this enzyme has ben-
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efi ted greatly from the biochemical and molecular genetic 
analysis of patients with CGD. Four polypeptides, gp91phox, 
p22phox, p47phox, and p67phox, that are essential for respira-
tory burst function have been identifi ed (Table 21-7), and 
mutations in the corresponding genes are responsible for 
the four different genetic subgroups of CGD. The oxidase 
subunits have been given the designation “phox” for 
phagocyte oxidase. A fi fth phox protein, p40phox, exists in a 
complex with p47phox and p67phox,301 and though not 
required for enzyme activity, is important for high levels of 
superoxide production during phagocytosis.304-306

An unusual b-type fl avocytochrome, located in the 
plasma membranes and specifi c granules of resting 
neutrophils, mediates electron transfer in the oxidase 
complex. This fl avocytochrome is a heterodimer that 
contains a 91-kd glycosylated protein, gp91phox, and a 
nonglycosylated subunit, p22phox.307-310 The gene for 
gp91phox, which is the site of mutations in the X-linked 
form of CGD, was one of the fi rst human disease–
associated genes to be identifi ed by positional cloning.310 

The respiratory burst oxidase fl avocytochrome has 
been referred to as fl avocytochrome b558 for its spectral 
peak of light absorbance at 558 nm or as fl avocytochrome 
b−245 in reference to its midpoint potential of −245 mV, 
which is the lowest reported for any mammalian cyto-
chrome311 gp91phox in the redox center of the oxidase; it 
contains two heme prosthetic groups embedded within 
the membrane in the hydrophobic amino-terminal of 
the protein and a fl avoprotein domain in the carboxy-
terminal with binding sites for fl avin and NADPH.300,301 
The p22phox subunit is also an integral membrane protein 
and provides an important docking site for p47phox during 
the assembly of NADPH oxidase.312 Heterodimer forma-
tion with gp91phox is essential for heme incorporation 
and intracellular stability of both fl avocytochrome 
subunits.313,314

Based on the redox properties of fl avocytochrome 
b558, the following pathway has been proposed for transfer 
of electrons from NADPH to O2 in the respiratory burst 
(reaction 1 in Fig. 21-7):

8 7

NADPH

NADPH   +   2 O2 NADP+   +   H+   +   2 O2
−

NADP+
6

9

1

GSSG

γ-Gluatamyl cysteine H2O2

H2O

HOCI

OH•

• Inactivate antiproteinases
• Activate proteinases
• Form chloramines

2

4

5

3

2GSH

FIGURE 21-7. Reactions of the respira-
tory burst pathway. The enzymes responsi-
ble for reactions 1 to 9 are as follows: 
(1) the respiratory burst oxidase (reduced 
nicotinamide adenine dinucleotide phos-
phate [NADPH] oxidase); (2) superoxide 
dismutase or spontaneous; (3) nonenzy-
matic, Fe2+ catalyzed; (4) myeloperoxidase; 
(5) spontaneous; (6) glutathione peroxi-
dase; (7) glutathione reductase; (8) glucose-
6-phosphate dehydrogenase; (9) glutathione 
synthetase. GSH, reduced glutathione; 
GSSG, oxidized glutathione. (Adapted with 
permission from Curnutte J, Orkin S, Dinauer 
M. Genetic disorders of phagocyte function. In 
Stamoyannopoulos G [ed]. The Molecular 
Basis of Blood Diseases, 2nd ed. Philadelphia, 
WB Saunders, 1994, p 493.)

Azurophilic (primary) granules:
BPI, neutrophil elastase, cathepsin
G, proteinase 3, azurocidin,
myeloperoxidase

Myeloperoxidase

Phox

Neutrophil

Nets that trap
bacteria and

neutrophil elastase

H2O2

O2
  –

1O2 O3
•OH

HOBr
HOI
HOCl
Chloramines

Specific secondary and tertiary granules:
Lactoferrin, lipocalin, lysozyme, hCAP-18,
MMP-8, MMP-9 and MMP-25

FIGURE 21-8. Neutrophils deliver multiple antimicrobial molecules. Microbicidal products arise from most compartments of the neutrophil: 
azurophilic granules (also known as primary granules), specifi c granules (also known as secondary granules), tertiary granules, plasma and phago-
somal membranes, the nucleus, and the cytosol. BPI, bactericidal/permeability-increasing protein; H2O2, hydrogen peroxide; HOBr, hypobromous 
acid; HOCl, hypochlorous acid; HOI, hypoiodous acid; MMP, matrix metalloproteinase; 1O2, singlet oxygen; O2

−, superoxide; O3, ozone; ·OH, 
hydroxyl radical; phox, phagocyte oxidase. (Adapted with permission from Nathan C. Neutrophils and immunity: challenges and opportunities. Nat Rev 
Immunol. 2006;6:173-182.)
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The fl avocytochrome spans the membrane, with 
NADPH being oxidized at the cytoplasmic surface and 
oxygen being reduced to form O2

− on the outer surface 
of the plasma membrane (or the inner surface of the 
phagosomal membrane).298

The p47phox and p67phox subunits, along with the Rac 
GTPase, regulate NADPH binding and electron transfer 
in the fl avocytochrome. The p47phox, p67phox, and p40phox 
subunits are found in the cytosol as a complex that is 
stabilized by intermolecular interactions that include 

those mediated by Src homology domain 3 (SH3) and 
proline-rich SH3-binding motifs within these pro-
teins.300,301 Phagocyte activation induces translocation of 
this complex to the membrane fl avocytochrome, trig-
gered by phosphorylation of p47phox to expose an addi-
tional pair of SH3 domains that bind to a proline-rich 
target SH3-binding sequence in p22phox.301,312 The p47phox 
and p40phox subunits also contain a PX (for phox homol-
ogy) domain for binding phosphoinositides generated by 
PI3K during neutrophil activation.315-317 The p47phox 
subunit is necessary for translocation of p67phox to the 
membrane of activated neutrophils based on studies of 
p47phox-defi cient CGD neutrophils.300,318 However, sub-
stantial amounts of superoxide can be generated from 
neutrophil membranes in vitro in the absence of p47phox, 
provided that high concentrations of p67phox and Rac-
GTP are supplied.300 Hence, p47phox acts as an “adaptor” 
protein to mediate the translocation of p67phox and posi-
tion it correctly in the active NADPH oxidase complex. 
In addition to p47phox and p67phox, the active NADPH 
oxidase requires the GTP-bound form of the Rho GTPase 
Rac.54,202,300,301 The main target of Rac-GTP is the p67phox 
subunit, which contains a Rac-binding domain created 
by four α-helical tetratricopeptide repeat (TPR) motifs.319 
The GTP-bound form of Rac also appears to interact 
with fl avocytochrome b to further regulate enzyme 
activity.320

Oxidase assembly is triggered by receptor-mediated 
binding of many soluble chemoattractants (see Table 
21-4), which requires higher concentrations of these mol-
ecules than needed for the initiation of chemotaxis. 
Binding of opsonized microbes to Fcγ and complement 
receptors is another major physiologic trigger of the 
respiratory burst that is activated at sites of microbial 
contact.321,322 The specifi c pathways in the signal trans-
duction cascade leading to oxidase assembly and activa-
tion are still incompletely defi ned, but the two critical 
downstream events are phosphorylation of p47phox and 
activation of Rac to its GTP-bound state.202,300,301 The 
functional oxidase complex is assembled at the plasma 
membrane in response to soluble agonists. During phago-
cytosis, additional fl avocytochrome b for assembly of 
NADPH oxidase is delivered to the phagosome by the 
membrane fusion of specifi c granules, which contain the 
majority of the neutrophil’s supply of fl avocytochrome 
b.24,46,275 Because release of O2

− occurs largely at the 
extracellular side of the membrane, oxidants are released 
at sites of microbial contact or within the phagocytic 
vacuole, where they can interact with granule contents to 
potentiate their microbicidal effects.

Once formed, the O2
− radical is fi rst converted, either 

spontaneously or by means of superoxide dismutase, into 
H2O2 (reaction 2 in Fig. 21-7). Azurophilic granule–
derived MPO, in the presence of halides, catalyzes the 
conversion of H2O2 to hypochlorous acid (HOCl), the 
active agent in household bleach (reaction 4 in Fig. 
21-7). Hydrogen peroxide may also be converted to 
hydroxyl radical (OH·) in a nonenzymatic reaction with 

O2 O2
−

e−

Membrane

NADPH

NADP+

Rac
p40phox

p67phox

p47phox

gp91phox

p22phox

Cytosol Outside of cell
or lumen of
phagosome

Flavocytochrome b558

Xp21.1
~65%

16q24
~5%

1q25
~5%

7q11.23
~25%

FIGURE 21-9. Activation of reduced nicotinamide adenine dinucleo-
tide phosphate (NADPH) oxidase. Shown is the assembled form of the 
enzymatically active NADPH oxidase, along with subunits affected in 
the four different genetic subgroups of chronic granulomatous disease 
(CGD), the approximate incidence, and the chromosomal location of 
the corresponding gene. Flavocytochrome b558, the redox center of the 
enzyme, is located in plasma, specifi c granule, and phagolysosomal 
membranes. This heterodimer is composed of gp91phox and p22phox, 
which are affected in X-linked and an autosomal recessive form of 
CGD, respectively. Mutations in the genes encoding two soluble regula-
tory proteins, p47phox and p67phox, account for two autosomal recessive 
forms of CGD. These subunits, along with a fi fth phox protein, p40phox, 
are found in the cytosol until phagocyte activation, after which they 
move as a complex to the membrane to assemble the active NADPH 
oxidase complex. Membrane translocation of the p47phox-p67phox-p40phox 
complex is mediated by binding domains on 47phox that are exposed by 
activation-induced p47phox phosphorylation. Another essential regula-
tory component of NADPH oxidase is the small guanosine triphospha-
tase Rac, which in its active guanosine triphosphate–bound state 
becomes membrane bound and associates with p67phox. By a mechanism 
that involves an activation domain on p67phox, binding of these multiple 
regulatory subunits activates the fl avocytochrome to catalyze the trans-
fer of electrons from cytosolic NADPH across the membrane via the 
fl avin adenine dinucleotide and heme redox centers to molecular 
oxygen, thereby forming superoxide in the extracellular or intraphago-
somal compartment. No cases of CGD have been reported to result 
from mutations in p40phox or Rac. (Adapted with permission from Dinauer 
MC. Chronic Granulomatous Disease and Other Disorders of Phagocyte 
Function. Washington, DC, American Society of Hematology, 2005, pp 
83-89.)
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O2
− catalyzed by either iron or copper ions (reaction 3 in 

Fig. 21-7). Hydrogen peroxide, HOCl, and OH· are all 
strong oxidants that participate in microbial killing within 
the phagocytic vacuole.303,323 Reactive oxidants also regu-
late phagocyte proteolytic activity by activating latent 
phagocyte metalloproteinases (such as collagenase and 
gelatinase) and inactivating plasma antiproteinases.46,233 
Enhanced phagocyte proteolysis at localized sites may be 
important for facilitating cellular migration into infl amed 
tissues, destruction of microbes, and removal of cellular 
debris.

Other enzymatic pathways related to oxidant genera-
tion include the detoxifi cation of H2O2 by glutathione 
peroxidase and reductase (reactions 6 and 7, Fig. 
21-7).323 Glutathione is produced from γ-glutamylcyste-
ine by the enzyme glutathione synthetase (reaction 9, 
Fig. 21-7). Other important antioxidant systems in 
phagocytes and other tissues include catalase, which 
catalyzes the conversion of H2O2 to oxygen and water, 
ascorbic acid, and α-tocopherol (vitamin E).324 Genera-
tion of NADPH is important for providing a source of 
reducing equivalents for the glutathione detoxifi cation 
pathway, as well as the respiratory burst itself. NADPH 
is replenished from NADP+ by leukocyte glucose-6-phos-
phate dehydrogenase (G6PD; reaction 8, Fig. 21-7) in 
the hexose monophosphate shunt.

A second oxygen-dependent pathway with antimi-
crobial effects involves the generation of NO from the 
oxidation of l-arginine to l-citrulline. This reaction is 
catalyzed by nitric oxide synthase (NOS), with molecular 
oxygen supplying the oxygen in NO.325-327 There are three 
different NOS isoforms, two of which are constitutively 
expressed in a variety of tissues, including the endothe-
lium, brain, and neutrophils. Expression of a third, high-
output isoform of inducible NOS (iNOS) is mediated by 
infl ammatory stimuli in a variety of cells, including mac-
rophages and neutrophils, where it has a wide spectrum 
of antitumor and antimicrobial activity against bacteria, 
parasites, helminths, viruses, and tumor cells.325-327 NO 
can also interact with superoxide to form peroxynitrite, 
which mediates tyrosine nitration of cellular and bacterial 
proteins.302 High levels of iNOS-catalyzed NO produc-
tion are readily elicited in normal mouse macrophages 
by exposure, for example, to IFN-γ and endotoxin. In 
human monocytes and macrophages, IFN-α/β, IL-4 plus 
anti-CD23, or chemokines can induce iNOS expres-
sion.326 Expression of iNOS has been detected in a variety 
of infl ammatory and infectious diseases in humans, 
including malaria, hepatitis C, tuberculosis, tuberculoid 
leprosy, and the dementia associated with acquired 
immunodefi ciency syndrome (AIDS).326 Cytokine-
activated human neutrophils also exhibit inducible 

TABLE 21-7 Properties of the Phagocyte Respiratory Burst Oxidase (phox) Components

gp91phox p22phox p47phox p67phox p40phox

Synonyms β Chain
Heavy chain

α Chain
Light chain

NCF-1
SOC II

NCF-2
SOC III

NCF-4

Amino acids 570 195 390 526 339
Gene locus CYBB

Xp21.1
CYBA
16q24

NCF1
7q11.23

NCF2
1q25

NCF4
22q.13.1

Cellular 
location in 
resting 
neutrophil

Specifi c granule and 
secretory vesicle 
membranes

Plasma membrane

Specifi c granule 
and secretory 
vesicle 
membranes

Plasma membrane

Cytosol Cytosol Cytosol

Tissue 
specifi city

N, M/M, E
B lymphocytes

mRNA in all cells 
tested; protein 
only in myeloid 
and B cells

N, M/M, E
B lymphocytes

N, M/M, E
B lymphocytes

N, M/M, E
Other 
leukocytes

Functional 
domains

Binding sites for 
heme and FAD

NADPH binding 
sites for cytosolic 
oxidase 
components

Proline-rich 
domain in 
carboxy-terminal 
that binds p47phox

9 potential serine 
phosphorylation sites

SH3 domains
Proline-rich domains
PX domain

SH3 domains
Proline-rich 
domains

TPR repeats that 
bind Rac-GTP

PB1 domain

SH3 domain
PX domain
PB1 domain

Homologies NOX protein family
Ferredoxin-NADP+ 
reductase (FNR)

Yeast ferric iron 
reductase

Polypeptide I of 
cytochrome c 
oxidase (weak 
homology)

NOXO1
Interacts with other 
NOXs

NOXA1
Interacts with 
other NOXs

E, eosinophils; FAD, fl avin adenine dinucleotide; GTP, guanosine triphosphate; M/M, monocyte/macrophages; N, neutrophils; NADPH, reduced nicotinamide 
adenine dinucleotide phosphate; NCF, neutrophil cytosol factor; NOX, NADPH oxidase; phox, phagocyte oxidase component; PX, phox homology; SH3, src homology 
domain 3; SOC, soluble oxidase component; TPR, tetratricopeptide repeat.

Modifi ed with permission from Curnutte JT. Molecular basis of the autosomal recessive forms of chronic granulomatous disease. Immunodefi c Rev. 
1992;3:149-172.
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microbes (most characteristically mycobacteria, but any 
other organism or particle) cannot be fully ingested or 
killed, macrophages fuse in a cytokine-mediated process 
to form giant cells and granulomas.337,338

Activated macrophages also exhibit cytotoxicity 
against tumor cells, although the importance of this 
process in vivo remains to be determined.339,340 Tumor 
cell killing can be mediated by antibody-dependent and 
antibody-independent processes that are highly depen-
dent on macrophage activation. On the other hand, 
macrophage-mediated infl ammation can contribute to 
tumorigenesis,341 and tumor-associated macrophages can 
participate in tumor angiogenesis, invasion, and metas-
tasis.342,343 Osteoclasts, a specialized form of bone 
macrophage, cause bone resorption in osteolytic tumor 
metastases.344

IFN-γ, one of the principal macrophage-activating 
factors, is secreted by T lymphocytes, as well as by 
macrophages and neutrophils.126,134,168,169 The cytokine 
induces changes in macrophage gene expression through 
the JAK (Janus kinase)-STAT (signal transducer and 
activator of transcription) pathway, elements of which are 
shared by many other cytokines, including IL-2, IL-6, 
and G-CSF.29,345,346 Endotoxin, the bacterial lipopolysac-
charide derived from gram-negative bacteria, is another 
important trigger of macrophage activation through 
pathways involving CD14 and TLRs.126,347

Interactions of macrophages with T and B cells are 
essential for the development of cellular and humoral 

Box 21-2 Functions of Mononuclear Phagocytes

INFLAMMATORY RESPONSE 
AND PATHOGEN CONTROL

Antimicrobial activity
Antiviral activity
Antitumor activity
Secretion of cytokines, eicosanoids, proteases, coagulation 

factors, etc.
Granuloma formation

IMMUNE REGULATION

Antigen processing and presentation
Secretion of cytokines and chemokines

TISSUE HOMEOSTASIS AND REPAIR

Scavenger function
 Removal of apoptotic, senescent, or necrotic cells
 Phagocytosis of debris
Wound repair
 Débridement and phagocytosis
 Secretion of growth factors for endothelial cells and 

 fi broblasts
Hematopoiesis
 Secretion of growth factors
Iron metabolism
Lipid metabolism

production of NO, which leads to the nitration of ingested 
bacteria.328

Nonphagocyte NADPH Oxidases

The gp91phox, p22phox, p67phox, and p47phox subunits of the 
phagocyte respiratory burst oxidase have also been 
detected in endothelial cells and smooth muscle cells.329 
Expression of these components, as well as oxidant pro-
duction, appears to be much lower than in phagocytic 
leukocytes. The physiologic signifi cance of phox expres-
sion in nonphagocytic cells is controversial, but it has 
been speculated to play a role in intracellular signaling. 
Because there are many other potential sources of reac-
tive oxidants, such as from xanthine oxidase, mitochon-
dria, or other NAD(P)H oxidases, it has been diffi cult to 
ascribe any specifi c functions to vascular phox protein 
expression. However, recent studies in CGD knockout 
mice suggest that endothelial cell expression of these phox 
subunits may play a role in regulating infl ammatory cell 
recruitment.330,331

Close homologues of the gp91phox fl avocytochrome 
subunit have recently been discovered.332-334 This family 
is known as the NOX (NAD(P)H oxidase) proteins, of 
which there are six members in mammalian cells, in addi-
tion to gp91phox, which is designated NOX2 in this clas-
sifi cation. All NOX proteins share a similar protein 
structure, with transmembrane domains for heme binding 
and an intracellular fl avoprotein domain. The other NOX 
proteins are expressed in various cell types, including the 
epithelium, smooth muscle cells, and gut, and appear 
capable of generating superoxide, generally at much 
lower levels than the phagocyte enzyme. At least some 
appear to be located in intracellular membranes rather 
than at the plasma membrane. Homologues of p67phox 
(NOXA1) and p47phox (NOXO1) that regulate several of 
the nonphagocyte NOXs have also been identifi ed. The 
biologic functions of the nonphagocyte NOXs are under 
investigation and may include epithelial host defense, 
intracellular signaling for the regulation of cell growth 
and differentiation, and post-translational modifi cation 
of proteins.

Specialized Functions of 
Mononuclear Phagocytes

Mononuclear phagocytes, particularly tissue macro-
phages, participate in a broad range of activities impor-
tant for tissue homeostasis and repair, as well as in host 
defense against viruses, bacteria, fungi, and protozoa 
(Box 21-2).115,126,133,134,168 From the standpoint of antimi-
crobial function, activated macrophages play a key role 
in the ingestion and killing of intracellular parasites such 
as mycobacteria, Listeria, Leishmania, Toxoplasma, and 
some fungi,335 although various intracellular organisms 
have evolved specialized evasion mechanisms.336 Both 
oxygen-dependent and oxygen-dependent systems are 
involved in this process, as described earlier. When 
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immunity.147,348,349 Macrophages, particularly the special-
ized form of dendritic cells, are professional antigen-
presenting cells that initiate and regulate NK-, T-, 
and B-cell responses. Macrophage production of IL-1, as 
well as subsequent interactions between stimulated T and 
B cells, leads to B-cell production of antigen-specifi c 
immunoglobulins.349 Macrophages are also major 
physiologic sources of cytokines and chemokines that 
regulate both the innate and the adaptive immune 
systems.127,147,348,350 As a source of “endogenous pyro-
gens,” they are responsible for the production of fever in 
response to infection or infl ammation.351

Macrophages participate in many aspects of wound 
repair.352,353 The early phases of this process are domi-
nated by an infl ux of neutrophils, followed by the migra-
tion of monocytes that differentiate into activated 
macrophages and, fi nally, the appearance of T lympho-
cytes. Proliferating fi broblasts secrete collagen and other 
matrix proteins important for wound closure and tissue 
remodeling, and migrating keratinocytes regenerate the 
epithelial surface. Both neutrophils and macrophages 
protect against infection and dispose of phagocytosed 
debris. Mononuclear phagocytes also elaborate fi bro-
blast, epithelial, and angiogenic growth factors (see Box 
21-1) that stimulate the normal progression of tissue 
repair and neovascularization that characterize the later 
phases of wound healing.132,352,353

Macrophages ingest and dispose of apoptotic and 
necrotic cells.133,354,355 This function not only contributes 
to cellular processing for antigen presentation but 
also plays a critical role in tissue remodeling and homeo-
stasis, embryologic development, and resolution of 
infl ammation. A redundant and promiscuous system of 
receptors, including integrins, scavenger receptors, 
complement receptors, calreticulin, CD14, and Mer 
receptor, recognize and effect the uptake of apoptotic 
cells. Resident tissue macrophages, particularly those 
lining the sinusoids of the spleen and liver (formerly 
known as the “reticuloendothelial system”), clear senes-
cent and antibody-bound blood cells from the 
circulation.356-358

Iron from the catabolism of hemoglobin in aged 
erythrocytes is incorporated into ferritin and hemosid-
erin, where it accounts for about two thirds of the body’s 
store of reserve iron. Iron in this macrophage storage 
pool turns over and returns in a transferrin-bound form 
to the bone marrow for new red blood cell synthesis (see 
Chapter 12).359 Sequestration of iron in macrophages 
leads to the anemia of chronic disease.360

Monocytes and macrophages contribute to the 
pathophysiology of atherosclerosis through the uptake, 
metabolism, and oxidation of LDL and VLDL by recep-
tor-mediated endocytosis.131,361 Macrophages in blood 
vessel walls that are exposed to suffi cient quantities of 
cholesterol develop into the foam cells characteristic of 
atherosclerotic plaque362 and contribute to the important 
infl ammatory component of plaque formation and 
destabilization.363

Specialized Functions of Eosinophils 
and Basophils

Eosinophils and basophils, though sharing many of the 
functional characteristics of neutrophils and mononu-
clear phagocytes, participate in distinctive aspects of the 
infl ammatory response and interact with each other in 
the context of certain allergic reactions. Eosinophils and 
mast cells are often situated beneath epithelial surfaces 
exposed to environmental antigens, such as the respira-
tory and gastrointestinal tracts, where they may be actively 
involved in mucosal immune responses. However, 
the role of eosinophils, basophils, and mast cells is 
better known in pathologic settings than in normal 
homeostasis.

Eosinophils appear to have both immunoenhancing 
and immunosuppressive functions (Table 21-8).6,7,74,75 
Though capable of ingesting and killing bacteria, eosino-
phils are not particularly effi cient at this task. Rather, 
they possess an unusual ability to destroy invasive meta-
zoan parasites, especially helminthic parasites. Eosino-
phils bind to the surface of both adult and larval helminths 
and infl ict damage through the release of cationic granule 
proteins and the generation of reactive oxidants, includ-
ing the eosinophil peroxidase–catalyzed formation of 
hypohalous acids via the action of the respiratory burst 
and eosinophil peroxidase.6,7

Eosinophil production of the lipid infl ammatory 
mediators LTC4 and PAF plays a role in the pathogenesis 
of allergic diseases.7 PAF and LTC4 can induce smooth 
muscle contraction and promote the secretion of mucus, 
and PAF itself is a potent activator of eosinophils. The 

TABLE 21-8 Eosinophil Function

Function Mechanism

Defense against 
helminths (both 
larval and adult 
forms)

Binding of eosinophils to 
surface

Peroxidation of larval surface 
mediated by eosinophil 
peroxidase

Toxicity to larval surface by 
released major basic protein

Immunosuppression 
of immediate 
hypersensitivity 
reactions

Engulfment of most cell 
granules

Release of prostaglandin E1/E2 
to suppress basophil 
degranulation

Release of histaminase
Oxidation of slow-reacting 
substance of anaphylaxis

Release of phospholipase D to 
inactive mast cell platelet-
activating factor

Release of major basic protein 
for binding of mast cell 
heparin

Release of plasminogen to 
reduce local thrombus 
formation
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release of eosinophil granule contents may also contrib-
ute to localized tissue damage. Purifi ed eosinophil MBP, 
for example, can cause cytopathic changes in tracheal 
epithelium in vitro that are similar to the changes observed 
in asthmatic patients.

Eosinophils may also perform an immunosuppres-
sive function in immediate hypersensitivity reactions (see 
Table 21-8). IgE-activated basophils or mast cells release 
eosinophilic chemotactic factor of anaphylaxis, which 
recruits eosinophils to the site. Subsequent eosinophil 
degranulation releases products that can inactivate 
infl ammatory mediators. For example, histaminase inac-
tivates histamine, phospholipase B inactivates PAF, MBP 
inactivates mast cell heparin, and lysophospholipase pre-
vents the generation of arachidonic acid metabolites.

Basophils and mast cells are central participants in a 
variety of infl ammatory and immunologic disorders, par-
ticularly immediate hypersensitivity diseases, and may 
also play a role in host defense against bacterial infec-
tions. Basophils and mast cells express plasma membrane 
receptors that specifi cally bind with high affi nity the Fc 
portion of the IgE antibody (Fcε receptors).264 After 
active or passive sensitization with IgE, exposure to spe-
cifi c multivalent antigen triggers an almost immediate 
release of granule contents (anaphylactic degranulation) 
and the synthesis and release of newly generated chemi-
cal mediators such as LTC4, which stimulates smooth 
muscle contraction, secretion of mucus, and vasoactive 
changes.364 Degranulation can also be triggered in 
response to insect venom, radiocontrast dye, and other 
nonspecifi c agents. Recent studies on mutant mice engi-
neered by gene targeting to lack Fcγ or Fcε receptors (or 
both) have shown that mast cell FcγRIII receptors are 
essential in activating the infl ammatory response to IgG 
immune complexes (Arthus reaction), heretofore an 
unrecognized role for the mast cell.365 Mast cells can 
secrete numerous mitogenic or infl ammatory cytokines, 
including many interleukins (1, 3, 4, 5, and 6), chemo-
kines, GM-CSF, and TNF-α, that are also likely to 
regulate leukocyte recruitment and infl ammation in 
IgE-dependent reactions and immune complex 
injury.107,366,367 The infl ammatory cytokines and leukotri-
enes released from tissue mast cells have recently been 
recognized to play an important role in neutrophil 
recruitment during the acute response to bacterial 
infection.368-370

Pathologic Consequences of Phagocyte 
Activation and Infl ammatory Response

Though normally serving a protective function, the 
infl ammatory response can also result in damage to host 
tissues. The release of proteases, oxygen radicals, and 
proinfl ammatory cytokines by activated phagocytes 
appears to play a major role in the generation of tissue 
injury in a wide variety of pathologic infl ammatory pro-
cesses (Box 21-3).162,233,371-373 For example, neutrophil 

Box 21-3  Selected Pathologic Infl ammatory 
Reactions Associated with Phagocyte-
Induced Tissue Injury

Arthus reaction
Systemic infl ammatory response syndrome
Nephrotoxic and immune complex nephritis
Postischemic myocardial damage
Adult respiratory distress syndrome
Atherosclerosis
Bronchiectasis
Acute and chronic allograft rejection
Malignant transformation with chronic infl ammation
Rheumatoid arthritis

See text for references.

elastase has been implicated in the pathogenesis of 
emphysema in both adult smokers and individuals with 
α1-antitrypsin defi ciency. Neutrophil granule proteases 
may contribute to the joint destruction in rheumatoid 
arthritis and other chronic arthropathies. Neutrophils are 
also believed to play a key role in the systemic infl amma-
tory response syndrome, a term that has been created to 
encompass the host response to both infectious (e.g., 
gram-negative sepsis) and noninfectious (e.g., pancreati-
tis, trauma) causes and can lead to organ dysfunction and 
tissue damage.372 Sequestration of activated neutrophils 
in the pulmonary capillary bed along with subsequent 
release of tissue-damaging agents is an important com-
ponent in the development of adult respiratory distress 
syndrome. Activation of the complement cascade by 
artifi cial membrane surfaces during hemodialysis and 
cardiopulmonary bypass can also result in neutrophil 
activation, intrapulmonary sequestration, and lung injury. 
Macrophages are integral to the pathophysiology of 
atherosclerosis by uptake of serum lipoproteins and 
contribute an important infl ammatory component that 
infl uences the development and rupture of atheroscle-
rotic plaque.361-363 In addition to their cytotoxic effects, 
the oxidative products released by activated phagocytes 
are also mutagenic, as documented by plasmid mutagen-
esis, sister chromatid exchange, and transformation of 
cells in culture.374 Hence, the increased risk for malig-
nancy observed with certain chronic infl ammatory states, 
such as ulcerative colitis or chronic hepatitis, has been 
postulated to be in part related to oxidant-induced 
carcinogenesis.

The development of anti-infl ammatory interventions 
based on agents that block leukocyte adhesion or inhibit 
the action of specifi c proinfl ammatory agents has been 
an area of intense interest. TNF-α antagonists are now 
widely used for the treatment of rheumatoid arthritis, 
and IL-1 receptor antagonists also have effi cacy in this 
disease.375 Antagonists of leukocyte integrins have shown 
benefi t in phase II and III studies for infl ammatory bowel 
disease, psoriasis, and multiple sclerosis.206 However, 
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although protective effects of monoclonal antibodies 
directed against either β2 integrins, ICAM-1, or selectins 
were found in various animal models of infl ammation, 
including ischemia-reperfusion injury, endotoxic shock, 
and acute arthritis, the results of clinical trials failed to 
show signifi cant benefi t.206 The contributions of non-
phagocytic cells to infl ammatory tissue injury must also 
be kept in mind. For example, adult respiratory distress 
syndrome can occur in the presence of severe neutrope-
nia.376 Moreover, despite the adverse consequences of 
the acute infl ammatory process, these events are also 
important for normal healing. For instance, the use 
of anti-infl ammatory agents in myocardial infarction, 
which can decrease infarct size acutely, results in impaired 
healing of the myocardium and the formation of 
fragile scar tissue.371 Finally, the impact of the new anti-
infl ammatory biologic agents on host defense must be 
kept in mind, particularly if being used in combination 
with other immunosuppressive drugs such as steroids. 
For example, patients receiving TNF-α antagonists have 
increased rates of tuberculosis and infection with endemic 
mycotic or intracellular bacterial pathogens.377

QUANTITATIVE GRANULOCYTE AND 
MONONUCLEAR PHAGOCYTE DISORDERS

This section reviews clinical disorders associated with 
disturbances in granulocyte number, with particular 
emphasis on syndromes in which the granulocyte abnor-
mality is a central feature. Several disorders have now 
been associated with specifi c genetic defects, although 
the molecular pathophysiology leading from the gene to 
the phenotype often remains obscure. This section of the 
chapter is organized by clinical characteristics of the dis-
orders, with genetic and functional laboratory data pro-
vided when available.

Neutropenia

Defi nition and Classifi cation

Neutropenia is defi ned as an absolute decrease in the 
number of circulating neutrophils in blood. Normal neu-
trophil levels should be stratifi ed for age, race, and other 
factors. For whites, the lower limit for normal neutrophil 
counts (neutrophils and bands) is 1000 cells/μL in infants 
between 2 weeks and 1 year of age; after infancy it rises 
to 1500 cells/μL. Blacks have somewhat lower neutrophil 
counts, with counts of less than 1500 cells/μL in 4.5% 
of black participants in the 1999-2004 National Health 
and Nutrition Examination Survey.378 The lower limits of 
normal are generally considered to be 200 to 600/μL less 
than those in whites. This difference probably derives 
from a relative decrease in neutrophil release from the 
bone marrow storage compartment.379-381 Falsely low 
white blood cell counts can result when counts are per-
formed long after blood is drawn, after leukocyte clump-

ing in small clots, or in the presence of certain 
paraproteins.

Neutropenia can represent disturbances in produc-
tion, shifts of neutrophils from the circulating to the 
marginated or tissue pools, increased peripheral utiliza-
tion or destruction, or combinations of these causes. 
However, assays of leukokinetics and myelopoiesis are 
not routinely available, so mechanisms may be hard to 
identify. Classifi cations based on biochemical or func-
tional studies are also diffi cult because of the paucity of 
neutrophils in the circulation of neutropenic patients. In 
general, neutropenic syndromes are broadly classifi ed as 
intrinsic, or caused by defects in myelopoiesis, or as 
acquired and caused by extrinsic factors such as drugs, 
infections, or autoantibodies (Box 21-4).

The clinical signifi cance of neutropenia depends on 
the level of depression of the absolute neutrophil count 
(ANC). Mild neutropenia, with neutrophil counts of 
1000 to 1500 cells/μL, and moderate neutropenia, with 
counts of 500 to 1000 cells/μL, are not generally clini-
cally signifi cant with respect to host defense but may 
warrant evaluation to determine the underlying cause. 
Severe neutropenia refers to ANCs below 500 cells/μL, 
with the term “agranulocytosis” usually reserved for 
counts below 200 cells/μL. Children with severe chronic 
neutropenia can be registered with the Severe Chronic 

Box 21-4 Classifi cation of Neutropenia

NEUTROPENIA CAUSED BY INTRINSIC DEFECTS 
IN GRANULOCYTES OR THEIR PROGENITORS

Reticular dysgenesis
Cyclic neutropenia
Severe congenital neutropenia (including Kostmann’s 

syndrome)
Myelokathexis/WHIM syndrome
Shwachman-Diamond syndrome
Albinism/neutropenia syndromes (including 

Chédiak-Higashi)
Familial benign neutropenia
Bone marrow failure syndromes (congenital and acquired)

NEUTROPENIA CAUSED BY EXTRINSIC FACTORS

Infection
Drug-induced neutropenia
Autoimmune neutropenia
Chronic benign neutropenia (including chronic 

autoimmune neutropenia of childhood)
Neonatal immune neutropenia
Neutropenia associated with immune dysfunction
Neutropenia associated with metabolic diseases
Nutritional defi ciencies
Reticuloendothelial sequestration
Bone marrow infi ltration
Chronic idiopathic neutropenia (may also be intrinsic)

Types of neutropenia are listed in order of discussion in the text.
WHIM, warts, hypogammaglobulinemia, infections, 

myelokathexis.
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Neutropenia International Registry (SCNIR; http://
depts.washington.edu/registry/).

Symptoms of Neutropenia

The hallmark of neutropenia is increased susceptibility 
to bacterial and fungal infection; neutropenia by itself 
does not diminish host defense against viral or parasitic 
infections. The most frequent types of pyogenic infec-
tions in patients with signifi cant neutropenia are celluli-
tis, furunculosis, superfi cial or deep cutaneous abscesses, 
pneumonia, and septicemia.382-386 Stomatitis, gingivitis, 
and periodontitis may be initial signs of neutropenia that 
develops into chronic problems. Perirectal infl ammation 
and otitis media (especially in younger children) occur 
as well. Endogenous bacteria are the most frequent cause 
of infections, but colonization or infection may occur 
with a variety of nosocomial and opportunistic organ-
isms. The most commonly isolated organisms from 
neutropenic patients are Staphylococcus aureus and 
gram-negative bacteria, but almost any organisms can be 
isolated, particularly in hospitalized patients or those 
receiving frequent or prolonged courses of antibiotics. 
The usual symptoms and signs of local infection—such 
as exudates, fl uctuation, ulceration, and regional adenop-
athy—may be less evident in neutropenic patients than 
in normal individuals.387

Susceptibility to bacterial infection, even with severe 
neutropenia, can be quite variable, depending on the 
underlying cause. For example, some patients with 
chronic neutropenia secondary to autoantibodies do not 
experience serious infections over a period of many years, 
even with neutrophil counts as low as 200 cells/μL, most 
likely because these individuals have rapid production 
and transit of normal neutrophils, with relative preserva-
tion of neutrophil delivery to tissues.388 Many patients 
with chronic neutropenia also have normal to increased 
numbers of circulating monocytes, an alternative phago-
cyte.389 However, the recruitment of monocytes to infl am-
matory sites is delayed relative to neutrophils, and 
monocytes are not as effi cient as neutrophils in ingesting 
bacteria.390,391 Thus, monocytes appear to provide only 
marginal protection against pyogenic organisms in 
severely neutropenic patients. It is likely that the humoral, 
cell-mediated, and tissue macrophage immune systems 
also play important alternative or compensatory roles 
preventing infection in these individuals.

Neutropenia Caused by Intrinsic Defects in 
Granulocytes or Their Progenitors

These disorders are also discussed in detail, with more 
emphasis on molecular pathogenesis, in Chapter 8.

Reticular Dysgenesis

The selective failure of stem cells committed to myeloid 
and lymphoid development leads to reticular dysgenesis, 
one of the rarest and most severe forms of combined 
immunodefi ciency.392-397 It is characterized by severe leu-
kopenia, including both agranulocytosis and lymphope-

nia; defective cellular and humoral immunity; and absence 
of lymph nodes, tonsils, Peyer’s patches, and splenic 
follicles. Erythroid and megakaryocyte development is 
normal. Most patients have been male, but two females 
and several nontwin males have been reported, thus sug-
gesting autosomal inheritance. All reported infants have 
died of bacterial or viral infections within the fi rst weeks 
of life, except a few treated by hematopoietic stem cell 
transplantation (HSCT).395,398,399

Cyclic Neutropenia

Cyclic neutropenia is a sporadic or autosomal dominant 
disorder characterized by regular periodic oscillations 
approximately every 21 days in the number of peripheral 
blood neutrophils, with a nadir of less than 200 cells/μL 
(Fig. 21-10).400,401 In most typical cases, reticulocytes, 
platelets, and other leukocytes also cycle. The frequency 
of occurrence of cyclic neutropenia has been estimated 
at 0.5 to 1 case per million population.402 During the 
neutropenic nadir of each cycle, patients may suffer 
malaise, fever, oral ulcers, gingivitis, periodontitis, and 
pharyngitis associated with lymph node enlargement. 
Symptoms typically begin during the fi rst year of life but 
may not commence until adulthood. More serious com-
plications can occur occasionally, including mastoiditis, 
pneumonia, or ulceration of vaginal or intestinal mucosa. 
The severity of the infections tends to parallel the depth 
of the neutropenia, but some patients escape infections 
entirely during the neutropenic period. Many patients 
experience improvement in symptoms as they grow older. 
In these individuals, the cycles tend to become less 
noticeable as the neutrophil nadir rises to a more func-
tionally adequate level. Although cyclic neutropenia is 
frequently viewed as a benign condition, 10% of patients 
in historical reviews have died of infectious complica-
tions.401,403 Pneumonia and peritonitis, the latter compli-
cated by clostridial sepsis, have been the most frequent 
causes of death.400,401

Oscillations in the rate of bone marrow production 
of neutrophils result in neutropenia with nadirs at inter-
vals of 21 ± 3 days in the majority of patients, although 
the cycles can be as long as 28 to 36 days and as short 
as 14 days.403 Neutrophil counts often fall to 0 at some 
time during the nadir and remain below 200 cells/μL for 
at least 3 to 5 days. In most patients, monocytosis occurs 
when neutrophil counts are at their lowest. In the recov-
ery phase, neutrophil counts rise, often into the low-
normal range, and monocyte counts drop. Oscillations 
are subtle in some individuals, particularly older patients, 
who instead have a pattern more consistent with chronic 
neutropenia. Oscillations in reticulocyte and platelet 
counts may parallel those seen for neutrophils,401,404 
hence the alternative term “cyclic hematopoiesis,” but 
these other cell numbers range between normal and ele-
vated levels and thus have no clinical impact. Marrow 
aspirates show highly variable morphology, depending on 
the phase of the cycle. The myeloid series may show 
hypoplasia with “maturation arrest” at the myelocyte 
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stage during the declining phase of neutrophil oscillation, 
but normal or hyperplastic myelopoiesis during neutro-
phil recovery. The marrow stem cell defect in cyclic neu-
tropenia has been demonstrated by transfer of the disorder 
via allogeneic bone marrow transplantation from a child 
with cyclic neutropenia to a sibling undergoing treatment 
of leukemia.405

Patients with both sporadic and autosomal dominant 
forms of cyclic neutropenia have been shown to have 
coding sequence mutations in the ELA2 gene encoding 
neutrophil elastase, a serine protease synthesized at the 
promyelocyte-myelocyte stage.293,294 This gene was dis-
covered by linkage analysis of families with autosomal 
dominant cyclic neutropenia, but mutations in ELA2 
have now also been identifi ed in approximately 60% to 
80% of kindreds with SCN (see later and Chapter 8). 

How mutations in neutrophil elastase result in the cyclic 
production of neutrophils and other blood cells is not 
currently well understood. Bone marrow samples from 
both cyclic neutropenia and SCN patients demonstrate 
increased apoptosis of neutrophil precursors.406-409 Thus, 
expression of mutant neutrophil elastase may induce 
excessive apoptosis through either aberrant subcellular 
targeting of the protein or induction of a strong unfolded 
protein response.407,408,410,411 Cycling may occur as a result 
of partial recovery of myelopoiesis via G-CSF production 
at the nadir, but with oscillation rather than homeostasis 
taking place because of the abnormal kinetics of the 
feedback loop.412,413

Cyclic neutropenia must be distinguished from cyclic 
fever without neutropenia414 and from other causes of 
neutropenia. To establish the diagnosis of cyclic neutro-
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FIGURE 21-10. Cyclic neutrope-
nia and the response to clinical 
administration of granulocyte 
colony-stimulating factor (G-CSF) 
in six patients. The cycling of neu-
trophil counts before and during 
therapy with various doses of G-
CSF is shown. The rectangles rep-
resent the duration of G-CSF 
treatment, with the corresponding 
dose shown above each rectangle. 
Note the approximately 21-day 
cycle before therapy in patients 1, 
5, and 6, which is characteristic 
of cyclic neutropenia. The cycle 
shortened to approximately 14 
days during G-CSF therapy, 
whereas the peak neutrophil counts 
increased approximately 10-
fold. (Reprinted with permission 
from Hammond WP, Price TH, Souza 
LM, Dale DC. Treatment of cyclic 
neutropenia with granulocyte colony-
stimulating factor. N Engl J Med. 
1989;320:1306-1311.)
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penia, neutrophil counts should be monitored twice or at 
least once a week for 6 to 8 weeks. The genetic diagnosis 
can be confi rmed by sequencing of the ELA2 gene.

Management of patients with cyclic neutropenia 
includes careful attention to identifi cation and treatment 
of infections acquired when these patents are neutrope-
nic. In general, fevers, upper respiratory symptoms, and 
cervical lymphadenopathy occurring during neutropenic 
episodes require no specifi c therapy. However, the physi-
cian must remain alert to symptoms suggesting a specifi c 
infection, particularly the sometimes fatal abdominal 
complications. Careful attention to oral and dental 
hygiene is important to minimize periodontal disease and 
ameliorate the discomfort of mouth sores. To prevent the 
development of severe dental complications and because 
of the risk of life-threatening infections, prophylactic G-
CSF (fi lgrastim) therapy is recommended for patients 
with cyclic neutropenia with nadirs consistently below 
500 cells/μL. G-CSF has been very effective in improving 
peripheral blood neutrophil counts in this disorder, along 
with the signs and symptoms associated with neutropenic 
nadirs.415-418 Most patients still experience cycles, and in 
fact the amplitude of the cycling may increase, but with 
shortened cycle periods and increased neutrophil counts 
at the nadir (see Fig. 21-8).412,418 The dose of G-CSF 
required to maintain peripheral neutrophil counts in the 
normal range in most patients with cyclic neutropenia is 
usually 2 to 4 μg/kg/day, administered either daily or on 
alternate days.415,417,418 Cases of myelodysplastic syn-
drome (MDS) or acute myelogenous leukemia (AML) 
have not been reported in cyclic neutropenia patients, 
including those treated with G-CSF.386,406,417

Severe Congenital Neutropenia

SCN was fi rst described by Kostmann in 1956 as an 
autosomal recessive disorder associated with severe neu-
tropenia that was identifi ed in the population of an iso-
lated northern parish of Sweden.419 Other forms of SCN 
have since been identifi ed with sporadic occurrence or 
with historical or genetic evidence of autosomal recessive 
or autosomal dominant inheritance.382,417,420,421 This dis-
order is also discussed in detail, with emphasis on the 
genetics and molecular pathogenesis, in Chapter 8. 
Although the nomenclature is still in fl ux, we suggest that 
the term SCN (Online Mendelian Inheritance in Man 
[OMIM] 202700) be used to refer to the entire disorder 
regardless of inheritance or genotype and that Kost-
mann’s disease (OMIM 610738) be used to refer to the 
autosomal recessive subtype, caused in all or most cases 
by mutations in the HAX1 gene422 (see later).

The incidence of SCN is approximately two cases 
per million population.402 Affected patients generally 
maintain ANCs of less than 200 cells/μL, which has been 
documented on the fi rst day of life in several cases.423 
Frequent episodes of fever, skin infections (including 
omphalitis), stomatitis, pneumonia, and perirectal 
abscesses typically appear during the fi rst months of life. 
Infections often disseminate to the blood, meninges, and 

peritoneum and are usually caused by S. aureus, Esche-
richia coli, and Pseudomonas species. Before the current 
era of G-CSF therapy, most patients died in the fi rst 1 
to 2 years of life,417,424 and survivors were known to be at 
risk for the development of MDS and AML.424-426

Peripheral blood counts generally show, in addition 
to agranulocytosis, moderate to marked monocytosis, 
mild to moderate eosinophilia, and secondary changes 
such as anemia and thrombocytosis. G-CSF pro -
duction in SCN patients appears to be normal, if not 
elevated.427,428 Antineutrophil antibodies may be present, 
and a positive test should not be used to rule out 
SCN.429

Bone marrow examination characteristically shows a 
myeloid “maturation arrest” at the myelocyte stage of 
development, with normal to increased numbers of pro-
myelocytes but few if any more mature forms.382,402 The 
promyelocytes may have dysplastic morphology, includ-
ing large size, atypical nuclei, and vacuolated cytoplasm. 
Marrow eosinophilia and monocytosis are common and 
do not change during treatment. Cellularity is usually 
normal or slightly decreased. Megakaryocytes are normal 
in number and morphology. The in vitro growth of gran-
ulocyte colonies from SCN bone marrow is defective, 
with few colonies formed, but most patients’ bone marrow 
produces colonies with some capability for full 
maturation to neutrophils in the presence of exogenous 
G-CSF, thus indicating that the “arrest” is intrinsic but 
incomplete.430-432

The genetic basis of 60% to 80% of SCN cases 
derives from mutations in the ELA2 gene,293,294,433 which 
encodes neutrophil elastase and is also responsible for the 
related but distinct disorder cyclic neutropenia (discussed 
earlier). ELA2-related SCN may be sporadic or inherited 
in an autosomal dominant mendelian pattern, as dra-
matically illustrated by a series of fi ve affected children 
from four families, all conceived by sperm from the same 
anonymous donor.420 An additional, recently identifi ed 
case of cyclic neutropenia with the identical S97L mis-
sense mutation from the same sperm donor not only 
confi rms the autosomal dominant inheritance of ELA2-
related disorders but also indicates that genetic back-
ground can result in the same genotype being expressed 
phenotypically as either SCN or cyclic neutropenia. 
Additional, rare cases of autosomal dominant SCN 
appear to arise from mutations in the Gfi 1 gene,434 which 
encodes a transcriptional repressor that inhibits multiple 
genes involved in neutrophil maturation, including 
ELA2.11,12

Similar to cyclic neutropenia, the bone marrow of 
SCN patients shows evidence of accelerated apoptosis 
of neutrophil precursors.435 As noted earlier, expression 
of mutant neutrophil elastase or other aberrant proteins 
may induce excessive apoptosis through either aberrant 
subcellular targeting of the protein or induction of a 
strong unfolded protein response.407,408,410,411

Mutations in most autosomal recessive SCN kin-
dreds, including several originally studied by Kostmann, 
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have been identifi ed in the HAX1 gene,422 which encodes 
a mitochondrial protein with putative functions in signal 
transduction and cytoskeletal control. Other rare muta-
tions responsible for an SCN phenotype include defects 
in the Wiskott-Aldrich syndrome (WAS) gene436,437 and 
constitutional defects (as opposed to acquired muta-
tions—see later) in the gene encoding the G-CSF 
receptor.407,438

G-CSF, the standard treatment modality for SCN, 
has greatly improved both life span and quality of life for 
these patients.416,417,439 Until the availability of this cyto-
kine in the 1980s, severe neutropenia would inevitably 
lead to fatal infections in the majority of patients despite 
supportive care with prophylactic trimethoprim-sulfa-
methoxazole, aggressive use of antibiotics at the time of 
documented infections, and scrupulous attention to oral 
hygiene. More than 95% of SCN patients respond to G-
CSF treatment with an increase in the ANC to greater 
than 1000/μL, along with a documented reduction in 
infections.416,417,439 There is often a delay of 7 to 10 days 
before the rise of peripheral blood neutrophil counts at 
the start of treatment. In patients enrolled in the SCNIR 
between 1993 and 1999, more than 90% of congenital 
neutropenia patients responded to G-CSF treatment 
with rises in the ANC to greater than 1.0 × 109/L and 
required signifi cantly less antibiotic therapy and less fre-
quent hospitalization.421 SCN patients required G-CSF 
doses ranging from 0.56 to 190 μg/kg/day, with mean of 
10.2 and standard deviation of 19.0 μg/kg/day.417 These 
doses are signifi cantly higher than those needed for cyclic 
or idiopathic neutropenia.417 The percentage of maturing 
neutrophils in bone marrow increases with G-CSF, 
although morphologically abnormal promyelocytes with 
vacuolized and asynchronous nuclear-cytoplasmic matu-
ration can persist, and the number of monocytes and 
eosinophils in marrow and peripheral blood may remain 
high.402

Based on data from the SCNIR, a starting daily dose 
of G-CSF of 5 μg/kg/day is recommended, increasing 
gradually, if necessary, to as high as 100 μg/kg/day for at 
least 14 days to achieve a neutrophil count of 1000 to 
2000/μL.440 The drug is generally administered subcuta-
neously, but it may be given intravenously at equal dosage 
if clinical conditions warrant or if vehicle volumes are too 
high to permit comfortable subcutaneous injection. In 
G-CSF–refractory patients, combination therapy with 
stem cell factor has been reported to be effective,402 but 
rarely used, because it also leads to mast cell activation 
with the release of histamine and anaphylactoid reac-
tions. GM-CSF treatment results in large increases in 
eosinophils and monocytes, but not neutrophils.441

Side effects of G-CSF treatment are usually mild and 
include bone pain, headache, and rashes. Other common, 
but often asymptomatic fi ndings include splenomegaly 
and osteopenia.415,417 Splenomegaly has been reported in 
patients with SCN before and during G-CSF therapy.415,417 
Palpable splenomegaly, with a median spleen measure-
ment of 2 cm below the costal margin, was recorded in 

18.2% of untreated patients registered in the SCNIR. 
During the fi rst year of G-CSF therapy, the incidence 
increased to 38.2% and remained at this level (26.7% to 
44.7%) through 10 years of therapy, with no trend to 
progression in spleen size during therapy.417 Of 731 
SCNIR patients analyzed in 2003, osteopenia or osteo-
porosis was reported in 127, including 93 with SCN. 
Findings included abnormal bone density only (46), 
abnormal bone density and clinical problem (67), and 
clinical problem only (14). G-CSF doses in the patient 
group in whom osteopenia/osteoporosis developed ranged 
from 0.3 to 240 μg/kg/day, and there was no correlation 
with the dose of G-CSF, duration of treatment, or patient 
age or sex.417,442 The SCNIR recommends regular moni-
toring of bone density. Rare patients were also found to 
have vasculitis or glomerulonephritis, both before and 
during G-CSF therapy.417

The SCNIR has reported thrombocytopenia (plate-
let count <50 × 103/μL) in 26 patients, including 17 with 
SCN.417 Seven were not receiving G-CSF, and among the 
19 treated patients, 7 became thrombocytopenic concur-
rent with conversion to MDS/AML. Thus, development 
of thrombocytopenia in SCN patients requires thorough 
evaluation as a possible heralding sign of disease 
progression.

Conversion to MDS/AML and bacterial sepsis 
remain the most serious complications of SCN. The pre-
dilection to acute leukemia was recognized before the 
availability of G-CSF,424,425 but most affected children 
probably died of severe infections. Now, longer survivors 
appear to be at increased risk for the development of 
MDS, which almost invariably progresses to AML,443 
whereas death from sepsis has become rarer but can still 
occur in G-CSF–responsive patients.

During long-term G-CSF therapy, some SCN 
patients acquire mutations in the G-CSF receptor gene 
(GCSFR), then myelodysplasia characterized by mono-
somy 7, and fi nally myeloid leukemia.406,443-445 Acquired 
mutations in GCSFR have been detected in approxi-
mately 80% of SCNIR patients in whom MDS/AML 
developed, whereas mutations in the FLT3, KIT, and 
JAK2 tyrosine kinase genes, frequently found in de novo 
AML, are uncommon.445-448 Some SCN patients with 
GCSFR mutations have not progressed, including some 
who lost the mutated clone after discontinuation of 
G-CSF therapy and reacquired it upon resumption of 
treatment.445-447 Cytogenetic abnormalities, particularly 
monosomy 7, also precede and predict leukemic conver-
sion. For this reason, the SCNIR recommends yearly 
bone marrow surveillance, including karyotyping and 
chromosome 7 fl uorescence in situ hybridization (FISH) 
for all SCN patients. Although clonal cytogenetic abnor-
malities may spontaneously remit, their appearance 
should be considered a strong indication for HSCT, 
including the use of a matched unrelated donor if 
necessary, because transplantation is more likely to be 
successful when undertaken before progression to MDS/
AML.449,450
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Recent studies by the SCNIR and the French Severe 
Chronic Neutropenia Study Group386,444 have shed light 
on the incidence and some of the risk factors for sepsis 
and MDS/AML. In the SCNIR analysis of 374 SCN 
patients, many monitored for 10 or more years, the 
cumulative incidence of death from sepsis was 8% after 
10 years of G-CSF therapy, and the cause-specifi c hazard 
of death from sepsis was stable over time at 0.9% per 
year.386 In contrast, the cumulative incidence of MDS/
AML was 21% after 10 years of G-CSF therapy and 36% 
after 12 years, with the cause-specifi c hazard of MDS/
AML increasing over time from 2.9% per year at 6 years 
up to 8% per year after 11.7 years of therapy. Thus, there 
is an increasing risk for MDS/AML as patients receive 
G-CSF for longer periods.

Importantly, the SCNIR analysis also identifi ed a 
subgroup of SCN patients at greatest risk for MDS/
AML.386,451 The “worst responder” group, which received 
a G-CSF dose of 8 μg/kg/day or greater and had an ANC 
of less than 2188 cells/μL, had relative hazards of 3.1-fold 
for MDS/AML and 5.6-fold for sepsis. In the worst 
responder group, the cumulative incidence at 10 years 
was 40% for MDS/AML and 14% for death from sepsis 
versus 11% and 4%, respectively, for the best responder 
group (G-CSF dose <8 μg/kg/day and ANC ≥2188 cells/
μL). However, it is notable that even the best responders 
were not free of the risk of MDS/AML or even death 
from sepsis. Although data were not available for blood 
counts at the time of onset of sepsis, these patients were 
considered G-CSF responders, generally with an ANC 
of greater than 1000 cells/μL, thus suggesting that granu-
locytes from such patients, though seemingly adequate 
in number, may still be limited in function.452 For patients 
in the “worst responder” category—high G-CSF dose 
requirements and low ANC during therapy—early trans-
plantation should be considered, depending on donor 
availability, but the indication is not as strong as for those 
already showing abnormal cytogenetics.

Notably, multiple studies have shown a higher risk 
for MDS/AML in patients with Shwachman-Diamond 
syndrome than in those with SCN, but no progression to 
MDS or leukemia in cyclic neutropenia.386,443,444 The 
latter fi nding is particularly striking because as discussed 
earlier, most cases of cyclic neutropenia and SCN derive 
from mutations in the same gene, ELA2.

Myelokathexis and WHIM Syndrome

Myelokathexis is an uncommon form of moderate to 
severe chronic neutropenia characterized by granulocyte 
hyperplasia in the bone marrow, which contains degen-
erating neutrophils with cytoplasmic vacuoles, prominent 
granules, and nuclear hypersegmentation with very 
thin fi laments connecting pyknotic-appearing nuclear 
lobes.453-455 Comparable abnormalities can be seen in the 
majority of peripheral blood neutrophils. Eosinophils 
exhibit similar abnormal morphology, but lymphocytes, 
monocytes, and basophils appear normal,454 although 
relative lymphopenia has been noted in some patients.454 

Recurrent warts and hypogammaglobulinemia (low 
IgG and occasionally low IgM and IgA) have often 
been reported in patients in whom myelokathexis has 
been diagnosed; hence, the acronym WHIM refers to 
warts, hypogammaglobulinemia, infections, and 
myelokathexis.456

The recurrent sinopulmonary infections and other 
bacterial infections in WHIM syndrome probably refl ect 
increased susceptibility as a result of both neutropenia 
and hypogammaglobulinemia. However, early deaths 
related to infection have not been reported, and affected 
patients are capable of mobilizing increased numbers of 
neutrophils into peripheral blood during infectious epi-
sodes.455 Neutrophil function has generally been reported 
to be normal. Since the description of fi rst patient in 
1964, more than 25 cases have been reported,455,457-459 
including a kindred of six affected individuals in three 
generations454 and dizygotic twin sisters.460 The sex ratio 
among reported patients has a female preponderance.

The genetic basis of WHIM syndrome was discov-
ered by analysis of four WHIM kindreds in which affected 
members all carried a truncating mutation in the cyto-
plasmic tail domain of the gene encoding chemokine 
receptor 4 (CXCR4),461 a G protein–coupled receptor 
with a unique ligand, CXCL12, also known as SDF-1. 
This work indicated autosomal dominant inheritance of 
the WHIM syndrome. However, in other kindreds with 
wild-type CXCR4 genes and probably autosomal reces-
sive inheritance, patients’ lymphocytes and neutrophils 
displayed similar marked enhancement of G protein–
dependent responses to CXCR4 ligands.462,463 Therefore, 
aberrant dysfunction of the CXCR4-mediated signaling 
constitutes a common biologic trait of WHIM syndrome 
with different causative genetic anomalies. Because the 
interaction between CXCR4 and CXCL12 provides a 
key retention signal for neutrophils in bone marrow,189 
myelokathexis has been suggested to result from reten-
tion of neutrophils in the marrow (“kathexis” = reten-
tion), where they eventually undergo apoptosis, evident 
in their diminished expression of the antiapoptotic factor 
bcl-x.458

The neutropenia and excessive granulocyte apopto-
sis associated with WHIM syndrome are partially cor-
rected by G-CSF or GM-CSF therapy, with responses 
typically seen within 4 to 8 hours of administration.455,458 
Immunoglobulin levels also return to normal in patients 
treated with G-CSF.455

Shwachman-Diamond Syndrome

Shwachman-Diamond syndrome, a rare multiorgan 
disease inherited as an autosomal recessive trait, includes 
clinical fi ndings of neutropenia, pancreatic exocrine 
insuffi ciency, short stature, and metaphyseal chondro-
dysplasia.464-466 The pancreatic acini are largely replaced 
by fatty tissue with relative sparing of the pancreatic 
ducts and islets.465,466 Patients are at risk for the develop-
ment of progressive bone marrow failure and eventual 
conversion to MDS/AML.464 Growth failure and short 
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stature are usually noted during the fi rst or second year 
of life, and puberty is often delayed.

Patients may be seen in infancy because of eczema, 
skin infections, and otitis media; pneumonia, osteomyeli-
tis, and sepsis can also be present. Pancreatic insuffi -
ciency is typically manifested in early infancy as 
steatorrhea, weight loss, and failure to thrive. Later in 
childhood, pancreatic function may improve, thus ren-
dering the clinical diagnosis elusive.467 Serum levels of 
trypsinogen or pancreatic isoamylase are generally low, 
but not specifi cally diagnostic. Mild abnormalities of the 
liver, including hepatomegaly or elevated serum liver 
enzymes, are seen in 50% to 75% of younger patients but 
are usually mild and tend to resolve with age.

Common skeletal abnormalities include metaphyseal 
dysostosis in about 50% of affected children, most often 
involving the femoral head but generally asymptomatic.465 
Other anomalies include rib cage defects (shortened ribs 
with fl ared ends, costochondral thickening, and a narrow 
rib cage), clinodactyly, syndactyly, pes cavus, kyphosis, 
scoliosis, osteopenia, vertebral collapse, slipped femoral 
epiphysis, and supernumerary digits.465 Skeletal radio-
logic fi ndings can include “cup” deformation of the ribs, 
metaphyseal widening and hypoplasia of the iliac bones, 
and extremity shortening,468 but these abnormalities may 
not be detectable until after 12 months or even several 
years of age.465

Neutropenia is the most common hematologic mani-
festation of the syndrome, although anemia or thrombo-
cytopenia can also occur.465,467,469 Neutrophil counts fall 
below 1000 cells/μL in approximately two thirds of 
patients, with no reciprocal monocytosis, but the neutro-
penia may be intermittent. Some patients also have a 
defect in chemotaxis that may contribute to the increased 
susceptibility to pyogenic infection.470,471 Anemia is also 
seen frequently, and a fourth of patients have mild 
to moderate thrombocytopenia.465,467,469 Bone marrow 
studies have generally shown some degree of myeloid 
hypoplasia,465,467,469 but this fi nding is not diagnostic.

Evaluation of immune function in 11 patients with 
Shwachman-Diamond syndrome472 identifi ed varying 
degrees of impairment in the number or function of B 
cells (including low IgG or IgG subclasses, low percent-
age of circulating B cells, decreased in vitro proliferative 
responses, and diminished antibody or isohemagglutinin 
production), T cells (low circulating total CD3+ cells or 
CD3+/CD4+ ratio, inverse CD4/CD8 ratios, and low 
mitogen responses), and NK cells.

The diagnosis of Shwachman-Diamond syndrome 
may be based on a combination of neutropenia, possibly 
other types of cytopenia, pancreatic insuffi ciency, and 
skeletal anomalies.

Around 90% of patients who meet the clinical crite-
ria harbor mutations in the Shwachman-Bodian-Diamond 
syndrome gene SBDS.469,473 The majority of mutations 
appear to arise from gene conversion events, with an 
adjacent pseudogene producing a protein with dimin-
ished expression or function.474 The SBDS protein is 

localized throughout the cell but shuttles into the nucleo-
lus, the major cellular site of ribosome biogenesis, in 
a cell cycle–dependent manner.475 Studies in yeast indi-
cate that the protein may function in ribosomal RNA 
maturation, thus suggesting that Shwachman-Diamond 
syndrome may share some ribosomal pathobiolo -
gic mechanisms with other bone marrow failure 
syndromes.467,469

Treatment includes pancreatic enzyme replacement, 
which does not improve the neutropenia or dwarfi sm. 
Steatorrhea tends to diminish with time, although the 
pancreatic insuffi ciency persists.476 The frequency of bac-
terial infections can vary between patients, but they gen-
erally respond to appropriate antibiotics. Administration 
of G-CSF increases the neutrophil count to the normal 
range465,469 and should used in patients with persistently 
severe neutropenia and recurrent or life-threatening 
infections. However, aplastic anemia or MDS develops 
in up to a fourth to a third of patients, often with the 
acquisition of a structural chromosomal abnormal-
ity.465,469,474 Hence, regular blood counts are recom-
mended and bone marrow examination should be 
performed annually—or even more frequently in the face 
of evolving peripheral blood fi ndings.465 As is the case for 
SCN and other congenital bone marrow failure syn-
dromes, there is a high risk of subsequent leukemic trans-
formation if MDS develops. However, cytogenetic 
abnormalities, particularly i(7q), may be transient or 
unaccompanied by marrow dysplasia. Thus, criteria for 
HSCT in this disease remain unclear at the present 
time.

Albinism-Neutropenia Syndromes

This group of rare primary immunodefi ciency syndromes 
derives from autosomal recessive defects in the biogene-
sis or traffi cking of lysosomes and related late endosomal 
organelles.477 As a result, they share varying degrees of 
overlap in phenotype, including defects in the formation 
of melanosomes (hence partial albinism), abnormal 
platelet function, and immunologic defects involving not 
only neutrophil number but also the function of neutro-
phils, B lymphocytes, and cytotoxic T lymphocytes.

CHS is a rare genetic disorder characterized by 
partial oculocutaneous albinism, giant lysosomes in many 
cell types, including granulocytes, and neuropathy.478-485 
Most patients have moderate neutropenia, apparently 
caused by ineffective granulopoiesis, and are at high risk 
for the development of hemophagocytic lymphohistiocy-
tosis (HLH). CHS is described in detail in a later section 
of this chapter.

Hermansky-Pudlak syndrome, another rare autoso-
mal recessive disease characterized by oculocutaneous 
albinism, is best known for associated platelet defects (see 
Chapter 29). One subtype, Hermansky-Pudlak syndrome 
type 2, also includes neutropenia and decreased numbers 
of NK cells and therefore leads to increased susceptibility 
to infections.486 The AP3B1 gene responsible for this 
disorder,487 as well as for cyclic neutropenia in gray collie 
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dogs,488 encodes an adapter protein involved in shuttling 
granule proteins, including neutrophil elastase, and thus 
may provide a connection to the molecular pathology of 
SCN.407,488

Griscelli’s syndrome type 2 falls within the spectrum 
of Griscelli syndrome subtypes that share a phenotype of 
hypomelanosis with varying degrees of neurologic impair-
ment and immunodefi ciency.489 The type 2 variant is 
characterized by neutropenia, hypogammaglobulinemia, 
partial albinism, and (like CHS) a predisposition to ter-
minal lymphohistiocytic proliferation with hemophago-
cytosis.490 It is caused by mutations in the RAB27A 
gene,491 which encodes a small GTPase that serves as a 
key effector of granule exocytosis.492

Cohen’s syndrome is an autosomal recessive condi-
tion that includes neutropenia, pigmentary retinopathy, 
developmental delay, and facial dysmorphism.493 The 
gene responsible for Cohen’s syndrome, COH1, shares 
homology to a yeast protein that functions in vesicular 
sorting and intracellular protein traffi cking.

A single Mennonite family has been described with 
severe chronic neutropenia combined with short stature, 
albinism, coarse facial features, and recurrent broncho-
pulmonary infections with Streptococcus pneumoniae.494 
This syndrome is caused by defects in the endosomal 
adaptor protein p14, which is involved in MAPK signal-
ing to late endosomes.477

Familial Benign Neutropenia

Familial benign neutropenia is characterized by mild 
neutropenia and no tendency for increased infections. 
Autosomal dominant transmission has been identifi ed in 
some familial cases.495 Familial benign neutropenia has 
been described in Yemenite Jews,496 American and African 
blacks,497 and Germans, French, Americans, and South 
Africans.498

Other Causes of Neutropenia Resulting from 
Intrinsic Defects in Myelopoiesis

Congenital or acquired bone marrow failure syndromes, 
including Fanconi’s anemia, dyskeratosis congenita, 
aplastic anemia, and MDS, can occasionally be mani-
fested as isolated neutropenia. Fanconi’s anemia and dys-
keratosis congenita should usually be easily recognized 
by other features associated with these disorders (see 
Chapter 8).499

Schimke’s Immuno-osseous Dysplasia

This rare autosomal recessive syndrome with variable 
expressivity is characterized by spondyloepiphyseal dys-
plasia, focal segmental glomerulosclerosis leading to 
steroid-resistant nephritic syndrome and renal failure, 
lymphopenia with defective cellular immunity, neutro-
penia, and other types of cytopenia.500,501 Vaso-occlusive 
processes, including cerebral and generalized atheroscle-
rosis, are a life-limiting complication in the more severely 
affected patients.502 The disorder is associated with muta-
tions in the gene SMARCAL1, which encodes the swi/

snf-related matrix-associated actin-dependent regulator 
of chromatin, subfamily a–like 1 protein,503 although the 
genetics may be heterogeneous.504 The immunodefi ciency 
and cytopenia can be treated with HSCT505; neutropenia, 
seen in a few patients, responds to G-CSF or GM-CSF 
therapy.501

Neutropenia Caused by Extrinsic Factors

Infection

The most common cause of transient neutropenia in 
childhood is viral infection. Viruses commonly causing 
neutropenia include cytomegalovirus, Epstein-Barr virus, 
hepatitis A and B, HIV, infl uenza A and B, measles, 
respiratory syncytial virus, parvovirus B19, rubella, and 
varicella.506-513 Neutropenia develops during the fi rst 24 
to 48 hours of the illness and may persist for 3 to 6 days. 
This period usually corresponds to the time of acute 
viremia and may relate to virus-induced redistribution of 
neutrophils from the circulating to the marginated granu-
locyte pool, sequestration, or increased neutrophil utili-
zation after tissue damage by the viruses.514,515 Several 
human viruses, including measles and herpes simplex 
virus, have been demonstrated to replicate in human 
endothelial cells and lead to the expression of receptors 
on endothelium for immune complexes containing IgG 
and C3, which might potentially promote enhanced neu-
trophil adhesion to the endothelium.516,517 Acute tran-
sient neutropenia often occurs during the early stages of 
infectious mononucleosis518,519 and may be related to 
both direct infection of progenitors507 and accelerated 
destruction of neutrophils by antineutrophil anti-
bodies.520,521 Parvovirus B19 can cause transient neutro-
penia and can also be associated with prolonged 
neutropenia with or without the development of antineu-
trophil antibodies.506,522-524

Leukopenia is commonly seen in patients with 
AIDS.508,525,526 In the pediatric AIDS population, neutro-
penia can be caused by antiviral drugs, vitamin B12 or 
folate defi ciency, or cellular immune dysfunction.527 
Neutropenia in HIV infection can also be associated with 
hypersplenism and antineutrophil antibodies.528,529

Signifi cant neutropenia may occur during typhoid, 
paratyphoid, tuberculosis, brucellosis, tularemia, and 
rickettsial infections.512,513,530-532 The mechanisms respon-
sible for neutropenia in these conditions remain ill 
defi ned. During periods of relapsing fever caused by 
acute vivax malaria, the apparent neutropenia may be 
secondary to increased neutrophil margination in the 
intravascular compartment.533

Sepsis is one of the more serious causes of neutro-
penia. The neutropenia in patients with bacteremia and 
endotoxemia may result from excessive destruction of 
neutrophils and depletion of the bone marrow reserve 
pool. This consumption can occur after the phagocytosis 
of microbes, from the release of metabolites of arachi-
donic acid, or as a result of activation of the complement 
system through either the alternative or classical pathway. 
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The resultant generation of the chemoattractant C5a 
induces neutrophil aggregation and leads to the forma-
tion of leukoemboli, which adhere to and damage 
endothelial surfaces in the pulmonary capillary bed. 
Complement-mediated neutropenia may also occur tran-
siently during hemodialysis, during continuous-fl ow leu-
kapheresis, and after burn injury.534-537

Signifi cant neutropenia occurs most commonly in 
neonatal bacterial sepsis. Newborns can exhaust their 
neutrophil reserves during overwhelming bacterial infec-
tion because their neutrophil storage pool is small and 
neutrophil production is already near a maximum.538 
Septic newborns may benefi t from granulocyte transfu-
sion539-542 or G-CSF,543-547 but clinical trials have not yet 
provided compelling evidence for benefi t from either 
modality.

Drug-Induced Neutropenia

Drug-induced neutropenia is a disorder characterized by 
a severe and selective reduction in levels of circulating 
blood neutrophils (usually to levels of less than 200 cells/
μL) and is due to an idiosyncratic reaction to the offend-
ing drug (Table 21-9).548-562 This defi nition thus excludes 
disorders in which other cell lines are perturbed (such as 
aplastic anemia), those in which drug administration is 
not a feature, and the predictable neutropenia observed 
with anticancer therapy. Implicit in this defi nition is the 
unpredictability of the condition. Although the majority 
of patients will recover, drug-induced neutropenia is a 
serious disorder with high morbidity (e.g., deep tissue 
infection and sepsis) and recent mortality rates of 5%, 
but most deaths occur in patients who are elderly or 
have metabolic complications such as shock or renal 
failure.548

Idiosyncratic reactions tend to develop more 
frequently in women than in men and more often in 
older than in younger persons.552 Drugs reported to have 
been associated with agranulocytosis have been exten-
sively reviewed.548,549,551,554,556,560,561 The most common 
drug classes include antimicrobial agents, particularly 
sulfonamides and penicillins; antithyroid drugs; anti-
psychotics such as phenothiazines and clozapine; anti-
pyretics, particularly aminopyrine; antirheumatics, 
including gold, levamisole, and penicillamine; and 
sedatives, including barbiturates and benzodiazepines 
(see Table 21-9).

Although the underlying mechanisms for most drug-
induced neutropenia are unknown, most studies suggest 
that they can be classifi ed as leading to toxic suppression 
of neutrophil formation or immune destruction of mature 
cells.551,553,560,561 First, differences in drug pharmacokinet-
ics can lead to toxic levels of the drug or metabolites in 
the marrow microenvironment. An example is the neutro-
penia induced by sulfasalazine. Although neutropenia 
can be observed in any patient taking this drug, individu-
als who are slow acetylators show much greater toxicity 
than do those who are fast acetylators.559 Second, a sus-
ceptible patient’s myeloid precursors may be abnormally 

sensitive to typical drug concentrations. Phenothiazines 
induce neutropenia by this mechanism in that myeloid 
precursors in the marrow are particularly sensitive to 
these agents.551,561,563 The toxic damage induced by phe-
nothiazines is manifested as a neutropenia that appears 
20 to 40 days after the patient has started taking the drug. 
Neutropenia secondary to drug-induced myelosuppres-
sion is usually insidious in onset and may be asymptom-
atic. Oral mucositis may be the fi rst clinical sign before 
infectious complications occur.

Drugs can also induce immune-mediated peripheral 
destruction of neutrophils by alternative mechanisms. In 
one, the drug serves as a hapten in promoting the syn-
thesis of antibodies that are capable of destroying 
mature neutrophils. Aminopyrine, penicillin, propylthio-
uracil, and gold can cause neutropenia by this mecha-
nism.551,555,558,561 Alternatively, the drug can elicit the for-
mation of circulating immune complexes that attach to 
the surface of the neutrophil and lead to its destruction, 
as in the case of quinidine. In addition, immunologic 
changes induced by drugs can suppress granulopoiesis. 
For example, activation of both cellular and humoral 
immune responses has been reported to impair myelo-
poiesis after therapy with quinidine and phenytoin, 
respectively.553,561 Drug-induced immune neutropenia is 
characterized by an abrupt onset—often with fever, chills, 
and prostration—7 to 14 days after the fi rst exposure to 
the drug or immediately after re-exposure.

The duration of drug-induced neutropenia is highly 
variable. Acute idiosyncratic drug reactions may last only 
a few days, whereas chronic idiosyncratic reactions may 
persist for months or years. By contrast, immune-
mediated neutropenia usually lasts for 6 to 8 days. Once 
neutropenia occurs, the most important therapeutic 
action is, of course, to withdraw all drugs that are not 
absolutely essential, particularly those suspected of being 
myelotoxic. During recovery from drug-induced neutro-
penia, rebound leukocytosis accompanied by a left-shifted 
marrow and circulating immature leukocytes can occur. 
G-CSF therapy may hasten neutrophil recovery slightly, 
but evidence-based data to justify its routine use are 
lacking,407,564,565 so the clinical indication is questionable 
unless the patient has a severe infection.

Autoimmune Neutropenia

Autoimmune neutropenia (AIN) can be seen as an iso-
lated phenomenon, in association with other auto -
immune diseases, or as a secondary manifestation of 
infection, drugs, or malignancy.382,564,566 Many cases of 
chronic idiopathic neutropenia in children and adults are 
now recognized as being secondary to autoimmunity 
directed against neutrophils. In primary AIN, low circu-
lating neutrophil counts are the only hematologic fi nding, 
and associated diseases or other factors that cause neu-
tropenia are absent. The peak incidence of AIN occurs 
in infants and young children,567,568 where it is generally 
a benign disorder that remits spontaneously, as discussed 
in the following section. Immune-mediated neutropenia 
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is also seen in association with other disorders (Box 
21-5), where it is often referred to as secondary AIN.

Patients with AIN may have highly—and rapidly—
varying neutrophil counts ranging from mild neutropenia 
(ANC < 1000 cells/μL) to agranulocytosis (ANC < 200 
cells/μL). Monocytosis is common. Bone marrow exami-
nation generally shows normal to increased cellularity 
with myeloid hyperplasia and normal to increased 
numbers of mature neutrophils, although diminished 
neutrophils or maturation arrest at earlier stages of dif-
ferentiation can also be seen.382,564,566 Mild splenomegaly 
is occasionally present. The incidence of pyogenic infec-
tion is not always related to the degree of neutro-
penia,382,388 and it is usually limited to cutaneous and 
respiratory infections. Serious infections are generally 
uncommon. Spontaneous remission resolves the process 
in most infants but occurs less commonly in older chil-
dren (see the following section).

Neutrophil-specifi c cell surface antigens identifi ed as 
targets of autoantibodies include NA1 and NA2, NB1, 

ND1, and NE1.265,266 The NA1 and NA2 antigens are 
glycosylated isoforms of the neutrophil immunoglobulin 
receptor FcγRIIIb (CD16) (see Table 21-6), and the NB1 
antigen is a 58- to 64-kd GPI-anchored membrane gly-
coprotein found on the plasma membrane and secondary 
granules.569 Then mechanisms that trigger autoantibody 
production are unknown. In children, primary AIN is 
usually associated with NA allele–specifi c antibodies, 
but secondary AIN is associated with pan-FcγRIIIb 
antibodies.570

To detect antineutrophil antibodies, a combina -
tion of an indirect granulocyte immunofl uorescence test 
(GIFT) and granulocyte agglutination test (GAT) 
appears to result in optimal sensitivity and specifi c-
ity.265,266,571 These assays detect IgG and IgM antibodies, 
both of which been identifi ed in AIN. In the GIFT assay, 
a panel of heterologous donor granulocytes is incubated 
with serum or plasma from patients and controls, and 
bound immunoglobulins are detected by a fl uorescent 
dye–labeled antihuman immunoglobulin antibody and 

TABLE 21-9 Partial List of Drugs Causing Idiosyncratic Drug-Induced Neutropenia

Drug

POSSIBLE MECHANISM

Direct Suppression Metabolite Suppression Immune Destruction

ANTI-INFLAMMATORY AGENTS
Aminopyrine X
Ibuprofen X
Indomethacin X
Phenylbutazone X
Sulfasalazine X

ANTIBIOTICS
Chloramphenicol X
Dapsone X
Penicillins X X
Sulfonamides X
Trimethoprim/sulfamethoxazole X

ANTICONVULSANTS

Phenytoin X
Carbamazepine X
Valproic acid X

ANTITHYROID AGENTS
Methimazole X
Propylthiouracil X

CARDIOVASCULAR AGENTS
Hydralazine X
Procainamide X
Quinidine X

PSYCHOTROPIC AGENTS
Chlorpromazine X
Phenothiazines X
Clozapine X

OTHER
Chlorpropamide X
Cimetidine, ranitidine X
Levamisole X
Ticlopidine

Underlining indicates drugs with the highest relative risk for neutropenia and agranulocytosis. See text for references.
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sensitivity and specifi city of these assays, even in combi-
nation, laboratory demonstration of antineutrophil anti-
bodies may not always be necessary to make the diagnosis 
of AIN, and their interpretation depends on the specifi c 
clinical setting.

The neutropenia of AIN is presumed to primarily be 
due to peripheral destruction of antibody-coated neutro-
phils, which may be also be augmented by the deposition 
of C3. Phagocytosis of neutrophils in the spleens of AIN 
patients has been observed.574 In some cases, antineutro-
phil antibodies also appear to interfere with myelopoie-
sis.572,575,576 Impairment of phagocytosis, respiratory burst 
activity, and adhesion by neutrophil-directed antibodies 
has likewise been observed and may contribute to the risk 
of infection in AIN.572,575,577

Treatment of patients with immune neutropenia 
includes the judicious use of appropriate antibiotics for 
bacterial infections and antimicrobial mouthwashes and 
regular dental hygiene for mouth sores or gingivitis. 
Infections tend to be less frequent in patients with 
immune neutropenia than in those with the correspond-
ing degree of neutropenia from other causes, probably 
because granulopoiesis is intact in most cases. Prophy-
lactic administration of trimethoprim-sulfamethoxazole 
may be also helpful in the management of recurrent 
minor infections, although no controlled studies have 
addressed the effi cacy of this approach.

For defi nitive therapy, administration of G-CSF, 
starting at low doses of 1 to 2 μg/kg/day, has been suc-
cessful in increasing the neutrophil count to the normal 
range or even higher in patients with primary AIN, 
including secondary immune neutropenia and Felty’s 
syndrome.566,567,578,579 The initial response may be appar-
ent within days of starting therapy, but up to 2 weeks 
may be required. Patients with a normal or high ANC 
during therapy may be weaned to very-low-dose or 
alternate-day administration of G-CSF. The incidence of 
bone pain appears to be higher in AIN than in hypopro-
ductive neutropenia, probably as a result of expansion of 
the already hyperplastic bone marrow. Because most 
patients with immune neutropenia do not suffer serious 
infectious complications, G-CSF therapy should be 
reserved for those with serious or recurrent infections or 
multiple hospitalizations for febrile neutropenia.

Administration of intravenous immunoglobulin can 
result in normalization of the neutrophil count, but its 
effi cacy is variable and often short lived.566,567,578 Corti-
costeroids can raise the neutrophil count but may actu-
ally increase the risk for serious infection. Similarly, 
splenectomy can provide transient benefi t that is offset 
by the risk for sepsis.

Chronic Benign Neutropenia and Autoimmune 
Neutropenia of Childhood

Most cases of what was termed chronic benign neutro-
penia of infancy and childhood are now believed to rep-
resent an AIN that has parallels to childhood idiopathic 
thrombocytopenic purpura.566,567,578,580 The handful of 

Box 21-5  Disorders Associated with Immune-
Mediated Neutropenia

AUTOIMMUNE DISORDERS

Autoimmune cytopenias (hemolytic anemia, immune 
thrombocytopenia purpura, Evans’ syndrome)

Autoimmune lymphoproliferative syndrome
Felty’s syndrome (arthritis, splenomegaly, leukopenia)
Primary biliary cirrhosis
Sjögren’s syndrome
Scleroderma
Systemic lupus erythematosus

INFECTION

Infectious mononucleosis
HIV infection

MALIGNANCY

Leukemia
Lymphoma
Hodgkin’s disease

HYPOGAMMAGLOBULINEMIAS, 
DYSGAMMAGLOBULINEMIAS

Common variable immunodefi ciency
Hyper-IgM syndrome
IgA defi ciency
X-linked agammaglobulinemia

ANGIOIMMUNOBLASTIC LYMPHADENOPATHY 
(CASTLEMAN’S DISEASE)

DRUG REACTION

quantitated by fl uorescence microscopy or fl ow cytome-
try. The GIFT assay is analogous to the indirect anti-
globulin (Coombs) test for erythrocyte antibodies. It is 
subject to false-positive results from anti-HLA antibodies 
unless they are specifi cally absorbed before testing. The 
analogous direct antineutrophil antibody test can be per-
formed by detection of immunoglobulin bound to patient 
neutrophils, similarly detected by microscopy or fl ow 
cytometry. Importantly, the standard laboratory test for 
antineutrophil cytoplasmic antibody (ANCA) does not 
detect the antibodies responsible for AIN.

The GAT is less sensitive but is useful for detecting 
a subgroup of antibodies against antigens other than 
CD16, although these are not typical of AIN.265,266,571 
Neutrophil-binding immune complexes may also give 
positive results in these assays and may be important in 
the pathogenesis of neutropenia in Felty’s syndrome.572 
Confi rmatory testing of autoantibody specifi city can be 
done by assay involving monoclonal antibody immobili-
zation of granulocyte antigens, in which binding of patient 
sera to a panel of donor neutrophils is compared with 
binding of monoclonal antibodies of defi ned specifi c-
ity.571,573 Sera containing HLA antibodies requires preab-
sorption or other controls to determine whether there is 
specifi c antineutrophil activity. Because of the limited 
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cases reported as “lazy leukocyte syndrome,” character-
ized by profound neutropenia, normal-appearing bone 
marrow, and little increase in the peripheral blood neu-
trophil count in response to steroids or epinephrine,581 
are also likely to have been AIN of childhood.

AIN of childhood occurs predominantly in children 
younger than 3 years (Table 21-10). The median age at 
diagnosis is 8 to 11 months, with a range of 2 to 54 
months.566,567,578,580 There is a slight female preponder-
ance. Although AIN of childhood is the most common 
cause of chronic neutropenia in the pediatric age group, 
it is still a relatively infrequent diagnosis, with an 
incidence of approximately 1 in 100,000 children per 
year.385,582 However, this fi gure is probably an under-
estimate because of the generally benign course of the 
disorder.

The initial ANC is often in the severe range (<200 
cells/μL) and may approach zero, usually with a relative 
monocytosis or eosinophilia, or both. Transient increases 
in circulating neutrophil counts can occur in response to 
infection. Other peripheral counts are normal for age, 
although mild thrombocytopenia (≥100,000 cells/μL) 
has been reported.583 There is usually no family history 
of neutropenia.

Antineutrophil antibodies can be detected in almost 
all patients when a combination of immunofl uorescence 
and agglutination assays are used, with repeated testing 
if necessary.571,573,578,580 However, absence of detectable 
antibody does not exclude the diagnosis, and a positive 
result does not exclude SCN.429 As in AIN in adults, 
antibodies are typically directed against neutrophil-
specifi c antigens of the NA, NB, and ND loci. Anti -
body specifi city to NA1, an allele of the neutrophil 
immunoglobulin FcγRIII receptor, is seen most com-
monly.571,573,578,580 Some, but not all studies report a 
correlation between the strength of the antibody and the 
severity of clinical manifestations.571,573,578,580 As the neu-
tropenia resolves, antibodies gradually become undetect-
able. Bone marrow examination generally shows normal 

to increased cellularity with myeloid hyperplasia and 
normal to increased numbers of mature neutrophils, 
although some patients with intramedullary destruction 
of neutrophils or their precursors may show a “matura-
tion arrest.” Some, but not all patients will manifest an 
increase in the peripheral neutrophil count in response 
to hydrocortisone or prednisone.

Bacterial infections in AIN of childhood are often 
increased in frequency but are mild (e.g., skin infections, 
upper respiratory infections, otitis media, gingivitis) and 
responsive to standard antibiotics.385,575,584 Cellulitis 
involving the labia majora was seen in 23% of 26 girls 
with AIN in one series, often caused by Pseudomonas 
aeruginosa.385 Pneumonia, sepsis, and meningitis have 
been reported only occasionally in infants with AIN.575 
Spontaneous remission occurs in almost all patients, with 
neutropenia persisting for a median duration of 20 
months.584 Children younger than 9 months at the time 
of diagnosis may recover normal peripheral neutrophil 
counts more rapidly.583 With increasing age, spontaneous 
remission becomes less likely.

The diagnosis of AIN of childhood is generally 
straightforward if the signs and symptoms occur within 
the fi rst 2 years of life, there is no history of serious infec-
tions over a period of several months of observation, and 
neutrophil morphology and other peripheral counts are 
otherwise normal. Demonstration of antineutrophil anti-
body is not necessary for diagnosis in a patient with the 
typical clinical features of childhood AIN (see Table 
21-10). Because of the association of AIN with immuno-
defi ciency syndromes (see later in this section), evalua-
tion of immunoglobulin levels should be performed to 
exclude dysgammaglobulinemia or hypogammaglobu-
linemia. If lymphopenia or clinical signs of cell-mediated 
immunodefi ciency are present, T-cell function should 
also be studied. Bone marrow examination should always 
be performed if hematologic abnormalities other than 
neutropenia are present, if the child’s age falls outside the 
usual range for AIN of infancy, or if the patient has an 

TABLE 21-10 Summary of Autoimmune Neutropenia of Childhood

Incidence Most common cause of chronic neutropenia in infancy and childhood; incidence ≥1 per 100,0000 children 
per year

Clinical 
features

Median age at diagnosis, 8-11 months (range, 3-38 months). Slight female preponderance (56% F, 
44% M)

Relatively minor infections (otitis media, gingivitis, upper respiratory tract, skin) occur with increased 
frequency in some patients and respond well to antimicrobial therapy. Rare patients (usually young 
infants) have pneumonia or sepsis

Laboratory 
evaluation

Median ANC at time of diagnosis ≈200 neutrophils/μL (range, 0-500 cells/μL). Hemoglobin, platelet count 
generally normal. Antineutrophil antibodies can be detected in majority of patients and are often directed 
to the NA1 antigen (neutrophil FcγIII receptor). Bone marrow evaluation (if performed) shows normal to 
increased myelopoiesis, sometimes with a decrease in mature neutrophils or maturation arrest at earlier 
stages

Therapy Antibiotics for acute infection; prophylactic antibiotics may be helpful in some patients with recurrent otitis 
media. Consider use of G-CSF in the event of serious infection or very high frequency of minor infections

Prognosis Excellent. Although the ANC often remains below 500 cells/μL for 12 or more months, spontaneous 
remission occurs in almost all patients (median, 20 months; range, 6-54 months)

ANC, absolute neutrophil count; G-CSF, granulocyte colony-stimulating factor.
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unusual or deep-seated infection suggesting poor marrow 
neutrophil reserve. Other laboratory tests to consider are 
outlined later in this section.

Febrile episodes should be managed aggressively, 
including the use of broad-spectrum parenteral antibiot-
ics, in the initial period before the diagnosis of childhood 
AIN is established. However, once the diagnosis is 
defi nite and the patient has had no serious infections, 
subsequent febrile illnesses can be managed more 
conservatively if clinically warranted. Prophylactic tri-
methoprim-sulfamethoxazole can be helpful in children 
with recurrent otitis media and other minor infections. 
Administration of G-CSF results in an increased 
peripheral neutrophil count in childhood AIN and is the 
treatment of choice for the rare child with AIN who 
manifests very severe or recurrent major infec-
tions.566,567,578,580 G-CSF doses of 1 to 2 μg/kg/day or less 
are usually effective, and responses are typically seen 
within days. Steroids and intravenous gamma globulin 
have also been used but have limited effi cacy, as dis-
cussed earlier.

Neonatal Immune Neutropenia

Immune-mediated neutropenia in the newborn may be 
alloimmune and be due to maternal immune response to 
fetal alloantigens or may be isoimmune and be due to 
passive transfer of maternal autoantibody.

Neonatal alloimmune neutropenia, an immunologic 
disorder analogous to Rh hemolytic disease, results from 
maternal sensitization to fetal neutrophils bearing anti-
gens that differ from the mother’s. Maternal IgG anti-
bodies cross the placenta and result in an immune-mediated 
neutropenia that can be severe and last from several 
weeks to as long as 6 months.266,568,585 During the neu-
tropenic phase, the infant’s bone marrow demonstrates 
myeloid hyperplasia, usually with depletion of mature 
neutrophil forms.

Neutrophil antibodies are found in the serum of the 
mother and the infant and are frequently directed to the 
neutrophil-specifi c NA antigen system. The NA1 and 
NA2 antigens are two isotypes of the neutrophil FcγRIII 
receptor (see Table 21-6). Affected infants may be asymp-
tomatic or can exhibit omphalitis, cutaneous infections, 
pneumonia, sepsis, and meningitis. Because neonatal 
sepsis can itself be associated with profound neutropenia, 
the underlying immune-mediated neutrophil destruction 
may not be appreciated immediately in affected new-
borns with sepsis.

The initial management of neonatal alloimmune 
neutropenia should include parenteral antibiotics, even 
if signs of infection are absent, because of the association 
of neutropenia with neonatal sepsis. Intravenous gamma 
globulin may sometimes be effective in increasing 
neutrophil counts.586,587 Treatment with G-CSF, start -
ing at 5 to 10 μg/kg/day intravenously, should be consid-
ered for very profound neutropenia or when serious 
infections develop in infants with alloimmune 
neutropenia.568,588,589

Neonatal immune neutropenia can also occur in 
infants of mothers with AIN. Transplacental passage of 
an IgG antineutrophil antibody can react with the infant’s 
neutrophils bearing the inciting antigen and result in a 
profound neutropenia lasting 2 to 4 weeks.568,590 Treat-
ment is similar to that for isoimmune neutropenia. 
Leukoagglutinating antibodies directed against HLA 
antigens are frequently found in multiparous women and 
their newborn children’s sera591,592; these antibodies are 
not associated with neutropenia and thus need to be 
distinguished from neutrophil-specifi c antibodies in labo-
ratory assays.571,585

Neutropenia Associated with Immune Dysfunction

Primary disorders of immunoglobulin production have 
been associated with neutropenic syndromes.593-595 A 
third of males with X-linked agammaglobulinemia have 
neutropenia at some time during the course of their 
disease.593,595 Persistent or cyclic neutropenia is common 
in patients with the hyper-IgM immunodefi ciency syn-
drome, which in many instances appears to be secondary 
to the formation of autoantibodies.593,595 Immunoglob-
ulin replacement therapy abolished the neutropenia 
in some, but not all of these patients.596 AIN and 
other autoimmune cytopenias can also be seen in 
common variable immunodefi ciency and isolated IgA 
defi ciency.593,594

Autoimmune lymphoproliferative syndrome (ALPS), 
which refl ects a family of defects in lymphocyte apopto-
sis, is characterized by lymphadenopathy, splenomegaly, 
and a variety of autoimmune disorders, including immune 
thrombocytopenia, anemia, and neutropenia.597,598 The 
neutropenia associated with ALPS tends to be chronic 
and, because of the unique pathophysiology of the 
underlying disorder, represents one of the few forms of 
neutropenia treated by immunosuppression with cortico-
steroids or mycophenolate mofi til.598,599

Cartilage-hair hypoplasia, an autosomal recessive 
disorder found frequently in the Amish population, is 
characterized by short-limbed dwarfi sm, fi ne hair, mod-
erate neutropenia (100 to 2000 cells/μL), and impaired 
cell-mediated immunity.600,601 The disorder arises from 
mutations in the noncoding RNA gene RMRP,602 which 
provides the RNA subunit of the RNase mitochondrial 
RNA-processing enzyme, a complex involved in multiple 
cellular RNA-processing events.603 G-CSF therapy has 
been reported to be effective in a single patient who also 
had an antineutrophil antibody604; bone marrow trans-
plantation has corrected both the immunologic defects 
and the neutropenia.605

Neutropenia can be seen as part of a broader spec-
trum of disease in a variety of other disorders of the 
immune system. Autoimmune disorders such as systemic 
lupus can be associated with antibody- or immune 
complex–mediated destruction of neutrophils or their 
precursors, as discussed earlier. G-CSF therapy is effec-
tive but may precipitate fl ares of the underlying 
disease.606,607 Finally, in patients with HIV infection, 
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neutropenia is common and has multiple causes, includ-
ing antiretroviral drugs, cellular immune dysfunction, 
ineffective hematopoiesis, antineutrophil antibodies, and 
hypersplenism.526-529

T-cell large granular lymphocyte leukemia (LGL), a 
clonal disorder of cytotoxic T lymphocytes most common 
in the elderly, is often manifested as severe chronic neu-
tropenia, with or without accompanying anemia.407,608 
LGL-associated neutropenia, which overlaps clinically 
with Felty’s syndrome, may derive from either immune 
complex– or cell-mediated mechanisms and generally 
responds to a combination of immunosuppressive and 
cytotoxic therapy for the underlying disease and G-CSF 
for the neutropenia.407

Neutropenia Associated with Metabolic Diseases

Signifi cant neutropenia, often with a relative monocyto-
sis, occurs in Barth’s syndrome, a distinctive X-linked 
disorder also associated with dilated cardiomyopathy, 
growth retardation, and 3-methylglutaconic aciduria.609,610 
Symptoms develop in infancy or childhood in affected 
boys, and neutropenia can precede the development of 
cardiac abnormalities. Children suffering from hypergly-
cinemia, isovaleric acidemia, propionic acidemia, meth-
ylmalonic acidemia, and tyrosinemia may also have 
signifi cant neutropenia, although clinically it is not as 
consequential as other features of the disorders.611-618 The 
mechanisms underlying the neutropenia associated with 
disorders of organic acid metabolism are not known, but 
the fi nding that propionate and isovalerate impair the 
development of myeloid colonies in vitro suggests that 
altered levels of metabolites may suppress myelopoiesis 
in vivo.619

Neutrophils in patients with glycogen storage disease 
type IB are not only diminished in number, with neutro-
phil counts commonly less than 500 cells/μL,611,612,620,621 
but also functionally defective, with abnormalities 
reported in chemotaxis, respiratory burst activity, and 
bacterial killing.612,614 There is no correlation between a 
given mutation in the microsomal glucose-6-phosphate 
gene and the clinical severity of neutropenia or systemic 
complications of the enzyme defi ciency, thus indicating 
that other genes can modify the phenotype.622 Recombi-
nant G-CSF has been effective in correcting the neutro-
penia and reducing serious infections in glycogen storage 
disease type IB.623 Prolonged use of G-CSF has not been 
associated with any increased risk for MDS/AML in this 
disease.444

Macrocytic anemia, often accompanied by neutro-
penia or thrombocytopenia, is a hematologic hallmark 
of Pearson’s syndrome, a rare and fatal congenital dis-
order involving not only the hematopoietic system but 
also the exocrine pancreas, liver, and kidneys.624 The 
bone marrow shows normal cellularity, but striking 
abnormalities include vacuolization of erythroid and 
myeloid precursors, hemosiderosis, and ringed sidero-
blasts. A mitochondrial defect related to large deletions 
in mitochondrial DNA, whose integrity depends on a 

specifi c DNA polymerase, probably leads to impaired 
hematopoiesis.625

Nutritional Defi ciencies

Ineffective granulopoiesis is part of the megaloblastic 
marrow pathology observed in patients with nutritional 
defi ciencies of vitamin B12 or folic acid.626 As a refl ection 
of the increased neutrophil turnover secondary to inef-
fective myelopoiesis, serum muramidase levels are often 
elevated.626 Neutropenia also occurs with starvation in 
such conditions as anorexia nervosa627 and marasmus in 
infants, as well as occasionally in patients maintained by 
parenteral feeding. In addition, neutropenia and marrow 
megaloblastosis have been observed in patients thought 
to have copper defi ciency because these patients 
responded promptly to copper replacement.628 Notably, 
these nutritional defi ciencies do not cause isolated neu-
tropenia; anemia is virtually universal and thrombocyto-
penia is an occasional additional fi nding.

Reticuloendothelial Sequestration

Splenic enlargement as a result of portal hypertension, 
intrinsic splenic disease, or splenic hyperplasia can lead 
to neutropenia. The usual picture is one of moderate 
neutropenia, usually accompanied by similar degrees of 
thrombocytopenia and anemia. The reduced neutrophil 
survival corresponds with the size of the spleen, and the 
extent of neutropenia is proportional to bone marrow 
compensatory mechanisms.629 The neutropenia is usually 
mild and may be ameliorated by successful treatment of 
the underlying disease. Bed rest alone may lead to resto-
ration of the neutrophil counts because of a reduction in 
portal pressure. In selected situations, splenectomy may 
be necessary to restore the neutrophil count to normal. 
Histiocytic disorders (see Chapter 24, Histiocytosis, in 
Oncology of Infancy and Childhood) may also cause reticu-
loendothelial hyperplasia leading to neutropenia and 
anemia secondary to the ingestion of neutrophils and red 
cells.549

Bone Marrow Infi ltration

Malignancies—including leukemia, lymphoma, and solid 
tumors—that infi ltrate the bone marrow result in a 
myelophthisic picture characterized by leukoerythroblas-
tic peripheral blood smears with neutropenia, usually 
accompanied by other cytopenias. Tumor-induced myelo-
fi brosis may further reduce the peripheral blood neutro-
phil count.630 Neutropenia can also result from bone 
marrow involvement in granulomatous infections, lyso-
somal storage disease, or osteopetrosis.631-633

Chronic Idiopathic Neutropenia

Chronic idiopathic neutropenia represents a group of 
disorders that by defi nition, are poorly understood and 
cannot be placed in any of the aforementioned catego-
ries.407,634 Investigation of the mechanism of neutropenia 
has suggested that in some cases, decreased or ineffective 
production of neutrophils may be the result of excessive 
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apoptosis, as in congenital neutropenia.635 Overall, the 
clinical features, bone marrow fi ndings, and natural 
history of chronic idiopathic neutropenia are variable but 
generally milder than those of congenital neutropenia; it 
is likely that many of the patients described in older 
studies had antibody-mediated neutrophil destruction 
and normal bone marrow reserve.634,636 Treatment, when 
necessary, should be based on the severity of symptoms; 
G-CSF has proved effective at lower doses than needed 
for SCN and without any reported increase in risk for 
MDS/AML.417

Evaluation of Patients with Neutropenia

The basic approach to a patient with neutropenia includes 
a history and physical examination with emphasis on 
(1) related phenotypic abnormalities; (2) determination 
of whether bacterial infection is present (including evalu-
ation of the gingiva and perineum); (3) evaluation of 
lymphadenopathy, hepatosplenomegaly, and any other 
signs of an underlying associated chronic illness; and 
(4) a history of recent infection and drug exposure. The 
frequency and duration of symptoms are important, and 
a history of periodontitis, dental abscesses, or tooth loss 
is particularly suspicious for signifi cant chronic or recur-
rent neutropenia. The family history may reveal other 
individuals with recurrent infection. Unexplained deaths 
in children younger than 1 year and the race and ethnic 
background of each patient should be noted.

The duration and severity of the neutropenia and the 
presence or absence of signifi cant other symptoms or 
physical fi ndings greatly infl uence the speed and extent 
of laboratory evaluation. If the patient has isolated neu-
tropenia and is asymptomatic and if other fi ndings are 
absent, clinical observation for several weeks is usually 
the best approach. Any medications known or suspected 
to be associated with neutropenia should be discontin-
ued. Any signs of an acute bacterial infection in a patient 
with moderate to severe neutropenia and fever call for 
prompt evaluation and treatment, including the use of 
intravenous broad-spectrum antibiotics.

Patients with persistent neutropenia should have 
white blood and differential counts obtained twice weekly 
for 6 to 8 weeks to evaluate for periodicity suggestive of 
cyclic neutropenia. Direct and indirect antiglobulin 
(Coombs) tests should be performed to evaluate for the 
presence of red cell autoantibodies, and serum immuno-
globulins (IgG, IgA, and IgM, but not IgE) should be 
measured to detect associated immunoglobulin abnor-
malities. HIV testing is also indicated in chronic cases. 
Antineutrophil antibody testing, though technically 
imperfect, is generally included in an initial evaluation 
because of the frequency of AIN.

Bone marrow aspiration and biopsy with cytogenet-
ics should be part of the initial evaluation if leukoeryth-
roblastosis, anemia, macrocytosis, or thrombocytopenia 
is present and should be performed eventually if the 
diagnosis remains obscure despite initial testing. If SCN 
is suspected, bone marrow analysis with cytogenetic 

screening for monosomy 7 should be performed both to 
establish the diagnosis and to provide a baseline before 
G-CSF therapy. Other laboratory tests that should be 
considered, depending on the clinical situation, include 
evaluation for collagen vascular disease, exocrine pancre-
atic insuffi ciency, and metabolic disorders (e.g., organic 
acidurias), as well as measurement of vitamin B12, folate, 
and copper levels. Radiographic studies of the femoral 
heads, rib cage, and spine may be useful in the diagnosis 
of Shwachman-Diamond syndrome. Assessing the 
response of the peripheral neutrophil count to a single 
dose of corticosteroid may be useful for assessment of 
bone marrow reserves and, if normal, may indicate a 
more benign course637 but should not relax clinical vigi-
lance for febrile neutropenia.

Principles of Therapy for Neutropenia

Management of neutropenia depends on the underlying 
cause and severity of the neutropenia. The major concern 
in neutropenic patients is the development of serious 
pyogenic infection. Patients with severe neutropenia 
(ANC ≤ 500 cells/μL) and poor marrow reserves are at 
highest risk for progressive infection and septicemia. 
Fever may often be the only indication of infection inas-
much as local signs and symptoms of infl ammation may 
be diminished in the face of neutropenia. Organisms 
involved are usually from the skin or gastrointestinal 
tract. Thus, febrile patients with severe neutropenia sec-
ondary to poor marrow function should be treated 
promptly with broad-spectrum antimicrobials after blood 
and other appropriate samples are obtained for culture. 
If the patient defervesces and blood cultures do not reveal 
any growth, the antibiotics should be continued for at 
least 2 to 3 days after the patient is afebrile. However, if 
the patient continues to have fevers of 38° C or higher, 
antimicrobial therapy should be continued despite nega-
tive blood cultures. Neutropenic patients who are febrile 
for more than 4 days while receiving broad-spectrum 
antibacterial antibiotics are at risk for fungal infection, so 
empirical treatment with antifungal antibiotics should be 
considered in this setting.638 Neutropenic patients with 
documented fungal infection or gram-negative bacterial 
sepsis who have not responded to appropriate therapy are 
candidates for granulocyte transfusions.539,639,640

Neutropenic patients with normal to increased 
marrow cellularity, such as in the setting of AIN, often 
have a minimally increased risk of pyogenic infection and 
respond more briskly to appropriate antibiotics. A less 
aggressive course may be a reasonable approach to a 
febrile illness in such patients who clinically look well, 
even if the ANC is below 500 cells/μL. A child in whom 
the diagnosis of AIN of childhood has been established 
and fever or infection develops can generally be managed 
as an outpatient, unless the infection is severe.

An important component in the management of all 
patients with chronic or cyclic neutropenia is close atten-
tion to oral hygiene. Chronic gingivitis and periodontitis 
can be a persistent source of morbidity and result in tooth 
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loss. All patients should receive regular dental care, along 
with regular use of antibiotic mouthwash.

The advent of recombinant G-CSF and other hema-
topoietic growth factors has revolutionized the treatment 
of neutropenia.407,416,417,439,564,579 As discussed in previous 
sections, G-CSF has been successfully used to increase 
the neutrophil count in a wide variety of conditions, 
including SCN, cyclic neutropenia, and immune-
mediated neutropenia. In some cases, chronic prophylac-
tic use of G-CSF is recommended, such as in SCN, in 
which patients have poor marrow production of neutro-
phils and a high risk for the development of serious infec-
tion. For other causes of neutropenia in which patients 
tend to have fewer problems with infection, such as AIN, 
G-CSF therapy should be reserved for specifi c clinical 
indications such as repeated or progressive infection.

Antibiotic prophylaxis, usually with trimethoprim-
sulfamethoxazole, may be useful in some neutropenic 
patients with normal to increased myelopoiesis who do 
not meet the criteria for G-CSF therapy.579 There are no 
evidence-based data to indicate the effectiveness of 
reverse precautions or neutropenic diets in chronic neu-
tropenia patients without concurrent immunosuppres-
sion, but careful hand washing is clearly indicated (as for 
all patients), and common sense suggests that avoidance 
of environmental mold exposure638,641 might reduce the 
risk for invasive fungal infection.

Neutrophilia

Neutrophilia refers to an alteration in the total num -
ber of blood neutrophils that is in excess of about 7500 
cells/μL in adults (Box 21-6). During the fi rst few days 
of life the upper limit of the normal neutrophil count 
ranges from 7000 to 13,000 cells/μL for neonates born 
prematurely and at term gestation, respectively.642 A 
decrease to adult levels occurs within the fi rst few weeks 
of life and is maintained thereafter. An increase in circu-
lating neutrophils is the result of a disturbance in the 
normal equilibrium involving neutrophil bone marrow 
production, movement in and out of the marrow com-
partments into the circulation, and neutrophil destruc-
tion (see Box 21-6). Three mechanisms, either alone or 
in combination, largely account for neutrophilia.17,643 
First, increased numbers of neutrophils may be mobi-
lized from either the bone marrow storage compartment 
or the peripheral marginating pools into the circulating 
pool. Second, blood neutrophil survival may be increased 
because of impaired neutrophil egress into tissue. Finally, 
the circulating neutrophil pool might be expanded as a 
result of (1) increased progenitor cell proliferation and 
terminal differentiation through the neutrophilic series, 
(2) increased mitotic activity of neutrophilic cell precur-
sors, or (3) shortening of the cell mitotic cycle in neutro-
phil precursors. Acute neutrophilia occurs rapidly within 
minutes in response to exercise or epinephrine-induced 
reactions and has been attributed to mobilization of the 
marginating pool of neutrophils into the circulating 

Box 21-6 Classifi cation of Neutrophilia

INCREASED PRODUCTION

Chronic infection
Chronic infl ammation
 Ulcerative colitis
 Rheumatoid arthritis
Tumors (perhaps with necrosis)
Postneutropenia rebound
Myeloproliferative disease
Drugs (lithium; rarely ranitidine, quinidine)
Chronic idiopathic neutrophilia
Familial cold urticaria
Leukemoid reactions

ENHANCED RELEASE FROM MARROW STORAGE POOL

Corticosteroids
Stress
Hypoxia
Acute infection
Endotoxin

DECREASED EGRESS FROM CIRCULATION

Corticosteroids
Splenectomy
Leukocyte adhesion defi ciency

REDUCED MARGINATION

Stress
Infection
Exercise
Epinephrine

pool.644,645 Slower onset of acute neutrophilia can occur 
after glucocorticoid administration or with infl ammation 
or infection associated with the generation of endotoxin, 
TNF, IL-1, and a cascade of growth factors.4,5,646,647 
Maximal response usually occurs within 4 to 24 hours 
after exposure to these agents and is probably due to 
release of neutrophils from the marrow storage compart-
ment into the circulation. Mechanisms that underlie 
release from the marrow pool involve interactions between 
neutrophils and the bone marrow stroma mediated by 
adhesion molecules such as β2 integrins and by chemo-
kines such as SDF-1 and its receptor CXCR4.189 Gluco-
corticoids may also slow the egress of neutrophils from 
the circulation into tissue.648 Less well understood mech-
anisms leading to delayed-onset acute neutrophilia have 
been reported after electric shock trauma, anesthesia, 
and surgery.649-651

Chronic neutrophilia is usually associated with con-
tinued stimulation of neutrophil production, possibly 
through perturbation of marrow feedback mechanisms. 
Chronic neutrophilia may accompany the prolonged 
administration of glucocorticoids, persistent infl amma-
tory reactions, infection, chronic blood loss, or chronic 
anxiety.652-656 Infections with pyogenic microorganisms, 
leptospira, and certain viruses (including herpes simplex, 
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varicella, rabies, and poliomyelitis) may all produce neu-
trophilia.657 Signifi cant neutrophilic leukocytosis has also 
been reported with both Kawasaki’s disease and infec-
tious mononucleosis.658,659 Occasionally, extreme neutro-
philia has been observed in tuberculosis, generally in 
seriously ill patients with widespread necrotizing infl am-
matory disease.660 Chronic infl ammation is frequently 
responsible for persistent neutrophilia, especially in 
patients with juvenile rheumatoid arthritis.661 Marked 
neutrophilia is a hallmark of functional disorders of neu-
trophils caused by impaired adhesion or motility, as in 
patients with LAD or actin dysfunction (see later). Sus-
tained moderate neutrophilia invariably follows either 
surgical or functional asplenia,662 probably because of 
decreased clearance of circulating neutrophils.18

Congenital primary neutrophilia is rare. In a single 
reported family with autosomal dominant hereditary 
neutrophilia, affected individuals maintained absolute 
granulocyte counts between 14,000 and 164,000 cells/
μL, along with increased leukocyte alkaline phosphatase, 
hepatosplenomegaly, and Gaucher-type histiocytes.663 
Neutrophilia also occurs in familial cold urticaria, in 
which cold exposure elicits, after about 7 hours, elevated 
neutrophil counts, fever, urticaria, and a rash character-
ized histologically by a neutrophil infi ltrate.664,665

Leukemoid Reactions

The elevation of normal leukocytes to counts greater 
than 50 × 103 cells/μL is referred to as a leukemoid reac-
tion.666 The peripheral blood may show small proportions 
of immature myeloid cells, including occasional myelo-
blasts and promyelocytes. Leukemoid reactions need to 
be distinguished from chronic myelogenous leukemia 
(CML), which features a more extreme “left shift” and 
basophilia in the peripheral blood differential count, as 
well as the characteristic clinical, laboratory, and cytoge-
netics signs of a myeloproliferative disorder (see Chapter 
11, Myeloid Leukemia, Myelodysplasia and Myeloprolif-
erative Disease in Children, in Oncology of Infancy and 
Childhood). Chronic neutrophilic leukemia is a distinct, 
extremely rare malignant cause of mature neutrophilia, 
with a mean age at diagnosis of 62.5 years (range, 15 to 
86) in 33 reported cases.667

Leukemoid reactions can be triggered by pyogenic 
infections, especially those secondary to S. aureus or 
S. pneumoniae. Leukemoid reactions can also occur with 
tuberculosis, brucellosis, toxoplasmosis, and infl amma-
tory syndromes such as acute glomerulonephritis, acute 
rheumatoid arthritis, liver failure, and diabetic acido-
sis.666 A transient myeloid myeloproliferative disorder 
that can be diffi cult to distinguish from a leukemoid reac-
tion may develop in infants with Down syndrome668,669 
(see Chapter 11, Myeloid Leukemia, Myelodysplasia and 
Myeloproliferative Disease in Children, in Oncology of 
Infancy and Childhood). However, more often there is 
marked leukoerythroblastosis, and large numbers of cir-
culating blast cells can be present. Although the syn-
drome is transient, it portends a high risk for subsequent 

leukemia.670 Leukemoid reactions have also been identi-
fi ed in neonates with thrombocytopenia–absent radius 
syndrome, but without any subsequent increased risk for 
leukemia.671

Clinical States Associated with Alterations 
in Eosinophil Number

Eosinophilia

Eosinophil stimulation most commonly occurs after 
repetitive or prolonged antigen exposure, especially when 
the antigens are deposited in tissues and elicit hyper-
sensitivity reactions, whether of the immediate (IgE-
mediated) or delayed (T lymphocyte–mediated) type. 
Stimulation of eosinophilia is T lymphocyte dependent 
and underlies the immune response to metazoan para-
sites.6,7 A very broad range of conditions can elicit an 
eosinophilic response (Box 21-7).

Allergy is the most common cause of eosinophilia in 
children in the United States.672 Acute allergic reactions 
may cause leukemoid eosinophilic responses, with eosin-
ophil counts exceeding 20,000 cells/μL, whereas chronic 
allergy is rarely associated with eosinophil counts of 
greater than 2000 cells/μL.673 A variety of skin diseases 
have been associated with eosinophilia,674 the best docu-
mented being atopic dermatitis, eczema, pemphigus, 
acute urticaria, and toxic epidermal necrolysis. Drug 
reactions often elicit eosinophilia,675 including the poten-
tially fatal disorder “drug rash with eosinophilia and sys-
temic symptoms” (DRESS syndrome).676

Outside the United States and hence also in immi-
grants and returning travelers, parasitic infections are the 
most common causes of eosinophilia.677-679 Infestations 
by certain parasites, including helminths, induce greater 
degrees of eosinophilia than protozoan infestations 
do.7,672,674 Although some parasite antigens appear to be 
potent immunogens, the eosinophilia resulting from par-
asitic infection is not due to some unique component of 
the parasites themselves but rather to a tissue granu-
lomatous response requiring the participation of intact 
parasites. Other parasites, such as Giardia lamblia, Entero-
bius vermicularis, and Trichuris trichiura, fail to elicit an 
eosinophilic response, probably because they remain 
localized to the intestinal tract and do not enter the sys-
temic circulation. When parasites invade systemic organs, 
they may incite clinical symptoms and signs related to 
the involved organs, such as hepatomegaly and pulmo-
nary infi ltrates.

These features are further associated with eosino-
philic leukocytosis, anemia, and hyperglobulinemia, as 
commonly seen in visceral larva migrans from Toxocara 
canis. The patient may be brought for medical attention 
because of fever, cough, and wheezing. Complications 
include seizures, encephalitis, myocarditis, retinal lesions 
(which are often diffi cult to distinguish from retinoblas-
toma), and skin nodules on the palms of the hands and 
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Box 21-7 Causes of Eosinophilia

ALLERGIC DISORDERS

Acute urticaria
Allergic bronchopulmonary aspergillosis
Asthma
Atopic rhinitis
Drug reaction

DERMATITIS

Atopic dermatitis
Pemphigus, pemphigoid

PARASITES AND INFECTIONS

Amebiasis
Coccidioidomycosis
Fungal rhinosinusitis
Helminths (particularly if invasive)
Malaria
Scabies
Scarlet fever
Toxoplasmosis
Tuberculosis

GASTROINTESTINAL DISORDERS

Eosinophilic gastroenteritis
Food allergy

HEREDITARY DISORDERS

Familial eosinophilia
Hereditary angioedema

Hyper-IgE syndrome
Omenn’s syndrome
Severe congenital neutropenia
Thrombocytopenia with absent radius
Wiskott-Aldrich syndrome

NEOPLASMS

Acute lymphoblastic leukemia
Lymphoma (Hodgkin’s and non-Hodgkin’s)
Metastatic cancer
Myeloproliferative disorders

RHEUMATOLOGIC DISORDERS

Eosinophilic fasciitis
Polyarteritis nodosa
Scleroderma

MISCELLANEOUS

Adrenal insuffi ciency
Graft-versus-host disease
Peritoneal dialysis or hemodialysis
Sarcoidosis
Toxins (eosinophilia/myalgia, toxic oil syndromes)

HYPEREOSINOPHILIC SYNDROME

Clonal HES
Idiopathic HES

soles of the feet. Leukocyte counts may exceed 100,000 
cells/μL, with marked eosinophilia persisting from months 
to years after resolution of the symptoms. Polyclonal 
hypergammaglobulinemia is frequent. Increased anti-A 
and anti-B titers are commonly observed because of 
cross-reactivity between red cell and parasitic antigens.

In contrast to viral exanthems, scarlet fever is fre-
quently associated with modest degrees of eosinophilia. 
Eosinophilia is also observed in cytomegalovirus pneu-
monia of infancy, cat-scratch disease, infectious lympho-
cytosis, and occasionally, infectious mononucleosis. 
Many patients with acute pulmonary tuberculosis show 
decreased numbers of circulating eosinophils followed 
by an increase in eosinophils during the convalescent 
phase, but rare patients exhibit marked eosinophilia at 
diagnosis.

In general, fungal diseases do not cause eosinophilia, 
but important exceptions are allergic and nonallergic 
fungal sinusitis and rhinosinusitis, coccidioidomycosis, 
and allergic bronchopulmonary aspergillosis.674,680-682 The 
latter two diagnoses fi t into the spectrum of pulmonary 
eosinophilic syndromes, which also include idiopathic 
eosinophilic pneumonia, Churg-Strauss syndrome (a 
form of vasculitis), tropical pulmonary eosinophilia 
(caused by microfi lariae and other parasites), and drug- 
and radiation-induced pulmonary eosinophilia.674,683,684

Gastrointestinal disorders may also be associated 
with eosinophilia.672,685 Primary eosinophil-mediated dis-
orders usually involve the esophagus and stomach, but 
they can affect any or all segments of the gastrointestinal 
tract. Eosinophilia can also be a secondary sign of food 
allergy.686 Infl ammatory bowel disease and gluten enter-
opathy may involve large numbers of tissue eosinophils 
but show little or no elevation in blood eosinophil 
numbers.685,687,688 Eosinophilia is a prominent feature of 
several immunodefi ciency disorders, especially hyper-IgE 
(Job’s) syndrome (see later), WAS, and Omenn’s syn-
drome.437,689 It can also be associated with hereditary 
angioedema, a defect in the complement C1 inhibi-
tor.690,691 In approximately 10% of patients with rheuma-
toid arthritis, mild eosinophilia develops during the 
course of their disease.

Autosomal dominant familial eosinophilia has been 
reported in several families in which individuals displayed 
marked eosinophilia, but few had pulmonary, cardiac, or 
neurologic involvement.692,693 The disorder has been 
mapped to chromosome 5q31-q33, a region that con-
tains a cytokine cluster that includes genes encoding IL-
3, IL-5, and GM-CSF.694 However no mutations or 
functional polymorphisms have been identifi ed within 
the promoter, exons, or introns of any of these genes, thus 
suggesting that the primary defect in familial eosinophilia 
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is located in another gene in the cluster. The disorder can 
be distinguished from HES (see later) by the relative 
absence of eosinophil activation markers and the rarity 
of end-organ damage.693

Marked eosinophilia can accompany or precede the 
diagnosis of malignancies, including Hodgkin’s and non-
Hodgkin’s lymphoma, acute lymphoblastic leukemia, 
and a variety of solid tumors.674,695,696 Excessive numbers 
of normal eosinophils may also be produced in response 
to the production of cytokines, primarily IL-5, by abnor-
mal (but only sometimes clonal) T cells with aberrant 
immunophenotypic markers.697 In about a third of 
patients undergoing chronic hemodialysis, blood eosino-
philia develops without apparent cause.698 Similarly, 
chronic peritoneal dialysis may cause an eosinophilic 
peritoneal effusion and occasionally an elevated number 
of eosinophils in blood.699

Eosinophilia can produce organ damage—particu-
larly to the heart, lungs, and gastrointestinal tract—by 
infi ltration and deposition of toxic granule proteins. If 
treatment of the underlying infection or disease is not 
suffi cient to reduce the eosinophil count, steroid therapy 
generally produces a rapid decline in eosinophil produc-
tion and circulating cell numbers. More recently, 
anti–IL-5 antibody therapy has shown promise as an 
alternative.700

Hypereosinophilic Syndrome

HES is defi ned as persistent eosinophilia in patients who 
meet the following criteria: (1) absolute eosinophil count 
of 1500 cells/μL or higher for longer than 6 months 
(or fatal termination within 6 months), (2) lack of 
other diagnoses to explain secondary eosinophilia, and 
(3) signs and symptoms of organ involvement by infi ltrat-
ing eosinophils.701 Clinical manifestations result from 
tissue infi ltration by eosinophils and from tissue damage 
caused by the release of eosinophil granule products. 
Symptoms include nonspecifi c fi ndings of fever, weight 
loss, and fatigue. Cardiac damage is the major cause of 
morbidity and mortality in HES and includes endocar-
dial fi brosis and the formation of mural thrombi with 
infi ltrating eosinophils (Löffl er’s endocarditis).672,674,702-705 
These fi ndings can also be seen with eosinophilia of 
multiple other causes, including parasitic infection, drug 
reactions, and malignancies. Hepatosplenomegaly, pul-
monary infi ltrates, and skin involvement with urticarial 
or nodular lesions are common; neuropathies, encepha-
lopathy, and CNS thromboembolism can also occur.

There is still controversy on the proper classifi cation 
of HES in relation to chronic eosinophilic leukemia 
and idiopathic HES. One proposed subdivision, after 
elimination of reactive eosinophilias, classifi es HES into 
clonal eosinophilias and idiopathic HES (i.e., everything 
else).674,702 The clonal forms of HES can be further 
classifi ed—and in many cases treatment guided—by 
identifi cation of specifi c gene rearrangements.674,702,703,706 
The most common involve the gene encoding platelet-
derived growth factor receptor α, PDGFRA, which forms 

fusion products that generate constitutively active tyro-
sine kinase molecules.706,707 Fusion partners include the 
Fip1-like 1 gene FIP1L1 and, less commonly, BCR or 
CDK5RAP2, which encodes CDK5 regulatory subunit–
associated protein 2. The FIP1L1-PDGFRA fusion results 
from an interstitial chromosome 4q12 deletion that is not 
cytogenetically detectable. This rearrangement results in 
HES with a marked male preponderance and a phenotype 
that includes splenomegaly, elevated serum vitamin B12 
and tryptase levels, and hypercellular bone marrow with 
fi brosis and increased eosinophils and mast cells. Other 
patients with clonal HES have rearrangements of the gene 
encoding the platelet-derived growth factor receptor β, 
PDGFRB, and rare cases have been reported with rear-
rangements of FGFR1 and other genes.674,702 Most impor-
tantly, patients with either of the PDGFR fusion products 
are likely to respond to imatinib therapy, sometimes at 
doses lower than those used for CML.702,704,707

HES can generally be distinguished from the M4Eo 
variant of AML (see Chapter 11, Myeloid Leukemia, 
Myelodysplasia and Myeloproliferative Disease in Chil-
dren, in Oncology of Infancy and Childhood), which is 
characterized by myelomonocytic blasts with eosinophilia 
and has been referred to in the past as eosinophilic leu-
kemia.708 In acute leukemia, there is typically a marked 
increase in the number of immature eosinophils in blood 
or marrow (or both), infi ltration of tissue by immature 
cells of predominantly an eosinophilic type, and second-
ary anemia and thrombocytopenia. The eosinophils in 
M4Eo leukemia have an additional granule population 
that stains with periodic acid–Schiff and chloroacetate 
esterase. Almost all patients in the M4Eo leukemia sub-
group have inversion or another cytogenetically detect-
able abnormality in chromosome 16.709

Eosinopenia

Eosinopenia is not uncommon but is seldom recognized 
clinically because its precise diagnosis requires an abso-
lute eosinophil count.710 Eosinopenia may be produced 
by at least two mechanisms: (1) acute stress, with resul-
tant stimulation of adrenal corticoids or release of epi-
nephrine (or both), and (2) acute infl ammatory states. 
The immediate eosinopenia after the administration of 
glucocorticoids refl ects the destabilization of mRNA 
encoding cytokines such as eotaxins and inhibition of the 
cytokine-dependent survival of eosinophils.7,711 Gluco-
corticoids also suppress the transcription of a number of 
factors involved in eosinophil production and traffi cking, 
including IL-3, IL-4, IL-5, and GM-CSF.7 Acute infl am-
mation is associated with alterations in eosinophil distri-
bution and production that resemble those observed after 
corticosteroid administration. At least part of this 
response occurs independent of adrenal corticoid release. 
Acute infections associated with a marked infl ammatory 
response, including invasive bacterial and most acute 
viral infections, may be accompanied by eosinopenia 
throughout the period of the fever. Chronic infections 
cause a less predictable eosinophil reaction.
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Basophilia and Basophilopenia

Basophils are associated with hypersensitivity reactions 
of the immediate type99,101,712 (Box 21-8). Basophil levels 
may be elevated in allergic responses, helminth infec-
tions, and chronic infl ammatory diseases.101,713,714 Most 
importantly, basophil levels are increased in myeloprolif-
erative disorders such as CML (see Chapter 11, Myeloid 
Leukemia, Myelodysplasia and Myeloproliferative 
Disease in Children, in Oncology of Infancy and Child-
hood). Basophil counts exceeding 30% can occur during 
the course of CML; marked basophilia often heralds a 
poor prognosis,715,716 and the cells may be morphologi-
cally and functionally abnormal.717,718 Patients with 
marked basophilia may have symptoms attributable to 
the release of biogenic amines or heparin-like material 
from degranulated basophils718,719 and may benefi t from 
the administration of antihistamines. Increased numbers 
of marrow basophils may occur in MDS and sideroblastic 
anemia.720,721 Peripheral blood or bone marrow baso-
philia may also be seen with AML, usually in association 
with 6p or 12p chromosomal abnormalities,722 or juvenile 
myelomonocytic leukemia.718 Basophilopenia occurs in 
conditions that are associated with eosinophilopenia, 
such as during acute infection or after the administration 
of glucocorticoids.723-725 Basophil counts are diminished 
in thyrotoxicosis and after treatment with thyroid 
hormones, and conversely they may be increased in 
myxedema.724

Monocytosis and Monocytopenia

The normal absolute blood monocyte count varies with 
the age of the patient, and this variation must be taken 
into account when assessing monocytosis. During the 

fi rst 2 weeks of life, the absolute monocyte count is 
greater than 1000 cells/μL.726 With increasing age there 
is a gradual decline in the monocyte count until it reaches 
a plateau of 400 cells/μL in adulthood. Monocytosis may 
therefore be defi ned as a total monocyte count of greater 
than 500 cells/μL. Given the widespread importance of 
monocytes, as previously described, it is not surprising 
that many clinical disorders give rise to monocytosis (Box 
21-9). Typically, monocytosis is associated with bacterial, 
protozoan, and rickettsial infections; examples include 
subacute bacterial endocarditis, tuberculosis, syphilis, 
Rocky Mountain spotted fever, and kala-azar.114,727 
Monocytosis is a hallmark of juvenile myelomonocytic 
leukemia (see Chapter 11, Myeloid Leukemia, Myelo-
dysplasia and Myeloproliferative Disease in Children, in 
Oncology of Infancy and Childhood) and can also be 
observed in malignant disorders such as preleukemia, 
AML, CML, lymphomas, and advanced-stage carcino-
mas.727,728 Approximately 25% of all patients with 
Hodgkin’s disease have monocytosis, although its pres-
ence does not correlate with prognosis.726 Monocytosis 
has also been noted in a wide variety of infl ammatory 
and immune disorders, including lupus, rheumatoid 
arthritis, sarcoidosis, and infl ammatory bowel disease.727 
Finally, as discussed earlier, both relative and absolute 

Box 21-8 Disorders Associated with Basophilia

MILD BASOPHILIA

Hypersensitivity reactions
 Drug and food hypersensitivity
 Urticaria
Infection
 Helminths
 Chickenpox
 Infl uenza
 Smallpox
 Tuberculosis
Infl ammation
 Rheumatoid arthritis
 Ulcerative colitis
Hypothyroidism (severe)

MARKED BASOPHILIA

Chronic myelogenous leukemia
Myelodysplastic syndrome
Acute myeloid leukemia (rare)

Box 21-9 Disorders Associated with Monocytosis

INFECTION

Subacute bacterial endocarditis
Tuberculosis
Syphilis
Protozoal and rickettsial infections (e.g., Rocky Mountain 

spotted fever, kala-azar)
Fever of unknown origin

MALIGNANCY

Preleukemia
Juvenile myelomonocytic leukemia
Acute myelogenous leukemia
Chronic myelogenous leukemia
Lymphoma (Hodgkin’s and non-Hodgkin’s)
Solid tumors (usually advanced carcinoma)

RHEUMATOLOGIC DISORDERS

System lupus erythematosus
Rheumatoid arthritis
Myositis

GRANULOMATOUS DISEASE

Ulcerative colitis
Crohn’s disease
Sarcoidosis

MISCELLANEOUS DISORDERS

Severe chronic neutropenia
Recovery from transient neutropenia
Postsplenectomy status
Tetrachlorethane poisoning
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monocytosis occurs in some forms of severe chronic neu-
tropenia and in patients recovering from myelosuppres-
sive chemotherapy. Monocytopenia has been observed 
after glucocorticoid administration and in infections 
associated with endotoxemia.729,730 In the latter case, sys-
temic activation of complement and deposition of C5a 
on the surface of monocytes lead to their aggregation and 
clearance. In contrast to the profound granulocytopenia 
and lymphopenia associated with irradiation or cytotoxic 
chemotherapy, noncirculating monocytes and tissue 
macrophages are relatively resistant to these agents.731 
Decreased monocyte superoxide production, chemotaxis, 
and microbial killing have been reported in Gaucher’s 
disease, which possibly contributes to the risk of infection 
in patients with this disease.732-734 The defects are reversed 
at least partially by enzyme replacement therapy.732

Infantile (malignant) osteopetrosis is an autosomal 
recessive disease caused by failure of bone resorption and 
remodeling by osteoclasts, a form of specialized tissue 
macrophage.148,149,151 This disorder arises in infancy and is 
characterized by progressive obliteration of the bone 
marrow space by bone and leads to progressive loss of 
marrow function, hepatosplenomegaly, growth retarda-
tion, and compression of cranial nerves. Autosomal 
recessive osteopetrosis is caused by mutations in genes 
encoding a vacuolar proton pump or the ClC-7 chloride 
channel.154,155 Autosomal dominant osteopetrosis, a less 
severe form, is also caused by ClC-7 gene mutations, 
probably with a dominant-negative phenotype.735 Gener-
ation of superoxide by peripheral blood leukocytes is 
defective in patients with autosomal recessive (malignant) 
osteopetrosis,736 and recombinant IFN-γ (also used for 
CGD; see later) has been shown to increase bone resorp-
tion and improve hematopoietic marrow function in chil-
dren with infantile osteopetrosis.158 Infantile osteopetrosis 
has been treated by bone marrow transplantation,151,156 
and promising studies in a mouse model of the disease 
suggest that gene therapy targeted at hematopoietic stem 
cells might be a future therapeutic approach.157

DISORDERS OF GRANULOCYTE AND 
MONONUCLEAR PHAGOCYTE FUNCTION

Abnormalities in one or more steps of phagocyte func-
tion—adhesion, chemotaxis, ingestion, degranulation, 
and oxidative metabolism—are causes of inherited and 
acquired clinical disorders, which can be classifi ed on the 
basis of the function primarily affected. Consistent with 
the critical role of phagocyte function in host defense, 
patients affl icted with these disorders often suffer recur-
rent, diffi cult-to-treat bacterial and fungal infections in 
the skin or mucosa, lungs, lymph nodes, or deep tissue 
(abscesses). Many of these disorders have characteristic 
clinical and microbiologic features related to the parti-
cular functional defect. As will be seen, some of the 
disorders manifest abnormalities in several phagocyte 
functions. In these instances, the primary defect is used 

to classify the disorder. Finally, inherited disorders involv-
ing cytokine receptors and their signal transduction are 
increasingly being recognized,737 many of which affect 
phagocyte function and result in recurrent infections. 
These disorders are described near the end of this 
chapter.

During the past 25 years, numerous papers have 
been published that describe abnormalities in phagocyte 
function, often associated with other diseases. In many 
of these reports, marginal abnormalities were noted with 
the use of in vitro phagocyte assays, with little evidence 
that the observed defects were responsible for the clinical 
predisposition to infection. In this section, disorders in 
which good correlations exist between the phagocyte 
abnormality and the clinical condition will be empha-
sized. In several of these disorders, particularly LAD and 
CGD, the molecular basis for the functional abnormality 
is well understood. Because these conditions serve as 
prototypes for understanding the less well characterized 
phagocyte disorders, the underlying biochemical and 
molecular genetic aspects of these conditions will be 
reviewed in some depth.

One fi nal point should be emphasized. In clinical 
practice, most physicians encounter a number of patients 
who experience recurrent bacterial infections. Although 
it is true that nearly all patients with well-characterized 
phagocyte abnormalities have recurrent infections, the 
converse is seldom the case. Most patients with impres-
sive histories of persistent and repeated infections do not 
have identifi able qualitative or quantitative phagocyte 
abnormalities. Therefore, the major disorders described 
in this section account for only a fraction of the patients 
with recurrent infections. This point will be discussed 
further in the fi nal section describing the laboratory eval-
uation of phagocyte function.

Disorders of Adhesion

Leukocyte Adhesion Defi ciency Type I

LAD I is a rare, autosomal recessive disorder in which 
phagocyte adhesion, chemotaxis, and ingestion of C3bi-
opsonized microbes are impaired because of mutations 
in the gene for CD18, β subunit of the β2 integrins. As a 
result, expression of β2 integrins on leukocyte cell sur-
faces is reduced or absent.738-741 More than 100 patients 
with this disorder have been described in the literature. 
The hallmark of LAD I is the occurrence of repeated, 
frequently severe bacterial and fungal infections without 
the accumulation of pus despite a persistent granulocy-
tosis (Table 21-11). The clinical syndrome is heteroge-
neous and related to the severity of the reduction in β2 
integrin expression. A severe clinical phenotype is seen 
when less than 0.3% of the normal amount of β2 integrins 
is present, whereas a more moderate phenotype is 
observed at levels of 2.5% to 11% of normal. Patients 
with the severe form of LAD I, which is more common, 
are generally seen in early infancy with neutrophilia, 
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omphalitis, and delayed separation of the umbilical cord. 
Recurrent necrotic and indolent infections of the skin, 
mucous membranes, and gastrointestinal tract also occur, 
including perirectal abscesses, which often heal poorly. 
An aggressive form of gingivitis and periodontitis is char-
acteristic, and ulcerative lesions of the tongue and pharynx 
can be seen. Otitis media and pneumonia are also often 
encountered. The majority of infections are caused by S. 
aureus and gram-negative enteric bacteria. Fungal infec-
tions occur as well, particularly Candida albicans and 
Aspergillus infection.

The molecular basis for LAD I was fi rst suggested 
by Crowley and colleagues,742 who found that neutro-
phils from a patient with this clinical syndrome lacked a 
high-molecular-weight membrane glycoprotein. Because 
the patient’s neutrophils neither adhered to plastic sur-
faces nor underwent an oxidative burst when exposed to 
serum-opsonized particles, it was hypothesized that the 
missing glycoprotein was responsible for both adhesion 
and cell-particle interactions. A similar glycoprotein was 
also found to be missing in several other patients,743,744 
which proved to be the α subunit (CD11b) of the Mac-1 
β2 integrin (CD11b/CD18).745 It was subsequently rec-
ognized that leukocyte β2 integrins (see Fig. 21-5) were 
absent or severely defi cient in LAD I.738,739

Defi cient β2 integrin expression impairs a variety of 
leukocyte adhesion-dependent activities, with neutrophil 
function being the most signifi cantly affected.739-743,746 In 
addition to their role in mediating adhesive interactions 
during neutrophil emigration and phagocytosis, signaling 
through β2 integrins potentiates virtually all functional 
responses of adherent neutrophils, including the produc-
tion of reactive oxidants and degranulation.747 Hence, 
LAD I neutrophils have a profound defect in their ability 
to become fully activated.

One of the striking fi ndings in LAD I is the failure 
of neutrophils to migrate to sites of infl ammation. The 
initial phase of neutrophil adhesion to the endothelium 
(see Fig. 21-3), which is mediated by selectins and their 
sialylated counter-receptors, is normal in LAD. However, 
because of the absence or a marked defi ciency of Mac-1 
(CD11b/CD18) expression, LAD I neutrophils are 
neither able to attach fi rmly to the endothelium nor 
undergo transendothelial migration.748 Neutrophil intra-
vascular survival is prolonged,749 presumably related to 
defi cient adhesion and migration. In vitro assays of neu-
trophil adhesion to glass or cultured endothelial cells and 
neutrophil chemotaxis also exhibit marked abnormalities. 
An exception to these observations is neutrophil adhe-
sion and emigration in the pulmonary capillary bed, 
which can be mediated by CD11/CD18-independent 
mechanisms under some circumstances.225 In autopsy 
tissue from a patient with severe LAD I, no neutrophils 
were observed in infected appendiceal and skin lesions, 
whereas many neutrophils were seen within the alveolar 
spaces.225 In contrast to neutrophils, other leukocytes 
(monocytes, eosinophils, and lymphocytes) express the 
β1 integrin VLA-4 and are able to use this adhesion mol-
ecule to emigrate into infl ammatory sites throughout the 
body.

Another major defect in LAD I is the inability of 
neutrophils and monocytes to recognize microorganisms 
coated with the opsonic complement fragment C3bi 
because Mac-1 is a major C3bi receptor.742,746,750 Binding 
of C3bi normally triggers neutrophil degranulation, 
phagocytosis, and activation of the respiratory burst, but 
these responses are diminished or absent in neutrophils 
from patients with LAD I. Controlled experiments have 
consistently demonstrated, however, that these responses 
can be at least partially activated in LAD I neutrophils 

TABLE 21-11 Clinical Features of Leukocyte Adhesion Defi ciency Type I

Chronic Conditions Acute Infections Infecting Organisms Other

Persistent 
granulocytosis(12,000-
100,000 cells/mm3)

Omphalitis Staphylococcus aureus Delayed umbilical cord 
separation

Gingivitis Cutaneous abscesses and cellulitis 
(possibly invasive)

Escherichia coli

Periodontitis Perirectal abscesses and cellulitis 
(possibly invasive)

Pseudomonas aeruginosa

Stomatitis Facial cellulitis Pseudomonas species
Impaired wound healing Sepsis Proteus

Pneumonia Klebsiella
Laryngotracheitis Candida albicans
Peritonitis Aspergillus species
Necrotizing enterocolitis Viral (slightly increased risk)
Sinusitis
Esophagitis
Erosive gastritis
Appendicitis
Otitis media

Each list is arranged in approximate order of frequency based on reviews summarizing various series of patients with leukocyte adhesion defi ciency (see text for 
references).
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by opsonins (e.g., IgG, C3b) that have different cell 
surface receptors or by soluble agonists that bypass 
Mac-1.742,747

Defects in lymphocyte functions dependent on 
LFA-1 (CD11a/CD18) have been observed in many 
LAD I patients in vitro. Such defects include prolifera -
tive responses to mitogens, NK cell function, and 
lymphocyte-mediated killing.751-753 Nevertheless, most 
patients with LAD I manifest few, if any problems related 
to lymphocyte dysfunction in vivo. Cutaneous hypersen-
sitivity reactions are normal, and patients are not gener-
ally unusually susceptible to viral infections, including 
varicella. However, one patient has died of an overwhelm-
ing respiratory infection with picornavirus, and one or 
more episodes of aseptic meningitis have been reported 
in three patients.754

Molecular Basis of Leukocyte Adhesion Defi ciency

That LAD I involves a defi ciency of all leukocyte CD11/
CD18 integrins focused attention on the common β2 
chain (CD18) of this integrin family as the site of the 
molecular defect. This hypothesis has proved to be correct. 
Expression of leukocyte integrin α subunits is normal in 
LAD I, but these subunits are not transported to the cell 
surface because the β2 chain is absent or contains muta-
tions that disrupt the β2 structure or its interaction with 
the α subunit.755 More than 30 different mutations have 
now been characterized at the molecular genetic level in 
over 35 patients with LAD I, and all involve mutations in 
the β2 gene, which is located on chromosome 21q22.3. A 
computerized database is available: http://bioint.uta.fi .756 
The mutations are heterogeneous. Many patients are 
compound heterozygotes for two different mutant alleles, 
whereas others are homozygous for a single mutant allele. 
About half of LAD I patients with characterized genetic 
defects have point mutations that result in single–amino 
acid substitutions in CD18, almost invariably between 
amino acids 111 to 361.757,758 This protein domain is 
highly conserved among all β subunits and appears to be 
important for interaction with the α subunit. In this LAD 
I subgroup, approximately half exhibit a low level of 
CD11/CD18 cell surface expression and moderate 
disease, with the remainder having absent expression and 
the severe phenotype. mRNA splicing abnormalities 
resulting in either deletion or insertion of amino acids in 
the conserved extracellular domain of CD18 have also 
been described, as well as small deletions within CD18 
coding sequences or nucleotide substitutions resulting in 
a premature termination signal.

There are several animal models of LAD I,741 includ-
ing the occurrence of a severe form of the disease in an 
Irish setter born of a mother-son mating759,760 and in 
Holstein cattle.761,762 In the latter case, affected calves 
could be traced to a common sire and have been shown 
to be homozygous for a point amino acid substitution 
in the conserved extracellular domain of CD18.763 
Finally, CD18-defi cient mice have produced by gene 
targeting.740,741

Diagnosis and Treatment of LAD I

The diagnosis of LAD I should be suspected in any infant 
or child with unusually severe or recurrent infections 
or periodontitis accompanied by persistently elevated 
peripheral blood neutrophil counts (see Table 21-11). 
Although this laboratory fi nding may simply represent a 
leukemoid reaction in an otherwise immunologically 
normal infant, the diagnosis of LAD I should nonetheless 
be considered, particularly if there is a paucity of neutro-
phils at affected sites or delayed separation of the umbili-
cal cord. A well infant with delayed separation of the 
umbilical cord and normal blood counts is very unlikely 
to have LAD I. Although the mean age at cord separation 
has been reported to be 7 to 15 days, 10% of healthy 
infants can exhibit cord separation at 3 weeks of age or 
later.764,765 A rare cause of recurrent, deep-seated tissue 
infections in association with neutrophilia and poor for-
mation of pus is mutations in the Rac2 GTPase, which 
leads to neutrophil signaling defects affecting chemotaxis 
and adhesion (see “Disorders of Chemotaxis” later in this 
chapter).71,766,767

The diagnosis of LAD I is established by fl ow cyto-
metric analysis to assess cell surface expression of any of 
the β2 integrin α (CD11) subunits or the shared CD18 
subunit. Monoclonal antibodies to each are commercially 
available. Neutrophil Mac-1 defi ciency is more dramatic 
if neutrophils are fi rst stimulated, which normally upreg-
ulates Mac-1 cell surface expression. Though not neces-
sary to establish the diagnosis of LAD I, in vitro functional 
assays of neutrophils obtained from these patients dem-
onstrate striking defects in adherence, chemotaxis, and 
C3bi-mediated phagocytosis and activation of the respi-
ratory burst. Carriers of LAD I can also generally be 
identifi ed by fl ow cytometry because they typically 
express approximately 50% of the normal level of β2 
integrins on leukocyte cell surfaces.738,768 For prenatal 
diagnosis of LAD I in families in which the mutations in 
the two CD18 alleles are known, chorionic villus or 
amniocyte DNA can be analyzed, and commercial testing 
is available. Flow cytometry on fetal blood granulocytes, 
which express Mac-1 by 20 weeks’ gestation, has been 
used for prenatal diagnosis.769,770

Treatment of LAD I depends on the clinical severity 
of the disorder. In patients with the moderate clinical 
phenotype, who typically have some residual β2 integrin 
expression, cutaneous and oral infections should be 
treated aggressively as they occur. The use of prophylactic 
trimethoprim-sulfamethoxazole appears to be benefi cial. 
Aggressive prophylactic treatment of periodontal disease 
is also advisable in the form of frequent dental cleaning 
and the use of antimicrobial oral rinses such as chlorhexi-
dine gluconate. Clinical management of patients with a 
moderate phenotype should be guided by the observation 
that these patients are still at risk of dying of overwhelm-
ing infection, with 75% succumbing between the ages of 
12 and 32 years.769 Patients with severe LAD I have an 
even grimmer prognosis, with a high incidence of death 
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secondary to infection before the age of 2 years, and 
therefore bone marrow transplantation is recommended 
for this group of patients.738,771-776 Graft rejection or graft-
versus-host disease can be problematic with partially 
compatible HLA matching.773-775 Nonmyeloablative 
bone marrow transplantation for LAD I has also been 
reported.

Because LAD I is caused by a defect in a single gene, 
transfer of a normal CD18 sequence into a patient’s 
hematopoietic stem cells via retroviral or other vectors 
should, in principle, correct the defect. High-level expres-
sion of the transferred CD18 sequence may not be neces-
sary to confer substantial clinical benefi ts based on the 
observed milder course of patients with some residual β2 
integrin expression. Studies in canine LAD I suggest that 
restoring CD18 expression to even 10% of leukocytes 
will result in clinical improvement.771,777 At present, a 
major obstacle in applying this approach to clinical use 
is the development of techniques that achieve high-level 
gene transfer into human hematopoietic stem cells.771,778

Leukocyte Adhesion Defi ciency Type II

LAD II is a very rare autosomal recessive clinical syn-
drome similar to LAD I but is associated with defective 
selectin-mediated adhesion because of defi ciency of 
sialyl-Lewis X ligands.779-783 This autosomal recessive 
disease was fi rst described by Etzioni and colleagues779 
and since reported in a total of fi ve kindreds (four Arab 
and one Turkish). As in CD11/CD18-defi cient LAD, 
these children suffered from periodontitis, recurrent cel-
lulitis, otitis media, and pneumonia without the forma-
tion of pus despite peripheral leukocyte counts of 30,000 
to 150,000 cells/μL. However, neutrophils had normal 
levels of CD18, and infectious symptoms were not as 
serious as in LAD I. Also in distinction from classic LAD 
I, affected children had short stature, a distinctive facial 
appearance consisting of a fl at face and depressed nasal 
bridge, and severe mental retardation. All had the rare 
Bombay (hh) blood phenotype, a clue to the molecular 
defect, in which red cells express a nonfucosylated variant 
of the H antigen. Red cells were also secretor negative 
and Lewis antigen negative. The Bombay and nonsecre-
tor phenotypes are caused by defi cient formation of 
Fucα1→2 Gal linkages in ABO blood group core anti-
gens, whereas the Lewis antigen–negative phenotype is 
due to failure to synthesize Fucα1→4 GlcNAc and 
Fucα1→3 GlcNAc moieties. The defect in fucose metab-
olism in LAD II cells results from point mutations in the 
Golgi GDP-fucose transporter,782,783 which leads to gen-
eralized loss of fucosylated glycans on cell surfaces, par-
ticularly the sialylated and fucosylated tetrasaccharide 
SleX (CD15a) on the neutrophil. As a result, LAD II 
neutrophils cannot bind to E- and P-selectin receptors. 
The early step of neutrophil rolling on activated endo-
thelial cells is defective in LAD II,748,779 consistent with 
the role of selectin-mediated adhesion in this process 
(see Fig. 21-3). However, chemoattractant-induced 
tight adhesion and emigration of LAD II neutrophils are 

normal, both of which are severely impaired in LAD 
I.748

All of the Arab patients have the same nucleotide 
substitution in the Golgi GDP-fucose transporter mRNA, 
which alters an amino acid in a transmembrane domain, 
whereas the Turkish patient has a different nucleotide 
alteration that results in an amino acid substitution in a 
different transmembrane domain of the transporter.782,783 
The different mutations may explain why the Turkish 
patient had some response to oral fucose therapy consist-
ing of increased expression of certain fucosylated ligands 
and improved clinical symptoms except mental retarda-
tion but the Arab children did not.780,784,785 It is specu-
lated that the mutation in the Turkish child leads to a 
decrease in transport affi nity for GDP-fucose, which can 
be overcome by higher concentrations of fucose, whereas 
the mutant protein in Arab children has normal affi nity 
for GDP-fucose but decreased transport activity.781

Leukocyte Adhesion Defi ciency Type III

LAD III is a newly described subgroup of LAD that has 
been reported in a handful of patients with severe, recur-
rent infections similar to LAD I, as well as a severe bleed-
ing tendency similar to Glanzmann’s thrombasthenia.786-790 
First described in 1997 by Kuijpers and colleagues, 
almost a dozen patients have now been reported in the 
literature, most of whom are descendents of Turkish 
ancestors.786-792 The disorder has also been termed LAD-
1/variant syndrome.791 Inheritance appears to be autoso-
mal recessive, and it is associated with functional defects 
in the “inside-out” activation of multiple classes of inte-
grins in response to G protein–coupled receptor stimula-
tion; the defects appear to be restricted to the hematopoietic 
cell lineage. In addition to abnormalities in cell adhesion 
and platelet activation, stimulation of the respiratory 
burst by unopsonized zymosan is markedly reduced as a 
result of the integrin activation defect.791 Rap1 GTPase 
is implicated in integrin activation, and a decreased level 
of the active form of Rap1 was reported in several LAD 
III kindreds.792,793 A mouse genetically engineered to lack 
a blood cell–specifi c guanine nucleotide exchange factor, 
CalDAG-GEFI, which catalyzes the formation of Rap-
GTP, had defective β integrin activation and manifesta-
tions similar to those of LAD III.794 Two LAD III patients 
from the same region of Turkey exhibited decreased 
expression of CalDAG-GEFI in association with a homo-
zygous mRNA splice junction mutation in the corre-
sponding gene.792 However, Rap1 activation was normal 
in other LAD III patients, thus suggesting that genetic 
defects in other signaling proteins can also be responsible 
for LAD III.791 Because the clinical manifestations are 
typically severe, early bone marrow transplantation may 
be indicated for patients with LAD III.786,790

Acquired Disorders of Adherence

Neutrophils may exhibit decreased adhesiveness after 
exposure to a variety of drugs, the most common being 
corticosteroids and epinephrine.645,795,796 Clinically, the 
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diminished adhesiveness induced by these drugs is mani-
fested by a dramatic rise in the total neutrophil count in 
blood as cells from the marginated pool are quickly 
released into the circulating pool. Although the mecha-
nisms by which corticosteroids alter adherence are prob-
ably complex,797 epinephrine and other β-adrenergic 
agonists exert their effect indirectly by causing endothe-
lial cells to release cyclic AMP (cAMP), which in turn 
impairs the ability of neutrophils to adhere.645,798

Adhesiveness of neutrophils can be dramatically 
increased in a variety of clinical conditions that have in 
common the formation of biologically active complement 
fragments: gram-negative bacterial sepsis, severe thermal 
injury, pancreatitis, trauma, and exposure of neutrophils 
to artifi cial membrane surfaces during hemodialysis and 
cardiopulmonary bypass.799 In these various conditions, 
generation of complement fragments leads to activation 
of neutrophils and enhanced adhesiveness, possibly as a 
result of enhanced expression of β2 integrins. Under these 
conditions, neutrophils exhibit increased aggregation 
with each other and become trapped within capillary 
beds, such as those in the lungs.800 It is believed that the 
aggregated neutrophils then generate toxic oxygen radi-
cals and release proteases that conspire to damage struc-
tural protein such as collagen and elastin.233 Binding 
of viral proteins to neutrophils can depress adhesion 
and other neutrophil functions in infl uenza or HIV 
infection.799

Amphotericin B has been associated with increased 
neutrophil aggregation, particularly when administered 
in conjunction with transfusions of neutrophils that have 
been harvested by fi ltration (rather than by centrifuga-
tion).801,802 It is possible that the enhanced aggregation is 
mediated by upregulation of surface β2 integrins induced 
both by the amphotericin B and by the fi lters used to 
harvest the cells. Liposomal amphotericin causes sub-
stantially less in vitro aggregation of mobilized neutro-
phils and may therefore be easier to use in patients being 
treated for fungal infections who are also receiving allo-
geneic neutrophil transfusions.803

Disorders of Chemotaxis

Directed migration into sites of infection and infl amma-
tion involves a complex series of events. As reviewed in 
the beginning of this chapter, the generation of chemo-
tactic signals and their binding to specifi c receptors on 
the phagocyte surface lead to the generation of intracel-
lular second messengers. These intracellular signals, in 
turn, trigger changes in adhesiveness and in the actin 
cytoskeleton that result in adhesion to the endothelium 
and chemotaxis to the infl amed tissue site. Given the 
numerous cellular functions involved in chemotaxis, it is 
perhaps not surprising that impaired phagocyte chemo-
taxis is observed in a large number of clinical condi-
tions.799,804 Some of the more important syndromes are 
listed in Box 21-10. These disorders are classifi ed accord-
ing to the mechanisms thought to be responsible for the 

Box 21-10  Clinical Conditions Associated with 
Impaired Neutrophil Chemotaxis

DEFECT IN GENERATION OF CHEMOTACTIC AGENTS

Familial defi ciency of C1r, C2, C4
Familial defi ciency of C3, C5
Other abnormalities of complement pathways (e.g., 

systemic lupus erythematosus, immature complement 
system in neonates, diabetes mellitus, C5 dysfunction, 
chronic hemodialysis, glomerulonephritis)

EXCESSIVE PRODUCTION OF NORMAL CHEMOTACTIC 
FACTOR INACTIVATORS

Hodgkin’s disease
Cirrhosis of the liver
Sarcoidosis
Lepromatous leprosy

INHIBITORS OF THE NEUTROPHIL RESPONSE TO 
CHEMOTACTIC FACTORS

Hyperimmunoglobulin E syndrome
Localized juvenile periodontitis
Immune complex diseases (rheumatoid arthritis, systemic 

lupus erythematosus)
Infl uenza virus
HIV
IgA paraproteinemia states
Solid tumors
Bone marrow transplantation
Drugs (ethanol, antithymocyte globulin, interleukin-2)

DEACTIVATION (DOWNREGULATION) BY INCREASED 
LEVELS OF CHEMOTACTIC FACTORS

Wiskott-Aldrich syndrome
C5a generation in plasma (hemodialysis)
Bacterial sepsis

PHAGOCYTE DEFECTS

Neutrophil actin dysfunction
Rac2 mutation
Localized juvenile periodontitis
Neonatal neutrophils
Leukocyte adhesion defi ciency
Chédiak-Higashi syndrome
Specifi c granule defi ciency

MISCELLANEOUS DEFECTS

Hypophosphatemia
Shwachman-Diamond syndrome
Burn patients

defective chemotaxis, which are related either to abnor-
malities in the production or inhibition of chemotactic 
factors or to defects in the phagocyte itself involving 
adhesiveness and locomotion. In some cases, abnormal 
chemotaxis is one component of a disorder that involves 
multiple defects.

It is worth noting that in many of the reports describ-
ing defective in vitro chemotaxis of neutrophils from 
various clinical conditions, it is not clear whether the 
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increased number of infections observed clinically is due 
to the observed chemotactic abnormality or to medical 
complications of the underlying disorder (such as mal-
nutrition or exposure to nosocomial infection). Further 
complicating the interpretation of these reports is that in 
vitro assays for chemotaxis are subject to laboratory arti-
facts and may not accurately refl ect the in vivo extra-
cellular environment.805-807 Phagocyte migration to an 
infl amed site in vivo can be measured by the skin window 
technique of Rebuck and Crowley, in which a superfi cial 
dermal abrasion is produced in the patient and the 
appearance of infl ammatory cells in the lesion is moni-
tored over a 24-hour period.808 Because of diffi culties in 
standardizing the dermal lesion, variable results may be 
obtained with this method. Moreover, the assay can 
measure only the response of phagocytes to the chemo-
tactic signals generated by this type of sterile injury.

As outlined in Box 21-10, several of the conditions 
associated with impaired neutrophil chemotaxis are due 
to complement defi ciencies and other immunodefi ciency 
syndromes (e.g., WAS). These disorders are discussed 
elsewhere in this text. In addition, several disorders of 
phagocyte function (LAD, CHS, and SGD) are reviewed 
in other sections of this chapter. This section focuses on 
clinical conditions in which there is evidence that a che-
motactic defect plays a major contribution to the 
decreased resistance to bacterial and fungal infections.

Hyperimmunoglobulin E Syndrome

The hyperimmunoglobulin E syndrome (HIES) (see 
Chapter 5 in Oncology of Infancy and Childhood) is a rela-
tively rare disorder characterized by markedly elevated 

serum levels of IgE (often greater than 2000 IU/mL), 
serious recurrent staphylococcal infections of the skin 
and lower respiratory tract, pneumatoceles, chronic 
pruritic dermatitis, and skeletal and dental abnormali-
ties.809-814 The key features of HIES are summarized in 
Table 21-12. Neutrophils from patients with this syn-
drome exhibit a variable, but at times severe, chemotactic 
defect.810,815,816 This syndrome was originally known as 
“Job’s syndrome” when it was fi rst reported in 1966 in 
two red-haired, fair-skinned females who had hyperex-
tensible joints and “cold” abscesses that lacked the usual 
characteristics of infl ammation.809 It is now appreciated 
that only a small fraction of patients with HIES have red 
hair or hyperextensible joints, and it may be that Job’s 
syndrome is a variant subset of HIES. The disease can 
occur in both males and females and in all ethnic groups, 
including blacks and Asians. The mode of inheritance is 
variable. Many cases are sporadic. Familial patterns 
suggest autosomal dominant inheritance with variable 
expressivity, as well as, rarely, autosomal recessive 
inheritance.812,813,817

The clinical manifestations of HIES are often severe 
and usually become apparent during infancy. Staphylo-
coccal furuncles on the head and neck, as well as chronic 
dermatitis, are seen most frequently in younger patients. 
The skin abscesses in HIES typically lack erythema (cold 
abscesses). Chronic candidiasis of the mucosa and nail 
beds is also frequent and can occur in children. Recur-
rent staphylococcal pneumonia is a common problem as 
patients grow older and can be complicated by the for-
mation of persistent pneumatoceles that can become 
superinfected with Haemophilus infl uenzae, gram-negative 

TABLE 21-12 Summary of Hyperimmunoglobulin E Syndrome

Incidence More than 200 cases reviewed in the literature
Inheritance Autosomal dominant with variable expressivity, sporadic forms, autosomal recessive (rare)
Molecular defect Dominant-negative mutations in STAT3 (autosomal dominant and sporadic cases), Tyk2 

kinase (autosomal recessive)
Clinical manifestations “Cold” cutaneous skin abscesses and furuncles

Chronic eczematoid dermatitis
Mucocutaneous candidiasis
Staphylococcal pneumonia, pneumatoceles
Fungal superinfection of lung cysts
Coarse facies
Delayed shedding of primary teeth
Scoliosis
Recurrent fractures
Hyperextensible joints

Laboratory evaluation Serum IgE > 2500 IU/mL
Peripheral blood eosinophilia

Differential diagnosis Atopic dermatitis
Wiskott-Aldrich syndrome, DiGeorge’s syndrome
Hypergammaglobulinemia
Chronic granulomatous disease

Therapy Prophylactic antibiotics for Staphylococcus aureus
Aggressive treatment of acute infections with parenteral antibiotics
Surgical drainage of deep infections and resection of lung cysts
Monitoring for scoliosis and fractures

Prognosis Generally good if managed aggressively
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bacteria, or Aspergillus. Chronic infections of the ears, 
sinuses, and eyes (keratoconjunctivitis) are seen, and 
septic arthritis and osteomyelitis have been observed. 
Dental and bone abnormalities are also common features 
of HIES. Delayed shedding or failure to shed primary 
teeth occurs in the majority. Hyperextensible joints and 
scoliosis are frequent. Osteopenia of unknown etiology is 
observed many patients, and there is also an increased 
risk for fractures of the long bones and vertebral bodies, 
even in the absence of osteopenia.812 Coarse facial fea-
tures characterized by a broad nasal bridge and a promi-
nent nose are evident in the majority of patients by the 
time that they reach the teen-age years. Craniosynostosis 
can also occur.

There is a subgroup of HIES with autosomal reces-
sive inheritance, with 13 reported patients from six con-
sanguineous families.817 In addition to high IgE, 
eosinophilia, eczema, and recurrent pneumonia and 
abscesses, many patients had recurrent or chronic viral 
infections, including molluscum contagiosum, herpes 
simplex, and varicella, as well as increased susceptibility 
to atypical mycobacterial infection.817,818 Pneumatoceles 
were not seen, in contrast to autosomal dominant HIES, 
nor were skeletal abnormalities, dental problems, or the 
characteristic facies. Signifi cant neurologic symptoms 
were often present and ranged from partial facial paraly-
sis to hemiplegia.

The molecular basis of HIES and how the immuno-
logic abnormalities relate to the dental and skeletal 
defects that are the other hallmarks of this disorder have 
been puzzling. It has been proposed that the immuno-
logic manifestations may refl ect an underlying T helper 
1 cell (TH1)/TH2 imbalance in T lymphocytes.819 Skewing 
toward a TH2 response might lead to abnormal regulation 
of IgE production and greatly reduced production of 
IFN-γ and TNF.813,820,821 This putative T-cell defect may 
also explain the abnormal antibody responses that have 
recently been documented in some patients in response 
to various vaccines.822 Patients with HIES produce exces-
sive amounts of IgE directed against S. aureus at the 
expense of protective antistaphylococcal IgG.823,824 The 
recurrent bacterial infections in HIES may also be aggra-
vated by the chemotactic defect that is periodically 
observed in these patients.

Recent breakthrough studies have identifi ed genetic 
defects in the JAK-STAT pathways in all three forms of 
HIES, which helps explain the pathogenesis of HIES and 
its multisystem manifestations. Thus, HIES can be con-
sidered a disorder of cytokine signaling. A patient with 
autosomal recessive HIES exhibited defects in IL-6, IL-
10, IL-12, and IFN-α signaling associated with a homo-
zygous frameshift mutation in the tyrosine kinase 2 
(Tyk2) JAK family member. 818 This is consistent with 
the broader spectrum of infections seen in autosomal 
recessive HIES. In contrast, mutations in STAT3 itself 
account for a large proportion of autosomal dominant 
and sporadic forms of HIES. Missense mutations and 
single-codon in-frame deletions in STAT3 were identi-

fi ed in autosomal dominant and sporadic cases of 
HIES.825,826 Many affect the DNA-binding and Src 
homology 2 (SH2) domains. Mutations in the DNA-
binding domain can have dominant-negative effects on 
STAT3 signaling, which in turn interferes with cytokine 
signaling by the IL-6 and IL-10 pathways, but not with 
IL-12 and IFN-α responses.826 Defective responses to the 
proinfl ammatory cytokine IL-6 may account for the 
minimal infl ammatory response characteristic of HIES, 
and the enhanced IgE production may refl ect dysregu-
lated immune responses secondary to defects in signaling 
by IL-10, a negative regulator. STAT3 also infl uences 
lymphocyte IL-17 production, which is important for 
host defense against extracellular bacteria and may 
predispose to staphylococcal infections. The dental and 
skeletal abnormalities may be related to defects in STAT3-
dependent cytokine responses in osteoblasts and 
osteoclasts.

The diagnosis of HIES should be considered in any 
child with the aforementioned clinical history. Almost all 
patients have peripheral eosinophilia. Markedly elevated 
polyclonal serum IgE, or at least a value of 2500 IU/mL, 
is a constant laboratory fi nding, although IgE levels can 
fl uctuate over time and occasional decrease to the normal 
range.812,814 Despite the impressive elevations in serum 
IgE (up to 150,000 IU/mL), this laboratory fi nding alone 
is not diagnostic in that comparably high serum levels of 
IgE can be seen in patients with atopic dermatitis. Because 
many patients with atopic dermatitis suffer from superfi -
cial skin infections and eczema, this disorder must be 
considered in the differential diagnosis of HIES. The two 
can be distinguished from each other by the severe and 
recurrent nature of the staphylococcal furuncles and the 
pneumonia seen in patients with HIES.

Treatment of HIES is largely supportive.813,814 One 
of the mainstays of therapy for HIES is the use of pro-
phylactic antibiotics such as dicloxacillin or trimethoprim-
sulfamethoxazole. These drugs can help prevent 
staphylococcal infections and should be prescribed at the 
time of diagnosis. Pneumonia and other deep-seated 
infections should be treated aggressively with parenteral 
antibiotics. Patients with HIES are unusually predisposed 
to the development of pneumatoceles as a result of staph-
ylococcal lung infections. If these lesions persist, they 
should be surgically resected to prevent superinfection 
by fungal and gram-negative organisms. Plasmapheresis 
has been reported to be effective in patients who are 
responding poorly to the aforementioned therapies. 
Cyclosporine or intravenous IgG infusions have also 
shown some success in the management of HIES.813 Der-
matitis can be treated with topical steroids. Delayed 
shedding of primary teeth may necessitate extraction. 
Patients should be carefully monitored for scoliosis, and 
skeletal fractures can occur after even minor trauma. If 
infections and their complications are managed aggres-
sively, the prognosis for patients with HIES is good. 
Recombinant human IFN-γ (rIFN-γ) has been used with 
inconsistent results.813
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Neutrophil Actin Dysfunction

Primary defects in neutrophil actin polymerization are 
exceedingly rare. The fi rst such case, described by Boxer 
and colleagues in 1974, was a male infant who suffered 
from recurrent S. aureus skin infections and a cutaneous-
cecal fi stula complicated by Streptococcus faecalis sepsis.827 
Despite marked neutrophilia, sites of infections were 
devoid of neutrophils and healed slowly. The patient’s 
neutrophils showed markedly diminished chemotaxis 
and a decreased capacity to ingest serum-opsonized par-
ticles. He underwent bone marrow transplantation with 
transient engraftment of normally functioning neutro-
phils but succumbed to infectious complications. The 
underlying defect in this patient appeared to involve 
neutrophil actin or an ABP. Neutrophils from his parents 
and a sibling exhibited decreased actin polymerization in 
vitro. Neutrophils from family members also had inter-
mediate levels and decreased expression of the Mac-1 
integrin (CD11b/CD18),828,829 thus raising the question 
of whether the neutrophil actin dysfunction in the 
proband was a variant of LAD I. However, actin fi lament 
assembly is normal in LAD I patients.829 Alternatively, a 
primary actin-associated defect might alter cell surface 
expression of the integrins, which have binding sites in 
their cytoplasmic domains for cytoskeletal proteins.790

Coates and co-workers reported a male infant of 
Tongan descent who was affl icted with severe skin and 
mucosal infections.830 At the age of 2 months he was 
found to have hepatosplenomegaly, moderate thrombo-
cytopenia, recurrent pulmonary infi ltrates, and a lingual 
ulcer that grew Candida tropicalis. Two siblings had previ-
ously died in infancy with a similar clinical picture. Neu-
trophils from this patient, which had normal cell surface 
expression of CD11b, exhibited abnormalities in a wide 
range of motile behavior, including chemotaxis, phago-
cytosis, and spreading on glass. Morphologically, the 
neutrophils had thin, fi lamentous projections of mem-
brane with an underlying abnormal cytoskeletal struc-
ture. Biochemical studies revealed markedly defective 
actin polymerization and severe defi ciency of an 89-kd 
protein, along with a markedly elevated level of a 47-kd 
protein. Hence, this disorder has been referred to as 
neutrophil actin dysfunction with 47- and 89-kd protein 
abnormalities (NAD 47/89). The 47-kd protein has 
recently been identifi ed as LSP1 (lymphocyte-specifi c 
protein 1),831 which is an ABP present in normal neutro-
phils. Neutrophils from the patient’s parents showed a 
partial defect in actin polymerization and intermediate 
abnormalities in levels of LSP1 and the 89-kd protein. 
These observations, along with the history of previously 
affected siblings, suggest that NAD 47/89 is an autoso-
mal recessive disorder. The patient underwent allogeneic 
bone marrow transplantation at the age of 7 months and 
no longer suffers from thrombocytopenia or the neutro-
phil motility disorder.

Markedly impaired neutrophil chemotaxis associated 
with a heterozygous point mutation in β-actin was 

reported by Nunoi and colleagues in a female patient 
with recurrent infections, stomatitis, photosensitivity, and 
mental retardation.832 The defect lies within a domain 
that binds to profi lin and other actin regulatory mole-
cules, and the mutant β-actin may interfere with normal 
actin function in a dominant-negative manner. Interest-
ingly, formyl peptide–induced superoxide production 
was also decreased in the patient’s neutrophils, thus sug-
gesting that actin function is important for normal 
NADPH oxidase assembly.

Localized Juvenile Periodontitis

Localized juvenile periodontitis (LJP) is a group of dis-
orders of unknown etiology characterized by severe alve-
olar bone loss localized to the fi rst molars and incisors, 
with an onset around the time of puberty.833-836 
LJP appears to be an acquired disorder in some patients 
and a genetic disorder in others. Defective neutrophil 
chemotaxis has been identifi ed in vitro in approximately 
70% of LJP patients and may be due to the intrinsic 
variability present in in vitro chemotaxis assays (see 
earlier) or to a fundamental heterogeneity in this dis-
order.834,837-841 For example, whereas most individuals 
with LJP have defective chemotaxis in response to both 
formyl peptides and C5a, others may have an abnormal-
ity in response to only formyl peptides.838 Further support 
for the heterogeneity of LJP is provided by studies 
showing that factors elaborated by periodontopathic bac-
teria may secondarily alter leukocyte function and depress 
chemotaxis (e.g., Capnocytophaga species, Actinobacillus 
actinomycetemcomitans, and Bacteroides species).842-844 
Whether these factors are the same as the chemotactic 
inhibitors identifi ed in the sera of some patients with LJP 
remains to be determined.839,845 In the subset of patients 
with LJP who have abnormal chemotaxis, phagocytosis 
has generally been found to be abnormal, whereas 
degranulation (of specifi c granules) and superoxide gen-
eration are unaltered.846

The observations that LJP tends to cluster in families 
and that the neutrophil chemotactic activity is not restored 
in vitro or after the patient is treated for periodontal 
infection lend support to the hypothesis that some LJP 
patients may have an inherited disorder affecting chemo-
tactic receptors. A 40% to 50% decrease in the total 
number of receptors for formyl peptides and C5a has 
been reported for some patients with LJP.838,847 Prelimi-
nary studies have identifi ed point mutations in the ligand-
binding domain of the formyl peptide receptor in a few 
LJP patients.836

The diagnosis of LJP should be suspected in any 
adolescent with unusually severe and destructive alveolar 
bone loss involving the fi rst molars and incisors. From a 
diagnostic point of view, it is important to bear in mind 
that many qualitative and quantitative neutrophil dis-
orders are associated with periodontal disease that, at 
times, may be severe.833 The differential diagnosis should 
include LAD, CGD, CHS, leukemia, chronic neutrope-
nia, and cyclic neutropenia.
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Neonatal Neutrophilia

Although most infants are able to defend themselves suc-
cessfully against microbial challenges, they are nonethe-
less at increased risk for the development of severe 
bacterial infections—particularly sepsis, pneumonia, and 
meningitis caused by group B streptococci.848 The risk of 
infection and the rate of mortality from pyogenic infec-
tions are even greater in premature infants. As a result, 
the development of innate immunity in neonates 
has been the subject of intense investigation for many 
years.848-850 It is generally agreed that neonates have 
defects in various aspects of specifi c immunity (immune 
cellular cytotoxic mechanisms and cytokine generation). 
Defects in neutrophil adherence, chemotaxis, phagocyto-
sis, and bacterial killing have all been reported.849,850 
Compounding these functional defects in neonates is a 
defi ciency of antibodies directed against organisms that 
typically infect infants. Furthermore, neonates can easily 
exhaust bone marrow reserves of granulocytes and exhibit 
neutropenia in the midst of severe pyogenic infections, 
as discussed in the previous section.

The most important of the functional defects, at least 
from a clinical point of view, appears to be the depressed 
chemotactic ability of neonatal neutrophils. When com-
pared with adult cells, directed migration of neonatal 
neutrophils toward a variety of chemotactic agents (C5a, 
formyl peptides, and bacterial extracts) is reduced 
by approximately 50% for the fi rst several weeks of 
life.849,851-853 The biochemical basis for the diminished 
chemotaxis does not appear to be related to abnormali-
ties in the number or affi nity of either the C5a or formyl 
peptide receptor.849,853 Instead, there appears to be a 
defect in the chemotaxis-induced upregulation of cell 
adhesion molecules. Cell surface expression of the two 
subunits of the β2 integrin Mac-1 (CD11b and CD18) 
was found to be normal in neonatal neutrophils but failed 
to increase normally after exposure to chemotactic con-
centrations of C5a and formyl peptides.854,855 Fetal, 
preterm, and term infant neutrophils expressed levels of 
Mac-1 in stimulated neutrophils that were only 40% to 
60% of those seen in adult cells. Total cellular Mac-1 is 
decreased in neonatal neutrophils.856 Because internal 
membrane stores serve as an intracellular pool for Mac-1 
(see Table 21-3), the overall reduction in cellular Mac-1 
could explain the diminished upregulation of Mac-1 seen 
in neonatal cells after stimulation. Another underlying 
biochemical abnormality that may contribute to the che-
motaxis defect is diminished polymerization of F-actin in 
neonatal neutrophils after stimulation.857 Finally, Hill849 
reported that neonatal neutrophils fail to increase the 
intracellular concentration of free calcium to normal 
levels in response to chemotactic factors.

Other Disorders of Neutrophil Chemotaxis

A new syndrome of severe neutrophil dysfunction caused 
by a dominant-negative mutation in the small GTPase 
Rac2 has recently been described in a male infant born 

to unrelated parents. This child had recurrent, rapidly 
progressive soft tissue infections, including perirectal 
abscesses and a necrotic periumbilical infection, associ-
ated with poor formation of pus and neutrophilia.71,766,767 
Although the clinical manifestation was suggestive of 
LAD, expression of β2 integrins and fucosylated cell 
surface proteins was normal. Marked abnormalities were 
seen in chemoattractant-induced neutrophil function, 
including F-actin formation, chemotaxis, degranulation, 
and the respiratory burst, along with defects in phagocy-
tosis and L-selectin–mediated adhesion.71,767 Responses 
to other agonists were normal, thus suggesting a selective 
defect in signal transduction. This constellation of func-
tional abnormalities resembled those described for gene-
targeted mice lacking the hematopoietic-specifi c GTPase 
Rac2.200,201 Analysis of the Rac2 gene in this patient iden-
tifi ed a point mutation that affects the guanine nucleo-
tide–binding pocket. The patient was heterozygous for 
this mutation, which apparently exerts a dominant-
negative effect on wild-type Rac2 that interferes with 
normal signal transduction.71,767 Neither parent had the 
mutant Rac2 allele. The patient was successfully treated 
by HLA-matched bone marrow transplantation from a 
sibling. The clinical history, neutrophilia, and functional 
neutrophil defects in this patient are very similar to those 
seen in another infant described in an earlier report.858 
This patient, a female, was the fi rst child of nonconsan-
guineous healthy parents, both originating from India; 
she suffered from chronic omphalitis and otitis media 
secondary to S. aureus, buccal candidiasis, and internal 
cecal fi stulation that ultimately led to death from gram-
negative sepsis at 8 months of age.

A recent study of 240 patients with a signifi cant 
history of recurrent infection, generally requiring at least 
one hospitalization, identifi ed 10 patients, all children, 
with consistently markedly reduced chemotactic activity 
in vitro that was not associated with any other neutrophil 
abnormalities.859 In six of these patients, partial reduction 
in chemotactic activity was also seen in either the mother 
or a sibling. However, other than for the disorders dis-
cussed earlier, well-defi ned clinical entities in which 
defective neutrophil chemotaxis plays a predominant role 
in impaired host resistance to bacteria and fungi have not 
been established or the underlying mechanisms identi-
fi ed. In part, this is related to the diffi culty of performing 
and interpreting in vitro assays of adhesion and chemo-
taxis, except in specialized research settings. Biochemical 
approaches to delineating a specifi c abnormality are also 
diffi cult because of the complex nature of the chemotac-
tic response.

Disorders of Opsonization and Ingestion

Clinical disorders of recognition fall into two major cat-
egories: humoral and cellular. In the former, defi cient or 
absent plasma-derived opsonins result in incomplete 
opsonization. In contrast, the cellular disorders are 
characterized by defective receptors for opsonins or by 
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abnormalities in the actin cytoskeletal system responsible 
for ingestion of microbes.

Humoral Disorders of Opsonization

Primary B-cell defi ciencies result in decreased or absent 
production of immunoglobulins, most commonly IgG. 
Patients affl icted with these antibody defi ciency syn-
dromes suffer from recurrent infections with pyogenic 
bacteria such as S. aureus, pneumococci, and H. infl uen-
zae. One of the major functional abnormalities in these 
disorders is defective opsonization of pathogenic micro-
organisms. As a result, these microbes are not effi ciently 
cleared by the host phagocytic system. A variety of clini-
cal disorders may lead to antibody defi ciency, including 
defi ciencies in specifi c IgG subclasses; such disorders are 
discussed elsewhere in this text.

Complement defi ciencies can also result in recurrent 
infections, particularly when they involve factors shared 
by both the classical and the alternative pathways. There-
fore, patients with defi ciencies of C1, C2, or C4 have 
relatively minor problems with infections because the 
alternative pathway remains intact. In the case of C3, on 
the other hand, recurrent infections are much more 
common because this protein is the direct precursor of 
two major complement opsonins—C3b and C3bi. Two 
forms of C3 defi ciency have been described, and both 
are quite rare. In one, congenital defi ciency of C3 is 
inherited in an autosomal recessive manner and has been 
described in around 20 patients.860-864 Heterozygotes 
contain half the normal levels of C3 but do not suffer 
from infections. The molecular genetic basis of the C3 
defi ciency has been identifi ed in several families, and the 
mutations are heterogeneous.863,864 A second type of C3 
defi ciency is caused by unchecked catabolism of C3 as a 
result of the absence of a C3 protease inhibitor.865 In both 
types of C3 defi ciency, the majority of patients experi-
ence recurrent pyogenic infections caused by encapsu-
lated bacteria such as pneumococci. Patients with 
defi ciencies of the terminal complement components 
(C5, C6, C7, C8, or C9) are particularly susceptible to 
infections with meningococci or gonococci. Infections in 
complement-defi cient individuals should be treated 
aggressively with antibiotics, and immunization against 
H. infl uenzae, S. pneumoniae, and Neisseria meningitidis 
may be helpful.

Approximately 5% of the population have low serum 
levels of MBL, also known as MBP. MBL is a serum 
lectin secreted by the liver and functions as a soluble PRR 
by binding to mannose sugars present on the surface of 
bacteria, fungi, and some viruses.254,256,257 Bound MBL 
activates the complement cascade to mediate opsoniza-
tion of a broad range of microbes with C3 cleavage prod-
ucts. The incidence of MBL defi ciency is higher in infants 
with frequent unexplained infections, chronic diarrhea, 
and otitis media. It has been proposed that MBL serves 
as a primitive antibody of broad specifi city to provide an 
important defense mechanism during the period when 
maternal “antibody” levels have waned yet the antibody 

repertoire of the infant is still immature.254,256,257 MBL 
defi ciency is associated with autosomal dominant inheri-
tance of point mutations in a collagen-like domain of the 
MBL polypeptide.866-868 These mutations decrease MBL 
levels by interfering with normal polymerization of the 
MBL subunits to form the oligomeric structure required 
for complement activation. A polymorphism in the pro-
moter of the MBL gene has also been described that can 
infl uence MBL levels.254 Clinical illness associated with 
MBL defi ciency may not be limited to infants. In a recent 
report, MBL defi ciency was the only identifi able immune 
defect in four adults with recurrent infections, as well as 
in one patient who also had IgA defi ciency.869 The spec-
trum of illness included recurrent skin abscesses, chronic 
cryptosporidial diarrhea, meningococcal meningitis with 
recurrent herpes simplex, and fatal Klebsiella pneumonia. 
Three of the fi ve adults were homozygotes for mutant 
MBL alleles. Decreased MBL levels are seen in some 
populations, such as in sub-Saharan Africa, thus suggest-
ing that low levels of this protein may be benefi cial in 
certain settings. For example, low levels of MBL may 
partially protect against mycobacterial infections.254

Cellular Disorders of Ingestion

Patients with LAD I show a marked abnormality in the 
phagocytosis of C3bi-opsonized particles because the 
Mac-1 β2 integrin (CD11b/CD18) that is defi cient in 
LAD I functions as the C3bi receptor (see Tables 21-2 
and 21-4). Patients with neutrophil actin dysfunction 
also show abnormal ingestion because actin assembly 
plays a critical role in the formation of phagosomes.

A defi ciency in FcγRIa has been described in four 
members of a Dutch family.870 The monocytes from the 
affected family members did not bind IgG with high 
affi nity. However, these individuals did not have increased 
susceptibility to infection despite this receptor defi ciency. 
There is an incidence of 4 in 3377 in the French popula-
tion for complete absence of FcγRIIIb, and neutrophils 
from affected individuals type as NA-null.871 None of 
these individuals exhibit any increased incidence of infec-
tion, although infants of women with the NA-null 
phenotype are susceptible to alloimmune neutropenia 
because of placental transmission of anti-FcγRIIIb anti-
bodies. Similar fi ndings were also reported in a study of 
21 individuals from 14 families with FcγRIIIb defi ciency 
in the Netherlands.247 Complete absence of the FcγRIIIb 
gene was found in all kindreds studied. Three of the 
women who had multiple pregnancies lacked antineutro-
phil antibodies, thus suggesting that neonatal alloim-
mune neutropenia does not always develop in this setting. 
Marked defi ciency in neutrophil FcγRIIIb has also been 
observed in patients with paroxysmal nocturnal hemo-
globinuria (PNH),872 an acquired stem cell disorder 
caused by a defect in the biosynthesis of GPI membrane 
anchors. Because neutrophil FcγRIIIb is linked to the 
plasma membrane by means of a GPI anchor,873 this 
receptor is unable to insert in the cell membranes in 
patients with PNH. Decay-accelerating factor and acetyl-
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cholinesterase are likewise defi cient in the membranes of 
patients with PNH because these two proteins are also 
anchored by GPI moieties. Neutrophils from patients 
with PNH undergo a normal oxidative burst in response 
to IgG-coated latex particles.873 Hence, there appears to 
be suffi cient redundancy in the function of Fc and com-
plement receptors to permit normal phagocyte function 
in these cases of FcγRI and FcγRIIIb defi ciency.

Allelic polymorphisms in FcγRIIa (131H versus 
131R) and in FcγRIIIb (NA1 versus NA2) may each 
contribute to a subtle defect in the host response to 
encapsulated microorganisms. The polymorphism in 
amino acid 131 in FcγRIIa affects binding to IgG2, with 
“H” referring to “high” responder and the ability to bind 
to this IgG subclass. The 131H versus 131R polymor-
phism is seen in about equal frequencies in the white 
population, but it is distributed in a 3 : 1 ratio in Japanese 
and Chinese populations.247 The FcγRIIa 131H allele is 
the only FcγR able to mediate effi cient phagocytosis of 
IgG2-opsonized bacteria, and the FcγRIIa 131H/131H 
genotype in children was associated with a lower inci-
dence of infections with encapsulated bacteria.247 The 
NA1 polymorphism in FcγRIIIb, which affects receptor 
glycosylation, is associated with more effi cient phagocy-
tosis of IgG-opsonized particles than the NA2 allele 
is.247,874 The allelic frequency of NA1 is approximately 
0.33 versus about 0.64 for the NA2 allele in whites, but 
this ratio is reversed in Japanese and Chinese popula-
tions. Patients who are homozygous for both the FcγRIIa 
131R and the FcγRIIIb NA2 alleles appear to be at 
higher risk for meningococcal meningitis.875

Disorders of Neutrophil Granules

Phagocytes kill microorganisms with a variety of cyto-
toxic compounds, as reviewed earlier in this chapter, 
including a host of preformed antimicrobial polypeptides 
that are stored within intracellular granules and released 
into the phagocytic vacuole upon phagocytosis. The 
importance of granule contents in host defense is attested 
to by two clinical syndromes associated with disorders of 
neutrophil granules, CHS and SGD.

Chédiak-Higashi Syndrome

CHS, a rare, autosomal recessive, multiorgan disease 
resulting from defects in granule morphogenesis, is char-
acterized by partial oculocutaneous albinism, frequent 
bacterial infections, giant lysosomes in granulocytes, 
and (in some patients) a mild bleeding diathesis, as well 
as peripheral and cranial neuropathies associated with 
decussation defects at the optic chiasm478-485 (Table 
21-13). Ten types of oculocutaneous albinism have been 
described in humans, and CHS is one of the tyrosinase-
positive forms that has been designated type VIB. Because 
granule defects also affect cytotoxic T-cell and NK-cell 
function, CHS is associated with HLH in the “acceler-
ated” phase of the disease that often develops after the 
fi rst or second decade of life.482-485,876,877

CHS is caused by a fundamental defect in granule 
morphogenesis that results in abnormally large granules 
in multiple tissues. The most extensively studied of the 
affected cells are neutrophils. In the early stages of myelo-
poiesis, some of the normally sized azurophilic granules 

TABLE 21-13 Summary of Chédiak-Higashi Syndrome

Incidence More than 200 cases described
Inheritance Autosomal recessive
Molecular defect Defect in granule morphogenesis in multiple tissues as a result of mutations in the CHS1 gene, 

which encodes a lysosomal traffi cking protein
Pathogenesis Giant coalesced azurophilic/specifi c granules in neutrophils resulting in ineffective 

granulopoiesis and neutropenia, delayed and incomplete degranulation, and defective 
chemotaxis

Clinical manifestations Partial oculocutaneous albinism
Recurrent severe bacterial infections (usually Staphylococcus aureus)
Gingivitis and periodontitis
Cranial and peripheral neuropathies (muscle weakness, ataxia, sensory loss, nystagmus)
HLH (accelerated phase)

Laboratory evaluation Giant granules in peripheral blood granulocytes and in bone marrow myeloid progenitor cells
Widespread lymphohistiocytic infi ltrates in accelerated phase

Prenatal diagnosis Demonstration of giant granules in fetal blood neutrophils or cultured amniotic cells
Differential diagnosis Other genetic forms of oculocutaneous albinism

Giant granules can be seen in acute and chronic myelogenous leukemia
Therapy Prophylactic trimethoprim-sulfamethoxazole

Parenteral antibiotics for acute infections
Ascorbic acid (200 mg/day for infants; 6 g/day for adults)
Steroids, cyclosporine, etoposide for HLH
Bone marrow transplantation before or at beginning of HLH

Prognosis Most patients die of infection or complications of HLH in the accelerated phase during the fi rst 
or second decade of life unless transplantation performed. A few patients have survived into 
their thirties

HLH, hemophagocytic lymphohistiocytosis.
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coalesce to form giant granules that later fuse with 
some of the specifi c granules to form huge secondary 
lysosomes containing constituents of both granule 
types.878-880 In addition to this uncontrolled fusion of 
granules, CHS neutrophils are markedly defi cient in 
neutral proteases,881 including two azurophilic granule 
enzymes, cathepsin G and elastase.882 In melanocytes, 
there are giant melanosomes that prevent the even dis-
tribution of melanin and result in hypopigmentation of 
the hair, skin, iris, and ocular fundus. Giant granules are 
also seen in other leukocytes, Schwann cells, and certain 
cells in the liver, spleen, pancreas, gastric mucosa, kidney, 
adrenal gland, and pituitary gland.483,485 In addition, dis-
orders similar to human CHS have been described in 
many mammalian species, including Aleutian mink, beige 
mice, blue foxes, cats, killer whales, and Hereford 
cattle.479,480,483,484,883

Mutations in the CHS1 gene, believed to normally 
regulate lysosome biogenesis, account for most cases of 
CHS.884-886 CHS1 is located on the long arm of chromo-
some 1 and is homologous to the bg locus responsible for 
the granule defect in beige mice.887 The beige gene was 
positionally cloned and termed LYST for its presumed 
function as a lysosomal traffi cking regulatory protein.884,886 
The encoded CHS/LYST protein is a very large (3801 
amino acids) polypeptide, and at least one of its functions 
may be to inhibit lysosome fusion with other intracellular 
membrane vesicles.888 Frameshift and nonsense muta-
tions have been identifi ed in the CHS1 gene in patients 
with CHS and result in truncated forms of the 
protein.482,884-886,889 Patients with clinically typical CHS 
who lack identifi able mutations in CHS1 have been 
reported, thus suggesting that additional genetic loci may 
be affected in some cases.890

Some of the most dramatic examples of the granule 
defect in CHS are manifested in the various blood cells 
and are summarized in Box 21-11. A few to a large 
majority of circulating neutrophils contain giant coalesced 
azurophil/specifi c granules. These giant granules are 
often more prominent in bone marrow than in peripheral 
blood because many of the abnormal myeloid precursors 
are destroyed before they ever leave the marrow.891 Exten-
sive myeloid cell vacuolization, enhanced marrow cellu-
larity, and elevated levels of serum lysozyme all refl ect 
this process of intramedullary granulocyte destruction. 
As a result, most patients with CHS have moderate neu-
tropenia with ANCs ranging between 500 and 2000 cells/
mm3.478,481 Monocytes are also affected in CHS and have 
similar, but not identical cytoplasmic inclusions that 
appear to be ring-shaped lysosomes.892 Lymphocytes can 
also contain giant cytoplasmic granules that contribute 
to abnormal cytotoxic T-cell and NK-cell function (see 
later). Finally, CHS platelets have a decreased number 
of dense granules and a storage pool defi ciency of ade-
nosine diphosphate and serotonin.893-896 This abnormality 
leads to a defect in platelet aggregation and an increased 
bleeding time manifested clinically as easy bruising, 
intestinal bleeding, and epistaxis. Most patients with 

Box 21-11  Hematologic Manifestations of 
Chédiak-Higashi Syndrome

STABLE PHASE

Neutrophils
Giant, coalesced azurophilic specifi c granules
Vacuolization of marrow neutrophils (ineffective 

myelopoiesis)
Neutropenia (intramedullary destruction)
Decreased bactericidal activity
 Decreased chemotaxis in vivo and in vitro
 Delayed and incomplete degranulation

Monocytes/Macrophages
Ring-shaped lysosomes
Decreased chemotaxis

Lymphocytes/Natural Killer Cells
Giant cytoplasmic granules
Diminished natural killer function
Diminished antibody-dependent cell-mediated cytolysis

Platelets
Giant cytoplasmic granules may be seen
Normal platelet count
Increased bleeding time because of abnormal aggregation 

caused by storage pool defi ciency of adenosine 
diphosphate and serotonin

ACCELERATED PHASE (HEMOPHAGOCYTIC 
LYMPHOHISTIOCYTOSIS)

Hepatosplenomegaly
Bone marrow infi ltration
Hemophagocytosis by histiocytes
Worsening neutropenia, thrombocytopenia, and anemia as 

a result of the fi rst three manifestations

CHS do not have thrombocytopenia until they enter the 
accelerated phase of the disease (see later).

The infections usually encountered with CHS involve 
the skin, respiratory tract, and mucous membranes and 
are caused by both gram-positive and gram-negative bac-
teria, as well as by fungi. The most common organism is 
S. aureus. These infections are often recurrent and can be 
fatal. Gingivitis and periodontitis are common. The skin 
is also susceptible to severe sunburn, and photosensitivity 
in bright light is common.

The neutrophil defects are primarily responsible for 
the propensity to bacterial infection. In addition to the 
moderate neutropenia, several defects in neutrophil func-
tion lead to impaired bactericidal activity. First, chemo-
taxis is markedly depressed, whether measured in vivo by 
the Rebuck skin window or in vitro by chemotaxis 
assays.481,897 The large granules appear to interfere with 
the ability of neutrophils to travel through narrow pas-
sages, such as those between endothelial cells. Second, 
degranulation is delayed and incomplete in CHS neutro-
phils.898,899 Third, the marked defi ciency of antimicrobial 
proteins such as cathepsin G probably contributes to the 
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diminished bactericidal potency of CHS neutrophils.899 
Finally, decreased expression of Mac-1 (CD11b/CD18) 
in CHS neutrophils may also play a role.900

Contributing to the enhanced susceptibility to infec-
tion are abnormalities in monocytes, lymphocytes, and 
NK cells. Monocytes, like neutrophils, exhibit decreased 
chemotaxis.901 Peripheral blood CHS lymphocytes dem-
onstrate diminished ADCC of tumor cells.902 Perhaps 
most important, cytotoxic T-cell and NK-cell cytolytic 
function is profoundly abnormal in CHS.877,902-904 This 
defect may not only contribute to the recurrent bacterial 
infections but also lead to the development of HLH in 
the “accelerated phase” of CHS, which is sometimes 
precipitated by a herpes-type virus such as Epstein-Barr 
virus or varicella.876,877,905-907

Patients who survive the infectious and neurologic 
problems of the stable phase of CHS have a high risk of 
progressing to the accelerated phase of the disease, now 
recognized to be a genetic form of HLH.478,876,877 HLH 
results from uncontrolled hyperinfl ammation and multi-
organ dysfunction and can be triggered by viral infections 
or other stimuli; it typically develops during the fi rst or 
second decade of life in patients with CHS.478,906 The 
accelerated phase is characterized pathologically by 
diffuse lymphohistiocytic infi ltration of the liver, spleen, 
lymph nodes, and bone marrow, and the outcome for the 
patient is uniformly fatal if not treated.906 The accelerated 
phase is heralded by hepatosplenomegaly, bone marrow 
infi ltration, and hemophagocytosis leading to worsening 
of the neutropenia and an ever-increasing risk for infec-
tion. Thrombocytopenia likewise develops and intensifi es 
the bleeding disorder already present in the platelets.

The diagnosis of CHS should be suspected in any 
child with one or more of the following fi ndings: 
(1) recurrent bacterial infections of unknown etiology; 
(2) hypopigmentation of the hair, skin, and eyes; a white 
forelock can be present; (3) the presence of giant peroxi-
dase-positive lysosomal granules in granulocytes from 
peripheral blood or bone marrow; (4) mild to moderate 
neutropenia; (5) easy bruising or nose bleeding despite a 
normal platelet count; and (6) unexplained hepatospleno-
megaly (associated with the accelerated phase of the 
disease). CHS is usually manifested in infancy or early 
childhood but may become evident later when the child 
is in the accelerated phase. In some patients, the disease 
may be suspected on the basis of neurologic abnormali-
ties, including ataxia, muscle weakness, decreased deep 
tendon refl exes, sensory loss, a diffusely abnormal elec-
troencephalogram, and abnormal visual and auditory 
evoked potentials.908,909 The physician should not be dis-
suaded from considering the diagnosis of CHS if the 
patient does not have clear-cut oculocutaneous albinism. 
Depending on the skin coloration in the family, the only 
manifestations of the albinism may be a metallic sheen 
in the hair (which can vary from blond to dark brown) 
and a lighter skin color than seen in siblings. In younger 
patients, there is likely to be a cartwheel distribution of 
pigment in the iris and an abnormal red refl ex.

The diagnosis of CHS is made by fi nding giant per-
oxidase-positive lysosomal granules in blood or bone 
marrow myeloid cells. In some cases, relatively few abnor-
mal granulocytes will be seen in peripheral blood, pre-
sumably because of extensive intramedullary destruction 
of myeloid precursors, and a bone marrow aspirate may 
be necessary to identify the large lysosomes. Microscopic 
examination of the hair reveals giant melanin granules. 
In the accelerated phase, biopsy of the liver, spleen, and 
lymph nodes reveals diffuse infi ltrates of lymphohistio-
cytic cells. An affected fetus with CHS diagnosed by fetal 
blood sampling, which showed large abnormal granules 
in neutrophils, was also found to have signifi cantly larger 
than normal acid phosphatase lysosomes in cultured 
amniotic and chorionic villus cells.910 Microscopic exami-
nation of fetal hair shafts for prenatal diagnosis has also 
been reported.911 This suggests that prenatal diagnosis of 
CHS might be accomplished with these latter techniques, 
which is less risky than fetal blood sampling.

The differential diagnosis for CHS includes other 
genetic forms of partial albinism.477 One condition char-
acterized by partial albinism is Griscelli’s syndrome,490 
which is distinguished from CHS by the lack of giant 
cytoplasmic granules in neutrophils, the presence of large 
pigment clumps in hair shafts, and accumulation of 
mature melanosomes in melanocytes. HLH also typically 
develops in patients with Griscelli’s syndrome, again 
secondary to defective cytolytic T-cell and NK-cell 
function.877,912 Hermansky-Pudlak syndrome is another 
disorder marked by partial albinism, but it is character-
ized by platelet function defects and an associated bleed-
ing diathesis. Giant granules resembling those in CHS 
can be seen in both AML and CML913-915 and should not 
be confused with those seen in CHS.

Management of the stable phase of CHS primarily 
involves the treatment of infectious complications. Pro-
phylactic trimethoprim-sulfamethoxazole may be benefi -
cial. Infections should be treated vigorously with 
appropriate intravenous antibiotics. Treatment with high 
doses of ascorbic acid (20 mg/kg/day) has been reported 
to result in clinical improvement, as well as improved 
function of neutrophils in vitro (neutrophil chemotaxis 
or bactericidal function, or both).916,917 Although there is 
some disagreement in the literature regarding the effi cacy 
of ascorbic acid,918 it seems reasonable to try this medica-
tion given its safety in moderate doses. NK cell function 
appears to remain abnormal even after ascorbate 
therapy.

Treatment of HLH (accelerated phase) has improved 
in recent years with the use of combinations of drugs that 
suppress the function of activated macrophages and T 
cells, followed by allogeneic HSCT. Regimens for HLH 
include corticosteroids, cyclosporine, and etoposide, and 
they are recommended for the accelerated phase of 
CHS.876,877 In patients with moderate symptoms, corti-
costeroids and immunoglobulin infusions may be suffi -
cient to induce an initial remission, although the use of 
etoposide should not be delayed if symptoms progress.877 
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Active therapy should be maintained until bone marrow 
transplantation can be performed. The only curative 
therapy is bone marrow transplantation with matched 
related or unrelated donor grafts.876,919-925 This procedure 
is ideally performed before onset of the accelerated phase. 
Transplantation does not prevent the progressive neu-
ropathy associated with CHS.921

Specifi c (Secondary) Granule Defi ciency

SGD is an extremely rare congenital disorder of neutro-
phil function characterized by recurrent bacterial infec-
tions and multiple abnormalities in neutrophil structure 
and composition, including absent specifi c granules and 
bilobed nuclei.926,927 Despite its rarity, SGD is an impor-
tant part of the differential diagnosis in patients with 
suspected phagocyte immunodefi ciencies and provides 
important insight into the transcriptional regulation of 
granule biogenesis and the functional roles of lactoferrin, 
vitamin B12–binding protein, and other specifi c granule 
constituents of host defense. To date, fi ve patients have 
been reported with SGD.431,882,928-941 Inheritance appears 
to be autosomal recessive.938,939,942

The key features of SGD are summarized in Table 
21-14. Clinically, patients with this disorder suffer from 
indolent, smoldering cutaneous infections punctuated by 
episodes (sometimes prolonged) of severe infections 
involving the lungs, ears, lymph nodes, and deeper struc-
tures of the skin. Lung abscesses and mastoiditis have 
been reported as complications of these infections. S. 
aureus, P. aeruginosa, Proteus species, other enteric gram-
negative bacteria, and C. albicans appear to be the major 
pathogens. Further complicating the clinical course in 
some patients is the presence of neutropenia that is either 
intermittent and mild928,930 or prolonged and severe.431

The clinical picture of SGD is consistent with the 
functional defects identifi ed in patient neutrophils. There 
is a marked abnormality in chemotaxis that can be 
observed in vivo by the Rebuck skin window tech-
nique.928,930,931,939 The indolent nature of some infections 
in SGD may be attributable to this chemotactic defect. 
In vitro measurements of neutrophil killing of E. coli and 
S. aureus show a moderate impairment despite the pres-
ence of a normal respiratory burst.928-931,939,941 Patient 
neutrophils adhere normally to plastic surfaces929,939 but 
exhibit slightly diminished sticking to nylon fi bers and 
endothelial cells.931 Degranulation of both azurophilic 
and (to the extent that they are present) specifi c granules 
also appears to be normal.929,931,939

At least three cellular compartments are affected by 
the underlying molecular defect or defects in SGD: the 
nucleus, specifi c granules, and azurophilic granules. 
Approximately half or more of the peripheral blood neu-
trophils in SGD have nuclei that resemble those seen in 
the Pelger-Huët anomaly. The nucleus has a kidney-
shaped, bilobed confi guration that is fl awed by a series 
of microlobulations and clefts apparent on electron 
microscopy.930,931,939 On a Wright stain of peripheral 
blood, neutrophils appear to be devoid of the pink-
staining specifi c granules. By electron microscopic analy-
sis, however, it is apparent that the specifi c granules are 
not actually absent but instead are present as empty, 
elongated vesicles that retain their characteristic trilamel-
lar membrane structure and positive staining for complex 
carbohydrates.930,932,934,938 Biochemical measurements of 
specifi c granule contents parallel the morphologic studies. 
Lactoferrin, vitamin B12–binding protein, and gelatin-
ase943 are present at levels that are only 3% to 10% of 
normal.929,931,939 Thus, there appears to be an abortive 

TABLE 21-14 Summary of Neutrophil Specifi c Granule Defi ciency

Incidence Five cases reported
Inheritance Autosomal recessive
Molecular defect Protein defi ciencies in azurophilic granules (defensins), specifi c granules (lactoferrin, vitamin B12–

binding protein, gelatinase), and secretory vesicles (alkaline phosphatase) suggest a common 
defect in regulation of the production of these proteins in myeloid cells. Eosinophil specifi c 
granules also defi cient in protein contents. Mutations in the myeloid transcription factor 
C/EPBε identifi ed in several patients

Pathogenesis Recurrent infections result from the combined effect of defi ciencies in microbicidal granule 
protein (e.g., defensins and lactoferrin) and abnormal chemotaxis, perhaps as a result of failure 
to upregulate surface β2 integrins and chemotactic peptide receptors from granule stores

Clinical 
manifestations

Recurrent (sometimes indolent) pyogenic infections of the skin, ears, lungs, and lymph nodes 
that may have diminished neutrophil infi ltration; onset usually during infancy

Laboratory 
evaluation

Absent or empty specifi c granule vesicles in neutrophils by electron microscopy (by light 
microscopy, granules appear absent)

Bilobed nuclei resembling the Pelger-Huët anomaly are frequently seen in neutrophils
Severe defi ciency of neutrophil lactoferrin, vitamin B12–binding protein, defensins, and alkaline 
phosphatase (by histochemical assay)

Differential diagnosis Acquired specifi c granule defi ciency (e.g., thermal burns or myeloproliferative syndromes)
Therapy Prophylactic antibiotics

Parenteral antibiotics for acute infections
Surgical drainage or resection of refractory infections

Prognosis With appropriate medical management, patients can survive into their adult years
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and incomplete formation of normal specifi c granules. 
Azurophilic (primary) granules in this disorder are also 
strikingly abnormal. Although they contain a normal (if 
not slightly elevated) amount of MPO and are present 
in normal numbers, they are severely defi cient in 
defensins.882 In addition, there is a severe defi ciency of 
alkaline phosphatase activity in peripheral blood neutro-
phils,928,930,939 which is normally localized to secretory 
vesicles, and its defi ciency probably represents yet another 
organelle abnormality in this disorder.934 Finally, granule 
formation also appears to be abnormal in eosinophils. 
These cells are defi cient in three eosinophil-specifi c 
granule proteins (eosinophil cationic protein, MBP, and 
eosinophil-derived neurotoxin), although the correspond-
ing mRNA transcripts are present.944

In view of the multiple defi cits in granule matrix 
contents produced after the promyelocyte stage, it had 
long been speculated that SGD is due to an abnormality 
in biosynthetic regulation of granule (and probably non-
granule) proteins during granulopoiesis. This mechanism 
is also consistent with the observation that the SGD 
neutrophils are severely defi cient in defensins, which are 
stored in azurophilic granules. In contrast to other azu-
rophilic granule proteins that are synthesized at the pro-
myelocyte stage, defensins are produced during the 
subsequent myelocyte stage, along with the specifi c 
granule matrix proteins (see Fig. 21-1).

At least some cases of SGD result from autosomal 
recessive mutations in a transcription factor that regu-
lates gene expression during granulocyte differentiation. 
Serendipitously, mice generated with a targeted deletion 
in the myeloid transcription factor C/EBPε exhibit 
absence of neutrophil secondary granules and their 
matrix proteins, bilobed neutrophil nuclei, impaired 
chemotaxis, and increased susceptibility to bacterial 
infection.49,945,946 Mutations in the C/EBPε gene have 
been identifi ed in two SGD patients to date. In one 
case, a 5–base pair (bp) deletion resulted in a truncated, 
nonfunctional protein,947 whereas a second, unrelated 
patient was homozygous for a nucleotide insertion in the 
coding sequence that also leads to the synthesis of a 
truncated and nonfunctional form of C/EBPε.59 However, 
DNA sequencing of the C/EBPε gene in several other 
SGD patients has not revealed abnormalities, which 
suggests that SGD is a genetically heterogeneous 
disorder.948

The cellular defects just described can explain, at 
least in part, the clinical problems observed in SGD. The 
markedly abnormal specifi c granules and secretory vesi-
cles, which contain intracellular stores of both β2 integ-
rins949-951 and a chemotactic peptide receptor,952 fail to 
support normal upregulation of these two types of recep-
tors936,939 and may thereby contribute to the chemotactic 
defect. Furthermore, the severe defi ciency of key bacte-
ricidal proteins such as lactoferrin and the defensins 
renders the cell less effi cient in killing bacteria and 
Candida. Neutropenia, when it does occur, also impairs 
host defense and appears to be caused by intramedullary 

destruction of the abnormal neutrophils, as evidenced by 
their ingestion by marrow macrophages.938

The diagnosis of SGD can be made by light micro-
scopic examination of Wright-stained peripheral blood 
neutrophils. Electron microscopic studies can confi rm 
the presence of empty specifi c granule vesicles. Bilobed 
nuclei and greatly diminished levels of alkaline phospha-
tase by histochemical analysis also support the diagnosis. 
In conjunction with these morphologic studies, biochem-
ical and immunologic measurements of lactoferrin, 
vitamin B12–binding protein, and defensins can be made. 
As discussed previously, all three of these granule pro-
teins are severely defi cient in this disorder. Acquired 
SGD is observed in myeloproliferative syndromes and 
after thermal burns.926,953 In these acquired disorders, 
however, at least a few intact specifi c granules are still 
observed microscopically, and the defi ciencies of the 
various granule enzymes are less profound.

As with other neutrophil disorders, prophylactic anti-
biotics appear to be benefi cial based on anecdotal experi-
ence. Parenteral antibiotics should be used aggressively 
for acute infections. With appropriate medical manage-
ment, patients can survive into their adult years. Malig-
nant transformation of the dysmorphic myeloid cells in 
this disorder has not been reported.

Disorders of Oxidative Metabolism

The elimination of many pathogens requires oxygen-
derived microbicidal compounds generated by the phago-
cyte respiratory burst pathway in response to infl ammatory 
stimuli (see Fig. 21-7). Five clinically recognized defects 
have been identifi ed in this series of reactions, including 
defi ciencies in NADPH oxidase (reaction 1 in Fig. 21-7), 
G6PD, (reaction 8), MPO (reaction 4), glutathione 
reductase (reaction 7), and glutathione synthetase (reac-
tion 9).

Chronic Granulomatous Disease

CGD is an inherited disorder of phagocyte function in 
which generation of superoxide by the respiratory burst 
oxidase (see Fig. 21-9) in neutrophils, monocytes, 
macrophages, and eosinophils is absent or markedly defi -
cient.771,954-959 The disorder occurs at an estimated 
minimum incidence of approximately 1 in 200,000 to 
250,000 individuals, thus making it the most common 
clinically signifi cant disorder of phagocyte function that 
is inherited.957 CGD is due to mutations in any one of 
four essential subunits of the respiratory burst oxidase 
(Table 21-15; also see Fig. 21-9 and Table 21-7). Though 
originally described as an X-linked recessive disorder 
affecting boys,957,960-964 approximately a third of CGD 
cases are inherited as an autosomal recessive trait965,966 
(see Table 21-15). In more than 90% of patients, super-
oxide production by activated phagocytes is undetect-
able. A respiratory burst 1% to 10% of normal is observed 
in the remaining patients, who are often referred to as 
having “variant” CGD.966-969 Other aspects of phagocyte 
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function are normal in CGD, including adherence, inges-
tion, and degranulation.970-972

Clinical Manifestations

CGD is associated with a distinctive clinical syndrome 
that provides clear evidence for the importance of the 
phagocyte respiratory burst in host defense and 
the infl ammatory response (for reviews, see else-
where957,973-981). Patients suffer from recurrent, often 
severe purulent bacterial and fungal infections, often 
caused by organisms not ordinarily considered patho-
gens. The other and distinctive hallmark of this disorder 
is a propensity for the development of chronic infl amma-
tory granulomas that can be widely distributed in tissues. 
This feature of the disease, at least in part, refl ects a role 
for NADPH oxidase–derived superoxide as a cofactor in 
the oxidative cleavage of tryptophan to l-kynurenine by 
indolamine 2,3-dioxygenase (IDO), an important immu-
nomodulatory pathway that otherwise downregulates 
infl ammation.982,983 The majority of patients with CGD 
manifest symptoms within the fi rst year of life,957,977 
although some may remain relatively symptom free until 
later in childhood or even adult life.984-990

Table 21-16 summarizes the types of infections and 
infecting organisms most frequently encountered in 
CGD.957,974,975,977-979,991,992 The major sites of infection are 
those that come into contact with the external environ-
ment—the lungs, skin, gastrointestinal tract, and lymph 
nodes draining these organs. Hematogenous seeding can 
lead to liver abscesses or osteomyelitis. The most common 
pathogens include S. aureus, Aspergillus species (most 
often A. fumigatus but occasionally A. nidulans),992-994 and 
a variety of gram-negative bacilli, including Serratia mar-
cescens and various Salmonella species. Members of the 
Burkholderia cepacia complex are aggressive and poten-
tially lethal pathogen in CGD.957,995,996 Burkholderia 
species that cause infection in CGD include B. cenocepa-

cia, B. gladioli, and B. mallei, which causes melioidosis in 
East Asian countries.995,996 In many febrile illnesses, no 
organism can be identifi ed despite extensive culturing. In 
such cases it is important to look carefully for the pres-
ence of unusual microbes that can occasionally cause 
serious infections in CGD (see Table 21-16 and refer-
ences).985,992,997-1004 Of note, disseminated Mycobacterium 
bovis infection has been reported after bacille Calmette-
Guérin (BCG) vaccination in CGD,1005 and infections 
with other atypical mycobacteria are also reported in 
CGD.1006 A newly identifi ed member of the gram-nega-
tive Acetobacteraceae family named Granulobacter bethes-
densis, heretofore not associated with human disease, was 
identifi ed in a CGD patient with recurrent fever and a 
chronic necrotizing deep lymphatic infection.1007

Pneumonia is most frequently caused by S. aureus, 
Aspergillus species, and enteric bacteria. It is common 
for an organism to not be identifi ed even in lung 
biopsy specimens. Complications of pneumonia include 
empyema or lung abscess. Suppurative lymphadenitis, 
usually involving the cervical nodes, is especially common 
in younger patients and is typically caused by S. aureus 
and enteric bacilli such as Serratia and Klebsiella. Staphy-
lococcal skin infections are also common. Hepatic and 
perihepatic abscesses, usually caused by S. aureus, are 
surprisingly frequent and should suggest the diagnosis of 
CGD if it has not already been made.1008-1010 Bone infec-
tions can be particularly problematic in CGD and are 
caused by either direct spread of infection from contigu-
ous sites or hematogenous spread from more distant 
locations.957,1011 The former type of osteomyelitis is usually 
seen in the ribs and vertebral bodies as a result of inva-
sion by pulmonary Aspergillus.1011 The latter type is more 
frequently seen in peripheral long and small bones and 
is typically caused by S. marcescens, Nocardia species, and 
S. aureus.1011 Perirectal infections are extremely diffi cult 
to treat in CGD and can lead to fi stula formation.1008 The 

TABLE 21-15 Classifi cation of Chronic Granulomatous Disease

Component 
Affected Inheritance Subtype*

Cytochrome 
b Spectrum

NBT 
Score (% 
Positive)

Frequency 
(% of 
Cases) gp91phox p22phox p47phox p67phox

gp91phox X X910 0 0 60 0 0-trace N N
X91− Low 80-100 

(weak)
5 Low Low N N

X91− Low 5-10 <1 Low Low N N
X91+ 0 0 1 N N N N

p22phox A A220 0 0 4 0 0 N N
A22+ N 0 <1 N N N N

p47phox A A470 N 0 25 N N 0 N
p67phox A A670 N 0 5 N N N 0

A67+ N 0 <1 N N N N

*In this nomenclature, the fi rst letter represents the mode of inheritance (X-linked [X] or autosomal recessive [A]), whereas the number indicates the phox com-
ponent that is genetically affected. The superscript symbols indicate whether the level of protein of the affected component is undetectable (0), diminished (−), or normal 
(+) as measured by immunoblot analysis. NBT, nitroblue tetrazolium.

PROTEIN EXPRESSION
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rare pathogen Chromobacterium violaceum is found in 
brackish waters and is an uncommon but potentially 
serious cause of soft tissue infection, pneumonia, or 
sepsis in CGD patients in the southern part of the United 
States.999,1000,1012 C. violaceum infection in northern areas 
has also been reported.

It has long been recognized that patients with CGD 
are particularly susceptible to organisms that contain 
catalase, which prevents the CGD phagocyte from 
scavenging microbially generated H2O2 for phagoso -
mal killing.1013 Thus, infections with streptococci or 
Haemophilus species, which are typically catalase nega-
tive, are not problematic in CGD. Another possible 
link among the organisms with increased virulence in 
CGD is that they are resistant to the nonoxidative killing 
mechanisms of the phagocyte mediated by antibiotic 
proteins contained within the various granule 
compartments.282,1014,1015

The chronic conditions associated with CGD are 
responsible for many of the major complications seen 
with this disorder and are summarized in Table 21-17. 
This includes the formation of granulomas, which are 
believed to refl ect a chronic infl ammatory response to 
inadequate phagocyte killing or digestion and are a dis-
tinctive feature of CGD. These lesions contain a mixture 
of lymphocytes and infl ammatory macrophages, some of 
which may have a foamy lipoid cytoplasm that has a 
characteristic yellow-brown color. Though not pathogno-
monic of CGD, the presence of such macrophages in 
granulomas or other tissue sites should suggest the diag-
nosis of CGD.961,962,964,1016 The tendency toward granulo-
matous infl ammation is believed to refl ect in part a 
dysregulated infl ammatory response in the absence of 

respiratory burst–derived oxidants; it leads to abnormally 
high level of cytokines and other proinfl ammatory media-
tors, in addition to delayed neutrophil apoptosis at 
infl ammatory sites.1017-1019 These abnormalities have 
recently been linked to defective superoxide-dependent 
cleavage of tryptophan to l-kynurenine by IDO.983 Pro-
infl ammatory stimuli upregulate IDO expression in den-

TABLE 21-16 Infections in Chronic Granulomatous Disease

Infections % of Infections Infecting Organisms % of Isolates

Pneumonia 70-80 Staphylococcus aureus 30-50
Lymphadenitis* 60-80 Aspergillus species 10-20
Cutaneous infections/impetigo* 60-70 Escherichia coli 5-10
Hepatic/perihepatic abscesses* 30-40 Klebsiella species 5-10
Osteomyelitis 20-30 Salmonella species 5-10
Perirectal abscesses/fi stulas* 15-30 Burkholderia cepacia 5-10
Septicemia 10-20 Serratia marcescens 5-10
Otitis media* ≈20 Staphylococcus epidermidis 5
Conjunctivitis ≈15 Streptococcus species 4
Enteric infections ≈10 Enterobacter species 3
Urinary tract infections/pyelonephritis 5-15 Proteus species 3
Sinusitis <10 Candida albicans 3
Renal/perinephric abscesses <10 Nocardia species 2
Brain abscesses <5 Haemophilus infl uenzae 1
Pericarditis <5 Pneumocystis carinii <1
Meningitis <5 Mycobacterium fortuitum <1

Chromobacterium violaceum <1
Francisella philomiragia <1
Torulopsis glabrata <1

The relative frequencies of different types of infections in CGD are estimated from data pooled from several large series of patients in the United States, Europe, 
and Japan. See text for references. These series encompass approximately 550 patients with CGD after accounting for overlap between reports. The list of infecting 
organisms is also arranged according to the data in these reports and is not paired with the entries in the fi rst column.

*Infections most frequently seen at initial evaluation.

TABLE 21-17  Chronic Conditions Associated with 
Chronic Granulomatous Disease

Condition % of Cases

Lymphadenopathy 98
Hypergammaglobulinemia 60-90
Hepatomegaly 50-90
Splenomegaly 60-80
Anemia of chronic disease Common*
Underweight 70
Chronic diarrhea 20-60
Short stature 50
Gingivitis 50
Dermatitis 35
Hydronephrosis 10-25
Ulcerative stomatitis 5-15
Pulmonary fi brosis <10*
Esophagitis <10*
Gastric antral narrowing <10
Granulomatous ileocolitis <10
Granulomatous cystitis <10
Chorioretinitis <10
Glomerulonephritis <10
Discoid lupus erythematosus <10

*The relative frequencies of the chronic conditions associated with CGD 
were estimated from the series of reports listed in Table 22-16. See text for addi-
tional references.
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dritic cells and phagocytes, and IDO-catalyzed tryptophan 
metabolism then downregulates the infl ammation by 
suppressing γδ T-cell activity and mediating the produc-
tion of IL-17 after initial activation of the innate immune 
response.982 Ineffi cient degradation of debris in the 
absence of oxidants is also likely to be a contributing 
factor to the chronic infl ammation in CGD.1019-1021 Gran-
ulomatous infl ammation can develop independent of 
active infection.1019

Granuloma formation can lead to obstructive symp-
toms in the upper gastrointestinal tract, including gastric 
outlet obstruction that can be confused clinically with 
pyloric stenosis.1008,1009,1022-1024 A chronic ileocolitis syn-
drome resembling Crohn’s disease is seen in approxi-
mately 5% to 10% of patients and can lead to a debilitating 
syndrome of diarrhea and malabsorption.1009,1024,1025 
Chronic infl ammatory lesions have been identifi ed in the 
urinary bladder walls of some patients and can cause a 
chronic cystitis that can be manifested as dysuria, penile 
pain, and decreased urine volume.1026-1030 In one study of 
60 CGD patients, 11 cases of granulomatous infl amma-
tion of the bladder wall, ureters, or urethra were seen, 
accompanied by stricture formation in the latter two 
sites.1031 Hydronephrosis can occur as a complication of 
obstruction.

Other chronic infl ammatory complications of CGD 
include lymphadenopathy, hepatosplenomegaly, and an 
eczematoid dermatitis,975,977,1032 along with hypergamma-
globulinemia, anemia of chronic disease, and short stature 
(see Table 21-17). Gingivitis and ulcerative stomatitis can 
occur.1033 Chorioretinitis1034,1035 and destructive white 
matter lesions in the brain have also been described.1036,1037 
Glomerulonephritis has been reported.1038,1039 Occasion-
ally, either discoid or systemic lupus erythematosus, juve-
nile rheumatoid arthritis, or sarcoidosis may develop.1040-1045 
Subtle defects in CGD memory B cells1046,1047 may infl u-
ence the development of autoimmune disease in CGD.

The severity and pattern of complications of CGD 
are heterogeneous, which may partly refl ect the hetero-
geneity of molecular defects (see later) and whether any 
residual respiratory burst oxidase function is present. 
However, a severe clinical course can occur in some 
patients in the latter “variant” category that is indistin-
guishable from what is observed in patients with com-
plete absence of phagocyte superoxide production.969,1048 
On the other hand, some individuals with undetectable 
levels of respiratory burst activity can experience rela-
tively few symptoms and have intervals of years between 
severe infections. Hence, polymorphisms in oxygen-
independent antimicrobial systems or other components 
regulating the innate immune response are likely to play 
an important role in modifying disease severity in CGD. 
Specifi c polymorphisms in the MPO, MBL, and FcγRIIa 
genes are associated with a higher risk for granulomatous 
or autoimmune/rheumatologic complications in CGD.1049 
Patients with p47phox defi ciency overall tend to have milder 
disease, possibly because of very small but detectable 
levels of superoxide production.957,1050

Heterozygous carriers of the CGD trait are generally 
asymptomatic, but there are several important excep-
tions. Carriers of the autosomal recessive forms of CGD 
have a normal phagocyte respiratory burst and are free 
from infection. Carriers of X-linked CGD, on the other 
had, typically have two populations of circulating neutro-
phils and monocytes—some with normal respiratory 
burst activity and others with none1051-1057—because of 
random X-chromosome inactivation.1058,1059 In most X-
linked carriers, these two populations are approximately 
equal in number, but occasionally individuals have an 
unusually small percentage of either abnormal or normal 
cells. If the number of functioning neutrophils is less than 
10% to 15%, the carrier often suffers from some of the 
infectious complications of CGD.969,986,1051,1060 Clinical 
problems more commonly seen in female carriers of X-
linked CGD are aphthous ulcers or discoid lupus erythe-
matosus.1042,1061 In a 1991 review of the literature,1042 22 
cases were summarized from 11 reports. Clinically, the 
carriers had discoid-like skin lesions (13 of 22 patients), 
photosensitivity (13 patients), and recurrent aphthous 
stomatitis (12 patients). In a few, polyarthritis, arthralgia, 
and Raynaud’s phenomenon were also observed. Sero-
logic testing for lupus was generally negative, as were 
immunofl uorescence studies of biopsied lesions. Interest-
ingly, all the reported cases were carriers of X-linked 
CGD. Discoid lupus–like lesions have also been reported 
in fi ve autosomal recessive CGD patients.1040,1041,1062 
Because the lupus skin lesions typically do not appear to 
develop unless there is at least a subpopulation of non-
functioning phagocytes, it has been hypothesized that 
autoantibodies to antigens from incompletely destroyed 
microbes may be responsible for the syndrome.1042

Molecular Basis of CGD

CGD is classifi ed according to the respiratory 
burst oxidase subunit that is affected (see Table 21-15). 
Nomenclature has also been adopted for an abbreviated 
designation within each major genetic subgroup that 
includes the mode of inheritance and level of phox pro -
tein expression. The genes or corresponding cDNA 
(or both) of all four subunits have been cloned and 
their chromosomal locations mapped (see Fig. 21-9 and 
Table 21-7).310,719,955,1063,1064 In two large studies of 140 
pedigrees in the United States and Europe, defects in the 
X-linked gene for the gp91phox subunit of fl avocytochrome 
b accounted for approximately two thirds of cases, with 
the remainder being due to autosomal recessive inheri-
tance of defects in p47phox (25%), p67phox (5%), and p22phox 
(5%).957,965,966 However, defi ciency of p47phox has been 
reported to account for only 7% of cases of CGD in 
Japan.1065

Mutations in Flavocytochrome b. That CGD might 
result from a genetic defect in an electron-transporting 
cytochrome was fi rst suspected from reports that neutro-
phils obtained from the majority of CGD patients lacked 
a low-potential cytochrome b.725,1066,1067 It is now known 
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that the respiratory burst cytochrome is a fl avocyto-
chrome composed of two subunits and contains both 
fl avin and heme groups that mediate the transfer of elec-
trons from NADPH to molecular oxygen to generate 
superoxide.301,1068 The cytochrome has two subunits, a 
91-kd glycoprotein (gp91phox) that is the site of mutations 
in X-linked CGD and a 22-kd polypeptide (p22phox) that 
is defective in a rare subgroup of patients with autosomal 
recessive inheritance of CGD. Formation of the gp91phox/
p22phox heterodimer appears to be important to stabilize 
each subunit within the phagocyte, and absent expression 
of both subunits is typically seen in both forms of cyto-
chrome-negative CGD.308,1069,1070

The gene encoding gp91phox was mapped to Xp21.1 
by its linkage to the X-linked form of CGD.1071 It was 
the fi rst human gene to be cloned on the basis of its 
chromosomal location,310 an approach referred to as 
positional cloning or “reverse genetics.” The gp91phox gene 
(termed CYBB) contains 13 exons and spans approxi-
mately 30 kilobases (kb) in the Xp21.1 region of the X 
chromosome.310,1071,1072 Mechanisms that regulate phago-
cyte-specifi c transcription of this gene include a repressor 
protein, known as CCAAT displacement protein (CDP), 
that binds to DNA sites upstream of the promoter to 
block transcription in nonphagocytic or undifferentiated 
myeloid cells.1072 Some regulatory elements appear to be 
located relatively long distances from the coding portion 
of the gp91phox gene.1072,1073

Defects in the gene for gp91phox X-linked CGD are 
very heterogeneous956,958,1065,1074,1075 and, with few excep-
tions, are associated with absence of both the fl avocyto-
chrome heterodimer (X910) and respiratory burst activity. 
Mutations in the gp91phox gene have been identifi ed in 
more than 400 patients with X-linked CGD. An interna-
tional registry, CYBBbase, is accessible at http://bioinf.
uta.fi .756,1076 In general, each mutation is unique to a 
given kindred, although some have been seen in several 
unrelated pedigrees. The overall heterogeneity of muta-
tions and lack of any predominant genotype indicate that 
CGD is due to many different mutational events without 
any founder effect, as expected for a formerly lethal dis-
order. Approximately 10% to 15% of cases of X-linked 
CGD are caused by new germline mutations.1074

The majority of X-linked CGD patients have muta-
tions limited to only one or several nucleotides, which 
results in missense, mRNA splicing site, frameshift, or 
nonsense mutations. A small percentage of patients 
with X-linked CGD express a small amount of residual 
fl avocytochrome b (X91−) associated with low levels of 
superoxide production. In addition, individuals have 
been reported who have normal levels of a dysfunctional 
fl avocytochrome b (X91+). Some of the mutations 
that result in normal levels of a dysfunctional fl avocyto-
chrome affect gp91phox domains that either participate in 
oxidase assembly1077,1078 or are involved in its redox 
function.955,956,958,988,1075,1079-1081

Relatively large deletions in Xp21.1 involving CYBB 
and adjacent loci have been described in a few rare 

patients.310,1071,1082-1085 These individuals have complex 
phenotypes that include CGD and McLeod’s syndrome 
(mild hemolytic anemia with acanthocytosis associated 
with depressed levels of Kell antigens because of defects 
in the red cell antigen Kx), with or without concomitant 
Duchenne’s muscular dystrophy and retinitis pigmen-
tosa. Patients with the McLeod phenotype may develop 
anti-Kell antibodies when transfused with red blood cells, 
which can make future transfusion very diffi cult. Nerve 
and muscle disorders related to Kell expression in non-
erythroid tissues can also develop in these patients.1086,1087 
Smaller deletions of the gp91phox gene have been reported 
as well.1075

Mutations affecting the regulation of gp91phox tran-
scription are rare and have been identifi ed in two unusual 
phenotypes. In one type, described in two unrelated kin-
dreds, affected males have two distinct populations of 
neutrophils.1048 One population has normal respiratory 
burst activity and accounts for 5% to 15% of the circulat-
ing phagocytes and myeloid progenitor cells, whereas 
the other population, which accounts for the remainder 
of the cells, lacks a respiratory burst entirely. Affected 
males had a severe clinical course.1048 Sequencing of 
the gp91phox gene identifi ed a point mutation in the 
promoter sequence that was located 57 bp upstream of 
the normal transcription initiation site in one kindred 
and 54 bp upstream in the other.1060 Another unusual 
patient with X-linked CGD had normal levels of gp91phox 
expression and function in circulating eosinophils, but 
this patient’s neutrophils, monocytes, and B lymphocytes 
had markedly reduced levels of gp91phox.1088 Molecular 
analysis identifi ed a mutation 53 bp upstream of the tran-
scription start site in this kindred.1089 These mutations 
disrupt the binding of several transcriptions important 
for normal expression of the CYBB gene,1089,1090 thus 
suggesting that gp91phox gene expression is dependent on 
this region of the promoter in all but a subset of 
granulocytes.

Mutations in the gene for the p22phox subunit of fl avo-
cytochrome b, designated CYBA, are an uncommon 
cause of autosomal recessive CGD (see Table 21-15). 
The CYBA locus resides at 16q24 and contains six exons 
that span 8.5 kb.1063 The genetic defects that have been 
identifi ed in this fl avocytochrome subunit are heteroge-
neous and range from a large interstitial gene deletion1063 
to point mutations associated with missense, frameshift, 
or RNA-splicing defects.776,958 In all but one case, p22phox 
is not expressed (A220 CGD). A proline-to-glutamine 
substitution in a cytoplasmic domain of p22phox is associ-
ated with normal levels of fl avocytochrome b and a non-
functional oxidase (A22+ CGD).1079 This mutation 
disrupts a proline-rich docking sequence in p22phox that 
binds to a pair of SH3 domains in the p47phox domains 
and is required for assembly of the active oxidase 
complex.301,1068 The proline substitution in p22phox is the 
one example of a genetic disease caused by disruption of 
protein-protein interactions mediated via SH3 domains. 
A kindred with X-linked agammaglobulinemia caused by 
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deletion of the SH3 region of Bruton’s tyrosine kinase 
has also been reported.1091

Mutations in Cytosolic Factors. A key discovery in 
unraveling the molecular basis of the different genetic 
subgroups in CGD was the observation that both the 
plasma membrane and the cytosol were required to 
reconstitute a catalytically active oxidase in a cell-free 
assay.1092-1095 Complementation analysis using this assay 
identifi ed two different subgroups of CGD in which the 
defect involved a cytosolic protein rather than the mem-
brane-bound fl avocytochrome b.1096,1097 Mutations in the 
gene encoding a cytosolic phosphoprotein, p47phox, 
account for approximately a fourth of all cases of CGD 
in the United States and Europe, whereas in Japan the 
incidence is only approximately 7%.724,1065 Inherited 
defects in the p67phox gene also account for a small sub-
group of autosomal recessive CGD (see Table 21-15). 
Neither p47phox nor p67phox appear to participate directly 
in electron transfer but act in a regulatory role. The 
p47phox subunit is believed to function as an “adaptor” 
protein important for effi cient recruitment of p67phox 
translocation to the fl avocytochrome. Consistent with 
this role, substantial amounts of superoxide can be gener-
ated from neutrophil membranes in vitro, even in the 
absence of p47phox, provided that high concentrations of 
p67phox and Rac-GTP are supplied.300

The gene for p47phox, termed NCF1 (for neutrophil 
cytosolic factor 1), resides on chromosome 71098 and con-
tains nine exons spanning 18 kb.1099 In contrast to other 
forms of CGD, the majority of p47phox-defi cient CGD is 
due to a single type of mutation, a GT deletion at the 
beginning of exon 2 that results in a frameshift and pre-
mature translational termination.1099,1100 Most patients 
are homozygous for this mutation without any history of 
consanguinity, although a few compound heterozygotes 
have been described with a missense mutation accompa-
nying the GT deletion.1101 The high frequency of the GT 
deletion appears to refl ect the fact that humans have 
highly and closely linked conserved pseudogenes for 
p47phox that contain the GT deletion.1102 Some individuals 
also have a gene-pseudogene-pseudogene chimera.1103 
Recombination or gene conversion events between the 
authentic p47phox gene and its pseudogene or pseudo-
genes lead to a nonfunctional p47phox allele containing the 
GT deletion.1104 All reported patients with p47phox gene 
mutations do not express this protein (A470). Perhaps 
because p47phox is an adaptor protein rather than directly 
involved in activating electron transport, A470 neutro-
phils can still generate very small but detectable amounts 
of superoxide, which may account for the overall milder 
course of this genetic subgroup.957,1050

The gene for p67phox, NCF2, which has been mapped 
to the long arm of chromosome 1,1105 spans 37 kb and 
contains 16 exons.1106 Mutations identifi ed in p67phox-
defi cient CGD are heterogeneous and typically result in 
absent p67phox expression (A670 CGD).1107-1111 In one 
patient, in whom a triplet nucleotide deletion resulted in 

an in-frame deletion of lysine 58, a nonfunctional form 
of p67phox was expressed that failed to translocate and was 
unable to bind to Rac.1112

Diagnosis

A diagnosis of CGD is suggested by the characteristic 
clinical features (see Tables 21-16 and 21-17) or by a 
family history of the disease. Because the severity and 
onset of the disease can vary considerably among patients, 
CGD should still be considered in adolescents and adults 
with an unusual site of infection or organism typical of 
CGD (see Table 21-16). The diagnosis of CGD is estab-
lished by demonstrating an absent or greatly diminished 
neutrophil respiratory burst. It is important to have 
testing performed on appropriately handled blood 
samples and by experienced laboratories to avoid incon-
clusive or false-normal results.

Many different methods have been used to monitor 
respiratory burst activity. Assays include those that 
monitor chemiluminescence or fl uorescence when super-
oxide is released from activated phagocytes.1054,1055,1113,1114 
One of the simplest and most accurate techniques is the 
nitroblue tetrazolium (NBT) test, in which neutrophils 
in freshly isolated blood are stimulated to undergo a 
respiratory burst in the presence of NBT.1052,1053,1115,1116 
When reduced by electrons donated from superoxide, the 
water-soluble, yellow tetrazolium dye is converted to 
deep blue, insoluble formazan deposits that precipitate 
on any cell that undergoes a respiratory burst. NBT 
reduction can be evaluated quantitatively on cells in sus-
pension1115 or, preferably, by examination of neutrophils 
and monocytes that have adhered to a microscope slide 
(the NBT slide test).1052,1053 As shown in the NBT slide 
test in Figure 21-11, stimulated neutrophils and mono-
cytes are normally strongly stained with NBT formazan 
deposits (panel B). Cells from patients with X910, A220, 
A470, and A670 CGD fail to stain with NBT (an X910 
patient is shown in panel C), whereas patients with 
variant forms of the disease show light staining (an X91− 
patient is shown in panel E). In addition to X91− CGD 
neutrophils, weak staining in the NBT test and a small 
but measurable level of dihydroxyrhodamine 123 (DHR 
123) fl uorescence (see later) can be seen in A470 cells 
and refl ects a small amount of residual oxidant produc-
tion. The NBT slide test can also diagnose the carrier 
states of either X910 or X91− CGD because a mixed 
population of NBT-positive and NBT-negative (or weakly 
NBT stained) cells is observed (Fig. 21-11D and F). 
Failure to detect a mixed population of formazan-stain-
ing cells does not necessarily rule out the X-linked carrier 
state because nonrandom inactivation of cells with the 
mutant X chromosome can occur by chance. A normal 
maternal NBT test may also indicate that there has been 
a de novo mutation in the germline of a parent1074,1098 or 
that the patient has one of the autosomal recessive forms 
of CGD. Intermediate levels of NBT reduction are not 
seen in the phagocytes of autosomal recessive carriers. 
Flow cytometric assays of oxidase activity, such as those 
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based on the conversion of DHR 123 to rhodamine 
123,1113,1114 are increasing in use for the diagnosis of 
CGD and, like the NBT test, provide both quantitative 
measurements of oxidant generation and cell-by-cell dis-
tribution of activity. The DHR 123 assay for neutrophil 
respiratory burst activity is available in many referral 
centers and reference laboratories and can be performed 
on blood collected in heparin and stored overnight.

With the exception of classic X-linked disease in a 
male whose mother is a carrier, determining the specifi c 
oxidase gene affected in a given CGD patient (see Table 
21-15) requires additional studies. Genetic (DNA) testing 
for all four subgroups of CGD is now available commer-
cially. Other assays, available in research laboratories, 
include immunoblot analysis of phox protein expression 
in neutrophil extracts, fl avocytochrome b spectroscopy, 
and functional analysis of membrane and cytosol frac-
tions in the cell-free oxidase assay. In a male with absent 
fl avocytochrome b without clear evidence of a maternal 
carrier, it is necessary to search for the mutation in both 
the gp91phox and p22phox genes by DNA sequencing or 
another method of analysis. Identifi cation of the specifi c 
genetic subgroup of a patient is useful primarily for pur-

poses of genetic counseling and prenatal diagnosis. In 
prenatal testing for suspected X-linked CGD, further 
analysis is not necessary if the fetus is determined to be 
a 46,XX female.

Prognosis and Treatment

The prognosis for patients affl icted with CGD has con-
tinued to improve since the disorder was fi rst described 
in the 1950s, at which time almost all patients died in 
childhood.960-962 In one retrospective review of 38 patients 
monitored between 1964 and 1989, actuarial analysis 
showed a 50% survival rate through the third decade of 
life.1117 In another retrospective study of 48 patients mon-
itored between 1969 and 1985 in Paris, the actuarial 
survival rate was 50% at 10 years of age, with a prolonged 
plateau thereafter.978 Further refi nements in treatment 
and the use of prophylactic antimicrobials, coupled with 
the introduction of IFN-γ therapy, have continued to 
improve the prognosis for CGD.1118,1119 Despite the lack 
of prospective data examining the long-term impact of 
these newer management strategies, it is generally agreed 
that a large majority of patients should survive well into 
their adult years. The overall mortality for all patients 

FIGURE 21-11. Evaluation of chronic 
granulomatous disease (CGD) with the 
nitroblue tetrazolium (NBT) test. Photo-
micrographs are shown of NBT tests per-
formed on normal cells (at rest and after 
stimulation with phorbol myristate acetate 
[PMA]) and on PMA-stimulated cells 
from X910 and X91− CGD patients and 
their mothers (who are carriers). Dense 
formazan crystals are seen in all the 
normal phagocytes after stimulation 
(B) but are absent from resting cells 
(A). The CGD patients are seen to have 
homogeneous populations of cells that 
either do not respond (X910, C) or 
respond only minimally (X91−, E) to 
PMA. In contrast, NBT tests on CGD 
carriers show heterogeneous populations 
of cells that respond either normally or in 
a fashion similar to that of the abnormal 
cells from their offspring (D and F). In 
the case of the maternal carrier shown in 
F, the cells with normal deposits of 
formazan (arrow) are intermixed with 
cells containing minimal amounts of 
formazan (arrowheads) identical to 
those seen in her affected male child 
(E). (Reprinted from Smith RM, Curnutte 
JT. Molecular basis of chronic granulomatous 
disease. Blood. 1991;77:673-686.)
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with CGD in the United States, including adults, was 
estimated to be 5% per year for X-linked CGD and 2% 
per year for autosomal recessive CGD in a recent retro-
spective analysis.957 The most common causes of death 
were pneumonia or sepsis (or both) as a result of infec-
tion with Aspergillus species or B. cepacia.957,980 A single-
institution study involving 76 younger patients reported 
an overall mortality of 1.5% per year.1119 As already 
noted, patients with a defi ciency of p47phox have often 
been noted to exhibit milder disease than those with fl a-
vocytochrome-negative CGD, possibly because of small 
amounts of residual superoxide produced.1050,1120

A multifaceted therapeutic approach has been re -
sponsible for the greatly improved prognosis in CGD. The 
cornerstones of current management include (1) preven-
tion and early treatment of infections; (2) use of prophy-
lactic antibacterial and antifungal therapy; (3) early use of 
parenteral antibiotics, including antifungal drugs, aug-
mented by surgical drainage or resection of recalcitrant 
abscesses; and (4) the use of prophylactic rIFN-γ.

Several approaches can be used to prevent infections. 
Patients with CGD should receive all routine immuniza-
tions (including live virus vaccines) on schedule and an 
infl uenza vaccine yearly. Cuts and skin abrasions should 
be promptly cleaned with soap and water and rinsed with 
a 2% solution of hydrogen peroxide. The frequency and 
severity of rectal infections can be greatly reduced by 
avoiding constipation and soaking early lesions in warm, 
soapy water. Flossing and professional dental cleaning 
can help prevent gingivitis and periodontitis. The risk of 
Aspergillus infection can be decreased by avoiding mari-
juana smoke1121 and decaying plant material (e.g., rotting 
wood, mulch, hay), both of which often contain numer-
ous Aspergillus spores.1122

The prophylactic use of antibiotics for bacterial and 
fungal infections is another important component in the 
management of CGD. Retrospective studies showed that 
chronic prophylaxis with trimethoprim-sulfamethoxazole 
(5 mg/kg/day of trimethoprim given in one or two doses) 
can decrease the number of bacterial infections in patients 
with CGD without increasing rates of fungal infection or 
infection with pathogens resistant to trimethoprim-sulfa-
methoxazole.978,1120 Dicloxacillin (25 to 50 mg/kg/day) 
can be used in sulfa-allergic patients, although there are 
relatively few data documenting its effi cacy. Itraconazole 
is used for prophylaxis against fungal disease. A prospec-
tive study found an incidence of 3.4 Aspergillus infections 
(lung) per 100 patient-years as compared with 11.5 
in a historical control group that did not receive any 
prophylaxis.1123 A subsequent randomized, double-blind, 
placebo-controlled study further documented the effi -
cacy of itraconazole for prophylaxis of fungal infections 
in CGD.1124 Daily itraconazole is therefore now recom-
mended for all CGD patients (200 mg daily if 13 years 
or older or if weighing at least 50 kg or 100 mg daily if 
younger than 13 years or weighing less than 50 kg). Liver 
function tests should be monitored in patients receiving 
itraconazole.

rIFN-γ is another cornerstone of current manage-
ment that reduces the frequency of serious infection in 
patients with CGD.1119,1125-1127 rIFN-γ enhances many 
aspects of normal phagocyte function, including nonoxi-
dative microbial killing. The recommended dose of rIFN-
γ in CGD is 0.05 mg (50 μg)/m2 or 0.0015 mg/kg if less 
than 0.05 m2, given three times a week subcutaneously. 
A multicenter double-blinded, placebo-controlled phase 
III trial fi rst established that rIFN-γ was an effective and 
well-tolerated treatment that reduces the infectious com-
plications of CGD in all four genetic subgroups,1128 a 
result that has continued to be supported by longer 
follow-up phase IV studies.1119,1126,1127 The main conclu-
sions of the original study are summarized in Table 
21-18. Patients receiving rIFN-γ had a 70% reduction in 
the number of serious infections during the study period. 
These benefi cial effects were independent of age, mode 
of inheritance, and concomitant use of prophylactic anti-
biotics. The most common side effects were mild fever, 
headache, and other fl u-like symptoms. No additional 
adverse effects, including any increased incidence of 
chronic infl ammatory complications, have been noted 
with longer periods of prophylactic rIFN-γ (>10 years).1119 
On average, these patients are averaging one serious 
infection per patient every 4 to 5 years.

The benefi cial effect of rIFN-γ in most CGD patients 
is not fully understood but appears to be achieved by 
enhancing nonoxidative antimicrobial pathways and 
other phagocyte functions. For example, administration 
of rIFN-γ to normal volunteers increases expression of 
FcγR1 and enhances phagocytosis.1129 Overall, no differ-
ence was found in neutrophil superoxide production and 
killing of S. aureus in CGD patients receiving either 
rIFN-γ or placebo.1128,1130 However, because rIFN-γ 
increases levels of gp91phox mRNA expression,1131 increased 
superoxide production and bacterial killing can be seen 
in some patients with variant X-linked CGD (see X91− in 
Table 21-15).1131-1134 One site of action of rIFN-γ, at least 
in X91− patients, appears to be granulocyte-monocyte 
precursor cells in the bone marrow.1132,1134

A frequent shortcoming in the treatment of patients 
with CGD is failure to treat potentially serious infections 
promptly or long enough with the appropriate parenteral 
antibiotics. CGD patients do not always have typical 
symptoms and signs, even with serious infections, and 
fever and leukocytosis can be absent. An elevated sedi-
mentation rate is often present and can be very useful 
both as a clue to the presence of signifi cant infection and 
for monitoring the response to therapy.991 Therapy should 
be directed initially at characteristic pathogens. In the 
absence of a diagnostic culture, a broad-spectrum gram-
negative antibiotic effective against B. cepacia should be 
administered in conjunction with a potent antistaphylo-
coccal agent (e.g., a combination of nafcillin and ceftazi-
dime). If the site of infection, the offending pathogen, or 
both are not known and the patient is severely ill and not 
responding to the initial therapy within 24 to 48 hours, 
an aggressive search for the underlying infection should 
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TABLE 21-18  Summary of the Phase III Study Establishing the Effi cacy of Recombinant Interferon-g for Infection 
Prophylaxis in Chronic Granulomatous Disease

Variable

TREATMENT GROUP

P ValueInterferon Placebo

Number of patients 63 65
Patient years on study 52.1 50.9
Age ± SD (yr) 14.3 ± 10.1 15.0 ± 9.6
Number of patients with at least one serious infection 14 (22%) 30 (46%) .0006
Serious infections per patient-year  0.38  1.1
Total number of serious infections 20 56 <.0001
Number of hospital days per patient-year  8.6 28.2

Percentage without Serious Infection*

Age
 <10 yr (52 patients) 81 20
 ≥10 yr (76 patients) 73 34
Inheritance
 X-linked (86 patients) 79 33
 Autosomal (42 patients) 71 39
Prophylactic antibiotics
 Yes (111 patients) 78 33
 No (17 patients) 69 28

The table shows a summary of the fi nal results of a phase III randomized, double-blind, placebo-controlled study in which 128 patients with CGD received either 
recombinant interferon-γ (50 mg/m2 per dose) or placebo by subcutaneous injections three times per week for an average duration of 8.9 months (a controlled trial of 
interferon gamma to prevent infection in chronic granulomatous disease. The International Chronic Granulomatous Disease Cooperative Study Group. N Engl J Med. 
1991;324:509-516). The major end points of the study were time to the fi rst serious infection and the number of such infections. A serious infection was defi ned as an 
event requiring hospitalization and parenteral antibiotics.

*The bottom portion of the table shows the Kaplan-Meier estimates of the cumulative proportion of patients free from serious infections for 12 months (after 
randomization) with adjustment for stratifi cation factors.

be conducted, including bronchoscopy or open biopsy, if 
indicated. In ill patients, therapy for fungi, Nocardia 
species, and B. cepacia may have to be given empirically. 
B. cepacia is notorious for causing persistent fevers fol-
lowed by bloodstream dissemination from the lung or 
other sites that results in sudden septic shock. B. cepacia 
generally responds to ceftazidime or meropenem,995 
which are most effective if given before dissemination 
into the bloodstream. Proven or suspected fungal infec-
tions have been treated with amphotericin B in the past, 
although its use is being replaced with newer azole anti-
fungal agents such as voriconazole.1135-1137 Even when 
appropriate antibiotics are used, infections often respond 
slowly and should generally be treated with an antibiotic 
course that is more prolonged than for a patient with 
normal neutrophil function. Some infections may require 
many months of therapy, particularly Aspergillus, but 
staphylococcal infections as well. Surgical drainage or 
resection can play a key role in the management of 
lymphadenitis, osteomyelitis, and abscesses of the liver, 
lungs, kidney, brain, and rectum. Finally, granulocyte 
transfusions may be helpful in the treatment of recalci-
trant or life-threatening infections.991,1138,1139

Granulomatous infl ammation in the esophagus, 
gastric antrum, and bladder can result in symptoms of 
obstruction, and in the bowel wall, a syndrome resem-
bling infl ammatory bowel disease can occur. These com-
plications can cause considerable morbidity in some 

patients with CGD and are generally managed with a 
combination of antibiotics and steroids.1023,1029,1119,1140-1143 
Although the anti-infl ammatory effects of steroids are 
often benefi cial in this setting, even at low oral doses 
(1 mg/kg/day of prednisone),1143 their use should be care-
fully monitored because of the additional immunosup-
pression associated with them. Cyclosporine has also 
been used to successfully treat a case of intractable gas-
trointestinal disease, although a serious fungal pneumo-
nia secondary to Paecilomyces variotii did develop while 
taking cyclosporine.1025 IFN-γ has had no clear role in 
management of the chronic infl ammatory complications 
of CGD; however, anecdotal reports suggest that it may 
be benefi cial in some patients. A recent study in a mouse 
model of CGD suggested that combining IFN-γ 
with l-kynurenine may be benefi cial in counteracting 
the dysregulated infl ammatory response in CGD.983 
NADPH oxidase–derived superoxide appears to be an 
important cofactor in the oxidative cleavage of trypto-
phan to l-kynurenine by IDO, which is an important 
immunomodulatory pathway that otherwise downregu-
lates infl ammation.983

Allogeneic bone marrow transplantation can be used 
to treat CGD.398,772,1144-1150 Because of the risks associated 
with this procedure, marrow transplantation is generally 
considered only for patients who have frequent and severe 
infections despite aggressive medical management and 
also have a fully HLA-matched sibling donor. Nonmye-
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loablative conditioning regimens for allogeneic trans-
plantation have also been used successfully in CGD, 
including several cases with ongoing fungal infections, 
although graft-versus-host disease can be a signifi cant 
problem in adult patients.1148,1150,1151 Cord blood trans-
plants have been reported as well.1152,1153

Because CGD results from single-gene defects in 
proteins expressed in myeloid cells, this disorder is con-
sidered to be an excellent candidate for gene replacement 
therapy targeted at hematopoietic stem cells. Based on 
the lack of symptoms observed in female carriers of X-
linked CGD with as few as 10% to 20% NBT-positive 
neutrophils, signifi cant clinical benefi t may result even if 
a minority of the phagocyte population is successfully 
corrected.959 Studies of bone marrow transplantation and 
gene therapy in murine CGD have been useful in evalu-
ating the level of correction required to prevent symp-
toms and have generally confi rmed the clinical observations 
in female X-linked CGD carriers and variant X-linked 
CGD.1154-1157 Thus, genetic modifi cation of marrow stem 
cells may be a useful future therapeutic modality for 
CGD if obstacles in achieving safe and effective gene 
delivery can be overcome.771,1030,1158,1159 Early phase I 
clinical trials using retroviral vectors for gene therapy for 
CGD showed “proof of concept” in that oxidase-positive 
peripheral blood neutrophils were detected, though at 
very low levels (<0.5%) and disappearing within 9 
months.771,1160 This was not surprising because patients 
did not receive any preparative regimen and there is no 
intrinsic selection for gene-corrected cells in CGD. A 
subsequent clinical trial in Germany for X-linked CGD 
used a gamma-retroviral vector with a more potent viral 
long terminal repeat driving expression of the X-linked 
CGD protein, as well as partially ablative busulfan con-

ditioning.1161 In the fi rst two patients reported, much 
higher numbers of oxidase-positive neutrophils (20% to 
50%) were seen, along with resolution of chronic infec-
tious complications. However, this high level of correc-
tion resulted from expansion of myeloid precursors that 
harbored vector insertions in genes that are master regu-
lators of myeloid cell growth.1161 Current efforts at gene 
therapy for CGD are focused on the development of 
gamma-retroviral and lentiviral vectors that lack strong 
viral enhancer sequences to reduce the potential for 
insertional mutagenesis as a result of activation of neigh-
boring genes.771,1159

Glucose-6-Phosphate Dehydrogenase 
Defi ciency

The substrate for the respiratory burst oxidase, NADPH, 
is generated by the fi rst two reactions of the hexose 
monophosphate shunt: G6PD (see Fig. 21-7, reaction 8) 
and 6-phosphogluconate dehydrogenase (6PGD). 
Because G6PD is the fi rst enzyme in this pathway, its 
absence results in greatly diminished shunt activity and 
thus a severe decrease in the availability of NADPH. 
Consequently, severe G6PD defi ciency in neutrophils 
results in an attenuated respiratory burst and, in some 
cases, a clinical picture somewhat similar to that observed 
in CGD.1162-1165 The key features of G6PD defi ciency are 
summarized in Table 21-19. The organisms causing infec-
tion in severely defi cient patients are similar to those 
observed in CGD and are predominately catalase-
positive bacteria.

In light of the relatively high frequency of G6PD 
mutations in the American black and Mediterranean 
populations,1166 as well as the fact that leukocyte and 
erythrocyte G6PD is encoded by the same gene, it might 

TABLE 21-19 Summary of Neutrophil Glucose-6-Phosphate Dehydrogenase Defi ciency

Incidence Extremely rare
Inheritance X-linked
Molecular defect Poorly characterized family of mutations that cause CNSHA in erythrocytes and functional 

failure of G6PD in neutrophils (possibly kinetic mutants); other rare mutants may also be 
responsible

Pathogenesis Severe functional failure of neutrophil G6PD (<5% of normal) leading to an extremely low 
steady-state concentration of NADPH, which serves as the substrate for NADPH oxidase

Clinical manifestations CNSHA (hemolytic anemia that occurs even in the absence of redox stress)
CGD-like syndrome with recurrent bacterial infections

Laboratory evaluation Neutrophil C6PD activity < 5% of normal
Severely diminished respiratory burst and abnormal nitroblue tetrazolium test
Associated CNSHA with elevated reticulocyte count and diminished erythrocyte G6PD activity

Differential diagnosis CGD
Glutathione reductase or synthetase defi ciency

Therapy Prophylactic trimethoprim-sulfamethoxazole
Aggressive use of parenteral antibiotics
Transfusion support for severe anemia

Prognosis Not clear because too few patients have been reported
May be as severe as CGD

CGD, chronic granulomatous disease; CNSHA, congenital nonspherocytic hemolytic anemia; G6PD, glucose-6-phosphate dehydrogenase; NADPH, reduced 
nicotinamide adenine dinucleotide phosphate.

Reprinted from Curnutte JT. Disorders of phagocyte function. In Hoffman R, Benz EF, Shattil S, et al (eds). Hematology: Basic Principles and Practice. New 
York, Churchill Livingstone, 1991, p 577.
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be expected that clinically signifi cant neutrophil G6PD 
defi ciency would occur more often than it does (fewer 
than 10 cases have been reported in the literature). One 
of the reasons that it does not is that neutrophils must 
have a severe defi ciency (<5% of normal G6PD levels) 
before respiratory burst function is adversely affected. 
Even low levels of G6PD are apparently suffi cient to 
recycle NADP+ back to NADPH at a rate that permits 
reasonable levels of respiratory burst activity. Further-
more, studies on patients with variant CGD indicate that 
surprisingly low levels of respiratory burst activity (5% 
to 10% of normal) can still provide adequate protection 
against microbial infection (see earlier). Therefore, clini-
cally signifi cant decreases in levels of neutrophil G6PD 
are rarely encountered. In most types of G6PD defi -
ciency, neutrophil levels are in the range of 20% to 75% 
of normal.1167,1168 Because most G6PD mutations cause 
the enzyme to decay over a period of days and weeks, 
levels in the short-lived neutrophil do not usually become 
critically low, even in some of the more unstable G6PD 
variants. Hence, it appears that only a rare (and poorly 
understood) group of mutations cause extremely low 
levels of G6PD in neutrophils.

The diagnosis of G6PD defi ciency should be con-
sidered in any patient with congenital nonspherocytic 
hemolytic anemia (CNSHA) in whom the erythrocyte 
G6PD level is unusually low or the frequency of infec-
tions is high. The diagnosis is established by measuring 
the level of G6PD activity in neutrophil homogenates. 
Though not necessary for the diagnosis, neutrophil func-
tion tests show a diminished respiratory burst (5% to 
30% of normal).1164,1169 Treatment of neutrophil G6PD 
defi ciency is similar to that of CGD except that effi cacy 
of rIFN-γ has not been demonstrated in the former. In 
general, G6PD defi ciency appears to be somewhat milder 
than CGD, although recurrent pneumonia and a fatal 
infection with C. violaceum have been described.1164,1169

Myeloperoxidase Defi ciency

MPO defi ciency is the most common inherited disorder 
of phagocytes but is rarely associated with clinical symp-
toms. Although only 17 known cases had been collected 
up to 1979, the diagnosis is now easily made with the 
widespread use of automated fl ow cytochemistry in clini-
cal hematology laboratories to enumerate peripheral 
blood neutrophils with peroxidase activity. In the United 
States and Europe, complete defi ciency is seen in approx-
imately 1 in 4000 individuals, and partial defi ciencies 
occur in 1 in 2000 people, whereas MPO defi ciency is 
uncommon in Japan.1170-1172 MPO defi ciency is seen in 
neutrophils and monocytes. Peroxidase levels in eosino-
phils, on the other hand, are normal because eosinophil 
peroxidase is encoded by a different gene.

MPO plays a pivotal role in amplifying the toxicity 
of hydrogen peroxide generated by the respiratory burst, 
and it catalyzes the formation of HOCl from chloride and 
hydrogen peroxide (see Fig. 21-7, reaction 4).303,1171 
HOCl, in turn, reacts with a variety of primary and sec-

ondary amines to form chloramines, some of which can 
be toxic.233 Moreover, HOCl is capable of activating 
latent metalloproteinases. Based on these considerations, 
one would expect that severe MPO defi ciency should 
attenuate important antimicrobial reactions catalyzed by 
HOCl. MPO-defi cient mice have impaired host defense 
against Candida and Klebsiella.1173,1174 Neutrophils from 
MPO-defi cient patients show markedly abnormal in vitro 
killing of C. albicans and hyphal forms of A. fumiga-
tus.1171,1172 Curiously, however, these abnormalities are 
rarely refl ected in an increased incidence of infection in 
patients, except for rare individuals who also suffer from 
diabetes mellitus.1170,1172 In these individuals, dissemi-
nated candidiasis can be seen (Table 21-20). Several 
studies have suggested that MPO defi ciency may also 
be associated with an increased susceptibility to 
malignancy.1170,1175,1176

Congenital MPO defi ciency is inherited in an auto-
somal recessive manner,1171,1172 and variable expression 
of the defect has been reported.1176 The gene for MPO 
has been localized to the long arm of chromosome 17 at 
position q22-q23 near the breakpoint for the 15;17 trans-
location of promyelocytic leukemia.1177,1178 The primary 
translation product is a 80-kd protein that undergoes 
cotranslational glycosylation and subsequent proteolytic 
cleavage to heavy and light chains, which oligomerize to 
form a tetramer composed of two heavy and two light 
chains.1171 The molecular basis of congenital MPO defi -
ciency refl ects defects affecting MPO processing and 
heme incorporation. A variety of mutations have been 
reported.1171 One common cause of complete absence of 
immunoreactive MPO is a point mutation that results in 
an arginine-to-tryptophan substitution at codon 569 
(R569W).1179,1180 The R569W mutation results in matu-
ration arrest of the MPO apoprotein, which fails to incor-
porate heme.1181

In addition to inherited MPO defi ciency, secondary 
or acquired MPO defi ciency can occur. MPO-defi cient 
cells can be seen in the M2, M3, and M4 forms of AML, 
as well as in approximately 25% of patients with MDS 
and CML.1182,1183 Other clinical situations in which sec-
ondary MPO defi ciency can occur include pregnancy, 
iron defi ciency, lead poisoning, ceroid lipofuscinosis, and 
Hodgkin’s disease.1170

There are several possible reasons for the surpris-
ingly mild clinical phenotype of MPO defi ciency. First, 
neutrophils contain such a large amount of MPO that 
appreciable levels may be left in the cell even in cases of 
severe defi ciency. These residual stores, coupled with 
normal levels of eosinophil peroxidase, may provide at 
least some degree of peroxidative activity at sites of infec-
tion. Second, the respiratory burst in MPO-defi cient 
neutrophils is substantially augmented in terms of veloc-
ity and duration.1184,1185 This may be due to the enhanced 
stability of the respiratory burst oxidase made possible 
by the absence of HOCl, which normally inactivates the 
oxidase.1186 Finally, other oxidants produced by the respi-
ratory burst may work together with the various granule 
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antimicrobial proteins to provide suffi cient protection 
against most microorganisms.

Given the mild clinical nature of MPO defi ciency, no 
treatment is generally required. When they occur, infec-
tions are treated as in normal individuals. It is important 
for the clinician to be aware of the increased risk for 
Candida infections in MPO-defi cient patients and to treat 
them aggressively when they do occur.

Disorders of Glutathione Metabolism

As shown in Figure 21-7 (reaction 6), glutathione per-
oxidase protects neutrophil proteins (including NADPH 
oxidase) from the harmful effects of the hydrogen perox-
ide generated in the course of the respiratory burst by 
degrading it to water. The reducing equivalents for this 
reaction are carried by the reduced form of glutathione 
(GSH), intracellular levels of which are maintained by 
recycling oxidized glutathione (GSSG) back to GSH by 
means of glutathione reductase (Fig. 21-7, reaction 7). 
Glutathione levels are also maintained through de novo 
synthesis catalyzed by glutathione synthetase (Fig. 21-7, 
reaction 9). Severe defi ciencies of glutathione reductase 
and glutathione synthetase in neutrophils have been 
reported and found to cause moderately severe abnor-
malities in the respiratory burst.1187-1191 The key features 
of each of these extremely rare disorders are summarized 
in Table 21-21.

Glutathione reductase defi ciency has been reported 
in one family in which three siblings were found to have 
a marked defi ciency of this enzyme in their neutrophils 
(10% to 15% of normal).1187,1189 The inheritance appeared 

to be autosomal recessive inasmuch as the parents of the 
children were fi rst cousins and their neutrophils con-
tained 50% of the normal levels of glutathione reductase. 
The mutation responsible for the enzyme defi ciency in 
this family has not been reported yet. It is known that 
the gene for glutathione reductase is located on chromo-
some 8 at position p21.1.1192

Clinically, none of the affected patients showed signs 
of increased infection. Their erythrocytes were also defi -
cient in glutathione reductase and therefore were prone 
to hemolysis in the face of oxidant stress. Two siblings 
did suffer from juvenile cataracts and deafness. In vitro 
studies of neutrophil function were normal except for 
premature termination of the respiratory burst after 
about 5 minutes.1187 The probable reason for this defect 
is that NADPH oxidase is inactivated by products of the 
MPO reaction.1186 If glutathione reductase is defi cient, 
the neutrophils cannot maintain a level of GSH suffi cient 
to detoxify hydrogen peroxide. After several minutes of 
the respiratory burst, toxic levels of hydrogen peroxide 
accumulate and lead to deactivation of the oxidase. This 
explanation is supported by experiments showing that 
glutathione reductase–defi cient neutrophils pre-exposed 
to exogenous hydrogen peroxide fail to undergo even an 
abbreviated respiratory burst. One important insight 
gained from the study of these patients is that only a brief 
respiratory burst appears to be necessary for adequate 
microbial killing.

The diagnosis of glutathione reductase defi ciency is 
made by measuring levels of this enzyme in neutrophil 
homogenates. The fi nding of a truncated respiratory 

TABLE 21-20 Summary of Myeloperoxidase Defi ciency

Incidence 1 in 2000 (partial defi ciency)
1 in 4000 (total defi ciency)

Inheritance Autosomal recessive with variable expression; myeloperoxidase gene on chromosome 17 at 
q22-q23

Molecular defect Defective post-translational processing of an abnormal myeloperoxidase precursor polypeptide 
because of a variety of mutations; eosinophil peroxidase encoded by different gene, and levels 
normal

Pathogenesis Partial or complete myeloperoxidase defi ciency leads to diminished production of HOCl and 
HOCl-derived chloramines; myeloperoxidase products are necessary for rapid killing of 
microbes (especially Candida) but not absolutely required

Clinical manifestations Usually clinically silent
Rarely disseminated candidiasis/fungal disease (usually in conjunction with diabetes mellitus)
May be increased risk of malignancy

Laboratory fi ndings Defi ciency of neutrophil/monocyte peroxidase by histochemical analysis (eosinophil peroxidase 
normal)

Delayed, but eventually normal killing of bacteria in vitro
Failure to kill Candida albicans and hyphal forms of Aspergillus fumigatus in vitro

Differential diagnosis Acquired partial myeloperoxidase defi ciency seen in acute myelocytic leukemia (M2, M3, and 
M4), myelodysplastic syndromes, iron defi ciency, or pregnancy

Therapy None in asymptomatic patients
Aggressive treatment of fungal infections when they occur
Control of blood glucose levels in diabetes

Prognosis Usually excellent

Modifi ed from Curnutte JT. Disorders of phagocyte function. In Hoffman R, Benz EJ, Shattil S, et al (eds). Hematology: Basic Principles and Practice. New York, 
Churchill Livingstone, 1991, p 578.
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TABLE 21-21 Disorders of Glutathione Metabolism

Disease Aspect Glutathione Reductase Defi ciency Glutathione Synthetase Defi ciency

Incidence One family, three siblings Several reported cases
Inheritance Autosomal recessive Autosomal recessive
Molecular defect Diminished glutathione reductase levels 

in neutrophils (10-15% of normal) and 
erythrocytes; mutation not known

Severe defi ciency of glutathione synthetase activity 
(5-10% of normal); mutation(s) not know

Pathogenesis Brief respiratory burst truncated by 
toxic accumulation of H2O2 by 
glutathione

Same as with glutathione reductase defi ciency 
except that the respiratory burst is normal; 
elevated 5-oxoproline levels because of lack of 
feedback inhibition by glutathione

Clinical manifestations No history of repeated infection
Hemolysis with oxidant stress

Metabolic acidosis caused by elevated 5-oxoproline
Otitis media
Intermittent neutropenia
Hemolysis with oxidant stress
Severe decrease in glutathione synthetase level

Laboratory evaluation Glutathione reductase level diminished Normal respiratory burst
Differential diagnosis Premature cessation of O2

− production 
by neutrophils

Chronic granulomatous disease
Glucose-6-phosphate dehydrogenase 
defi ciency

Glutathione reductase defi ciency

Therapy None required Vitamin E for hemolysis and infections
Treatment of metabolic acidosis

Prognosis Benign disorder Relatively benign disorder

Reprinted with permission from Curnutte JT. Disorders of phagocyte function. In Hoffman R, Benz EJ, Shattil S, et al (eds). Hematology: Basic Principles and 
Practice. New York, Churchill Livingstone, 1991, p 578.

burst provides supporting evidence, although a similar 
abnormality can be seen in G6PD defi ciency. No therapy 
is required, but avoiding foods and drugs containing 
potent oxidants will decrease the chance of depleting 
intracellular glutathione.

Several forms of congenital glutathione synthetase 
defi ciency have been described, all of which are inherited 
in an autosomal recessive fashion. Specifi c mutations 
have not been reported. Only in cases in which glutathi-
one synthetase activity is severely defi cient in neutrophils 
(5% to 10% of normal) is a phagocytic abnormality 
detected.1188,1190,1191 In contrast to glutathione reductase 
defi ciency, neutrophils defi cient in glutathione synthetase 
have a normal respiratory burst.1188,1191 For reasons that 
are uncertain, in vitro bacterial killing is decreased. 
Despite this in vitro microbicidal defect, patients with 
glutathione synthetase defi ciency have only a relatively 
mild problem resolving infections. They do suffer from a 
severe metabolic acidosis resulting from elevated levels of 
5-oxoproline, a metabolite formed in one of the early 
steps in the pathway of glutathione synthesis. This acido-
sis may be responsible for the intermittent neutropenia 
observed in glutathione synthetase–defi cient patients.1188 
Because these patients’ erythrocytes are also defi cient in 
glutathione synthetase, a hemolytic anemia brought on 
by oxidant stress is seen. Therapy with vitamin E (400 IU/
day) has been found to be benefi cial in patients who 
suffer from hemolysis and infection.1188

Glutathione peroxidase (see Fig. 21-7, reaction 6) 
was found to be decreased to levels 25% of normal in 
three unrelated patients with a clinical syndrome resem-

bling CGD.1193,1194 Although this enzyme plays an impor-
tant role in removing hydrogen peroxide, it has not been 
established whether the degree of defi ciency seen in these 
patients is suffi cient to cause functional abnormalities in 
neutrophils. Two of the affected kindreds have recently 
been restudied, and a severe defi ciency of the respiratory 
burst oxidase fl avocytochrome b has been identifi ed in 
affected members of each.1060 It thus appears that in 
at least two of these previously reported cases, CGD is 
the underlying problem, not glutathione peroxidase 
defi ciency.

Disorders of Cytokines and Impaired 
Phagocyte Function

Inherited defects in the production and response to 
infl ammatory cytokines by phagocytes or other cells of 
the immune system can be manifested as recurrent infec-
tions.737 All of these disorders are rare. In addition to the 
disorders described later in this section, HIES is also due 
to defects in cytokine signaling. Sporadic and autosomal 
dominant cases of HIES result from mutations in STAT3, 
and autosomal aggressive HIES can result from defects 
in Tyk2, a JAK kinase family member.818,825,826 HIES is 
discussed earlier in this chapter.

Defects in a group of genes regulating the production 
and macrophage response to IFN-γ are associated with 
recurrent and severe atypical mycobacterial infections, as 
well as Salmonella and viral infections in some sub-
groups.737,1195-1197 The phenotype of this group of dis-
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orders is also referred to as mendelian susceptibility to 
mycobacterial diseases (MSMD). The distinctive and 
limited spectrum of infections in affected patients results 
from defects in the IFN-γ pathway. IFN-γ is secreted by 
NK and T cells in response to IL-12 and IL-23 released 
by macrophages and dendritic cells. Some patients have 
autosomal recessive mutations in the p40 subunit of the 
IL-12 and IL-23 cytokines that lead to decreased expres-
sion of these cytokines, and another subgroup of patients 
have mutations in the β1 subunit of the receptor for IL-
12 and IL-23; in both these groups, levels of IFN-γ are 
abnormally low. Other patients have autosomal recessive 
mutations affecting the IFN-γ receptor that lead to either 

loss of receptor expression or complete or partial loss of 
IFN-γ binding. Dominant IFN-γ receptor mutations 
resulting in partial IFN-γ receptor defi ciency are also 
described. The phenotype is milder in patients with 
partial defects. Very rarely, patients have partial or com-
plete defi ciency of the STAT1 protein, which is critical 
for transduction of IFN-γ–mediated signals.

Recurrent pyogenic infections are characteristic of a 
group of genetic disorders involving the NF-κB signaling 
pathway. Included in this group are patients with auto-
somal recessive mutations in interleukin-1 receptor–
associated kinase-4 (IRAK-4), a kinase in the Toll and 
IL-1 receptor signaling pathway.737,1198,1199 Affected chil-

1. Initial evaluation:

     History, physical exam
     Family history
     Leukocyte, platelet,
          reticulocyte, and
          differential counts
     Leukocyte morphology
     Cultures

2. Ig/Complement workup:

     Quantitative
          immunoglobulins
     Serum IgE level
     C3, C4, CH50

3. Phagocyte evaluation

    Nitroblue tetrazolium
      (NBT) test or DHR
    assay for superoxide

    Flow cytometry to
      measure CD11/CD18
      surface glycoproteins

    Myeloperoxidase stain

    Chemotaxis

If normal

If normal

Consider cyclic
neutropenia missed
on initial neutrophil
counts

Consider neutrophil
G6PD deficiency,
McCleod’s syndrome
with chronic granulomatous
disease

CD11/CD18
glycoprotein deficiency
(LAD 1)

Absent or markedly

decreased CD11/CD18

Primary disorder of
phagocyte: specific
granule CD11/CD18
deficiency,Chédiak-Higashi
syndrome, neutrophil
actin dysfunction

Hyper-IgE
syndrome

Nonimmunologic
defect in host defense

Neutropenia workup

Wiskott-Aldrich
syndrome

Functional asplenia

IgE >2500 IU/mL

Abnormal chemotaxis

Anatomic or

obstructive defect

Neutrophil

count <1500

Thrombocytopenia

Eczema

Howell-Jolly

bodies

Chédiak-Higashi
syndrome (also check
bone marrow cells)

Abnormal granules

Partial albinism

Hemolytic

anemia

Consider specific
granule deficiency
(confirm with
electron microscopy)

Abnormal granules

Pelger-Huët anomaly

Hypogammaglobulinemia
syndromes

Decreased

immunoglobulins

Hypocomplementemia
syndromes

Consider T lymphocyte
disorder (T-cell counts,
HIV testing, in vitro
lymphocyte stimulation,
skin testing), cytokine
signaling disorders
(interferon-γ, NF-κB)

Decreased

complement

Chronic granulomatous
disease

Decreased or

absent superoxide

Myeloperoxidase
deficiency

Myeloperoxidase

absent

LAD II or III
Normal CD11/CD18

with neutrophilia

FIGURE 21-12. Algorithm for the workup of a patient with recurrent infections. The various tests are described in the appropriate sections of 
the chapter. G6PD, glucose-6-phosphate dehydrogenase; HIV, human immunodefi ciency syndrome; Ig, immunoglobulin; LAD, leukocyte adhesion 
defi ciency; NBT, nitroblue tetrazolium; O2

−, superoxide. Units for the neutrophil count (box 1) are neutrophils/mm3. (Adapted with permission from 
Lehrer RI, Ganz T, Selsted ME, et al. Neutrophils and host defense. Ann Intern Med. 1988;109:127-142.)
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dren have recurrent and sometimes fatal infections with 
S. pneumoniae and S. aureus, along with low or absent 
fever and infl ammatory responses. Patients with the syn-
drome of anhidrotic ectodermal dysplasia with immuno-
defi ciency (EDA-ID) have either X-linked recessive 
mutations in the gene encoding NEMO, a regulatory 
protein that activates NF-κB, or much less commonly, 
an autosomal dominant defect in IκBA, an NF-κB inhibi-
tor. In addition to widely spaced abnormal teeth, hypo-
hidrosis, and hypotrichosis, children with EDA-ID have 
recurrent pyogenic infections with a minimal systemic 
infl ammatory response, and opportunistic infections with 
atypical mycobacteria, viruses, or Pneumocystis carinii can 
also develop.

Evaluation of Patients with 
Recurrent Infections

Patients with recurrent infections can be a diagnostic 
challenge. Many of the phagocyte disorders have similar 
clinical manifestations, which can overlap those seen in 
inherited or acquired disorders of lymphocyte function. 
Furthermore, the majority of patients with recurrent 
infections do not have an identifi able granulocyte or 
monocyte defect. Given this low yield and the lack of 
ability to characterize many aspects of phagocyte func-
tion in routine laboratory studies, physicians are faced 
with the diffi cult question of which patients merit a com-
plete evaluation. Those who have at least one of the fol-
lowing clinical features are more likely to have a phagocyte 
defect: (1) an unusually high frequency of bacterial and 
fungal infections, (2) the presence of an infection at an 
unusual site (e.g., a hepatic or brain abscess), (3) infec-
tions with atypical pathogens (e.g., Aspergillus pneumo-
nia, disseminated candidiasis, lymphadenitis secondary 
to Serratia or Klebsiella, disseminated mycobacterial 
infection), (4) infections of exceptional severity, and 
(5) childhood periodontal disease. Certain other clinical 
fi ndings can also be helpful. For example, a child with 
nystagmus, fair skin, and recurrent staphylococcal infec-
tions should be evaluated for CHS, whereas an infant 
with neutrophilia, bacterial infections, and delayed sepa-
ration of the umbilical cord should be tested for LAD. 
Once the physician has decided that a phagocyte evalua-
tion is warranted, the algorithm presented in Figure 
21-12 may be helpful in organizing the workup. When 
coupled with a thorough clinical history and physical 
examination, the laboratory tests outlined in Figure 
21-12 should help the physician establish the diagnosis 
and formulate an appropriate therapeutic plan.
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The immune system is a complex network of cells that 
serve to discriminate “self” from “nonself,” that is, to 
recognize one cell as one’s own and another cell as foreign 
or infected. This capacity helps protect the organism 
from infection by foreign pathogens (bacteria, viruses, 
and parasites) and from malignant degeneration. In addi-
tion, the cells involved in the immune response mediate 
rejection of foreign allografts. Although immune cells 
recognize and respond to all manner of foreign elements, 
at the same time they must not respond inappropriately 
to self-antigen. Education of immune cells results in a 
state of immunologic tolerance, that is, the absence of 
destructive antiself immune responses. Failure of self 
versus nonself discrimination, or failure of immunologic 
tolerance, may result in autoimmunity.

Whereas collectively a number of different kinds of 
cells are involved in the response to infection, the cells 
involved in mediating adaptive immunity are lympho-
cytes (Table 22-1). The adaptive immune response is 
broadly classifi ed into two categories: (1) humoral immu-
nity, mediated by antibodies produced by B lymphocytes 
and their progeny; and (2) cell-mediated immunity, 
dependent on cell-cell interactions and mediated by T 
lymphocytes. Both T and B lymphocytes are derived from 
early hematopoietic stem cells (HSCs) and are distin-
guished not by morphology but by rearrangement of their 
antigen-specifi c receptors, by function, and by the expres-
sion of different cell surface molecules. In addition to 
adaptive immunity, natural or innate immune mecha-
nisms also work to defend an individual from pathogens 
(see Table 22-1). Natural killer (NK) cells, also derived 
from bone marrow progenitors, serve as principal com-
ponents of innate immunity and are discussed briefl y 
later in this chapter. In addition, polymorphonuclear 
leukocytes (neutrophils), eosinophils, macrophages, and 
other myeloid cells are important components of the 
body’s early defense against microorganisms and are dis-
cussed in Chapter 21.

The acquired or adaptive immune response is medi-
ated in large part by the recognition of a variety of cell 
surface proteins encoded by genes of the major histocom-
patibility complex (MHC). The MHC, located in the 
human genome on the short arm of chromosome 6, 
encodes two classes of proteins, MHC class I and MHC 
class II, that are highly polymorphic within the popula-
tion and involved in the immune response. In humans, 
these genes are termed human leukocyte antigens (HLA 

class I and HLA class II), as defi ned further later. In 
addition to HLA determinants, the MHC also encodes 
several secreted proteins of the complement system, 
selected immune modulators such as tumor necrosis 
factor (TNF), and specifi c proteins required for proper 
processing of antigen.

In addition to self-nonself discrimination, the adap-
tive immune response is further characterized by immu-
nologic specifi city and by memory. Acquired resistance 
to one antigen does not confer resistance to another 
unrelated (non–cross-reactive) antigen. The immune 
response must be capable of eliminating a foreign patho-
gen and developing mechanisms so that a second expo-
sure to the same agent results not in worse disease but 
in more rapid elimination of the foreign agent. Cells 
previously exposed to and specifi c for one foreign protein 
or antigen respond more rapidly and more effectively 
to subsequent exposure to that same antigen, thereby 
leading to an anamnestic or secondary immune response. 
The immune response is highly regulated; cooperativity 
between different cellular elements and between cells and 
soluble mediators leads to modulation (i.e., amplifi cation 
or suppression) of the immune response.

Technical advances, including single-cell cloning, 
monoclonal antibody production, generation of trans-
genic and knockout animals, and sequencing of the 
genome, have led to a veritable explosion in the number 
of cell surface proteins, cytokines, and chemokines dis-
covered. The nomenclature has evolved and can be con-
fusing. Cell surface proteins are generally named by a 
cluster of differentiation (CD) assignment; the website 
http://mpr.nci.nih.gov/prow/ is continuously updated 
with an annotated description of each CD and links to 
other relevant sites. Interleukins, the name given to 
soluble factors secreted by leukocytes or that act on leu-
kocytes, or both, are named by the International Union 
of Immunologic Societies and can be found along with 
their receptors at http://www.genenames.org/genefamily/
il.php. This chapter will focus on specifi c or acquired 
immunity and principally on the differentiation and func-
tion of B and T lymphocytes.

LYMPHOCYTE DEVELOPMENT

All B cells, T cells, and NK cells derive from pluripotent 
HSCs that arise fi rst in fetal liver and then postnatally in 

TABLE 22-1 Innate versus Acquired Immunity

Innate Immunity Acquired Immunity

Specifi city Nonself Random (in the context of self)
Effector cell type Polymorphonuclear leukocytes (PMNs, 

neutrophils), natural killer cells, macrophages, 
eosinophils, etc.

Lymphocytes: B and T cells

Cell surface receptors Germline Rearranged
Distribution Nonclonal Clonal
Kinetics of the initial response Rapid and immediate Slow
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the bone marrow. HSCs differentiate in the bone marrow 
and migrate to the appropriate lymphoid organs. These 
HSCs express cell surface CD34, a heavily glycosylated 
protein of 105 to 120 kd.1 Although CD34 serves as a 
marker for hematopoietic progenitors, its expression is 
not limited to these cells alone. CD34 is also expressed 
on early lymphoid (but not pluripotent) progenitors, 
endothelial cells in small vessels, some embryonic fi bro-
blasts, and some cells in the nervous system.2 CD34 may 
be involved in cell-cell adhesion3 and may be important 
for inhibition of hematopoietic differentiation.4 CD34+ 
hematopoietic precursors give rise to both myeloid and 
lymphoid early progenitors. Early myeloid differentiation 
derives from common myeloid progenitors (CMPs), 
which can give rise to common granulocyte/monocyte 
precursors (GMPs) or megakaryocyte/erythroid precur-
sors (MEPs). The common lymphoid progenitor (CLP) 
differentiates into cells of the T (and NK) and B lineage. 
Dendritic cells can be generated in vitro from CD34+ 
bone marrow cells exposed to certain cytokines, but the 
relevant in vivo precursor population remains controver-
sial,5 with the most recent data showing that CLP, CMP, 
and GMP all contain dendritic cell potential.6-8 T-
lymphocyte differentiation occurs largely in the thymus 
and is discussed in detail later. B-cell maturation occurs 
in the bone marrow and peripheral lymphoid organs.

Naïve B and T cells released into the peripheral 
blood have exquisite specifi city. These resting B and T 
cells circulate in a quiescent state and function only after 
encountering cognate antigen (i.e., the specifi c substance 
that the lymphocyte recognizes). Recognition of antigen 
alone is generally insuffi cient to trigger lymphocyte acti-
vation; both B and T cells require other so-called costim-
ulatory signals, in the form of cell surface receptor 
engagement or soluble factors, for effector function. Rec-
ognition of antigen by T cells and the costimulatory 

signals for both B and T cells are typically mediated by 
accessory cells of the innate immune system termed 
antigen-presenting cells (APCs). Lymphocytes activated 
by specifi c antigen in the appropriate costimulatory 
context proliferate and mature into effector cells, a 
portion of which eventually differentiate into long-lived 
memory cells. The specifi cs of peripheral maturation, 
costimulation, and function of B and T cells are detailed 
in later sections.

LYMPHOCYTE SPECIFICITY

Immunologic specifi city is conferred by antigen-specifi c 
receptors expressed on the surface of B and T lympho-
cytes and by specifi c antibodies (immunoglobulins [Igs]) 
secreted by B cells and plasma cells (Fig. 22-1). Individ-
ual lymphocytes have only one specifi c antigen to which 
it can respond. Each T cell expresses a unique T-cell 
receptor (TCR) and each B cell a unique Ig that can 
either be displayed on the surface (B-cell receptor [BCR]) 
or be secreted. The membrane BCR and secreted Ig of 
the B cell interact with epitopes expressed by naïve anti-
gens, largely protein and nonprotein antigens such as 
complex epitopes of glycoproteins, lipids, and nucleic 
acids. Unlike Ig, the TCR recognizes small (9 to 20 
amino acids) processed oligopeptides bound within the 
cleft of an MHC molecule on the surface of an accessory 
cell termed an APC. Dendritic cells, B cells, monocytes/
macrophages, epithelial Langerhans cells, and in humans, 
endothelial cells function effi ciently as APCs. These 
APCs bear costimulatory molecules on their cell surface 
(see later), secrete cytokines, and process antigen; it is 
the complex formed between the processed peptide frag-
ment of antigen and MHC proteins that interacts with 
the TCR. Exposure to antigen induces activation of only 

Antigen-specific
receptor

Surface signaling
molecules

Surface molecules

Principal site of
development

Effector function

B lymphocyte T lymphocyte

Surface immunoglobulin
(lgM, lgD)

CD19, CD22, FcR

Bone marrow

Humoral immunity:
antibody secretion

lg-α, lg-β

T cell receptor (αβ or γδ)

CD3, ζ family

CD4, CD8, CD2, CD28

Thymus

Cell-mediated immunity:
cytokine production, cytolysis
regulatory role

FIGURE 22-1. Characteristics of B 
and T lymphocytes. Both B and T lym-
phocytes have rearranged immune 
system receptors. Immunoglobulin (Ig) 
molecules are expressed on the surface 
of cells, whereas T cells are character-
ized by expression of the clonotypic T-
cell receptor complexed to CD3 chains. 
Other important differences are listed.
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lymphocytes that bear Ig receptors or TCRs specifi c for 
that antigen. Any individual, however, has approximately 
107 different T-cell and 107 to 109 different B-cell speci-
fi cities. It is this clonal variability and diversity of the 
lymphocyte repertoire that maintain effective protection 
against foreign invasion.

B-CELL ONTOGENY

The fi rst phase of B-cell maturation occurs in the bone 
marrow, where HSCs committed to B-lymphoid lineage 
develop into immature IgM+ IgD− B cells. The immature 
B cells exit the bone marrow, circulate in peripheral 
tissues, and mature further (Fig. 22-2). The most critical 
steps in B-cell development at this stage involve the 
expression of Ig molecules on the surface as BCR, whose 
specifi city is the same as the antibody that will ultimately 
be secreted by activated mature B-cell progeny. The 
diversity of the B-cell repertoire is due in large part to 
random rearrangement of multiple germline genes for Ig 
that are spliced to encode a unique Ig molecule for each 
cell. Highly regulated checkpoints ensure that only B 
cells that successfully rearrange Ig genes are selected for 
survival.9-11 Elimination of B cells whose receptors have 
high affi nity for self-antigens is important to prevent 
autoreactivity. Finally, immature B cells released from the 
bone marrow complete their development in the spleen 
and differentiate into at least two distinct lineages of 
mature naïve B cells: follicular B cells and marginal-zone 
B cells.

Immunoglobulin Structure

The structures of antibody molecules all share remark-
able conservation of secondary conformation. The Ig-like 
fold is a domain shared among diverse proteins, each 
with signature hydrophobic common cores and common 
disulfi de bridges. The antibody molecule is the prototype 
member of the Ig supergene family, a group that includes 
not only Ig but also TCR, the MHC, and a number of 
costimulatory molecules. Each Ig molecule is composed 
of two light chains of approximately 25 kd and two heavy 
chains of approximately 50 or 70 kd (Fig. 22-3); each 
chain is composed of multiple Ig domains. B-cell anti-
bodies can be subdivided by heavy-chain isotype and 
further subdivided by subclass (Table 22-2).

There are fi ve classes of antibodies—IgM, IgG, IgA, 
IgD, and IgE—defi ned by expression of the heavy chain: 
μ, γ, α, δ, and ε. The Ig heavy chains contain sites for 
binding of Fc receptor (FcR) and complement, and each 
subtype appears to have a particular role in immune 
defense. The fi rst class of antibody to be produced during 
development is IgM, which is expressed on the surface 
as a monomer and secreted as a pentamer. B cells that 
have undergone class switching (see later) express IgG, 
IgA, IgD, or IgE on the surface as the BCR or secrete 
a splice form of the Ig with the same heavy-chain 
isotype and specifi city but lacking a transmembrane 
region (or both). The function of IgD in humans is 
not clear, although its expression is a marker for later 
B-cell development. IgA is secreted as a dimer and is 
found at mucosal surfaces such as the intestine. The bulk 
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FIGURE 22-2. Overview of B-cell devel-
opment. Pro-B cells develop from plu-
ripotent hematopoietic stem cells (HSC) 
in bone marrow and acquire cell surface 
markers such as the pan-B-cell marker 
CD19, CD10, and terminal deoxynucle-
otidyl transferase (TdT). Serial rear-
rangement of the heavy and light chain 
loci drives expression of fi rst the pre-B-
cell receptor (pre-BCR) and later the B-
cell receptor or surface IgM (sIgM). 
Downregulation of early markers at the 
pre-B stage gives way to expression of 
markers of immature and mature B cells, 
such as CD20, CD21, and CD22. Activa-
tion of the B cell with appropriate T-cell 
help leads to isotype switching and the 
expression of either IgA, IgG, or IgE. 
Switched B cells that form memory cells 
are characterized by expression of CD27 
and downregulation of IgD, whereas acti-
vated B cells that proceed to the plasma 
cell stage lose most B-cell markers, 
upregulate CD38 and CD138, and 
secrete high levels of soluble specifi c 
antibody.
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FIGURE 22-3. Diagrammatic representation 
of the immunoglobulin (Ig) molecule. The Ig 
molecule has two light chains of approximately 
25 kd, each with two Ig domains (CL and VL), 
and two heavy chains of 50 to 70 kd, each com-
posed of four Ig domains (CH1, CH2, CH3, and 
VH). The antigen binding region is defi ned by 
the variable regions of the heavy and light chains 
(VH and VL). There are fi ve subclasses of the 
heavy chain: IgG, IgA, IgM, IgD, and IgE.

of circulating Ig is in the form of IgG, which is mono-
meric and further subdivided into four subclasses: IgG1, 
IgG2, IgG3, and IgG4. Persistently low serum levels of 
one or more IgG subclasses,12,13 in the presence or 
absence of IgA defi ciency,14 may cause individuals to be 
susceptible to recurrent infections.15 Though controver-
sial, prophylactic use of intravenous Ig has been 
suggested.16,17

There are two subclasses of light chains: κ and λ (see 
Fig. 22-3). Both subclasses appear to serve similar func-
tions. Monoclonal disorders of terminally differentiated 
mature B cells or plasma cells (e.g., multiple myeloma) 
express cells of a given light chain, that is, either κ or λ 
but not both.

The structure of each Ig molecule is determined by 
hydrophobic interactions and disulfi de bridges between 
the two heavy chains and two light chains (see Fig. 22-3). 
For each chain the N-terminal domain has a variable or 
polymorphic amino acid structure (VH for heavy chain, 
VL for light chain), whereas the C-terminal portions are 
constant within each heavy-chain or light-chain class 
(termed CH1, CH2, CH3 for heavy chain and CL for light 
chain). These domains form pairs, VH with VL, CH1 with 
CL, and CH3 with CH3. Proteolytic digestion of Ig by 
papain results in two Fab fragments, each composed of 
the VH/VL, CH1/CL domains, and an Fc fragment com-
posed of the two CH2 and two CH3 domains. The binding 
region of Ig that recognizes antigen is composed of por-
tions of the VH and VL domains. Within each variable 
region there are three portions with increased amino acid 
variation, called hypervariable regions (HV1, HV2, HV3) 
or complementarity-determining regions (CDR1, CDR2, 
CDR3). The highest variability is found in CDR3, and 
all three CDRs from both chains participate in the 

binding of antigen. Variability within each variable region 
and each CDR and pairing of a unique heavy chain with 
a unique light chain all contribute to the combinatorial 
diversity of Ig specifi city.

Immunoglobulin Rearrangement and B-Cell 
Maturation in Bone Marrow

The genes encoding the heavy chains of Ig are located 
on human chromosome 14, whereas the genes encoding 
κ and λ light chains are located on chromosomes 2 and 
22, respectively. The heavy- and light-chain loci are each 
composed of variable (V), diversity (D), and joining (J) 
gene segments that recombine to yield the VH and VL 
domains, which in turn form the antigen contact surface 
of the antibody molecule and confer specifi city. In addi-
tion, the heavy-chain locus contains nine heavy-chain 
constant (C) region genes (μ, δ, γ1, γ2, γ3, γ4, α1, α2, 
and ε constant regions) that defi ne the mature Ig 
isotype.

Ig rearrangement occurs serially, and cells failing to 
rearrange the Ig genes successfully are eliminated and do 
not develop further (Fig. 22-4). B-cell maturation also 
results in cell surface protein expression patterns that are 
used to defi ne the pro-B-cell, pre-B-cell, and immature 
B-cell stages of development. CD34+ CD19− CD10− pro-
genitors that have not yet committed to the B lineage 
have Ig genes in the germline confi guration. The earliest 
B-cell precursors express the pan-B-cell marker CD19 
and the early marker CD10. They also express compo-
nents of the rearrangement machinery such as recombi-
nation-activating genes (RAGs) and thus have early gene 
rearrangements detectable. Rearrangement begins with 
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TABLE 22-2 Immunoglobulin Subclass Defi nition

Class Isotype
Heavy 
Chain

Molecular 
Formula

Molecular 
Mass (kd)

Plasma 
Concentration 
(mg/mL)*

Cross 
Placenta

Fix 
Complement Biologic Functions

IgG Complement 
activation, 
opsonization for Fc 
receptor

IgG1 γ1 γ12κ2

γ12λ2

150 7-9 + + Antitoxins, antibody to 
most bacterial 
antigens

IgG2 γ2 γ22κ2

γ22λ2

150 2-3 + + Antipolysaccharide 
antibodies to bacterial 
capsules

IgG3 γ3 γ32κ2

γ32λ2

150 0.7-1 + + Cytophilic antibodies, 
e.g., to Rh antigens

IgG4 γ4 γ42κ2
γ42λ2

150 0.3-0.5 + − Anticoagulants, such as 
anti–factor VIII in 
hemophiliacs

IgM μ (μ2κ2)5

(μ2λ2)5

950 1.5 − + Receptor in 
B-lymphocyte 
membrane, antibodies 
to lipopolysaccharides, 
complement 
activation, natural 
antibody

IgA 150 or 300 Present in external 
secretions, alternative 
complement activation 
(?)

IgA1 α1 α12κ2

α12λ2

1-3 − − Virus-neutralizing 
antibody

IgA2 α2 (α22κ2)2 0.5-0.7 − − Principal secretory 
antibody

IgD δ δ2λ2

δ2κ2

180 0.3 − − Unknown, receptor in 
B lymphocyte 
membrane

IgE ε ε2λ2

ε2κ2

190 0.0005† − − Anaphylactic antibodies 
or “reagins,” binds to 
mast cells, mediator of 
release

*Plasma concentrations of the immunoglobulins vary signifi cantly with age in pediatric populations. Adult norms are given here. IgG at birth refl ects maternally 
transferred immunoglobulin and wanes over several months, with a nadir at approximately 4 months and rising thereafter as the infant’s own production takes over. 
IgM and IgA levels rise with age during infancy and childhood.

†Usually expressed as international units; up to 200 IU is considered normal.

one heavy-chain allele; one of the 29 DH exons is spliced 
to one of the 6 JH exons, the intervening D and J sequences 
are eliminated, and a DJ segment is produced. The pro-B 
cell then splices one of the approximately 50 VH exons to 
the DJ segment to form a V(D)J segment. Finally, the μ 
constant region of the heavy chain (Cμ) is spliced onto 
the V(D)J segments.

Differentiation to the pre-B stage is triggered by 
expression of intact μ heavy-chain protein or cytoplasmic 
μ, which occurs only in cells that bear in-frame produc-
tive V(D)J-Cμ rearrangements. If rearrangement of the 
fi rst heavy-chain locus is unsuccessful, the second allele 
undergoes rearrangement. Because the light-chain genes 
have not yet been expressed, cytoplasmic μ complexes 
instead with the nonpolymorphic surrogate light-chain 
proteins λ5 and VpreB. Cytoplasmic μ, surrogate light 

chain, and the accessory signaling molecules Ig-α 
(CD79a) and Ig-β (CD79b) together form the pre-B-cell 
receptor. Ensuing signals induce proliferation and instruct 
the cell to begin rearrangement of one of the κ light-chain 
loci. Pre-B cells lose CD34 expression, continue to 
express CD19 and CD10, and additionally upregulate 
CD20. The signaling cascade downstream of the pre-B-
cell receptor is highly analogous to that of the mature 
BCR and activates a number of critical kinases, including 
Bruton’s tyrosine kinase (Btk) (see later). Boys born with 
mutations in Btk, manifested as X-linked agammaglobu-
linemia, have normal numbers of pro-B cells but lack 
pre-B cells and their progeny.18 Thus, formation of the 
pre-B-cell receptor along with activation of downstream 
signaling is a critical checkpoint in this stage of 
maturation.
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FIGURE 22-4. Immunoglobulin rearrangement. Immunoglobulin genes are encoded on human chromosome 14. Approximately 100 variable (V) 
genes, 50 diversity (D) genes, and 4 to 6 joining (J) genes make up the heavy-chain variable locus. The constant region consists of nine constant 
(C) genes. During immunoglobulin gene rearrangement, gene segments are deleted so that specifi c regions are joined to form one of many indi-
vidual and characteristic genes.

Light-chain genes rearrange by a process similar to 
the recombination of heavy-chain genes. The variable 
region of the κ gene, located on chromosome 2, is spliced 
to the J gene segment to produce a VJ region, which then 
splices to the one constant region (Cκ). If nonproductive, 
the second κ locus will rearrange. If both attempts to 
rearrange the κ locus are unsuccessful, the λ locus, located 
on chromosome 22, will begin to rearrange. Productive 
rearrangement of any light-chain locus prevents further 
B-cell rearrangement and also generates survival signals. 
Pre-B cells that successfully rearrange a light-chain 
gene will then express mature IgM protein, which 
appears as surface IgM (sIgM) complexed to Ig-α and 
Ig-β, thus forming the BCR. Immature B cells are sIgM+, 
CD79+, CD19+, CD10+, and CD20+ but have not ac -
quired IgD expression, which occurs after peripheral 
maturation.

Expression of the tissue-specifi c recombination-
activating genes RAG-1 and RAG-2 is required for 
recombination.19,20 In addition, diversity is enhanced by 
the fact that the junctions between the D and J regions 
and the V and DJ regions are not precise; not only can 
the nucleotides vary, but one or more nucleotides (termed 
N regions), not encoded in the genome, may also be 
randomly inserted (N-region diversifi cation). The nuclear 

enzyme terminal deoxyribonucleotidyl transferase (TdT) 
is the polymerase that adds random nucleotides to recom-
bination junctions21 and may have other roles.22 Recruit-
ment of TdT to the junctions appears to depend on the 
Ku molecule (specifi cally Ku80), a heterodimer that 
binds DNA ends and is required for V(D)J recombina-
tion and DNA double-stranded break repair.23,24 Other 
proteins critical for nonhomologous end rejoining include 
Ku70, DNA-dependent protein kinase, DNA ligase IV, 
XRCC4, and the recently cloned protein Artemis.25 
Defects in the recombination machinery in genes such as 
RAG1, RAG2, DNA ligase IV, and Artemis all result 
in severe combined immunodefi ciency (see Chapter 
23).26-28

Peripheral B-Cell Maturation and 
Differentiation

Immature B cells must undergo further maturation in the 
spleen before acquiring the phenotype and functions of 
a naïve mature B cell. Naïve mature B cells are resting 
cells in G0 phase; express the pan-B-cell marker CD19, 
the marker CD20, and sIgM; and in contrast to imma-
ture bone marrow B cells, have lost CD10 expression and 
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gained IgD expression. A similar population in the mouse 
is believed to be the common precursor for both follicular 
and marginal-zone B cells, named for their location 
within the spleen.29

The spleen has a complex architecture divided grossly 
into red pulp and white pulp. The red pulp contains the 
sinusoids, which are lined by macrophages, and the cords 
of Billroth, which lie between the sinusoids and are com-
posed of connective tissue, epithelial cells, monocytes, 
and macrophages. The white pulp is composed of primary 
follicles containing naïve mature B cells that co-express 
IgM and IgD, as well as secondary follicles containing 
activated B cells within its germinal center (GC), all 
termed follicular B cells. Naïve follicular B cells in the 
primary follicle are CD27−, in contrast to memory B 
cells, discussed later, which express CD27.30,31

In the mouse, T cells congregate around the central 
arteriole in the so-called periarteriolar lymphoid sheath 
(PALS) studded by follicles and GCs containing B cells; 
the marginal zone delineates the white pulp from the red 
and surrounds both the follicles and PALS. In humans, 
by contrast, T cells and B cells tend to interdigitate, and 
the follicles are encompassed within the PALS. The mar-
ginal zone in humans is positioned around the follicles, 
does not envelop the PALS, and is not in direct contact 
with red pulp.32 Marginal zone B cells are IgM+ IgD− 
CD1c+ CD23− and thus are distinguished from follicular 
B cells (IgM− IgD+ CD1c− CD23+).29 Additionally, mar-
ginal-zone B cells express high levels of CD21 and as a 
result are highly responsive to complement. Finally, in 
contrast to rodent marginal-zone B cells, which are 
sessile, marginal-zone B cells in humans can circulate in 
blood and have a memory phenotype, being IgM+ IgD+ 
CD27+.33

The development of early B precursors into imma-
ture B cells is a process that requires Ig rearrangement 
and expression of the pre-B-cell receptor and BCR, but 
it does not require recognition of antigen. Maturation to 
the naïve resting B cell involves selection of B cells that 
recognize antigen (positive selection) while eliminating B 
cells whose BCR recognize self-antigens with high affi n-
ity (negative selection). It has been proposed, based on 
murine data, that determination of mature B-cell fate 
relies on the relative signal strength and specifi city of the 
BCR, with higher and lower signal strength driving to the 
follicular and marginal-zone lineages, respectively.29 Neg-
ative selection in particular is important for the deletion 
of potentially autoreactive clones and induction of B-cell 
tolerance. Indeed, it is estimated that 55% to 75% of 
immature B cells in humans recognize self-antigens,34 
and thus a minority of developing B cells pass the nega-
tive-selection test.

B-CELL ACTIVATION AND FUNCTION

An appropriately diverse population of naïve B cells 
should collectively be capable of responding to any 

soluble antigen that the individual encounters, yet there 
are very few naïve B cells that are capable of recognizing 
any given antigen. B-cell activation that occurs in the 
appropriate costimulatory context is the trigger for clonal 
expansion of the responding B cell. A portion of these 
activated B cells differentiate into memory cells, which 
rapidly respond upon re-encounter with the same antigen, 
and another portion into plasma cells, which continu-
ously secrete antibodies (see Fig. 22-2). In addition, acti-
vated B cells undergo isotype switching from low-affi nity 
IgM to high-affi nity IgG, IgA, or IgE and somatic hyper-
mutation, also called affi nity maturation, thus further 
ensuring that the humoral response is exquisitely specifi c, 
effective, and long lasting. Recognition of antigen by the 
BCR occurs with or without T-cell help, depending on 
the type of antigen, so-called thymus-dependent (TD) or 
thymus-independent (TI) antigens. BCR signals that 
occur during TD responses are modulated and enhanced 
by cell-cell contact with T cells via critical costimulatory 
molecules, discussed further in the section on T-cell 
costimulation.

Thymus-Dependent versus 
Thymus-Independent B-Cell Responses

Unlike T cells, which recognize either short peptides or 
small lipid molecules that must be presented in the cleft 
of an MHC or MHC-like molecule, the BCR is capable 
of binding a variety of antigens, including soluble pro-
teins and polysaccharides. Recognition of protein antigen 
generally requires cooperation with T cells, or T-cell help, 
and thus such antigens are TD antigens. Naïve follicular 
B cells in lymph node follicles or the spleen recognize 
their cognate antigen while contacting a helper T cell 
specifi c for the same antigen; linked T-B interaction then 
fuels the formation of a key structure, the GC, where 
isotype switching, somatic hypermutation, memory cell 
generation, and plasma cell differentiation occur.

TI antigens are classifi ed as type 1 or type 2 (TI-1 
and TI-2).35 TI-1 antigens are bacterial components that 
can trigger B-cell activation regardless of Ig specifi city 
and thus lead to polyclonal activation. These components 
fall into the general category of pathogen-associated 
molecular pattern (PAMP) molecules, the canonic 
example being lipopolysaccharide (LPS). PAMP mole-
cules activate B cells by binding to a distinct family of 
receptors, the Toll-like receptors (TLRs), thereby 
accounting for their independence from Ig. The Ig 
secreted in response to TI-1 antigens is typically low-
affi nity IgM because TI-1 antigen binding does not 
induce class switching.36

TI-2 antigens, in contrast, are molecules that have a 
repetitive structure and activate B cells by cross-linking 
of multiple BCRs on a single cell, hence leading to spe-
cifi c clonal antibody production. These antigens are typi-
cally bacterially derived polysaccharides, such as those 
found in the coating of encapsulated organisms. Mar-
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ginal-zone B cells are important for responses to TI-2 
antigens, and the fact that marginal-zone B cells typically 
take years to mature in children probably underlies the 
lack of response of children younger than 2 years to 
polysaccharides.29 The spleen is the major site of TI-2 
antigen recognition, and the antibody produced again is 
often IgM, although IgG responses also clearly occur. 
Class switching in this instance does not depend on 
cognate T-cell help but probably is enhanced by noncon-
tact T-cell factors such as the cytokine interleukin-4 
(IL-4).35

B-Cell Receptor Triggering and Signaling

B-cell activation involves a complex array of molecular 
signaling events. The signaling cascades that emanate 
from the BCR are highly analogous to those triggered in 
T cells by the TCR and involve a host of kinases, adaptor 
proteins, and other enzymes.

In brief, B-cell activation commences with engage-
ment of surface Ig, which initiates receptor oligomeriza-
tion, an event that depends on B-cell coreceptors such as 

the stimulatory CD19 and CD21 receptors and the 
inhibitory low-affi nity FcR.37-40 In addition, aggregation 
of Ig receptors takes place in specialized membrane 
microdomains, termed lipid rafts, that are characterized 
by their cholesterol- and sphingolipid-rich content.41-44 In 
cellular systems, lipid rafts have been postulated to func-
tion in intracellular traffi cking, apical sorting, and signal 
transduction.45,46 In both T and B lymphocytes, lipid raft 
components may function as a potential signaling plat-
form to foster the aggregation and colocalization of sig-
naling proteins.41,47-49

Within the lipid raft, the Ig molecule transmits signals 
through the associated Ig-α and Ig-β molecules (Fig. 
22-5), together termed the BCR; the BCR, like other 
members of the immune recognition receptors, has no 
intrinsic tyrosine kinase activity. Upon oligomerization, 
the cytoplasmic domains of Ig-α and Ig-β become tyro-
sine phosphorylated on so-called immunoreceptor tyro-
sine–based activation motifs (ITAMs) with the amino 
acid consensus sequence D/ExxYxxL/Ix7YxxL/I. Phos-
phorylation of ITAMs is mediated by Src kinase family 
members, notably Fyn, Blk, and Lyn (see Fig. 22-5),49-51 
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which then recruit the critical tyrosine kinase Syk via 
its Src homology 2 (SH2) domains. Syk itself, when 
bound, requires activation either by autophosphorylation 
or phosphorylation by Src kinases, and thus clustering of 
multiple ITAM-bearing BCRs, Src kinases, and Syk is 
required to achieve a threshold of activation that initiates 
downstream cascades.52

Activation of Syk, similar to activation of ZAP70 in 
T cells (see later), is a crucial lynchpin in BCR signaling. 
Syk itself functions as a tyrosine kinase and is capable of 
phosphorylating key substrates, which then activate three 
main signals, the protein kinase C (PKC), intracellular 
calcium, and Ras pathways. Activation of these pathways 
occurs by assembly of a macromolecular complex of criti-
cal signaling molecules clustered on an adaptor protein 
known as the B-cell linker protein (BLNK) or SLP65.51 
Recruitment of a member of the Tec kinase family, Btk, 
to SLP65 via the SH2 and Src homology 3 (SH3) 
domains and to the membrane by the Pleckstrin homol-
ogy (PH) domain activates Btk.53 The critical nature of 
Btk activation in BCR signaling is underscored again by 
its role as the gene responsible for X-linked agamma-
globulinemia. Btk in turn activates an isoform of phos-
pholipase C (PLCγ2) that hydrolyzes inositol phosphates 
to generate diacylglycerol (DAG) and inositol 1,4,5-
trisphosphate (IP3). DAG activates both an isoform of 
PKC (PKCβ) and Ras, whereas IP3 induces an increase 
in intracellular calcium. Recruitment of Sos via the 
adaptor protein Grb2 also activates the Ras pathway, as 
does Vav, a guanine nucleotide exchange factor for Rac. 
Together, activation of these three pathways then triggers 
activation of mitogen-activated protein kinases (MAPKs), 
reorganization of the actin cytoskeleton, and nuclear 
translocation of critical transcriptional activators, includ-
ing the NF-κB family, that promote survival and clonal 
expansion (Fig. 22-5).50,52

Coreceptors Involved in B-Cell Activation

Three important coreceptors for B-cell activation are 
CD21 (also called complement receptor 2 [CR2]), CD19, 
and CD81. Antigens derived from bacteria or other 
extracellular microorganisms are more effi ciently cleared 
when opsonized or bound by complement components, 
a mechanism that links the early innate immune response 
elicited by activation of complement to the adaptive 
humoral B-cell response. Binding of C3b to CD21 coclus-
ters CD21, CD19, and CD81 with the BCR within 
lipid rafts.39,49,54 Phosphorylation of CD19 by proximity 
to the activated BCR complex in turn generates docking 
sites for phosphatidylinositol 3′-kinase (PI3K), for Vav, 
and for Lyn. PI3K generates phospholipid intermediates 
that recruit Btk as described earlier. Vav activates Rac, 
thereby activating MAPKs and inducing cytoskeletal 
reorganization. The response to opsonized antigens rec-
ognized by the BCR via its specifi c epitope is thus greatly 
enhanced by the binding of C3b to CD21.55 CD81 
appears to function primarily as an adaptor and is criti-

cally required for BCR and CD21/CD19 to associate 
with lipid rafts.56,57

Stimulation via the antigen receptor alone is insuffi -
cient to activate B or T cells, and in fact, binding of 
receptor-ligand pairs between B and T cells is critical for 
activation of both. Many costimulatory pathways are 
shared between B and T cells and are discussed further 
later; binding of CD40 to its ligand CD40L (CD154) is 
the most crucial of these pathways for B-cell activation. 
CD40 is a 48-kd member of the TNF receptor superfam-
ily that is expressed on B cells and other APCs constitu-
tively, whereas CD40L is a 33-kd transmembrane protein 
with homology to TNF upregulated on activated CD4+ 
T cells. CD40/CD40L binding has been shown to be 
essential for B-cell growth and differentiation.58 In vitro 
stimulation of B cells by cross-linking via monoclonal 
antibodies is suffi cient to promote growth and class 
switching and is synergized by BCR stimulation or treat-
ment with IL-4, or both. Engagement of CD40 with tri-
meric CD40L and clustering of the cytoplasmic tails lead 
to recruitment of a class of adaptor proteins, the TNF 
receptor–associated factors (TRAFs), which in turn acti-
vate a variety of kinases that ultimately culminates in 
activation of MAPK and NF-κB.59 In addition to clonal 
expansion and survival, CD40 signaling also leads to 
upregulation of other costimulatory molecules such as 
CD80 (B7) and CD54 (intercellular adhesion molecule 
1 [ICAM-1]).59

The relatively recently discovered TLR can trigger 
B-cell activation alone (see earlier) and also can serve a 
costimulatory function with BCR signals.36,60 At least 11 
TLRs in humans have been found, each recognizing dif-
ferent microbial components, such as LPS (via TLR4), 
peptidoglycan (TLR2), double-stranded RNA (TLR3), 
fl agellin (TLR5), and CpG DNA (TLR9).61 The response 
to intact microbes may involve recognition of microbial 
components simultaneously by the BCR and TLR, and 
interestingly, BCR-TLR corecognition may play a role in 
the generation of autoantibodies.62,63

Follicular B-Cell Differentiation: 
The Germinal Center

Activation of B cells and differentiation into memory and 
plasma cells have become increasingly well understood 
in the context of cellular traffi cking and the complex 
architecture of the specialized anatomic site, the GC.64,65 
B cells, T cells, and specialized follicular dendritic cells 
(FDCs) must interact via costimulatory contact and 
soluble factors to generate a long-lasting humoral 
response.

In the early stages of infection, innate immune cells 
such as dendritic cells and macrophages capture antigen, 
migrate to lymph nodes, and present peptides in the cleft 
of class II MHC to CD4+ T cells. Simultaneously, naïve 
B cells that recognize the same pathogen can internalize 
complex protein particles by receptor-mediated internal-
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ization of Ig, with the protein fragments being broken 
down and displayed as peptides by class II MHC. Naïve 
B cells that encounter their cognate antigen and become 
activated then migrate through the T-cell zone and contact 
T cells stochastically during the journey.66 When T and 
B cells that recognize the same antigen interact via TCR-
MHC interactions, costimulatory signals, namely, CD40-
CD40L interactions, enhance the interaction and result 
in clonal expansion of both T and B cells. These activated 
“helped” B cells then travel to the follicle and infi ltrate a 
network of FDCs. FDCs are thought to have a special-
ized function consisting of capture of immune complexes 
and simultaneous binding of FcR to antibody and com-
plement receptor 3 (CR3) to components of comple-
ment.67 The antigen component of the immune complex 
can then be displayed to passing B cells via the BCR. 
Activated B cells that recognize antigen displayed on 
FDCs proliferate rapidly after further costimulation by 
CD4+ T cells and become the centroblasts and centro-
cytes that form the GC.

Somatic hypermutation is thought to occur at the 
centroblast stage and further diversifi es the overall anti-
body pool by introducing mutations in the VH and VL 
regions of Ig in B cells involved in a GC response.68,69 
Nucleotides are thought to be mutated in a somewhat 
random fashion, in both the rearranged and non-
rearranged V regions, but ultimately, survival of B cells 
that have undergone hypermutation is dictated by posi-
tive and negative selection based on the affi nity of the 
expressed Ig. In other words, mutations that disrupt 
affi nity to the antigen to which the animal is responding 
will be selected against, whereas those that enhance affi n-
ity will be selected for, hence the term affi nity 
maturation.

Isotype or class switching is thought to occur at the 
centrocyte stage. Because all naïve B cells express IgM, 
a low-affi nity antibody, inducing activated B cells to 
produce high-affi nity IgG or IgA signifi cantly enhances 
the functional humoral immune response to specifi c 
antigen at the time of infection and requires splicing of 
the V(D)J regions to the Cγ or Cα region. CD40-CD40L 
interactions are critical for this process, and T-cell–derived 
cytokines enhance class switching while infl uencing the 
Ig class or subclass.70-72 In the mouse, T-B interactions in 
the context of interferon-γ (IFN-γ) tend to promote 
switching to IgG2a and IgG3, whereas IL-4 directs 
switching to IgG1 and IgE (see Table 22-2).

GC B cells then differentiate into either plasma cells 
or switched memory B cells. How GC B cells “choose” 
between the plasma cell and memory B-cell fate remains 
unclear.73 Plasma cells are terminally differentiated B 
cells found primarily in bone marrow and are specialized 
for high-level secretion of IgG, IgM, and IgA. They have 
a characteristic histologic appearance with so-called 
clockwork chromatin, eccentric nuclei, and markedly 
expanded endoplasmic reticulum and can be identifi ed 
by expression of CD138 (also called syndecan-1). Class-
switched memory B cells, which generally can be identi-

fi ed by virtue of the loss of IgD and gain of CD27 surface 
expression,30 are able to circulate back to bone marrow 
and secondary lymphoid organs and, like memory T cells 
discussed later, are responsible for the rapid and effective 
anamnestic immune response characteristic of acquired 
immunity. A number of congenital defi ciencies that affect 
T-cell–dependent B-cell maturation are characterized by 
a lack of GC formation and switched memory B cells; 
such conditions include CD40L defi ciency (later), X-
linked lymphoproliferative disease (caused by mutation 
in SH2D1A or SLAM-associated protein [SAP]), and 
two molecules recently shown when mutated in humans 
to cause common variable immunodefi ciency, ICOS 
(inducible T-cell costimulator) and TACI (transmem-
brane activator and calcium modulator and cyclophilin 
ligand interactor).74-78 More recently, both somatic hyper-
mutation and class switch recombination have been 
found to require a newly discovered activation-induced 
deaminase (AID) that deaminates deoxycytidine to form 
deoxyuridine; subsequent repair of the deoxyuracil-
deoxyguanosine mismatch triggers nucleotide substitu-
tion or excision, thereby generating diversity and also 
joining VDJ regions to a different constant region class.69,79 
Humans born with defects in the AID gene have failure 
of both processes that results in a hyper-IgM 
phenotype.80-82

B-Cell Tolerance

Like T-cell tolerance (discussed later), B-cell tolerance is 
essential to prevent autoimmune reactions. Immature B 
cells can be made tolerant in the bone marrow to anti-
gens expressed by the host (i.e., self-antigens) through 
clonal deletion.83 If the sIgM expressed on an immature 
B cell binds with high avidity to a self-antigen, the cell 
will be stimulated to undergo apoptosis, a form of cell 
death characterized by chromosomal fragmentation and 
membrane blebbing. The B cell may also undergo recep-
tor editing, a process whereby that B cell’s Ig gene will 
further rearrange to express a different, nonautoreactive 
Ig molecule.84 The few B cells that escape central deletion 
may be rendered anergic in the periphery, a state in which 
the B cell expresses a gene that encodes a self-reactive 
antibody yet is unable to respond to antigen. The molecu-
lar mechanisms responsible for anergy are incompletely 
understood but may involve alternative signaling when 
the BCR is activated in the presence or absence of 
costimulation. For instance, BCR triggering in the context 
of concurrent TLR signaling (secondary to microbial 
products in addition to the BCR-specifi c antigen) leads 
to upregulation of CD86, which engages CD28 on T cells 
and recruits T-cell help. In the absence of TLR signals, 
the upregulation of CD86 is not sustained, and the BCR 
signals are attenuated.85 A group of TNF and TNF recep-
tor family members, including BAFF (TNFSF13B) and 
APRIL (TNFSF13A), whose receptors include TACI 
(TNFRSF13B, CD267), BCMA (TNFRSF17, CD269) 
and BAFF-R (TNFRSF13C, CD268), have been shown 
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to be important in B-cell homeostasis and autoimmunity. 
Interestingly, mice that overexpress BAFF exhibit auto-
immunity,86,87 and humans with a variety of rheumato-
logic diseases have been shown to have high BAFF serum 
levels.88 The increasing use of rituximab, humanized anti-
CD20 antibody, for the treatment of autoimmune disease 
and, recently, chronic graft-versus-host disease under-
scores the importance of dysregulated humoral immunity 
in human disease.

Function of Secreted Immunoglobulin

Secretion of a diverse repertoire of Ig is essential for 
protection of the host from infection and for neutraliza-
tion of toxin. Once formed, binding of specifi c antibodies 
to microorganisms, virally infected cells, toxins, or other 
pathogens is essential for complement-mediated lysis, 
antibody-dependent cellular cytotoxicity (ADCC), opso-
nization, phagocytosis, and neutralization of toxins 
and viruses (see Table 22-2). Different heavy-chain iso-
types perform different functions preferentially. IgM, 
IgG1, IgG2, and IgG3 activate the complement cascade, 
whereas only IgG1 and IgG3 bind effectively to phago-
cytic Fcγ receptors. IgE is able to bind to the Fcγ recep-
tors expressed on mast cells and eosinophils. In addition, 
secreted IgA antibodies play a role in protection from 
invasion through mucosal surfaces.

Different classes of antibodies not only have different 
functions but also predominate in different compart-
ments in the body. IgA is predominantly secreted, IgM 
is primarily intravascular, and IgG is generally the major 
antibody found in tissues and peripheral blood. IgG is 
able to cross the placenta to provide some protective 
immunity to the fetus; passive protection from long-lived 
IgG molecules confers postnatal immunity. However, 
although the function and location of the antibody classes 
differ, subpopulations of B cells are able to migrate and 
home to specifi c regions of antigen presentation. There-
fore, generalized B-cell immunity may result from 
localized antigen presentation, as paradigmatically dem-
onstrated by the effi cacy of successful vaccination 
programs.

T-CELL ONTOGENY

T lymphocytes, like B lymphocytes and all other blood 
cells, are derived from self-renewing pluripotent HSCs. 
T cells are unique, however, in that their development 
also requires passage through a specifi c organ, the thymus. 
Indeed, the absolute requirement for the thymus is made 
clear by human congenital immunodefi ciency states such 
as the DiGeorge syndrome, in which thymic organogen-
esis and therefore T-cell development are absent (see 
Chapter 23). Similar to B-cell ontogeny, the generation 
of millions of diverse T cells is accomplished by serial 
rearrangement of germline genes encoding the receptor 
for antigen recognition, the TCR. The bulk of peripheral 

T cells are either of the CD4+ helper or CD8+ cytolytic 
lineages.

T-Cell Receptor Subtypes and Specifi city

The TCR is a cell surface receptor capable of recognizing 
discrete antigens bound to the MHC or to MHC-related 
molecules expressed on the surface of APCs. TCRs are 
disulfi de-linked heterodimers of either αβ or γδ pro-
teins.89 TCR αβ–bearing T cells constitute the vast major-
ity of circulating T cells, most of which recognize peptide 
antigens bound to polymorphic MHC class I or class II 
molecules. A subset of TCR αβ T cells, representing 
approximately 1% of all T cells in humans, in contrast 
recognize lipid antigens bound to the MHC class I–
related nonpolymorphic molecule CD1 and are termed 
CD1-restricted or NK T cells, discussed in a later section. 
TCR γδ–bearing T cells account for a tiny fraction of the 
circulating T cells in humans but are very prevalent in 
intestinal tissue and are thought to recognize nonpeptide 
antigens (see later). The functions of CD1-restricted 
TCR αβ T cells and TCR γδ T cells are somewhat distinct 
from those of conventional TCR αβ T cells. The discus-
sion of intrathymic T-cell development below will focus 
on the major conventional subset of T cells.

Early T-Cell Commitment and Seeding

The molecular events associated with and responsible for 
commitment to the T lineage have been increasingly elu-
cidated in both mouse and human models over the last 
10 years. The question of whether T-lineage commitment 
occurs within the thymus or the bone marrow has been 
actively investigated. In addition to pluripotent CD34+ 
HSCs, a number of other more committed progenitors 
in bone marrow with specifi c cell surface marker charac-
teristics have been identifi ed with T-lymphoid potential, 
primarily in the mouse, but these progenitors in general 
also retain the capacity to differentiate into other lym-
phoid lineages, including the B and NK lineages.90 That 
various subsets identifi ed in the human thymus similarly 
retain bilineage potential (i.e., NK/T potential or NK/
dendritic cell potential) has led to the notion that the 
fi nal steps in T-cell commitment occur in the thymus 
rather than the bone marrow.91

In addition to losing the capacity to differentiate into 
non–T-lineage cells in vitro, T-lineage commitment is 
characterized by the upregulation of certain cell surface 
markers (Fig. 22-6) and T-cell–specifi c genes important 
for the execution of downstream developmental pro-
grams. CD34+ cells in human thymus can be further 
subdivided by the expression of CD38 and the MHC-like 
molecule CD1a, with progression from the CD34+ 
CD38− CD1a− stage to the CD34+ CD38+ CD1a− stage 
to the CD34+ CD38+ CD1a+ stage. Acquisition of CD1a+ 
is largely associated with the loss of NK, dendritic cell, 
and plasmacytoid dendritic cell differentiation in vitro.91 
Likewise, CD1a+ cells express the recombinase-activating 



 Chapter 22 • The Immune Response 1233

3+
4–
8+

Spleen
Lymph node

Bone
Marrow

TCRβ rearranges TCRα rearranges

Thymus

CD25

CD34

CD7

CD2

CD1a

CD25

Pre-Tα

CCR7
+/–CCR7

CD62L

CD45RA CD45RO

HSC

TN DN
preTCR

ISP
preTCR

DP
TCR αβ

CD4
TCR αβ

CD8
TCR αβ

3–
4–
8–

3–
4–
8–

3–
4+
8–

3–/+
4+
8+

3+
4+
8–

3+
4+
8–3+

4+
8–

3+
4+
8–

3+
4–
8+

3+
4–
8+

3+
4–
8+

Effector

Memory

FIGURE 22-6. Overview of T-cell development. Pluripotent hematopoietic stem cells (HSC) in bone marrow commit to the T lineage, seed the 
thymus as early triple-negative CD3− CD4− CD8− (TN) thymocytes, and express the T-cell markers CD7 and CD2. T-cell receptor genes rearrange 
serially (TCRβ then TCRα), which leads to expression of the fi rst pre-T-cell receptor (pre-TCR) and then the mature TCR αβ complex. Double-
negative CD4− CD8− (DN) thymocytes upregulate both CD4 and CD8 after passing through an intermediate single-positive (ISP) stage to become 
double-positive CD4+ CD8+ (DP) thymocytes, which undergo positive and negative selection. During lineage commitment, either CD4 or CD8 is 
downregulated, thereby resulting in the formation of single-positive (SP) thymocytes with CD4+ thymocytes restricted to major histocompatibility 
(MHC) class II and CD8+ thymocytes restricted to MHC class I. Mature T cells in the spleen and lymph node that have not encountered cognate 
antigen express markers associated with the naïve state such as CD45RA and CD62L, and the pattern of surface markers changes with activation, 
acquisition of effector function, and further differentiation into memory T cells.

gene products RAG1 and RAG2, and early TCR rear-
rangements are detectable after the acquisition of CD38 
and CD1a. Transcription factors upregulated during 
these stages of early human T-cell commitment, whose 
requirement for T-cell development have also been dem-
onstrated in gene-defi cient mice, include GATA3 and 
NOTCH.92-95

Interactions between thymocytes and epithelial cells 
are critical for events in later thymic development, such 
as positive and negative selection, as detailed later, as well 
as for early commitment and development. The so-called 
nude mouse, which lacks expression of the epithelial 
transcription factor Foxn1, is born athymic, and humans 
lacking Foxn1 have severe T-cell defi ciency, alopecia, and 
nail dystrophy.96,97 Unlike B cells, which can be induced 
in vitro to mature from precursors by coculture on bone 

marrow stromal cells, T cells generally cannot be differ-
entiated in vitro by this means, only when seeded into a 
three-dimensional source of primary thymic stroma, such 
as whole thymic organ culture. This distinction implies 
that specifi c soluble or cell-cell contact factors present 
only in the three-dimensional primary organ are required 
to engage developing thymocytes and induce their dif-
ferentiation. The Notch signaling pathway, which is acti-
vated by the interaction of Notch ligands on epithelial 
cells and Notch family members on thymocytes, has 
emerged as one such factor.98,99 Expression of activated 
Notch1 in human HSCs is suffi cient to induce T-cell 
development in vitro and in immunodefi cient mice,100 
and deletion of Notch1 from mouse thymocytes severely 
impairs early T-cell development.101 Interestingly, primary 
three-dimensional thymic stroma expresses Notch ligands 
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such as Delta-like 1, and this expression is lost when the 
architecture is disrupted.102 Indeed, expression of Delta-
like 1 in the OP9 bone marrow stromal cell line is capable 
of directing mouse and human uncommitted HSCs and 
even embryonic stem cells into the T lineage when cocul-
tured in a two-dimensional format in vitro.99,103,104 This 
powerful system raises the intriguing possibility of dif-
ferentiating and expanding T cells in vitro for use in 
human therapeutics105 and underscores the importance 
of thymocyte-epithelial interactions during intrathymic 
development.

Stages of Intrathymic TCR ab T-Cell 
Development and Spatial Considerations

T-lymphoid precursors that enter the thymus from the 
blood mature through a series of ordered developmental 
stages characterized by changes in cell surface markers, 
sequential expression of the TCR genes, and predictable 
migration from the cortex to the medulla (see Fig. 22-6). 
The earliest thymocytes reside in the cortex, are CD34+, 
express pan-T-cell markers such as CD2 and CD7, but 
lack TCR, the TCR-associated CD3 complex, and the 
helper and cytotoxic mature T-cell coreceptors CD4 and 
CD8 and hence are CD3− CD4− CD8−, or triple negative. 
During αβ T-cell development, triple-negative thymo-
cytes that succeed in rearranging a functional TCRβ 
chain express TCRβ complexed to the invariant pre-
TCRα protein. TCR signaling in thymocytes, similar 
to what occurs upon engagement of the TCR in periph-
eral mature T cells, promotes rapid expansion and dif-
ferentiation into double-positive (DP) thymocytes 
expressing both the CD4 and CD8 coreceptors and initi-
ates rearrangement of the TCRα gene. In humans, in 
contrast to mice, there is an additional intermediate stage 

in which thymocytes express only CD4 and not CD8 
(intermediate single positive [ISP]). DP thymocytes 
account for approximately 80% to 90% of the total thy-
mocyte number and can be found at the corticomedul-
lary junction. Although the majority of DP thymocytes 
die by apoptosis, those that successfully undergo positive 
and negative selection survive, commit to either the CD4/
helper or CD8/cytotoxic lineage, and migrate to the 
thymic medulla before terminal maturation and export 
to the periphery.

T-Cell Recognition of 
Peptide-MHC Complexes

A hallmark of the cellular immune response is antigen 
specifi city, which is conferred by the rearranged and 
selected TCR on the surface of T lymphocytes. The 
TCR recognizes processed fragments of foreign proteins 
embedded in MHC molecules. There are two forms of 
MHC molecules: MHC class I (the major determinants 
are HLA-A, HLA-B, and HLA-C in humans) and MHC 
class II (the major determinants are HLA-DR, HLA-
DQ, and HLA-DP in humans) (Fig. 22-7).106 MHC class 
I molecules are composed of a 42-kd transmembrane, 
polymorphic α chain encoded in the MHC and nonco-
valently associated with a 12-kd soluble, nonpolymorphic 
(non-MHC) β chain termed β2-microglobulin. X-ray 
crystallographic analysis of HLA molecules in which 
peptide was embedded106 has demonstrated that the fi rst 
two domains of the α chain both form α helices that 
together form a cleft (Fig. 22-8).107 This cleft forms the 
binding domain for peptide antigen and accommodates 
a 9– to 11–amino acid fragment in an extended confor-
mation; residues that interact with the MHC and those 
that interact with the TCR can be defi ned.108,109 Polymor-
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FIGURE 22-7. Characteristics of major histo-
compatibility (MHC) class I and class II mole-
cules. MHC class I molecules are single 
transmembrane molecules noncovalently associ-
ated with β2-microglobulin, whereas MHC class 
II molecules exist as heterodimers. CD8+ T cells 
recognize 8 to 9 amino acids, endogenous pro-
cessed peptides embedded in the MHC class I 
groove, whereas CD4+ T cells recognize 12 to 20 
amino acids, exogenous peptides embedded in 
the groove formed by MHC class II molecules. 
The major and minor loci are listed, as are 
important differences between the two classes.
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phism within the MHC itself serves to ensure variation 
in the affi nity of peptide binding; the extraordinary MHC 
polymorphism within the species further ensures that any 
single microbe is unlikely to mutate such that it is unable 
to bind all MHC molecules in the population and there-
fore escape T-cell recognition.110-113

MHC class II molecules are formed by the nonco-
valent association of two transmembrane glycoproteins, 
αβ, both of which are polymorphic and encoded in the 
MHC.106,114 Solution of the structure of MHC class II 
molecules has shown that a peptide-binding cleft is 
formed by the fi rst domains of each of the αβ chains; 
however, the ends of the cleft are open, unlike the situa-
tion in MHC class I molecules (see Fig. 22-8).106 The 
peptide-binding cleft of MHC class II accommodates 
processed peptides that are 10 to 30 (mean of 14) amino 
acids in length.115,116 As with MHC class I, the genetic 
polymorphism of MHC class II determines the affi nity 
and specifi city of peptide binding and T-cell recogni-
tion.114-116 Although MHC class I molecules are expressed 
constitutively on all human nucleated cells, MHC class 
II molecules are constitutively expressed only on B cells, 
monocyte/macrophages, and dendritic cells. Expression 
of MHC class II proteins may be induced on the surface 
of monocyte/macrophages, fi broblasts, endothelial cells, 
and certain mesenchymal and epidermal cells by a variety 
of infl ammatory mediators and cytokines such as IL-1. 
In humans but not in mice, MHC class II proteins can 
be inducibly expressed on T lymphocytes as well, thus 
rendering T cells capable of antigen presentation to other 
T cells. These two classes of MHC proteins generally 
interact with different classes of T lymphocytes: CD4+ T 
cells recognize peptide antigen in association with MHC 

class II molecules, whereas CD8+ T cells recognize 
peptide antigen in association with MHC class I mole-
cules, in part because CD8 binds to invariant portions 
of the α3 domain of MHC class I.

T-Cell Receptor Rearrangement and 
Selection in the Thymus

Effective adaptive immunity relies on the random genera-
tion of a diverse repertoire of antigen-specifi c T cells, 
along with appropriate quality control measures to ensure 
that nonfunctional T cells are not needlessly allowed to 
mature fully. To achieve this goal, the TCR genes undergo 
somatic rearrangement in a serial fashion, and the growth 
and proliferation of developing T cells are tightly linked 
to signaling and transcriptional events downstream of 
functional TCR or TCR intermediates.

The four TCR gene clusters, α, β, γ, δ, are each 
composed of germline genes encoding discontinuous 
variable regions (Vα, Vβ, Vγ, Vδ), diversity regions (Dβ, Dδ), 
joining regions (Jα, Jβ, Jγ, Jδ), and constant regions (Cα, 
Cβ, Cγ, Cδ).117 The TCRγ locus is situated on human 
chromosome 7, and the remaining three are located on 
human chromosome 14, with the TCRδ locus embedded 
between the Vα and Jα regions of the TCRα locus. The 
TCRβ germline genes consist of around 50 Vβ, 2 Dβ, 13 
Jβ, and 2 Cβ genes, whereas the TCRα germline genes 
consists of at least 70 Vα, 60 Jα, and a single Cα gene. The 
TCRβ and TCRα loci have many more genes than the 
TCRδ or TCRγ loci do; however, the diversity of TCR γδ 
T cells is increased by the splicing of 2 Dδ regions to each 
other (VDDJ). Similar to the Ig genes in B cells, rear-
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FIGURE 22-8. Peptide bound within the antigen-binding cleft of MHC class I molecules. A, Schematic representation of the structure of HLA-
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rangement of the TCR genes is carried out by the RAG1 
and RAG2 proteins, with serial somatic rearrangements 
between the V, D, J, and C regions. Although N-region 
diversifi cation is found in both the TCRα and TCRβ 
genes, T cells do not undergo somatic mutation as readily 
as B cells do and instead undergo limited further rear-
rangements after emerging from the thymus.84

Several major checkpoints regulate the development 
of TCR αβ and TCR γδ thymocytes.117-120 First, serial 
rearrangement of the TCR gene clusters in an ordered 
fashion ensures that the TCRβ and TCRα genes are not 
rearranged in developing TCR γδ T cells. Thus, in human 
thymocytes, TCRγ and TCRδ loci rearrange fi rst, during 
the triple-negative stage.95 That human TCR γδ T cells 
generally have unrearranged TCRβ genes and that TCR 
αβ T cells generally have nonproductively rearranged 
TCRδ genes imply that only thymocytes that do not 
generate a functional γδ TCR go on to rearrange the 
TCRβ gene.121 The molecular mechanisms controlling 
this process are still being elucidated. The second or so-
called beta selection checkpoint occurs after TCRβ rear-
rangement. Cells that undergo productive rearrangement 
of the TCRβ locus express functional TCRβ protein that 
complexes to the invariant pre-TCRα protein and CD3 
signaling complex, thereby resulting in the expression of 
pre-TCR. In gene-defi cient mice, where beta selection is 
known to occur during a precise phase of the triple-
negative stage of development, loss of a number of signal-

ing molecules or transcription factors downstream of 
pre-TCR results in defective beta selection, failure of 
differentiation into DP stage, and lack of proliferation or 
apoptosis (or both).122 Beta selection in humans begins 
during the CD34+ CD38+ CD1a+ stage and continues 
through the CD4 ISP and early DP stage of development 
(see Fig. 22-6).95,121 Thus, only thymocytes that express 
functional TCRβ are allowed to proliferate and proceed 
to TCRα locus rearrangement.

Before TCRα gene rearrangement, the TCRδ locus 
is excised by a nonproductive rearrangement between the 
δRec and ΨJα regions123 that generates an episomal circle 
of DNA or T-cell receptor excision circle (TREC), which 
is increasingly being used on a research basis to quantify 
thymic activity (Fig. 22-9).124,125 Unlike the TCRβ locus, 
rearrangement of the TCRα locus occurs processively; 
that is, Vα-Jα recombination of 5′ J segments that are 
nonproductive or out of frame is followed by further 
rearrangement on the same allele to more 3′ J segments.126 
This process increases the chances of generating a com-
plete TCR αβ protein from any single developing DP 
thymocyte. Successful rearrangement of the TCRα gene 
results in expression of the mature TCR αβ and CD3 
signaling complex during the late DP stage. These cells 
then undergo positive and negative selection (see the next 
section) and simultaneously commit to either the CD4 
or the CD8 lineage to generate CD4 single-positive (SP) 
and CD8 SP thymocytes.

Jδ Jδ JδDδ Dδ Dδ JαJαJαJαCδ CαVα Vα

70–80 Vα, 4 Vδ 60 Jα

δrec ΨJα

Vδ Vα Vδ Vα

JδDδ Dδ Dδ JαJαJαJαCδ CαVα Vα Vδ Vα Vδ Vα

δrec-ΨJα

JαJαJαJα CαVα Vα Vδ Vα Vδ Vα

TCRδ gene rearrangement

TCRδ locus excised
TREC

Dδ D
δ

C
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FIGURE 22-9. Formation of T-cell receptor excision circles (TRECs). The T-cell receptor α and δ (TCRα, TCRδ) loci are schematically depicted 
to show the basic rearrangement of variable (V), diversity (D), joining (J) and constant (C) regions. Vδ regions are interspersed between Vα regions, 
whereas the remainder of the TCRδ locus (Dδ, Jδ, Cδ) is embedded within the TCRα locus between the Vα and Jα regions. The black box and red 
box represent the δrec and ΨJα sequences, whereas the black and white triangles represent recombination signal sequences (RSSs) that recombina-
tion-activating gene (RAG) products recognize. The fi rst line depicts the locus in the germline confi guration. After TCRδ rearrangement, the Dδ, 
Jδ, and Cδ segments are randomly recombined. Thereafter, if the cell undergoes TCRβ and TCRα rearrangement, joining of δrec to ΨJα excises 
the TCRδ locus and results in an episomal circle of DNA containing the fusion of RSS signals. Polymerase chain reaction primers specifi c for this 
joining region can thus be used to detect the presence of the excision circle, an indicator of active rearrangement and T-cell neogenesis.
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Positive Selection, Negative Selection, 
and CD4/CD8 Lineage Commitment

The massive proliferation of DP thymocytes results in 
TCR αβ thymocytes with an immense range of specifi ci-
ties, including many that are incapable of binding host 
MHC, cannot recognize host MHC complexed to endog-
enous peptide ligands, or have inappropriately high affi n-
ity for MHC–self-peptide and hence are autoreactive. 
Selecting only thymocytes with intermediate MHC–self-
peptide affi nity (so-called Goldilocks or just-right condi-
tions) is critical for maintaining diversity of the repertoire, 
conserving the energy of the animal, and promoting 
self-tolerance.127

Positive selection is the term used to describe the 
process of selecting thymocytes capable of recognizing 
host MHC complexed to self-peptides generated from 
the processing of endogenous proteins. DP thymocytes 
are exquisitely prone to cell death in response to γ-
irradiation, corticosteroids, exposure to TCR or CD3 
cross-linking antibodies, or simply removal of the thymus 
from the body, and thus a positive signal via TCR-MHC/
peptide interactions is required to rescue the small 
number of DP thymocytes destined to become SP thy-
mocytes from cell death. Gene-defi cient mouse experi-
ments have demonstrated that multiple elements of 
TCR signaling are required for optimal positive selection, 
including TCR components (TCRα, CD3δ), early sig-
naling molecules (GADs, ZAP70), late signaling proteins 
(RasGRP, calcineurin, ERK), and transcription factors 
(nuclear factor of activated T cells [NF-AT], Egr family 
members).126,128-130 Interestingly, humans defi cient in 
CD3δ and ZAP70 have been described who have dis-
crepant development when compared with the knockout 
mouse counterparts. Defi ciency of CD3δ in humans 
causes an earlier block in development at the CD4− CD8− 
stage, well before the development of DP thymocytes.131,132 
ZAP70 defi ciency results in selective defi ciency of CD8 
SP thymocytes and mature CD8+ T cells.133-135 Likewise, 
although in the mouse interaction of DP thymocytes with 
MHC on radioresistant cortical thymic epithelium is 
probably the dominant requirement for positive selec-
tion, the source of MHC and the relative contributions 
of MHC from thymic epithelium, thymic dendritic cells, 
or other thymic APCs to positive selection in humans are 
less clear.

Negative selection is the term used to describe the 
process of removing thymocytes that are self-reactive, 
also termed “central tolerance,” by clonal deletion.136,137 
This is the fi rst and major mechanism for control of 
autoimmunity, although clones that escape deletion in 
the thymus are subject to peripheral tolerizing infl uences 
(discussed later). In mice, negative selection can be medi-
ated by cortical epithelium, medullary epithelium, and 
medullary dendritic cells. However, it was never clear 
how thymocytes reactive against self-antigens expressed 
only in peripheral tissues, such as islet cells, were selected 
against in the thymus. In other words, how are these 

tissue-specifi c proteins expressed in the thymus? More 
recently, mouse and human studies have revealed that all 
three cell types, medullary thymic epithelial cells 
(mTECs) in particular, exhibit promiscuous gene expres-
sion and transcribe a broad range of tissue-specifi c, 
nonthymic antigens.138 This insight helps explain how 
developing thymocytes reactive against nonthymic pro-
teins can be centrally deleted during negative selection. 
A newly discovered gene, AIRE (autoimmune regulator), 
is a factor shown to control the transcription of tissue-
specifi c antigen expression in murine mTECs.139 Simul-
taneously, this gene was shown to be responsible for the 
autoimmune polyendocrinopathy–candidiasis–ectoder-
mal dystrophy (APECED) syndrome, characterized by 
chronic mucocutaneous candidiasis, hypoparathyroid-
ism, adrenal insuffi ciency, and other organ-specifi c auto-
immune manifestations.140,141 Thus, this disease may be 
the fi rst example of failure of negative selection under-
pinning a human monogenic autoimmune disorder.

Maturation of CD4 and CD8 SP thymocytes from 
DP thymocytes occurs concurrently with positive selec-
tion and results in “matching” of coreceptor to MHC 
restriction with downregulation of the opposite corecep-
tor. The mechanisms controlling the CD4/CD8 lineage 
decision are separable from those governing positive 
selection142 and have been the subject of active investiga-
tion in murine models.143-146 Expression of class I and 
class II MHC in the thymus is not surprisingly required 
for SP thymocyte development.147-149 Indeed, patients 
with defects in a number of genes that control MHC class 
II expression, including RFXANK, RFX5, RFXAP and 
CIITA, all manifest the so-called bare lymphocyte syn-
drome, a rare autosomal recessive disorder characterized 
by decreased numbers of CD4+ T cells, defi cient helper 
function, and absence of specifi c antibody production 
because of lack of CD4-mediated B-cell maturation.150

T-CELL ACTIVATION AND FUNCTION

CD4+ and CD8+ TCR αβ T cells exported from the 
thymus circulate in a naïve or resting state in the blood 
and lymphoid organs but are poised to be activated by 
cognate antigen presented by MHC on the surface of 
APCs. CD8+ cytolytic T cells induce the lysis of foreign 
cells, such as infected, malignant, or allogeneic cells. 
CD4+ helper T cells interact with B cells via cell-cell and 
soluble factors to induce class switching and the genera-
tion of antigen-specifi c antibodies. They also provide 
“help” to CD8+ cytolytic T cells. Activation of resting T 
cells not only relies on signaling cascades downstream of 
the TCR-MHC interaction (signal 1) but also requires 
or is enhanced by the binding of a variety of T-cell sur -
face molecules to their ligands on APCs (signal 2). The 
lack of a second signal generally results in nonresponsive-
ness or anergy of the T cell and serves to ensure that 
activation of the naïve T cell is not only antigen specifi c 
but regulated as well. The affi nity of the cognate antigen, 
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the engagement of specifi c costimulatory molecules, 
and the cytokine milieu collectively infl uence and modu-
late the outcome of T-cell activation and thereby result 
in the generation of distinct effector cell subsets. Although 
most effector T cells perform their function and expire, 
a subset of activated cells differentiate into long-lived 
memory cells capable of rapid anamnestic responses.

T-Cell Receptor Triggering and Activation

The accessibility of T cells from human blood, the devel-
opment of transgenic and knockout murine models, the 
availability of agonistic and antagonistic antibodies to T-
cell surface proteins, and live cell imaging with fl uores-
cent confocal microscopy have made the study of T-cell 
signaling highly tractable.

In contrast to the highly polymorphic and critical 
extracellular domain of TCR, the intracellular domains 
of αβ and γδ TCR are short and do not have intrinsic 
signaling function. Rather, antigen recognition of suffi -
cient density on the cell surface to cross-link and cluster 
the TCR triggers modifi cation of the CD3 complex of 
proteins, which are noncovalently associated with the 
TCR’s cytoplasmic domains. The CD3 family of proteins 
in humans consists of γ, δ, ε, and ζ subunits, all trans-
membrane proteins with conserved ITAMs, similar to 
those found in the accessory Ig-α and Ig-β proteins com-
plexed to BCR (see earlier and Fig. 22-10).151 The CD3 
γδε subunits have similar structure with a single extracel-
lular Ig domain and a single cytoplasmic ITAM and are 
encoded by closely linked genes on human chromosome 
11q23. The CD3 ζ subunit, on the other hand, has a very 
short extracellular domain with a longer intracellular 
domain bearing three ITAMs and is encoded on human 
chromosome 1. In the mouse, an additional CD3 η 
subunit is generated by alternative splicing of the CD3 ζ 
gene; no CD3 η transcripts can be detected, however, in 
humans.152 Complete assembly of TCR αβ, CD3 γ, δ, ε, 
and ζ in the endoplasmic reticulum is required for stabil-
ity of the complex, which is then exported to the cell 
membrane in toto.153 The CD3 ζ proteins exist as a 
homodimer linked by disulfi des in the extracellular 
domain. The exact stoichiometry of the TCR-CD3 
complex remains controversial.154

Our understanding of the signaling cascades down-
stream of the TCR has become increasingly complete and 
complex. Five major signal transduction pathways are 
triggered by TCR engagement: phosphotyrosine kinase 
(PTK) activation, plasma membrane phosphatidylinosi-
tol hydrolysis, changes in intracellular calcium concentra-
tion [Ca2+]i, RAS/MAPK, and PKC pathways (see Fig. 
22-5). In recent years a variety of adaptor molecules and 
other families of proteins, including small Rho guanosine 
triphosphatases (GTPases), have been implicated in these 
pathways. Thus, there is much crosstalk between the 
main pathways, which then converge on the activation of 
nuclear transcription factors critical for the expression of 
T-cell effector molecules, namely, the cytokine genes, 
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FIGURE 22-10. The T-cell receptor (TCR)-CD3 complex. The TCR 
is a covalently linked heterodimer composed generally of an α and β 
subunit and more rarely of a γ and δ subunit. The TCR is noncovalently 
complexed on the cell surface to a family of invariant proteins known 
as CD3 and to the ζ family, which together are thought to transduce 
activating signals from the TCR to the cytoplasm of the cell. The ζ 
subunit exists primarily as a homodimer of ζ-ζ in the TCR-CD3 
complex but can be complexed to η or the FcR γ chain as heterodimers. 
Each of the CD3 and ζ chains has one and three intracellular activation 
motifs (ITAMs), respectively, which are important for initiation of sig-
naling pathways in the cell. The physical association of CD3 and ζ with 
the TCR is required for proper assembly of the TCR-CD3 complex, 
for cell surface expression, and for signal transduction.

particularly IL-2. Finally, the spatial organization of the 
TCR signaling complex in ordered lipid microdomains, 
in which an “immune synapse” is formed at the point of 
contact between the T cell and APC, is thought to enhance 
T cell–APC interaction and allow directed secretion of 
cytokines locally to the contacting APC.155,156

On a macromolecular level, TCR signaling begins 
when recognition of cognate antigen clusters the TCR 
molecules to the site of T cell–APC contact. The exact 
mechanism of how TCR occupancy induces the allosteric 
changes in CD3 necessary to transmit a signal is unclear, 
but within seconds to minutes of engagement, PTKs 
such as Lck and Fyn are activated and phosphorylate the 
ITAMs on CD3 subunits, particularly CD3 ζ (see Fig. 
22-5). The physical association of Lck with the CD4 and 
CD8 coreceptor molecules, recruitment to the mem-
brane by myristoylation and other modifi cations, and the 
multiplicity of Lck molecules in close proximity when the 
TCR-coreceptor complex is cross-linked are thought to 
promote and amplify its rapid activation.157 Phosphory-
lated ITAM on CD3 ζ in turn recruits ZAP70, a 70-kd 
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protein kinase whose homologue in B cells is Syk, via the 
phosphotyrosine binding SH2 domain.158 ZAP70 is phos-
phorylated by Lck, is activated, and then phosphorylates 
two key substrates, LAT (linker for activation of T cells) 
and SLP76 (SH2 domain–containing leukocyte protein 
of 76 kd). A host of downstream proteins, including 
Grb2, SOS, ITK, PLCγ, GADS, and VAV1, then con-
verge on LAT and SLP76 to activate the phosphoinositol, 
calcium, and RAS/MAPK pathways.51

Recruitment of PLCγ to LAT and SLP76 catalyzes 
the hydrolysis of phosphatidylinositol 4,5-biphosphate to 
generate IP3 and DAG, which in turn promote the 
increase in [Ca2+]i and activation of the T-cell–specifi c 
isoform PKC θ, respectively (see Fig. 22-5).159,160 The 
critical downstream effect of the rise in [Ca2+]i is activa-
tion of the calcium- and calmodulin-dependent serine/
threonine phosphatase calcineurin, whose key direct sub-
strates in T cells are members of the NF-AT family.161-163 
Dephosphorylation of NF-AT allows translocation of it 
from the cytoplasm to the nucleus, where it binds, often 
in the presence of AP-1 elements, to the transcriptional 
regulatory sequences of IL-2 and other cytokine genes. 
The immunosuppressant agents cyclosporine and tacro-
limus (FK506) function by forming macromolecular 
complexes with intracellular binding proteins (cyclophil-
ins and FK-binding proteins [FKBPs], respectively), 
which in turn inhibit the phosphatase activity of calci-
neurin, thereby abrogating the early cytokine elaboration 
critical for T-cell expansion and function.162,164,165

Activation of the RAS pathway primarily occurs by 
the recruitment of the adaptor proteins Grb2 and Shc to 
phosphorylated LAT, which leads to recruitment of the 
guanine nucleotide exchange protein Sos (see Fig. 22-5). 
Sos catalyzes the conversion of inactive guanosine diphos-
phate (GDP)-bound RAS to active guanosine triphos-
phate (GTP)-bound RAS and activates a series of 
MAPKs.166 Activation of PKCθ in response to PLCγ 
described earlier can crosstalk with this pathway and 
induce increases in RAS and MAPK activity, although the 
mechanisms and relative contributions are still unclear. 
Major downstream effects of PKCθ activation include 
stimulation of AP-1 nuclear activity, regulation of JNK 
(the upstream kinase of AP-1), and activation of NF-
κB.160 Induction of these and other transcription factors, 
which cooperate with NF-AT translocation in response to 
rises in [Ca2+]i, strongly stimulates production of IL-2.

The transcriptional program executed in response to 
TCR stimulation includes the major T-cell cytokine IL-2; 
other cytokines, including IFN-γ and IL-4, the canonic 
T-helper type 1 and type 2 cytokines (discussed later); 
proliferative factors, including c-myc and c-fos; a variety 
of activation markers such as CD69, CD45RO, CD44; 
and growth factor receptors, most prominently the high-
affi nity IL-2 receptor subunit IL2Rα, also called CD25.167 
Binding of IL-2 to its receptor, in both autocrine and 
paracrine fashion, results in a growth factor–induced 
signal to the cell and induces the transition from G1 to S 
phase of the cell cycle. Interestingly, in recent years, 

CD25 has been found not only to mark activated T cells 
but also to be expressed on naturally occurring T-
regulatory cells, discussed later. The role of IL-2 in 
expanding activated effector cells and simultaneously its 
requirement for development and maintenance of the T-
regulatory population result in pleiotropic effects of IL-2 
in vivo and has complicated the potential use of IL-2 in 
the clinical setting.168 The high-affi nity IL-2 receptor is 
composed of IL-2Rα, IL-2Rβ (CD122), and IL2Rγ (γc, 
CD132), this last a common signaling component of the 
cytokine receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and 
IL-21. Mutations in the IL2Rγ gene and the downstream 
factor JAK3 (Janus kinase 3) result in X-linked and auto-
somal recessive forms of severe combined immunodefi -
ciency (SCID), respectively. In contrast to the inhibition 
of early signals downstream of [Ca2+]i by cyclosporine 
and tacrolimus, the late proliferative response of T cells 
to binding of IL-2 to its receptor are abrogated by the 
immunosuppressant sirolimus (rapamycin), which com-
plexes with FKBP to inhibit mTOR (mammalian target 
of rapamycin). All three of these agents have been used 
in the prevention and treatment of graft-versus-host 
disease and solid organ graft rejection, and the actions of 
calcineurin inhibitors and rapamycin on serial events in 
T-cell activation have encouraged their use in combina-
tion therapy.

Coreceptors Involved in T-Cell Activation 
and the Immune Synapse

Because the affi nity of the TCR for cognate antigen–
MHC complexes and the density of TCRs on the naïve 
T cell are both relatively low, activation of the T cell 
depends on augmentation of the TCR signal by a complex 
combination of TCR-associated coreceptors, adhesion 
molecules, and other costimulatory molecules that trans-
duce distinct signals (Fig. 22-11). Recent techniques that 
visualize the distribution of TCR and these affi liated mol-
ecules in relation to the site of T cell–APC contact have 
led to a model in which the immune synapse segregates 
into central and peripheral supramolecular activation 
clusters (c-SMAC and p-SMAC, respectively). The func-
tional relevance of different synapse morphologies and 
the dynamics of formation and disassembly of the synapse 
are just being investigated.155,156,169

The CD4 and CD8 glycoprotein coreceptors bind to 
class II and class I MHC molecules, respectively, and are 
used to classify T cells into helper and cytolytic subtypes. 
The proximity of CD4 and CD8 coreceptors to the TCR-
MHC complex and the association of both CD4 and 
CD8 intracellular domains with the Src family tyrosine 
kinase p56lck are thought to increase avidity of the T cell 
for the APC and bring p56lck into close association with 
its target CD3 ζ.170,171 CD4 and CD8 coreceptors are 
generally found in the c-SMAC with TCR.

CD2 is a T-cell–specifi c glycoprotein receptor that 
binds to several ligands on the APC, including CD58 
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JAK/STATs, CD3 ζ, and ZAP70173; it is suggested that 
the dynamic repositioning of CD45 during synapse for-
mation and disruption alters its substrate specifi city.174 
Defi ciency of CD45 has been studied in mice and humans 
and results in defects in thymic T-cell development, T-cell 
function, and autoimmunity.173,175,176 Alternative splicing 
of the CD45 message results in multiple isoforms, most 
notably CD45RA, expressed in naïve or resting T cells, 
and CD45RO, characteristic of activated or previously 
activated T cells.

Costimulation of T Cells

TCR ligation (signal 1), even in the presence of CD4 or 
CD8 engagement, is insuffi cient for activation of resting 
T cells. In the absence of appropriate costimulation, TCR 
occupancy alone can result in T-cell unresponsiveness 
(T-cell clonal anergy, ignorance, or tolerance) on subse-
quent exposure to antigen. Tolerance is characterized by 
the inability to proliferate or secrete cytokines in response 
to secondary stimulation by the same antigen. Anergy is 
classically defi ned as this same failure, but it can be 
rescued or reversed by exogenous IL-2 in vitro.177 Costim-
ulation (signal 2) typically is mediated by receptors on 
T cells recognizing ligands on activated APCs (see Fig. 
22-11).

CD28, the fi rst discovered costimulatory molecule 
that prevents the induction of anergy, is a member of a 
growing family of related molecules. Human CD28, a 
homodimer of two 44-kd glycoproteins, is expressed on 
essentially all CD4+ cells and approximately 50% of 
CD8+ cells. CD28 interacts with the B7 family members 
CD80 (B7-1) and CD86 (B7-2). Interaction of CD28 
with CD80 or CD86 increases, quantitatively, the amount 
of IL-2 produced by both transcriptional and post-
transcriptional mechanisms,178 augments T-cell prolifera-
tive responses, and enhances T-cell survival by induction 
of the anti-apoptotic protein Bcl-XL.179 Notably, CD28-
dependent costimulation appears to be resistant to inhi-
bition by the immunosuppressants cyclosporine and 
tacrolimus (FK506), inhibitors of the serine/threonine 
phosphatase calcineurin, thus suggesting that this pathway 
uses a different cascade of biochemical signals than the 
calcineurin-sensitive TCR-CD3 complex.180-182

Structurally similar to CD28, CD152 (cytotoxic T-
lymphocyte antigen 4, CTLA-4) is a second CD28 family 
member that also binds to CD80 and CD86. CD152 is 
expressed only minimally on resting T cells but is induced 
on recently activated T cells. Mice rendered genetically 
defi cient in CD152 expression die postnatally with pro-
gressive lymphoproliferation183,184; it is now clear that the 
endogenous function of CD152 is to downregulate T-cell 
activation to terminate T-cell responses.182,185

CD278 (inducible costimulator [ICOS]) is another 
member of the CD28 family that was cloned by generat-
ing monoclonal antibodies directed against activated T 
cells.186 Like CD152, ICOS is expressed on activated T 
cells. ICOS does not bind CD80 or CD86 but instead 
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FIGURE 22-11. Receptor-ligand interactions important for T-cell 
adhesion and activation. The interaction of representative T-cell surface 
receptors with their ligands is shown. The T-cell receptor (TCR)-CD3 
complex interacts with a specifi c antigen in association with major his-
tocompatibility (MHC) class II (or class I) proteins. CD4 (or CD8) 
binds to monomorphic determinants on MHC class II (or MHC class 
I) proteins. The CD2 receptor binds to its principal ligand CD58 
(shown). Two additional ligands, CD48 and CD59, have been identi-
fi ed. The ligands for CD28 and CD40L are CD80/CD86 and CD40, 
respectively, and are expressed on activated B cells. The ligands for 
CD26, CD43, and CD7 (not shown), among other molecules, are 
unknown. LFA-1 (CD11a/CD18, αLβ2) interacts with its ligands CD54, 
CD102, CD50, and perhaps others. Fibronectin (FN) and CD106 
(vascular endothelial adhesion molecule 1[VCAM-1]) are two ligands 
for VLA-4 (CD49d/CD29, α4β1). Two ligands for CD44 exist: hyal-
uronidate and osteopontin (Eta-1). The ligands for other lymphocyte 
homing receptors are shown in Table 22-3. APC, antigen-presenting 
cell; CO, collagen; Ln, laminin.

(LFA-3), CD59, and CD48 (see Fig. 22-11). Binding of 
CD2 to its ligand on the APC serves to improve adhesion 
and the strength of the TCR-MHC interaction, whereas 
the cytoplasmic region associates with p56lck and thus 
augments TCR-induced early signals. In turn, TCR sig-
naling itself modifi es the cytoplasmic tail via a critical 
asparagine residue and thereby induces conformational 
changes that improve CD2-ligand binding, an example 
of so-called inside-out signaling.172 CD2 is generally 
found in the c-SMAC.

CD45, also known as leukocyte common antigen, is 
a phosphotyrosine phosphatase. It is generally excluded 
from the immune synapse in a manner that suggests that 
the size of the ectodomain of a given receptor determines 
its presence or absence in the synapse.155 The major sub-
strate of CD45 is thought to be p56lck, as well as possibly 
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binds to a novel, TNF-α–inducible adhesion molecule, 
CD275 (inducible costimulator ligand [ICOSL], B7h, 
B7-H2, B7RP-1).187 Importantly, engagement of ICOS 
appears to affect T-helper differentiation by favoring IL-
10 and IFN-γ production (see later). ICOS appears to be 
a key regulatory molecule for T-cell help, essential for 
normal humoral responses and B-cell heavy-class 
switching.

The number of CD28/B7 family members that func-
tion as costimulatory molecules continues to grow (Table 
22-3). Expressed on thymocytes and activated immune 
cells, programmed death 1 (PD-1) is a CD152-like mol-
ecule that also functions as an important negative regula-
tor of immune responses.188-190 An autoimmune disorder 
resembling systemic lupus erythematosus develops in 
PD-1–defi cient mice. The molecular mechanism of nega-
tive regulation by PD-1, like that by CD152, appears to 
be recruitment of a phosphotyrosine phosphatase (SHP-
2) to the signaling receptor.191 Two PD-1 ligands have 
been isolated; both are posited to play a role in the induc-
tion and maintenance of peripheral tolerance.188,192,193 
Finally, B7-H3, a distinct B7 family member important 
for costimulation of IFN-γ production, has been iso-
lated194; B7-H3 binds a counter-receptor on activated T 
cells distinct from any CD28 family member heretofore 
characterized.

In addition to CD28/B7 family members, members 
of the TNF family function as important costimulatory 
molecules involved in T-cell effector and T-cell–
dependent B-cell responses. Interaction of CD154 
(CD40L) with CD40 is essential for B-cell activation, Ig 
production, and heavy-chain isotype differentiation, as 
discussed earlier. The interaction of CD154 with CD40 
also upregulates CD80 expression on APCs and is thus 
important for sustaining a T-helper precursor cell (TH1) 
response.195 X-linked hyper-IgM syndrome is an autoso-

mal recessive disorder characterized by a defi ciency of 
CD4+ T-cell function and T-cell–dependent antibody 
responses; it is caused by mutation in the CD154 gene 
located on human chromosome X.196 Affected patients 
have normal or increased IgM levels and very low to 
undetectable IgG and IgA levels and are susceptible to 
opportunistic infections such as Pneumocystis jiroveci 
because of intrinsic CD4+ T-helper dysfunction.197,198 
Allogeneic stem cell transplantation offers a curative 
therapy for patients with an appropriate donor.199 Murine 
models of X-linked hyper-IgM syndrome have been 
developed by genetic disruption of either the CD40 or 
CD154 genes, which mimics the phenotype of the human 
disorder.200-203

Other TNF family molecules that are important for 
costimulation include CD70 (CD27L/TNFSF7) and 
CD252 (OX40L/TNFSF4). CD70, a ligand of approxi-
mately 50 kd that is transiently expressed on recently 
activated T and B lymphocytes, binds CD27, a homodi-
mer expressed on the surface of naïve CD4+ and CD8+ 
T cells.204,205 CD27/CD70 interactions promote TNF-α 
but not IL-2 production from T cells, as well as expres-
sion of CD154 on the T-cell surface. This receptor-ligand 
interaction also appears to induce B-cell terminal differ-
entiation to plasma cells.31 Expression of CD134 (OX40), 
a glycoprotein of approximately 48 kd, depends on TCR 
signaling on CD4+ activated cells. CD134/CD252 
costimulation enhances T-cell proliferation and cytokine 
production at limiting antigenic densities, enhances B-
cell and dendritic cell function, and modulates T-cell 
migration to B-cell follicular areas.206,207 Thus, CD134/
CD252 interactions have been suggested to prolong and 
enhance clonal expansion and immune responses at sites 
of infection and infl ammation.

Manipulation of costimulation by soluble receptors, 
ligands, or antibody-mediated blockade is of increasing 

TABLE 22-3 CD28/B7 Superfamily Interactions

Receptor Mass (kd)
Molecular 
Chromosome

Human 
Ligands Expression Function

CD28 44-90 2q33 CD80, CD86 CD4+ T cells 
50% CD8+ 
T cells

Activation: costimulation of cytokine 
production, particularly IL-2; 
prevention of induction of anergy

CD152 
(CTLA-4)

35-80 2q33 CD80, CD86 Activated T 
cells

Inhibition: negative regulator of 
T-cell activation and proliferation

ICOS 55-60 ND B7h/ICOSL Thymocytes, 
activated T 
cells

Activation: costimulation of IL-10 > 
IL-4, IL-5, IFN-β, TNF-α; 
enhancement of CD40L 
expression; regulation of T-cell 
hemostasis

PD-1 55 2q37 PD-L1 or 
B7-H1

Activated T 
and B cells, 
myeloid cells

Inhibition: decreases T-cell 
proliferation, decreases IFN-γ and 
IL-10 production

Unknown B7-H3 Activated T 
cells

Activation: increases IFN-γ 
production

CTLA-4, cytotoxic T-lymphocyte antigen 4; ICOS, inducible T-cell costimulator; IFN, interferon; IL, interleukin; ND, not determined; PD-1, programmed death 
1; TNF, tumor necrosis factor.
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interest in the treatment of autoimmunity, cancer, and 
solid organ rejection.208-210 More recently, the discovery 
that regulatory T cells (see later) are also exquisitely 
sensitive to costimulatory signals has complicated the 
potential outcome of such therapeutics. The pleiotropic 
effects in vivo of our current armamentarium are under-
scored by the sobering case of six patients in England 
who suffered life-threatening cytokine storm within hours 
of receiving an anti-CD28 antibody agonist intended to 
expand regulatory T cells.211

PERIPHERAL T-CELL MATURATION

A hallmark of adaptive immunity is the generation of an 
antigen-specifi c response that can be rapidly recalled 
upon re-exposure to the same antigen at a later time. 
Naïve T cells released from the thymus have a broad 
range of TCR specifi cities, with few clones that recognize 
any given antigen, and they generally do not proliferate 
in the absence of cognate antigen. Exposure to antigen 
results in differentiation and rapid proliferation of the 
specifi c naïve precursor population into effector T cells 
that either kill targets bearing cognate antigen in the case 
of CD8+ T cells or produce polarized sets of effector 
cytokines in the case of CD4+ T cells. The expansion of 
effector cells is rapid and brief, with the majority dying 
by activation-induced cell death. Long-lived memory T 
cells that survive after the effector response serve to 
increase the precursor frequency in the periphery and 
thus arm the organism for a more rapid and effi cient 
response on subsequent exposure to the same antigen.

Naïve T-Cell Differentiation to Effector 
and Memory T Cells

Circulating naïve, effector (activated), and memory T 
cells can be differentiated by phenotypic differences, as 
well as by genetic changes (Fig. 22-12). With T-cell acti-
vation, a number of cell surface receptors, including 
CD2, CD58, LFA-1, CD29, and CD44, are upregulated 
and increase the avidity of the interaction between the T 
cell and the antigen-bearing APC. CD45RA, which is 
constitutively expressed on naïve T cells, is downregu-
lated and replaced by the CD45RO isoform.212

More recently, human T-cell memory populations 
have been further characterized by the expression of 
CD62L (L-selectin) and the chemokine receptor CCR7 
as either effector memory (CCR7−) or central memory 
(CCR7+) subsets. CCR7 is a lymph node–homing recep-
tor that interacts with its ligand SLC on endothelial 
cells.213 It is proposed that differential CCR7 expression 
serves to segregate effector memory cells to tissues, where 
they rapidly release cytokines and kill targets, and central 
memory cells to lymph nodes, where interactions with 
dendritic cells and B cells orchestrate effective T-cell help 
and secondary proliferation.214,215 In addition to these cell 

surface markers, tetramer-based technology now allows 
identifi cation of antigen-specifi c CD8+ memory cells on 
a research basis.216 Four MHC molecules are bound 
covalently and tagged with fl uorescent marker and then 
loaded with specifi c cognate peptide.217 T cells that rec-
ognize that MHC-peptide complex bind the tetramer 
and can be identifi ed by fl ow cytometry. This technology 
is currently restricted by the number of MHC specifi ci-
ties and known peptides available and generally has been 
developed only for the more common HLA haplotypes 
in the white population.

Helper T-Cell Differentiation and Function

Effector helper T cells differentiate from naïve CD4+ 
T-helper precursors (THp) into two main classes of TH 
cells with distinct functional properties.218,219 A panoply 
of factors in the microenvironment where antigen recog-
nition occurs have been shown to infl uence the differen-
tiation of TH cells, including the nature and density of 
ligand, the strength of TCR ligation, the presence and 
kinds of costimulatory molecules, and the differentiation 
state of the APC.220 The cytokines in the immediate 
milieu are thought to be critical and result in vitro and 
in vivo in the early upregulation of canonic transcription 
factors that drive the TH cell to one lineage while sup-
pressing the transcriptional program characteristic of the 
opposite lineage (Fig. 22-13).221,222 For instance, under 
the infl uence of IL-12 and IFN-γ, the transcription factor 
T-bet is upregulated and drives the cell to the so-called 
T-helper type 1 (TH1) lineage, which is characterized by 
production of the infl ammatory cytokines IL-2, IFN-γ, 
and TNF-α.223 These cytokines drive paracrine expan-
sion of T cells and activation of macrophages and other 
innate cells, thus providing help to CD8+ T cells and 
promoting cell-based immune responses. IL-4 in the 
environment, in contrast, upregulates the transcription 
factor GATA-3, thereby directing the cell to a T-helper 
type 2 (TH2) cell fate.224,225 The elaboration of TH2 cyto-
kines such as IL-4 promotes class switching of B 
cells, important for T-cell–mediated help for humoral 
responses. IL-4 and other TH2 cytokines such as IL-5 and 
IL-13 also promote eosinophil differentiation, IgE pro-
duction, and the expulsion and control of parasites. 
Imbalance of TH1 and TH2 cell responses is thought to 
play a role in the development of autoimmunity, allergy, 
and asthma.

Cytotoxic T-Cell Differentiation 
and Function

The primary function of effector CD8+ T cells is direct 
killing of APCs infected by virus or other intracellular 
organisms. Cytotoxicity is antigen dependent, is contact 
dependent, and does not result in destruction of the 
cytotoxic T cell itself, which can kill multiple targets seri-
ally. At least two mechanisms of cytolysis are now recog-
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FIGURE 22-12. T-cell activation resulting in proliferation, acquisition of immunocompetence, and memory. Resting T cells are stimulated by 
antigen/major histocompatibility complex (MHC) molecules in the presence of a number of secondary signals. Appropriate activation results in 
an increase in both cell size and entry into the cell cycle. The high-affi nity interleukin-2 (IL-2) receptor is expressed on the cell surface. Other 
activation antigens, such as transferrin receptor (CD71) and HLA-DR, are also expressed on the cell surface. The T cell is stimulated to produce 
cytokines (e.g., IL-2) that act in an autocrine and paracrine fashion on the T cell to promote cell replication and maturation to effector cells. CD4+ 
T cells generally differentiate to become helper T cells that are able to secrete IL-2 and other cytokines in response to peptide antigen in the context 
of MHC class II proteins. Helper T cells secrete cytokines, which in turn help B cells and other T cells to proliferate and differentiate. T lympho-
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foreign peptide antigen or viral product in the context of MHC class I proteins. In addition, a certain proportion of CD8+ T cells function as sup-
pressor T cells and inhibit the ability of B cells to secrete immunoglobulin, the generation of CTLs, or the production of cytokines by CD4+ cells. 
A small proportion of circulating, stimulating T cells become immunocompetent memory T cells that are able to respond to antigen exposure in 
a secondary immune response. The phenotype of resting T cells changes upon T-cell activation, transcriptional activation, and acquisition of the 
memory phenotype. Certain cell surface receptors are upregulated quantitatively as shown, within days after activation. Although the level of 
expression of the TCR-CD3 complex remains constant, that of CD2, CD58, CD29, and CD44 increases. L-selectin expression decreases, and 
CD45RA expression fails. Expression of CD45RO is characteristic of the memory phenotype. In addition to early (e.g., CD2) and late (e.g., VLA-
1) quantitative changes in receptor expression, the avidity of a number of T-cell surface receptors is changed quantitatively after T-cell triggering. 
The avidity of LFA-1 (CD11a/CD18) for its ligands is upregulated after T-cell stimulation, as is CD8 for MHC class I proteins, CD2 for CD58, 
and VLA-β1 receptors for their ligands. The specifi c and dynamic regulation of T-cell avidity may impart sensitivity and plasticity to the immune 
response.

nized, cytotoxic granules and the Fas-Fas ligand pathway. 
Effector CD8+ T cells release the contents of cytotoxic 
granules into the immune synapse after contact with an 
infected cell. The main components of these granules are 
perforin and the serine esterases granzyme A and gran-
zyme B.226 Perforin molecules form multimerized pores 
in the target cell and are classically thought to mediate 
delivery of granzymes into the cytoplasm. Targets then 
die by a combination of osmotic swelling and proteolytic 
damage. The importance of perforin in both responses to 
infection and immunoregulation is apparent by the study 

of patients with congenital mutations in both alleles of 
perforin, which results in congenital hemophagocytic 
lymphohistiocytosis.227,228 Because perforin is also pro-
duced by NK cells (see later), this disease is characterized 
by defi ciencies in both CD8 and NK cytotoxic function. 
The second mechanism is induction of caspase-mediated 
apoptosis by engagement of CD95 (Fas, Apo-1) on target 
cells with its ligand CD95L (Fas ligand, CD178) on 
effector CD8+ T cells. CD95L is not constitutively 
expressed on naïve T cells and is upregulated on activa-
tion of T cells and NK cells. That this pathway also has 
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FIGURE 22-13. Differentiation of naïve CD4+ cells 
to T-helper precursor cells (TH1 and TH2). Naïve CD4+ 
cells, stimulated by ligation of the T-cell receptor and 
costimulatory molecules, differentiate into two classes 
of helper T cells. TH1 cells produce infl ammatory 
cytokines, characterized by interferon-γ (IFN-γ) and 
interleukin-2 (IL-2), that are capable of activating 
macrophages and promoting the further expansion of 
T cells; they appear to be the principal effectors of 
cell-mediated immunity. TH2 cells produce IL-4, IL-
10, and IL-5, among others, important for IgE produc-
tion by B cells and differentiation of eosinophils, and 
thus are the principal effectors of humoral immunity. 
The cytokines produced by TH1 cells (IL-2, IFN-γ, 
and IL-12) inhibit the induction of TH2 differentia -
tion, whereas the cytokines produced by TH2 cells 
(IL-4 and IL-10) reciprocally inhibit the differentia-
tion of TH1 cells. TNF-α, tumor necrosis factor α.

important immunoregulatory function is implied by the 
fact that mutations in CD95 or CD95L typically cause 
not overwhelming infection but generalized lymphopro-
liferation and autoimmunity in humans.229-231

Control of the Immune Response: 
Regulation and Termination of T-Cell 
Activation

Maintaining a state of unresponsiveness to self-antigens, 
or self-tolerance, is as important for a healthy immune 
system as recognition of non-self, or foreign, antigens 
from infectious agents or tumors. Failure of self-tolerance 
can lead to autoimmunity. The main mechanisms of tol-
erance include central or clonal deletion (deletion by 
negative selection in the thymus, discussed earlier), 
anergy, activation-induced cell death (AICD; termina-
tion of T-cell activation), and cell-mediated suppression 
or regulation.

A productive T-cell response requires stimulation by 
antigen-MHC complexes via the T-cell receptor (signal 
1) and appropriate costimulation (signal 2). T cells that 
encounter antigen in the absence of costimulation enter 
a state of anergy. Anergy is generally defi ned as the inabil-
ity to proliferate when rechallenged with the same antigen 
while maintaining the ability to proliferate in response to 
cytokine (i.e., IL-2).177,232 Anergy is also antigen specifi c, 
which means that an anergized cell can respond to other 
antigens if appropriately costimulated. Anergy ensures 
that autoreactive T cells that encounter peripherally 
expressed antigens in a noninfl amed environment, where 
costimulatory molecules on APCs have not been upregu-
lated, are not activated. AICD is important to ensure that 
the robust clonal expansion of antigen-specifi c T cells is 
short-lived. T cells exposed to foreign antigen or autore-
active T cells that escape thymic deletion and encounter 
self-antigen in the periphery can be killed by the CD95-
CD95L pathway, which activates caspases and other 

death signals. The importance of the CD95-CD95L 
pathway for control of lymphoproliferation in humans 
is demonstrated by the autoimmune lymphoprolifera -
tive syndrome (ALPS). Patients with ALPS have 
mutations in CD95 or more rarely CD95L or caspases, 
which leads to uncontrolled lymphoproliferation and 
autoimmunity.231

T cells that mediate suppression or regulation of 
other T cells have long been purported to exist. They 
were formerly thought to be a subset of CD8+ T cells, 
so-called suppressor cells, but in recent years a distinct 
population of CD4+ T cells with regulatory properties 
have emerged as important effectors of cell-based regula-
tion. This population of so-called naturally occurring T-
regulatory cells can be distinguished from other CD4+ T 
cells by the expression of certain cell surface receptors, 
most commonly CD25,233 and more recently by expres-
sion of a key transcription factor, FoxP3.234-236 FoxP3+ 
CD4+ CD25+ T cells develop in the thymus and in murine 
models require IL-2 for development and maintenance.237 
Humans defi cient in FOXP3 have the immune dysregu-
lation, polyendocrinopathy, enteropathy, X-linked (IPEX) 
syndrome, which is characterized by autoimmune diabe-
tes and thyroiditis, infl ammatory bowel disease, allergy, 
and other organ-specifi c autoimmunity.238-240 In vitro, 
suppressive activity of these cells is defi ned by the ability 
to depress proliferation by lymphocytes stimulated via 
the TCR.241-243 In vivo depletion of these cells in mice 
leads to spontaneous autoimmunity, whereas cotransfer 
suppresses autoimmunity in various models.237

NONCONVENTIONAL T-CELL SUBTYPES

In addition to conventional TCR αβ–bearing T cells that 
recognize peptide antigens, other nonconventional 
smaller populations of T cells exist. The function of these 
cells is less well characterized, but their conservation 
through evolution implies nonredundant roles in the 
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immune system. Both populations share the ability to 
bind to the nonclassic MHC molecules and have restricted 
TCR diversity. They are generally believed to have func-
tions during the innate immune response.

Development and Function of CD1-
Restricted T Cells or Invariant Natural 
Killer T Cells

A subset of T cells that bear αβ TCR but recognize lipid 
antigens rather than peptide antigens has been defi ned 
in several ways over the past couple of decades. These 
cells were fi rst characterized in the mouse as TCR αβ T 
cells that co-expressed cell surface markers also found on 
NK cells such as NK1.1 (CD161) and therefore were 
termed NK T cells.244 When it was found that a subset 
of NK T cells recognize the CD1 family of nonclassic 
MHC molecules,245 the term CD1-restricted T cells has 
been used as a more precise functional defi nition; con-
versely, not all CD1-restricted T cells express NK1.1. 
CD1 is a family of proteins with one isoform in the 
mouse, CD1d, and fi ve isoforms in humans, CD1a, 
CD1b, CD1c, CD1d, CD1e, the last of which is not 
expressed on the cell surface.246 These MHC class I–like 
proteins are generally expressed in a complex with β2-
microglobulin. The diversity of TCRα rearrangements 
used by CD1d-restricted T cells is limited, with many 
bearing Vα24-Jα18 rearranged TCRα protein, preferen-
tially complexed to a Vβ11 TCRβ protein. Thus, the term 
invariant NK T cells is also used to distinguish this main 
population from those with diverse αβ TCR restricted by 
CD1 molecules, and most studies have focused on the 
invariant CD1d-restricted subset.

Invariant NK T cells develop in the thymus, arise 
from the DP stage of development, and in mouse models 
are selected by other DP thymocytes that express CD1d 
rather than by thymic stroma.247 In contrast to conven-
tional T cells, invariant NK T cells recognize lipid pre-
sented by CD1.248 A number of foreign lipids and 
glycolipids have been identifi ed that are recognized 
by invariant NK T cells, although the discovery of self-
antigens has been more elusive.249 In the laboratory, α-
galactosylceramide, derived from marine sponge, is a 
highly potent agonist for invariant NK T cells250 and can 
be loaded onto tetramers of CD1d molecules tagged to 
fl uorescent molecules to identify human or mouse invari-
ant NK T cells by fl ow cytometry, similar to MHC tet-
ramer technology.251,252 About half of these cells do not 
express either CD4 or CD8 and half express CD4 in 
humans.253 Invariant NK T cells produce cytokines, such 
as IL-4 and IFN-γ, more rapidly than conventional TCR 
αβ T cells do, within hours in mice after in vivo injection 
with antigen.254 This early secretion has been proposed 
to function as bridge between innate and adaptive immu-
nity in diverse processes, including the response to infec-
tion, antitumor immunity, autoimmune disease, and 
asthma.255

DEVELOPMENT AND FUNCTION 
OF TCR gd T CELLS

TCR γδ T cells can be identifi ed in mammals, chickens, 
and even cartilaginous fi sh, though not in jawless fi sh.256 
Although they develop in the thymus alongside TCR αβ T 
cells, in contrast to conventional T cells, the variety of γδ 
receptors is highly restricted, with 6 Vγ genes used (5 Vγ1 
and 1 Vγ2) and 8 to 10 Vδ genes, 3 of which are commonly 
used in humans.256,257 TCR γδ T cells make up a very small 
percentage of cells in the thymus or lymph node, on the 
order of 1% to 2%, but are much more abundant in 
mucosal surfaces, particularly the human gastrointestinal 
tract. Interestingly, the distribution of human TCR γδ T 
cells is skewed toward particular γδ combinations: periph-
eral blood contains a preponderance of Vγ9Vδ2+ T cells, 
whereas TCR γδ T cells found in intestinal epithelium 
often bear Vδ1+ or Vδ3+ TCR.257 Most of these cells do not 
express either the CD4 or CD8 coreceptor. Although it is 
known that γδ rearrangement precedes αβ rearrangement 
and that γδ development occurs early during embryonic 
life, whether γδ development depends on ligand binding 
is unclear. Indeed, the natural ligands of TCR γδ T 
cells remain poorly defi ned but can be nonpeptides, as 
shown for circulating human TCR γδ T cells that recog-
nize mycobacterial antigens.258-260 Vγ9Vδ2+ T cells can 
generally recognize various types of phosphoantigens, 
whereas non-Vδ2+ T cells have more diverse ligands, 
including MHC class I–like molecules such as CD1. TCR 
γδ T cells can be expanded during responses to a variety of 
infections and tumors.257

NATURAL KILLER CELL DEVELOPMENT 
AND FUNCTION

In the peripheral blood of all individuals are circulating 
lymphocytes that morphologically resemble large granu-
lar lymphocytes and have distinctive physical character-
istics that allow separation of them on a Percoll density 
gradient in vitro. These cells are termed NK cells and 
consist of a distinct subset of lymphocytes that unlike T 
lymphocytes, do not rearrange the T-cell antigen receptor 
genes (see Table 22-1).261 These cells have the capacity 
to mediate the spontaneous lysis of sensitive target cells, 
including certain tumor cells, virus-infected cells, and 
hematopoietic cells, and to mediate ADCC.262,263 NK 
cells appear to lyse their targets by pathways similar to 
those used by cytotoxic T lymphocytes.262-264 NK cells 
have been shown to have a role in allograft rejection and 
tumor surveillance. Despite the relative homogenicity of 
morphologic appearance and function, NK cells are 
clearly a heterogeneous population of cells. NK cells are 
derived from a common lymphoid precursor cell. Periph-
eral blood NK cells may be derived directly from precur-
sors in the bone marrow or may transit through the 
thymus, although the thymus is not required for their 
development. Phenotypic and functional NK cells may 
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arise from immature CD7+ CD1− TCR− CD3− CD4− 
CD8− prothymocyte precursors,265,266 and they express 
CD2. Recent data indicate that Flt3L, IL-15, and IL-21, 
a cytokine closely related to IL-2 and IL-15, are all 
involved in NK hematopoietic development and expan-
sion.267 More recently, there is evidence that NK cells 
in humans can also mature in secondary lymphoid 
tissue.268

In addition to a role in immune surveillance, a role 
has been documented for NK cells in protection from 
viral infections, which is particularly important in the 
early phases of an immune response before T-cell recruit-
ment. Indeed, NK cells are critical for protection against 
latent DNA viruses of the herpes family inasmuch as 
individuals with a defi ciency in NK cell number or func-
tion typically have overwhelming herpesvirus infec-
tions.264 Viral infection can trigger NK cell activity in 
several ways. First, elaboration of cytokines such as IFN-
α, IFN-β, and IL-12 by infected cells, particularly mono-
cytes, macrophages, and dendritic cells, induces NK cells 
to produce IFN-γ.269 Second, cells expressing viral anti-
gens that are then coated with specifi c Ig can bind to FcR 
on the surface of NK cells and trigger ADCC. Finally, 
NK cell surface receptors that usually recognize MHC 
class I and class I–like molecules mediate so-called 
missing self recognition.

NK cells interact with and are regulated by nonclas-
sic MHC class I molecules. The killer cell Ig-like recep-
tors (KIRs) recognize HLA class Ia and class Ib proteins, 
including HLA-G.270 Members of a related family, termed 
Ig-like transcripts or leukocyte Ig-like receptors (LIRs), 
also recognize HLA class I proteins and are expressed 
not only by NK cells but also by cells of the myelomono-
cytic lineage.271 These families of receptors act as inhibi-
tory receptors that downregulate NK cell activity upon 
recognition of ligand by recruiting negative regulatory 
signaling proteins (e.g., tyrosine phosphatases) to the 
receptor complex.272,273 Thus, NK cells can be activated 
or inhibited by HLA class I–like molecules; net activity 
depends on expression of these receptors and expression 
of MHC class I molecules on the target cells. Viruses may 
use the ability to downregulate MHC class I expression 
as a means of subverting the immune response; cells 
with low class I MHC expression are, however, targets 
of NK cytotoxicity. Importantly, human cytomegalovirus 
expresses an MHC class I homologue, UL18, that associ-
ates with β2-microglobulin and endogenous host pep-
tides. UL18 binds with high affi nity to LIR-1 and related 
NK molecules, thereby effectively competing with 
host class I molecules, and escapes immune 
recognition.274-276

CONCLUSIONS

T and B cells play a central role in the acquired immune 
response, and NK cells are an early and critical effector 
of the innate immune response. The evolution of an 

adaptive immune response with the capacity for long-
lived anamnestic responses affords exquisite specifi city 
and adaptability to higher animals such that novel infec-
tions or arising malignancy can be both cleared initially 
and protected against upon re-exposure. Indeed, the 
requirement for T-cell function in normal homeostasis is 
exemplifi ed by the consequences of its suppression. Defi -
ciency of T-cell function associated with acquired immu-
nodefi ciency syndrome (AIDS), allogeneic stem cell 
transplantation, or T-cell–directed immunosuppressive 
therapy places patients at risk for herpes family viral 
reactivation (herpes simplex, herpes zoster, and cyto-
megalovirus) and lymphoproliferation (particularly 
Epstein-Barr virus–transformed B-cell lymphomas). As 
the mechanisms of immune control of nascent malignant 
degeneration become better understood, strategies to 
improve control of cancer by immunomodulatory therapy 
may become more tractable.

The same acquired immune response that gives 
higher animals an advantage in control of infection con-
versely predisposes these same species to the unique 
problems of autoimmunity. Failure of self-tolerance may 
result from the dysregulation of host T-cell responses 
after exposure to specifi c antigens in the setting of spe-
cifi c MHC molecules. Self-reactive B-cell clones may 
also mediate autoimmunity through inappropriate pro-
duction of self-antigen–specifi c antibodies directed 
against a variety of tissue-specifi c targets. That enhance-
ment of immune responses can precipitate autoimmunity 
is exemplifi ed by the development of autoimmunity in 
melanoma patients who experienced tumor regression 
after peptide vaccination in the context of immunostimu-
latory anti–CTLA-4 antibody.277 Greater understanding 
of antigen-specifi c activation and tolerance should open 
the way to the development of targeted immunomodula-
tion and carry the fi eld beyond global suppression of 
T-cell responses.
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Immune compromise arises either as a heritable genetic 
defect (primary disease) or as a consequence of (second-
ary to) another pathologic process such as infection, 
malignancy, or iatrogenic immunosuppression. Immune 
system dysfunction is most often manifested as recurrent 
and chronic infections. Malignancy and autoimmunity 
also occur in certain syndromes. In most instances, symp-
toms and signs of immunodefi ciency develop soon after 
birth. However, onset may be delayed into childhood, 
and milder variants may not be diagnosed until adult-
hood. Even though many patients with severe immuno-
defi ciency suffer dramatic morbidity and mortality in 
infancy and early childhood, the majority of patients with 
immunodefi ciency have milder forms that permit sur-
vival into adulthood, but often with reduced longevity 
because of infection, autoimmune disease, or con-
stitutional debility. Health-related quality of life is 
signifi cantly impaired in children with primary immuno-
defi ciency.1 The challenge to clinicians is to recognize 
and intervene aggressively in these “milder” forms to 
maximize quality of life for these patients.

Immunodefi ciencies may be classifi ed with respect to 
the specifi c immune effector mechanisms disrupted.2,3 In 
broadest terms, one may distinguish cellular and humoral 
components of both specifi c immunity (T-cell cytotoxic-
ity and B-cell antibody production) and nonspecifi c 
immunity (phagocytosis and the complement system). 
Discussed here are selected syndromes of immunodefi -
ciency arising from aberrant development and function 
of T and B cells, as well as the complement system. 
Phagocytic disorders are the subject of Chapter 21. Table 
23-1 lists several Internet sites with information relevant 
to primary immunodefi ciencies.

COMBINED IMMUNODEFICIENCIES

Severe Combined Immunodefi ciency

The term severe combined immunodefi ciency (SCID) 
designates a genetically heterogeneous group of syn-
dromes having in common a profound disturbance in the 
development and function of both T and B cells.4 In 
Figure 23-1 the development of lymphocytes is outlined. 
In some instances, the molecular defect leading to SCID 

prevents only T-cell function, and B cells are normal. 
However, because T cells play a role in most B-cell 
responses, serious T-cell dysfunction precludes effective 
humoral immunity. Not surprisingly, complete absence 
of specifi c cellular and humoral immunity leads to an 
extreme infectious diathesis. Mucocutaneous candidiasis 
is a common early fi nding. Infections with common viral 
pathogens (e.g., varicella, herpes simplex, measles, ade-
noviruses, respiratory syncytial virus, infl uenza, and para-
infl uenza) are often fatal. Patients are also susceptible to 
opportunistic infections with commensal organisms that 
are normally nonpathogenic, such as Pneumocystis jiroveci. 
Even attenuated vaccine organisms such as oral polio 
vaccine virus and bacille Calmette-Guérin (BCG) can 
cause severe or fatal infection. Transfusion of blood 
products containing viable lymphocytes may lead to fatal 
graft-versus-host disease. The few patients who do not 
die of infection during childhood have an increased risk 
for malignancy.

Typical symptoms of SCID are recurrent severe 
infections, chronic diarrhea, and failure to thrive.2,4 
Symptoms are often seen in the newborn period but may 
be delayed by several months. Antibodies derived from 
the mother by transfer across the placenta provide some 
early protection. Physical examination may reveal foci 
of infection (e.g., thrush) and the absence of discern-
ible lymphoid tissue. Hypogammaglobulinemia is often 
present but is not universal. Specifi c antibody responses 
are almost always severely impaired.

Abnormalities in lymphocyte populations vary, 
depending on the specifi c molecular defect. T cells are 
almost always absent or their numbers are very low, and 
they do not function. SCID is most often classifi ed 
according to the peripheral blood lymphocyte phenotype, 
that is, absence or presence of the major lymphocyte 
types. T cells are absent (or very low) in all classic forms 
of SCID, a phenotype designated “T−.” The presence or 
absence of B cells is indicated by adding “B+” or “B−,” 
respectively. The same pattern applies for natural killer 
(NK) cells. Table 23-2 lists the various lymphocyte phe-
notypes of SCID and the molecular defects associated 
with them. Some syndromes classifi ed as SCID have 
phenotypes that do not fall easily into any of these prin-
cipal groups and are listed individually. Figure 23-2 
shows the relative frequency of SCID secondary to some 

TABLE 23-1 Internet Sites with Information Relevant to Primary Immunodefi ciency Diseases

URL Name/Description

http://www.aaaai.org American Academy of Allergy, Asthma, and Immunology (AAAAI)
http://F.webring.com/hub?
ring=pidring

Primary Immune Defi ciency WebRing

http://www.info4pi.org Primary Immunodefi ciency Resource Center
http://www.jmfworld.org Jeffrey Modell Foundation (JMF)
http://www.primaryimmune.org Immune Defi ciency Foundation (IDF)
http://www.uta.fi /imt/bioinfo University of Tampere, Institute of Medical Mutation Databases (links to many sites)
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FIGURE 23-1. Diagram of lymphocyte development. Pluripotent stem cells give rise to all cellular blood elements. The common lymphoid pro-
genitor gives rise to the three principal lineages of lymphocytes: T cells, B cells, and natural killer cells. T cells develop in the thymus. Most peripheral 
T cells express the αβ form of the T-cell antigen receptor (TCR) and develop through distinct stages in the thymus. Mature helper T cells express 
the CD3 antigen coreceptor complex along with the major histocompatibility complex (MHC) class II receptor CD4, whereas cytotoxic cells 
express the MHC class I receptor CD8. A minority (1% to 5%) of peripheral T cells express the γδ form of the TCR along with CD3, but without 
CD4 or CD8; less is known about their development. B cells develop initially in the bone marrow and pass through several stages before exiting 
to complete development in the spleen. Mature B cells express distinct markers (CD19 and CD20) along with surface immunoglobulin M (IgM) 
and IgD. B cells are activated in germinal centers to undergo class switching and become either memory B cells expressing IgG, IgA, or IgE or Ig-
secreting plasma cells. Most IgG-producing plasma cells reside in the bone marrow. Natural killer cells are a distinct lineage of cytotoxic cells; little 
is known regarding their development from lymphoid precursors.

TABLE 23-2  Lymphocyte Phenotype Classifi cation 
of Severe Combined Immunodefi ciency 
and Associated Gene Defects

Lymphocyte Phenotype Genes

T−B−NK− ADA, NP
T−B−NK+ RAG1, RAG2, 

DCLRE1C (Artemis), 
NHEJ1 (Cernunnos), 
LIG4

T−B+NK− IL2RG, JAK3, IL2RA 
(CD25)

T−B+NK+ IL7RA, PTPRC (CD45), 
CD3D, CD3Z

CD4 defi ciency MHCIITA, RFXANK, 
RFX5, RFXAP

CD8 defi ciency ZAP70, TAP1, TAP2, 
TAPBP, CD8A

of these defi ned genetic lesions. Approximately 10% of 
SCID cases result from unknown genetic lesions. In as 
many as 40% of patients with SCID, maternal T cells 
may have engrafted in the fetus during gestation, and this 
situation may occasionally confuse the diagnostic picture.5 

Maternally derived T cells tend to be anergic, but they 
may also be associated with clinical manifestations similar 
to those of graft-versus-host disease, such as eczematous 
rash, eosinophilia, and splenomegaly. In rare circum-
stances, maternal engraftment may lead to even more 
unusual clinical fi ndings, such as IgA monoclonal gam-
mopathy in an infant.6

T−B−NK− Severe Combined Immunodefi ciency

Adenosine Deaminase and Purine Nucleoside 
Phosphorylase Defi ciencies

Figure 23-3 shows the salvage pathway of purine nucleo-
tide synthesis. The enzymes adenosine deaminase (ADA) 
and purine nucleoside phosphorylase (PNP) are the only 
known defects of nucleotide synthesis associated with 
immunodefi ciency.7,8 ADA defi ciency (ADAD), which 
has an incidence of 1 in 200,000 live births, accounts for 
approximately 15% of all patients with SCID (see Fig. 
23-2), or approximately a third of SCID cases with auto-
somal recessive inheritance. PNP defi ciency (PNPD) is 
quite rare (30+ patients described). Absence of ADA or 
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types do. In ADAD and PNPD, T-cell precursors in the 
thymus appear to be especially sensitive to death by 
apoptosis (programmed cell death).9-12 B cells are more 
often depleted in ADAD than in PNPD. In the latter, the 
B-cell phenotype is more variable.

Approximately 85% of individuals with ADAD will 
display a SCID phenotype with markedly reduced 
numbers of both T and B cells and low serum antibody 
levels. NK cells are only rarely found in patients with 
ADAD. Additional clinical manifestations may include 
radiographic alterations of the ribs, vertebral bodies, and 
iliac crests, as well as cognitive impairment later in life.7,13 
Without bone marrow transplantation (BMT), the major-
ity of patients die of infection. Ten percent to 15% of 
patients with ADAD may have a delayed or late-onset 
form that may be manifested in late infancy or early 
childhood.12 These patients may initially have variable 
numbers of circulating lymphocytes and some humoral 
immunity that quickly wanes. The severity of the pheno-
type appears to correlate to some degree with the amount 
of residual ADA activity. As little as 3% to 5% residual 
enzyme activity may be suffi cient to maintain normal 
immune function even into adulthood, at which time 
infectious complications may arise.14 ADAD has also 
been described in a few adult patients with “idiopathic” 
CD4 lymphocytopenia (see later).15

PNPD is mainly expressed as a somewhat selective 
defect in cellular immunity, although it is usually dis-
cussed together with ADAD because of similarities in 
their biochemical pathophysiology. Patients are extremely 
susceptible to viral and fungal infections. They have 
decreased numbers of circulating T cells, often initially 
with normal numbers of B cells and normal serum immu-
noglobulin (Ig) levels. With time, humoral immunity 
usually deteriorates. Analysis of a murine model of PNPD 
suggests that accumulation of dGTP inhibits mitochon-
drial DNA repair and leads to increased T-cell apop -
tosis.11 Approximately 50% of children with PNPD have 
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FIGURE 23-2. Relative occurrence of severe combined immunodefi -
ciency (SCID) syndromes. The category labeled “Other/unknown” 
contains a few patients with some of the less common genetic mutations 
associated with SCID, along with some whose causes have yet to be 
determined. (Adapted from Buckley RH. A historical review of bone 
marrow transplantation for immunodefi ciencies. J Allergy Clin Immunol. 
2004;113:793-800.)
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FIGURE 23-3. Salvage pathway 
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PNP leads to intracellular accumulation of deoxy-
adenosine and deoxyguanosine, respectively. These 
molecules are not themselves toxic to lymphocytes. 
However, when they are converted to their 5′-triphos-
phates (deoxyadenosine triphosphatase [dATP] and 
deoxyguanosine triphosphatase [dGTP]), they inhibit 
ribonucleotide reductase and prevent de novo synthesis 
of deoxynucleotides. Without building blocks for the rep-
lication and repair of DNA, the cells cease to divide. 
Lymphocytes die to a much greater extent than other cell 
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neurologic complications such as spasticity, diplegia, 
paresis, and other motor disorders, as well as cognitive 
impairment.16

After clinical suspicion is aroused, diagnosis of 
ADAD or PNPD is not diffi cult. Both ADA and PNP 
activity is readily measurable in red blood cell (RBC) or 
leukocyte lysates. In symptomatic patients, activity is 
usually 1% or less of that in normal subjects. These 
methods may be applied for screening of in utero cord 
blood samples or cultured amniotic or chorionic villus 
cells. PNP is required for the production of hypoxanthine, 
a precursor of uric acid (see Fig. 23-3). Thus, individuals 
with PNPD will have reduced serum and urine urate 
levels. Such is not the case for patients with ADAD.

ADAD is amenable to enzyme replacement therapy. 
RBCs contain high levels of ADA, and RBC transfusions 
can ameliorate the enzyme defect.17 Such treatment is 
effective in approximately 50% of patients, mainly those 
with evidence of some residual immune function. 
However, these patients have a risk of complications after 
chronic RBC transfusions, such as iron overload and 
transfusion-associated infections. An alternative therapy 
is infusion of polyethylene glycol–conjugated bovine 
ADA (PEG-ADA or pegademase).9,18 This treatment is 
generally well tolerated, but immune reconstitution is 

incomplete. Infectious complications may occur occa-
sionally during therapy with PEG-ADA, and malignan-
cies such as cerebral Epstein-Barr virus (EBV)-positive 
lymphoma have also been observed.19 RBC transfusions 
have not benefi ted patients with PNPD. Other forms of 
enzyme replacement have not been explored.

BMT is curative of the immunodefi ciency associated 
with ADAD and PNPD (see later). Other features, such 
as neurologic impairment, are not improved after BMT. 
ADAD has also been cured by gene therapy (see later).

T−B−NK+ Severe Combined Immunodefi ciency

Defects of Recombinase-Activating Genes 1 and 2

Patients have very low numbers of T and B lymphocytes, 
and NK cells are found in about 75% of these patients. 
This form of SCID results from mutations in one of two 
DNA-binding proteins, the products of recombinase-
activating genes 1 or 2 (RAG1 or RAG2).20 These pro-
teins have critical roles in directing the somatic 
recombination of Ig and T-cell antigen receptor (TCR) 
genes. RAG1 and RAG2 proteins bind to specifi c recog-
nition sequences fl anking gene segments and participate 
in cutting and splicing of the DNA that assembles mature 
Ig or TCR genes (Fig. 23-4). B- and T-cell precursors are 
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FIGURE 23-4. Gene defects affecting lymphocyte antigen receptor gene rearrangement and causing T−B−NK+ severe combined immunodefi ciency. 
The genes that encode immunoglobulin and T-cell antigen receptors are assembled from subunit segments that are separated in the germline and 
undergo assembly or somatic rearrangement during lymphocyte development. In the fi gure, a TCR or Ig heavy chain is shown. The heavy chains 
are composed of four distinct segments: V, variable; D, diversity; J, joining; C, constant. Some of the segments are fl anked by recombination signal 
sequences (RSS). RAG1 and RAG2 initiate the process that leads to double-strand breaks (DSB) in DNA. The DNA in between coding segments 
is looped out and forms circles, with the coding sequences joining to one another. In the case of T cells, the larger DNA circle is referred to as a T-
cell receptor excision circle. All these DNA joints are made by a group of molecules that together subserve the function of nonhomologous end 
joining (NHEJ).
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present, but they are arrested at an early stage of develop-
ment. Some patients with RAG1 or RAG2 mutations 
have variable degrees of immune defi ciency and atypical 
lymphocyte phenotypes (limited development of small 
numbers of B or T lymphocytes, or both).20 Mutations 
in these genes should be sought in individuals with partial 
combined immunodefi ciency without other specifi c 
molecular diagnoses.

A distinct SCID phenotype known as Omenn’s 
syndrome (OS) also results from RAG1 or RAG2 
mutations.21 OS has similar manifestations as acute 
graft-versus-host disease. Symptoms include recurrent 
severe infections, failure to thrive, chronic severe diar-
rhea, and erythroderma with exfoliation and exudation. 
Examination may reveal hepatosplenomegaly and lymph-
adenopathy. Laboratory studies show anemia, hypogam-
maglobulinemia with an elevated IgE level, a decrease 
in the number of peripheral B cells and poor antibody 
responses to antigen, appearance of immature CD4+CD8+ 
T cells (“double-positive” T cells) in the circulation, and 
absence of T-cell function in vitro. Patients exhibit infi l-
tration of the skin, intestinal mucosa, liver, and spleen 
with histiocytes and oligoclonal populations of T cells 
and lymphocyte depletion in the thymus, spleen, and 
other peripheral lymphoid tissues. It has been proposed 
that mutations in RAG1 or RAG2 that permit partial 
function (so-called hypomorphic mutations) result in the 
OS phenotype rather than “classic” SCID. However, 
recent observations of similar mutations in patients with 
these two disorders suggest that other factors also play a 
role in determining the phenotype.22 In at least one case, 
progression to OS was observed in a patient with a RAG2 
mutation after infection with parainfl uenza virus type 3.23 
Occasionally, somatic mutations may become superim-
posed on null or “amorphic” mutations and yield 
mosaicism with revertant or hypomorphic populations 
of lymphocytes and resultant OS.24 Additional genetic 
defects have also been associated with OS (DCLRE1C, 
or Artemis, and IL7RA, see later).

Mutations of DCLRE1C (Artemis)

A form of autosomal recessive SCID with the classic 
T−B−NK+ phenotype has an associated feature of general 
radiation sensitivity not seen with RAG1 or RAG2 muta-
tions and is caused by mutations in the gene DCLRE1C 
(DNA cross-link repair enzyme 1C), whose protein 
product is called Artemis.25 Artemis has a critical role in 
the function of nonhomologous end joining (NHEJ), or 
the repair of double-stranded DNA breaks (see Fig. 
23-4).26 Absence or impaired function of Artemis blocks 
lymphocyte development in the same manner as muta-
tions in RAG1 and RAG2 do, by preventing proper 
assembly of mature Ig and TCR genes through somatic 
recombination. Artemis is ubiquitously expressed, and 
the generalized radiation sensitivity phenotype in these 
patients results from loss of its function in nonhemato-
poietic tissue. OS has been observed in some patients 
with Artemis defects.27

DNA Ligase IV Defects

Mutations in the DNA ligase IV gene (LIG4) lead to a 
form of T−B−NK+ SCID and radiosensitivity very similar 
to Artemis defi ciency, with the added features of micro-
cephaly and cognitive impairment.28-30 Ligase IV is also 
required for NHEJ. Fewer than 10 patients have been 
described thus far. The severity of the immunologic and 
neurologic features is variable. Some patients have pan-
cytopenia, and two patients have had leukemia.

Cernunnos Defi ciency

Five patients have recently been described with another 
form of T−B−NK+ SCID, very similar to ligase IV defi -
ciency, that is due to mutations in the NHEJ1 (nonho-
mologous end joining 1) gene.31 The protein product has 
been called Cernunnos. Clinical features include lym-
phopenia, radiation sensitivity, growth retardation, micro-
cephaly, and developmental delay.

T −B+NK− Severe Combined Immunodefi ciency

X-Linked Severe Combined Immunodefi ciency, 
Mutations of the Cytokine Receptor 
Common γ Chain

Slightly less than half of all patients with SCID are males 
with an X-linked form of the disease, referred to simply 
as X-linked SCID (XSCID), that is due to mutations in 
the cytokine receptor common γ chain (γc).32 This mole-
cule is shared by no less than six different cytokine recep-
tor complexes, including those for interleukin-2 (IL-2), 
IL-4, IL-7, IL-9, IL-15, and IL-21 (Fig. 23-5). Thus, a 
defect in a single molecule interrupts several cytokine 
pathways, thereby severely disrupting immune function. 
One patient with this disease received intense media 
attention (“the boy in the bubble”).33 These patients have 
a classic SCID phenotype: T cells are absent, and the 
thymus is empty of lymphocytes. The number of B cells 
is normal or increased; however, Ig is virtually nonexis-
tent. This defi ciency results largely from the absence of 
T-cell help for antibody production. However, B cells 
are not completely normal. Their function can be only 
partially complemented by normal T cells. NK cells are 
found in about 10% of patients. Some patients with 
XSCID may have variable numbers of their own T cells 
or B cells and partial immune function.34 In addition, 
maternal T cells may enter the fetus’s circulation during 
gestation and subsequently expand.35 Thus, the diagnosis 
of γc defi ciency should at least be considered in all males 
with SCID.

T lymphocytes of female carriers of XSCID show a 
highly skewed pattern of lyonization, or nonrandom X-
chromosome inactivation.36 This may be studied with 
DNA probes specifi c for highly polymorphic repetitive 
sequence regions, some of which may be associated with 
specifi c genetic loci, such as monoamine oxidase, or with 
the androgen receptor. Female carriers express a single 
allele at a polymorphic locus of the X chromosome in 
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more than 95% of T lymphocytes. This represents the 
preferential survival of cells retaining the functional gene 
on the active X chromosome. The expression of alleles in 
other tissues is less unequal. Similar analyses are useful 
with other X-linked immunodefi ciency disorders, such as 
Wiskott-Aldrich syndrome (WAS) and X-linked agam-
maglobulinemia (XLA).

Urgent BMT is the standard therapy for all forms of 
SCID, including XSCID. In some patients, B cells may 
fail to engraft after BMT (see later), thus leaving patients 
with their own B cells and residual humoral immunode-
fi ciency despite normal T-cell function. Gene therapy has 
also been successful in the treatment of XSCID (see 
later).

Jak3 Defi ciency

A form of T−B+NK− SCID phenotypically very similar to 
XSCID is associated with defects in the tyrosine kinase 
Jak3.37,38 The similarity with XSCID is easily understood 
because Jak3 is a critical signal-transducing molecule 
associated with the γc chain (see Fig. 23-5). Oligoclonal 
and poorly functional T cells may develop in some of 
these patients, but NK cells are not generally found. 
Because of the variable immunologic phenotype, the 
diagnosis should be considered in patients with com-
bined immunodefi ciency and B cells. One patient dis-
played highly unusual functional maternal engraftment 
that provided partial immune protection, and the diag-
nosis was made at 8 years of age.39

CD25 Defi ciency

A male infant was reported to have a form of SCID 
caused by mutation of the gene encoding the α chain of 
the IL-2 receptor (also called CD25, the signaling chain 
for this receptor is γc; see Fig. 23-5).40 This child was seen 
at 6 months of age with oral and esophageal candidiasis, 
chronic diarrhea, failure to thrive, chronic lung disease, 
and autoimmunity with lymphadenopathy and spleno-
megaly. He had a reduced number of CD4+ T cells and 
NK cells and poor in vitro T-cell function that could not 

be corrected with exogenous IL-2. B-cell number and 
function were normal. CD25 is important in T-cell devel-
opment. The fi nding of reduced apoptosis of thymocytes 
in this patient suggested that they were resistant to nega-
tive selection and that this resistance permitted many 
autoreactive T-cell clones to reach the periphery and 
expand.

T−B+NK+ Severe Combined Immunodefi ciency

Defects of the Interleukin-7 Receptor α Chain

Between 10 and 20 patients with a T−B+NK+ SCID phe-
notype have been found to have mutations in the gene 
encoding the α chain of the IL-7 receptor (IL-7Rα, also 
called CD127; the signaling chain for this receptor is γc; 
see Fig. 23-5).41 This molecule is also a component of 
the receptor for thymic stromal lymphopoietin, a member 
of the IL-2 family of cytokines. In one review of 16 
patients, BMT was successful in 13.41 At least one patient 
with IL-7Rα defects was found to have OS at initial 
evaluation.42

Mutations Affecting Components of the T-Cell 
Antigen Receptor Complex

The TCR is made up of several different polypeptides 
(Fig. 23-6),43 including the TCRα and TCRβ (or TCRγ 
and TCRδ) chains of the receptor making contact with 
major histocompatibility antigen-peptide complexes, as 
well as components of the CD3 signal-transducing 
complex: CD3γ, CD3δ, and CD3ε and a ζ2 dimer or a 
ζ-η heterodimer.

Defects in CD3δ lead to a T−B+NK+ SCID pheno-
type.44-47 Of the nine patients (four kindreds) described, 
all had varying degrees of panhypogammaglobulinemia 
and disseminated viral infections (except one in whom 
the defect was diagnosed at birth because of a family 
history). Three patients had thymus glands of normal 
size, in marked contrast to almost all other forms of 
SCID, in which the thymus is absent or extremely hypo-
plastic.46 One other patient had a small thymus, thus 
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ing via γc and Jak3. The γc chain participates in 
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associates with the Jak3 kinase in every case. 
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receptors for interleukin-2 (IL-2) and IL-15 
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scriptional regulators and alter gene expres-
sion. NK, natural killer.
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suggesting that a normal-size thymus may not be a con-
sistent feature of this form of SCID.44 Three patients (one 
kindred) with defi ciency of CD3ε leading to a similar 
phenotype have been described.45,47 Finally, one patient 
with a similar phenotype and germline and mosaic partial 
revertant mutations of the gene encoding the CD3γ chain 
has also been described.48

One family has been identifi ed in which two sibling 
boys had mutations in the genes encoding the γ chain of 
the CD3 complex.49 One sibling had a SCID phenotype 
with a normal number of lymphocytes and a selective 
defi ciency of IgG2. He died of parainfl uenza 3 pneumo-
nia at 31 months of age. His brother had a similar labora-
tory profi le; however, he was healthy and did not have 
recurrent infections. The reason for the differential phe-
notypic expression of the same defect in these brothers 
is not known.

CD45 Defi ciency

A few patients have been found to have a form of SCID 
resulting from mutations in the gene encoding the protein 
tyrosine phosphatase CD45.50-52 This molecule plays an 
important role in T-cell activation. These patients have a 
SCID phenotype with diminished numbers of poorly 
functional T cells and normal numbers of B cells and NK 
cells.

Severe Combined Immunodefi ciency with 
Selective Defi ciency of CD4+ T Cells

Mutations Affecting the HLA Class II Gene 
Transcription Complex

The major histocompatibility complex (MHC) in humans 
is called the human leukocyte antigen (HLA) complex. 
The class I and class II HLA molecules expressed on cell 
surfaces are critical for practically all mechanisms of spe-
cifi c immune activation. Class I molecules are present on 
most cells of the body. They present antigenic peptides 

derived principally from intracellular sources to the 
antigen receptors of T cells expressing CD8. Class II 
HLA molecules are generally restricted to specialized 
antigen-presenting cells (APCs), including monocytes 
and macrophages, dendritic cells, and B cells. HLA class 
II molecules mainly present peptides imported from 
outside the cell to antigen receptors of T cells bearing 
CD4. Defects in the synthesis, expression, or function of 
HLA molecules may be expected to have profound con-
sequences on immune competence.

More than 50 patients with HLA class II defi ciency 
have been described to date.53 Most children who have 
this disorder are seen within the fi rst weeks of life with a 
classic SCID phenotype. Lymphocyte numbers tend to 
be normal, but all forms of MHC class II (DP, DQ, and 
DR) are not expressed. Most patients have profound 
hypogammaglobulinemia, no delayed hypersensitivity 
responses, and decreased numbers of circulating 
CD4+ T cells. Some patients have normal serum Ig levels; 
however, specifi c antibody responses are not elicited. 
Alloreactivity in mixed lymphocyte culture is preserved 
to a large extent. As a rule, these children do not survive 
without BMT. For reasons that are not clear, however, 
BMT in these patients has not been consistently 
successful.54

MHC class II defi ciency results from defective regu-
lation of gene transcription.53 Four complementation 
groups (A through D) are recognized, each correspond-
ing to a component of the HLA class II transcription 
complex (Fig. 23-7). Mutations in CIITA (class II trans-
activator) correspond to group A, mutations in RFXANK 
(the B subunit of the regulatory factor X complex) to 
group B, mutations in RFX5 (encoding another subunit 
of RFX) to group C, and mutations in RFXAP to group 
D. Without a complete transcription complex, no mRNA 
is produced, and class II proteins cannot be synthesized. 
The same complex activates transcription at all HLA 
class II gene promoters.
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FIGURE 23-6. Components of the T-cell antigen receptor. 
The actual receptor making contact with a major histocompat-
ibility complex (MHC)-peptide complex is a heterodimer of 
α and β (or γ and δ) chains. This heterodimer sits in the cell 
membrane in association with the signal-transducing CD3 
complex. This complex contains two heterodimers, one γε and 
one δε, and one ζ dimer. Also shown is the MHC class II 
coreceptor molecule CD4. Tyrosine kinases Lck, Fyn, and 
ZAP-70 associate with components of the receptor complex 
via immunoreceptor tyrosine-based activating motifs (ITAMs) 
and transduce signals after interaction of the receptor with 
peptide/MHC.
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Partial MHC class II defi ciency has also been 
reported in male twins.55 These children had trace 
amounts of HLA-DR α and β protein detected by 
immunoblotting techniques. Interestingly, one twin was 
hypogammaglobulinemic and suffered from recurrent 
infections; he showed a good response to replacement 
therapy with intravenous immunoglobulin (IVIG). The 
other twin was completely asymptomatic and had normal 
serum antibody levels and immune responses, although 
he had no more DR expression than his brother did. The 
molecular defect in these children is not known.

Selective Defi ciency of CD8+ T Cells

ZAP-70 Defi ciency

Several patients with mutations in the gene encoding the 
ZAP-70 (TCRζ-associated protein of 70 kd) tyrosine 
kinase (see Fig. 23-6) have been described.56 The ZAP-
70 tyrosine kinase has a critical role in signals transmitted 
via the TCR. Individuals with ZAP-70 defi ciency have a 
classic SCID phenotype. They may exhibit somewhat 
elevated total lymphocyte counts with a high number of 
CD4+ T cells and almost complete absence of CD8+ T 
cells. Although circulating CD4+ cells appear normal, 
they fail to respond to signals delivered via the TCR. 
These characteristics suggest that ZAP-70 kinase is criti-
cal for normal thymic development of CD8+ cells and not 
for the CD4+ subset. However, mature CD4+ T cells 
depend on ZAP-70 for activation.

Defective Expression of HLA Class I

Several patients with defective expression of HLA class I 
molecules have been described.57,58 These patients have 
mutations in one of two genes encoding either TAP1 or 
TAP2 (transporter associated with antigen processing 1 
or 2). The TAP1/TAP2 heterodimer is required for shut-
tling of cytosolic peptides across the endoplasmic reticu-
lum to load onto nascent HLA class I molecules for 
eventual expression at the cell surface and presentation 

to TCRs (Fig. 23-8). HLA class I molecules are highly 
unstable without a peptide in their binding cleft, and they 
are not transported to the cell surface. Another patient 
has been described with reduced MHC class I expression 
because of a mutation affecting the molecular chaperone 
TAP-binding protein, also called tapasin.59 These entities 
are frequently categorized as forms of SCID, although 
patients with defective expression of HLA class I appear 
to suffer mainly upper and lower respiratory tract bacte-
rial infections and bronchiectasis. A few patients may 
exhibit granulomatous skin infl ammation. Occasional 
asymptomatic individuals have also been described. The 
main immunologic abnormality is low peripheral blood 
CD8+ T cells; antibody responses may be normal.

Severe Combined Immunodefi ciency with 
Normal Lymphocyte Populations

Defect in Orai1

After lymphocyte receptor engagement and costimula-
tion by cytokines and other intercellular contacts, mobi-
lization of calcium from both intracellular and extracellular 
sources is absolutely necessary for downstream signaling, 
activation, and proliferation. Two patients from a single 
kindred have been found to have a form of SCID caused 
by an impairment in this critical calcium fl ux.60 The 
defective protein has been called Orai1, and its func -
tion is required for operation of the calcium release–
activated calcium (CRAC) channel. These two males 
had essentially normal peripheral blood lymphocyte phe-
notypes with normal or elevated Ig levels.61 However, T 
cells did not respond to stimulation in vitro, and no 
specifi c antibody was produced. One patient died of 
disseminated BCG infection. The other survived BMT 
but has persistent anhidrotic ectodermal dysplasia and 
myopathy.60

Griscelli’s Syndrome

Griscelli’s syndrome (GS) is one of a group of diseases 
of “pigmentary dilution” whereby abnormalities in mela-
nosome traffi cking within cells lead to characteristic pale 
skin and silvery-gray or ashen hair. In GS, this may be 
associated with a profound cellular immunodefi ciency 
and neurologic abnormalities (seizures, ataxia, oculomo-
tor and refl ex abnormalities).62,63 Screening studies of 
immune function may be normal. Patients may have 
lymphadenopathy and hepatosplenomegaly at initial 
evaluation. Infections consist principally of bacterial 
infections of the respiratory tract, skin, and other organs. 
Without BMT, fulminant and fatal lymphoproliferation 
with hemophagocytosis ultimately develops.

The full spectrum of symptoms in GS is referred to 
as GS type 2, and it results from mutations in RAB27A.62,63 
The RAB27A gene product plays an important role in 
transporting cytotoxic T-cell granules to the site of contact 
with a target cell. Lack of Rab27a protein impedes 
this process and diminishes the ability of cytotoxic T 
cells to kill their targets. Patients with GS type 1 exhibit 
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FIGURE 23-7. Transcription complex for major histocompatibility 
complex (MHC) class II genes. Shown are the known components of 
the complex of proteins that regulates transcription of MHC class II 
genes. Mutations of the genes encoding the components indicated by 
asterisks lead to MHC class II–defi cient severe combined immunode-
fi ciency (see text).
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pigmentary changes and neurologic symptoms without 
immunodefi ciency and have mutations in the MYO5A 
gene that encodes the myosin Va protein. Myosin Va 
binds to actin and hydrolyzes adenosine triphosphate. It 
also has a role in vesicle transport within cells. GS type 
3 consists of only pigmentary change and is associated 
with defects in the melanin chaperone melanophilin.

Therapy for Severe Combined 
Immunodefi ciency

Bone Marrow Transplantation

Identifi cation of a patient with SCID is an immunologic 
“emergency.”64 Children with this disorder are so prone 
to infections that extreme measures must be taken to 
protect them from microbial invasion. Most patients are 
already infected when initially evaluated and require 
aggressive interventions to keep their clinical course from 
running inexorably downhill. After full immunologic 
evaluation has been performed (as expeditiously as pos-
sible), these patients should begin receiving IVIG infu-
sions. Prophylaxis for P. jiroveci pneumonia is indicated 
for all patients.

Although alternative therapies may work for some 
patients (e.g., PEG-ADA for ADAD), the defi nitive treat-
ment for the great majority of patients with SCID is 
BMT. A variety of sources have been used for stem cells, 
including HLA-identical sibling donors, haploidentical 
related donors (usually parents), HLA-matched unre-
lated donors, and partially matched umbilical cord 
blood.65-70 Pretransplant conditioning with chemother-
apy, radiation therapy, or both may be indicated, depend-
ing on the particular form of SCID and the relatedness 
of the donor. After BMT, patients have variable patterns 
of leukocyte chimerism. Almost universal reconstitution 
with donor T cells is seen. B-cell engraftment is less reli-
able, but its likelihood may be increased in some forms 
of SCID with prior myeloablation. Humoral immunity 
is generally intact if engraftment of donor B cells takes 
place. However, if it does not, lifelong replacement 
therapy with IVIG is required. The origins of NK and 
myeloid populations are unpredictable.

The best outcomes are obtained with BMT from 
HLA-identical related donors in the fi rst 1 to 3 months 
of life in the absence of any infections. After BMT, thymic 
output of T cells may be measured by determining the 
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number of T cells that bear T-cell receptor gene excision 
circles (TRECs).71-73 TRECs are episomal DNA circles 
composed of the DNA segment between TCR variable 
region and D region gene segments that are excised in 
the process of somatic recombination during thymic T-
cell development (see Fig. 23-4). The largest and earliest 
increases in TRECs predict the most robust T-cell recon-
stitution after BMT. However, more than 10 years after 
BMT, levels of TRECs fall more rapidly than in normal 
individuals, and the diversity of the T-cell repertoire is 
diminished.

TRECs can be measured in dried blood spots, such 
as those obtained in the course of newborn screening for 
a variety of inherited disorders.74,75 In the vast majority 
of forms of SCID, TRECs are very low in number as a 
result of the absence of signifi cant thymic T-cell output. 
Methods for detecting TRECs will probably soon be 
applied in pilot studies of newborn screening for SCID.

Gene Therapy

Gene therapy for the treatment of human disease was 
fi rst attempted in patients with ADAD.76 A functional 
copy of the ADA gene in a retroviral vector was trans-
duced into populations of hematopoietic cells or mature 
T cells. Transduced cells expressed normal levels of ADA 
and showed normal function in vitro. However, clinical 
effi cacy was diffi cult to assess in these early attempts 
because adjunctive therapy with PEG-ADA was consid-
ered to be mandated on ethical grounds, even after the 
reintroduction of transduced cells into patients. As the 
therapy developed, eventual complete immune reconsti-
tution was achieved, even after discontinuation of PEG-
ADA.77,78 In some cases, myeloablative therapy was also 
administered.

The earliest “complete” success of gene therapy is 
considered to have occurred with XSCID.79,80 Hemato-
poietic stem cells were transduced ex vivo with a retro-
viral vector carrying a functional copy of the γc gene and 
then infused into patients. Between 10 and 15 patients 
have been treated in this manner thus far in several trials 
in different locations. Most patients have exhibited rapid 
reconstitution of T cells. B-cell numbers are low, but Ig 
levels and antibody responses are adequate to permit 
cessation of IVIG replacement therapy. The therapy 
appears to work only early in development (within the 
fi rst year of life) because of deterioration of the thymic 
rudiment over time.81 Attempts at transduction in older 
patients after failed BMT have not succeeded.

Unfortunately, at least three late (>2 years after 
therapy) occurrences of T-cell leukemia in recipients of 
transduced cells have tempered the early enthusiasm.82,83 
The leukemias appear to have arisen after insertion of 
the vector into a leukemogenic site, the LMO2 gene 
locus.84 The LMO2 gene product appears to modify the 
activities of several transcription factors; it is itself inap-
propriately transcribed in certain leukemogenic chromo-
somal translocations. Insertion of the γc vector had the 
same leukemogenic effect in these patients. It is likely 

that alterations in the vector and transduction methods 
will be required to avoid similar complications in the 
future.

Combined Immunodefi ciency Associated 
with Other Syndromes

Wiskott-Aldrich Syndrome

These disorders and the selective cellular defi ciencies, 
together with their associated gene defects, are listed in 
Table 23-3. Wiskott-Aldrich syndrome (WAS) is an X-
linked disease, the classic manifestations of which include 
eczema, immunodefi ciency, and thrombocytopenia.85,86 
Bloody diarrhea is often seen and may be the initial 
feature. Eczema may be mild or exuberant; staphylococ-
cal superinfection is common. Recurrent otitides and 
sinopulmonary infections occur frequently, and opportu-
nistic infections are also seen. In addition, autoimmune 
vasculitis and glomerulonephritis, as well as other auto-
immune processes, have been observed in WAS. Patients 
most often die of overwhelming infection or massive 
hemorrhage. Those who avoid these complications have 
a greatly increased risk for lymphoma, many of which are 

TABLE 23-3 Combined Immunodefi ciencies, 
Cellular Defi ciencies, and Associated Gene Defects

Syndrome Gene

COMBINED IMMUNODEFICIENCIES
Wiskott-Aldrich syndrome WAS
Ataxia-telangiectasia ATM
DiGeorge’s syndrome del22q11, TBX1
Hyper-IgM syndromes
X-linked, CD40 ligand defi ciency 
(HIM1)

TNFSF5

Activation-induced cytidine 
deaminase defi ciency (HIM2)

AICDA*

CD40 defi ciency (HIM3) TNFRSF5
Defect in class switch 
recombination (HIM4)

Unknown

Uracil nucleoside glycosylase 
defi ciency (HIM5)

UNG*

Mutations of the NF-κB pathway NEMO, IKKA
Defect in toll-like receptor signaling IRAK4
WHIM syndrome CXCR4
X-linked lymphoproliferative 
syndrome

SH2D1A

Autoimmune polyglandular 
syndrome type 1

AIRE

CELLULAR IMMUNODEFICIENCIES
Defects in the interferon-γ receptor 
and signal transduction

IFNGR1, 
IFNGR2, STAT1

Defects in interleukin-12/23 and 
receptors

IL12B, IL12RB1

*Strictly speaking, these are selective humoral immune defects (see text). 
They are listed here because of the common use of “HIM + number” abbrevia-
tions in the literature.

NF-κB, nuclear factor κB; WHIM, warts, hypogammaglobulinemia, 
infections, myelokathexis.
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EBV positive. Atypical nonmalignant lymphoprolifera-
tion may also occur.87

Platelets are small, do not function normally, and are 
also cleared more rapidly and produced more slowly than 
normal (although the number of bone marrow mega-
karyocytes is normal or even increased).85,86 In the appro-
priate clinical context, measurement of platelet size 
confi rms the diagnosis. In normal individuals, platelet 
volume is 7.1 to 10.5 fL, with a diameter of 2.3 ± 0.12 μm, 
whereas platelets from patients with WAS have volumes 
ranging from 3.8 to 5.0 fL with diameters of 1.82 ± 
0.12 μm. Small platelet size is occasionally seen in 
immune thrombocytopenias, but WAS can be distin-
guished by its other manifestations. However, immune 
thrombocytopenia may develop in as many as 20% of 
patients with WAS, either before or after splenectomy.

The only available cure for WAS is BMT.88,89 Without 
BMT, survival beyond early childhood is uncommon. In 
general, BMT from a matched sibling donor is highly 
successful and considered the treatment of choice for 
WAS. To date, the results of BMT from an unmatched 
donor have been disappointing. Pretransplant morbidity 
and mortality may be reduced with regular infusions of 
IVIG, antibiotic prophylaxis, and blood component 
replacement. 85,86 Splenectomy often lessens the require-
ment for platelet transfusions, although immune throm-
bocytopenia may later supervene. Splenectomy alone 
increases the median survival in patients with WAS from 
5 to 25 years.

The immune defects in WAS are variable.85,86 Immune 
function may be normal in early infancy but gradually 
wanes. T-cell numbers may be decreased, and there may 
be inversion of the CD4/CD8 ratio. Cutaneous delayed 
hypersensitivity responses are often absent. T cells have 
diminished, but not absent responses to mitogens and 
antigens in vitro. T cells in WAS will also proliferate in 
response to nonspecifi c activating stimuli such as phorbol 
esters and calcium ionophores but show a striking absence 
of reactivity to antibodies directed against the CD3 
complex of the TCR. The diversity of the T-cell repertoire 
appears normal throughout childhood, but it may become 
more restricted with consequent worsening immunode-
fi ciency in adulthood.90

The level of IgM is diminished early in the course of 
the disease, whereas levels of IgG, IgA, and IgE may be 
elevated initially and then gradually decline. Isohemag-
glutinins and specifi c antibody responses are also elicited 
in young patients with WAS. This responsiveness likewise 
diminishes with time. Although the frequency of class-
switched B cells (i.e., those not expressing IgM) appears 
to be normal, there are fewer memory B cells expressing 
CD27, thus indicating some alteration in B-cell activa-
tion in germinal centers that could underlie or contribute 
to the humoral immunodefi ciency.91

The gene defective in WAS has been identifi ed; its 
offi cial name is WAS and its product is designated the 
WAS protein (WASP). One group recently studied 
descendants of the original patients reported by Dr. 

Wiskott to demonstrate the WAS mutation in this 
kindred.92 The same gene is defective in the syndrome 
known as X-linked thrombocytopenia, as well as in X-
linked congenital severe neutropenia. 85,86 WASP interacts 
with several intracellular partners, including the WASP-
interacting protein (WIP), Rho family guanosine triphos-
phatases, and the Arp2/3 complex, which leads to 
reorganization of the actin cytoskeleton.93 These pro-
cesses recruit the additional internal and external mem-
brane-associated molecules needed for full execution of 
the signaling programs after ligation of the TCR (and 
other receptors, such as NK receptors for HLA class I). 
Even though it is clear that WASP has direct and indirect 
relationships with various components of the cytoskeletal 
machinery, it also appears to have roles in activating 
nuclear factor of activated T cells (NF-AT) and nuclear 
factor κB (NF-κB) transcription factors after receptor 
engagement, independently of actin polymerization.94 
Although biochemical and cytoskeletal abnormalities 
have been observed in platelets, no clear defects in struc-
ture (other than size) or in function (e.g., aggregation) 
have been demonstrated.

The best clinical correlations with WASP mutation 
have come from careful analysis of WASP expression in 
lymphocytes with various WAS mutations.95 This study 
has raised important challenges to assumptions regarding 
the consequences of genetic lesions for protein expres-
sion. In particular, missense mutations may lead to 
absence of protein rather than expression of mutant 
protein because of a failed stabilizing interaction with 
another partner. On the other hand, supposed null non-
sense or frameshift WAS mutations may permit the 
expression of partially functional truncated forms of 
WASP. Splice site mutations may also lead to small 
amounts of normal protein or absence of protein. In 
general, the more severe phenotypes are associated with 
complete absence of protein and milder types with the 
presence of at least partially functioning protein. However, 
it is necessary to correlate the functional consequences 
of particular genetic lesions at the protein level directly 
rather than attempting to predict them.

WAS may be diagnosed in many patients by demon-
stration of the absence of WASP in Western blots of 
cytoplasmic lysates probed with specifi c antisera.85,86 
Intracellular fl ow cytometric analysis may yield the same 
fi nding. DNA-based methods may be used as well. Deter-
mination of maternal carrier status may also aid in diag-
nosis. Female carriers of WAS are generally asymptomatic 
and have normal platelet counts but show nonrandom 
X-chromosome inactivation in lymphocytes and granu-
locytes. One female with WAS has been reported; she is 
a carrier and her disease is expressed because of extreme 
nonrandom X-chromosome inactivation.96 In a different 
consanguineous kindred, a female exhibited X-linked 
thrombocytopenia as a result of homozygous WAS muta-
tions. Apparent spontaneous reversion of the WASP 
mutation has been observed in some populations of T 
cells in at least one patient.97
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Ataxia-Telangiectasia

Ataxia-telangiectasia (AT) is an autosomal recessive 
disorder with an estimated incidence of 1 in 20,000 
U.S. white births (95% confi dence interval, 1 in 2,500 to 
700,000).98 AT is characterized by progressive cerebellar 
ataxia, oculocutaneous telangiectasia, and immunodefi -
ciency.99 Associated features are an increased incidence 
of lymphoma and sensitivity to radiation. Impairment in 
motor development may be noted early in the disease 
course and is progressive. Walking may be delayed until 
16 to 18 months of age or later. Telangiectases of con-
junctival and cutaneous vessels do not appear until chil-
dren are 3 to 5 years of age. The cutaneous lesions are 
found mainly on the pinnae and in skin creases. Immu-
nodefi ciency will occur in approximately 70% of patients. 
Manifestation of the immunodefi ciency is quite varied, 
but it is often seen as recurrent sinopulmonary bacterial 
infections. Growth retardation is a prominent feature in 
many patients and has been associated with decreases in 
insulin-like growth factor I and its binding protein; the 
mechanism is unknown.100

The median age at death in patients with AT is 
approximately 19 to 25 years.101 Many patients die of 
progressive pulmonary disease caused by repeated infec-
tion. Possibly, noninfectious and ultimately fatal intersti-
tial lung disease may also occur in approximately 25% of 
patients.102 Beyond 10 years of age, the incidence of 
cancer in patients with AT is 1% per year; 85% of the 
cancers are acute leukemias or lymphomas.103 Serum 
levels of oncofetoproteins such as α-fetoprotein and car-
cinoembryonic antigen are markedly elevated in about 
95% of patients with AT.99 In the appropriate clinical 
context, an elevated serum level of α-fetoprotein is 
diagnostic.

Numbers of circulating T and B cells are often 
normal. T cells bearing the γ-δ form of the TCR consti-
tute up to 50% or more of the total number of T cells in 
patients with AT.104 These cells make up only 1% to 5% 
of peripheral T cells in normal individuals. Cutaneous 
delayed hypersensitivity responses, as well as results of in 
vitro assays of T-cell function, are often depressed. Some 
suggest that T-cell dysfunction may not be as impaired as 
is often thought in this disease.105 However, it is diffi cult 
to generalize from the small number (four) of patients 
studied in this report. Varying degrees of defi ciency of 
particular antibody isotypes are common. IgA defi ciency 
occurs in two thirds of patients. Decreased levels of IgG2, 
IgG4, and IgE are also common. Hypergammaglobu-
linemia occurs in about 40% of patients with AT.106 It is 
usually of the IgM isotype, although elevated levels of 
IgG and IgA have also been observed. In about a fi fth of 
these cases, the elevated Igs are oligoclonal or monoclo-
nal. Impaired specifi c antibody responses, particularly to 
pneumococcal polysaccharide antigens, have also been 
noted in AT patients.107

The gene that is defective in AT is designated ATM 
(AT mutated).99 ATM has critical roles in regulation of 

the cell cycle: it is involved in the detection of DNA 
damage and in the initiation of repair. There is a marked 
delay in induction of the tumor suppressors p53 and 
BRCA1 after exposure of AT cells to radiation. Even 
low-dose radiation leads to signifi cantly greater DNA 
damage in AT fi broblasts and lymphoblasts than in 
normal individuals.108

Lymphocyte activation is linked to proliferation (i.e., 
induction of cell division), which also proceeds abnor-
mally without functional ATM.99 For example, defective 
activation of protein kinase C has been observed in T 
cells in AT, although the role of ATM here is not yet 
known. Lymphocytes of patients with AT also show a 
remarkable number of chromosomal translocations and 
inversions. These changes predominantly involve the loci 
that rearrange to generate mature Ig (2p12, 22q12, and 
14q32) and TCR (7p15, 7q35, and 14q11) genes and 
refl ect defective repair of the double-stranded breaks 
produced as part of the physiologic gene rearrangement 
process during lymphocyte development.

Whether pathologic changes result from the hetero-
zygous carrier state of AT remains a subject of contro-
versy. Carriers heterozygous for AT have none of the 
classic clinical manifestations of AT; however, the sensi-
tivity of their DNA to radiation is increased, and they 
may have a higher incidence of malignancy. Several 
reports suggest that AT heterozygotes have an increased 
rate of a variety of malignancies, such as breast cancer.109,110 
Polymorphisms of AT may also affect the expression of 
malignancies such as lung cancer.111

The Nijmegen breakage syndrome is a disorder of 
chromosome fragility with autosomal recessive inheri-
tance.112 The phenotype is similar to that of AT and 
consists of growth retardation, microcephaly, immunode-
fi ciency, sensitivity to radiation, and a high rate of lym-
phoma. The affected gene is called NBS1. Nibrin, its 
protein product, is another substrate of ATM in the cel-
lular response to ionizing radiation. Absence of nibrin 
function leads to disruption of mechanisms of DNA 
repair, but it does not appear to result in abnormal func-
tion of cell cycle check points. Another similar syndrome 
called “AT-like disorder” results from mutations of the 
gene MRE11, which encodes another ATM substrate.113 
Polymorphisms of MRE11 may be associated with the 
development of non-Hodgkin’s lymphoma; however, this 
was not found for NBS1.113

DiGeorge’s Syndrome

DiGeorge’s syndrome (DGS) arises as a result of a failure 
of migration of neural crest cells into the third and fourth 
pharyngeal pouches. Patients display a characteristic 
facies, cardiac defects, parathyroid hormone defi ciency, 
and varied immune defects.114,115 The facies consists of 
hypertelorism, micrognathia, short philtrum, and low-
set, posteriorly rotated ears with small pinnae. Cardiac 
defects are varied. Type B interrupted aortic arch is the 
most common and is associated with DGS in 50% of 
patients with this defect. Truncus arteriosus and other 
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conotruncal anomalies are also common. Structural 
anomalies of the airways have likewise been found in 
some patients, as well as dysphagia secondary to laryn-
goesophageal dysmotility. The bilateral paired parathy-
roid glands are normally adherent to the thymus. Thus, 
these organs are affected together in this disease. The 
parathyroid defi ciency is often more pronounced than 
the thymic defect; hypocalcemic tetany is one of the more 
common initial symptoms of DGS. Even small islands of 
ectopic thymus tissue permit the development of suffi -
cient T cells for immune competence. Some degree of 
cognitive impairment is seen in many patients.

Partial and complete forms of DGS have been dis-
tinguished on the basis of clinical and immunologic char-
acteristics.114,115 In the complete form, the thymus is 
absent or weighs less than 1 g.116 These patients have 
no or markedly decreased numbers of oligoclonal T cells 
that function poorly. B cells are present and their number 
may even be increased, but little if any antibody is pro-
duced. Complete DGS is usually fatal in early childhood; 
patients die of hypocalcemia, cardiac complications, 
infection, or a combination of these causes. However, 
rare patients may not exhibit hypocalcemia and dysmor-
phism, and their condition may be manifested as T−B+NK+ 
SCID.117 Though not seen as commonly as in SCID, 
engraftment of maternal T cells with a graft-versus-host 
reaction has also been reported.118 In addition, patients 
may have features similar to those of OS.116 In the largest 
series of patients with complete DGS reported (54 indi-
viduals), only half had a 22q11 deletion or structural 
heart disease, thus suggesting that there may be signifi -
cant differences in the genetic makeup of the complete 
and partial forms.116 An OS-like picture developed in a 
third of patients.

The occurrence of partial forms of DGS outnumbers 
that of the complete form by about 10 : 1. T-cell number 
and function in most patients are varied and presumably 
correlate with the amount of ectopic thymus tissue 
present. Immune function in patients with complete 
DGS does not improve; patients with partial DGS may 
have less immunodefi ciency as they get older. In some 
cases the diagnosis has been made in adults being evalu-
ated for hypoparathyroidism and hypocalcemia.119 Most 
patients, despite having reduced numbers of T cells, have 
a normal or perhaps slightly diminished repertoire of 
expressed TCR Vβ genes and in vitro response to T-cell 
mitogens.120,121 T-cell numbers are lowest in infancy 
and rise through the fi rst years of life.122 A relatively 
high prevalence (5% to 15%) of IgA defi ciency has 
been reported.123,124 Patients may also exhibit impaired 
responses to vaccine antigens (although this is not a 
consistent fi nding), as well as decreased peripheral 
memory (CD27+) B cells.123 Atopy, manifested as atopic 
dermatitis and asthma, may be increased in individuals 
with 22q11 deletion.125

Approximately 80% to 90% of patients with DGS 
have 2- to 3-megabase (Mb) deletions involving chromo-
some 22q11.2.126 Deletions in the same region are found 

in patients with velocardiofacial syndrome and conotrun-
cal anomaly–face syndrome and in some patients with 
isolated cardiac defects. There is heterogeneity in expres-
sion of the DGS phenotype, even in monozygotic twins. 
Approximately 40 genes are present in the deleted regions 
in DGS, and the contributions of each to the phenotype 
are only beginning to be understood.127 TBX1 encodes a 
member of a family (T-box) of transcription factors. Mice 
that are heterozygous for deletion of this gene have a 
phenotype very similar to that of humans with DGS, 
including thymic and parathyroid hypoplasia, cardiac 
outfl ow tract abnormalities, and abnormal facial struc-
ture.127 Point mutations in TBX1 have been found in six 
Japanese patients (four kindreds) with DGS or velocar-
diofacial syndrome.128 Some patients with DGS have 
deletions on chromosome 10p.129 Further genetic infor-
mation relevant to DGS regarding this region does not 
yet exist. Additional genetic loci may also be responsible 
for the DGS phenotype. Thus far, major clinical distinc-
tions between patients with and without 22q11 deletions 
have not been seen.

Most patients with partial DGS do not have signifi -
cant diffi culty with infections, and even live viral vaccines 
may be administered safely.130-132 IVIG replacement or 
antibiotic prophylaxis may be helpful in patients with the 
more immunodefi cient partial forms of DGS. Complete 
DGS has been treated very successfully by thymus trans-
plantation, with 75% of the 44 most recent transplant 
recipients surviving up to 13 years.116

X-Linked Immunodefi ciency with Normal or 
Elevated IgM

As its name implies, X-linked immunodefi ciency with 
normal or elevated IgM (XHIM, also HIM1) denotes a 
form of selective hypogammaglobulinemia G and A, 
together with normal or elevated amounts of IgM. 
Approximately 200 patients have been described.133 These 
patients are seen in the fi rst 1 or 2 years of life with the 
recurrent bacterial infections often found in those with 
hypogammaglobulinemia, together with opportunistic 
infections by organisms such as P. jiroveci, Cryptosporid-
ium, and Histoplasma. Affected patients are also prone to 
the development of neutropenia, anemia secondary to 
parvovirus, stomatitis, sclerosing cholangitis, and liver 
and hematologic malignancies. The number of circulating 
B cells is normal, but they express IgM exclusively (in 
association with IgD) on their surface. Immune responses 
are varied. Isohemagglutinins are often present, and vac-
cination may elicit specifi c IgM responses. No other iso-
types are produced; there is no B-cell memory. Secondary 
lymphoid tissues are sparsely populated and do not 
contain germinal centers. Patients should be maintained 
on gamma globulin replacement therapy, as well as pro-
phylaxis for P. jiroveci pneumonia. The disease is curable 
by BMT. Successful use of sequential liver transplantation 
and BMT has also been reported.133,134

The genetic lesion in XHIM is in TNFSF5 (tumor 
necrosis factor superfamily member 5), also known as 
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CD40 ligand (CD40L) and CD154.133 This is an integral 
membrane protein that is mainly expressed on T cells 
after an activating stimulus, such as interaction of the 
TCR with an MHC-peptide complex on the surface of 
a B cell or APC (Fig. 23-9). The signal delivered via T-cell 
CD40L to CD40 is critical for Ig class switching (the 
production of isotypes other than IgM or IgD), the devel-
opment of B-cell memory, affi nity maturation of the anti-
body response (somatic hypermutation of Ig V regions), 
and the expression of important costimulatory molecules 
such as those of the B7 family by B cells and APCs 
(see Fig. 23-9).135

The CD40 system has additional roles in the interac-
tion of T cells with monocytes. Several T-cell–derived 
cytokines (granulocyte-macrophage colony-stimulating 
factor, IL-3, and interferon-γ [IFN-γ]) induce the expres-
sion of CD40 on monocytes. Furthermore, engage -
ment of monocyte CD40 induces cytokine synthesis 
and activates tumoricidal mechanisms.136 These phenom-
ena suggest an important interaction, the lack of which 
may underlie the predisposition to opportunistic 
infection and malignancy seen in patients with XHIM. 
One male patient has been described with a form of 
HIM associated with growth hormone defi ciency.137 
Although the gene defect was not determined, it is 
most likely to have been the X-linked form because 
the association with growth hormone defi ciency has 
been seen with other immunodefi ciencies such as X-
linked lymphoproliferative disease (XLPD) and XLA 
(see later).

Perhaps not too surprisingly, a clinically and immu-
nologically identical immunodefi ciency syndrome arises 
from mutations in the gene TNFRSF5, which encodes 
CD40.138,139 Only a few patients with this defect have 
been found so far.

Other Forms of Hyperimmunoglobulin 
M Syndrome

Mutations in Activation-Induced Cytidine 
Deaminase and Uracil Nucleoside Glycosylase

Strictly speaking, activation-induced cytidine deaminase 
(AID) and uracil nucleoside glycosylase (UNG) defi cien-
cies are best considered as humoral immunodefi ciencies 
because these defects exclusively affect B-cell function 
and T-cell number and function are completely normal. 
They are included here because they have originally 
been defi ned in the medical literature as forms of hyper-
IgM syndrome. They may be abbreviated as HIM2 
(AID)140-146 and HIM5 (UNG; see Table 23-3).144,147,148 
The AID and UNG enzymes are RNA modifi ers 
expressed in B cells that act during class-switch recom-
bination. In the absence of their activity, B cells cannot 
switch from production of IgM and IgD to production 
of downstream Ig isotypes (see Fig. 23-11). Somatic 
hypermutation is also affected. These processes occur 
normally during B-cell activation in germinal centers.

Another form of hyper-IgM syndrome with an 
unknown gene defect leads to impaired Ig class–switch-
ing recombination.142,144,149 This has been called HIM4. 
All these disorders are very similar clinically and immu-
nologically. Patients suffer mainly from respiratory tract 
bacterial infections and lymphadenopathy, and cellular 
immunodefi ciency is not seen. IgG, IgA, and IgE are all 
low or absent; IgM levels tend to be higher than in the 
X-linked HIM syndrome. Patients tend to do well with 
IVIG replacement.

Mutations of the Nuclear Factor κB Pathway

NF-κB is a transcription factor that is critical for 
the activation of numerous genes upon leukocyte 

BT

IL-4

IL-4R

Allergen

Activation of
switching

CD40

TCR + CD28 CD40 + IL4R

IgE isotype switching

T-B Cell Interactions

ProliferationProliferation Cytokine synthesis

CD40L

*

Class II
CD3

TCR

*B7CD28

IL2/IL4

FIGURE 23-9. Signals required for 
T-cell activation by antigen-presenting 
cells, B-cell activation by the T cell, 
and B-cell immunoglobulin class 
switching. CD40L, CD40 ligand; IL-
4R, interleukin-4 receptor; TCR, T-cell 
antigen receptor.



1270 THE IMMUNE SYSTEM

stimulation.150 Activity of this factor is regulated by an 
inhibitor known as IκB. Phosphorylation of IκB by IκB 
kinase (IKK) liberates active NF-κB. IKK is composed 
of three subunits, α, β, and γ; the latter is also known as 
the NF-κB essential modulator (NEMO). The gene 
encoding NEMO is on the X chromosome. Null muta-
tions are incompatible with life for males and lead to the 
X-linked dominant disease incontinentia pigmenti in 
females. Certain mutations that allow partial NEMO 
function are associated with an immunologic phenotype 
that may have some similarities to hyper-IgM. The earli-
est reports of these patients actually used the abbrevia-
tion hyper-IgM type 4, although this designation is now 
reserved for a syndrome associated with an unknown 
defect of Ig class switching (see earlier). Along with a 
combined immunodefi ciency, these patients may exhibit 
hypohidrotic ectodermal dysplasia and lymphedema with 
osteopetrosis.150-157

Patients may suffer opportunistic-type disseminated 
viral infections and P. jiroveci pneumonia and are also 
highly susceptible to atypical mycobacterial infections. 
Most are hypogammaglobulinemic and have impaired 
vaccine responses (especially to polysaccharide antigens). 
In many patients, either elevated serum IgA or IgM may 
develop, but not both. Peripheral blood lymphocyte 
subsets and in vitro measures of lymphocyte function 
may be unremarkable or variably diminished; NK cell 
cytotoxicity may be impaired. Signaling via toll-like 
receptors (TLRs) is also affected. Therapy with gamma 
globulin and antibiotic prophylaxis is essential. Despite 
these measures, infections may still occur. A few patients 
have been successfully reconstituted by BMT,158 but 
experience is limited.

A few patients have been found to have a similar 
phenotype as a result of a so-called hypermorphic (gain 
of function) function mutation of the IKK α chain.150,152,159 
In this situation, the IKK kinase is resistant to phos-
phorylation and cannot be dissociated, degraded, and 
induced to release NF-κB so that it may translocate to 
the nucleus to activate transcription.

Defects in Toll-Like Receptor Signaling

TLRs are a family of transmembrane molecules with a 
characteristic structure that bind to so-called pathogen-
associated molecular patterns (PAMPs).160,161 PAMPs are 
pathogenic microbial macromolecules consisting of 
repeating units such as lipoproteins, lipopolysaccharide, 
RNA, DNA, fl agellin, and other constituents. TLRs are 
expressed variably by hematopoietic and other cell types; 
their ligation may promote the production of infl amma-
tory cytokines such as tumor necrosis factor, IL-1β, IL-6, 
IL-8, and IL-12. Some TLRs also activate the production 
of type 1 (α and β) interferons by inducing the transcrip-
tion factors interferon regulatory factors 3 and 7. TLRs 
infl uence many aspects of innate nonspecifi c infl amma-
tion, as well as the initiation and execution of adaptive 
immune responses. TLRs activate several signaling path-

ways, chief among them being the NF-κB pathway 
described earlier.

Recently, patients have been described with muta-
tions of the interleukin-1 receptor–associated kinase 4 
(IRAK-4).150,162-166 Defi ciency of this kinase impedes sig-
naling by many of the TLRs and the IL-1 receptor. These 
patients are susceptible to severe infections (cellulitis, 
arthritis, meningitis, osteomyelitis, organ abscesses, and 
sepsis) caused by Staphylococcus aureus, Streptococcus 
pneumoniae, and other bacteria. Antibody responses to 
pneumococcal polysaccharides may be impaired, but 
screening tests of humoral and cellular immune function 
may also be normal.

The Syndrome of Warts, 
Hypogammaglobulinemia, Infections, 
and Myelokathexis

The WHIM (warts, hypogammaglobulinemia, infections, 
myelokathexis) syndrome is named for its major clinical 
manifestations.167-172 This disorder is caused by defects in 
the chemokine receptor CXCR4. The chemokines are a 
large cytokine family that share a structural motif of 
conserved cysteine residues.173,174 Many chemokines have 
important roles in activating leukocytes and directing 
homing or migration of cells in blood and lymph and in 
tissues in infl ammation or immune responses. The infec-
tions usually seen in these patients are those most 
characteristic of hypogammaglobulinemia, generally 
respiratory tract bacterial infections. As the name sug-
gests, verrucosis is also common and is indicative of an 
important component of impaired cellular immunity. 
One of the more common features of this disorder is 
myelokathexis, or retention of mature neutrophils in 
the bone marrow with resultant peripheral neutropenia. 
Although Ig levels are low, specifi c antibody formation 
may be normal. Gamma globulin replacement therapy 
generally reduces the rate of infection. There are no char-
acteristic alterations in lymphocyte subsets, but in vitro 
(mitogen and antigen stimulation) and in vivo (cutane-
ous anergy) T-cell function may be impaired. Neutrophil 
counts are generally lower than 0.5 × 109 cells/L. Both 
granulocyte and granulocyte-macrophage colony-
stimulating factors have been used to raise neutrophil 
counts.175

X-Linked Lymphoproliferative Disease

The “classic” manifestation of XLPD is fulminant, often 
fatal acute infectious mononucleosis secondary to EBV 
infection.176 Additional clinical fi ndings may include 
lymphoid necrosis, lymphoma, aplastic anemia, and 
pulmonary lymphoid granulomatosis with vasculitis. The 
diagnosis of XLPD is made in most patients before 10 
years of age, but rare cases occur in adults.177 Patients 
often have completely normal measures of humoral and 
cellular immune function; some may have impaired NK 
cell cytotoxicity.178 Interestingly, NK T cells (NKT cells, 
or T cells that also express certain NK cell surface markers 
such as CD56) are absent in individuals with XLPD.179 
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NKT cells have important roles in regulating the immune 
response to infection, and their absence is likely to have 
a prominent role in the pathophysiology of the clinical 
manifestations of XLPD. Some patients show dysgam-
maglobulinemia with high levels of IgA or IgM and low 
levels of IgG1, IgG3, or both. A number of patients 
also have recurrent viral and bacterial infections. Some 
patients may have a clinical and laboratory phenotype 
consistent with common variable immunodefi ciency 
(CVID).180,181 One patient has been described with 
XLPD and growth hormone defi ciency.182 This associa-
tion has previously been reported only with XLA (see 
later).

XLPD results from mutations in the gene encoding 
the SLAM (signaling lymphocyte activation molecule)-
associated protein (SAP).176 This molecule is also known 
as SH2D1A (SH2 [Src homology domain 2]-containing 
protein 1A).183 SLAM is a member of the CD2 family of 
adhesion molecules that have roles in leukocyte-mem-
brane interactions. SAP is also a member of a family of 
adapter proteins that link CD2 family members to down-
stream cytoplasmic signaling pathways. Another CD2 
family member that signals through SAP is 2B4, a mol-
ecule important in triggering NK cell cytotoxicity. EBV-
infected B cells express high levels of the 2B4 ligand 
CD48. Normal NK cells are activated by this interaction, 
whereas NK cells from patients with SAP mutations are 
strongly inhibited. The absence of the SAP interaction 
appears to lead to the constitutive association of 2B4 with 
the inhibitory tyrosine phosphatase SHP2.

Mononucleosis in XLPD can be treated with anti-
infl ammatory and chemotherapeutic regimens; BMT 
may be curative. Recently, several patients with XLPD-
associated hemophagocytic syndrome have been success-
fully treated with the monoclonal anti–B-cell antibody 
rituximab.184 This therapy may be effective through the 
elimination of a large reservoir of EBV antigenic 
stimulus.

Autoimmune Polyglandular Syndrome Type 1

A heterogeneous group of disorders characterized by 
recurrent and severe skin and mucous membrane infec-
tions with Candida albicans are referred to as syndromes 
of chronic mucocutaneous candidiasis (CMC). In these 
individuals, cellular immunity to Candida is selectively 
impaired, whereas other aspects of cellular and humoral 
immunity are usually normal. Occasional patients exhibit 
more profound suppression of cellular immunity, vari-
able defects such as a relative decrease in NK cells, or 
abnormalities in Igs, IgG subclasses, or specifi c antibody 
production.185-187 The genetic defects in these patients 
have yet to be identifi ed.

One particular form of CMC is autoimmune 
polyglandular syndrome type 1 (APS-1), also called auto-
immune polyendocrinopathy–candidiasis–ectodermal dys -
trophy (APECED).188-192

In addition to Candida infection, patients with APS-1 
have high levels of a variety of organ-specifi c autoanti-

bodies (e.g., thyroid, ovary, testis, and adrenal gland), 
as well as non–organ-specifi c autoantibodies. The gene 
responsible for this disorder has been named autoim-
mune regulator (AIRE).193 AIRE is a transcription factor 
expressed in thymic epithelium that directs the expres-
sion of an array of endocrine-related genes. When devel-
oping thymocytes that are specifi c for these antigens 
encounter them, they are deleted by a process of negative 
selection. In this way, the mature T-cell pool that leaves 
the thymus is depleted of cells with these self-reactivities. 
In the absence of functional AIRE, these clones are not 
deleted; they exit the thymus and are then activated when 
they encounter these antigens in endocrine tissues and 
cause autoimmune responses.

Hyperimmunoglobulin E Syndromes

The fi rst or “classic” form of hyper-IgE syndrome (HIES) 
described, which has also been known by the eponym 
“Job’s syndrome,” consists of severe sinopulmonary bac-
terial infections, severe skin superinfections with S. aureus 
on a chronic eczematous eruption, and susceptibility to 
Aspergillus fumigatus pneumonitis with pneumatocele 
formation.194-196 Inheritance is autosomal dominant; the 
defective gene has not yet been identifi ed. Additional 
manifestations include asymmetric or coarse facial fea-
tures, delayed shedding of primary teeth, bone fragility 
and fractures, scoliosis, and keratoconjunctivitis. P. jir-
oveci infection may complicate some cases,197 and malig-
nancies such as Hodgkin’s lymphoma and T-cell 
lymphoma have been reported as well.198,199 A few patients 
have also recently been reported to have associated car-
diovascular anomalies such as patent ductus venosus,200 
thoracic aortic aneurysm,201 and coronary artery aneu-
rysms.202 The major immunologic fi ndings are elevated 
serum levels of IgE (3000 to >50,000 IU/mL) and, occa-
sionally, impaired neutrophil chemotaxis (some classify 
HIES among the neutrophil disorders). Additional fea-
tures include eosinophilia and the presence of Staphylo-
coccus-binding IgE in serum. Note that these two fi ndings 
are often likewise seen in patients with severe atopic 
dermatitis. Some patients with HIES also show evidence 
of reduced T-cell function in vitro. In particular, the lym-
phocyte response to IL-12 is abnormal, and IFN-γ pro-
duction is reduced. The diagnosis is established on clinical 
and laboratory grounds; a scoring system has been devel-
oped that may be helpful.203 Management of autosomal 
dominant HIES is mainly by prevention and treatment 
of infectious complications. One patient was treated with 
BMT and exhibited successful donor engraftment with 
resolution of disease, only to later suffer a relapse.204 
Other patients have been treated with interferon gamma 
or intravenous gamma globulin infusions. Neither of 
these therapies has been shown to have consistent benefi t 
for patients.205-208 Chronic molluscum contagiosum in 
one patient was successfully treated with systemic inter-
feron alfa.209

At least one autosomal recessive form of HIES has 
also been characterized clinically; the gene defect is 
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unknown, however.194,210 This form of HIES has many 
similarities with the autosomal dominant form described 
earlier. Patients with the recessive type do not have 
skeletal or dental abnormalities, and pneumatoceles do 
not develop. This group of patients has the additional 
feature of autoimmune vasculopathy with central nervous 
system involvement.

A single patient with an autosomal recessive defi -
ciency of the Tyk2 kinase and a phenotype similar to 
HIES has been reported.211,212 It may be distinct from 
that just described, but this is not yet known. The patient 
with Tyk2 defi ciency had recurrent respiratory tract and 
skin bacterial infections, molluscum contagiosum, oral 
thrush, cutaneous herpes simplex, and BCG infection. 
He had severe eczematous dermatitis and an IgE level of 
2100 U/mL. Lymphocyte populations were normal. The 
Tyk2 kinase is required for signaling of receptors for 
IFN-α/β, IL-6, IL-10, IL-12, and IL-23.

CELLULAR IMMUNODEFICIENCY

Defects of the Interferon-g/Interleukin-
12/23 Pathway

IL-12 is a monocyte/macrophage product that is the 
principal stimulus for IFN-γ production by NK cells. 
Mononuclear cells rely on IFN-γ for activation of full 
microbicidal capacity for intracellular killing. Patients 
with defective response to IFN-γ have exquisite suscep-
tibility to mycobacterial infection, especially atypical 
species.213-216 Other types of infections may also occur, 
such as disseminated histoplasmosis.217 The genetic 
lesions described include both chains of the IFN-γ recep-
tor (IFNGR1, IFNGR2) and the gene encoding the 
STAT1 (signal transducer and activator of transcription 
1) signaling molecule. Defects of IFNGR1 include a 
“complete” (absent function) autosomal recessive form, 
as well as “partial” (partial function) autosomal domi-
nant and recessive forms.215,218 In at least one patient with 
a partial recessive form, disseminated Mycobacterium 
avium-intracellulare infection was diagnosed in adulthood 
after previously being healthy.218 Patients with defects in 
the IL-12/23 pathway appear to have greater susceptibil-
ity to severe infections with Salmonella species.213,214,219-222 
These defects include the gene encoding the IL-12 recep-
tor β1 chain (IL12RB1), which is shared by the receptors 
for IL-12 and IL-23, as well as the gene encoding the 
IL-12 p40 subunit, which is also shared by IL-23. A 
similar patient with an IL-12 signaling defect and 
unknown genetic lesion has also been reported.223 Most 
patients with these defects in IFN-γ and IL-12/23 signal-
ing have normal lymphocyte subsets and in vitro T-cell 
responses to mitogens and antigens, together with normal 
Ig levels and antibody responses. These disorders are 
curable by BMT.224 The phenotypes of patients with 
these genetic defects underscore the importance of these 

pathways for the control of infections with microbes that 
replicate intracellularly.

SYNDROMIC IMMUNODEFICIENCY

The term syndromic immunodefi ciency has been coined 
to describe the occurrence of a component of immune 
compromise and susceptibility to infection or malignancy 
(or both) in the setting of a genetically determined dis-
order with characteristic features of altered development 
or function of other organ systems or the body as a whole. 
Included are syndromes of large-scale chromosomal 
anomalies (monosomies, trisomies, translocations, etc.), 
as well as monogenic disorders of metabolism or other 
maldevelopment, in addition to “acquired” congenital 
diseases secondary to teratogen exposure. Space does not 
permit even a cursory description of the tremendous 
variety of syndromes that have been consistently or occa-
sionally associated with immunodefi ciency. Interested 
readers are referred to an excellent recent review.225

HUMORAL IMMUNODEFICIENCY

The humoral immunodefi ciencies and their associated 
gene defects are listed in Table 23-4. These disorders are 
characterized by relative defi ciency of antibody responses 
to various forms of antigenic challenge.2,3 Cellular immu-
nity is generally intact. Humoral immunodefi ciency is 
most commonly manifested as recurrent bacterial infec-
tions of the upper and lower respiratory tract. Pyogenic 
skin infections, as well as meningitis, osteomyelitis, and 
other foci of infection, are also seen frequently. These 
infections are generally caused by the same organisms 

TABLE 23-4  Humoral Immunodefi ciencies and 
Associated Gene Defects

Syndrome Gene

The agammaglobulinemias
X-linked (Bruton’s) BTK
IgM heavy-chain defi ciency IGHM
Surrogate light-chain defi ciency IGLL1
Ig-α defi ciency IGA*
B-cell linker protein defi ciency BLNK
Leucine-rich repeat–containing 8 
defect (hemizygous)

LRRC8

Common variable immunodefi ciency ICOS, 
 TACI,† CD19

Selective IgA defi ciency Undefi ned
IgG subclass defi ciency Undefi ned
Specifi c antibody defi ciency Undefi ned
Transient hypogammaglobulinemia 
of infancy

Undefi ned

*Note that this is the gene designation for the Ig-α signal-transducing 
component of the B-cell antigen receptor. The designation for the gene encoding 
the immunoglobulin A (IgA) heavy chain is IGHA.

†A role for TACI mutation in common variable immunodefi ciency has not 
yet been conclusively established.
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that are virulent in immunocompetent hosts—predomi-
nantly encapsulated bacteria such as S. pneumoniae, Hae-
mophilus infl uenzae, S. aureus, and Neisseria meningitidis. 
Viral infections usually resolve normally in these patients, 
although a higher rate of recurrence with the same agent 
may be seen because there is no production of neutraliz-
ing antibodies or B-cell memory. The results of physical 
examination are not specifi c and show only the presence 
or sequelae of microbial infections. A relative paucity of 
peripheral lymphoid tissue may be noted in some patients, 
especially areas rich in B cells (e.g., tonsils). Studies of 
peripheral blood lymphocyte subsets are often normal; 
the number of B cells may be reduced in certain 
syndromes.

The amounts of one or more antibody isotypes are 
reduced in many of these diseases.2,3 The severity of the 
phenotype often correlates with the degree of hypogam-
maglobulinemia. The predisposition that patients have to 
particular types of infections may also depend on the 
affected isotypes (see later). Antibody titers to specifi c 
antigens may be measured before or after immunization. 
The specifi c antibodies most commonly assayed for 
protein antigens are tetanus toxoid and the capsular poly-
saccharide (polyribosylribitol phosphate) of H. infl uenzae 
type B (HiB). With respect to polysaccharide antigens, 
measurement of antibodies to pneumococcal serotypes is 
frequently undertaken. If a child has had a particular 
illness (e.g., varicella), a specifi c viral antibody titer may 
be useful. Note that the HiB vaccines and newer pneu-
mococcal vaccines (e.g., Prevnar) currently in use for 
primary immunization in children are protein conjugates. 
Thus, measuring a polyribosylribitol phosphate or pneu-
mococcal titer in children who have received these 
vaccines does not necessarily refl ect a polysaccharide 
antibody response. The adequacy of carbohydrate 
responses may be tested by challenge with 23-valent 
pneumococcal polysaccharide vaccines (e.g., Pneumovax 
or Pnu-Imune) or meningococcal vaccines. In children 
who are not fully immunized, isohemagglutinins may be 
measured.

A high index of suspicion for antibody defi ciency 
should be maintained in patients with recurrent, refrac-
tory, or severe infections.2,3 One study in the United 
Kingdom of the delay in diagnosis of primary antibody 
defi ciency found that the median delay was 2 years 
(mean, 4.4 years) after the onset of symptoms, even after 
the introduction of a set of national guidelines intended 
to reduce this delay.226

The mainstay of therapy for signifi cantly impaired 
ability to produce antibody is gamma globulin replace-
ment.2,227 As has already been mentioned several times 
earlier, this therapy is also important for the treatment of 
any combined immunodefi ciency in which defective anti-
body production may occur. In most countries, gamma 
globulin replacement is administered predominantly via 
the intravenous route every 3 to 4 weeks. However, IgG 
can also be administered by subcutaneous infusion.228-231 
Smaller doses are given weekly or twice weekly. Intrave-

nous infusion is generally well tolerated but requires 
intravenous access and is associated with frequent mild 
(10% to 20% of patients) or moderate (5%) side effects. 
Subcutaneous infusions may be administered by patients 
themselves at their own convenience with a much lower 
rate of systemic effects at the cost of generally mild and 
transient (24-hour) local irritation. The general effi cacy 
of intravenous versus subcutaneous administration 
appears to be equivalent. It is likely that subcutaneous 
infusions will become increasingly popular.

The Agammaglobulinemias

X-Linked Agammaglobulinemia

XLA is also known as “Bruton’s agammaglobulinemia” 
because Bruton provided the classic description of the 
disease in 1952.232 Affected males are often asymptom-
atic during the fi rst months of life while they are pro-
tected by transplacentally acquired maternal antibodies. 
These antibodies fall to low levels by 6 to 9 months of 
age, and patients begin to experience recurrent bacterial 
infections.233,234 Physical examination at any age often 
reveals a striking absence of tonsils and palpable lym-
phoid tissue. Serum Ig is absent or the level is extremely 
low; in addition, no B cells are found or their numbers 
are extremely low. Cellular immunity is completely 
intact. However, these patients are prone to the develop-
ment of chronic enteroviral meningoencephalitis and 
vaccine-associated paralytic poliomyelitis, which suggests 
an important role for humoral immunity in the control 
of these infections. Moreover, patients may have arthrop-
athy resembling rheumatic disease, which may be due to 
infection with Mycoplasma or Ureaplasma organisms. 
Other opportunistic infections such as P. jiroveci pneumo-
nia are seen only rarely.235

XLA is another example of an immunodefi ciency 
caused by a defect in a signal transduction molecule. In 
fact, this protein tyrosine kinase is now known as Bru-
ton’s tyrosine kinase (Btk, Fig. 23-10).233,236 It is expressed 
in B cells at all stages of development, as well as in cell 
lines derived from monocytes, macrophages, mast cells, 
and erythroid cells. A variety of BTK gene defects such 
as point mutations, deletions, and insertions have been 
described in patients with XLA.236-239 In most patients, 
B-cell development is impeded at an early stage (the pro-
B-cell–pre-B-cell transition).

BTK mutations account for approximately 85% of 
all cases of agammaglobulinemia.233 BTK mutations have 
also been described in patients with “atypical” XLA who 
have low numbers of B cells and low-level antibody pro-
duction.240,241 In some patients with atypical XLA, CVID 
was misdiagnosed (see later) before discovery of the Btk 
defect.242 In general, BTK mutations that permit the 
expression of small amounts of functional or partially 
functional Btk protein are associated with milder clinical 
phenotypes and slightly higher numbers of B cells in the 
circulation.233,236-239 However, even siblings with identical 
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mutations may show quite divergent phenotypes. Female 
carriers of XLA show nonrandom X-chromosome inac-
tivation in their B cells.243

Patients with XLA were the fi rst to receive human 
gamma globulin therapy. The effect of intramuscular 
injections of gamma globulin was prompt and dramatic, 
with a reduction in the occurrence of infections. A retro-
spective study of bacterial infections in patients with 
XLA showed a reduction in incidence from 0.4 to 0.06 
per patient per year with IVIG therapy.244 Some viral 
infections, including enteroviral meningoencephalitis, 
occurred in patients while they were receiving IVIG. At 
present, administration of IVIG provides these patients 
with an almost normal lifestyle.245

A very small number of patients have been described 
with a distinct syndrome of XLA and growth hormone 
defi ciency.246-248 The clinical manifestation is similar to 
that of XLA described earlier, with the added feature of 
low growth hormone levels. In one patient a possible 
mutation in the transcription factor myeloid Elf-like 1 
has been suggested but not clearly established.246

Autosomal Recessive Agammaglobulinemias

Female patients with agammaglobulinemia and no B 
cells and males with a similar phenotype lacking BTK 
mutations have been described. These patients have 
forms of agammaglobulinemia with autosomal recessive 
inheritance that result from several distinct molecular 
defects,233 including mutations of the Ig μ heavy-chain 

locus, which prevents formation of the IgM heavy chain 
required for formation of the Ig receptors on pre-B cells 
and mature B cells (see Fig. 23-10). Defects of λ5 (sur-
rogate light chain) prevent formation of the pre-B-cell Ig 
receptor required for B-cell development. Igα (CD79a) 
is a transmembrane molecule required for signal trans-
duction via the pre-B-cell and mature B-cell Ig receptors. 
Lesions in this gene prevent Ig receptor signaling and B-
cell development. Defects in the signal transduction 
adapter protein BLNK (B-cell linker protein) have also 
been found; absence of BLNK function prevents signal-
ing after ligation of the B-cell receptor. All these muta-
tions arrest B-cell development at early stages in bone 
marrow.

One patient has been described with an apparent 
dominantly expressed translocation abrogating the func-
tion of the LRRC8 (leucine-rich repeat–containing 8) 
gene.249-251 The function of the LRRC8 protein is not yet 
known; it is a member of a growing family of proteins of 
unknown function called the LRRC8 family, within the 
much larger and very diverse superfamily of leucine-rich 
repeat proteins. The female patient has agammaglobulin-
emia with arrest of B-cell development in bone marrow.

Other Predominantly Antibody 
Defi ciency Syndromes

Common Variable Immunodefi ciency

The diagnostic label of CVID encompasses an unknown 
number of conditions that are genetically and etiologically 
distinct but have in common late-onset humoral immu-
nodefi ciency, most often in the fi rst or third decades of 
life.252,253 Hypogammaglobulinemia and impaired specifi c 
antibody production are universal by defi nition. Patients 
with CVID resemble individuals with XLA (and other 
humoral immunodefi ciencies) because they also have 
recurrent sinopulmonary bacterial infections. Chronic 
enteroviral infections, including meningoencephalitis, 
may also be seen in CVID. A form of granulocytic/lym-
phocytic interstitial lung disease occurs in a subset of 
patients and has been linked to human herpesvirus 8 
infection.254 Additional manifestations include asthma, 
chronic rhinitis, chronic giardiasis, and recurrent or 
chronic arthropathy. The apparent “atopic” symptoms 
occur in the absence of allergen-specifi c IgE. Malabsorp-
tive infl ammatory bowel disease may occur. A broad spec-
trum of autoimmune diseases may be associated, including 
a variety of cytopenias, arthritides, and vasculitides.255,256 
Noncaseating granulomatous disease resembling sarcoid-
osis may be encountered in the skin or viscera. It often 
responds well to steroid therapy.257,258 Widespread lym-
phoproliferation may cause splenomegaly, adenopathy, 
and intestinal lymphonodular hyperplasia. Patients with 
CVID also have a higher incidence of gastrointestinal and 
lymphoid malignancies. The relative risk for lymphoma 
has been estimated to be as much as 30- to 400-fold 
greater than that in the general population.259
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FIGURE 23-10. Signaling via the pre–B-cell receptor (Pre-BCR). The 
Pre-BCR is composed of an IgM heavy chain with a surrogate light-
chain heterodimer (VpreB + λ5), along with a signaling heterodimer 
of Igα + Igβ. The immunoreceptor tyrosine-based activating motifs 
(ITAMs) (see Fig. 23-6) recruit tyrosine kinases (Lyn, Syk, Btk) that 
initiate downstream signaling. The adapter proteins BLNK and Vav 
recruit additional signaling intermediates. DAG, diacylglycerol; IP3, 
inositol triphosphate; PKC, protein kinase C; PLC, phospholipase C; 
MAPK, mitogen-activated protein kinase. Defects in components 
shown in blue lead to agammaglobulinemia by blocking pre-BCR sig-
naling and interrupting B-cell development.
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Defi ciency of IgA is very common in CVID.253 IgM 
is also frequently affected; the pattern varies from one 
individual to another. The levels of particular isotypes in 
any patient are often static over time, but fl uctuations 
may occur. B cells appear to be normal in many patients 
and produce antibody on stimulation in vitro, whereas 
others may have low numbers of poorly functional B 
cells. A reduction of the ratio of CD4+ to CD8+ T cells 
is common. A plethora of additional immunologic 
abnormalities have been reported in at least a fraction of 
patients with CVID. There are no single unifying immu-
nologic features beyond those that are used to build the 
clinical defi nition. It is not useful to discuss most of these 
in detail here because their relationship to the patho-
genesis of the disorder is not known. “Abnormalities” 
reported include altered thymic development,260 cytokine 
production,261-265 surface marker expression,265-269 signal 
transduction,270 and apoptosis271 of T cells; altered sur -
face marker expression on B cells269,272; altered develop-
ment of plasma cells273; altered cytokine production by 
monocytes264; defective maturation,274 altered distribu-
tion,275 and altered cytokine production276,277 of dendritic 
cells; and impaired signaling via TLR9.278 Some authors 
have suggested that nutritional or biochemical imbal-
ances such as vitamin A defi ciency279 or hypoleptinemia 
and insulin resistance280,281 may even contribute to the 
immunodefi ciency of CVID.

Memory B-cell subpopulations may be useful diag-
nostic and potentially prognostic markers in CVID.282-285 
Memory B cells express the CD27 (TNFRSF7) mole-
cule. Naïve B cells express IgM and IgD. So-called 
unswitched memory B cells express IgM, some IgD, and 
CD27. After class switching in germinal centers, B cells 
cease expressing IgM and IgD, as well as “downstream” 
Ig isotypes such as IgG, IgA, and IgE (Fig. 23-11). 
Memory B cells after class switching (“switched” memory 
B cells) are CD27+ and IgM−IgD−. Some authors have 
devised classifi cation schemes for CVID patients based 
on these markers (low switched memory B cells, in par-
ticular) that correlate at least partially with clinical char-
acteristics (Table 23-5).284-286 At least one study suggests 
that the number of memory B cells correlates better with 
infection, lymphoproliferation, and autoimmunity than 
serum Ig levels or specifi c antibody responses do.287 
Other authors have reported that low levels of unswitched 
(IgM) memory B cells correlate with impaired pneumo-
coccal polysaccharide antibody responses and with 
chronic lung disease and bronchiectasis in CVID.288 
Classifi cations of CVID based on memory B-cell pheno-
types are summarized in Table 23-5.

Most patients with CVID should be treated with 
IVIG infusions.289 Antibiotic prophylaxis may also be 
required. Therapy for autoimmune or infl ammatory 
complications in CVID generally follows regimens 
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TABLE 23-5 Classifi cation of Common Variable Immunodefi ciency Based on Memory B-Cell Phenotype

Memory B-Cell 
Phenotype

CLASSIFICATION SCHEME CLINICAL FEATURE/COMPLICATION

Piqueras et al.285 Warnatz et al.286 SM/LPD GR AI Ig Vac. Ab

↓ Mem (CD27+) MB0 ↑ ↑ +
↓ Sw Mem 
(IgM−IgD−CD27+)

MB1 Group Ia (↓ CD21) ↑ ↑ + ↓↓ ↓↓

Group Ib (NL CD21) ↑ + ↓↓ ↓↓
NL Mem. MB2 Group II + ↓ ↓

AI, autoimmunity; GR, granulomas; Ig, serum immunoglobulin level; Mem, memory; SM/LPD, splenomegaly/lymphoproliferative disease; NL, normal; Sw Mem, 
switched memory; Vac. Ab, vaccine-specifi c antibody responses; ↑, increased; ↓, decreased; +, present.

FIGURE 23-11. Immunoglobulin heavy-chain gene deletion haplotypes. The top line shows the order of the immunoglobulin constant region genes 
(e.g., M = IgM, etc.). The letters “ps” designate a pseudogene that is not expressed; numbers indicate subclasses. Six haplotypes have been defi ned 
(roman numerals). In each haplotype, the entire region indicated by the X’s is missing. (Data from Lefranc MP, Hammarstrom L, Smith CI, Lefranc 
G. Gene deletions in the human immunoglobulin heavy chain constant region locus: molecular and immunological analysis. Immunodefi c Rev. 
1991;2:265-281.)
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applied in similar situations in the absence of the immu-
nodefi ciency.255,256,290-294 However, patients with CVID 
are even more at risk for infectious complications from 
such immunomodulation or immunosuppression.

The genetic heterogeneity of CVID is beginning to 
yield to molecular biologic analysis. Several single-gene 
defects have been found in varying (small) proportions 
of patients with CVID and are described in more detail 
later. It may also occur that individuals classifi ed as 
having CVID (or a phenotype consistent with CVID) on 
clinical and laboratory grounds may be found to have 
mutations in genes characteristically associated with 
other primary immunodefi ciencies. Such has been the 
case with some individuals with mutations in BTK 
(XLA),242,295 SH2D1A (XLPD),181 and TNFSF5 
(XHIM).296

Among the majority of CVID patients and in IgA 
defi ciency, where immunologically relevant point muta-
tions are still generally unknown, there is evidence for 
linkage to loci within the HLA complex on chromosome 
6.297-299 Both syndromes tend to occur in families, and it 
is possible for IgA defi ciency to sometimes evolve into 
CVID. Some families have pedigrees that suggest an 
autosomal dominant pattern of inheritance. Study of one 
large kindred indicated linkage to a region of chromo-
some 4q.300 Candidate genes in these regions are yet to 
be identifi ed.

Defi ciency of Inducible T-Cell Costimulator

The inducible T-cell costimulator (ICOS) is expressed on 
T cells after stimulation. It interacts with a member of 
the B7 family of molecules known as ICOS ligand. A 
total of nine patients have been found to have CVID 
associated with ICOS defi ciency.301 All these individuals 
have the same founder mutation and have ancestral 
origins in the Black Forest region of Germany. These 
patients may manifest recurrent respiratory and gastro-
intestinal infections in adulthood, panhypogammaglobu-
linemia and impaired vaccine responses, autoimmune 
disease (neutropenia), lymphoproliferation, and cancer 
(carcinoma of the vulva). Lymphoid tissues exhibit poorly 
formed germinal centers, and circulating switched 
memory B cells are markedly reduced.302 To date, muta-
tions of ICOS ligand have not been found in CVID 
patients.

Defi ciency of Transmembrane Activator 
and Calcium Modulator and Cyclophilin 
Ligand Interactor

Defects of the transmembrane activator and calcium 
modulator and cyclophilin ligand interactor (TACI; 
offi cial designation, TNFRSF13B) have been associated 
with CVID in approximately 10% of patients studied to 
date.303-306 However, its pathogenic role is not yet clear. 
Some patients are homozygous or compound heterozy-
gous for TACI mutations, whereas other patients are hemi-
zygous. Furthermore, “deleterious” TACI mutations occur 
at a rate of 1% in the general population. It is possible that 

other genes modify expression of TACI mutations or 
that TACI mutations predispose to pathology triggered 
by other infectious or environmental exposure (or both). 
To date, mutations in either of the TACI ligands α-
proliferation–inducing ligand (APRIL; TNFSF13) and 
B-cell–activating factor (BAFF; TNFSF13B) have not 
been found in any CVID patients.305-307

TACI is expressed on B cells and interacts with the 
ligands BAFF and APRIL expressed on macrophages 
and dendritic cells. These interactions have important 
roles in B-cell activation and Ig class switching. CVID 
patients with TACI mutations have recurrent infections, 
autoimmunity (cytopenia, positive antinuclear antibody), 
lymphoproliferation and lymphoma, low IgG with or 
without low IgA, poor responses to vaccines (particularly 
pneumococcal polysaccharides), low B-cell number, and 
low switched memory B cells.

CD19 Defi ciency

CD19 is expressed on B cells and is a component of a 
receptor complex that contains CD21, a receptor for the 
complement fragment C3dg (it is also called complement 
receptor 2, and it is the receptor for EBV). Simultaneous 
cross-linking of CD21 and the B-cell Ig receptor lowers 
the threshold for B-cell activation. Four patients in 
two kindreds have been found to have mutations in 
CD19.308 They exhibit recurrent infections, hypogam-
maglobulinemia, and low levels of switched memory B 
cells.

The occurrence of thymoma in the context of a clini-
cal and immunologic picture very similar to that of CVID 
with low numbers of B cells and generally more severely 
impaired T-cell function has been designated Good’s syn-
drome. It is not clear whether these patients exhibit as 
yet undiscovered specifi c genetic or immunologic abnor-
malities that distinguish them from the larger group of 
patients with CVID.

Immunoglobulin A Defi ciency

There are two subclasses of human IgA: IgA1 and IgA2. 
They are encoded by separate genes on the heavy-chain 
C region locus on chromosome 14 (see Fig. 23-11). IgA1 
predominates in serum (80% to 90%), whereas IgA1 and 
IgA2 are equally prevalent in secretions. Both subclasses 
are equally affected in IgA defi ciency (IGAD). Selective 
IGAD is defi ned as a serum IgA level of less than 0.07 g/
L with normal serum IgG and IgM in a child older than 
4 years of age in whom other causes of hypogamma-
globulinemia have been excluded.2 Note that this defi ni-
tion is restricted to the absence of serum IgA. There is 
no known clinical association with IgA levels between the 
lower limit of detection and the lower limit of the normal 
range. It is not appropriate to refer to patients with these 
nonzero low IgA values as being IgA defi cient.

Failure to produce normal levels of IgA is seen in 
about 1 in 700 white individuals.309 In contrast, its inci-
dence among Japanese is only 1 in 18,500.310 This pre-
sumably refl ects population genetic differences, possibly 
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related to the HLA complex. IGAD has been associated 
with extended HLA haplotypes similar to those observed 
in CVID.298,299 The majority of individuals with IGAD 
are completely asymptomatic. Some may have a clinical 
course similar to that seen in CVID or in IgG subclass 
defi ciency (see later). The proportion of patients with 
IGAD is increased in a population of people with chronic 
lung disease, and 20 years of observation of blood donors 
with IGAD has documented an increased incidence of 
respiratory infections and autoimmune disease.311

IGAD is also associated with an increased incidence 
of autoimmune syndromes, as with CVID.312 In addition, 
atopic diseases appear to be more prevalent among those 
with IGAD, and some have noted an increased incidence 
of the type of malignancies encountered in CVID. In rare 
patients IGAD has evolved into CVID or levels of IgA 
have increased over time.313,314 Treatment of IGAD has 
generally focused on management of complications as 
they occur. In some instances, gamma globulin infusions 
may be helpful, especially if an associated IgG subclass 
or specifi c antibody defi ciency is present (see later). 
However, one study did not fi nd an association between 
a history of infections and lower antibody responses to 
pneumococcal polysaccharides.315 Some studies do show 
an association of increased infections if there is an IgG 
subclass defi ciency or mannose-binding lectin (MBL) 
defi ciency together with IGAD.316

Molecular genetic defects have not been described 
in IGAD. Lesions in IgA C region genes are not found, 
except in rare instances associated with other deletions 
(see later). IGAD and CVID have been associated with 
the HLA haplotype A1, B8, DR3 in whites.299,317 An 
IGAD susceptibility locus (IGAD1) has been mapped to 
the boundary region between HLA class II and class 
III.318-320 A more detailed analysis identifi ed a positive 
association of IGAD with HLA-DRB1*0301, DQB1*02 
and a negative association with DRB1*1501, DQB1*0602. 
Another study identifi ed an association of IGAD with 
DRB1*0102, DQB1*0501.321 The signifi cance of these 
associations requires clarifi cation.

IGAD may occur as a drug side effect, as has been 
reported with phenytoin, carbamazepine, valproic acid, 
zonisamide, sulfasalazine, gold, penicillamine, hydroxy-
chloroquine, and nonsteroidal anti-infl ammatory drugs.322 
The IgA level may normalize after cessation of use of the 
drug.

Immunoglobulin G Subclass Defi ciency

Four subclasses of IgG exist in humans: IgG1, IgG2, 
IgG3, and IgG4. Their designations order their preva-
lence in serum, with each constituting roughly 67%, 
23%, 7%, and 3% of the total, respectively. A different 
gene encodes the heavy-chain constant region of each 
subclass (see Fig. 23-11). Each subclass has unique 
structural properties and probably plays a different role 
in immune responses as a result of different interactions 
with the complement system and with receptors for IgG 
on phagocytic cells and lymphocytes. In addition, IgG 

subclasses are produced in different relative amounts 
depending on the antigenic stimulus.323 Mainly IgG1 is 
produced in response to soluble protein antigens. Viral 
antigens also elicit predominantly IgG1 responses and 
often signifi cant amounts of IgG3 as well. Particular 
viruses (e.g., hepatitis, herpes simplex, and varicella) also 
elicit IgG4. The pneumococcal capsular polysaccharide 
response is almost exclusively of the IgG2 subclass, 
whereas HIB polysaccharide elicits mainly IgG2, with 
some IgG1 (the latter is found in younger children par-
ticularly). Note that the current HIB and new pneumo-
coccal (Prevnar) vaccines are protein conjugates and 
elicit responses characteristic of protein antigens.

IgG subclass defi ciency is defi ned as the relative lack 
of one or more IgG subclasses with a normal total level 
of IgG. If the level of total IgG is low, the diagnosis 
should usually be CVID.2 Precise criteria for diagnosis 
are diffi cult to establish because of variability in Ig mea-
surements by various techniques (e.g., nephelometry and 
radial immunodiffusion) and the wide variability in 
normal ranges with respect to age and ethnicity. The 
signifi cance of decreased levels of IgG subclasses in 
patients with recurrent infections is further clouded by 
the fact that the majority of individuals with isolated 
subclass defi ciencies are asymptomatic (see later). Assess-
ing the response to antigen challenge is the most impor-
tant element in evaluation of these patients. Most children 
have been immunized with tetanus toxoid and HIB, and 
antibody titers may be determined at the fi rst visit. If 
titers are low, response to booster immunization may be 
assessed. Patients may also be immunized with 23-valent 
pneumococcal or meningococcal vaccines for rigorous 
assessment of polysaccharide responses. However, the 
latter vaccines produce unreliable results in normal chil-
dren younger than 2 years, and negative responses in 
these patients should be interpreted with caution. Assess-
ment of memory B-cell subsets may become a useful 
diagnostic tool; one study suggests that reduced switched 
memory B cells have better a correlation with risk for 
infection than antibody responses do.287

Patients with IgG subclass defi ciency are commonly 
seen with recurrent sinopulmonary infections of varying 
severity caused by common respiratory bacterial patho-
gens.324 Some may also have recurrent diarrhea, often of 
infectious origin. Furthermore, atopic diseases such as 
asthma and allergic rhinitis are more prevalent in patients 
with IgG subclass defi ciency. Defi ciency of the IgG2 
subclass is detected most commonly in symptomatic 
patients. It may occur in isolation but is also usually 
associated with defi ciency of IgG4, IgA, or both.315,325,326 
Selective defi ciency of IgG3 alone is likewise observed 
(most often in adult females) and is associated with the 
same clinical picture described earlier.325,327 The lowest 
IgG4 levels are usually associated with IgG2 defi ciency. 
Recurrent infections have been described in some patients 
with only IgG4 defi ciency.328

The C region genes determining antibody classes 
and subclasses are arranged in the same transcriptional 



1278 THE IMMUNE SYSTEM

orientation on chromosome 14 (see Fig. 23-11). As with 
IGAD, only rarely is clinically signifi cant IgG subclass 
defi ciency associated with genetic lesions of IgG C region 
genes. This has been observed in a single reported patient 
with IgG2 defi ciency, in whom mutation prevented 
expression of cell surface IgG2.329 In fact, large deletions 
of Ig C region genes are surprisingly common; six 
multigene deletion haplotypes have been identifi ed (see 
Fig. 23-11).330 In one population with a high degree of 
consanguinity, individuals were found to be homozygous 
for one haplotype or heterozygous for two different hap-
lotypes. Fifteen of 16 people with deletions on both chro-
mosomes were entirely healthy despite a complete lack 
of one or more IgG subclasses or IgA1; one person had 
recurrent infections. Similarly, two healthy siblings have 
been described, each having homozygous deletions of 
IgA1, IgG2, IgG4, and IgE.331 Furthermore, an analysis 
of the Ig heavy-chain loci of 33 patients with CVID 
revealed only 2 patients who were heterozygous for C 
gene deletions.332

Specifi c Antibody Defi ciency with 
Normal Immunoglobulins

A population of patients with recurrent infections and 
poor antibody responses (mainly to polysaccharide anti-
gens) have completely normal levels of antibody classes 
and subclasses. This condition has been called “specifi c 
antibody defi ciency with normal immunoglobulins” or 
“functional antibody defi ciency.”333-336 In one recent ret-
rospective compilation of 90 patients in a tertiary care 
institution in whom immunodefi ciency was diagnosed, 
specifi c antibody defi ciency with normal Igs was the most 
common diagnosis, made in 23% of patients.333 Several 
studies have shown an increased proportion of individu-
als with subclass defi ciencies among patients with recur-
rent infections. Not all of these patients have demonstrably 
impaired responses to vaccines, however. Thus, the rela-
tionship between lack of an antibody isotype and sus-
ceptibility to infection is far from straightforward. 
Measurement of memory B-cell populations may corre-
late better with infection risk in these patients, although 
further study is required.287 IGAD, IgG subclass defi -
ciency, and a subset of CVID may be entities in a spec-
trum with similar pathophysiologic characteristics.

Patients with recurrent infections, regardless of anti-
body class or subclass levels, should receive prophylactic 
antibiotic therapy initially and undergo thorough evalu-
ation to rule out other potential predisposing factors 
(e.g., anatomic defects or environmental allergies).2 
Repeated immunization may lead to measurable anti-
body responses, although even protein conjugate pneu-
mococcal polysaccharide vaccines may not be as effective 
as in healthy individuals.337 If infections are recurrent and 
unacceptably severe and antibody responses to immuni-
zation are poor, gamma globulin replacement is indi-
cated. Most children have a good response and a 
decreased incidence of infections.2,334,335,338 The natural 
history of IgG subclass defi ciency and specifi c antibody 

defi ciency is usually slow spontaneous resolution. Most 
children have a greatly reduced incidence of infections 
by late childhood.

Transient Hypogammaglobulinemia 
of Infancy

Transient hypogammaglobulinemia of infancy (THI) is, 
as its name suggests, an antibody defi ciency beginning in 
infancy that resolves spontaneously, usually by 4 to 5 
years of age.339-343 It is defi ned as the occurrence of an 
IgG level more than 2 SD below the mean for age. Many 
patients also have low IgA, and some also have low IgM. 
Vaccine antibody responses are usually intact, but this is 
not always the case. Peripheral lymphoid tissue is sparsely 
populated with small or no germinal centers and mark-
edly reduced plasma cell contents. Numbers of circulat-
ing B and T cells are generally normal, as are in vitro 
assays of lymphocyte function (e.g., mitogen response). 
One recent study documented higher B-cell counts than 
in an age-matched group.340

Ig levels in THI gradually increase over time, and the 
majority of patients have normal levels by the age of 4 or 
5. Thus, the diagnosis can be confi rmed only after Ig 
levels normalize. Recent prospective studies show a pre-
ponderance of the diagnosis in males and normalization 
of Ig levels at a median of around 2 years with an upper 
limit of approximately 5 years.339-341 Patients with lower 
IgG levels tend to take longer to normalize. One study 
showed a signifi cantly longer time until normalization in 
females.339

The chain of recurrent infections in THI may often 
be broken with antibiotic prophylaxis. Particularly severe 
or recurrent infections may warrant a period of gamma 
globulin replacement.2 After 6 to 12 months, infusions 
should be stopped and antibody production evaluated. 
For children in whom antibody levels increase sluggishly, 
the clinical course is particularly diffi cult, or a response 
to gamma globulin therapy is not seen, immune function 
should be thoroughly evaluated.

COMPLEMENT DEFICIENCIES

The complement system is composed of some 20 serum 
proteins, 5 complement receptors with varied distribu-
tion among leukocytes, and several integral membrane 
regulators found on most cells of the body.344,345 The 
latter group of molecules limit cell damage as a result of 
a low constitutive level of complement activation. There 
are three distinct modes of complement activation: the 
classical pathway, the alternative pathway, and the lectin 
pathway. These pathways are shown in Figure 23-12. 
Soluble or surface-bound antigen-antibody complexes 
initiate the classical pathway; the alternative pathway is 
activated when complexes of properdin, factor B, and 
C3b are deposited on bacterial surfaces or extracellular 
matrix components. The lectin pathway is initiated by 
binding of MBL to mannose-containing microbial 
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polysaccharides. All pathways consist of sequential pro-
teolytic interactions having a common outcome: cleavage 
(activation) of the C3 complement component to yield 
the anaphylatoxin C3a and the C3b fragment. C3b 
attaches to cell membranes (e.g., bacteria) and is the 
principal opsonin for phagocytosis. After cleavage of the 
C5 component, additional reactions are nonenzymatic 
aggregation of C6, C7, C8, and C9 to form the macro-
molecular membrane attack complex. The membrane 
attack complex is an amphiphilic cylinder; its hydropho-
bic end inserts into target cell membranes and permits 
free fl ow of ions and other solutes, which leads to meta-
bolic derangement or lysis. Genetic defects of almost 
all complement components are known.346 The clinical 
manifestations of these defects are categorized in Table 
23-6. Complement defi ciencies are among the rarest of 
primary immunodefi ciencies. Altogether, they account 
for less than 1% of all patients diagnosed.

Defi ciency of Classical Complement 
Pathway Components

C1 Defi ciency
C1 is a large complex multimer consisting of three major 
subunits: C1q, C1r, and C1s. C1q is itself a complex of 
18 separate polypeptides, 6 molecules each of C1qA, 
C1qB, and C1qC. The C1 complex is completed by the 
addition of two molecules each of C1r and C1s, which 
brings the total to 22 polypeptides. Patients with defects 
in any of the major subunits of C1 have a syndrome 
resembling systemic lupus erythematosus (SLE) and sus-
ceptibility to recurrent infections.347 Defi ciency of C1q 
may be due to antigenically normal nonfunctional protein 
or complete absence of C1q.348 The C1qA, C1qB, and 
C1qC genes are closely linked on chromosome 1; defects 
in the C1qB and C1qC genes have been described. The 
genes encoding C1r and C1s are closely linked on chro-
mosome 12, and mutations of both C1r and C1s have 
also been described.349-351

C2 Defi ciency

The monomeric C2 component of complement is the 
substrate for the activated C1s component of the C1q 
complex. Two fragments are generated in this reaction: 
the C2a fragment associates with C4b on a cell surface 
and becomes an activator for C3 (“C3 convertase”). The 
C2b fragment is a substrate for plasmin and releases a 
vasoactive peptide that may play a role in hereditary 
angioedema (HAE, see later). Approximately 50% of 
individuals with C2 defi ciency are asymptomatic. The 
rest have one or more of the following: various forms of 
vasculitis such as discoid or systemic lupus erythemato-
sus, chronic Henoch-Schönlein purpura, polymyositis, or 
recurrent pyogenic infections.352-355 Only approximately 

Alternative
pathway

Lectin
pathway

Classical
pathway

Extracellular
matrix

Microbial
polysaccharides

IgG, IgM

C3b

BC3bP

BbC3b

fB

fD

P C2, C4

C4b2a

C4b2a3bBbC3b2

MBL/MASP2C1qrs

C3

C5

C6, C7, C8, C9n

C3a
+C3b

C5a
+C5b

C5b6789n

MAC

FIGURE 23-12. Complement activation pathways. The alternative 
pathway is initiated when the C3b fragment with factor B (fB) and 
properdin (P) bind to the extracellular matrix or some microbial poly-
saccharides. Factor D (fD) cleaves fB to yield the C3 convertase BbC3b. 
Addition of C3b creates the C5 convertase BbC3b2. The classical 
pathway begins when IgG or IgM bound to a surface forms a complex 
with C1qrs. The lectin pathway is initiated when mannose-binding 
lectin (MBL) and MBL-associated serine protease 2 (MASP2) bind to 
microbial polysaccharides. Activated C1qrs and MBL/MASP2 are both 
capable of cleaving C2 and C4 to yield the C3 convertase C4b2a. Addi-
tion of C3b to this complex yields the C5 convertase C4b2a3b. The C5 
convertases generate C5b, the nucleus for the membrane attack complex 
(MAC), which is formed by the addition of one each of C6, C7, and 
C8 and several molecules of C9.

TABLE 23-6  Clinical Associations with Complement 
Defi ciencies

Component
Symptoms/Syndrome 
Associated with Defi ciency

C1q, C1r Systemic lupus erythematosus–
like syndrome

C2 Systemic lupus erythematosus–
like syndrome, vasculitis, 
polymyositis

C4 Systemic lupus erythematosus–
like syndrome

C3 Recurrent pyogenic infections
C5, C6, C7, C8, 
C9

Neisserial infection, systemic 
lupus erythematosus–like 
syndrome

C1-INH Hereditary angioedema
Factor I, factor H Recurrent pyogenic infections
Factor D, properdin Neisserial infections
MBL, MASP-2 Recurrent pyogenic infections

C1-INH, C1 esterase inhibitor; MASP, MBL-associated serine proteases; 
MBL, mannose-binding lectin.
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25% of C2-defi cient patients are prone to infections.352 
C2 defi ciency is associated with low levels of IgG sub-
classes, and low levels of IgG4 and IgA may play a role 
in determining susceptibility to infection.

The gene encoding C2 resides in the class III region 
of the HLA complex on chromosome 6. Between 1% and 
1.5% of whites are heterozygous for a null C2 allele 
(C2Q0). Thus, about 1 in 10,000 will be homozygous for 
C2Q0 and have a complete defi ciency of C2. Two forms 
of C2 defi ciency independent of C2Q0 have been identi-
fi ed. In type I, a mutation results in loss of a mRNA splice 
site and C2 cannot be translated. In type 2 defi ciency, 
C2 is not secreted, but the basis for this is unknown.

C4 Defi ciency

The C4 component is another substrate for activated 
C1s. The C4a fragment is a very weak anaphylatoxin, and 
the C4b fragment associates with C2a on a cell mem-
brane to constitute C3 convertase. Complete defi ciency 
of C4 is rare. Virtually all such individuals with C4 defi -
ciency have SLE and severe glomerulonephritis.356-358 
Renal failure and infection are the leading causes of 
death. The genes encoding C4 are also located in the 
class III region of the HLA complex. There are two 
copies on each chromosome, C4A and C4B. Each encodes 
proteins that differ in structure only minimally, although 
their biologic activities are distinct. Null alleles at these 
loci occur frequently; 35% of people have one copy of 
either C4AQ0 or C4BQ0. Ten percent of the population 
have two null alleles, and 1% have three.359 The presence 
of four null alleles (complete C4 defi ciency) is rare. All 
of these partial defi ciency states are often asymptomatic. 
However, HLA haplotypes containing null alleles are fre-
quently found in patients with SLE, CVID, or IGAD.360,361 
One study has found an association of C4B null alleles 
with Henoch-Schönlein purpura.362 The relatively high 
rate of occurrence of C2 and C4 null alleles leads to 
combined heterozygous partial defi ciencies of both in 
about 1 in 1000 whites. Around a third of these patients 
have SLE and other autoimmune diseases.347,363,364

C3 Defi ciency

The C3 component sits at the confl uence of the classical 
and alternative pathways of complement activation. The 
various fragments of C3 generated through the action of 
C3 convertases (C4b2a and C3b2Bb), as well as other 
serum proteases, have diverse infl uences within the 
immune system. C3a is a potent anaphylatoxin, whereas 
C3b is the principal opsonin for phagocytosis and is a 
component of enzyme complexes in the alternative 
pathway of complement activation. Additional C3 frag-
ments infl uence lymphocyte function. For example, C3d 
is an important regulator of B-cell activation.365 Patients 
with C3 defi ciency are susceptible to recurrent pyogenic 
infections, and this condition is often clinically indistin-
guishable from hypogammaglobulinemia. These patients 
may also exhibit skin, kidney, and joint infl ammation 
caused by immune complex deposition.366-369

Defi ciency of Alternative Complement 
Pathway Components

Properdin Defi ciency
Properdin stabilizes the alternative pathway C3 conver-
tase. The properdin gene is located on the X chromo-
some. Lack of properdin does not cause any changes in 
serum levels of complement components; activation 
through the alternative pathway is ineffi cient. Suscepti-
bility to meningococcal infection and discoid lupus 
erythematosus has been associated with properdin defi -
ciency.347,364,370,371 One patient found to have coincidental 
defi ciency of both properdin and C2 suffered recurrent 
S. pneumoniae bacteremia.372 Concomitant defi ciency of 
properdin and MBL may also lead to increased suscep-
tibility to infection (meningitis).373

Factor D Defi ciency

Factor D cleaves factor B after it associates with C3b. 
Only a handful of patients with factor D defi ciency have 
been described. Three with complete defi ciency had 
recurrent neisserial infections.374,375 Another with partial 
defi ciency had recurrent respiratory tract infections.376 
An additional patient was seen with neonatal pneumo-
coccal sepsis.377

Defi ciency of Lectin Pathway 
Complement Components

Mannose-Binding Lectin Defi ciency

MBL is a member of the collectin protein family, which 
also includes lung surfactant proteins A and D.378 MBL 
has a structure similar to C1q and interacts with polysac-
charides containing mannose, glucose, and fucose, as 
well as acetylated derivatives of these sugars. Thus, 
MBL may interact with members of virtually all classes 
of infectious microbes. Three proteins called MBL-
associated serine proteases (MASP) 1 to 3 are similar to 
C1r and C1s.379 MASP-2 may have the most important 
role in catalyzing cleavage of C2 and C4 in a manner 
analogous to C1s. Once this is accomplished, the classical 
pathway C3 convertase has been created and further 
reactions are identical to the classical pathway. There are 
polymorphisms of the gene encoding MBL that affect 
both structure and expression.380,381 Structural polymor-
phisms may impair the ability of MBL to form functional 
oligomers that bind effectively to carbohydrates and may 
also impair the association with MASP-2 and subsequent 
activation of the remainder of the classical pathway.382 
Promoter polymorphisms lead to variation in blood 
MBL levels of greater than 1000-fold from 5 ng up to 
10 g/mL. The “cutoff” for clinical defi ciency is not well 
established. Many studies use values of approximately 
100 to 200 ng/mL, although slightly different values are 
occasionally used. Low MBL levels vary among ethnic 
groups. The genotype or functional tests may be more 
informative than the serum level alone because it is 
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possible to have normal serum levels of a nonfunctional 
protein.381

Low blood MBL level or function does not by itself 
predispose to disease, except possibly during infancy, 
when it may be associated with a higher rate of bacterial 
respiratory tract infections.380,381,383 In the setting of other 
disease processes or “stresses” on the immune system, 
MBL defi ciency may predispose to a higher rate of a 
variety of infectious complications. Examples include the 
administration of chemotherapy and the development 
of systemic infl ammatory response syndrome, sepsis, or 
adult respiratory distress syndrome after admission to an 
intensive care unit.381,384 Low blood MBL levels may also 
increase the severity of the immunodefi ciency occur -
ring via other principal mechanisms, such as in CVID or 
with IgA/IgG subclass defi ciencies or properdin defi -
ciency.316,373,385,386 In addition, MBL defi ciency may pre-
dispose to or worsen autoimmune or infl ammatory 
diseases such as rheumatoid arthritis, SLE, and celiac 
disease.381 Recombinant human MBL is under develop-
ment as a therapeutic agent; one phase I trial has shown 
no adverse effects of administration to healthy MBL-
defi cient individuals.387

MASP-2 Defi ciency

The gene frequency of mutant MASP2 is 3.6% among 
white individuals.388 Abrogation of MASP-2 function is 
expected to have the same consequence as the absence 
of MBL function: failure to activate complement via the 
lectin pathway.388,389 Patients homozygous for MASP2 
mutations who have recurrent respiratory bacterial 
infections and autoimmune disease have been 
described.388,390

Defi ciency of Terminal 
Complement Components

Recurrent neisserial and pneumococcal infections and 
rheumatic disease have been reported in patients with 
C5,391,392 C6,393,394 and C7395-398 defi ciencies. In two fami-
lies, patients with defi ciency of both C6 and C7 have 
been identifi ed.399 C6 defi ciency has been found in 
approximately 1 in 1600 African Americans in the south-
eastern United States in association with a higher inci-
dence of meningococcal meningitis.400 Molecular lesions 
have been defi ned in several patients.401 A 1.1% incidence 
of a mutant C7 allele has been found in a large cohort 
of healthy people of Moroccan Jewish descent.402 The C8 
molecule is a heterotrimer of chains designated α, β, and 
γ. The α and β genes are on chromosome 1, whereas the 
γ gene resides on chromosome 9. C8 defi ciency is also 
associated with recurrent neisserial infection; patients 
have been identifi ed with lack of α and γ together or β 
alone.403,404 Patients with lesions in C8 α genes also lack 
C8 γ protein, even though the latter genes are normal, 
because C8 α and γ are normally covalently linked. C9 
defi ciency is usually asymptomatic; a few patients with 

recurrent neisserial infections have been described.405-407 
One patient with IgA nephropathy associated with C9 
defi ciency has been reported.408 C9 defi ciency has also 
been found in one patient with dermatomyositis.409 Allo-
typy at IgG Fc receptor gene loci may have an impact on 
the susceptibility to infection in patients with defi ciencies 
of terminal complement components.410

Defi ciency of Complement 
Regulatory Factors

C1 Inhibitor Defi ciency 
(Hereditary Angioedema)

HAE exhibits autosomal dominant inheritance. The 
symptoms of this disease are unpredictable recurrences 
of acute and profound subepithelial edema in a variety 
of locations.411 Physical trauma may be a precipitating 
factor. The distal ends of the extremities, face, intestines, 
and pharynx are often affected. Extremity edema is pain-
less but impedes function. Intestinal edema causes excru-
ciating pain and is associated with abdominal distention, 
vomiting, and diarrhea. Pharyngeal edema may lead to 
fatal airway obstruction. Attacks evolve over a period of 
about 12 hours and resolve in 24 to 48 hours. Attacks in 
childhood are not uncommon but occur less frequently 
than in adulthood. An increase in incidence and severity 
often occurs during puberty and is sustained thereafter. 
Attacks may be associated with menses in females. 
Patients may become symptomatic or may have more 
frequent symptoms when receiving estrogen replacement 
or contraceptive therapy.412

C1 esterase inhibitor (C1-INH) is a serum serine 
protease inhibitor (serpin) that limits activities of the 
complement proteases C1r and C1s, as well as those 
of kallikrein, coagulation factors XIa and XIIa, and 
plasmin.413,414 In type I HAE (about 85% of patients), 
levels of C1-INH are less than 30% of normal. In type 
II HAE, patients have normal levels of a mutated (non-
functional) protein. There is at least one additional form 
of HAE with autosomal dominant inheritance and com-
pletely normal C1-INH function. It is designated HAE 
type III. In HAE I and II, the unopposed activities of 
C1r, C1s, and kallikrein lead to consumption of C2, C4, 
and bradykinin.415 Diminished levels of these proteins are 
highly characteristic of HAE. Peptides derived from C2 
and bradykinin cause an increase in vascular permeability 
and edema.

The C1-INH gene is located on chromosome 11. A 
variety of genetic lesions have been identifi ed in patients 
with HAE.416 Despite having one normal copy of the 
gene, patients have inadequate levels of C1-INH, well 
below the 50% one would expect to be due to a simple 
gene dosage effect. This may be attributable to a trans-
inhibitory effect of the mutant allele, which leads to inhi-
bition of transcription of the normal gene. Although 
inheritance is autosomal dominant, as many as 10% to 
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25% of patients may express new mutations. Only one 
patient with homozygous HAE has been reported.417

In managing acute attacks in patients with HAE, 
medications such as epinephrine, antihistamines, and 
corticosteroids, used to treat angioedema subsequent to 
hypersensitivity reactions, are entirely useless because the 
mechanism of swelling in HAE is unrelated.418-421 Anal-
gesia is indicated for painful abdominal crises. Airway 
protection is vital and may require a tracheostomy. Fresh 
frozen plasma has been used in attempts to replace C1-
INH, but this is dangerous because fresh frozen plasma 
also contains C2 and bradykinin and may add fuel to the 
reaction. Intravenous infusion of purifi ed human C1-
INH from human plasma can immediately halt the pro-
gression of an HAE attack. This therapy may even be 
administered at home.422 Unfortunately, despite more 
than a decade of experience worldwide indicating its 
safety and effi cacy, a human C1-INH product has not 
yet been approved in the United States. In addition to 
replacement therapy for HAE, purifi ed C1-INH may be 
useful in limiting the complement activation associated 
with sepsis, cytokine-induced vascular leak syndrome, 
acute myocardial infarction, or other diseases. Impeded 
androgens such as danazol, stanozolol, and oxandrolone 
are useful for reducing the rate of occurrence of attacks. 
These hormones act to increase expression of the normal 
C1-INH gene. Their use in children is limited by their 
tendency to promote epiphyseal closure; use in females 
is limited by their undesirable virilizing effects. Note that 
these drugs would not be effective in the very rare indi-
viduals with two mutant alleles. New small-molecule 
therapeutics are in development,423 including a kallikrein 
inhibitor and a bradykinin receptor antagonist.

Acquired forms of HAE have also been described. In 
acquired angioedema (AAE) type 1, C1-INH levels 
decrease by an unknown mechanism, usually as a para-
neoplastic process associated with lymphoma and 
lymphoproliferative disorders.424 In AAE type 2, autoan-
tibodies against C1-INH deplete it from serum.425,426 
These antibodies may arise sporadically or in association 
with lymphoproliferation.

Factor I Defi ciency

Also known as C3 inactivator, the disulfi de-linked het-
erodimeric complement regulatory molecule factor I 
cleaves C3b. Defi ciency of factor I leads to increased 
degradation of C3 (and factor B), principally because of 
the inability to control constitutive low-level activity of 
the alternative pathway of activation. These patients have 
manifestations of C3 defi ciency such as recurrent infec-
tions, urticaria, and immune complex disease.427-431

Factor H Defi ciency

Factor H cooperates with factor I in the inactivation 
of C3b; its absence leads to reduced C3 and factor B 
and a syndrome of recurrent infections with Neisseria 
meningitidis and membranoproliferative glomerulone-
phritis.432,433 Both familial and sporadic relapsing 

hemolytic-uremic syndromes have been associated with 
mutations in factor H.434-436

THE FUTURE

The diagnosis of disease, in general, may undergo signifi -
cant transformation in the years ahead. This is no less 
true of primary immunodefi ciency than it is of any other 
subspecialty in medicine. The refi nement of a host of 
molecular methods that permit high-throughput analysis 
of gene structure and expression at all levels (RNA, 
protein, biochemistry, cell, and tissue/organ function) 
may bring defi nitive diagnosis into clear focus much 
more easily than is now possible.437 Of course, much 
work is still needed to bring such techniques to 
fruition.

Study of patients who have the syndromes described 
in this chapter has provided a wealth of information 
about the physiology of the immune system. Each patient 
with one of these conditions—or with immune defects 
yet to be defi ned—presents a unique opportunity to gain 
further insight. As we continue to refi ne our understand-
ing of the pathophysiology of these disorders, our thera-
pies are increasingly able to compensate for these defects 
and help these patients lead productive lives.
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Lysosomal storage disease (LSDs) comprise a large group 
of congenital disorders of metabolism caused by impaired 
lysosomal function. These diseases are heterogeneous in 
nature and have a broad range of clinical manifestations 
that affect systemic organs and the nervous system to a 
different extent. At the cellular level, dramatic morpho-
logic changes can be readily identifi ed in circulating 
blood and the reticuloendothelial system. Such changes 
include pancytopenia, vacuolization of mononuclear 
cells, storage of foam cells, and enlargement of the liver, 
spleen, and lymph nodes.

The majority of the LSDs are caused by defi ciency 
of a single lysosomal hydrolase, which underscores the 
lack of redundancy for these enzymes and their impor-
tance in maintaining cell homeostasis. Consequently, 
products of cellular metabolism that are ordinarily 
degraded by these enzymes remain undigested, overload 
the lysosomes, and cause severe disruption of cellular 
architecture.

LSDs have been the object of intensive study by cli-
nician, biochemists, geneticists, and molecular biologists. 
Their investigations have established the following for 
each disease: mode of inheritance, histologic and ultra-
structural features, chemical structure of the stored mate-
rials, and properties of the missing enzyme and its 
molecular genetics. In recent years, the generation of 
small laboratory animal models that closely recapitulate 
the corresponding human conditions has facilitated 
studies of disease pathogenesis and the implementa -
tion of various therapeutic modalities. Simple defi nitive 
laboratory methods have been developed that permit 
accurate prenatal and postnatal diagnosis of these dis-
eases. As a result, many of them are now being diagnosed 
in many more patients, including individuals with per-
plexing clinical manifestations representing variant forms 
of LSDs.

A hematologic perspective is particularly pertinent to 
the diagnosis of inherited storage diseases. Circulating 
leukocytes have not only a rapid metabolic rate but also 
the capacity to phagocytize nondegradable materials. 
Therefore, these cells are doubly vulnerable, and thus it 
is not surprising that various morphologic changes are 
observed in leukocytes from patients with storage dis-
eases and used as diagnostic tools. The same holds true 
for the bone marrow–derived monocytes and macro-
phages that become engorged with lysosomes full of 
undegraded metabolites. Consequently, bone marrow 
and other tissues of the hematopoietic system refl ect the 
storage phenomenon, and examination of such tissues is 
often diagnostic of the disease.

Biochemical studies are usually required for a defi ni-
tive diagnosis, and there too, peripheral blood may serve 
an important function. Serum, plasma, and mixed leuko-
cyte fractions provide a rich and readily available source 
of material for substrate analysis and enzymatic assays. 
Enzyme testing in blood samples is also helpful for 
screening relatives who are heterozygous for the mutated 
allele. The incidence of some LSDs, such as the Tay-

Sachs variant of GM2-gangliosidosis, has actually been 
reduced by large-scale screening programs for testing 
serum and leukocytes in at-risk populations. If both 
members of a couple are discovered to be carriers of a 
disease allele and therefore at risk for bearing affected 
children, they can elect to have amniocentesis performed 
for prenatal diagnosis and, if the fetus is affected, can 
choose termination of the pregnancy. Through the use of 
more effi cient and economical testing methods, this pro-
totype program for prevention of genetic disease may 
become applicable to other storage diseases that are fatal 
in early childhood. In some clinical centers, neonatal 
screening for LSDs has recently been established. 
However, for now, we can still reduce the burden of these 
diseases by properly testing and counseling family 
members of individuals known to have these disorders. 
Such counseling should include full disclosure of the 
option for prenatal diagnosis as soon as possible after an 
LSD has been diagnosed.

Considerable phenotypic heterogeneity characterizes 
each of the storage diseases. The development of DNA-
based methods for molecular diagnosis now makes pos-
sible improved genotype-phenotype correlations. Different 
mutations within the same gene appear to account for 
clinical variations within superfi cially similar diseases. 
Therefore, physicians faced with a perplexing occurrence 
of a suspected storage disease should not exclude other-
wise similar conditions because of a few phenotypic dis-
similarities. Although blood enzyme assays will remain a 
cornerstone in the classifi cation of these diseases, greater 
diagnostic specifi city is now possible by direct analysis of 
individual mutations in genomic DNA.

Therapies for LSDs pose a great challenge, given the 
systemic nature of most of these disorders and the 
involvement of the nervous system, which is invariably 
present, especially in patients with an early onset of 
symptoms. However, during the last decades, new or 
improved therapeutic approaches have been and con-
tinue to be tested for the treatment of LSDs, including 
enzyme replacement therapy (ERT) with genetically 
engineered recombinant enzymes, substrate reduction 
therapy (SRT) with specifi c inhibitors of the synthesis of 
target natural substrates, chaperone-mediated enzyme 
enhancement with synthetic sugar nucleotides, hemato-
poietic stem cell (HSC) transplantation, and ex vivo and 
in vivo gene therapy. Some of these therapeutic modali-
ties are currently available to patients or are in clinical 
trials, whereas others have been tested only in animal 
models.

The emphasis here is on LSDs with manifestations 
in the reticuloendothelial system. One of the purposes of 
this chapter is to guide the reader through some of the 
complex chemical pathways involved in these diseases. 
The references provided at the end of the chapter refl ect 
the most recent fi ndings in this rapidly developing fi eld 
of medicine, and they should be consulted for further 
clinical and biochemical information on the storage 
diseases.
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GENERAL CONCEPTS

Lysosomes and Lysosomal Enzymes
Morphology and Physiology. Lysosomes are 

membrane-bound, specialized organelles that constitute 
up to 5% of the intracellular volume and are heteroge-
neous in size, morphology, and content. Lysosomes are 
found in basically all cells, with the exclusion of mature 
erythrocytes. Among hematopoietic cells, they account 
for the characteristic azurophilic-staining granules in 
polymorphonuclear leukocytes and eosinophils and are 
numerous in reticulocytes, especially after splenectomy.1 
Electron microscopic studies reveal that lysosomes are 
delineated by a single membrane that may fuse with 
pinocytic or phagocytic vesicles containing ingested 
foreign material (heterophagy) or with vacuoles contain-
ing cellular constituents or metabolites destined for 
further catabolism (autophagy).2 The secondary lyso-
somes formed during the processes of heterophagy and 
autophagy are polymorphic in size. The undigested mate-
rial remaining in secondary lysosomes after digestion 
coalesces into a residual body that can be extruded from 
the cell via an excretory pathway, for example, in bile 
from the liver and in urine from the kidney.

Biosynthesis. The lysosomal system represents the 
major site of intracellular compartmentalized degrada-
tion. With their complement of more than 70 hydrolytic 
enzymes, lysosomes regulate the turnover of many cellu-
lar constituents; proteins, glycoproteins, nucleic acids, 
polysaccharides, glycolipids, phospholipids, and neutral 
lipids are the enzymes’ natural substrates.3,4 Most of the 
lysosomal enzymes are soluble, whereas a few are mem-
brane associated. Soluble enzyme precursors are special-
ized forms of secretory proteins. As the latter, they are 
synthesized on membrane-bound polysomes and gain 
access to the lumen of the endoplasmic reticulum (ER) 
via a conventional signal sequence; once in the ER, they 
are cotranslationally glycosylated on specifi c asparagine 
residues5 and fold in their native tertiary structure with 
the aid of folding catalysts or assemble into multiprotein 
complexes. Partial modifi cation of their sugar chains in 
the ER allows transfer of the enzyme precursors to the 
Golgi and trans-Golgi network. At this site they undergo 
further processing of their glycans and acquire a key 
determinant, the mannose 6-phosphate (M6P) recogni-
tion marker, that ensures segregation of the enzyme pre-
cursors from the bulk of secretory proteins by interaction 
with the M6P receptor and fi nally correct compartmen-
talization of them in endosomes/lysosomes.6-8 In some 
instances, soluble enzyme precursors can reach the lyso-
somes in an M6P-independent manner.9 Membrane-
bound lysosomal enzymes use different receptors for 
reaching their fi nal destination; such is the case for the 
enzyme glucocerebrosidase or β-glucosidase (see later), 
which is transported to lysosomes via interaction with the 
lysosomal integral membrane protein Limp-2.10 Once in 

the acidic endosomal/lysosomal environment, most lyso-
somal enzyme precursors undergo partial proteolysis, 
which renders them fully mature and catalytically active. 
By default, a small percentage of the precursor proteins 
may escape to the exterior of the cell, but these secreted 
forms retain the capacity to be reinternalized via M6P 
receptor–mediated endocytosis and to be effi ciently tar-
geted to the lysosome, where they function normally.11,12 
This secretion and recapture mechanism of lysosomal 
enzymes may occur between cells13 or between cells and 
the extracellular environment. Such exchange is readily 
demonstrable in skin fi broblast cultures. Release of 
enzyme from the cell can be demonstrated in culture 
media that do not initially contain any activity of the 
relevant enzyme. Cellular uptake of enzyme from nutri-
ent media has been shown to restore enzyme activity in 
genetically defi cient cells. This mode of cross-correction 
has served as the paradigm for the treatment of LSDs 
(see later). Release of lysosomal enzyme activity may also 
occur during phagocytosis or exocytosis, on exposure to 
membrane-disruptive agents or immune complexes,14 or 
during treatment with acetylcholine and cyclic guanosine 
monophosphate in the presence of calcium.15 In many 
hematopoietic cells, such as platelets, neutrophils, eosin-
ophils, mast cells, macrophages, and cytotoxic T cells, a 
cohort of organelles with the characteristics of lysosomes 
have been shown to release their secretory products via 
calcium-dependent fusion of the lysosomal membrane 
with the plasma membrane, a process termed lysosomal 
exocytosis.16 These observations gave rise to the concept 
of “secretory lysosomes,”3,17 which was thought to be 
confi ned to specialized secretory cells. It is now apparent 
that the process of lysosomal exocytosis also plays the 
general role of membrane repair in nonsecretory cells 
such as fi broblasts.18,19 Drugs such as epinephrine, iso-
proterenol, cyclic adenosine monophosphate,15 and anti-
infl ammatory drugs20 inhibit the release of lysosomal 
enzymes. Some of these factors could be involved in 
regulating levels of lysosomal enzyme activity in body 
fl uids such as plasma, urine, and tears.

Enzyme Activity. Lysosomal enzymes are hydrolases 
that have maximal activity in an acidic pH environment 
and are specifi c with respect to the chemical linkage and 
structure of the monomeric unit that they hydrolyze. 
Small synthetic substrates can often substitute for more 
complex natural products in assays of lysosomal enzyme 
activity in vitro. Complex isozyme systems exist in which 
two or more enzymes act on a single substrate. The β-N-
acetylhexosaminidases, arylsulfatases, α-galactosidases, 
α-mannosidases, and neuraminidases are examples. The 
specifi city of lysosomal enzymes is refl ected in the wide 
range of glycosidases and proteases, which represent the 
largest classes of these enzymes. Glycosidases bring about 
the catabolism of specifi c sugar chains on glycoconju-
gates in a stepwise and concerted fashion. If any of these 
enzymes is defi cient or functionally defective, the process 
of degradation is halted at the level of the missing enzyme. 
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Such blockage leads fi rst to the progressive intralyso-
somal accumulation of partially degraded metabolites 
and, subsequently, to the cellular and organ dysfunction 
associated with LSDs.12,21 Not surprisingly, genetic 
lesions that result in faulty enzyme function are hetero-
geneous, given the numerous modifi cations that must 
occur with some precision between the site of synthesis 
of a lysosomal protein and its fi nal sequestration and full 
activation within the lysosome. The genotype and familial 
history of the disease may eventually have an impact on 
the response to treatment.

Pathogenesis

Based on his studies of type II glycogen storage disease 
(Pompe’s disease), Hers22 proposed the concept of inborn 
lysosomal disease in 1965. He concluded that defi ciency 
of a single lysosomal enzyme (α-glucosidase) results in 
the accumulation of its substrate (glycogen) within 
membrane-bound vesicles of lysosomal origin. According 
to this concept, progressive lysosomal accumulation of 
nonmetabolized material leads to abnormal expansion 
of the number of lysosomes within cells, disruption of 
normal cell functions, and possibly cell death.

The signs and symptoms produced by each of the 
storage diseases primarily refl ect the pattern of distribu-
tion of the nondegradable natural products. In Gaucher’s 
disease and Niemann-Pick disease, turnover of erythro-
cyte and leukocyte membranes leads to the formation 
of lipids that become trapped within the visceral 
organs principally involved in their metabolism. However, 
in disorders of ganglioside metabolism, the principal 
pathologic changes occur in the central nervous system 
(CNS) because ganglioside concentrations in this tissue 
under normal circumstances are much greater than those 
in extraneural tissues. Glycoproteins are abundant in 
nearly all tissues, both inside and outside the CNS. 
Therefore, diseases caused by the storage of mucopoly-
saccharides and other complex carbohydrates derived 
from glycoproteins affect a variety of different organ 
systems.

Natural materials with apparently intact pathways for 
their metabolism sometimes accumulate as secondary 
products in some of the LSDs. For example, cholesterol 
is closely associated with sphingomyelin in membranes 
and apparently for this reason also accumulates in 
Niemann-Pick disease (sphingomyelin lipidosis). High 
concentrations of mucopolysaccharide can inhibit β-
galactosidase, so patients with mucopolysaccharidoses 
may secondarily accumulate not only mucopolysaccha-
ride but also gangliosides in their brain tissue.

Genetics

Nearly all the LSDs are transmitted as autosomal 
recessive traits. Two exceptions, Fabry’s disease (α-
galactosidase defi ciency) and Hunter’s disease (iduronate 
sulfatase defi ciency), follow an X-linked pattern of 

inheritance. During the seventies, interspecies somatic 
cell hybrids were widely used in gene-mapping experi-
ments to make specifi c chromosome assignments for 
genes that code for lysosomal hydrolases. In situ hybrid-
ization of the cloned genes later provided additional 
information on their subchromosomal localization. With 
advent of the human genome project, lysosomal genes 
have been accurately mapped and their genomic organi-
zation established.23 Knowledge of the gene and its 
genomic structure has enabled identifi cation of disease-
causing mutations in each of the LSDs and correlation 
between genotype and phenotype in patients with differ-
ent clinical phenotypes (Table 24-1). Recombinant DNA 
technology has facilitated studies of the molecular basis 
of these diseases and has provided tools for more precise 
diagnosis, as well as the potential for defi nitive therapy 
through gene transfer.

Two or more enzyme activities can be affected by a 
single mutation in a particular gene locus. One explana-
tion is that under ordinary circumstances, the gene 
involved in such situations regulates the synthesis of a 
subunit that is shared by more than one enzyme. For 
example, in Sandhoff ’s disease, failure to properly code 
for the β subunit shared by both the hexosaminidase A 
(Hex-A) and B (Hex-B) isozymes accounts for defi cien-
cies in both these enzymes. Alternatively, the mutation 
could affect a post-translational event, such as attach-
ment or removal of carbohydrate residues during conver-
sion of the enzyme to its fi nal glycoprotein form, which 
could result in an enzyme molecule that is catalytically 
active but can be neither retained nor selectively taken 
up by the cell. This type of defect occurs in mucolipidoses 
II and III and probably accounts for the altered electro-
phoretic properties of lysosomal enzymes in these dis-
eases. In several LSDs, catalytically inactive enzyme 
protein can be detected by using antibodies to normal 
purifi ed enzyme. Although the substrate binding or cata-
lytic sites of this cross-reacting material may be altered, 
its antigenic sites are intact. Immunoassays for cross-
reacting material are therefore an additional means of 
classifying variants of individual LSDs.

A number of heat-stable activator proteins, including 
the GM2 activator protein (GM2A) and the saposins (SAP-
A to SAP-D), have been shown to function either as 
natural detergents to stimulate the enzymatic hydrolysis 
of individual hydrophobic substrates or as cofactors of 
the enzyme.24-26 Saposins are derived from proteolytic 
cleavage of a single, one-chain precursor, prosaposin.27 
Defects in these activator proteins are associated with 
variant forms of LSDs (see later). For example, in patients 
with a defi ciency of SAP-C, a clinical condition resem-
bling non-neuropathic Gaucher’s disease develops.28 
Defi ciency of GM2A has been implicated in the patho-
genesis of the AB variant of GM2-gangliosidosis.29 In 
Morquio’s disease type B, SAP-A works as cofactor of 
the mutant β-galactosidase in the degradation of GM1-
ganglioside (GM1).29 These various mechanisms allow 
enormous genetic heterogeneity and are, in fact, refl ected 
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TABLE 24-1 Chromosome Assignment of Genes Coding for Certain Lysosomal Enzyme Activities

Enzyme Disease OMIM
Gene Map 
Locus

β-Mannosidase β-Mannosidosis 248510 4q22-q25
α-l-Fucosidose Fucosidosis 230000 1p34
Glucocerebrosidase Gaucher’s disease types 1, 2, and 3 230800, 230900, 

231000
1q21

β-Galactosidase GM1-gangliodidosis 230500 3p21.33
α-l-Iduronidase Hurler’s disease type I, Scheie’s 

disease
252800 4p16.3

UDP-N-acetylglucosamine : lysosomal 
enzyme N-Acetylglucosamine-1- 
phosphotransferase

I-cell disease, pseudo-Hurler 
polydystrophy, mucolipidosis type 
III

252500, 252600, 
252605

16p; 12q23.3

Aspartylglucosaminidase Aspartylglucosaminuria 208400 4q32-q33
Arylsulfatase B Maroteaux-Lamy disease type IV 253200 5q11-q13
GM2-ganglioside activator protein Tay-Sachs disease, AB variant 272750 5q31.3-q33.1
Hexosaminidase B Sandhoff ’s disease 268800 5q13
β-Glucuronidase Sly’s disease 253220 7q21.11
Cerebroside sulfate activator Saposin B defi ciency 249900 10q22.1
α-Neuraminidase Sialidosis 256550 6p21.3
Acid lipase Wolman’s disease, cholesteryl ester 

storage disease
278000 10q24-q25

Sphingomyelinase Niemann-Pick disease type A 257200 11p15.4-p15.1
N-Acetylglucosamine-6-sulfatase Sanfi lippo’s disease type IIID 252940 12q14
Galactocerebrosidase Krabbe’s disease 245200 14q31
Hexosaminidase A (α chain only) Tay-Sachs disease type B/B1 272800 15q23-q24
N-Acetylgalactosamine-6-sulfatase Morquio’s disease type A 253000 16q24.3
α-N-Acetylglucosaminidase Sanfi lippo’s disease type IIIB 252920 17q21
α-Glucosidase Pompe’s disease 232300 17q25.2-q25.3
Heparan sulfamidase Sanfi lippo’s disease type IIIA 252900 17q25.3
α-Mannosidase α-Mannosidosis 248500 19cen-q12
Protective protein/cathepsin A (PPCA) Galactosialidosis type 1 256540 20q13.1
α-N-Acetylgalactosaminidase Schindler’s disease types I and III 104170 22q11
Arylsulfatase A Metachromatic leukodystrophy 250100 22q13.31-qter
α-Galactosidase A Fabry’s disease 301500 Xq22
Iduronate-2-sulfatase Hunter’s disease type II 309900 Xq28
SUMF1 Multiple sulfatase defi ciency 272200 3p26
Mucolipin I Mucolipidosis type IV 252650 19p13.3-p13.2

OMIM, Online Mendelian Inheritance in Man.

in the marked phenotypic variations that distinguish 
many of the storage diseases.

Clinical Diagnosis

The undigested products found in the lysosomes of 
patients with LSDs are not uniformly distributed in all 
organs. Instead, they accumulate preferentially in certain 
tissues or cell types where under normal conditions, they 
are actively metabolized or recycled. The distribution of 
the storage material refl ects the pattern of expression of 
the involved lysosomal enzyme and the specifi c function 
or metabolic need of any given cell. The involvement of 
specifi c tissues and organs thus determines the manner 
of clinical expression of each of the storage diseases 
(Table 24-2).

Dysmorphic facial features and hepatomegaly are 
two common features. The former occurs in type 1 GM1-
gangliosidosis, the mucopolysaccharidoses, mucolipido-
ses II and III, α-mannosidosis, galactosialidosis, and 

fucosidosis. Many of these diseases also display evidence 
of connective tissue infi ltration, such as joint contrac-
tures, skeletal dysplasia, and corneal clouding. Some 
degree of liver enlargement also occurs in most of these 
disorders, including Gaucher’s disease, Niemann-Pick 
disease, galactosialidosis, sialidosis type II, and Wolman’s 
disease. Splenomegaly is also a common initial sign in 
Gaucher’s disease, Niemann-Pick disease, galactosialido-
sis, sialidosis type II, and Wolman’s disease. Lymphade-
nopathy and granulomatous joint deposits are characteristic 
of Farber’s disease.

Signs of CNS dysfunction occur in most patients, 
particularly those with an early onset of signs of the 
disease. Slowed development, hypotonia, and excessive 
startle response in an infant may suggest a gangliosidosis. 
Actual regression in neurologic functioning with loss of 
previously acquired developmental milestones eventually 
occurs not only in the gangliosidoses but also in Niemann-
Pick disease type A and several of the mucopolysacchari-
doses. Seizures, megalencephaly, and blindness result 
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TABLE 24-2 Storage Diseases of the Reticuloendothelial System

Age at Onset Initial Signs

FIRST YEAR
Niemann-Pick disease, type A Slow development, hepatosplenomegaly
Gaucher’s disease, type 2 Failure to thrive, hepatosplenomegaly, brainstem signs
Farber’s disease Hoarseness, vomiting, swollen joints, lymphadenopathy
GM1-gangliosidosis, type 1 Slow development, increased startle, hepatosplenomegaly
GM2-gangliosidosis, Sandhoff variant Slow development, increased startle, cherry-red macula
Hurler’s disease Coarse facies, stiff joints
Hunter’s disease Coarse facies, stiff joints
Sanfi lippo’s disease Coarse facies, stiff joints, severe mental retardation
Mucosulfatidosis Slow development, coarse facies
Sialidosis, type II (infantile/congenital) Fetal hydrops, coarse facies, hepatosplenomegaly, mental retardation
Galactosialidosis, early infantile Fetal hydrops, coarse facies, hepatosplenomegaly, mental retardation
Mucolipidosis II Wizened face at birth, gingival hyperplasia, stiff joints
Mucolipidosis IV Slow development, corneal clouding
Sialic acid storage disease Slow development, coarse facies, hepatosplenomegaly
Fucosidosis, type 1 Slow development, coarse facies
α-Mannosidosis Slow development, coarse facies, hepatosplenomegaly
Wolman’s disease Vomiting, diarrhea, hepatosplenomegaly, calcifi ed adrenals
Neuronal ceroid lipofuscinosis, infantile type Slow development, poor vision

SECOND YEAR
Niemann-Pick disease, type B Hepatosplenomegaly
GM1-gangliosidosis, type 2 Slow development, increased startle
Galactosialidosis, late infantile Coarse facies, hepatospenomegaly, cherry-red macula, cardiac 

abnormalities
Morquio’s syndrome Dwarfi sm, skeletal abnormalities, loose joints
Maroteaux-Lamy syndrome Coarse facies, stiff joints, corneal clouding
Mucolipidosis III Stiff hands and shoulders
Fucosidosis, type 2 Slow neurologic deterioration
Aspartylglucosaminuria Slow development, coarse facies, aggressive behavior
Neuronal ceroid lipofuscinosis, late infantile type Seizures, myoclonus, decreased vision, decreased intellect

CHILDHOOD
Niemann-Pick disease, chronic neuropathic form Tetraparesis, hepatomegaly, decreased intellect
Gaucher’s disease, type 1 Splenomegaly, anemia, thrombocytopenia
Scheie’s disease Clawhands
Cholesteryl ester storage disease Hepatomegaly, increased plasma cholesterol and triglycerides
Neuronal ceroid lipofuscinosis, juvenile type Blindness, seizures, decreased intellect

ADOLESCENCE
Gaucher’s disease, type 3 Splenomegaly, seizures, myoclonus
Sialidosis, type I Unexpected falls, myoclonus, seizures, cherry-red macula
Galactosialidosis, juvenile/adult Corneal clouding, coarse facies, seizures, cherry-red macula, mental 

retardation

later in the course of the ganglioside storage diseases. 
Vomiting may be an initial sign in Niemann-Pick disease 
type A and Wolman’s disease.

Generally, the later clinical signs appear, the slower 
the progression of the disease and the less severe the 
disease process. In contrast to the severely retarded epi-
leptic infant with a gangliosidosis and life expectancy 
measured in months, a patient who is seen in late child-
hood or early adolescence with seizures as a result of 
juvenile Gaucher’s disease (type 3) or the cherry-red 
macula/myoclonus forms of sialidosis (type I) may survive 
10 or more years without loss of intellect. Although 
mental retardation does occur in aspartylglucosaminuria, 
fucosidosis, the mannosidoses, and the less severe form 
of Hunter’s disease, these diseases progress slowly, and 
patients survive into adulthood. In the adult form of 

Gaucher’s disease (type 1) and Niemann-Pick disease 
type B, splenic lipid storage may build up very slowly, no 
mental defi ciency occurs, and a normal life span is 
possible.

Knowledge of the patient’s family history is often 
helpful in determining a diagnosis. Patients with adult 
Gaucher’s disease and type A Niemann-Pick disease are 
very often of northeastern European Jewish ancestry. A 
Scandinavian background is common in patients with 
aspartylglucosaminuria, and many patients with fucosi-
dosis are of Italian extraction. Therefore, in the clinical 
evaluation of patients suspected of having a storage 
disease, particular attention should be devoted to review 
of the chronology of the disease and the family back-
ground, and careful assessment should be made of the 
neurologic, visceral, and skeletal manifestations. However, 
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because of considerable genetic heterogeneity, the physi-
cal signs and severity of the LSDs vary considerably. For 
this reason, laboratory studies play an important role in 
the diagnosis of these conditions.

Laboratory Diagnosis

Morphologic Findings

The histologic changes observed in the storage diseases 
are especially pronounced in organs with a signifi cant 
reticuloendothelial component, such as the liver, spleen, 
lymph nodes, and bone marrow. The accumulations of 
natural products form inclusions that display specifi c 
staining characteristics and a defi ned ultrastructure. They 
may be readily observed in easily accessible tissues 
such as peripheral blood, bone marrow, liver, and skin 
(Table 24-3).

Peripheral Blood. Vacuolated lymphocytes are a 
common fi nding in the storage diseases (Fig. 24-1A 
through D).30-37 They can be readily recognized in blood 
smears because they contain vacuoles that stain positively 
with periodic acid–Schiff (PAS). At the electron micro-
scopic level, these vacuoles generally appear as dense 
cytoplasmic bodies or lamellar arrays surrounded by a 
single limiting membrane. In Wolman’s disease, both 
intracytoplasmic and intranuclear lymphocytic vacuoles 
may occur. Other types of circulating monocytes, in addi-
tion to lymphocytes, may also form vacuoles. This change 
occurs, for example, in sialidosis, galactosialidosis, and 
mucolipidosis II. Excessive granulation of circulating 
neutrophils helps distinguish several of the storage dis-
eases. In the mucopolysaccharidoses and mucosulfatido-
sis, metachromatic granules known as Alder-Reilly bodies 
are present (see Fig. 24-1B).38 Azurophilic hypergranula-
tion of neutrophils is a characteristic feature in many 

TABLE 24-3 Laboratory Findings in the Storage Diseases: Presence of Inclusions in Readily Accessible Tissues

Disease

PERIPHERAL BLOOD BONE MARROW LIVER SKIN

Vacuolated 
Lymphocytes

Granulated 
Neutrophils* Foam Cells

Kupffer 
Cells Hepatocytes Biopsy Culture

Gaucher’s Gaucher cell Gaucher 
cell

Gaucher cell +

Niemann-Pick Nova Scotia variant + + + +
Farber’s + + + + +
GM1-gangliosidosis + + + + + +
Sandhoff variant of 
GM2-gangliosidosis

+ + + + + +

Hurler’s + + + + +
Hunter’s + + + +
Sanfi lippo’s, type A + + + +
Sanfi lippo’s, type B + +
Morquio’s syndrome + + + +
Maroteaux-Lamy 
syndrome

+ + + +

β-Glucuronidase 
defi ciency

+ +

Mucosulfatidosis + + Granulated 
myeloid cells

+ + +

Galactosialidosis + + + + +
Sialidosis I + + + +
Sialidosis II, late 
infantile type

+ + + + + +

Mucolipidosis II + + +
Mucolipidosis III Vacuolated 

plasma cells
+

Mucolipidosis IV +; vacuolated 
plasma cells

+ + +

Sialic acid storage + + + + + +
Fucosidosis + + + + + +
Mannosidosis + + + +
Aspartylglucosaminuria + +
Wolman’s + + + +
Neuronal ceroid 
lipofuscinosis

+ + + + +

*Coarse granulations characteristic of Alder-Reilly bodies are seen in the granulocytes of patients with a mucopolysaccharidosis. In sialidosis II, fi ne granulations 
are present in granulocytes, lymphocytes, and monocytes. Leukocytes in neuronal ceroid lipofuscinosis show azurophilic granulation.
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FIGURE 24-1. Photomicrographs of storage cells in peripheral blood (A through D) and in bone marrow (E through H). A, Eosinophil—GM1-
gangliosidosis; B, lymphocyte—Hunter’s disease; C, lymphocyte—α-mannosidosis; D, monocyte—Niemann-Pick disease type C; E, foam cells—
Niemann-Pick disease type B, darkfi eld; F, foam cell—Niemann-Pick disease type A, polarization; G, foam cell—Giemsa stain, Niemann-Pick 
disease type B; H, Gaucher cell—Giemsa stain, Gaucher’s disease type 1. (A through D, Courtesy of J. Alroy, Department of Pathology, Tufts New 
England Medical Center.)

patients with the neuronal ceroid lipofuscinoses. Ultra-
structural studies of buffy coat preparations from the 
peripheral blood of these patients can be used to detect 
the abnormal intracytoplasmic inclusions typical of these 
diseases.39,40

Bone Marrow. The foam cell, a lipid-laden macro-
phage often called a histiocyte, provides perhaps the most 

dramatic and convincing histologic evidence of a storage 
disease. It may be easily recognized in unstained prepara-
tions of bone marrow aspirate as a round or oval cell 
measuring 20 to 90 μm in diameter. It generally has a 
single eccentric nucleus with a prominent nucleolus. 
Under darkfi eld microscopy, these cells appear as large, 
white spheres on a dark background (see Fig. 24-1E). 
They may be distinguished on phase-contrast micros-
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copy as large, glittering cells with numerous cytoplasmic 
droplets or particles. These droplets are fairly uniform in 
size and, when viewed under polarization microscopy, are 
often birefringent (see Fig. 24-1F). They impart a mul-
berry- or honeycomb-like appearance to the cell and have 
a fi nely reticulated cytoplasmic web that is better seen in 
stained preparations (see Fig. 24-1G). Under the elec-
tron microscope, the droplets appear as polymorphic 
lipid vacuoles ranging from less than 1 μm to greater than 
5 μm in diameter and consisting of both concentrically 
laminated myelin-like membranous arrays and dense 
homogeneous residual bodies.

The staining properties of foam cells in each of the 
storage diseases may differ. They often stain red with oil 
red O and black with Sudan black B, thus indicating that 
sudanophilic material is present. The PAS reaction may 
be weakly positive. The presence of lipofuscin is indicated 
by the appearance of autofl uorescence under ultraviolet 
light. These histochemical reactions may be lost if alcohol 
or other lipid solvents are used to fi x the bone marrow 
smears or tissue sections before staining. Therefore, for 
examining the staining properties of biopsy specimens 
from patients with storage diseases, formalin-fi xed 
frozen sections are preferable to alcohol-treated paraffi n-
embedded material.

Occasionally, sea-blue histiocytes41 are noted in the 
bone marrow preparations of patients with Niemann-
Pick disease42 and other systemic lipidoses.43 These large 
cells measure up to 60 μm in diameter and contain 
several large, homogeneous granules that display a blue 
or blue-green color with Giemsa or Wright stains. Their 
major chemical constituent was believed to be ceroid, but 
increased levels of phospholipids and glycolipids are 
likely to occur. The Gaucher cell is sometimes mistakenly 
identifi ed as a foam cell. It is also a large histiocyte that 
measures 20 to 100 μm in diameter, but instead of lipid 
droplets, its cytoplasm contains striated rod-shaped 
inclusion bodies that give it a wrinkled tissue paper or 
crumpled silk appearance (see Fig. 24-1H). The Gaucher 
cell stains pale pink with hematoxylin-eosin and stains 
only slightly with oil red O and Sudan black B. The inclu-
sions are autofl uorescent and PAS positive.

Electron microscopic studies indicate that these 
deposits consist of hollow tubules contained within a 
limiting membrane. Analysis of purifi ed preparations of 
these deposits by freeze-fracture and x-ray diffraction 
techniques suggests that they exist as a series of gradually 
twisting membranous bilayers 3 to 6 nm thick.44 They 
are composed of glucocerebroside (66%), phospholipid 
(17%), cholesterol (6%), and protein and glycoprotein 
(11%).45 Strong acid phosphatase activity46 and iron 
deposition47 have also been demonstrated in Gaucher 
cells with the use of histochemical staining methods. 
Unlike the foam cell, which is found in many lipid storage 
diseases, the Gaucher cell is unique to the Gaucher form 
of inherited lipidosis. However, it cannot be regarded as 
being entirely specifi c for Gaucher’s disease because it 
has also been observed in the bone marrow of some 

patients with certain blood disorders, including chronic 
myelogenous leukemia48 and thalassemia49 and in one 
patient who had both Gaucher’s disease and coexistent 
Philadelphia chromosome–positive chronic granulocytic 
leukemia.50 Presumably, Gaucher cells can form when 
the breakdown of blood cells exceeds the capacity of 
macrophages to metabolize the effete lipids.

Careful examination of the bone marrow smear is 
therefore an essential part of the diagnosis of a storage 
disease. In addition to the foam cell, sea-blue histiocyte, 
and Gaucher cell, other abnormal structures can be 
detected in the bone marrow, such as the Alder-Reilly 
bodies characteristic of Hurler’s disease and multiple 
sulfatase defi ciency and the vacuolated plasma cells asso-
ciated with mucolipidoses III and IV.

Liver. In many storage diseases, an enlarged liver 
provides a tempting target for diagnostic biopsy despite 
the fact that many of the cellular changes occurring in 
the liver are similar to those present in the bone marrow. 
A liver biopsy has the added advantage of allowing access 
to a solid tissue for biochemical analysis. Needle biopsy 
can yield 10 to 25 mg of fresh tissue that could be divided 
equally between the biochemistry and pathology labora-
tories. The specimen for biochemical studies must be 
preserved frozen in a sealed container, preferably one 
fl ushed with nitrogen gas before sealing to displace 
oxygen and prevent oxidation and dehydration during 
storage. One segment of the tissue destined for the 
pathology laboratory is immediately immersed in buf-
fered glutaraldehyde for electron microscopic studies. 
The remainder is fi xed in formalin and further subdi-
vided into two specimens. Half of the specimen is rou-
tinely processed and embedded in paraffi n. The other 
half of the formalin-fi xed material is used to prepare 
frozen sections, with care taken to avoid exposure to 
alcohol or other lipid solvents.

Liver involvement may be refl ected in changes in 
tissue macrophages (Kupffer cells), hepatocytes, and 
endothelial cells. Kupffer cells are enlarged and contain 
membrane-limited vacuoles of various size. Electron 
microscopic studies of their ultrastructure demonstrate 
cytoplasmic bodies ranging from membranous and gran-
uloreticular lamellar structures to more polymorphous 
and homogeneous dense bodies. Vacuolated histiocytes 
may infi ltrate the sinuses, where they appear as discrete 
islands of light-staining cells in routinely stained sections. 
Hepatic parenchymal cell involvement is variable. A mild 
vacuolar change may be noticed, or more extensive infi l-
tration can occur in these cells, as indicated by obvious 
enlargement and foamy metamorphosis. On electron 
microscopic examination, dense bodies and osmophilic 
bodies are present. Vascular endothelial cells in the liver 
may also contain inclusions, and in some specimens the 
lobular architecture of the liver itself is disturbed. The 
typical appearance of the Gaucher cell in liver specimens 
from patients with Gaucher’s disease and the presence of 
both intralysosomal and cytoplasmic glycogen in Pompe’s 
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disease distinguish these conditions from other forms of 
storage disease. In all other instances, the histologic 
changes in the liver are not distinctive enough to permit 
the diagnosis of a specifi c storage disease.

Skin. Many different types of cells are present in 
skin, including epithelial cells, hair follicles, fi broblasts, 
eccrine sweat glands, smooth muscle cells, sebaceous 
glands, vascular cells, and nerve bundles, thus making 
skin biopsy an extremely useful technique for the histo-
logic diagnosis of storage diseases.51 Vacuoles may be 
found in the secretory coils of eccrine sweat glands, the 
bulbs of hair follicles, fi broblasts, and Schwann cells in a 
number of diseases. Biopsy specimens from patients with 
the ganglioside storage diseases contain complex osmo-
philic lipid deposits in axons, Schwann cells, and nerve 
fascicles, whereas similar deposits in both neural and 
extraneural dermal elements characterize mucolipidosis 
IV. Study of skin ultrastructure is particularly helpful for 
diagnosis of the neuronal ceroid lipofuscinoses because 
the same distinctive pattern of inclusions present in the 
nervous system may be evident in skin34,51-54 and enzy-
matic diagnosis of all forms of these diseases is not yet 
possible.

Cultured skin fi broblasts are less informative, but 
ultrastructural changes have also been noted in these 
cells.55 The membrane-bound, electron-dense inclusions 
of mucolipidosis II56 and IV57 and the curvilinear profi les 
of neuronal ceroid lipofuscinoses58 are examples of this 
phenomenon. However, not all storage diseases produce 
histologic changes in the skin; for example, none has been 
found in Gaucher’s disease.34 Nevertheless, as electron 
microscopists have become more profi cient in examining 
this type of tissue and cell culture and specialists and 
biochemists have recognized the usefulness of cultured 
skin fi broblasts for metabolic studies, the popularity of 
diagnostic skin biopsy has increased. Other extracerebral 
tissues, including conjunctiva, skeletal muscle, and rectal 
tissue, may also provide useful samples for biopsy.51

Biochemical and Molecular Studies

Storage Substances. The results of morphologic 
studies suggest the presumptive diagnosis of a storage 
disease, but biochemical studies are required for a spe-
cifi c diagnosis (Table 24-4). For the majority of the 
storage diseases, structural identifi cation of the major 
substances that accumulate preceded elucidation of the 
enzyme defects. Characterization of these compounds is 
generally more diffi cult than assaying the relevant enzyme, 
so for diagnostic purposes, determination of enzyme 
activity is preferred. However, a number of laboratory 
techniques have been developed that facilitate screening 
for storage products in readily available tissue and fl uid 
specimens.

The urine of patients with sphingolipidoses, muco-
polysaccharidoses, mucolipidoses, and other oligosac-
charidoses is a rich source of storage material.59 The 
sphingolipids present in a fi ltered 24-hour urine specimen 

can be extracted from the fi lter paper, separated from 
other lipids on a silicic acid column, and quantitated by a 
combination of thin-layer and gas-liquid chromatogra-
phy.60 An excess of mucopolysaccharides is recognized 
in urine by positive results on the Berry spot test,61 and 
these substances can be isolated by precipitation with 
quaternary ammonium salts and fractionated into sepa-
rated species by electrophoresis.62 Complexing of urinary 
mucopolysaccharides with 1,9-dimethylmethylene blue 
simplifi es their quantifi cation.63 Simple thin-layer chro-
matographic methods using microliter quantities of whole 
desalted urine have been described as a means of separat-
ing the oligosaccharides excreted in fucosidosis,59,64 man-
nosidosis,65 GM1-gangliosidosis,64 and the sialidoses66,67 
into patterns distinctive for each disease. The presence of 
aspartylglucosamine on a urinary amino acid chromato-
gram aids in the diagnosis of aspartylglucosaminuria. 
More recently, new detection methods have been applied 
to the diagnosis of LSDs, including a fi lter paper method 
for mass and high-risk urinary screening for Fabry’s 
disease68 and mass spectrometry.69

Sphingoglycolipids present in plasma can be quanti-
tated by high-performance liquid chromatography.70,71 
The procedure requires less than 1 mL of plasma and 
permits detection of elevated ceramide, cerebroside, and 
globoside levels in Farber’s disease,70 Gaucher’s disease,71 
and the Sandhoff variant of GM2-gangliosidosis, respec-
tively. The high-performance liquid chromatographic 
technique has also been used to demonstrate elevated 
sphingomyelin levels in cultured skin fi broblasts from 
patients with Niemann-Pick disease type A.72

In other storage diseases as well, cultured skin fi bro-
blasts provide an opportunity for biochemical analysis 
of storage material. The kinetics of 35SO4 accumulation 
has been used as an indicator of defective degradation 
of polysaccharides in the mucopolysaccharidoses73 and 
mucolipidoses.74,75 In Gaucher disease cells, metabolic 
utilization of radioactively labeled glucocerebroside is 
reduced,76 and in vivo studies of Farber disease cells 
reveal a defect in their ability to metabolize the ceramide 
portion of a fatty acid–labeled precursor.77 Fucosidosis 
fi broblasts store abnormal quantities of tritiated fucose,78 
and Wolman disease cell lines incorporate increased 
amounts of 14C-mevalonate into cholesterol.79 In certain 
instances, solid tissues may need to be analyzed. This step 
is required when a strong clinical presumption of storage 
disease exists, but studies of body fl uids and more readily 
accessible tissues such as leukocytes and cultured fi bro-
blasts disclose neither the nature of the stored substance 
nor the presence of a defi cient enzyme. Biopsy of cerebral 
tissue is no longer warranted except in very rare instances 
of neurodegenerative disease without extraneural mor-
phologic or biochemical stigmata.

Defi cient Enzyme Activity. Specifi c enzyme defects 
have been established for all the LSDs, and in the major-
ity of cases, enzymatic assays are an especially convincing 
means for confi rming the diagnosis. These assays can be 
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TABLE 24-4 Laboratory Findings in the Storage Diseases: Biochemistry

Disease Stored Material Enzyme Defi ciency

SUBSTRATES USED IN ENZYME ASSAYS

Natural Artifi cial

SPHINGOLIPIDOSES
Gaucher’s Glucocerebroside Glucocerebrosidase Glucocerebroside 4-MU-β-glucoside
Niemann-Pick Sphingomyelin Sphingomyelinase Sphingomyelin 2-N-Hexodecanoyl-amino-4-

nitrophenyl-phosphorylcholine 
monohydrate

Farber’s Ceramide Ceramidase Ceramide
GM1-gangliosidosis GM1-ganglioside, 

glycoprotein
GM1-ganglioside, β-galactosidase GM1-ganglioside, asialo-

GM2-ganglioside, globoside
pNP-β-galactoside, 4-MU-β-galactoside

GM2-gangliosidosis, 
Sandhoff variant

GM2-ganglioside, 
globoside

Hexosaminidase A + B pNP-β-N-acetylglucosamine, 
4-MU-β-N-acetylglucosamine

MUCOPOLYSACCHARIDOSES
Hurler’s and Scheie’s Dermatan sulfate, 

heparan sulfate
α-Iduronidase 4-MU-α-l-iduronide

Hunter’s Dermatan sulfate, 
heparan sulfate

Iduronate sulfatase 35S-heparin Disulfated 3H-disaccharide

Sanfi lippo’s
 Type A Heparan sulfate Heparan-N-sulfatase Unacetylated trisaccharide 

isolated from heparin
4-MU-α-d-N-sulfoglucosamide

 Type B Heparan sulfate N-Acetyl-α-glucosaminidase [u-14C]Glucosamine + 
acetyl CoA

pNP-α-N-acetylglucosaminide, 
4-MU-α-N-acetylglucosaminide

 Type C Heparan sulfate Acetyl CoA:α-glucosaminide 
acetyltransferase

4-MU-β-d- glucosaminide + acetyl 
CoA

 Type D Heparan sulfate N-Acetyl-α-glucosamine-6-sulfatase N-Acetylglucosamine 
6-sulfate

4-MU-α-N-acetylglucosamine 6-sulfate

Morquio’s syndrome
 Type A Keratan sulfate Galactosamine 6-sulfatase Disulfated 3H-trisaccharide
 Type B Keratan sulfate β-Galactosidase 4-MU-β-galactoside

C
ontinues
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CoA, coenzyme A; 4-MU, 4-methylumbelliferyll; pNP, nitrophenol.

TABLE 24-4 Laboratory Findings in the Storage Diseases: Biochemistry—cont’d

Disease Stored Material Enzyme Defi ciency

SUBSTRATES USED IN ENZYME ASSAYS

Natural Artifi cial

Maroteaux-Lamy 
syndrome

Dermatan sulfate Galactosamine-4-sulfatase 
(arylsulfatase B)

Chondroitin 4-sulfate p-Nitrocatechol sulfate, 4-MU-sulfate

β-Glucuronidase 
defi ciency

Dermatan sulfate, 
heparan sulfate

β-Glucuronidase pNP-glucuronide, 4-MU-glucuronide

Mucosulfatidosis Sulfatides, 
mucopolysaccharides

Arysulfatase A, B, and C; other 
sulfatases

Disulfated disaccharide, 
heparan, sulfatide

p-Nitrocatechol sulfate, 4-MU-sulfate

MUCOLIPIDOSES/GLYCOPROTEINOSES
Sialidosis 
(mucolipidosis I)

Sialyloligosaccharides, 
glycopeptides

NEU1 4-MU-α-d-N-acetylneuraminide

Galactosialidosis Sialyloligosaccharides, 
glycopeptides

PPCA Bioactive peptides

Mucolipidosis II Sialyloligosaccharides, 
glycoproteins, glycolipids

High serum, low fi broblast 
enzymes; N-acetylglucosamine-
1-phosphate transferase

4-MU-glycosides, UDP-N-
acetylglucosamine, 
α-methylmannoside

Mucolipidosis III Glycoproteins, glycolipids Same as above
Mucolipidosis IV Glycolipids, glycoproteins Mucolipin I Same as above

OTHER DISEASES OF COMPLEX CARBOHYDRATE METABOLISM
Sialic acid storage 
disease

Free sialic acid Sialin

Fucosidosis Fucoglycolipids, 
fucosyloligosaccharides

α-Fucosidase pNP-α-l-fucoside, 4-MU-α-fucoside

Mannosidosis Mannosyloligosaccharides α-Mannosidase pNP-α-mannoside, 4-MU-α-mannoside
Aspartylglucosaminuria Aspartylglucosamine Aspartylglucosamine amidase 1-Aspartamido-β-N-acetylglucosamine
Wolman’s Cholesteryl esters, 

triglycerides
Acid lipase Glyceryl tripalmitate pNP-palmitate, 4-MU-oleate

Neuronal ceroid 
lipofuscinoses

Ceroid lipofuscin 
pigments

CLN-1: palmitoyl-protein 
thioesterase CLN-2 to CLN-5: 
unknown
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performed in vitro on readily accessible patient material 
such as serum, plasma, leukocytes, lymphocytes, cultured 
skin fi broblasts, and tears.

As mentioned earlier, artifi cial substrates can substi-
tute for natural substrates for measuring enzyme activity. 
The chromogenic p-nitrophenyl and fl uorogenic 4-
methylumbelliferyl derivatives are commonly used for 
this purpose because they are more easily cleaved in vitro 
than the natural substrates are and the aglycone product 
of their hydrolysis can readily be quantitated by colorim-
etry or fl uorometry. When natural substrates are used, 
they generally carry a radioactive label. Assays with these 
compounds are processed by separating the reaction 
products and quantitating the labeled component in a 
liquid scintillation spectrometer. Reviews are available 
that describe the methodology used in assaying most of 
the enzymes shown in Table 24-4.80,81 These techniques 
are usually beyond the scope of a routine clinical chem-
istry laboratory and are most competently performed in 
a research laboratory setting, preferably one devoted to 
lysosomal enzymology. It is fortunate that most lysosomal 
enzymes are quite stable on freezing (α-neuraminidase is 
an exception); so if necessary, enzyme preparations can 
be shipped to distant localities for assay.

A leukocyte pellet suffi cient for multiple assays can 
be isolated from 10 mL of fresh, whole heparinized blood 
by the dextran sedimentation procedure.82 A repeat sedi-
mentation step can double the yield of leukocytes, an 
especially valuable consideration when the amount of 
blood is limited because of the size, age, or medical con-
dition of the patient (usually a child). If molecular DNA 
analyses are to be performed, ethylenediaminetetraacetic 
acid is the preferred anticoagulant because heparin can 
inhibit the polymerase chain reaction (PCR) assay. Speci-
mens of blood should also be obtained from the child’s 
parents to be used for confi rmation of any enzyme defect 
discovered in the child’s blood. When tested for activity 
of the relevant enzyme, the parents’ specimens should 
demonstrate intermediate levels of enzyme activity, indic-
ative of their heterozygous status.

Molecular Analysis. Detection of heterozygotes in X-
linked conditions, such as Hunter’s disease, by enzyme 
assay is more diffi cult because of the overlap with normal 
values that can occur as a result of mosaicism in expres-
sion of the X chromosome in females,83 and therefore 
DNA techniques84 have proved to be more reliable for 
detection of carriers in this disease.85,86 For each lyso-
somal enzyme gene that has been cloned, a multiplicity 
of mutant alleles have been discovered. Although a 
number of these mutations may be common in patients 
with the same LSDs, many are sporadic and specifi c to 
individual families. Therefore, it is not practical to use 
mutation analysis only as a marker for a particular disease 
or to screen for carriers of the gene for this disease.

However, within a research laboratory setting, 
genomic DNA or total mRNA can be isolated from 
peripheral lymphocytes or cultured fi broblasts and pro-

cessed further for nucleotide base sequencing. For 
genomic DNA, single-strand conformational polymor-
phism is used to locate fragments with an anomalous 
migration pattern on a gel, possibly indicative of an 
abnormal sequence. With the use of primers specifi c to 
this fragment, it can be amplifi ed by PCR and sequenced 
to fi nd the error. Alternatively, PCR of sequences encom-
passing the exon/intron boundaries may help identify 
splicing variants. Such molecular analysis is especially 
useful when the clinical phenotype is severe and residual 
enzyme activity is very low or absent and thus suggests 
the possibility of no transcription to mRNA.

In later-onset forms of disease with a less severe 
phenotype, mRNA may be detectable. It can be reverse-
transcribed to complementary DNA (cDNA) and the 
specifi c disease-related cDNA amplifi ed by PCR and 
cloned so that its nucleotide base sequence can be deter-
mined. This method is likely to reveal point mutations 
causing primarily amino acid substitutions but may also 
reveal splicing errors, as well as small insertions and 
duplications. To distinguish polymorphic changes from 
true disease-causing mutations, transient enzyme expres-
sion studies can be done with a culture system such as 
the COS cell, a strain of monkey cells. For more accurate 
detection of mutant enzymes that have only low residual 
enzyme activity, transient expression studies should be 
performed on patient fi broblasts that have no endoge-
nous enzyme activity.87 Only alterations resulting in 
partial or complete loss of enzyme activity can be relied 
on as markers for the carrier state in relatives of an 
affected patient and for prenatal diagnosis.

In families in which specifi c molecular defects in 
DNA have been detected, enzyme analysis can be supple-
mented by mutation analysis. This approach is not only 
useful for carrier testing and prenatal diagnosis but 
can also be extended to retrospective diagnosis for an 
affected family member who died without a specifi c bio-
chemical diagnosis. This option is available through PCR 
amplifi cation of genomic DNA extracted from paraffi n-
embedded biopsy or autopsy material originally prepared 
for histologic study.

Animal Models

Although the common macroscopic evidence of LSD in 
tissues is the presence of vacuolated cells, the cellular and 
molecular consequences of the intralysosomal accumula-
tion of various metabolites are still largely unknown. 
Given the complexity of these disorders, this information 
will prove crucial for addressing the feasibility and limita-
tions of therapy for neurodegenerative LSDs, analysis of 
which is often impossible in affected children. Studies are 
currently beginning to emerge that will help relate storage 
of potentially toxic metabolites to cell dysfunction and 
cell death.88,89 Many LSDs have now been genetically 
engineered in small laboratory animals or have been diag-
nosed in spontaneously occurring animal models. In 
most instances, these models closely recapitulate the cor-
responding human diseases and are therefore important 
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tools for studies of disease pathogenesis and treatment of 
these disorders.90,91

Treatment

Symptomatic Treatment

After the diagnosis of a storage disease is made, the physi-
cian often believes that the family must be given a prog-
nosis. Because none of the storage diseases can be cured 
and their progressive course cannot usually be halted, a 
bleak outlook is presented and the distraught family 
leaves without a clear understanding of how to manage 
their child’s illness. Actually, the clinical state is quite 
stable in a number of the storage diseases (e.g., adult 
Gaucher’s disease; type B Niemann-Pick disease, α-
mannosidosis, aspartylglucosaminuria, and the cherry-
red spot/myoclonus variant of sialidosis). Moreover, the 
same storage disease does not follow the same timetable 
of clinical signs in any two patients. Instead of prognos-
tication, attention should be focused on alleviating or 
ameliorating existing signs and symptoms.

Feeding problems may arise because of bulbar paral-
ysis, and hence changes in the consistency of the child’s 
food and in feeding techniques might be required. Con-
sultation with a nutritionist may be needed to ensure that 
the child continues to receive adequate fl uid and caloric 
intake. Chronic constipation must be managed, the skin 
surface must be protected from ulcerations, and dental 
hygiene must be maintained to prevent caries. Seizures 
occurring in the course of gray matter storage disease of 
the brain generally respond to combinations of certain 
drugs, including diazepam (Valium), carbamazepine 
(Tegretol), valproic acid (Depakene), clonazepam 
(Klonopin), and lamotrigine (Lamictal). To prevent joint 
contractures, a regular program of physical therapy 
should be established. Orthopedic corrective procedures, 
otorhinolaryngologic surgery, and other types of opera-
tive intervention should not be withheld if they will make 
nursing care easier or bring relief to a child who has a 
clinically vexing problem.

The child’s education is also important. Infant stim-
ulation programs in daycare centers and special nursery 
school and kindergarten programs are available for 
handicapped children through the Easter Seals Society, 
United Cerebral Palsy, and similar organizations. By 
taking advantage of these resources, the family and child 
can feel that they are not missing out on opportunities 
for self-expression and achievement available to other 
children.

Enzyme Replacement Therapy

The lysosomal enzyme precursors secreted into the extra-
cellular milieu are usually completely poised to be rein-
ternalized by the same cell or neighboring cells via 
receptor-mediated endocytosis. Most cell types express 
the M6P receptor, which accommodates effi cient uptake 
of mannose-6-phosphorylated lysosomal enzymes.6 

However, Kupffer cells in the liver, microglia in the 
brain, and resident macrophages in other tissues express 
mannose receptors that allow uptake of mannosylated 
enzymes. Specifi c overexpression systems are currently 
used to achieve the desired modifi cation of the overex-
pressed enzyme, such as CHO cells for M6P and 
yeast, plant, or insect cells for mannosylated enzymes.92-95 
Alternatively, the complex carbohydrates on CHO-
expressed enzymes are enzymatically remodeled to the 
mannose core type to facilitate uptake by the mannose 
receptor.96

The unique capacity of most lysosomal enzyme to be 
released and recaptured by different cell types has formed 
the basis of ERT.97 This therapeutic approach has been 
shown to be extraordinarily effective for patients with the 
non-neuropathic form of Gaucher’s disease, the most 
prevalent metabolic storage disorder in humans and the 
fi rst to be treated by this approach. Demonstration of the 
benefi t of ERT in this disorder led eventually to exten-
sion of this therapeutic modality to the treatment of other 
LSDs.98 The results of ERT in clinical trials of Pompe’s 
disease,99 Fabry’s disease100,101 and mucopolysaccharido-
sis I and VI (MPS I and VI),102 as well as in numerous 
animal models,102-105 have demonstrated that this proce-
dure could be effective against some non-neuropathic 
LSDs. However, ERT alone is unlikely to ameliorate 
the more severe neuropathic forms of LSDs unless it is 
combined with other treatments.106 The presence of 
the blood-brain barrier, which effectively prevents most 
soluble molecules from entering the CNS, hampers the 
applicability of this approach for the cure of neuropathic 
patients, so different therapies should be sought.

Substrate Reduction Therapy

Glycosphingolipids (GSLs) are components of the outer 
leafl et of plasma membranes in most eukaryotic cells. 
They are present in cell-specifi c patterns and are com-
posed of a hydrophobic ceramide moiety that is linked to 
a hydrophilic glycan chain of variable length and struc-
ture. GSLs have been implicated in a variety of functions 
ranging from cellular differentiation to intracellular sig-
naling. They are synthesized de novo, beginning with the 
rate-limiting step of ceramide formation by glycosyltrans-
ferase and the subsequent addition of glycan chains to 
this glycosylceramide core. Upon exerting their meta-
bolic actions, they are eventually degraded in lysosomes 
via an endocytic process.107

Imino sugars such as N-butyldeoxygalactonojirimy-
cin (NB-DGJ), one of the early GSL synthesis inhibitors 
to be studied, was initially investigated as an antiviral 
agent for patients with acquired immunodefi ciency syn-
drome, but its use was abandoned when other antiviral 
agents became available.108 However, further research 
into the biology of GSLs showed that inhibition of their 
synthesis may play a role in the treatment of some LSDs. 
The rationale behind this principle is that by reducing 
the amount of available substrate, a decrease in the degree 
of their deposition in affected cells should be expected. 
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It is also hypothesized that in certain LSD variants, the 
presence of residual enzymatic activity may be enough to 
control the signs and symptoms of disease if synthesis of 
GSLs is concomitantly decreased. This would therefore 
lead to a certain degree of “metabolic balance.” One of 
the potential additional advantages of this approach is 
that these compounds cross the blood-brain barrier, in 
contrast to ERT, which is restricted to act outside the 
CNS and thus cannot aid in clearing lysosomal storage 
from neurons.

The fi rst published suggestion for using this approach 
to treating the LSDs came from Radin.109 Since then, 
several studies have been performed in vitro and in 
various animal models for these conditions and in at least 
one clinical trial.110 In the latter, several patients with the 
non-neuronopathic variant of Gaucher’s disease (type 1 
β-glucocerebrosidase defi ciency) were treated with N-
butyldeoxynojirimycin (miglustat), a potent inhibitor of 
glucosylceramide synthase, which is a glucosyltransferase 
enzyme responsible for the fi rst step in the synthesis of 
most GSLs; such treatment resulted in decreased visceral 
volumes and improved hematologic parameters after 1 
year. Further studies in other animal models for LSDs, 
such as Fabry’s disease111 and GM2-gangliosidosis,112,113 
have shown additional promising effects. Side effects 
often encountered include diarrhea, weight loss, a revers-
ible peripheral neuropathy, and at least in mice, lymphoid 
organ acellularity.114-117 In 2003, miglustat was approved 
by the Food and Drug Administration for the treatment 
of symptoms in Gaucher type 1 patients who were not 
treated with Cerezyme (see later). Miglustat is now com-
mercially available as Zavesca (Actelion Pharmaceuti-
cals) and may be administered in combination with 
Cerezyme. In addition, the therapeutic effects of miglus-
tat in patients with type C Niemann-Pick disease have 
been evaluated in a clinical trial (see later). The thera-
peutic benefi ts were consistent with previous trials in type 
1 Gaucher patients, and miglustat improved or stabilized 
multiple clinically relevant markers of Niemann-Pick 
disease type C.118

Chaperone-Mediated Enzyme Enhancement

Chaperone-mediated therapy is a new therapeutic 
approach that is being developed for the treatment of 
selected patients with LSDs.117 This method is based on 
the use of small sugar nucleotides that function as phar-
macologic chaperones by specifi cally binding to and sta-
bilizing misfolded mutant proteins in the ER. Binding of 
the chaperone molecule to the nascent mutant enzyme 
helps it fold into its correct three-dimensional shape and 
to be transported out of the ER and routed to the lyso-
some. The end result is an increase in residual enzyme 
activity of the mutant protein, an increase that can be 
suffi cient to clear storage products in lysosomes and to 
correct the disease phenotype. This therapeutic approach 
has proved benefi cial for some of the disease-causing 
mutations in patients with Gaucher’s disease.119 Though 
very promising, the caveats of this strategy are that (1) 

only patients with single point mutations and residual 
enzyme activity will be potentially responsive to treat-
ment and (2) not all the amino acid substitutions on a 
given enzyme may be corrected by the chaperones.

Hematopoietic Stem Cell Transplantation

More than 25 years has passed since the fi rst report of 
bone marrow transplantation (BMT) being used to treat 
an LSD, namely, Hurler’s disease.120 Subsequent studies 
have proved its effi cacy for some, but not all of the LSDs 
(Table 24-5). However, many questions remain, includ-
ing proper selection of candidates, expected fi nal outcome, 
and the appropriate time to perform BMT. Furthermore, 
great advances have been made in understanding the 
cellular and biochemical mechanisms that underlie 
engraftment or rejection processes, yet the overall mor-
tality rate associated with this procedure remains rela-
tively high, between 5% and 15%, depending on the 
institution and type of underlying disease. Nevertheless, 
BMT is increasingly being used for a wider range of dis-
orders, both genetic and acquired, and with fewer associ-
ated complications than before. Finally, ethical issues 
(including exposure of asymptomatic children to the 
morbidity associated with BMT) and the futile prolonga-
tion of a life without consciousness of existence are 
beginning to emerge, and it is likely that they will become 
more urgent with the use of stem cells in the near 
future.

Because autologous BMT is not yet a therapeutic 
option for patients with LSDs, allogeneic (either related 
or unrelated) donors are the usual source of hematopoi-
etic progenitors for these patients.133,148 Donors who were 
identical human leukocyte antigen (HLA) matches have 
been used, preferably not those who are heterozygous 
carriers for the condition, with good results; however, this 
situation is not a common one. Therefore, either distant 
relatives (partial HLA matches) or unrelated donors are 
still the most common sources of HSCs. This fact 
increases the likelihood of not only rejection but also 
graft-versus-host disease, a signifi cant source of both 
morbidity and mortality in recipients of bone marrow 
transplants.

Besides BMT, umbilical cord blood from unrelated 
donors who are not HLA identical with the recipient 
has been applied to the treatment of pediatric LSDs and 
been shown to restore hematopoiesis after myeloablative 
therapy.149 Although immunologic rejection can be 
avoided with this therapeutic approach, the amount of 
these cells that is commonly obtained is rate limiting, and 
therefore only infants are likely to benefi t from this pro-
cedure.150 Nonetheless, use of these immunologically 
privileged cells as an alternative to BMT has given prom-
ising results in eliminating graft-versus-host disease in 
the majority of treated patients.149 Survival rates associ-
ated with this procedure can be expected to be at least 
similar to those seen when transplants from HLA-
identical donors are used. Rates have been as high 
as 73% at 1 year after umbilical cord blood stem cell 
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transplantation.149,150 However, it is not yet clear to what 
extent stem cells from umbilical cord blood can provide 
an adequate source of enzyme to correct the respective 
defi ciency in the long term because many of these pre-
cursor cells may not be fully differentiated and able to 
degrade excess intracellular macromolecules.

Although data on the actual percentage of successful 
engraftment are quite encouraging, with values of up to 
90% attained in patients with adrenoleukodystrophy (for 
both related and unrelated donors as a whole),* there is 
no evidence that enzymes circulating in blood can reach 
the brain parenchyma. Instead, the effi cacy of this pro-
cedure is due to the entry of marrow-derived cells that 
can cross the blood-brain barrier. In several of the inher-
ited leukodystrophies, neurologic progression has been 
halted by BMT,133 possibly through the appearance of a 
new population of macrophage-derived microglia and 
perhaps even astrocytes.151,152 In animal models, BMT 
has been particularly successful in improving or delaying 
the advent of CNS disease.91,153 However, patients with 
diseases in which neuronal storage occurs (such as GM1-
gangliosidosis, Pompe’s disease, acute neuronopathic 
Gaucher’s disease, and Niemann-Pick disease type A) 
have not benefi tted from BMT.

In summary, HSC transplantation is most likely to 
succeed when an HLA-identical donor is available, when 
the disease to be treated is not associated with gross nerve 
cell storage, and when the disease is treated before severe 
structural damage has occurred.129,154 It seems very likely 
that with recent advances in understanding the molecular 
biology of the immune mechanisms underlying donor 
cell rejection and other associated complications, use of 
this procedure will become an acceptable means of treat-
ing patients with LSDs for which no additional therapy 
is yet available. Finally, the possibility of using minimal 
myeloablation in small infants to obtain initial engraft-
ment with less associated morbidity is slowly becoming 
an additional option. However, it is important to keep in 
mind that response to HSC transplantation may also be 
infl uenced by the following variables that could have a 
different impact on the therapeutic outcome in different 
LSDs: (1) the type and number of engrafted donor cells; 
(2) the biochemical and physical properties of the 
secreted, correcting enzyme; (3) the effi ciency of secre-
tion and extracellular stability of the correcting enzyme; 
(4) the extent of uptake by target cells; and (5) the char-
acteristics of the affected cells, as well as the level of cell 
degeneration.

Gene Therapy

Ex Vivo. Somatic gene therapy could be the treat-
ment of choice for LSDs if the patient’s own cells could *Peters C: Personal communication.

TABLE 24-5 Bone Marrow Transplantation for Lysosomal Storage Diseases

Disease

CLINICAL RESPONSE

ReferencesEffective* Not Effective

Aspartylglucosaminuria + 121, 122
Farber’s disease Reduction in nodule size 121, 123, 124
Fucosidosis + 121, 125, 126
Gaucher’s disease
 Type 1 + (enzyme replacement therapy preferred) 121, 127, 128
 Type 2 +
 Type 3 +
Hunter’s disease (MPS type II) + (effective for later-onset mild cases 

only)
129, 130

131, 132
Hurler’s syndrome (MPS type I) + (visceral effects improved) 121, 133

134-138
Mannosidosis + (probable, if performed early) 121†

Maroteaux-Lamy syndrome (MPS type 
VI)

+ (cardiac improvement, prolonged 
survival)

139, 140

Neuronal ceroid lipofuscinosis + 141, 142
Niemann-Pick disease
 Type A + 143
 Type B + 144
 Type C + (liver disease improved, but not CNS 

involvement)
145

Sanfi lippo’s disease (MPS type III), all 
variants

+ 146

Sly’s disease (MPS type VII) + 121†

Wolman’s disease + 147†

*Effective if transplantation is performed early in the clinical course.
†Krivit W: Personal communication.
CNS, central nervous system, MPS, mucopolysaccharidoses.
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be genetically modifi ed in vitro or in vivo to constitutively 
express and secrete the correcting enzyme and thus 
become the source of the correcting enzyme in the 
patient. Both ex vivo and in vivo gene transfer methods 
have been tested for somatic gene therapy for LSDs. 
Delivery systems include gated vectors containing 
partial sequences from retroviruses, adenoviruses, adeno-
associated viruses (AAVs), herpes simplex viruses, lenti-
viruses, and others, as well as nonviral systems. Although 
these methods have proved effi cient for the transfer of 
genetic material into defi cient cells in culture and for 
correction of the defi cient enzyme activity,155-150 the same 
gene transfer systems applied to humans or animal 
models have shown inconsistent results, the bases for 
which are not yet fully understood.

Retroviral vectors have thus far been the most 
exploited gene transfer vehicles160 for the treatment of 
LSDs because they have the advantage of stably integrat-
ing at random sites into the host genome, thereby poten-
tially affording long-term expression. However, their use 
is limited by the fact that they target only dividing cells, 
they are diffi cult to produce at high titer for in vivo appli-
cation, and depending on their integration site, they can 
permanently alter the expression of neighboring genes. 
Nevertheless, numerous studies describing the use of 
retroviral-mediated gene therapy in animal models of 
LSDs are reported in the literature.161-166

The overall outcome of these studies points to the 
potential of retroviral-mediated gene transfer to HSCs 
for improving systemic disease in small laboratory 
animals, but again, use of this procedure for the treat-
ment of CNS pathology has yielded inconsistent results 
in different animal models. Once more, the time of treat-
ment seems to be the rate-limiting step in these thera-
peutic procedures, especially if we attempt to prevent 
or delay progression or even reverse CNS pathology. 
Despite the limitations encountered so far, ex vivo studies 
in animal models have helped set the stage for trials 
of human stem cell gene therapy in patients with Gau-
cher’s disease.167-169 HSCs from patients’ peripheral blood 
or bone marrow were transduced with a retrovirus 
expressing human glucocerebrosidase cDNA and infused 
into nonablated recipients. Although transduction effi -
ciency was low, gene-marked cells persisted for about 3 
months, but the number of corrected cells was too low 
to afford any increase in enzyme activity and therapeutic 
benefi t. To circumvent the problems of low transduction 
effi ciency and expression, alternative gene therapy 
approaches are being developed that make use of vectors 
based on lentiviruses, including human immunodefi -
ciency virus type 1 (HIV-1).170 These vectors have a 
broader host range than retroviral vectors do because 
they transduce both dividing and nondividing cells and 
have been shown to effectively target human CD34+ 
cells.171 In addition, treatment of the CNS pathology in 
LSDs remains a challenging issue that is specifi cally 
being addressed in many of the gene transfer studies cur-
rently pursued.

In Vivo. In vivo gene therapy refers to the injection 
of a gene transfer vector directly into a tissue or into the 
circulation. There are a number of preclinical studies 
in small and large animal models of LSD in which 
this procedure has been tested, with variable outcome. 
Although these have been useful, proof-of-principle 
experiments, expression of the gene of interest was often 
transient because of the severe immune reactions directed 
against the vector.172

Intravenous delivery of AAV-based vectors has 
resulted in biochemical, histologic, and clinical improve-
ment in several murine models of LSD. Robust expres-
sion plus a reduction in lysosomal storage was observed 
in many tissues after AAV injection in young adult animals 
with MPS VII or Fabry’s disease.173,174 Even more con-
vincing results, such as improved bone or skeletal devel-
opment, retinal function, and auditory function, were 
observed in MPS VII and MPS I mice injected during 
the neonatal period.175-177 Studies in neonates demon-
strate the utility of early (disease prevention) rather than 
delayed (disease reversal) intervention for these progres-
sive disorders. Lentiviral gene transfer vectors have also 
been tested for direct in vivo gene therapy applications. 
Intravenous injections of either a feline immunodefi -
ciency viral vector in the MPS VII mouse or an HIV-
based vector in MPS I and MPS IIIB mice resulted 
in persistent high-level expression of the respective 
enzymes and reduction of lysosomal storage in multiple 
tissues.178-180

Partial biochemical and histologic correction has 
been achieved in the mouse model of Fabry’s disease 
after either hydrodynamic delivery of naked plasmid 
DNA or plasmid DNA complexed to cationic lipids.181 
Although these approaches reduce some of the concerns 
surrounding the use of viral vectors, expression is tran-
sient and repeated administration will be required.

Regardless of the delivery system, some diseases may 
be more resilient to treatment than others. In such 
instances, we might approach therapy from the stand-
point of the accumulated products rather the enzyme 
defi ciency. As discussed earlier, inhibition of substrate 
synthesis, as opposed to supplementation of the missing 
enzyme, has already been investigated for the treatment 
of glycolipid storage diseases with promising results.110,115 
Combining substrate inhibitors and BMT was found to 
be synergistic in correcting pathologic signs in the Sand-
hoff mouse model.182 Last but not least, early treatment 
may be the only approach for early-onset patients, who 
are often devoid of residual enzyme. Ultimately, a com-
bination of different therapies may be the method of 
choice for neurologic LSDs that require both systemic 
and CNS correction. Behind the relatively simple concept 
of cross-correction that makes LSDs particularly ame-
nable models for gene therapy trials lies the complexity 
and diversity of these diseases, which must be addressed 
and carefully evaluated because they are likely to infl u-
ence the response to treatment. It is clear that many 
limitations and pitfalls still need to be overcome to make 
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the transition of gene therapy from animal models to the 
clinic an educated and judicious approach.

Prevention

In most instances, the amount of lysosomal enzyme activ-
ity correlates with the level of the wild-type gene present. 
For example, enzyme levels in carriers of an abnormal 
allele (heterozygotes) are approximately half those in 
normal individuals. Thus, heterozygotes for specifi c 
recessive disease traits can in principle be identifi ed by 
enzyme assay, provided that there is no overlap between 
enzyme levels in heterozygotes and those in normal or 
diseased individuals. In actual practice, this is rarely, if 
ever achieved.

Detection of heterozygotes by enzyme assay serves 
several functions. The fi nding of heterozygosity in the 
parents of an individual with a storage disease helps 
confi rm the diagnosis in that individual. This method of 
testing is particularly valuable when the propositus has 
died without enzymatic confi rmation of a diagnosis. Sib-
lings, cousins, and other close relatives of a patient with 
a storage disease can be told specifi cally whether there is 
a chance that they can pass the abnormal gene to their 
offspring. Relatives who have the abnormal gene and who 
are married will probably also want their spouses tested 
to assess their joint risk of having an affected child.

In families in which specifi c molecular defects in 
genomic DNA have been detected, enzyme analysis can 
be complemented by mutation analysis. This approach 
not only is useful for carrier testing and prenatal diagno-
sis but can also be extended to retrospective diagnosis 
for an affected family member who has died without a 
specifi c biochemical diagnosis. This option is available 
through PCR amplifi cation of genomic DNA extracted 
from paraffi n-embedded biopsy or autopsy material orig-
inally prepared for histologic study.

In the rare instances in which both spouses are het-
erozygotes, the risk with each pregnancy of producing an 
affected offspring is 25%. In these circumstances, chori-
onic villus biopsy performed at about the 8th to 9th week 
or amniocentesis at the 14th to 16th week of gestation 
permits biochemical determinations to be made on cells 
of fetal origin. In this way, a prenatal diagnosis can be 
made early enough so that a pregnancy can be terminated 
if the fetus is affected. Families previously affected by the 
tragedy of an infant with a fatal form of a storage disease 
may thus be spared the burden of additional progeny 
having the same disease and can anticipate having healthy 
children without fear. Happily, the outcome for the 
majority (75%) of prenatal diagnoses in these high-risk 
families is a clinically unaffected child. This reduces the 
incidence of abortion in families who are determined to 
avoid having an affected child because without this assur-
ance, such families may otherwise elect to terminate all 
pregnancies.

Prenatal diagnosis has been accomplished or is theo-
retically possible for each of the storage diseases.183 An 

abnormality often reported in these conditions is the 
presence of hydrops fetalis or unexplained fetal death. In 
these instances, examination of tissue morphology should 
be performed carefully.184 Parents of a child with a sphin-
golipidosis, mucopolysaccharidosis, or oligosaccharidosis 
are advised to consult a genetic counselor as soon as 
possible after the diagnosis is made in their child to be 
judiciously informed about the availability of prenatal 
diagnosis for future pregnancies. Otherwise, one or 
both parents may choose to undergo a sterilization 
procedure in the mistaken belief that all their sub -
sequent offspring will be similarly affected. In addition, 
the mother might already be pregnant or might become 
pregnant and be unaware of the prenatal diagnostic 
option until after the optimal time for conducting such 
studies has passed. Frequently, one of the factors moti-
vating parents to obtain a specifi c diagnosis in their young 
child with a storage disease is a current pregnancy. This 
circumstance may place a severe time constraint on the 
laboratory by requiring diagnosis of the affected child 
before the pregnancy passes the midtrimester point, after 
which prenatal diagnostic amniocentesis is no longer 
practical.

Screening of large populations for heterozygotes has 
been accomplished most successfully for Tay-Sachs 
disease. The circumstances that have made this practica-
ble are a high incidence of the gene in a small subgroup 
of the population (Ashkenazic Jews) and the availability 
of a simple, dependable, and economical test for hetero-
zygotes. These conditions have not been met for massive 
screening of other storage diseases, either because the 
disease trait is very rare and distributed equally through-
out the general population or because the enzyme assay 
for heterozygotes is complicated and cannot be auto-
mated or in some other way performed inexpensively. In 
addition, without knowledge of an index case in the 
family, interpretation of enzyme tests for heterozygotes 
may be diffi cult because carriers of two diseases with a 
different clinical prognosis, such as Hurler’s disease and 
Scheie’s disease, may be indistinguishable. Molecular 
probes should help clarify the exact genotype in such 
circumstances. Finally, because trace amounts of fetal 
DNA can be detected in the maternal circulation,185 it is 
entirely possible that affected pregnancies will be identi-
fi ed at early stages of gestation and could then be ana-
lyzed for known or suspected mutations.

Preimplantation genetic diagnosis represents an 
alternative to prenatal diagnosis in couples in whom in 
vitro fertilization is an acceptable option. It involves the 
molecular analysis of embryonic cells that are removed 
at very early stages of development, usually polar bodies 
from the oocyte/zygote state or blastomeres.186,187 After a 
diagnosis is made, the healthy embryos are then implanted, 
thereby avoiding the ethical and medical dilemmas that 
are commonly associated with termination of preg-
nancy.188 However, at present, prevention of the storage 
diseases relies on the concepts of early case identifi cation, 
screening of close relatives for heterozygosity, and prena-
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tal diagnosis during pregnancies in which both spouses 
carry the same recessive trait.

GLYCOSPHINGOLIPIDOSES

The glycosphingolipidoses account for 10 categories of 
storage disease, each characterized by the accumulation 
of a particular sphingolipid in either neural or extraneural 
tissues, or both. The basic unit of the stored material, 
ceramide, is composed of the long-chain amino alcohol 
sphingosine joined to a fatty acid of 16 to 26 carbon 
atoms by an amide linkage at the nitrogen atom on 
carbon 2 of sphingosine (Fig. 24-2).

Individual sphingolipids belong to one of four sub-
groups, depending on the types of substituents joined to 
the primary alcohol on carbon 1 of sphingosine (i.e., 
sphingomyelin, neutral GSLs, sulfatoglycosphingolipids, 
and gangliosides). Sphingomyelin is a phospholipid com-
ponent of cell membranes. The neutral GSLs are found 
in many body tissues, with normally high concentrations 
of globoside in red blood cell membranes and ceramide 
trihexoside in the kidney. The sulfolipids and galactolip-
ids are important in the formation of myelin. Ganglio-
sides are abundant in the nervous system.

Catabolism of the sphingolipids occurs by the step-
wise hydrolysis of linkages joining the various compo-
nents of the molecule. The sequence of cleavage is from 
the terminal nonreducing hydrophilic end of the mole-
cule toward the hydrophobic sphingosine portion. The 
structure of the individual sphingolipids, their degrada-
tive pathway, and the reactions blocked in each of the 
sphingolipidoses are shown in Figure 24-3.

Not all the glycosphingolipidoses cause lipid storage 
in cells of the reticuloendothelial system. The pathologic 
fi ndings in metachromatic leukodystrophy and Krabbe’s 
disease are confi ned to the nervous system and consist 
of severe myelin destruction and a segmental peripheral 
neuropathy. Clinically, blindness, long-tract signs, and 
loss of refl exes occur. Elevated spinal fl uid protein con-
centrations and delayed nerve conduction velocities are 
early diagnostic fi ndings.

Tay-Sachs disease, the most common form of 
GM2-gangliosidosis, results in ballooning of nerve cells 
throughout the neuraxis. Psychomotor retardation and a 
cherry-red spot in the macula are early signs. Eventually, 
seizures, megacephaly, blindness, and fl accid quadripare-

sis develop before the affected child dies, usually between 
3 and 5 years of age. Before heterozygote testing for the 
Tay-Sachs trait became widely available, the majority of 
cases were found in the offspring of Ashkenazic Jews. As 
a result of carrier testing and prenatal diagnosis in this 
population, the number of patients with Tay-Sachs disease 
has since declined, with a much greater proportion now 
being observed in children of non-Jewish parentage.

The lesions in Fabry’s disease are predominantly 
extraneural, located primarily in the vascular endothe-
lium and kidneys. It is an X-linked disease that is usually 
recognized in early adolescent boys by the onset of inter-
mittent pain in the hands and feet and the appearance of 
clusters of purple punctate angiokeratomas. The pres-
ence of feathery corneal opacities on slit-lamp examina-
tion helps establish the diagnosis in hemizygotes and 
confi rm heterozygosity in their mothers and sisters.

Another of the sphingolipidoses, fucosidosis, is dis-
cussed with the oligosaccharidoses.

Gaucher’s Disease 
(Glucosylceramide Lipidosis)

Gaucher’s disease is the oldest known and most often 
encountered type of inherited lipidosis. Large lipid-fi lled 
macrophages, known as Gaucher cells, accumulate within 
the bone marrow, spleen, liver, and other components of 
the reticuloendothelial system. It was fi rst reported in 
1882 by Philippe C. E. Gaucher, who described it as 
an epithelioma of the spleen without leukemia.189 The 
degree of clinical involvement differs greatly in individual 
patients, even those harboring the same genotype and 
those affected within the same family. The major storage 
product is glucocerebroside, catabolism of which is 
blocked by a defi ciency of the lysosomal enzyme gluco-
cerebroside β-glucosidase (glucocerebrosidase). The glu-
cocerebroside is derived from three compounds commonly 
present in senescent blood cells: (1) lactosylceramide, the 
major glycolipid of leukocytes; (2) globoside, the princi-
pal red blood cell glycolipid; and (3) the blood group 
GSLs. Gaucher’s disease is also important from a histori-
cal perspective in the study of LSDs in that it was the 
fi rst of such conditions in which identifi cation of the 
accumulated product led to isolation and purifi cation of 
the enzyme and eventual therapy for patients with these 
disorders. The success was such that it has become the 
prototype for research and therapeutic efforts in this 
fi eld.

Gaucher’s disease is a relatively common disorder. 
The three clinical forms of this condition (see later) are 
pan-ethnic. However, the incidence of type 1 is increased 
in Ashkenazic Jews to approximately 1 in 350 to 450 live 
births. In the general population the incidence of type 1 
is 1 in 40,000 to 60,000 live births. The respective inci-
dence of carriers is 1 in 8 to 10 for Ashkenazic Jews and 
1 in 100 for non-Jews. Types 2 and 3 are much rarer, with 
an estimated incidence of about 1 in 500,000 and 1 in 
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FIGURE 24-2. Chemical structure of ceramide.
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FIGURE 24-3. Pathways and diseases of sphingolipid metabolism. The enzymes involved are shown in italics. Listed below each enzyme is the 
disease that results from defi ciency of that enzyme. cer, ceramide; gal, galactose; galNAC, N-acetylgalactosamine; glc, glucose; Nana, N-
acetylneuraminic acid; p, phosphoryl.

50,000 live births, respectively, although an isolate of 
type 3 is present in the population of northern Sweden 
(Norbottnian). The comparable incidence of carriers is 1 
in 150 and 1 in 100.

Gaucher’s disease has been classifi ed on the basis of 
CNS involvement into three types. Type 1, the most 
common form, has no primary CNS involvement. Types 
2 and 3 both affect the CNS, but they do so at different 
rates. Type 2 is the so-called acute neuronopathic type, 
whereas type 3 has a more protracted course. However, 

some investigators have recently challenged this classifi -
cation190 and believe that the distinction between type 2 
and type 3 is probably artifi cial. They propose only two 
variants: the non-neuronopathic and the neuronopathic 
forms. Further discussion on this issue is likely to occur 
in the coming years because this distinction may have 
important implications for treatment and prognosis.

In addition, four other rare neuronopathic variants 
have been reported in infancy: one in which calcifi cation 
of the aortic arch and valves is the prominent feature191; 
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one in which nonimmune hydrops fetalis dominates the 
clinical picture192; one in which the neuronopathic fi nd-
ings are associated with hydrocephalus, corneal opacities, 
and deformed toes193; and one in which acute neurono-
pathic features are associated with congenital ichthyo-
sis.194,195 Interestingly, this fulminant form of the disease 
was identifi ed after similar dermatologic fi ndings were 
reported in the knockout mouse model for Gaucher’s 
disease.196 In this latter model death occurs within a few 
hours of birth.

Type 1: Chronic Non-neuronopathic (Adult) 
Gaucher’s Disease

The great majority of occurrences of Gaucher’s disease 
are type 1, the chronic non-neuronopathic form of the 
disease. Hematologic fi ndings dominate the clinical 
picture of patients with this form of the disease, although 
osseous complications may on occasion be the initial 
feature. The spleen is usually enlarged from an early age 
and, in some patients, can become so large that it causes 
abdominal distention and pain. Anemia is generally 
present because of decreased red blood cell survival, 
although bone marrow infi ltration may also be a contrib-
uting factor. The anemia may be either normocytic or 
microcytic and hypochromic and is probably due to 
hypersplenism rather than crowding out of erythropoietic 
activity in the bone marrow by Gaucher’s cells. Although 
iron therapy may temporarily help the anemia, it is not 
recommended because Gaucher cells avidly take up iron, 
thereby reducing its availability for erythropoiesis and 
leading to secondary hemochromatosis.

A tendency toward bleeding as a result of thrombo-
cytopenia and coagulation factor abnormalities is a more 
serious consequence of the hypersplenism and liver 
involvement that occurs in this form of Gaucher’s disease. 
Easy bruising and epistaxis are also common complaints 
in childhood. Trauma to the enlarged spleen is a special 
danger because of the possibility of rupture and hemor-
rhage. This hazard also exists when a patient with Gau-
cher’s disease and hypersplenism contracts an infection 
in which splenic involvement is common, such as acute 
mononucleosis. Bleeding into other organs and metror-
rhagia may also occur. In one patient with portal hyper-
tension, hematemesis occurred as a result of rupture of 
esophageal varices.197 As mentioned earlier, various coag-
ulation defects, including defi ciencies of factors VIII, IX, 
and XI and von Willebrand factor antigen, probably con-
tribute to the tendency for bleeding in this condition. 
These defi ciencies are variable and not consistently 
demonstrable in all patients,198-200 but they can become 
a source for concern in patients who will be subjected to 
either surgical or extensive dental procedures. In the past, 
splenectomy was performed because of thrombocytope-
nia with recurrent bleeding or because of marked abdom-
inal pain and discomfort produced by the large spleen. 
Although platelet counts increase after splenectomy and 
episodes of bleeding no longer occur, this radical surgical 
approach is rarely recommended now because of its 

inherent complications, including high susceptibility 
to infections. Fluctuations in spleen size can occur in 
Gaucher’s disease as a result of intercurrent infection or 
pregnancy.201 Additional hematologic complications 
include mild megaloblastic anemia secondary to vitamin 
B12 defi ciency and monoclonal gammopathies. A few 
individuals with coexistent multiple myeloma have been 
reported.202-204 As mentioned earlier, there is also a slightly 
increased incidence of malignancies, especially of the 
hematopoietic system,204 such as leukemia205 and Hodg-
kin’s disease.206 This increase in lymphoid neoplasia could 
result from the reduction in natural killer cells reported 
to occur in Gaucher’s disease.207 Finally, there is a general 
increase in activity of the immune system as manifested 
by hypergammaglobulinemia and a signifi cant increase in 
the incidence of autoantibodies.208 These most likely 
result from increased levels of cytokines. Commonly used 
serum infl ammatory markers such as transferrin and 
angiotensin-converting enzyme are often elevated.

Bone complications are common. As Gaucher cells 
infi ltrate the medullary cavity, there is loss of bone density, 
thinning of the cortex, loss of the normal trabeculations, 
patchy myelosclerosis, and bone infarcts and the resulting 
osteonecrosis. At least half of all patients show an “Erlen-
meyer fl ask” deformity, in which the midshaft of the 
femur has a tapered appearance and the distal end is 
widened because of failure of trabeculation. This same 
change may also be seen in the proximal ends of the tibia 
and fi bula. In addition, aseptic necrosis of the head and 
neck of the femur can occur and cause disability and pain 
that may require surgical arthroplasty. Other forms of 
pathologic fractures are also seen, as well as bone infarcts 
that cause episodes of severe incapacitating bone and 
joint pain.209 In children with this condition, growth 
failure is commonly found. Such failure could be related 
to the anemia or to the reported increase in resting energy 
expenditure in patients with this condition.210 Further-
more, although they may eventually reach their fi nal pre-
dicted height late in life, there are serious concerns about 
the fi nal quality of the bone and the possibility of early 
osteoporosis.

Most patients have some degree of hepatospleno-
megaly, and portal hypertension sometimes occurs, but 
liver failure is rare, although mild abnormalities in liver 
function test results are commonly encountered. Rare 
patients in whom liver failure or cirrhosis has developed 
have a concomitant history of infection with hepatitis C 
virus, probably caused by previous transfusion of con-
taminated blood.

The onset of puberty may be delayed and heavy 
menstrual bleeding can occur. During pregnancy, anemia 
and thrombocytopenia may worsen and bone crises can 
develop. However, most women with Gaucher’s disease 
successfully complete their pregnancies without compli-
cations from the disease.211

Diffuse pulmonary infi ltration develops in a few 
patients, although this serious complication seems to 
occur more often in children with severe disease. Pulmo-
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nary hypertension is another rarely reported complica-
tion.212 Renal disease is unusual. Finally, indirect 
neurologic involvement can also occur, such as spinal 
cord compression secondary to vertebral fractures or 
peripheral nerve injuries associated with long bone frac-
tures or bleeding into a nerve sheath.

As mentioned earlier, approximately 60% of patients 
with type 1 Gaucher’s disease are of Ashkenazic Jewish 
ancestry. In this particular population, the rate of occur-
rence of the gene may be as high as 8% or greater.209 
However, the actual incidence of disease is much less 
than expected because the clinical spectrum includes 
many mildly affected individuals in whom the condition 
remains undiagnosed until late in life213 or who may never 
become symptomatic. This latter category has been 
grossly estimated to include up to 25% of all patients. 
The variability in clinical expression is evident in families 
in which several members are affected; one family member 
may have severe incapacitating bone disease, whereas 
another has only mild hypersplenism and occasional joint 
pain. A particularly malignant form of the disease is seen 
primarily in non-Jewish children, in whom substantial 
splenomegaly develops by age 3 and portal hypertension 
by age 10. These patients have massive abdominal swell-
ing and stunted linear growth and tend to have severe 
bone involvement as well. In this group of patients there 
is always the question of whether their disease may actu-
ally represent an early form of the chronic neuronopathic 
variant usually associated with lower levels of enzyme 
activity.

Laboratory diagnosis depends on the presence of 
Gaucher cells in bone marrow and the demonstration of 
a defi ciency in lysosomal β-glucosidase activity measured 
in leukocytes or cultured skin fi broblasts. Conventional 
radiographs are used to determine the extent and pattern 
of bone involvement but are not helpful for determina-
tion of disease activity.214 Dual-energy radiographic and 
quantitative computed tomographic methods permit 
evaluation of osteoporosis. The use of abdominal mag-
netic resonance imaging allows volumetric determina-
tions to be made of the spleen and liver. It can disclose 
the presence of splenic nodules and infarcts and zones of 
ischemia within the liver. Magnetic resonance imaging is 
also used for quantitative imaging of bone to measure the 
marrow fat fraction. Nuclear bone scanning with 99mTc-
methylenediphosphonate is a sensitive tool for examining 
active bone disease.215 Ancillary fi ndings in serum include 
elevations in activities of non–tartrate-inhibitable acid 
phosphatase (isoenzyme 5B), angiotensin 1–converting 
enzyme,216 and transcobalamin II.217 Plasma chitotriosi-
dase may be elevated more than several hundred–fold 
above normal and can serve as a useful parameter for 
monitoring the treatment of patients.218

Type 2: Acute Neuronopathic (Infantile) 
Gaucher’s Disease

A child with the acute neuronopathic variety of 
Gaucher’s disease (type 2) is seen between birth and 6 

months of age with failure to thrive, hepatosplenomegaly, 
muscular hypertonicity, and signs of brainstem dysfunc-
tion, including strabismus and retrofl exion of the head. 
Other nervous system signs include dysphagia, laryngo-
spasm, dyspnea, vomiting, and generalized spasticity. In 
addition, there are feeding diffi culties, inanition, and 
weight loss. Death is inevitable before 2 years of age. A 
later-onset form has also been recognized in which stra-
bismus develops during the fi rst year but the child is 
otherwise normal until the second or third year of age.

Perivascular accumulations of Gaucher cells are 
found in the brains of these children, and their nerve cells 
are swollen by a PAS-positive, weakly sudanophilic 
material.219 Brain specimens from patients with type 2 
Gaucher’s disease contain the highest concentrations of 
glucocerebroside and psychosine (sphingosine glucose)220 
and the most pronounced defi ciency of acid β-
glucosidase activity.221 Psychosine (lysosphingosine) is 
believed to be neurotoxic. Interestingly, the degree of 
substrate accumulation in the brain is not as extensive as 
suspected from the biochemical fi ndings alone, and the 
presence of neuronal death (which can be extensive at 
the cerebellar level) is probably more of a contributing 
factor than the accumulation of glycolipid by itself. 
Clearly, other factors, which may include increased apop-
tosis or dysregulated cell growth, may contribute to the 
pathophysiologic course of this condition and somehow 
explain the lack of defi nitive clinical response to ERT in 
these patients. Because of the early onset and fatal 
outcome of type 2 Gaucher’s disease, prenatal diagnosis 
provides a feasible alternative to families at risk for having 
additional children with this disorder. Unfortunately, no 
therapeutic modality has proved to be effective in patients 
with this type of Gaucher’s disease.

Type 3: Subacute Neuronopathic (Juvenile) 
Gaucher’s Disease

In rare instances, nervous system involvement has 
occurred in older children and adults with Gaucher’s 
disease. Neurologic fi ndings have included decreased 
mental ability, seizures, oculomotor apraxia, poor coor-
dination, and an increase in muscle tone. In some patients 
the condition most closely resembles the acute neurono-
pathic variety of Gaucher’s disease,222 whereas in others 
the clinical course is similar in many respects to the 
more common adult non-neuronopathic variety of the 
disease.223 In a subset of these patients, a relatively stable 
clinical course is suddenly altered by the appearance of 
myoclonic epilepsy; the prognosis for these patients is 
poor. Electrophysiologic studies, which include measure-
ment of brainstem auditory evoked responses, are a 
monitoring tool for the development of neurologic 
disease.224

Genetically, this particular condition is distinct from 
type 1 adult Gaucher’s disease. It has been identifi ed in 
several related patients from the Norbottnian region of 
northern Sweden but has not been reported in Ashke-
nazic Jews because genotype/phenotype correlations have 
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demonstrated that the presence of only one N370S allele 
protects against the neuronopathic forms of the disease. 
This type 3 variant is also more commonly seen in 
patients exhibiting the L444P homozygous allele.225 After 
splenectomy, the neurologic symptoms and mental retar-
dation worsen, possibly as a result of increased levels of 
glucocerebroside in blood and perivascular Gaucher cells 
in the brain.226 Because of the relentlessly progressive 
neurologic deterioration, these patients have been 
prime candidates for therapeutic experimentation such 
as enzyme replacement,227 organ transplantation,228 and 
bone marrow replacement.229-232 Fortunately, in at least 
a subset of these patients, a response or stabilization of 
their condition has been seen after the administration of 
high doses of ERT (see later).

Molecular and Genetic Aspects

The mature enzyme, glucocerebroside β-glucosidase, is a 
glycosylated polypeptide of 497 amino acids. Binding 
studies with conduritol-β-epoxide have identifi ed Asp443 
as the active amino acid residue site.233 Its structural 
gene, which contains 11 exons and 10 introns, maps to 
the human chromosome locus 1q21234 and consists of 
7604 nucleotides.235,236 Interestingly, a pseudogene has 
also been identifi ed within a single 32-kilobase (kb) frag-
ment of genomic DNA. This pseudogene is 96% homolo-
gous with the active gene, but it contains four large 
deletions and numerous point substitutions. Both struc-
tures map to the same chromosomal locus; thus, great 
care must be exercised when mutation analysis is per-
formed for these patients because the pseudogene nor-
mally contains sequences that are pathologic if present 
in the functional gene. This duplicate mapping could 
potentially lead to substantial diagnostic errors. It has 
also been hypothesized that the proximity between these 
two structures somehow increases the chance of abnor-
mal recombination events during DNA replication.

In close proximity to these two genes reside several 
other genes that could, at least theoretically, infl uence the 
phenotype of the disease: the metaxin (MTX) gene 
(which also has a nearby pseudogene) and the thrombo-
spondin 3 gene.237,238 Metaxin is a mitochondrial import 
protein239 that seems to be required for embryonic devel-
opment in the mouse.237 The second closely located gene 
(thrombospondin 3) codes for a protein that is probably 
involved in a variety of cellular regulatory processes and 
has been linked to large cell lymphoma.240 Tissue-specifi c 
expression of glucocerebroside β-glucosidase is suggested 
by the presence of high steady-state levels of acid β-
glucosidase mRNA in epithelial cells, intermediate levels 
in skin fi broblasts and promyelocytes, low levels in mac-
rophages, and barely detectable levels in B cells. In 
Gaucher’s disease these levels are increased, indicative of 
possible feedback regulation of acid β-glucosidase 
expression.241

More than 200 mutations in the glucocerebrosidase 
gene are now known to cause Gaucher’s disease.242,243 
The majority are missense mutations resulting in substi-

tution of one amino acid for another. There are also 
insertions and deletions, as well as recombination events 
caused by crossing over with the pseudogene. Four are 
“public” mutations in that they account for more than 
96% of type 1 alleles in Ashkenazic Jews and 61% of type 
1 alleles in non-Jews. The remainder are “private” muta-
tions in that they are uncommon or rare and occur in 
only a single family or a few individuals.

The most common mutation, present in 6% of Ash-
kenazic Jews, results in an Asn370Ser amino acid substi-
tution and is associated with about 7% to 12% residual 
enzyme activity and a generally milder phenotype. It is 
not present in either of the neuronopathic forms of 
Gaucher’s disease. The second most common allele, 
found in 0.6% of the Jewish population, is the 84GG 
nucleotide insertion, which results in a frameshift that 
causes loss of all enzyme activity.244

Much rarer are the Leu444Pro and His409Asp 
amino acid substitutions and IVS2(+1) nucleotide inser-
tion. The Leu444Pro change is close to the active site of 
the enzyme and results in severe loss of enzyme activity. 
Homozygotes for this mutation generally have neurono-
pathic disease, either type 2 or type 3.243 Rarely, this 
mutation may also be found in patients with type 1 
disease, who are usually compound heterozygotes and 
have more severe and earlier involvement than do type 1 
patients with the Asn370Ser mutation. Eye movement 
abnormalities and calcifi cations of the aortic or mitral 
valves, or both, develop in patients with the His409Asp 
substitution.191,245 Interestingly, this is the only genotypic 
variant in which close correlation with phenotype can be 
made. The IVS2(+1) mutation results in aberrant splicing 
of the mRNA.246,247

Finally, the activator protein SAP-C is required by 
β-glucosidase to exert its activity.26 Two patients with 
defi ciency of SAP-C have been described, both with the 
clinical course of type 3 Gaucher’s disease.28

Treatment

The advent of ERT with macrophage-targeted α-
mannosyl–terminated placental glucocerebrosidase has 
dramatically altered the approach to therapy for Gau-
cher’s disease. In patients with type 1 and type 3 Gau-
cher’s disease, ERT is effi cacious,190,224 whereas in patients 
with type 2 disease, it may slow but does not prevent the 
occurrence of lethal CNS disease.248 Pulmonary disease 
also appears to be resistant to imiglucerase (Cerezyme) 
treatment, although some researchers have reported good 
results.249 Various schedules of dosing ranging from 1 to 
120 U/kg body weight infused intravenously every other 
day to once a month have been tried.250,251 Currently, the 
usual starting dose ranges from 30 to 60 U/kg given by 
the intravenous route every 2 weeks. Within a few months 
there is an increase in hemoglobin concentration, and by 
1 year, 60% to 70% of patients have a normal hemoglo-
bin concentration and improved sense of well-being. 
Platelet counts rise, but the response is not as rapid as 
that for the anemia. A decrease in spleen and liver size 
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correlates with the improvement in hemoglobin concen-
tration. Skeletal responses to ERT occur more slowly, 
and usually a high-dose regimen (30 to 60 U/kg) is 
required for major improvements to be noted in cortical 
and trabecular bone mass.252 However, a reduction in 
bone pain and a growth spurt in children who have short 
stature may be observed early during treatment. Allergic 
reactions occur in less than 0.1% of patients. The lack of 
reaction could be related to the presence of minimal 
amounts of residual enzymatic activity in these patients, 
which probably makes their immune systems more toler-
ant. Although IgG antibodies are commonly seen in up 
to 13% of patients undergoing ERT, they are generally 
of the non-neutralizing variant and are therefore not 
clinically relevant.253,254

ERT for Gaucher’s disease has given patients with 
this condition the option of a nearly normal life if therapy 
is started at the appropriate time. Although questions 
remain about whether some of the CNS signs and symp-
toms respond to this therapy, the vast majority of patients 
(i.e., those with type 1 disease) experience a substantial 
improvement in hematologic parameters, bone quality, 
and overall quality of life. Splenectomy is now rarely 
necessary, and recurrent episodes of bone crisis have 
become a rarity. However, management of the complica-
tions that could already be present is mandatory because 
they still contribute to morbidity in these patients.

Alternative therapeutic strategies for patients with 
Gaucher’s disease are also being studied. Gene therapy 
approaches have been applied to restore β-glucosidase 
activity in cultured human hematopoietic cells. Promis-
ing results were obtained, albeit in vitro, with enriched 
populations of these cells transduced with retroviral or 
AAV vectors containing normal β-glucosidase cDNA to 
promote long-term expression of enzyme activity.255-257 
An ex vivo gene therapy trial was performed in four 
human subjects258; however, gene expression was tran-
sient and lasted for only a few months but was accom-
panied by a modest degree of clinical improvement. The 
ultimate goal of these studies is to reintroduce into 
patients with Gaucher’s disease autologous HSCs that 
have been transduced with the β-glucosidase gene and 
are capable of high levels of enzyme expression.

Another therapeutic modality, which involves the 
administration of miglustat, has shown promise in clini-
cal trials in patients with Gaucher’s disease.259 This sub-
stance is a potent inhibitor of the enzyme glycosyltransferase 
and apparently also functions as a chemical chaperone 
by improving the activity of mutated β-glucosidase.260 
Side effects associated with the administration of miglu-
stat to patients with Gaucher’s disease have included 
persistent diarrhea, weight loss, and peripheral neuropa-
thy, but they may be obviated in the future by the use of 
other pharmacologic chaperones (see earlier) that have 
recently been shown to increase the enzyme activity of 
some β-glucosidase mutant proteins in vitro.261

Symptomatic care is an important aspect of the man-
agement of patients with Gaucher’s disease.262 To coun-

teract the diffuse osteopenia, administration of vitamin 
D, calcium supplements, and aminohydroxypropylidene 
biphosphonate has been tried. Biphosphonate appears 
to diminish the incidence of traumatic bone fractures, 
normalize bone density, and encourage positive calcium 
balance.263 Organ transplantation has been effective in a 
small number of patients. However, the inherent morbid-
ity and mortality associated with this method make this 
option obsolete. The benefi cial results achieved by suc-
cessful allogeneic BMT in patients with Gaucher’s 
disease148,264 augurs well for the future of gene therapy 
trials. For patients with severe liver failure, liver trans-
plantation has been a lifesaving procedure.

Finally, signifi cant advances have been made in the 
fi eld of prenatal diagnosis, and the choice of early detec-
tion of affected fetuses is now available for couples with 
a history of a previously affected child. Presumably, this 
option would be considered primarily in families who 
have members with type 2 or type 3 (i.e., CNS) variants. 
Preimplantation genetic diagnosis is also possible.265

Niemann-Pick Disease 
(Sphingomyelin Lipidosis)

Niemann-Pick disease (NPD) comprises a group of dis-
orders in which the reticuloendothelial system is infi l-
trated by foam cells containing either sphingomyelin or 
unesterifi ed cholesterol and other cell membrane lipids. 
The eponym refers to Albert Niemann, the German pedi-
atrician who published the fi rst clinical description in 
1914,266 and Ludwig Pick, whose histologic studies pub-
lished in 1922 and 1927 differentiated this condition 
from Gaucher’s disease.267,268 The proposed division of 
NPD into four clinical subtypes by Crocker in 1961269 
and the later addition of a fi fth (adult non-neuronopathic) 
form was based mainly on clinical and preliminary bio-
chemical data. However, additional studies carried out 
since then suggest that this classifi cation should be modi-
fi ed. Currently, two major patient groups are distin-
guished. Patients in whom the underlying metabolic 
defect is a defi ciency of acid sphingomyelinase (ASM) 
activity with subsequent sphingomyelin accumulation in 
lysosomes have type A (NPD-A) and type B (NPD-B). 
The clinical spectrum of this disorder ranges from the 
early-onset, neurologic form, which results in death by 3 
years of age (type A), to the non-neurologic form (type B), 
which is associated with survival into adulthood.270 
Patients with defective intracellular processing and trans-
port of low-density lipoprotein–derived cholesterol have 
NPD-C and NPD-D.271 It is now believed that the modest 
decrease in ASM activity levels in patients with the latter 
types is probably related more to a secondary disturbance 
in intracellular lipid metabolism than to a primary defect 
in the degradation of sphingomyelin.272 All types of the 
disease share clinical involvement of the reticuloendothe-
lial system and the presence of lipid-fi lled macrophages in 
pathologic studies.
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Sphingomyelin is both a phospholipid and a sphin-
golipid. Its two major components are ceramide and 
phosphorylcholine, which are linked by a phosphodiester 
bond to the fi rst carbon atom of sphingosine. The ASM 
gene has been mapped to an imprinted region on chro-
mosome 11 (11p15.1-15.4).273,274 More than 100 muta-
tions have been identifi ed in patients with type A and 
type B disease.275-277 Of these, three (L302P, fsP330, and 
R496L) account for 92% of the mutant alleles in Ashke-
nazic Jewish patients with NPD-A,278 and one, ΔR608, 
has a high prevalence in patients with type B disease who 
originate from northern Africa.279

Mouse models of NPD-A/B have also been created 
by gene targeting.280,281 These ASM-defi cient mice have 
been used to study disease pathogenesis and investigate 
different therapeutic modalities.272,282,283 Based on these 
studies, an ERT clinical trial has recently begun in adult 
patients with non-neurologic sphingomyelinase-defi cient 
NPD.

Though clinically similar, the underlying metabolic 
defect in NPD-C is quite different from that for classic 
NPD and primarily involves abnormal intracellular traf-
fi cking of cholesterol. It is caused by mutations in at least 
two unrelated genes named NPC1 and HE1 (see later). 
NPD-D is mostly a geographic variant of type C and 
occurs mainly in persons residing in Nova Scotia. 
However, it differs from the latter in that it tends to have 
a prominent degree of dystonia. Thus far it has been 
found to cosegregate with a mutation found in NPD-C, 
probably the result of a founder effect.284 Therefore, the 
different forms of NPD are grouped together because of 
similarities in clinical features, including hepatospleno-
megaly and foam cell infi ltration of the bone marrow, 
rather than because each variant shares the same enzyme 
defi ciency.

Acute Neuronopathic Form (Type A)

Patients with the classic infantile form of NPD are seen 
at 2 to 4 months of age with feeding diffi culties, liver and 
spleen enlargement, and developmental delay. Periorbital 
puffi ness, pulmonary infi ltration, and lymphadenopathy 
may occur, and in most patients a cherry-red macula is 
noted on funduscopic examination. During the succeed-
ing months, neurodevelopmental arrest occurs and is 
followed by regression, the abdomen becomes protuber-
ant, intermittent jaundice may be noted, and general 
inanition is seen with wasting of the extremities and 
recurrent infections. Death occurs by 2 to 3 years of age. 
On postmortem examination, ascitic fl uid is found in the 
abdomen; the liver, spleen, and lymph nodes are enlarged, 
yellow, and fatty; and foam cells are present in many dif-
ferent tissues. The brain is atrophic with widespread 
nerve cell loss and gliosis, and a profound lack of myelin 
lipids can be observed in the white matter.285,286 Accumu-
lation of the compound sphingosylphosphorylcholine has 
been seen in the brains of patients with this variant of 
NPD but not in the brains of those with the non-
neuronopathic variants,285 thus suggesting that this lyso-

somal substance could play a role in the pathophysiologic 
process of brain dysfunction. Because sphingomyelin 
contents are normal in the brains of newborns affected 
with NPD-A, an alternative degradation pathway proba-
bly exists for this lipid, possibly through neutral sphingo-
myelinase, which is not defective in this disease.286

Many of these patients are of Ashkenazic Jewish 
heritage, but this disease is considerably less common 
than Tay-Sachs or adult (type 1) Gaucher’s disease, two 
other sphingolipidoses that occur more often among 
Ashkenazim.

Chronic Form without Central Nervous System 
Involvement (Type B)

Patients with NPD-B are usually seen in early childhood 
with abdominal distention secondary to liver and spleen 
enlargement. Foam cell infi ltration of the lungs may 
occur,287 but survival with preservation of intellect for 
many years is common. The massive enlargement of the 
spleen in these patients may necessitate splenectomy, but 
curiously, plasma sphingomyelin levels are not elevated. 
Bone pathologic changes of the type seen in Gaucher’s 
disease do not occur; however, osteoporosis, widening of 
the medullary cavities, and modeling defects can be dem-
onstrated radiologically. There is periorbital fullness and 
a macular halo may be found in the fundus,288 but vision 
is not disturbed. Growth retardation as a result of poly-
glandular involvement has also been reported.289 Caution 
has been recommended by some researchers because 
increased levels of glycogen may be found in hepatic 
biopsy specimens and lead to the incorrect diagnosis of 
a glycogen storage disease.290 Sea-blue histiocytes are 
present in the bone marrow of some patients. The bluish 
cast revealed by the Giemsa stain results from the accu-
mulation of ceroid within these cells. The presence of 
residual sphingomyelinase activity in the brains of patients 
with type B probably protects their CNS from accumula-
tion of sphingomyelin.291 Life expectancy is still affected, 
and patients usually survive into their 30s.

Chronic Neuronopathic Form (Types C and D)

This category probably includes the largest group of 
patients with sphingomyelin-related lipidoses. In some 
patients, developmental delay and psychomotor retarda-
tion are present in the fi rst year, whereas other children 
experience a period of normal early development fol-
lowed by mild, but progressive intellectual impairment at 
a later age.292 Those in the fi rst group usually die at 5 to 
6 years of age, whereas those in the second group survive 
into adulthood. Ataxia, progressive tetraparesis, loss of 
speech, and deterioration of mental function develop 
in affected children. Vertical gaze paresis, dysarthria, 
dysphagia, seizures, and dystonic posturing are also 
common.293 Pyramidal tract signs and abnormal brain-
stem auditory evoked responses occur at a later stage, 
and fi nally the patient becomes nonambulatory and 
enters a vegetative state.294 The initial manifestation in a 
patient with adult onset of the disease may be an atypical 
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progressive dementia or a psychosis.295,296 Rarely, a 
peripheral neuropathy may occur in patients with this 
clinically heterogeneous form of NPD.297 Brain magnetic 
resonance imaging may show symmetrical cerebral and 
cerebellar atrophy, hypoplasia of the corpus callosum, 
and high signal intensity in the central white matter.298 
Approximately half of the patients with type C disease 
are seen in the newborn period with clinical features sug-
gesting neonatal cholestatic hepatitis, including jaundice, 
hepatosplenomegaly, and the liver biopsy appearance of 
chronic hepatitis with giant cells. The cholestasis and 
hepatomegaly subside in most of these infants, but the 
splenomegaly can persist and serial liver biopsy speci-
mens show hepatic fi brosis with progression to cirrhosis 
in some.299 Patients with the Crocker-type C and D 
disease and some patients with the sea-blue histiocyte 
syndrome are included in this category. An in utero mani-
festation consisting of fetal ascites also occurs.300 Interest-
ingly, faster neurologic deterioration can be noticed in 
these patients as soon as puberty begins, a fi nding that 
has prompted therapeutic approaches in which onset of 
puberty is delayed.

Recent advances in the elucidation of intracellular 
cholesterol traffi cking and metabolism have shed further 
light on the pathogenesis of this disorder. It is now known 
that in patients with NPD-C, incorporation of cholesterol 
into the lysosome is normal; however, proper processing 
and traffi cking to the ER are abnormal.301 This has led 
to the current concept of NPD-C as a disorder in which 
“exogenous cholesterol is trapped in traffi c.”302 The fact 
that only exogenously derived cholesterol but no endog-
enously synthesized cholesterol accumulates in lysosomes 
is also part of the mystery surrounding the pathophysio-
logic features of NPD-C.303

Accumulation of low-density lipoprotein cholesterol 
has been demonstrated in all patients,304 and in more 
than 90% a defect in intracellular cholesterol esterifi ca-
tion is found when tests with a nonlipoprotein source of 
cholesterol are performed.305 Cholesterol ester synthesis 
is partially reduced in cultured cells from heterozygotes. 
Positive fi lipin staining of the large amount of free cho-
lesterol within cultured cells provides a useful diagnostic 
marker for NPD-C.

As mentioned earlier, this variant of NPD is caused 
by mutations in at least two genes, NPC1306,307 and 
HE1.308 NPC1 maps to chromosome 18q11, and its 
product is a protein of the permease family with fi ve 
transmembrane domains.309 Genotype-to-phenotype cor-
relations are now possible because mutations involving 
the coding sequence for the sterol-sensing domain seem 
to be present in patients with more severe and early-onset 
neurologic disease. The NPC1 protein shares structural 
homology with sterol-sensing domains and other enzymes 
involved in cellular cholesterol homeostasis, and muta-
tions in this gene result in severe disruption of intracel-
lular traffi cking of cholesterol and trapping of low-density 
lipoprotein cholesterol and other lipids in lysosomes. The 
second gene, HE1, maps to chromosome 14q24.3,308 and 

mutations in this gene have been found in patients with 
NPD-C whose genetic defect did not involve the former 
gene. By subcellular fractionation methods, the protein 
product HE1 was localized to lysosomes.

Neurofi brillary tangles consisting of paired helical 
fi laments strongly reactive to antibody to τ protein are 
present in many regions of the brain. They are ultrastruc-
turally identical to those of Alzheimer’s disease and are 
not associated with β-amyloid deposits. Their distribu-
tion corresponds fairly closely to that of the abnormal 
storage material, thus suggesting that they may be a reac-
tion to the accumulating cytoplasmic material.310-312

Cholesterol-lowering agents will decrease hepatic 
and plasma cholesterol levels, but there is little evidence 
that this treatment can ameliorate the CNS complica-
tions of the disease.313 One infant with NPD-C and an 
abnormal lipid signal on magnetic resonance spectros-
copy at 9 months of age showed normal spectra 4 and 
10 months after treatment with cholestyramine and lo -
vastatin was begun.314 Several reports have mentioned 
the need to avoid neuroleptic medications, mostly those 
of the hydrophobic amine type such as thioridazine, when 
one attempts to control behavioral disturbances in these 
patients. Although few other drugs are available (i.e., 
clozapine), experimental evidence suggests that such 
medications may worsen intracellular cholesterol accu-
mulation, at least in vitro.315

Prenatal diagnosis of NPD-C has been successfully 
done numerous times.316-318 The existence of various 
naturally occurring animal models for type C dis -
ease319-321 should assist researchers in developing a better 
understanding of the molecular cause and pathogenesis 
of this disease. BMT has been attempted with promising 
results on liver enlargement, but the neurologic deterio-
ration was not halted.322

Adult Non-neuronopathic Form

These patients have normal sphingomyelinase activity 
but store sphingomyelin in organs of the reticuloendo-
thelial system. They usually have no neurologic involve-
ment, and several have survived to old age. NPD must 
be suspected in infants and children with hepatospleno-
megaly and bone marrow fi ndings of enlarged foamy or 
sea-blue histiocytes. The diagnosis may be confi rmed by 
the use of leukocytes or cultured skin fi broblasts to assay 
sphingomyelinase activity and cholesterol ester synthesis. 
Another useful fi nding is the presence of lymphocytic 
vacuolization in peripheral blood smears.

Heterozygotes for the A and B types can be identifi ed 
by the reduced levels of sphingomyelinase activity present 
in their leukocytes or cultured skin fi broblasts, with 14C-
sphingomyelin used as substrate.

Treatment

BMT in one presymptomatic infant with NPD-A nor-
malized his leukocyte sphingomyelinase activity. However, 
visceral storage increased and neurologic impairment 
progressed, though less rapidly than in his untreated 
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sibling, and he died at 30 months of age.143 Currently, 
there is no therapy available for this severe condition.

Preclinical studies involving the administration of 
recombinant ASM to knockout mice have shown promise 
in that treated animals exhibited striking improve -
ments in histologic and biochemical parameters in their 
reticuloendothelial systems.161 Unfortunately, neither 
prolonged life expectancy nor improvement in the neu-
rologic compromise was seen. Phase I clinical trials are 
expected to begin soon.

More recently, implantation of neural stem cells in 
NPD-C mice was shown to extend the life span of these 
animals.323 However, this procedure was found to be only 
partially therapeutic inasmuch as the overall clinical con-
dition of the treated mutant animals was not signifi cantly 
different from that of the untreated controls.323 Because 
of their secondary ganglioside accumulation, NPD-C 
mice were treated with miglustat, which resulted in a 
reduction in ganglioside accumulation, delayed onset of 
neurologic symptoms, and increased survival.324 Based 
on these positive effects, a randomized, controlled clinical 
trial was performed in NPD-C patients.118 Twelve months 
after treatment, positive neurologic effects were observed 
only in the miglustat-treated group, thus suggesting that 
ganglioside accumulation rather than cholesterol storage 
is responsible for the neurologic symptoms of these 
patients.325 These results encourage the use of SRT to 
treat the neurologic signs in patients with NPD-C.

Farber’s Disease (Lipogranulomatosis)

To date, more than 70 cases of this autosomal recessive 
disease have been reported since Farber and colleagues’ 
original description in 1957.326 Death generally occurs 
before 2 years of age, but some patients with onset in the 
second year survive until the second decade.

In its most typical variant, the clinical manifestations 
of this rare disorder consist of painful swelling in the 
hands and feet, hoarseness, and recurrent vomiting. 
These diffi culties may be present as early as a few weeks 
after birth. As the disease progresses, subcutaneous and 
periarticular nodules develop, especially near the inter-
phalangeal, ankle, wrist, and elbow joints, and lead to 
fl exion contractures. Swelling and granuloma formation 
in the epiglottis and larynx cause hoarseness or swallow-
ing and respiratory disturbances. Foam cell infi ltration 
and granulomatous deposits in the lungs further compli-
cate the pulmonary problems. The tongue, heart, and 
liver may become enlarged, and granulomatous lesions 
of the heart valves also develop. Seven subtypes have been 
described, each with differing severity and sites of tissue 
involvement. A neonatal form has been observed that 
is characterized by massive hepatosplenomegaly but 
no subcutaneous nodules,327 and in at least one patient 
the disease was manifested as nonimmune hydrops 
fetalis.328

Despite involvement of the degradative pathways of 
ceramide, there are few CNS signs in the clinical course 

of some of the variants of Farber’s disease, a fi nding that 
is somehow surprising because of the pivotal role that 
this compound plays in the biochemistry of the mam-
malian CNS. Ceramide and its intermediate breakdown 
product sphingosine have been shown to mediate many 
cellular events, including growth arrest, stress responses, 
and apoptosis.329 In addition to CNS involvement, a 
peripheral neuropathy consisting of a decrease in response 
of the deep tendon refl exes and electromyographic signs 
of denervation occurs in some patients. Seizures have 
been reported in two patients.

The principal fi nding in pathologic studies is the 
presence of granulomatous infi ltrates composed of foam 
cells containing a PAS-positive material that is extract-
able with lipid solvents. Comma-shaped curvilinear 
tubular structures (Farber bodies) are a characteristic 
feature of this disease. Analysis of this material by elec-
tron microscopy suggests a heterogeneous ultrastructure 
consisting principally of membrane-bound inclusions. 
Despite the absence of gross neurologic involvement, 
neuronal cytoplasm is also fi lled with PAS-positive storage 
material.

Chemical studies of the subcutaneous nodules 
indicate that ceramides account for 10% to 20% of the 
total lipids present. Increased ceramide concentrations 
in the urine, brain, and other organs have also been 
demonstrated.

Two enzymes, one with acid and another one with 
alkaline pH optima, have been described that are capable 
of catalyzing ceramide hydrolysis. Leukocytes, cultured 
skin fi broblasts, and solid tissue specimens from patients 
with Farber’s disease are defi cient in acid ceramidase. 
The fi rst human alkaline ceramidase has recently been 
characterized and cloned330 but to date has not been 
linked to any particular metabolic disorder. In addition, 
a novel ceramidase enzyme that is limited only to mito-
chondrial membranes has been described,331 thus sug-
gesting a topologically restricted pathway in sphingolipid 
metabolism.

Because acid ceramidase (together with glucosylcer-
amidase and galactosylceramidase) also needs activation 
by the saposin family of proteins, it is not surprising that 
a patient with type 7 Farber’s disease was found to have 
a mutation in the prosaposin gene.332 The clinical features 
were very similar to those for Gaucher’s disease type 
2 (i.e., the acute neuronopathic form). That child had 
neonatal seizures, hepatosplenomegaly, and foamy mac-
rophages. However, there were no joint deformities, sub-
cutaneous nodules, or hoarseness. The child died at 16 
weeks of age. Autopsy demonstrated an abnormal accu-
mulation of ceramide, glucosylceramide, and lactosylcer-
amide. Biochemical studies demonstrated diminished 
ceramidase activity.

Little is known about the pathophysiologic features 
of this condition, but clearly, recent advances in under-
standing the biologic roles of ceramide will shed light on 
the pathophysiology of Farber’s disease.333 In the mean-
time, the possible role of ceramide in the intracellular 
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signaling cascade as a second messenger334 and as a medi-
ator in cellular apoptosis329 may eventually give further 
insight on the molecular mechanisms of toxicity in this 
disease.

Human acid ceramidase has been characterized and 
purifi ed,335 and its gene has been cloned.336 It maps to 
chromosome 8p22-21.2 and consists of 14 exons and 13 
introns spanning approximately 26.5 kb of genomic 
DNA. To date, at least 10 different mutations have been 
reported.337,338 Acid ceramidase activity can be measured 
in both cultured chorionic villus and amniotic fl uid 
cells, thus allowing prenatal diagnosis of affected 
pregnancies.

No therapy is available for this condition, except for 
palliative management of its complications. Tracheos-
tomy may be useful in managing upper airway obstruc-
tion, and some relief of joint pain may be obtained with 
the administration of corticosteroids. Resection of granu-
lomas in the oral cavity was reported to improve upper 
airway obstruction.339 Allogenic BMT was attempted in 
a presymptomatic infant at 9.5 months of age.340 It 
resulted in reversal of the peripheral abnormalities (lipo-
granulomas, pain on joint motion, and hoarseness), but 
her neurologic deterioration progressed relentlessly. She 
died of pulmonary complications at 37 months of age. 
Correction of the metabolic defect in cultured Farber 
disease cells was achieved by retroviral vector–mediated 
transfection,341 but no clinical reports on gene therapy 
are available to date. Current management of these 
patients has therefore focused on pain therapy, physical 
therapy, surgical correction of severe contractures, and 
anti-infl ammatory medication.

GM1-Gangliosidosis

GM1-gangliosidosis was fi rst defi ned clinically and patho-
logically by Landing and associates342 as a familial neu-
rovisceral lipidosis. Biochemical analysis demonstrated 
generalized accumulation of GM1-ganglioside (GM1) in 
the brain and visceral organs and led to designation of 
this disease as generalized gangliosidosis.343 Shortly 
thereafter, defi cient activity of the lysosomal acid β-d-
galactosidase (β-gal) was found to be the primary defect 
in this disease.344 GM1-gangliosidosis is currently the third 
most frequently diagnosed LSD, and the incidence of 
specifi c allelic mutations is particularly high in certain 
geographic regions, such as Cyprus and southern 
Brazil.345,346 The disease is transmitted as an autosomal 
recessive trait. The causative gene (GLB1), located on 
chromosome 3 (3p21-33),347 codes for two distinct pro-
teins derived from two alternatively spliced β-gal mRNA 
molecules.348,349 The fi rst is the canonic lysosomal β-gal 
enzyme; the second is an enzymatically inactive, func-
tionally distinct product named the elastin-binding 
protein (EBP).349,350 The latter protein controls early 
stages of elastogenesis and also contains a galactolectin 
domain that binds galactosugar-bearing molecules.351 
The EBP functions as a molecular chaperone that pro-

tects tropoelastin from premature intracellular degrada-
tion and hence facilitates assembly of the appropriately 
folded elastic fi bers after deposition in the extracellular 
matrix.352 A total of 99 mutations have been reported 
thus far in the GLB1 gene that alter lysosomal β-gal, EBP, 
or both, to a different extent.353

Gangliosides are acidic, sialic acid–containing GSLs 
that are found on the surface of essentially all mammalian 
cells but are particularly abundant on neuronal mem-
branes. GM1 accounts for 5% to 10% of the lipid mass of 
the plasma membrane of neurons.354 Gangliosides are 
synthesized in the ER, Golgi, and trans-Golgi network 
by adding carbohydrate residues in a stepwise manner to 
the lipid membrane anchor ceramide.355 De novo synthe-
sized gangliosides are then transferred via vesicular trans-
port mostly to the outer leafl et of the plasma membrane, 
where they distribute asymmetrically or segregate into 
unique membrane microdomains (e.g., caveolae and 
lipid rafts).356 They are degraded in the endosomal/lyso-
somal compartment via the sequential removal of indi-
vidual sugars; exoglycosidases or membrane sialidases 
work in concert with activator proteins to hydrolyze these 
compounds, and the products are either recycled or 
degraded.26

β-Gal is the primary enzyme involved in the degrada-
tion of GM1, for which it has the highest affi nity. However, 
the enzyme can also remove β-linked galactosyl moieties 
from keratan sulfate, a mucopolysaccharide that belongs 
to an important group of extracellular proteins in bone 
and connective tissue. Although GM1-gangliosidosis is 
clinically distinct from the mucopolysaccharidosis type B 
Morquio’s disease, or MPS IVB (see later), they both 
result from defi ciency of the same enzyme and are there-
fore allelic variants of the same gene defect.357 The fact 
that GM1-gangliosidosis is primarily a CNS condition 
whereas Morquio type B disease is primarily a disease of 
connective tissues refl ects the relative tissue distribution 
of the main storage products GM1 and keratan sulfate. 
This also explains why patients with these disorders may 
share some of their clinical manifestations; for instance, 
skeletal and connective tissue abnormalities and urinary 
excretion of keratan sulfate have been observed in some 
patients with GM1-gangliosidosis.358 Functional analysis 
of the different mutations affecting the GLB1 gene has 
explained at least in part why loss of activity of the same 
enzyme could lead to such different clinical outcome. It 
is now apparent that the diverse amino acid substitutions 
in β-gal found in either GM1-gangliosidosis or Morquio 
B patients alter in a different way the enzyme’s catalytic 
site and in turn its kinetic properties toward one or the 
other of the substrates.359 In addition, because β-gal is 
part of a lysosomal multienzyme complex composed of 
at least two other enzymes—the protective protein/
cathepsin A and neuraminidase (see galactosialidosis)—
required for compartmentalization of β-gal and lysosomal 
stability, different β-gal mutations may impair the way 
that the enzyme is post-translationally regulated by 
the other two interacting proteins.360 Finally, patients 
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carrying mutations that affect both β-gal and EBP have 
impaired assembly and deposition of the elastic 
fi bers.351,352,361,362 Thus, impaired elastogenesis could 
contribute to the development of connective tissue abnor-
malities in patients with type B Morquio’s disease and 
GM1-gangliosidosis.

GM1-gangliosidosis has a broad range of clinical mani-
festations that suggests a continuum of disease severity. 
Based on the age at onset and severity of symptoms, 
patients have been classifi ed as having the early infantile 
(type 1), the late infantile (type 2), and the adult (type 3) 
form of the disease. The gray matter in the brain accumu-
lates approximately 10 times the normal amount of GM1 
because of a defi ciency in GM1 β-gal. Therefore, the CNS 
is the primary affected site, which accounts for the severe 
neurologic signs characteristic of this disease. However, as 
discussed earlier, β-gal defi ciency in extraneural tissues 
may also lead to accumulation of keratan sulfate in the 
liver, spleen, and bone and cause the typical subcutaneous 
and osseous features of this disease.358 In general, higher 
residual enzyme activity is found in patients with type 2 
and the adult form of GM1-gangliosidosis than in patients 
with type 1 disease. In Morquio’s disease, the residual β-
gal is more active toward GM1 than toward keratan sulfate 
or oligosaccharide, and therefore patients are neurologi-
cally normal but display connective tissue and skeletal 
abnormalities. However, a more severe form of the disease 
may also occur (see MPS IVB).

Early Infantile GM1-Gangliosidosis (Type 1)

Symptoms of early infantile GM1 (the most severe subtype, 
with onset shortly after birth) may include neurodegen-
eration, seizures, liver and spleen enlargement, coarsen-
ing of facial features, skeletal irregularities, joint stiffness, 
distended abdomen, muscle weakness, exaggerated startle 
response to sound, and problems with gait. A case of fetal 
hydrops has also been reported.363 Cherry-red spots in 
the eye develop in about half of affected patients. Chil-
dren may be deaf and blind by 1 year of age and often 
die by age 3 of cardiac complications or pneumonia.359

GM1-gangliosidosis type 1 is the most common and 
severe subtype. The age at onset varies from birth to 6 to 
7 months. Infants with early severe disease may be edem-
atous at birth (nonimmune hydrops fetalis) with weak 
sucking, poor feeding, and slow weight gain. Develop-
mental arrest typically occurs between 3 and 6 months 
of age. Hypotonia and an increased startle response may 
be the initial fi ndings. CNS involvement is progressive, 
and spastic quadriplegia, decerebrate rigidity, clonic-
tonic seizures, deafness, nystagmus, esotropia, and blind-
ness ultimately develop. These children are born with or 
in their fi rst few months exhibit coarse facial features 
with frontal bossing and a depressed nasal bridge. Bony 
deformities include stubby hands, broad wrists, anterior 
beaking of the lumbar vertebrae, thickening of the mid-
shaft of the humerus, and spatulate ribs. A cherry-red 
macula occurs in half the infants with type 1 disease. In 
at least one infant, bilateral calcifi cation of the basal 

ganglia was noted as well.364 Isolated cardiomyopathy has 
also been described in an infantile form of the disease.361,365 
Death usually results from bronchopneumonia between 
1 and 2 years of age.

Late Infantile/Juvenile GM1-Gangliosidosis 
(Type 2)

The early development of a patient with type 2 GM1-
gangliosidosis may be normal, but careful review of the 
history usually discloses an exaggerated startle response 
and hypotonia from an early age. The onset of symptoms, 
including locomotor ataxia, which ultimately leads to a 
state of decerebration with epileptic seizures, varies from 
7 months to 3 years of age. The viscera are only slightly 
affected. Toward the end of the fi rst year, the child may 
lose the ability to crawl, sit, and stand, and language 
development ceases. The plantar responses become 
extensor, and seizures develop. Some pallor of the optic 
discs may be noted, but a cherry-red spot is not usually 
present. Corneal clouding and rotatory nystagmus may 
occur. In most patients the liver is not enlarged and there 
are no skeletal abnormalities. These children may survive 
for 3 to 10 years after onset of the disease.334

Adult/Chronic Form (Type 3)

In the adult form (type 3), or chronic GM1-gangliosidosis, 
the age at onset may be as early as 3 years to as late as 
30 years; sometimes symptoms have already occurred in 
adolescence but the diagnosis is not made until adult-
hood. Clinical signs are variable and often resemble those 
found in juvenile forms of Parkinson’s disease. Some 
patients have only focal neurologic signs, such as atypical 
spinocerebellar degeneration or dystonia, whereas others 
have a chronic and progressive disease with pyramidal 
and extrapyramidal signs and mental retardation. The 
degree of CNS involvement is not as extensive as in the 
other types. Skeletal changes are minimal, and viscero-
megaly and cherry-red spots do not occur.358

Pathologic and Molecular Aspects

Gross morphologic changes consisting of atrophy of the 
gray matter and cerebellum are evident in the type 1 and 
type 2 forms of GM1-gangliosidosis. Autopsy and radio-
graphic examination of the brain reveal delay366,367 or 
even arrest368 of myelination. The cortical architecture is 
severely altered by substantial neuronal cell loss.358 
Neurons appear distended with an expanded number of 
lysosomes often containing membranous material. The 
reticuloendothelial system contains foamy histiocytes 
fi lled with strongly PAS-positive granular material. Vacu-
olated lymphocytes can readily be recognized in periph-
eral blood and bone marrow smears, where sea-blue 
histiocytes may also be distinguished.369 Tissue macro-
phages (histiocytes) with grossly distended cytoplasm 
fi lled with storage lysosomes can be identifi ed in most of 
the organs, such as the liver, kidney, spleen, lymph nodes, 
thymus, lung, intestine, pancreas, and skeletal muscle.370 
Marked hepatosplenomegaly is usually detected in the 
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early-onset cases, but it is less prominent or absent in 
late-onset patients. Storage of GM1 may occur in the liver 
of patients with type 1 but not type 2 GM1-gangliosidosis. 
Accumulations of other galactose-containing oligosac-
charides have been found to various degrees in the viscera 
and urine of individuals with all forms of the disease.371 
Several of these oligosaccharides appear to be derived 
from the incomplete degradation of certain erythrocyte 
glycoproteins and plasma immunoglobulins.372

The diagnosis of GM1-gangliosidosis may be con-
fi rmed by assay of β-gal activity in plasma, leukocytes, or 
cultured fi broblasts.373 Molecular analysis has demon-
strated a wide variety of mutations associated with this 
disorder.353,374 Common mutations that segregate with 
different forms of the disease have also been identifi ed. 
For example, the mutations R201C and I51T have been 
found in Japanese patients with late infantile/juvenile 
GM1-gangliosidosis and in white patients with adult/
chronic GM-gangliosidosis, respectively,375 whereas the 
W273L mutation is found in patients with type B 
Morquio’s syndrome.376 A polymorphism has been shown 
to have a modulating effect on a mutation present in a 
patient with type 2 GM1-gangliosidosis.377

Further studies on the molecular biology of β-gal 
have also led to important clues about post-translational 
processing and distribution of this lysosomal enzyme.360 
Zhang and associates359 described patients with either 
GM1-gangliosidosis or type B Morquio’s disease who 
share the same two mutations. They suggested that 
although the missense mutations described in GM1-
gangliosidosis have little effect on catalytic activity, they 
nevertheless do affect protein conformation in such a way 
that the resulting protein cannot be transported out of 
the ER and fails to reach the lysosome. Stimulation of 
β-gal by SAP-A results in the hydrolysis of sulfatide and 
globotriaosylceramide.25,378 Sulfatide but not GM1 accu-
mulates in patients with SAP-A defi ciency.378

The precise mechanism by which accumulation of 
ganglioside induces cellular dysfunction is not yet fully 
elucidated, but recent studies on the GM1-gangliosidosis 
mouse model379-381 have identifi ed molecular pathways 
that are altered or activated as a consequence of the 
accumulation of GM1. The GM1-gangliosidosis mouse 
model closely recapitulates the clinical features of the 
human disease. A generalized nervous system condition 
characterized by tremors, ataxia, and abnormal gait 
develops in these mice and culminates in rigidity and 
paralysis of the hind limbs.380 This phenotype is accom-
panied by gradual deterioration of motor function, pro-
gressive neurodegeneration, and neuroinfl ammation.382

Cell-specifi c morphologic and biochemical changes 
have been mapped in the CNS and the visceral organs 
of β-gal−/− mice with the use of light and electron micro-
scopic and immunohistochemical methods. Both neurons 
and astroglia show extensive and progressive vacuoliza-
tion of their cytosol as the animal ages. Lysosomes appear 
to be fi lled with heterogeneous membranous material, 
and neuronal cell death is a consistent feature that 

accounts for the extensive neurodegenerative character-
istic of the disease.89 Neuronal apoptosis is accompanied 
by activation and upregulation of an infl ammatory 
response consisting of increased levels of cytokines and 
chemokines in various regions of the brain and spinal 
cord.165,382 Recent studies on the pathophysiology under-
lying the CNS phenotype in this model have begun to 
identify the molecular pathways that are deregulated by 
abnormal buildup of GM1 in lysosomes and other subcel-
lular sites. Although the precise mechanism by which GM1 
induces cellular dysfunction is not yet fully elucidated, it 
has been shown that impaired lysosomal degradation of 
this ganglioside leads to its accumulation at the ER mem-
brane. Given the important role of gangliosides in calcium 
homeostasis and signaling,383 increases in the local con-
centration of GM1 at the ER membrane have indeed been 
shown to provoke calcium imbalance through depletion 
of ER calcium stores.89 Disruption of intracellular calcium 
levels induces the activation of an ER stress response or 
unfolded protein response (UPR).384 Upregulation of 
folding catalysts and transcription factors and activation 
of specifi c kinases and caspases were found to occur in 
the brain and spinal cord of mice with GM1-gangliosidosis 
and culminated in neuronal apoptosis. Remarkably, acti-
vation of the UPR pathway does not occur in mice doubly 
defi cient in β-gal and ganglioside synthase, one of the 
enzymes responsible for the synthesis of GM1; such mice 
do not accumulate GM1. These observations directly 
implicate GM1 in causing ER stress and present a novel 
mechanism of neuronal apoptosis in an LSD.89 In addi-
tion, they give new prospective on the role of GSLs, 
specifi cally gangliosides, in normal cell metabolism and 
disease pathogenesis. Investigation of the cellular events 
underlying these complex disorders will provide more 
insight into lysosomal function in normal cell physiology 
and prove crucial to the development of tailored or alter-
native therapies for neurodegenerative LSDs.

Treatment

No effective therapy is currently available for GM1-
gangliosidosis, but several therapeutic modalities have 
been tested both in vitro and in vivo. Retroviral vector–
mediated gene transfer has corrected β-gal defi ciency in 
human fi broblasts.155 More recently, use of an amplicon 
hybrid vector containing sequences of herpes simplex 
virus type 1 and AAV for expression of the entire human 
GLB1 gene has led to temporary expression and func-
tional activity of β-gal in human defi cient cells.385 BMT 
in a presymptomatic juvenile-onset patient resulted in 
complete normalization of β-gal enzyme levels in white 
blood cells but did not improve the long-term clinical 
outcome.386

Encouraging results have recently been obtained in 
mouse models of GM1-gangliosidosis. Knockout mice 
transplanted with bone marrow progenitor cells trans-
duced ex vivo with a retroviral vector expressing murine 
β-gal cDNA have shown a remarkable increase in β-gal 
activity in different brain regions and reduction of lyso-
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somal storage of GM1. These surprising results were 
explained by the increased levels of chemokines in spe-
cifi c brain nuclei of the β-gal−/− mice that probably create 
a microenvironment within the CNS favoring the 
response to bone marrow–mediated therapy.165 Indeed, 
these authors demonstrated that that β-gal–expressing 
bone marrow–derived monocytes selectively migrate to 
the CNS under a gradient of chemokines and become a 
source of enzyme for correction of defi cient neurons, 
thereby resulting in reversion of the enzyme defect and 
restoration of neurologic function. These fi ndings suggest 
that a condition such GM1-gangliosidosis, which is char-
acterized by neurodegeneration and neuroinfl ammation, 
may infl uence the response of the CNS to ex vivo gene 
therapy.165

Administration of low-molecular-weight substrate 
analogues, or chemical chaperones, has also been inves-
tigated for the treatment of murine GM1-gangliosidosis.387 
These chemical chaperones act as both in vitro competi-
tive inhibitors and intracellular enhancers by stabilizing 
the mutant enzyme. The compound N-octyl-4-epi-β-
valienamine was administered orally to defi cient mice 
expressing the R201C mutant human β-gal and shown 
to be delivered rapidly to the brain with no adverse effect. 
Treatment resulted in increased brain activity of β-gal, 
decreased GM1 storage, and prevention of neurologic 
deterioration during a treatment period of a few months.387 
These studies are supportive of the use of chemical chap-
erone therapy for GM1-gangliosidosis. SRT has been 
tested in knockout mice and shown to result in reduced 
accumulation of GSLs in the cerebrum, brainstem, and 
cerebellum.388

GM2-Gangliosidosis, Sandhoff Variant

The GM2-gangliosidoses consist of a group of six GSL 
storage diseases that are of interest to the pediatric hema-
tologist because of a mild to moderate degree of visceral 
involvement seen in one of its variants, Sandhoff ’s disease. 
These conditions are caused by impaired degradation of 
GM2-ganglioside (GM2), a minor brain acidic GSL,26 as a 
result of defi ciency of one of the isozymes Hex-A or Hex-
B or their activator protein GM2A.389

The hexosaminidases are two related dimeric enzymes 
that catalyze the removal of hexoses (both glucose and 
galactose) from complex molecules in the body, includ-
ing gangliosides. Hex-A results from the dimerization of 
one α and one β subunit, whereas Hex-B is made up of 
two β subunits.390,391 The Hex-S isozyme consists of an 
α-subunit homodimer and is thought to catabolize gly-
cosaminoglycans (GAGs). These subunits are coded for 
by genes located on chromosomes 15 (α subunit) and 5 
(β subunit).390 Both hexosaminidases need the activator 
protein GM2A to make their liposoluble substrates more 
accessible.

In the classic and most common form, Tay-Sachs 
disease, Hex-A is defi cient. Hex-A activity is also reduced 
or absent in the juvenile and adult variants of GM2-

gangliosidosis, the so-called late-onset Tay-Sachs disease. 
In each of these variants, mutations have been found 
within the gene encoding the α subunit of this enzyme.392 
A fourth form of the disease known as the B1 variant also 
results from mutations within the α-subunit gene.390 
However, the Hex-A defi ciency in this disorder becomes 
evident only when the enzyme assay is performed with a 
sulfated derivative of the artifi cial compound generally 
used for determination of Hex-A activity. Patients with 
the much rarer AB variant lack the GM2A activator. GM2 
and smaller amounts of its asialo derivative GA2 accumu-
late in the brain and, to a considerably lesser extent, in 
the visceral organs of patients with each of these diseases. 
Consequently, the clinical signs in these diseases are con-
fi ned to the CNS, and obvious infi ltration of the reticu-
loendothelial system has not been noted.

Considerable involvement of extraneural tissues 
does, however, occur in the Sandhoff variant of GM2-
gangliosidosis.393 Sandhoff provided the fi rst description 
of this neurodegenerative disorder that bears his name. 
This variant is due to mutations in the gene encoding the 
β subunit of hexosaminidase. Both Hex-A and Hex-B 
contain β subunits, so the activity of both enzymes is 
lacking in Sandhoff ’s disease. It is associated with more 
marked accumulation of GA2-ganglioside in both the 
brain and viscera than in any of the other variants. In 
addition, levels of globoside, the major red blood cell 
glycolipid, are markedly elevated, particularly in the liver, 
spleen, and kidney.391 Consequently, signs of involvement 
of the reticuloendothelial system emerge, including foam 
cells in the bone marrow and other organs. In all other 
respects, Sandhoff ’s disease in an infant is clinically 
indistinguishable from Tay-Sachs disease.

An infant with Tay-Sachs or Sandhoff ’s disease may 
appear normal at birth, but an alert parent or an experi-
enced professional can detect hypotonia and an exagger-
ated startle response within the fi rst 2 months. Between 
3 and 6 months of age, motor weakness and then listless-
ness become evident. The child may roll from side to side 
but cannot turn over completely, slumps forward when 
placed in a sitting position, and cannot crawl or stand. 
There is poor visual fi xation with roving eye movements. 
Quite early in the course of the disease and defi nitely by 
4 months, a cherry-red spot with a white perimacular 
halo can be observed in both fundi. Weakness, spasticity, 
and increased deep tendon refl exes develop, and feeding 
diffi culties with associated gagging become a concern.

At approximately 1 year of age, seizures are fi rst 
noted, excessive drooling begins, and bouts of unmoti-
vated laughter occur. During the second year, the head 
begins enlarging disproportionately. The optic discs 
become pale and atrophic, and cortical blindness ensues. 
After 2 years of age, there are episodes of autonomic 
dysfunction with unexplained temperature elevations; 
spells of rubor, pallor, or cyanosis; and irregular breath-
ing. Although visceral lipid storage occurs in Sandhoff ’s 
disease, the liver and spleen are not clinically enlarged, 
and there are no obvious skeletal changes. Great effort 
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must be expended to maintain hydration and nutrition, 
control constipation and seizures, and prevent infection. 
These children rarely survive beyond 3 or 4 years of 
age.

Sandhoff ’s disease can be distinguished from 
other forms of GM2-gangliosidosis by the presence of 
foam cells in bone marrow and the total absence of β-N-
acetylhexosaminidase in serum, leukocytes, cultured 
fi broblasts, tears, and urine.391

Individuals heterozygous for the gene for Sandhoff ’s 
disease can usually be identifi ed by a reduced level of 
total serum hexosaminidase (A and B forms) and a higher 
than normal percentage (>70%) of the Hex-S isoform. 
The same test used to screen for carriers of the Tay-Sachs 
trait can be used to detect carriers of Sandhoff ’s disease. 
No instances of Sandhoff ’s disease have been recorded 
in children of Jewish parents, in contrast to Tay-Sachs 
disease, which until population screening became popular, 
was seen much more often in the offspring of Ashkenazic 
Jews.

Molecular Aspects

Recent advances in determining the neuropathophysio-
logic mechanisms in Sandhoff ’s disease have been made 
on the mouse model of this disease.394-396 Genetically 
engineered mice with disruption of both Hex-A and Hex-
B genes lack both the α and β subunits of hexosaminidase 
and display a total defi ciency of all forms of lysosomal 
hexosaminidase, including the small amount of Hex-S 
(α-α homodimer). These mice exhibit the pheno -
typic, pathologic, and biochemical features of the 
mucopolysaccharidoses (see later), LSDs caused by 
the accumulation of GAGs (mucopolysaccharides). The 
mucopolysaccharidosis phenotype is not seen in the 
Tay-Sachs or Sandhoff mice disease model or in 
the corresponding human patients.391,394,397 These fi nd-
ings demonstrate that GAGs are crucial substrates for β-
hexosaminidase and that functional redundancy appears 
to exist, at least in mice, in the hexosaminidase enzyme 
system.

As is the case for GM1-gagliosidosis, the pathogenesis 
of GM2-gangliosidosis relates at least in part to massive 
accumulation of GM2 in the brain and other tissues. In 
the Sandhoff disease mouse model, abnormal buildup 
of GM2 alters the Vmax of the ER calcium pump, sarco-
plasmic/endoplasmic reticulum Ca2+-ATPase (SERCA), 
thereby inhibiting calcium uptake into the ER and 
increasing cytosolic calcium levels.398,399 Investigators 
have recently shown a mechanistic link between GM2 
accumulation, neuronal cell death, reduced activity, and 
axonal outgrowth in the Sandhoff mice and could dem-
onstrate reversal of these phenotypes in embryonic hip-
pocampal neurons transduced with a bicistronic lentiviral 
vector (SIV.ASB) encoding both the α and β chains of 
hexosaminidase. This transfer vector has previously been 
shown to correct the hexosaminidase defi ciency and to 
reduce GM2 levels in both transduced and cross-corrected 
human Sandhoff fi broblasts. Normal axonal growth 

rates were restored, as were the rate of Ca2+ uptake 
via the SERCA and the sensitivity of the neurons to 
thapsigargin-induced cell death, concomitant with a 
decrease in GM2 and GA2 levels. These data demonstrated 
that the bicistronic vector can reverse the biochemical 
defects and downstream consequences in Sandhoff 
neurons, thus reinforcing its potential for in vivo gene 
treatment of Sandhoff ’s disease.399

Treatment

Currently, no treatment is available for the GM2-
gangliosidoses, although recent animal studies involving 
inhibition of GSL synthesis seem promising.115 Adminis-
tration of miglustat to Sandhoff mice has delayed the 
onset of symptoms and disease progression and signifi -
cantly increased life expectancy.400 Combined treatment 
with miglustat and BMT was found to have a synergistic 
effect.182 Based on these preclinical fi ndings, clinical trials 
of miglustat are currently in progress for patients with 
late-onset GM2-gangliosidosis. Although BMT has been 
shown to prolong life and ameliorate neurologic manifes-
tations in animal models,401 we are not aware of any 
reports involving human subjects.

Another approach based on the use of cationic 
liposome-mediated plasmid gene therapy has been evalu-
ated in the Sandhoff mouse model.402 The mice received 
a single intravenous injection of two plasmids encoding 
the human α and β subunits of hexosaminidase. As a 
result, 10% to 35% of normal levels of hexosaminidase 
expression, theoretically therapeutic levels, were achieved 
in most visceral organs, but not in the brain, 3 days after 
injection, with decreased levels evident by day 7. Histo-
chemical staining confi rmed widespread enzyme activity 
in visceral organs. Both GM2 and GA2 were reduced 
by almost 10% and 50%, respectively, on day 3 and 
by 60% and 70% on day 7 in comparison to untreated 
age-matched mice. Consistent with the biochemical 
results, a reduction in GM2 was observed in liver cells as 
well.378

Adenovirus-mediated transfer of the β subunit of β-
hexosaminidase was shown to restore Hex-A and Hex-B 
activity after infection of Sandhoff fi broblasts. After direct 
intracerebral injection of this recombinant adenoviral 
vector into Sandhoff mice, nearly normal levels of enzy-
matic activity were demonstrated in the entire brain at 
the different doses tested. The addition of hyperosmotic 
concentrations of mannitol to the adenoviral vector 
resulted in enhanced diffusion of the vector in the injected 
hemisphere. Although adenoviral-induced lesions were 
found in brains injected with a high dose of the vector, 
they were not detected in brains injected with 100-fold 
lower doses, even in the presence of mannitol, thus sug-
gesting the potential of this approach in achieving effi -
cient vector transduction without viral cytotoxicity.403 
In another recent study, Sandhoff mice were treated 
by stereotactic intracranial inoculation of recombinant 
AAV vectors encoding the complementing human β-
hexosaminidase α- and β-subunit genes and elements, 
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including an HIV tat sequence, to enhance protein 
expression and distribution. The animals survived longer 
than 1 year with sustained, widespread, and abundant 
delivery of enzyme to the nervous system. Onset of the 
disease was delayed with preservation of motor function; 
infl ammation and storage of GM2-ganglioside in the brain 
and spinal cord were reduced. This study demonstrates 
that gene delivery of β-Hex-A via AAV vectors has real-
istic potential for treating the human Tay-Sachs–related 
diseases.404

MUCOPOLYSACCHARIDOSES

The mucopolysaccharidoses are a group of inherited dis-
orders that result from defi ciency of one or more of the 
lysosomal enzymes required for GAG or mucopolysac-
charide catabolism. GAGs, which are a major constituent 
of connective tissue such as cartilage and bone, are long-
chain complex carbohydrates that are usually linked to 
proteins to form proteoglycans, including chondroitin 4-
sulfate, chondroitin 6-sulfate, heparan sulfate, dermatan 
sulfate, keratan sulfate, and hyaluronic acid. Patients with 
mucopolysaccharidosis typically display coarse facial 
features, skeletal dysplasia, and limitation of joint 
motion. These features, which dominate the clinical 
picture of the mucopolysaccharidoses, set this group of 
LSDs apart from the glycosphingolipidoses, although 
overlapping phenotypes are present. The urine of 

these patients contains excessive amounts of 
mucopolysaccharides.405

The occurrence of this group of disorders is relatively 
rare. Nelson406 in Northern Ireland found an overall inci-
dence of approximately 1 in 25,000 live births, with MPS 
I occurring in approximately 1 in 76,000 live births. 
Some of these disorders occur even more rarely. For 
instance, the incidence of MPS I of the Hurler/Scheie 
variant is 1 in 280,000. MPS III may be as rare as 1 in 
280,000 live births, although the incidence may be under-
reported. A total of seven variants have been described.

The typical mucopolysaccharide contains a core 
polypeptide to which a number of polysaccharide chains 
are attached by a xylose link. Each polysaccharide chain 
may contain 100 or more sugar residues joined together 
in repeating disaccharide units consisting of a uronic acid 
(glucuronic or l-iduronic acid) alternating with a sul-
fated hexosamine (glucosamine or galactosamine) (Fig. 
24-4). The hexosamine in dermatan sulfate is N-acetyl-
α-d-galactosamine; in heparan sulfate, it is N-acetyl-α-d-
glucosamine. Iduronic acid is occasionally sulfated, but 
glucuronic acid is not. Fragments from one or both of 
these mucopolysaccharides accumulate in each of the 
mucopolysaccharidoses (Table 24-6) because of a block 
in their sequential hydrolysis as a result of a lysosomal 
enzyme defi ciency (see Fig. 24-4). An exception is 
Morquio’s syndrome, which is characterized by the accu-
mulation of two other mucopolysaccharides, chondroitin 
6-sulfate and keratan sulfate, with galactose substituting 
for the uronic acid moiety (Fig. 24-5).

α
L-Iduronate     N-acetylgalactosamine     glucuronate     N-acetlygalactosamine     etc.

β

DERMATAN SULFATE

β β

OSO3OSO3

α-L-Iduronidase
(Hurler-Scheie disease)

Iduronate sulfatase
(Hunter’s disease)

Galactosamine-4-sulfatase
(Maroteaux-Lamy syndrome)

β-N-Acetyl
hexosaminidase A+B
(Sandhoff’s disease)
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OSO3
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α
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(Hunter’s disease)
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Acetyl CoA:α-glucosaminide
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FIGURE 24-4. Pathways for the enzymatic degradation of dermatan sulfate and heparan sulfate. Defi ciencies of each of the enzyme activities 
shown are correlated with specifi c mucopolysaccharidoses.
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TABLE 24-6 The Mucopolysaccharidoses

Class Eponym Enzyme Defect
Urinary 
Mucopolysaccharides

Mental 
Retardation

Corneal 
Clouding

Skeletal 
Dysplasia

Life 
Expectancy (yr)

I H Hurler’s disease α-l-Iduronidase DS, HS ++ + +++ <10
I S Scheie’s disease α-l-Iduronidase DS, HS − + + Normal
I H/S Hurler-Scheie 

compound
α-l-Iduronidase DS, HS + + ++ 20s

II severe Hunter’s disease Iduronate sulfatase DS, HS ++ − ++ <15
II mild Hunter’s disease Iduronate sulfatase DS, HS +/− − + Adulthood
IIIA Sanfi lippo’s disease Heparan-N-sulfatase HS +++ − + <20
IIIB Sanfi lippo’s disease N-Acetyl-α-glucosaminidase HS +++ − + <20
IIIC Sanfi lippo’s disease Acetyl CoA:α-glucosaminide transferase HS ++ − + Adulthood
IIID Sanfi lippo’s disease N-Acetylglucosamine-6-sulfatase HS ++ − + <20
IVA Morquio’s syndrome Galactosamine-6-sulfatase KS, CS − + +++ 20-40
IVB Morquio’s syndrome β-Galactosidase KS − + +++ 20-40
VI Maroteaux-Lamy 

syndrome
Galactosamine-4-sulfatase (arylsulfatase B) DS − + ++ 20s

VII Sly’s disease β-Glucuronidase DS, HS + +/− + <1-40
Mucosulfatidosis Multiple sulfatases DS, HS, Cholesterol S 

sulfatide
++ − + 3-12

Cholesterol S, cholesterol sulfate; CS, chondroitin 6-sulfate; DS, dermatan sulfate; HS, heparan sulfate; KS, keratan sulfate.
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N-Acetylgalactosamine     glucuronate     N-acetygalactosamine     glucuronate     etc.

N-Acetylglucosamine     galactose     N-acetylglucosamine     galactose    etc.
β

KERATAN SULFATE

β β

OSO3

Galactosamine-6-sulfatase
(type A)

β-galactosidase
(type B)

OSO3

β

β

CHONDROITIN-6-SULFATE

β β

OSO3

Galactosamine-6-sulfatase
(type A)

OSO3

β

FIGURE 24-5. Glycosaminoglycans stored in Morquio’s 
disease and sites for the probable action of the enzyme 
defi ciencies in this disease.

Mucopolysaccharide storage leads to several altera-
tions in cell morphology in blood and bone marrow. 
Azurophilic granulations are present in polymorphonu-
clear leukocytes and lymphocytes (Alder-Reilly bodies) 
(see Fig. 24-1B).38 Vacuoles with basophilic granulations 
are also found in circulating lymphocytes, bone marrow 
reticulocytes (Gasser cells), and bone marrow plasma 
cells (Buhot cells). Circulating lymphocytes may also 
contain metachromatic vacuoles without granulation 
(Mittwoch cells).

Other cells also manifest changes associated with 
excessive tissue mucopolysaccharide content. Coarse 
hair and skin, clouding of the cornea, thickening of the 
leptomeninges with hydrocephalus, alterations in bone 
architecture, thickening of heart valves, hepatic fi brosis, 
ballooning of neurons, and infi ltration of the reticuloen-
dothelial system by foam cells are some of the changes 
observed. Progressive narrowing of the trachea in these 
patients creates diffi culty maintaining an adequate airway 
during and after surgical anesthesia. Operations for 
median nerve compression related to carpal tunnel syn-
drome and for compressive myelopathy have been espe-
cially useful in patients with normal intelligence. 
Abnormal binding of elastin to fi broblasts has been 
reported in MPS I, which could be related to inactivation 
of molecular chaperons and may somehow be related to 
the clinical involvement of connective tissue that is so 
prominent in these diseases.407,408 In addition, an excess 
of intracellular amyloid-β peptide (Aβ [1-40]) has been 
reported in brains from patients with mucopolysacchari-
dosis, a fi nding that might help explain part of the CNS 
involvement that is commonly seen in some of these 
conditions.408 The salient clinical and biochemical fea-
tures of each type of mucopolysaccharidosis are pre-
sented in Table 24-6.

Mucopolysaccharidosis Type I (Hurler, 
Scheie, and Hurler-Scheie Syndromes)

MPS I is one of the most rare of these disorders. There 
are three variants that differ widely in severity, with 
Hurler’s syndrome being the most severe, Scheie’s syn-
drome the mildest, and Hurler-Scheie syndrome generat-
ing an intermediate phenotype.

These three autosomal recessive syndromes result 
from defi ciency of the acid hydrolase α-l-iduronidase 
(IDUA). The clinical phenotype of type I is a continuum 
between the severe form, as found in Hurler’s syndrome, 
and a mild form, as seen with Scheie’s syndrome.

Infants with the Hurler phenotype usually appear to 
be normal at birth, although some have inguinal or 
umbilical hernias. These infants may seem to be unusu-
ally large, but by 6 to 18 months of age there is a decel-
eration in growth and they ultimately become dwarfed. 
Seven infants with type I were described who initially 
were seen with acute cardiomyopathy associated with 
endocardial fi broelastosis.409,410 The diagnosis is usually 
made by the age of 6 to 24 months when coarse facial 
features, corneal opacities, chronic hearing loss, an 
enlarged tongue, a prominent forehead, hepatospleno-
megaly, skeletal deformities, and joint stiffness become 
evident. Some may have glaucoma,411 and communicat-
ing hydrocephalus with increased intracranial pressure 
develops. These children are severely developmentally 
delayed with limited language skills. They often have 
recurring upper respiratory tract and ear infections, ster-
torous breathing, and persistent rhinorrhea.

Skull radiographs may demonstrate a large thickened 
calvaria, premature closure of the sutures, poorly devel-
oped sinuses, shallow orbits, and a J-shaped sella turcica. 
Other radiologic signs include oar-shaped ribs, rounding 
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and anterior beaking of the vertebrae, anterior hypoplasia 
of the lumbar vertebrae with kyphosis, and shortening of 
the metacarpals and phalanges. These skeletal abnormali-
ties are known as dysostosis multiplex. Death usually 
occurs by 10 years of age. Cardiac disease with valvular 
involvement and cardiomegaly develops and contributes 
to the premature death of these patients. Other causes of 
death are obstructive airway disease and respiratory 
infections.

Patients with Hurler-Scheie syndrome are usually 
seen between the ages of 3 and 8 years with progressive 
corneal clouding, deafness, hepatosplenomegaly, joint 
stiffness, valvular heart disease, and dysostosis multiplex. 
They are less retarded, and some have nearly normal 
intellect. A receding chin and arachnoid cyst formation 
in the region of the sella turcica have been reported in 
several of these patients. GAGs may be deposited on the 
cervical dura (pachymeningitis cervicalis) and result in 
myelopathy. These patients may live well into their 20s; 
however, cardiac involvement and upper airway obstruc-
tion can result in early death.405

Scheie’s syndrome is less common than Hurler’s syn-
drome. Patients are generally seen after 5 years of age 
with joint stiffness and clawhand and clawfoot deformi-
ties. Intelligence and height are normal. These patients 
survive well into adulthood. They eventually suffer from 
visual disturbances such as glaucoma and retinal degen-
eration, in addition to the corneal opacities. Some patients 
have hearing loss. Aortic valvular disease may develop, 
and their facial features eventually become coarse. Sleep 
apnea can occur and is usually relieved with a tracheos-
tomy. Classifi cation in some patients may be rather diffi -
cult because there can be overlapping symptoms among 
the three phenotypes.405

Distinction among these three clinical phenotypes 
cannot be made by routine biochemical analysis. Most 
patients are subclassifi ed solely on a clinical basis. Large 
amounts of partially degraded heparan sulfate and der-
matan sulfate are stored and excreted in all three condi-
tions. However, heparan sulfate is excreted in greater 
amounts in patients with Hurler’s syndrome than in those 
with the Scheie and Hurler-Scheie syndromes.412 Diag-
nosis of these syndromes plus detection of carriers is 
ultimately achieved by the demonstration of markedly 
reduced IDUA activity in cultured fi broblasts, leuko-
cytes, plasma, or serum. Chromogenic (p-nitrophenyl) or 
fl uorogenic (4-methylumbelliferyl) derivatives are com-
monly used as substrates in these assays. However, with 
desulfated heparan as the sulfate, enzymatic differences 
can be demonstrated in the different clinical phenotypes. 
Fibroblasts of patients with Hurler’s disease cannot 
degrade this substrate, whereas this same substrate is 
effectively hydrolyzed by cells from patients with Hurler-
Scheie and Scheie’s disease.

The gene for IDUA has been localized to chromo-
some 4p16.3. Of the more than 30 mutations thus far 
described, most have been associated with the Hurler 
phenotype.413,414 The two most common mutations, 

Q70X and W402X, result in chain termination of the α-
iduronidase protein and are therefore associated with a 
severe form of Hurler’s disease. A recently described 
mutation (P533R) seems to be common in northern 
Africa.415 Although most occurrences of the Hurler-
Scheie phenotype are due to compound heterozygosity 
for two different mutant alleles, some patients have been 
reported with homozygosity for a single mutation.414 Pre-
natal diagnosis has been successfully performed.416 The 
biochemical diagnosis can also be confi rmed by measur-
ing defi cient IDUA levels on fi lter paper obtained at birth 
during routine neonatal screening.417

Treatment

Successful engraftment after BMT has resulted in overall 
improvement of the facial features typically seen in 
patients with Hurler’s syndrome. Urinary GAG excretion 
has returned to normal, metachromatic inclusions have 
disappeared, and clearing of lysosomal inclusions in the 
liver and improvement in corneal clouding have also been 
noted.121 The skeletal anomalies are not reversed, except 
perhaps odontoid dysplasia.418 Hydrocephalus does not 
appear to resolve, nor does it develop after BMT. Factors 
affecting the outcome include the child’s age at the time 
of transplantation, the clinical phenotype, the defi ned 
genotype,419 and the donor type.

Based on promising results of trials of ERT in animal 
models of MPS I,420,421 clinical trials were performed in 
selected patients. Phase III clinical trials of recombinant 
IDUA therapy have been performed in patients with the 
Hurler/Scheie variant of MPS I.102 Marked reductions 
in liver and spleen size were reported, together with 
improved joint range of motion and exercise tolerance. 
Moreover, there was a clear decrease in the amount of 
GAGs in the urine of these patients. Phase I/II and phase 
III clinical trials have recently been conducted and have 
demonstrated that this therapy is effective in treating 
patients with the attenuated forms of MPS I (i.e., little 
or no neuronal involvement).422 A mild degree of humoral 
hypersensitivity reaction developed in about 50% of the 
patients, but almost all were managed conservatively, and 
the reactions eventually disappeared despite continuous 
exposure to the enzyme.

Gene therapy by means of AAV vectors containing 
human cDNA for IDUA has resulted in enzymatic cor-
rection and cellular cross-correction of affected cells.423 
In contrast to intravenous administration,424 intrathecal 
injection of AAV vectors carrying the IDUA sequence 
into cerebrospinal fl uid was reported.425 This procedure 
was successful in restoring enzyme activity in the brain. 
In general, IDUA activity correlated with vector dose. 
High doses of vector resulted in enzyme levels close to 
normal in the brain. Histopathologic analysis revealed 
that the number of cells with storage vacuoles was 
reduced. Thus far, no human trials have been reported 
with this approach in MPS I.

Finally, the fi nding that treatment of human cells 
carrying stop codon mutations in the IDUA gene with 
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gentamicin increases protein production has led to the 
proposal of a novel therapeutic approach. This antibiotic 
suppresses stop mutations within certain genes, and 
therefore it would be expected that protein production 
could be restored to a certain extent. At least in morpho-
logic studies of such cells, lysosomal accumulation of 
mucopolysaccharides was quickly reduced after treat-
ment with this substance.426 Enhanced stop codon read-
through will be a potential treatment strategy for a large 
subgroup of MPS I patients.

Mucopolysaccharidosis Type II 
(Hunter’s Syndrome)

Hunter’s syndrome is an X-linked recessive disorder that 
has a broad spectrum of clinical phenotypes ranging from 
a mild to a severe form. All forms of the syndrome result 
from a defi ciency of the lysosomal enzyme iduronate-2-
sulfatase (IDS). The severe type has many features similar 
to those of Hurler’s syndrome. These patients are char-
acteristically seen between 2 and 4 years of age with 
coarse facial features, progressive mental retardation, 
progressive deafness, short stature, dysostosis multiplex, 
stiff joints, and hepatosplenomegaly. Atypical retinitis 
pigmentosa or retinal degeneration may occur, but unlike 
patients with Hurler’s syndrome, the corneas remain 
clear. These patients are hirsute and may have white 
nodular skin lesions on the posterior of the thorax and 
upper part of the arms. Cardiac involvement is also 
common and may be manifested as aortic valve stenosis 
or mitral insuffi ciency, which could be severe and life 
threatening. Isolated mitral valve prolapse has also been 
reported.427 The presence or absence of these lesions does 
not necessarily correlate with the severity of the disease. 
Survival beyond adolescence is rare.

In the mild form of Hunter’s syndrome, minimal to 
no CNS involvement is characteristically seen, and 
patients survive into adult life. Some of the somatic fea-
tures described in the severe form of Hunter’s syndrome 
also develop in these patients, but at a slower rate of 
progression. Hearing impairment, carpal tunnel syn-
drome, joint stiffness, degenerative arthritis of the hips, 
heart disease, and hepatosplenomegaly may occur. Older 
adult patients have rosy cheeks and a hoarse voice.

The human IDS gene has been isolated, cloned, and 
sequenced.428 It is a large gene that spans about 24 kb and 
contains nine exons. It is located on the Xq27-28 bound-
ary.429 Because IDS is defi cient in all forms of Hunter’s 
disease, it has been diffi cult to distinguish the clinical 
phenotypes biochemically. The clinical heterogeneity is 
believed to be a result of the different mutations found on 
the IDS gene. Thus far, 319 mutations have been described, 
including deletions, major rearrangements, and missense 
and nonsense point mutations (Human Gene Mutation 
Database).86,430 In some very severe cases with unusual 
features, complete defi ciency of the gene may be associ-
ated with loss of adjacent loci, suggestive of a contiguous 

gene syndrome. Mutation analysis may help identify the 
various forms of Hunter’s disease. A 140-kb pseudogene-
like structure (IDS2 gene) has been identifi ed that is 
20 kb distal to the active IDS gene.431 The protein that it 
codes is identical to IDS except for absence of the 207–
amino acid carboxyl-terminal domain.432 Further studies 
will probably clarify its contribution to the clinical hetero-
geneity seen in Hunter’s syndrome.

The diagnosis of Hunter’s syndrome is occasionally 
considered in females with defi ciency of IDS. However, 
on further study, some of these patients have been deter-
mined to have mucosulfatidosis (multiple sulfatase defi -
ciency). One female patient with Hunter’s disease was 
found to have a mutation on the paternal IDS locus that 
resulted in both a defi ciency of IDS and inactivation of 
the maternal, structurally normal X chromosome.433 
Determination of heterozygosity is valid only when 
enzyme activity is reduced to levels less than 50% of 
normal. Normal levels of IDS activity in females with 
relatives who have Hunter’s syndrome do not rule out 
heterozygosity. One method for carrier diagnosis uses 
35S-labeled sulfate incorporated into fi broblasts in the 
presence of fructose 1-phosphate. In the cell population, 
uptake of IDS produced by the normal cells in culture is 
prevented, and 35S-labeled acid mucopolysaccharide 
therefore accumulates.434

Prenatal diagnosis has been accomplished with speci-
mens from a variety of sources, including chorionic villi435 
and fetal plasma.436

Treatment

At present, the therapeutic approaches for MPS II are 
ERT and BMT, although these therapies have some limi-
tations. Successful transfection of affected human cells 
has been achieved with specially designed retroviral 
vectors, which led to an increase in enzymatic activity of 
up to 49%.437 A phase II/III clinical study of ERT was 
reported.438 Although recombinant human IDS (idursul-
fase) was generally well tolerated, antibodies against the 
recombinant enzyme were found in almost 50% of 
patients during the study. Recently, an approach to gene 
therapy involving the use of AAV vectors for the treat-
ment of MPS II in mice has been described. Viral parti-
cles were administrated to adult mice with MPS II.439 
IDS activity was completely restored in the plasma and 
tissue of all the treated mice and resulted in complete 
clearance of the accumulated GAGs in all tissues ana-
lyzed, normalization of GAG levels in urine, and correc-
tion of the skeletal abnormalities. These results suggest 
that this approach could be promising for the systemic 
treatment of patients with Hunter’s syndrome.

Mucopolysaccharidosis Type III (Sanfi lippo’s 
Syndrome Types A, B, C, and D)

Patients with Sanfi lippo’s syndrome characteristically 
have progressive CNS disease but only mild physical 
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stigmata typically associated with the mucopolysacchari-
doses. This feature makes Sanfi lippo’s disease a very dif-
fi cult entity to diagnose unless a high level of suspicion 
exists. In fact, it has been suggested that MPS III is prob-
ably more common than expected in institutions for the 
mentally handicapped. The mental retardation is usually 
extreme, although survival to adulthood is possible. 
Affected children are typically seen between 2 and 6 years 
of age with delayed development, marked hyper -
activity with aggressive behavior, sleep disorders, and 
hirsutism. Joint stiffness and, in some patients, mild 
hepatosplenomegaly and hearing loss may be present. 
There is minimal skeletal involvement with mild dysos-
tosis multiplex and usually normal stature for age. Radio-
logic signs include thickening of the calvaria and a 
biconvex confi guration of the dorsolumbar vertebral 
bodies. The diagnosis may be delayed in these patients 
because of the mild somatic and radiographic features 
and a high incidence of false-negative results in the 
urinary screening test for mucopolysaccharides. Corneal 
opacities are absent.405

It is not clear why the selective CNS degeneration 
occurs in this variant of mucopolysaccharidosis. Recent 
studies have suggested that in addition to abnormal accu-
mulation of mucopolysaccharide, excessive GSL deposits 
are also present.440,441 GM3, GD3, and lactosyl ceramide 
were the principal GSLs accumulated in MPS IIID 
caprine brain specimens. These changes were attributed, 
in part, to the reduction in sialidase and UDP-N-acetyl-
galactosamine: GM3 N-acetylgalactosaminyltransferase 
(GalNAc-T) activities in MPS IIID caprine brain. Patho-
logic accumulation of subunit c of mitochondrial ATP 
synthase has been identifi ed in the neuronal lysosomes 
of the MPS IIIB mouse model.442

All patients with Sanfi lippo’s syndrome seem to 
conform to a single phenotype, yet four forms can be 
distinguished enzymatically; all of them are transmitted 
in an autosomal recessive fashion. In the type A variant, 
an N-sulfatase also known as sulfamidase (heparan-N-
sulfatase) is defi cient. Its gene localizes to chromosome 
17q25.3,443 and about 62 different mutations have been 
described.444

The other variants are caused by defi ciencies 
in O-sulfatases. In the type B variant, an α-N-
acetylglucosaminidase is absent. This variant is particu-
larly important in Sanfi lippo’s disease because a murine 
model is available and trials of ERT have been attempted 
with promising results.445 Recently, the gene for the type 
C variant has been discovered, an acetyl coenzyme A 
(CoA)/acetyltransferase. It is a transmembrane protein 
76 gene (TMEM76) that encodes a 73-kd protein with 
predicted multiple transmembrane domains and glyco-
sylation sites.446 In the type D variant, the defi cient 
enzyme is N-acetylglucosaminide-6-sulfatase.

Although the type A variant can cause the most 
severe effects of the four variants, with an earlier onset, 
rapid progression of symptoms, and shorter survival, 
patients with mild disease have been reported.447 Type B 

is believed to have milder features, whereas type C may 
be intermediate between types A and B. Overall, the 
ultimate factor differentiating among the variants is bio-
chemical analysis. Carriers of these diseases can be dis-
tinguished by enzyme assay, and prevention of each type 
is possible through prenatal diagnosis.

Treatment

Different therapeutic approaches have been tested in the 
animal models available for MPS III. MPS IIIA mice 
treated at birth with recombinant sulfamidase demon-
strated a reduction in storage material in cells of the CNS 
and general improvement in body weight, behavior, and 
ability to learn.448 In another trial, injection of recombi-
nant human sulfamidase into cerebrospinal fl uid via the 
cisterna magna in the CNS was shown to reduce lyso-
somal storage in different neural cells. An immune 
response to the recombinant protein was observed.449 A 
substrate inhibitor, rhodamine B, has been shown to sup-
press GAG chain synthesis by inhibiting the formation 
of sugar precursors or the activity of glycosyltransferases, 
or both. Use of rhodamine B has been shown to diminish 
visceral symptoms and improve the behavioral aspects of 
murine MPS IIIA without causing any apparent side 
effects.450 A gene therapy approach involving intraven-
tricular injection of recombinant AAV in a mouse model 
of MPS IIIA was recently reported. Treatment with a 
recombinant AAV vector resulted in a visible reduction 
in lysosomal storage and infl ammatory markers in trans-
duced brain regions in the treated animals and general 
improvement in both motor and cognitive function. 
These results suggest that early treatment of CNS lesions 
by AAV-mediated intraventricular injection may be a fea-
sible therapy for MPS IIIA.451

Gene therapy with genetically modifi ed bone marrow 
transduced with human NAGLU cDNA in a mouse 
knockout model for MPS IIIB showed that genetically 
modifi ed cells of hematopoietic origin can reduce the 
pathologic manifestations of MPS IIIB.452 Transplanted 
human umbilical cord blood was used in another thera-
peutic approach and demonstrated that umbilical cord 
blood cells are able to survive long-term, migrate into the 
CNS and peripheral organs, and reduce GAGs in the 
livers of treated mutant mice.453 A combined approach 
involving intravenous and intracisternal injection was 
used to achieve CNS delivery of an AAV vector for treat-
ing MPS IIIB in young adult mice. This treatment 
resulted in a signifi cantly prolonged life span of the 
treated mice and variable correction of lysosomal storage 
pathology in the CNS and different visceral organs.453

Lentiviral-mediated gene transfer via systemic injec-
tions has been tested on an MPS IIIB mouse model. 
Long-term analysis has demonstrated that integration of 
the viral genome persists in target tissues and is accom-
panied by a decrease in GAG levels in several visceral 
tissues.180

Finally, a spontaneous caprine model for MPS IIID 
was used to evaluate the potential effi cacy of ERT. 
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Recombinant caprine enzyme was administered systemi-
cally to one MPS IIID goat kid at different weeks of age. 
A signifi cant reduction in lysosomal storage material in 
the hepatic cells of the treated animal was detected, but 
ERT had no effect on the CNS lesions.455

Mucopolysaccharidosis Type IV (Morquio’s 
Syndrome [Types IVA and IVB])

Children with Morquio’s syndrome usually have normal 
intelligence and a generalized skeletal dysplasia. MPS 
IVA and IVB result from two different enzyme defi cien-
cies. MPS IVA is associated with a defi ciency of the 
lysosomal enzyme N-acetylgalactosamine-6-sulfatase 
(GALNS, galactosamine-6-sulfatase), whereas MPS IVB 
is caused by a defi ciency of lysosomal β-gal (see 
“GM1-Gangliosidosis” earlier). Both variants result 
in a defect in the degradation of keratan sulfate. There-
fore, excessive keratan sulfate is excreted in the urine of 
the patients.

Based on age at onset and severity of the bone dys-
plasia, type A is subdivided into three clinical subtypes 
(severe, intermediate, and mild forms). In the severe 
form, skeletal deformities begin to appear between 1 and 
2 years of age. These children have a short neck and 
trunk, a prominent sternum, kyphosis, a waddling gait, 
bowed knees, and excessive excretion of keratan sulfate 
and chondroitin 6-sulfate. Absence or severe hypoplasia 
of the odontoid process of the second cervical vertebra 
results in atlantoaxial subluxation and subsequent cervi-
cal myelopathy. The maxilla is broad, and the dental 
enamel is abnormally thin. The joints are loose and 
hypermobile. The facial features become coarse, and 
deafness and mild corneal clouding develop. The major 
medical problem in adult life is cardiorespiratory insuf-
fi ciency secondary to valvular heart disease and restric-
tions in size and motion of the thoracic cage.

In the mild phenotypic form, the disease progresses 
slowly, and patients are less severely affected. The broad 
spectrum of clinical phenotypes seen in MPS IVA corre-
lates with different mutations of the GALNS gene, local-
ized to chromosome 16q24.456-458 Specifi c DNA analysis 
and polymorphic markers for carrier detection and pre-
natal diagnosis are available for families at risk for the 
disease.459

MPS IVB was initially thought to be a mild form of 
Morquio’s syndrome because the symptoms were less 
pronounced than those in MPS IVA. However, ensuing 
reports have described patients with MPS IVB whose 
clinical symptoms were as severe as those seen in the 
severe form of MPS IVA.460,461 Children with MPS IVB 
demonstrate a variety of bone and connective tissue 
abnormalities without major neurologic impairment. A 
variety of mutations of the GLB1 gene have been found 
to cause different phenotypic expressions. Some muta-
tions may affect the catabolism of both GM1 and keratan 
sulfate and cause a phenotype overlapping between that 

of GM1-gangliosidosis and Morquio IVB, with both neu-
rologic and skeletal manifestations.462,463 Other amino 
acid changes only impair the activity of β-gal toward 
keratan sulfate. However, as discussed earlier, the β-gal 
precursor mRNA can give rise to an alternative spliced 
transcript that encodes EBP.349 Mutations that affect 
both β-gal and EBP are believed to cause abnormal 
elastin fi ber assembly and deposition in the extracellular 
matrix and to worsen the connective tissue and bone 
abnormalities characteristic of this disease.

Treatment

Except for management of its skeletal and spinal compli-
cations, no therapy is available for this condition.

Mucopolysaccharidosis Type VI 
(Maroteaux-Lamy Syndrome)

MPS VI is a clinically heterogeneous syndrome with 
severe, intermediate, and mild forms. Many of the signs 
and symptoms of Hurler’s syndrome are also present in 
children with Maroteaux-Lamy syndrome, including 
short stature, clawhand deformities, coarse facies, umbil-
ical or inguinal hernias, marked corneal clouding, and 
deafness. Sleep apnea may occur. These children may 
require shunting for progressive hydrocephalus. Contrac-
tions of the knees, hips, and elbows cause the children to 
assume a crouched stance. Involvement of the heart 
valves with associated murmurs and heart disease is 
common. Acute infantile cardiomyopathy has been 
reported as an initial symptom in Maroteaux-Lamy syn-
drome.464 The preservation of intellect in this syndrome 
clearly differentiates it from Hurler’s syndrome. Like 
Morquio’s syndrome, there is hypoplasia of the odontoid 
process with subluxation of the C1 vertebra onto C2. 
Diffuse thickening of the dura and ligaments covering the 
spinal cord can cause chronic nerve root entrapment and 
myelopathy and necessitate laminectomy and opening of 
the dural sac.465 Female patients with the mild variant 
require cesarean section to deliver a child because of 
involvement of their pelvic ligaments in the disease 
process.

Leukocytes from patients with Maroteaux-Lamy 
syndrome present a more striking picture of metachro-
matic inclusions than do leukocytes in most other 
mucopolysaccharidoses.

The lysosomal enzyme arylsulfatase B (ARSB, 
galactosamine-4-sulfatase) is defi cient in this syndrome. 
Defi ciency of the enzyme results in the accumulation of 
dermatan sulfate in tissues, primarily connective tissue, 
and in reticuloendothelial lysosomes and urine. The 
ARSB gene has been sequenced and cloned, and many 
mutations have been identifi ed, with some exhibiting 
genotype/phenotype correlation.466 Mutation analysis has 
demonstrated broad molecular heterogeneity in this syn-
drome, which should be expected because of the associ-
ated clinical heterogeneity.467
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Treatment

BMT in several patients resulted in restitution of ARSB 
levels in both circulating leukocytes and the liver. At 1 to 
9 years of follow-up, clinical improvement with regres-
sion of hepatosplenomegaly and improved joint mobility 
was noted. This treatment has been shown to prolong 
survival and improve quality of life.139

ERT with the recombinant product has been success-
fully attempted in the feline model of this condition,103 
and phase I and II human clinical trials are currently 
under study.* On the basis of the phase I/II results, a 
phase II study in patients with severe disease was initiated 
primarily to evaluate effi cacy. ERT was shown to improve 
mobility and joint function and reduce urinary excretion 
of GAGs.468 Cultured fi broblast ARSB mutant protein 
and residual activity were determined for each patient 
and, together with genotype information, used to predict 
the expected clinical severity of each patient.469

Gene therapy has also been attempted in the same 
feline animal model.470 After gene transfer, muscle or 
liver can theoretically be converted into factories for sys-
temic secretion of ARSB, thereby leading to uptake by 
nontransduced cells. In a recent study, newborn MPS VI 
rats and cats were injected with AAV vectors expressing 
ARSB under the control of liver-specifi c, muscle-specifi c, 
or universally active promoters. Systemic or intramuscu-
lar injection of AAV resulted in curative levels of ARSB 
that improved the skeletal abnormalities and signifi cantly 
reduced GAG storage, infl ammation, and apoptosis. This 
study suggests that AAV-mediated expression of ARSB 
from the liver could represent a potential therapeutic 
approach for MPS VI.471

Mucopolysaccharidosis Type VII 
(Sly’s Syndrome)

More than 30 cases of mucopolysaccharidosis with β-
glucuronidase defi ciency have been observed since the 
publication of Sly and colleagues’ original case report in 
1973.472 The clinical manifestation, however, has been 
quite varied. The original patient exhibited slowing of 
development at 2 to 3 years of age, coarse facial features, 
anterior chest deformity, hepatosplenomegaly, bilateral 
inguinal hernias, and clear corneas. He died at 19 years 
of age. At the time of his death he had dysostosis multi-
plex and extensive cardiovascular lesions, including arte-
rial stenosis and marked fi brous thickening of the 
atrioventricular and aortic valves. There were only trace 
amounts of β-glucuronidase in multiple tissues postmor-
tem. Various tissues demonstrated accumulation of chon-
droitin 4- and 6-sulfate.473

Other patients have had onset in infancy, clouding of 
the corneas, and dysostosis multiplex. Hydrops fetalis 

was described in two infants; one died less than an hour 
after delivery and the other died at 6 months of age.474 
Patients with onset after 4 or 5 years of age are less 
likely to have cloudy corneas, pectus carinatum, hernia, 
short stature, or developmental delay.475 Characteristics 
common to all patients with this syndrome are recurrent 
bouts of pneumonia during infancy and the abundant 
coarse granulations characteristic of Alder-Reilly bodies 
in their granulocytes. The excessive excretion of muco-
polysaccharides may not be present in some patients.476

The gene encoding β-glucuronidase (GUSB)477 has 
been localized to chromosome 7q21.1-q22.478 Mutational 
analysis of the original patient with Sly’s syndrome 
demonstrated a compound heterozygote with a missense 
mutation in exon 12 and a nonsense mutation in exon 7. 
Several other mutations have been described, among 
them the A354V and R611W substitutions identifi ed in 
the fi rst reported occurrence of nonimmune hydropic 
MPS VII.479 These mutations correlate with the severe 
form of the syndrome. Prenatal diagnosis is available with 
chorionic villus and amniotic fl uid sampling.480

Treatment

Naturally occurring dog and mouse models of β-
glucuronidase defi ciency were identifi ed in the eight-
ies.481,482 Because the clinical manifestations are quite 
similar to the corresponding human conditions, 
these animals, in particular the mouse model, have been 
extensively exploited for testing numerous therapeutic 
protocols, including BMT, ERT, and ex vivo and in vivo 
gene therapy.405 Neural progenitor cells have been trans-
planted into the CNS of newborn mice with the enzyme 
defi ciency. β-Glucuronidase activity was found to be 
expressed along the entire neuraxis, which resulted in 
correction of the storage disease in the neurons and glia 
of the affected mice.483 BMT has also been attempted in 
the mouse with some success.484 ERT studies in the 
mouse model suggested that therapeutic enzyme can be 
delivered across the blood-brain barrier in adult mice if 
administered at higher doses than conventionally used in 
ERT trials.485 A gene therapy study involving a murine 
model of MPS VII has been reported. Injection of AAV 
vectors containing β-glucuronidase into different regions 
of the brain was able to correct LSDs. The treated MPS 
VII mice showed improvement in spatial learning and 
memory, thus suggesting that this therapy could be effec-
tive in curing the CNS pathology.486

Mucosulfatidosis (Multiple 
Sulfatase Defi ciency)

The clinical phenotype of patients with mucosulfatidosis 
(multiple sulfatase defi ciency) combines the features of 
late infantile metachromatic leukodystrophy with those 
of a mucopolysaccharidosis.487 Metachromatic leukodys-
trophy alone does not affect the reticuloendothelial 
system. It results from failure to degrade cerebroside *Kakkis E: Personal communication, BioMarin Corp.
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sulfate because of defi ciency of arylsulfatase A. Meta-
chromatic leukodystrophy leads to widespread degenera-
tion of both central and peripheral myelin and subsequent 
spastic tetraparesis, blindness, peripheral neuropathy, 
and an elevation in cerebrospinal fl uid protein content.

Neonatal, late infantile, and juvenile forms of 
multiple sulfatase defi ciency have been described. In the 
early-onset form, facial dysmorphism, a short neck, hepa-
tomegaly, vertebral hypoplasia, and epiphyseal dysplasia 
are present from birth. The early development of children 
with the late infantile form is usually less advanced than 
that of children with late infantile metachromatic leuko-
dystrophy. The child may learn to sit and stand but does 
not develop speech and regresses after the second year, 
with previously acquired skills being lost. The forehead 
is prominent and the nasal bridge fl attened. There may 
be an excessive startle reaction, spasticity, and extensor 
plantar responses. Seizures eventually appear. Hepato-
splenomegaly has been reported in some patients. Many 
have had ichthyosis. The corneas are clear, and the 
maculae are abnormally gray. The skeletal changes are 
similar to those found in the mucopolysaccharidoses and 
include lumbar kyphosis, a prominent sternum, broad 
phalanges, and a J-shaped sella turcica. A less severe form 
beginning after 5 years of age with survival into the third 
decade has also been described.

A child with multiple sulfatase defi ciency accumu-
lates not only cerebroside sulfate but also cholesterol 
sulfate and sulfated mucopolysaccharides because of defi -
ciencies of 17 different sulfatases, including arylsulfatases 
A and B, steroid sulfatase, heparan-N-sulfatase, iduronate 
sulfatase, and galactosamine-6-sulfatase. In tissue culture, 
these defi ciencies can be partially corrected by maintain-
ing the cells in a medium at high pH (pH 7.4) or by the 
addition of sodium thiosulfate. Laboratory tests for this 
disease should include a search for Alder-Reilly bodies in 
circulating granulocytes and bone marrow, a Berry spot 
test for mucopolysacchariduria, and determination of 
arylsulfatase A and B activity in leukocytes. Prenatal diag-
nosis may be achieved by chorionic villus sampling and 
detection of specifi c mutant alleles.488

In two of the sulfatases, structural analysis has indi-
cated that in place of a cysteine residue normally expected 
on the basis of their cDNA sequence, a 2-amino-3-
oxopropionic acid residue appears. However, in the sul-
fatases derived from cells with multiple sulfatase 
defi ciency, the cysteine residue is retained. This suggests 
that the defect in multiple sulfatase defi ciency is failure 
of the cotranslational or post-translational conversion 
of a cysteine to 2-amino-3-oxopropionic acid or α-
formylglycine.489 The gene mutated in multiple sulfatase 
defi ciency has been identifi ed by different approachs490,491 
and has been named sulfatase-modifying factor 1 
(SUMF1). SUMF1 is responsible for conversion of the 
cysteine residue located in the active site of all the sulfa-
tases to α-formylglycine. Recently, a mouse line carrying 
a mouse model for multiple sulfatase defi ciency has been 
generated. Similar to patients with multiple sulfatase 
defi ciency, the mouse model defi cient in Sumf1 displays 
frequent early mortality, congenital growth retardation, 
skeletal abnormalities, and neurologic defects.492

GLYCOPROTEINOSES AND MUCOLIPIDOSES

In 1970, Spranger and Wiedemann493 established a new 
category of storage diseases for patients who exhibited 
the clinical features of Hurler’s disease (the so-called 
“mucopolysaccharidosis phenotype”) without an excess 
of urinary mucopolysaccharides. The term mucolipidosis 
was selected to indicate the coexistence in these patients 
of signs and symptoms typical of both the mucopolysac-
charidoses and the sphingolipidoses. Although excretion 
of mucopolysaccharides is not seen, the urine of these 
patients contains large quantities of oligosaccharides 
identical in structure to the carbohydrate side chains in 
glycoproteins. Therefore, the name glycoproteinoses 
more appropriately refers to this group of LSDs, whose 
common hallmark is the genetic defect of a lysosomal 
protein involved in the catabolic pathway of glycoproteins 
(Fig. 24-6; also see Table 24-4). The defi cient protein 
may be a glycosidase, a protease, or a lysosomal mem-
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brane carrier that expels catabolic products into the 
cytosol. Degradation of glycoproteins begins with the 
action of exoglycosidases, which degrade the glycan 
portion of these substrates in a stepwise manner starting 
at their nonreducing end. The lack of a single enzyme 
leads to complete blockage of the catabolic chain and 
results in the accumulation of undegraded oligosaccha-
rides and glycopeptides in lysosomes. Elevated urinary 
excretion of oligosaccharides is also diagnostic of these 
diseases.494 The oligosaccharides are of two types: sialy-
loligosaccharides and neutral oligosaccharides.

High sialyloligosaccharide concentrations correlate 
with a primary or secondary defi ciency of the acid lyso-
somal neuraminidase 1 (NEU1, sialidase), which is asso-
ciated with sialidosis and galactosialidosis, two autosomal 
recessive LSDs primarily affecting the reticuloendothelial 
system.495,496 The early infantile variant of sialidosis was 
known as mucolipidosis I in the past. Similar fi ndings 
occur secondarily in mucolipidosis II and III. In these 
LSDs, which are two phenotypic variants of the same 
enzyme defi ciency, the primary defect is in post-
translational modifi cation of the carbohydrate unit that 
is common to most lysosomal enzymes (i.e., the M6P 
recognition marker). This is required for uptake of these 
enzymes from the cell surface. The latter is not formed 
because of a defi ciency of N-acetylglucosamine phos-
photransferase, and consequently the intracellular content 
of several soluble lysosomal enzymes (including neur-
aminidase) is reduced.

Laboratory screening for these diseases is accom-
plished by thin-layer chromatographic analysis of urine 
for oligosaccharides and sialyloligosaccharides and by 
quantitation of free sialic acid in urine.67 In these condi-
tions, mucopolysaccharides are not present in excess in 
the urine. On the basis of these tests, the activities of the 
relevant lysosomal enzymes are then examined in leuko-
cytes or fi broblasts.

Sialidosis

Sialidosis (formerly mucolipidosis I) is caused by defi -
ciency of NEU1 (sialidase).496 The enzyme is encoded by 
the NEU1 gene on chromosome 6p21.3 and is genomi-
cally positioned inside the major histocompatibility 
complex.497 In mammalian tissues, three additional neur-
aminidases—NEU2, NEU3, and NEU4—have been 
identifi ed that differ in their subcellular distributions, pH 
optimum, kinetic properties, response to ions and deter-
gents, and substrate specifi city.498,499 Of the four, only 
NEU1 is expressed in all tissues, albeit at different 
levels,500,501 and is the only mammalian sialidase that is 
clinically relevant. The importance of these enzymes in 
normal cellular physiology is illustrated by the numerous 
metabolic processes that they control, including cellular 
proliferation and differentiation, cell adhesion, mem-
brane fusion and fl uidity, immunocyte function, and 
receptor modifi cation.499

NEU1 initiates the intralysosomal hydrolysis of sialo-
oligosaccharides and sialoglycoproteins by removing 
their terminal sialic acid residues. In both human and 
murine tissue, lysosomal neuraminidase forms a complex 
with at least two other proteins, β-gal and the protective 
protein/cathepsin A (PPCA).495,502 By virtue of their asso-
ciation with PPCA, NEU1 and β-gal acquire their active 
and stable conformation in lysosomes. However, NEU1 
strictly depends on PPCA for correct compartmentaliza-
tion in lysosomes, which makes it unique among other 
mammalian sialidases. This is because the protein is 
poorly mannose-6-phosphorylated and requires PPCA 
for transport through the biosynthetic pathway and to 
remain catalytically active once in lysosomes.503 Thus, 
PPCA appears to function as a chaperone/transport 
protein that is crucial to NEU1 both in route to and 
within the lysosome. Only a small amount of PPCA and 
β-gal activity is consistently found in the NEU1/PPCA/β-
gal complex, which contains all of the neuraminidase 
activity. This fi nding further supports the notion that 
NEU1 is not active outside the protein complex.

Genetic evidence of the dependence of NEU1 on its 
interaction with PPCA to remain catalytically active is 
illustrated by the LSD galactosialidosis (discussed later). 
The latter condition is caused by a primary defect in the 
PPCA gene, but the clinical manifestations in patients 
are mostly attributed to the secondary defi ciencies of 
NEU1 and β-gal. Therefore, sialidosis and galactosialido-
sis patients share many of their clinical and biochemical 
features. However, differences in onset, severity, and 
range of symptoms are associated with both diseases.

In addition to its known lysosomal activity, NEU1 
may be involved in releasing sialic acids from cell surface 
glycoconjugates of neutrophils and monocytes during 
infl ammatory or immune responses, as indicated by 
increasing evidence.504,505 NEU1 may also regulate 
sialylation at the surface of immature thymocytes and, in 
turn, control T-cell response during development and 
differentiation.506 Thus, NEU1 has a potential role in 
processes that infl uence the functional capacity of cells 
in the hematopoietic and immune systems.

Correct diagnosis of either sialidosis or galactosiali-
dosis can be achieved by measuring the catalytic activity 
of cathepsin A, NEU1, and β-gal. To date, more than 20 
unique mutations have been identifi ed, most of which are 
missense mutations that result in single amino acid sub-
stitutions and involve conserved amino acids or are 
located within conserved regions of the enzyme.497,507-512

Sialidosis Type I (Normomorphic Sialidosis, 
Cherry-Red Spot/Myoclonus Syndrome)

Type I sialidosis is also referred to as “cherry-red spot–
myoclonus” syndrome and is the attenuated form of this 
disease. Generally, patients have no obvious physical fea-
tures, and their intelligence is normal or only slightly 
impaired. The disease is recognized in the second or third 
decade of life with the onset of gait abnormalities, 
decreased visual acuity, or both.513-517 The visual loss is 
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progressive and associated with bilateral macular cherry-
red spots that may fade later in the course of the disease. 
In some patients, small punctate opacities occur in the 
lens.

The most striking clinical feature is myoclonus, 
which may be precipitated by voluntary movements, the 
thought of movement, passive joint movements, or light 
touch or sound stimuli. Initially there are intention 
tremors and diffi culty with fi ne motor movements, but 
eventually the myoclonus becomes so disabling that 
despite continued normal muscle strength, patients 
cannot speak, feed themselves, walk, or even roll over in 
bed. The deep tendon refl exes are increased. Leg tremors 
and generalized seizures may occur in the early morning 
before awakening. Myoclonic jerking is more severe in 
the premenstrual phase of the monthly cycle. As the 
disease progresses, the patient is confi ned to a wheelchair 
and is helped by passive restraints on the limbs. Anticon-
vulsants suppress the convulsions but do not decrease the 
myoclonus dramatically. A signifi cant reduction in action 
myoclonus has occurred in a few patients with the use of 
5-hydroxytryptophan, with the best response noted in 
combination with carbidopa.518 However, the disease has 
an inexorable and relentlessly progressive course.

Though disabled, patients have continued to be 
intellectually active. Sensation is normal, and there are 
no Hurler disease–like features such as corneal cloudi-
ness, hepatomegaly, or bone or joint abnormalities. In a 
few patients, scoliosis has developed late in the course of 
the disease. Some patients have complained of severe 
pain in the hands and feet during hot weather of the type 
observed in Fabry’s disease.

A few vacuolated lymphocytes may be seen in the 
peripheral blood smear, and foamy histiocytes have been 
described in the bone marrow. Nerve cells contain PAS-
positive material that can be removed with alcohol fi xa-
tion. Electron microscopic examination discloses vacuoles 
in the abnormal bone marrow cells and in Kupffer cells. 
Most of these vacuoles are empty, but some contain fi ne 
fi brillar material or electron-dense bodies. The sialic acid 
content of cultured fi broblasts may be normal or ele-
vated,517 but there is an increase in sialic acid–containing 
compounds in the urine.

Sialidosis Type II (Dysmorphic Sialidosis)

The type II form of sialidosis can be subdivided into con-
genital, infantile, and juvenile types, all of which feature 
dysmorphic facies and complete absence of NEU1 activ-
ity.496,508,519 More than 10 patients with congenital sialido-
sis type II have been reported; 2 were stillborn infants 
with hydrops fetalis, ascites, hepatosplenomegaly, stip-
pling of the epiphyses, and periosteal cloaking of the long 
bones.520 Patients in this group were reported to also have 
severely reduced β-gal activity (5% to 10%), which may 
mean that many of the patients in this subgroup may actu-
ally suffer from early infantile galactosialidosis.

When the disease is manifested at birth, the infants 
have coarse puffy facies, a depressed nasal bridge, and a 

broad maxilla. Development is slow, but by 2 years of age 
the child can walk and speak single words. Many skeletal 
abnormalities are found, and radiologic examination 
reveals fi ndings typical of dysostosis multiplex. The trunk 
is short and the extremities are relatively long. There may 
be a thoracic deformity of either the pectus excavatum 
or carinatum type, and thoracic kyphosis is present. Joint 
mobility is mildly restricted. Radiographic signs include 
stippled epiphyses, ovoid vertebral bodies, and thickened 
calvaria. Eye examination discloses punctate lens opaci-
ties and a macular cherry-red spot. Other signs include 
inner ear hearing loss, mild gingival hyperplasia, widely 
spaced teeth, and hepatomegaly.

Mental retardation is evident from an early age, and 
progressive neurologic deterioration occurs during child-
hood. Initially, the gait is broad based and waddling, but 
as muscle wasting and weakness develop, the patient 
exhibits further unsteadiness and then is unable to walk. 
Slowing of nerve conduction velocity suggests that these 
neurologic diffi culties may be due to a degenerative neu-
ropathy. Gross myoclonus and a tonic-clonic seizure dis-
order may develop, and death occurs later in childhood 
or adolescence.

In peripheral blood smears, a small number of lym-
phocytes and monocytes may contain large cytoplasmic 
vacuoles. Fine abnormal granulations may also be present 
in these cell types and granulocytes. Foam cells are found 
in the bone marrow. These cells contain vacuoles of dif-
ferent size that appear under the electron microscope as 
single membrane-bound clear inclusions. Similar cyto-
plasmic inclusions have also been found in liver, cartilage, 
and cultured fi broblasts. Neuronal storage has been dem-
onstrated, and sural nerve biopsy has revealed myelin and 
axonal degeneration.

The quantity of bound sialic acid in the leukocytes 
and fi broblasts of these patients is increased severalfold, 
whereas the sialyloligosaccharide content of their 
urine is several hundred times greater than normal.521,533 
Thin-layer chromatographic analysis of urine is therefore 
a very useful diagnostic test. There is a marked defi ciency 
of NEU1 activity in fi broblasts and a partial defi ciency 
of this enzyme in obligate heterozygotes. The juvenile 
form of sialidosis type II is manifested as mild develop-
mental delay and disproportionate stature with relatively 
long legs. Coarse facies are evident by 10 years of age, 
and radiographs reveal dysostosis multiplex. Intellect 
declines in adolescence. The patient becomes severely 
disabled, with death occurring in the second decade of 
life.

Galactosialidosis

Galactosialidosis is a neurosomatic disorder caused by 
mutation of the PPCA gene495,523,524 and is the only LSD 
that is associated with defi ciency of one of the lysosomal 
cathepsins. The physiologic consequences of total defi -
ciency of cathepsin A are still unclear, given that most 
phenotypic abnormalities characteristic of the disease 
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have been attributed to the secondary, profound loss of 
NEU1 activity. The PPCA gene maps to chromosome 
20q13.1 and overlaps with two other genes: with the 
phospholipid transfer protein (PLTP) gene at the 3′ 
end525 and with the gene encoding the neutralized-like 
protein OZZ at the 5′ end.526,527 The PPCA gene is tran-
scribed in the opposite orientation with respect to the 
OZZ gene, and the two genes share a minimal promoter; 
this rather unique genomic organization is conserved in 
the mouse and human. However, whereas PPCA is dif-
ferentially but ubiquitously expressed in all tissues and 
cell types, OZZ expression is restricted to skeletal muscle 
and the heart. The OZZ protein is a component of a 
RING-type ubiquitin ligase complex that is involved in 
muscle development, differentiation, and regeneration.527 
It is therefore conceivable that mutations affecting the 
PPCA gene may infl uence expression of OZZ and account 
for some of the phenotypes observed in galactosialidosis 
patients.

The PPCA transcript encodes a 480–amino acid 
serine carboxypeptidase that is structurally similar to 
yeast and plant serine carboxypeptidases.528 However, its 
protective function toward NEU1 and β-gal is unique to 
higher eukaryotic species, including fi sh, birds, and 
mammals. The 54-kd PPCA zymogen carries two N-
glycans and is conventionally routed to the endosomal/
lysosomal compartment via the M6P receptor. There is 
evidence in support of the view that both NEU1 and β-
gal are poorly mannose-6-phosphorylated and depend at 
least in part on interaction with PPCA for correct lyso-
somal routing. Once in the lysosome, the PPCA precur-
sor is activated by partial trypsin-like proteolysis of a 
short internal peptide that covers the catalytic pocket.529 
In lysosomes, the mature and active two-chain enzyme 
remains in complex with the other two glycosidases, 
which is essential for activation of NEU1 and stabiliza-
tion of β-gal. In the absence of functional PPCA, the 
enzyme complex is not formed and NEU1 looses its 
catalytic activity. In vitro mutagenesis experiments 
have demonstrated that the cathepsin A activity of PPCA 
is apparently not needed for formation of the multien-
zyme complex and the activities of NEU1 and 
β-gal.87,503,530,531

Besides its acidic carboxypeptidase activity, at neutral 
pH PPCA functions as a deamidase and esterase toward 
a selected number of neuropeptides, such as substance P 
and neurokinin, and can hydrolyze the C-terminal amino 
acid from oxytocin-free acid, bradykinin, and endothelin 
I. In addition, catalytically active cathepsin A was 
shown to be released from thrombin-stimulated platelets 
and from ionophore B–stimulated natural killer cells 
and was also detected in granules of human interleukin-
2–activated killer cells. All PPCA’s catalytic properties 
were severely reduced in lymphoblastoid cells and fi bro-
blasts from galactosialidosis patients. Together, these 
fi ndings show that PPCA may be important in metabolic 
processes such as inactivation of bioactive peptides or 
granzyme-mediated cellular cytotoxicity.532,533

Eleven amino acid substitutions identifi ed in mutant 
PPCAs from clinically different galactosialidosis patients 
have been modeled in a three-dimensional structure of 
the wild-type precursor form of PPCA.531,534-536 Nine of 
the mutations were located in positions that appeared to 
drastically infl uence folding and stability of the mutant 
protein. Two other mutations had a less disruptive effect 
on the protein structure. None of the mutations involved 
the active site or were located at the surface, where they 
could have disrupted the protective functions toward 
NEU1 and β-gal. Close correlation was noted between 
the clinical severity of the patient and the effect of the 
corresponding mutation on the structure of PPCA. The 
most plausible reason for the many mutations that affect 
the overall folding of the protein is that no single muta-
tion is likely to disrupt PPCA’s protective properties 
toward both NEU1 and β-gal.

The secondary severe loss of NEU1 activity probably 
accounts for most of the overt clinical manifestations in 
galactosialidosis patients and for the pathogenesis of the 
disease, which in many respects is similar to that of siali-
dosis. Light microscopy revealed the presence of foam 
cells in bone marrow and vacuolated lymphocytes in the 
peripheral blood of patients with galactosialidosis. Sialy-
loligosacchariduria is also diagnostic of the disease, 
although it is indistinguishable from that measured in 
sialidosis patients. More than 20 different sialyloligosac-
charides have been isolated from the urine of patients 
with galactosialidosis.537 Autopsy studies have shown the 
presence of fi broblasts and macrophages containing cyto-
plasmic vacuoles limited by a unit membrane in the 
lymph nodes, liver, and spleen. The brainstem nuclei and 
anterior horn cells were swollen with Sudan black B–pos-
itive granular material. Ultrastructurally, these inclusions 
consisted of membranous lamellar structures and multi-
lamellar arrangements mixed with vacuole-like granules 
of low electron density.538

Early Infantile Galactosialidosis

The most severe form of the disease has been reported 
in 19 patients and is manifested between birth and 3 
months of age as fetal hydrops, neonatal edema, coarse 
facies, proteinuria, inguinal hernias, and telangiecta-
ses.495,539-541 Other common features may include enlarge-
ment of the spleen and liver, kidney involvement, skeletal 
dysplasia most prominently in the spine, psychomotor 
delay, and severe neurodegeneration. Eye abnormalities 
such as corneal clouding and a cherry-red macula have 
been described in several infant patients. Cardiomegaly, 
a thickened septum, and cardiac failure have also been 
reported in several patients. Patients die on average at the 
early age of 7 months, probably as a result of renal or 
cardiac failure (or both).

Late Infantile Galactosialidosis

Thirteen patients have been reported with the late infan-
tile form of galactosialidosis.495,536,542,543 They are generally 
seen in the fi rst months of life with coarse facies, hepato-



 Chapter 24 • Storage Diseases of the Reticuloendothelial System 1343

splenomegaly, and dysostosis multiplex, again affecting 
the spine in particular. Ocular abnormalities such as 
cherry-red spots and corneal clouding were observed in 
several patients, whereas others had no ocular symptoms 
toward the end of their second decade of life. In addition, 
hearing loss has also been reported in several patients. 
Severe neurologic manifestations such as myoclonus and 
ataxia are absent in most patients, but very mild mental 
retardation has been reported in about 50% of cases. 
Progressive valvular heart disease characterized by thick-
ened mitral and aortic valves develops in most patients. 
One of the reported patients died at the age of 15; all 
others are alive, some into their second decade of life.

Juvenile/Adult Galactosialidosis

The juvenile/adult form of galactosialidosis comprises 
the largest group of patients.495,544,545 It owes its dual 
designation to the broad spectrum of clinical severity, 
symptoms, and age at onset, which varies from 1 to 40 
years with an average of 16 years. Patients in this group 
are predominantly of Japanese descent, and parental con-
sanguinity has been reported frequently. Patients have 
coarse facies but less pronounced than in most of the 
other LSDs. General myoclonus is rare, but some patients 
have spinal abnormalities. The most common symptoms 
include a cherry-red macula and corneal clouding with 
loss of visual acuity, cerebellar ataxia, and angiokeratoma. 
Neurologic symptoms include myoclonus, cerebellar 
ataxia, seizures, and progressive mental retardation. 
Remarkably, unlike the other two galactosialidosis groups, 
nearly all patients with the juvenile/adult form have no 
visceromegaly.

Molecular Aspects

In-depth understanding of the mechanisms of pathogen-
esis in sialidosis and galactosialidosis is likely to come 
from analysis of the corresponding animal models of 
these two LSDs. There are currently three mouse models 
with either primary or secondary neu1 defi ciency and the 
clinical manifestation of sialidosis and galactosialidosis. 
Neu1- and ppca-defi cient mice were generated by tar-
geted disruption of the neu1 and ppca genes.546,547

Though viable and fertile, ppca−/− mice have clinical, 
biochemical, and pathologic manifestations reminiscent 
of early-onset galactosialidosis early in life.548 As in 
affected children, massive oligosacchariduria is diagnos-
tic of the disease. In knockout mice, cells of the reticulo-
endothelial system are primarily affected. Extensive 
lysosomal storage is present in these cells of most organs, 
particularly the kidney, spleen, bone marrow, liver, intes-
tine, heart, and brain. Affected mice progressively dete-
riorate, with severe nephropathy and ataxia developing, 
and they succumb to the disease at around 10 months of 
age. The distribution of lysosomal ppca mRNA and ppca 
protein in normal adult mouse tissues coincides with 
the occurrence of lysosomal storage in ppca−/− mice.501 
The distribution of affected cells is particularly complex 
in the brain, where only selected neurons become affected, 

most notably those of the limbic system and cerebellum. 
The most overt morphologic changes are seen in the 
cerebellum, where loss of Purkinje cells starts to occur at 
approximately 2.5 months of age and progresses through-
out the life of the animal.

Neu1−/− mice display clinical abnormalities reminis-
cent of early-onset sialidosis in children. These homozy-
gous mice are infertile and die between the age of 6 and 
9 months. As is the case for galactosialidosis, the primary 
target of the disease is the reticuloendothelial system. 
Severe nephropathy, progressive edema, splenomegaly, 
kyphosis, and urinary excretion of sialylated oligosac-
charides are the main pathologic features. Although the 
sialidosis mouse model shares clinical and histopatho-
logic features with galactosialidosis mice, some pheno-
typic abnormalities seem to be specifi c for sialidosis mice, 
including progressive deformity of the spine, a high inci-
dence of premature death, age-related extramedullary 
hematopoiesis, and lack of early degeneration of cerebel-
lar Purkinje cells. The differences and similarities identi-
fi ed in these mouse models have helped investigators 
better understand the pathophysiology of these diseases 
in children and identify more targeted therapies for each 
of these diseases.

SM/J mice exhibit partial defi ciency of neu1 activity. 
This naturally occurring strain is homozygous for a point 
mutation that alters the affi nity of neu1 for its natural 
substrates and results in a mild sialidosis phenotype.501 
SM/J mice cannot elicit a TH2-mediated immune response 
because they cannot stimulate naïve T cells to become 
TH2 lymphocytes.548 These immunologic aberrations 
reiterate a potential role of Neu1 in the processing of 
sialoglycoconjugates at the plasma membrane.

Treatment

BMT in ppca−/− mice was performed with transgenic 
bone marrow overexpressing the corrective enzyme in 
either erythroid cells or monocytes/macrophages.546,549 
This strategy effectively improved the phenotype and 
encouraged the use of genetically modifi ed bone marrow 
cells for ex vivo gene therapy for galactosialidosis. Knock-
out mice that received hematopoietic progenitors trans-
duced with a murine stem cell virus (MSCV)-based, 
bicistronic retroviral vector overexpressing ppca afforded 
stable donor hematopoiesis. Complete correction of the 
disease phenotype in systemic organs was achieved up to 
10 months after transplantation.163 ppca+ hematopoietic 
and nonhematopoietic cells were detected in all tissues, 
with the highest expression in the liver, spleen, bone 
marrow, thymus, and lung, thus indicating effi cient 
uptake of the corrective protein and cross-correction. 
ppca expression in the brain occurred throughout the 
parenchyma but was localized mainly in perivascular 
areas; however, expression was apparently suffi cient to 
delay the onset of Purkinje cell degeneration and correct 
the ataxia.

Short-term ERT with mannosylated insect cell–
produced enzymes has been investigated in both ppca- 
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and neu1-defi cient mice.95,550 This therapeutic strategy 
resulted in successful clearance of lysosomal storage in 
systemic organs. However, neu1 null mice died as a result 
of a rapid and severe immunologic response to the recom-
binant protein.

Mucolipidoses

Mucolipidosis Type II (I-Cell Disease)

Mucolipidosis II (or I-cell disease) is a rare autosomal 
recessive LSD caused by UDP-N-acetylglucosamine:
lysosomal-enzyme N-acetylglucosamine-1-phosphotrans-
ferase (GNPT) defi ciency. This enzyme catalyzes the 
initial step in synthesis of the M6P determinant required 
for intracellular lysosomal targeting of newly synthesized 
lysosomal hydrolases. GNPT catalyzes the formation of 
M6P markers on high-mannose–type oligosaccharides in 
the Golgi apparatus. M6P residues are required to bind 
to the M6P receptors (MPRs), which mediate the vesicu-
lar transport of lysosomal enzymes to the endosomal/
prelysosomal compartment. Because of the low pH in 
these organelles, the lysosomal enzyme–MPR complex 
dissociates, upon which the enzyme is delivered to the 
lysosome.551 GNPT is an α2β2γ2 hexameric complex552 
encoded by two separate genes.9 It has been proposed 
that the α or the β subunit (or both) contains the catalytic 
portion of the enzyme and that the γ subunit is involved 
in recognition of the lysosomal enzymes.553 The α and β 
subunits are encoded by the GNPTAB gene on chromo-
some 12q23.2, and the γ subunit is encoded by the 
GNPTG gene on chromosome 16p.553 Both I-cell disease 
and pseudo-Hurler polydystrophy (mucolipidosis III) are 
caused by mutations in the GNPTAB gene, which leads 
to defective lysosomal targeting of many lysosomal 
enzymes. The clinical and radiologic signs are similar to 
those in Hurler’s disease, albeit with earlier onset during 
the fi rst months of life and sometimes before birth.

Although there are reports of patients surviving into 
their teens, death usually occurs between 5 and 8 years 
of age. Other distinguishing features of this disorder are 
striking gingival hyperplasia, less apparent corneal cloud-
ing, and hearing impairment in some. As in other muco-
lipidoses, these patients lack mucopolysaccharides in 
their urine. Birth weight and length are often less than 
normal, and the clinical features may be evident from 
birth. Neonates may be seen with coarse facial features, 
tight hip muscles with dislocation of the hip, joint stiff-
ness, hernias, severe skeletal dysplasia, downy hirsutism, 
and a tight, thickened skin. Psychomotor delay is usually 
obvious by 6 months of age. Linear growth decelerates 
and stops by the second year of life.

Children with I-cell disease are often recognized after 
6 months of age by an abnormal low-pitched cry, small 
triangular head, hypertrophied maxillary alveolar ridge, 
enlarged tongue, kyphoscoliosis, protuberant abdomen, 
hepatomegaly, and hypotonia with poor head control. 
Patients are able to sit but cannot walk. They often 

have systolic murmurs and recurrent respiratory tract 
infections. Death usually results from cardiopulmonary 
complications.

In a study of nine patients from eight families, both 
interfamilial and intrafamilial variability was described. 
Marked variability in age at onset, organ manifestation, 
and radiologic fi ndings was noted, even among 
siblings.554

I-cell disease has been found in association with non-
immune hydrops fetalis and elevated amniotic fl uid 
optical density (ΔOD450), thus indicating the possibility 
of fetal blood hemolysis in this disease.555 Fetal ultraso-
nographic studies have shown abnormally short femurs 
and intrauterine growth retardation.556 Radiographs of an 
affected fetus demonstrate defi cient endosteal bone for-
mation, small epiphyses, and poorly developed interver-
tebral discs. Skeletal lesions in infants with the disease 
are characterized by delayed conversion of cartilage to 
bone; diffuse periosteal new bone formation in the long 
bones and ribs; marked osteopenia; resorption of the 
scapula, clavicle, and mandible; and irregular demineral-
ization of the metaphyses of long tubular bones.557

Among the many radiographic signs of skeletal dys-
plasia in this disease are thickening of the calvaria, cone-
shaped phalanges, proximal pointing of metacarpals, 
V-shaped deformity of the wrist joint, short rounded 
vertebral bodies with anteroinferior beaking of T12 or 
L1, broad ribs, fl aring of the iliac wing, dysplasia of the 
acetabulum, and cortical thickening in the diaphyses of 
long bones. Bone encroachment in the region of the 
foramen magnum causes signifi cant brainstem and upper 
cervical cord compression. Neurologic consequences 
include respiratory impairment and obstruction of cere-
brospinal fl uid outfl ow from the fourth ventricle. The 
internal hydrocephalus produced may require a shunting 
procedure, and cervical laminectomy may be needed to 
prevent cord paralysis.

Vacuolated lymphocytes are abundant in circulating 
blood,33 but no foam cells are seen in the bone marrow. 
The dense cytoplasmic inclusions in cultured fi broblasts 
stain positively with PAS and Sudan black but negatively 
with Alcian blue, which indicates that glycolipids but not 
mucopolysaccharides are stored in these cells. These 
inclusions are characteristic of this disease, hence the 
name inclusion cell (I-cell) disease. Foam cells staining 
positively with PAS are found in various tissues, includ-
ing the spleen and portal spaces of the liver, but storage 
in Kupffer cells and neurons is variable.

M6P is a recognition marker needed for internaliza-
tion of acid hydrolases into lysosomes5 and acts as a “ZIP 
code” during intracellular traffi cking. Patients with I-cell 
disease have a defect in synthesis of this marker. Under 
normal conditions, the enzyme GNPT phosphorylates 
the oligosaccharide portion of lysosomal enzymes to 
produce M6P. Patients with I-cell disease have a phos-
photransferase defi ciency that results in a defect in incor-
poration of M6P. Because M6P is the marker ultimately 
responsible for transfer of the various acid hydrolases into 
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lysosomes, the defi ciency explains the discrepancy in acid 
hydrolase activity between sera and fi broblasts. The gene 
for the phosphotransferase has been mapped to chromo-
some 4q21-q23.558

As a result of the primary underlying metabolic 
defect, a variety of acid hydrolases are defi cient in the 
fi broblasts of these patients, including α-neuraminidase, 
β-hexosaminidase, iduronate sulfatase, and arylsulfatase 
A. However, β-glucosidase and acid phosphatase activi-
ties are not affected. The various acid hydrolase activities 
in serum, on the other hand, are far above normal levels. 
Leukocyte enzyme activity is generally normal.

The diagnosis of I-cell disease can be confi rmed by 
measuring and comparing the activity of various lyso-
somal enzymes in serum and cultured fi broblasts. It can 
also be ascertained by measuring phosphotransferase 
activity within fi broblasts or leukocytes.559

Carrier detection is possible with the use of cultured 
fi broblasts and artifi cial substrates (α-methylmannoside). 
Prenatal diagnosis has been successfully achieved by 
assaying amniotic fl uid cells for multiple defi ciencies of 
lysosomal enzymes and for defi ciency of phosphotrans-
ferase.560 It has been reported that phosphotransferase 
assays may be performed on chorionic villi obtained at 9 
weeks of gestation.561

Successful engraftment of bone marrow from a het-
erozygous sibling into an 8-month-old patient has resulted 
in a 50% to 80% reduction in plasma lysosomal enzyme 
activity and increases in lymphocytic and hepatic phos-
photransferase activity. In addition, pulmonary function 
has improved, hepatomegaly has subsided, and no further 
progression of corneal clouding has been seen. However, 
mental and growth retardation, dysostosis multiplex, and 
gingival hyperplasia have persisted to age 4.562

Mucolipidosis Type III 
(Pseudo-Hurler Polydystrophy)

Mucolipidosis III is an attenuated form of I-cell disease 
that is caused by mutations in the α subunit of the 
GNTPAB gene. However, unlike I-cell disease, the age at 
onset is later and the course is slowly progressive. These 
patients can survive well into adulthood. Many clinical 
features of this autosomal recessive disease are reminis-
cent of those of MPS I (Hurler) and VI (Maroteaux-
Lamy). However, patients with mucolipidosis III lack 
mucopolysaccharides in their urine. They are seen 
between 2 and 4 years of age with stiffness of the hands 
and shoulders, which initially may suggest a diagnosis of 
rheumatoid arthritis.563 Coarsening of facial features, 
short stature, and scoliosis become noticeable by 6 years 
of age. The joint stiffness is progressive and ultimately 
results in restriction of joint mobility. Destruction of 
the hip joints produces a waddling gait. As the disease 
progresses, a clawhand deformity and carpal tunnel 
syndrome usually appear before 12 years of age. Other 
clinical features may include mild mental retarda -
tion, mild corneal clouding, retinal and optic nerve 
abnormalities,564 cardiac murmurs of aortic or mitral 

valvular disease, short stature, and progressive skeletal 
dysplasia, particularly of the spine and pelvis. Patients 
surviving into the 30s and as late as the 60s have been 
described.

Peripheral leukocytes in this disease are normal, but 
vacuolated plasma cells are found in bone marrow speci-
mens. Cultured skin fi broblasts manifest the same phase-
dense inclusions as seen in I-cell disease, although the 
fi ndings are not always as prominent.

As in mucolipidosis II, these patients also have mul-
tiple acid hydrolase defi ciencies in cultured fi broblasts 
and markedly elevated lysosomal enzyme activity in 
serum. They also have a defi ciency of phosphotransferase 
in fi broblasts and leukocytes, although there is some 
residual activity in patients with mucolipidosis III.565 
Carrier detection has been described.566

Complementation studies of cultured mucolipidosis 
III fi broblasts have demonstrated genetic heterogeneity. 
Two different functions of N-acetylglucosamine-1-
phosphotransferase have been identifi ed. One is associ-
ated with its catalytic activity and the other with the 
specifi c site of recognition of the lysosomal enzymes. A 
less common variant of mucolipidosis III (group C of the 
complementation groups) has a mutation at the recogni-
tion site but normal enzymatic activity toward artifi cial 
substrates. Patients with this uncommon variant and het-
erozygotes will show normal phosphotransferase activity 
when α-methylmannoside is used as the acceptor sub-
strate in the assay mixture.

Mucolipidosis Type IV

In 1974, this autosomal recessive disorder was fi rst 
described in children of Ashkenazic Jewish parentage 
whose ancestry was traced to southern Poland.567 Since 
then, a few more cases have been described in other 
ethnic groups.568 Mucolipidosis type IV is characterized 
by a variety of neurologic and ophthalmologic abnor-
malities, including motor and language delay, and patients 
with this disease do not usually progress beyond the 12- 
to 15-month level developmentally. These children do 
not have coarse facial features, skeletal deformities, or 
hepatosplenomegaly, and mucopolysaccharides and oli-
gosaccharides are not evident in urine. Other possible 
signs include short stature; normal tone or hypotonia; 
hyperrefl exia; a small head, often below the third percen-
tile; and a full face. More recently, constitutive achlorhy-
dria and hypergastrinemia have been reported as almost 
pathognomonic fi ndings for this condition.569 Although 
most of these patients are described as being profoundly 
retarded, patients have been reported with minimal retar-
dation.570,571 These patients can survive well into 
adulthood.

Corneal clouding develops in nearly all patients, but 
the age at onset varies. It may remain static or lessen with 
time. The use of contact lenses has been associated with 
clearing of the cornea. In one patient who received a 
corneal transplant, the clouding subsequently returned. 
Other ophthalmologic manifestations include a pigmen-
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tary retinopathy, cataract formation, and optic atrophy. 
Bouts of tearing and conjunctival injection with photo-
phobia have been troublesome in a few patients.

The original report of this disease described numer-
ous large histiocyte-like cells in the bone marrow that 
contained small sudanophilic, weakly PAS-positive vacu-
oles. These cells also showed weak metachromasia after 
staining with toluidine blue.567 However, bone marrow 
studies in another patient did not reveal storage cells. 
Blood smears from this patient were also normal when 
examined by light microscopy, but under the electron 
microscope, dense lamellar inclusion bodies were 
observed in lymphocytes of the buffy coat.572 Ultrastruc-
tural changes have also been observed in various other 
tissues, including the brain, conjunctiva, and cultured 
fi broblasts.573,574 These changes consist of concentric 
laminated lipid-like bodies and vacuoles containing 
amorphous, sparse fi brillogranular material. In the liver, 
multilamellar cytosomes are present in hepatocytes, 
whereas clear vacuoles are seen in Kupffer cells. Both 
types of inclusions appear in the epithelial and stromal 
cells of the conjunctiva, which may be sampled to aid in 
the diagnosis.575

The gene for mucolipidosis type IV (named 
MCOLN1) maps to chromosome 19p13.3-p13.2, and 
several mutations have been identifi ed.576 A founder 
effect was discovered in approximately 95% of affected 
Ashkenazic patients. The MCOLN1 gene encodes a 
transmembrane protein called mucolipin that appears to 
regulate calcium infl ux in excitable and nonexcitable 
cells.576 The protein belongs to the “transient receptor 
potential” family of proteins and functions as a nonselec-
tive cation channel whose activity is modulated by pH. 
Two defects have been described in patient fi broblasts: 
hyperacidifi cation of lysosomes and a delay in the exit of 
lipids from lysosomes. It is plausible that the protein is 
involved in the endocytic process during lysosomal func-
tion because patients’ cells display abnormal incorpora-
tion of lipids and abnormally large vesicles.577

A complete autopsy study was performed on a patient 
with mucolipidosis type IV. The results demonstrated 
that the storage material in neurons differed from that in 
non-neural cells. Neuronal inclusions stained with Sudan 
black but not with Luxol fast blue, thus suggesting that 
the stored material was a nonpolar lipid. In contrast, the 
storage material in hepatocytes, kidneys, and myocytes 
stained intensely with Luxol fast blue, thus suggesting 
that the accumulations were polar lipids. Inclusion mate-
rial in all cells stained positively with PAS because of the 
accumulation of carbohydrates.578,579

Prenatal diagnosis has been accomplished by dem-
onstration of abnormal storage bodies in cultured amni-
otic fl uid cells580 and cultured chorionic cells.581 It is 
hoped that with elucidation of the underlying genetic 
defect in this condition, more accurate prenatal diagnosis 
will now be possible. Other than symptomatic treatment 
of its complications, no therapy is available for this 
condition.

Fucosidosis

Fucosidosis is a rare autosomal recessive disorder caused 
by defi cient activity of the enzyme α-l-fucosidase. This 
disorder is due to faulty degradation of both sphingolip-
ids and oligosaccharides. Fucose-containing oligosaccha-
rides, glycopeptides, and glycolipids accumulate in both 
tissues and urine. The main storage material in the brain 
is oligosaccharides.582,583 Glycolipids accumulate pre-
dominantly in the liver but are only a minor storage 
component in the brain.584

The clinical picture consists of progressive mental 
and motor deterioration. Three types of fucosidosis have 
been described on the basis of the initial fi ndings and 
severity of the disease. Willems and associates585 sug-
gested that the disease exhibits a wide and continuous 
clinical spectrum with a rapidly progressive type 1 at one 
extreme and a slowly progressive type 2 at the other. At 
the DNA level, several mutations in the α-fucosidosis 
gene have been identifi ed, but such genotypic differences 
do not explain the observed phenotypic differences.

Type 1 is recognized by a delay in psychomotor 
development between 6 and 18 months of age. Hypoto-
nia rapidly progresses to hypertonia, then to severe spas-
ticity, and fi nally to decerebrate rigidity. Thick skin, 
coarse facial features, skeletal abnormalities, and growth 
retardation develop. Other signs are a nonfunctioning 
(“strawberry”) gallbladder and hyperhidrosis with a 
marked increase in the sodium chloride content of sweat. 
Patients have also had seizures, cardiomegaly, hepato-
megaly, and corneal opacities. Respiratory tract infec-
tions are common, with most patients surviving only to 
4 or 5 years of age.

Most patients with fucosidosis, however, experience 
a slower course of degeneration. Type 2 is a milder variant 
manifested at 2 or 3 years of age by slow neurologic 
deterioration. There are no corneal opacities, and the 
optic fundi are normal. Patients have coarse facies, growth 
retardation, dysostosis multiplex, and neurologic signs 
similar to those seen in type 1, except that they are 
slightly milder. Type 3 develops in the fi rst few years of 
life and progresses slowly to a state of severe mental and 
motor deterioration by adolescence or adulthood. The 
major distinguishing features of type 2 are the presence 
of angiokeratoma corporis diffusum, more normal sodium 
chloride values in sweat, and longer survival. Telangiec-
tatic lesions are seen in the mouth. Tortuosity of conjunc-
tival vessels and pigmentary degeneration of the retina 
have been reported. Different forms of the disease may 
exist in the same family.586

Vacuoles are present in the cells of most tissues, 
including neurons, hepatocytes, Kupffer cells, and cells 
of the spleen, lung, kidney, heart, and skin. Electron 
microscopic studies demonstrate vacuoles with a hetero-
geneous content; some appear empty, some have a reticu-
lar pattern,587,588 and others display a lamellar structure. 
There is vacuolization of the epithelial cells of the 
sweat glands and conjunctiva.589 Peripheral lymphocytes 
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contain vacuoles and granular inclusions. Histiocytes 
with inclusions surrounded by vacuoles have been 
reported in bone marrow smears.

The diagnosis is ultimately determined by the dem-
onstration of low α-fucosidase activity in either leuko-
cytes or fi broblasts. Because the residual activity of this 
enzyme may be relatively high, it is always necessary to 
carry out thin-layer chromatographic analysis for oligo-
saccharides. Quantitative differences in urinary excretion 
patterns were described between a patient with type 1 
and a patient with type 2 disease.590 Lewis blood group 
activity is increased in fucosidosis tissues, and elevated 
levels of Lea and Leb activity have been found in the sera, 
erythrocytes, and saliva of patients with fucosidosis.591

The gene encoding lysosomal α-fucosidase (FUCA1) 
has been mapped to the short arm of chromosome 
1p34.1-p36.1. Both FUCA1 and a pseudogene (FUCA1P) 
have been sequenced. The gene consists of eight exons 
spanning 23 kb. At least 22 different mutations have been 
identifi ed among the different exons.592-597 The pseudo-
gene is 80% identical to that of fucosidase cDNA but 
does not contain an open reading frame.598 FUCA1P has 
been mapped to chromosome 2q31-q32 by in situ hybrid-
ization.599 A second gene (FUCA2) has been mapped to 
chromosome 6q25. This gene is not involved in α-fucosi-
dosis but infl uences the activity of plasma α-fucosidase. 
It may be a regulatory gene rather than a structural gene. 
This is important to note because FUCA2 is associated 
with low α-fucosidase activity in plasma, which is found 
in 6% to 11% of the normal population.600 Plasma is not 
an appropriate source for testing the activity of this 
enzyme. Carrier testing is now possible, and prenatal 
diagnosis has been successfully performed.

Prospects for the use of BMT in this disease have 
received mild encouragement from studies performed in 
dogs with fucosidosis; these dogs exhibited improvements 
in visceral lesions and a more gradual improvement in 
CNS pathologic changes.601 At least three patients with 
human α-fucosidosis have also received transplants, 
with some success in two of these patients.125 In addition, 
both human and canine fi broblasts in α-l-fucosidase can 
be corrected by retroviral vector–mediated gene trans-
fer.602-604 The authors are not aware of an attempt to use 
ERT in patients with fucosidosis.

a-Mannosidosis

This autosomal recessive disease results from a defi ciency 
of α-d-mannosidase activity. It was fi rst described in 
1967 by Ockerman.605 Clinically and biochemically, α-
mannosidosis conforms to the stereotype of an oligosac-
charide storage disease. There is an accumulation of 
mannose-rich glycoconjugates in tissues and body fl uids. 
Excessive amounts of mannose-rich oligosaccharides are 
also excreted in urine. As in fucosidosis and aspartylglu-
cosaminuria, patients exhibit skeletal changes, a dysmor-
phic facial appearance, moderate to severe mental 
retardation, hepatomegaly, hernias, recurrent bacterial 

infections, lenticular or corneal opacities, lymphocytic 
vacuoles, foam cell infi ltration of the bone marrow, and 
an absence of mucopolysacchariduria.606-608

Two distinct clinical phenotypes are described in the 
literature. Type I is the severe infantile phenotype, whereas 
type II is a milder juvenile-adult form. As for fucosidosis, 
it is more likely that there is a continuum of clinical 
expression rather than clear separation into two pheno-
types. The type I variant is characterized by rapid mental 
deterioration, coarse facial features, hepatosplenomegaly, 
severe dysostosis multiplex, and frequently, death between 
3 and 10 years of age. In patients with type II disease, 
early development may be normal or slightly delayed. 
The mental retardation may be varied and may not be 
apparent until childhood or adolescence. Hearing loss is 
a particularly prominent feature. The skeletal abnor-
malities may be mild, but more severe manifestations 
(including deforming arthropathy) have been reported 
in this latter variant.609 Destructive synovitis,610-612 gingi-
val hyperplasia, hydrocephalus, spastic paraplegia, and 
pancytopenia have been reported.613-616 Radiographic 
studies of the brain show thickened diploic spaces and 
enlargement of the Virchow-Robin spaces.617 In one 3-
year-old boy with α-mannosidase defi ciency, macroceph-
aly and intracranial hypertension developed in conjunction 
with synostosis of multiple sutures.618 Patients with this 
form of the disease may survive into adulthood.

Between 20% and 90% of the lymphocytes in the 
peripheral blood contain translucent vacuoles, and a 
proportion of the polymorphonuclear leukocytes are 
coarsely granulated. The vacuoles remain PAS positive 
after fi xation with alcohol. They have also been found 
in hepatocytes and Kupffer cells, and in the nervous 
system they are associated with widespread ballooning of 
nerve cell cytoplasm in the cerebral cortex, brainstem, 
spinal medulla, and pituitary gland.608,619 Abnormalities 
in the chemotactic function of neutrophils may account 
for the increased susceptibility of these patients to infec-
tion. Hypogammaglobulinemia has been described as 
well.

Thin-layer chromatographic analysis of urine easily 
discloses a pattern of glycoconjugates that is distinctive 
for this particular type of oligosacchariduria. The major 
oligosaccharide excreted is a trisaccharide. A defect in 
hydrolysis of this compound has been demonstrated in 
an enzyme preparation from the liver of a patient with 
α-mannosidosis. The defi cient enzyme, lysosomal acid 
α-mannosidase, may be assayed with leukocytes or cul-
tured fi broblasts as the enzyme source. Although this 
enzyme is not a major component of serum or plasma, 
careful adjustment of reaction conditions will allow 
detection of α-mannosidase defi ciency in patient sera.620 
Heterozygote detection is available,621 and prenatal diag-
nosis has been performed successfully.622

The gene for α-mannosidase (also named LAMAN) 
has been isolated and sequenced,623 and it maps to 19cen-
q12. More than 20 mutations, most of them private, have 
been reported.624 In these studies no correlation between 
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specifi c mutations and the clinical spectrum of the disease 
was found.

The residual α-mannosidase activity in mannosidosis 
can be stimulated and stabilized by zinc ions,612,625 but 
long-term therapy with oral zinc sulfate has failed in 
several patients inasmuch as it caused no change in clini-
cal status or biochemical fi ndings.626-629 In one patient 
who died 18 weeks after successful engraftment following 
BMT, the somatic effects of the disease were reversed, 
but lysosomal storage within the brain did not appear to 
be altered.630

Human recombinant α-mannosidase has been suc-
cessfully synthesized and purifi ed by expressing its cloned 
gene in Chinese hamster ovary cells.631 Correction of 
affected human fi broblasts has been achieved by transfec-
tion with human cDNA via a retroviral vector.632 This, 
together with the availability of animal models for this 
condition,633,634 establishes the grounds for trials with 
either ERT or gene therapy. A guinea pig model of α-
mannosidosis is available. Disease in this model resem-
bles the clinical, histopathologic, biochemical, and 
molecular features of the human disease. In a recent 
study, the effi cacy of ERT for α-mannosidosis was inves-
tigated in this model. Intravenous administration of 
human recombinant enzyme resulted in a signifi cant 
increase in α-mannosidase activity (1.4 times normal 
levels) that was detected in the circulation 1 week after 
injection. By monitoring clearance of storage products 
with tandem mass spectrometry, this therapeutic approach 
was found to be effective in reducing accumulated 
metabolites in peripheral tissues and in brain in compari-
son to untreated controls. Reductions of up to 60% of 
urinary mannose containing oligosaccharides were also 
observed. No histologic improvement was observed in 
the brain, but a decrease in lysosomal vacuolation was 
seen in the liver, kidney, spleen, endocrine pancreas, and 
trigeminal ganglion neurons.635

BMT may be effective in controlling some manifesta-
tions of the disease if performed early in its course. Thus 
far, no clinical trials have been reported in the 
literature.

b-Mannosidosis

Since fi rst described in humans in 1986, 11 cases of β-
mannosidosis defi ciency have been reported. All patients 
with this rare autosomal recessive disease are mentally 
retarded, but their other clinical fi ndings have differed. 
The most severe phenotype described involved status 
epilepticus at 12 months of age, severe quadriplegia, and 
death by 15 months of age. The mildest phenotype 
described involved two adult brothers, one of whom was 
50 years old with mental retardation, angiokeratomas, 
and few other phenotypic features.636 Most patients were 
normal in the fi rst few months of life, but mental retarda-
tion eventually developed in all. Other fi ndings described 
included mild facial dysmorphism, hearing loss, speech 
impairment, seizures, angiokeratomas, aggressive behav-

ior, hypotonia, spastic quadriplegia, peripheral neuropa-
thy, and rarely, skeletal abnormalities.637 Interpretation of 
the clinical features has been complicated in some patients 
because one patient was coincidentally affected with type 
A Sanfi lippo’s disease638 and another with ethanolamin-
uria.639 A 14-year-old black African boy with severely 
defi cient β-mannosidase activity was described who had 
bilateral thenar and hypothenar amyotrophy, electrophys-
iologically demonstrable demyelinating peripheral neu-
ropathy, and cytoplasmic vacuolation of skin fi broblasts 
and lymphoid cells.640 Hepatomegaly has not been 
described.

The enzymatic defect in this condition involves defi -
cient removal of the innermost mannosyl residue in the 
N-linked oligosaccharide side chain, which is a β-linkage. 
As a result, there is excessive urinary excretion and tissue 
accumulation of oligosaccharides, particularly mannosyl-
β-1,4-glucosamine. The specifi c defi ciency of β-
mannosidase can be demonstrated in leukocytes, cultured 
fi broblasts, and plasma. Parents are clinically unaffected 
but have reduced levels of β-mannosidase activity.

The gene for human β-mannosidase is located on 
chromosome 4q22-25.641 Mutations in this gene have 
been identifi ed in a pair of affected siblings, and prenatal 
diagnosis has been accomplished.642

A β-mannosidase knockout mouse was produced. 
Homozygous mutant mice have undetectable β-
mannosidase activity. The general appearance and growth 
of the knockout mice are similar to that of their wild-type 
littermates. When older than 1 year, these mice exhibited 
no dysmorphology or overt neurologic problems. The 
mutant animals have consistent cytoplasmic vacuolation 
in the CNS and minimal vacuolation in most visceral 
organs. Thin-layer chromatography demonstrated an 
accumulation of disaccharide in the epididymis and brain. 
Because this mouse model closely resembles human β-
mannosidosis, and it will provide a useful tool for studying 
the phenotypic variation in different species and facilitate 
the study of potential therapies for LSDs.643

Aspartylglucosaminuria

Aspartylglycosaminuria is a recessively inherited oligo-
saccharide storage disease that occurs primarily in the 
Finnish population. The carrier incidence of this disease 
was determined to be 1 in 36 in a sample of control 
individuals from the capital area of Finland.644 Rare iso-
lated instances have been reported in other countries, 
including Canada, Europe, Japan, Puerto Rico, Turkey, 
and the United States.645-650 It is caused by a defi ciency 
of the lysosomal enzyme aspartylglucosaminidase (N-
aspartyl-β-glucosaminidase), which cleaves the bond 
between asparagine and N-acetylglucosamine during the 
lysosomal degradation of N-linked glycoproteins. Aspar-
tylglucosamine accumulates in tissues, particularly the 
liver, spleen, and thyroid gland, with moderate increases 
in the kidney and brain.651 Large amounts of aspartylglu-
cosamine are excreted in urine.
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The clinical features of the Finnish type appear to be 
consistent652,653 in that the children are healthy for the 
fi rst few months of life and then begin to have recurrent 
infections, diarrhea, and hernias during the rest of the 
fi rst year of life. Some children have a history of muscular 
hypotonia and weak sucking as babies.654 Short stature, 
microcephaly, and rarely, hepatomegaly develop in some. 
By the age of 10 there is coarsening of the facies and 
sagging skinfolds. Some of the other features noted are 
an increased incidence of acne, large nevi, sun sensitivity, 
angiokeratoma (seen in one patient), crystal-like lens 
opacifi cation, macroglossia, hoarse voice, brachycephaly, 
and joint laxity. Macro-orchidism and subnormal excre-
tion of 17-ketosteroids occur in some men, and men-
strual abnormalities have been noted in some of the 
affected women. Reactive overgrowth of the oral mucosa 
and facial skin has recently been reported.655 Cardiac 
valvular insuffi ciency is not common, but cardiac 
murmurs may be heard.

Progressive mental retardation is the main clinical 
symptom in aspartylglucosaminuria. Gradual loss of 
skills occurs after 13 to 16 years of age, and a rapid 
decline is noted after 25 to 28 years of age.654 Intelligence 
quotient values are usually less than 40 in adults. Speech 
is delayed and remains poor or is never acquired. Behav-
ioral abnormalities, such as excitability, hyperactivity, and 
at times, periods of apathy, are seen. The behavioral prob-
lems appear to become worse with age and could be 
related to the delayed myelination reported in patients 
with this condition, which is commonly seen in neurora-
diologic studies.

Vacuolated lymphocytes and neutropenia are 
observed frequently. Many patients have a decrease in 
the prothrombin time. The radiographic fi ndings 
may demonstrate very mild dysostosis multiplex with 
wedge-shaped vertebral bodies, spondylolisthesis, or 
spondylolysis. There is thickening of the calvaria with 
underdeveloped cranial sinuses. The non-Finnish chil-
dren with aspartylglucosaminuria have all demonstrated 
mental retardation and skeletal dysplasia. The disease 
follows an insidious course, and many patients may live 
well into adulthood.

Aspartylglucosylamine may be detected in urine by 
chromatography. Because this compound serves as a link 
between the carbohydrate group and the peptide chain 
in glycoproteins and keratan sulfate, lesser amounts of 
other glycoasparagines containing galactose, N-acetyl-
neuraminic acid, and additional N-acetylglucosamine 
residues have also been isolated from urine. Ultimately, 
the diagnosis is made by measuring aspartylglucosamini-
dase activity in an easily obtained tissue source, such as 
sonicates of white blood cells, fi broblasts, or amniotic 
fl uid cells.656,657 Serum, fi broblasts, and leukocytes of 
affected patients show less than 10% enzyme activity. The 
condition is best diagnosed in heterozygotes by using 
fi broblasts or lymphocytes.658 Prenatal diagnosis is pos-
sible within the fi rst trimester of pregnancy by enzyme 
analysis of direct chorionic villus biopsy material.659,660

The gene has been mapped to chromosome 4q32-
q33 and has been cloned and sequenced. Currently, 
more than 20 different mutations have been reported.661 
In the most common form (the Finnish population), 
a double point mutation has been identifi ed. Each 
results in an amino acid substitution: Arg161→Gln 
and Cys163→Ser. The fi rst of these base changes is a 
polymorphism; the second is the disease-causing 
mutation. They occur together in 98% of Finnish patients 
with aspartylglucosaminuria. These mutations affect a 
critical region of the protein that triggers its autocatalytic 
processing before entering the ER. To screen for aspar-
tylglucosaminuria carriers among the Finnish, a DNA-
based test that can detect both mutations has been 
developed.662 An improved screening method involving 
a PCR/oligonucleotide ligation assay is now available 
for the Finnish population; it is rapid, reliable, and 
nonisotopic.663

Two reports have described treatment of this condi-
tion with BMT.664,665 In both, correction was seen only 
in the liver and not in the CNS.

The three-dimensional structure of N-aspartyl-β-
glucosaminidase was used to predict the structural con-
sequences of several mutations on intracellular stability, 
maturation, transport, and enzyme activity. Most muta-
tions were amino acid substitutions that replaced the 
original amino acid with a bulkier residue. Mutations at 
the dimer interface prevented dimerization of the enzyme 
in the ER, whereas active-site mutations destroyed its 
catalytic activity and affected maturation of the precur-
sor. Depending on their effects on stability of the enzyme, 
the authors categorized mutations as mild, moderate, or 
severe.661

An aspartylglycosaminuria mouse model was gener-
ated by targeted disruption of the mouse N-aspartyl-β-
glucosaminidase gene. Homozygous mice had massive 
accumulation of aspartylglucosamine, extensive lyso-
somal vacuolization, and axonal swelling in the gracile 
nucleus and displayed impaired neuromotor coordina-
tion at 5 to 10 months of age. Older null mice (>10 
months) showed progressive motor impairment and had 
impaired bladder function. The oldest surviving mice (20 
months old) showed a dramatic loss of Purkinje cells, 
intensive astrogliosis, and vacuolation of neurons in the 
deep cerebellar nuclei leading to a severe ataxic gait. 
These fi ndings are consistent with the pathogenesis of 
aspartylglycosaminuria in patients, and the knockout 
mice may be a suitable animal model for testing thera-
peutic modalities.666,667

ACID LIPASE DEFICIENCY

Wolman’s disease and cholesteryl ester storage disease 
are autosomal recessive disorders that result in the 
massive accumulation of both cholesteryl ester and tri-
glycerides in cells and tissues throughout the body. Both 
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diseases are characterized by a defective lysosomal acid 
lipase, also known as acid esterase. Lysosomal acid lipase 
is found in fi broblasts, macrophages, lymphocytes, and 
hepatocytes. The full-length cDNA encoding acid lipase 
has been isolated and sequenced668 and may provide tools 
for DNA diagnosis and possibly enzyme therapy in the 
future. The gene has been mapped to chromosome 
10q23.2-q23.669 It consists of 10 exons dispersed over 
36 kb.670 Several mutations have been reported.671 One 
mutation in the last nucleotide of exon 8 has been found 
in 11 of 17 patients with cholesteryl ester storage 
disease.

Extracts of normal cultured fi broblasts contain at 
least three electrophoretically dissimilar acid lipase com-
ponents: A, B, and C. The least anodal band, A, is most 
prominent but is reduced in heterozygotes with Wolman’s 
disease and is undetectable in both Wolman’s disease and 
cholesteryl ester storage disease cells. This isoenzyme 
pattern is also seen in amniotic fl uid cells, chorionic villus 
cells, lymphocytes, and several other tissues.672 Diagnosis 
of both disorders is determined by the clinical picture 
and demonstration of decreased acid lipase activity and 
band A in cultured skin fi broblasts, lymphocytes, or other 
tissues. Prenatal diagnosis is now possible by identifying 
a defi ciency of both acid lipase and band A in amniotic 
and chorionic villus cells.673

A diet low in cholesterol and triglycerides and the 
use of both cholestyramine (0.22 g/kg twice daily) and 
simvastatin (0.28 mg/kg each evening), which is a 3-
hydroxy-3-methylglutaryl CoA reductase inhibitor, with 
lipophilic vitamins (A, D, E, and K) has resulted in clini-
cal improvement674,675 in some patients with cholesteryl 
ester storage disease. Although these diseases share a 
common enzyme defect, they differ considerably in their 
clinical expression.

BMT has been attempted in a child with Wolman’s 
disease with apparently good results.676 The neurologic 
performance of this patient, who received a transplant at 
5 months of age, has been good, and no deterioration has 
been seen. The procedure had been attempted previously 
in four other patients who died of complications of the 
BMT procedure. It seems that when the disease appears 
so early in life and tends to occur with such severity, 
BMT should be performed as soon as possible, probably 
in the fi rst 2 weeks of life, even before signs or symptoms 
develop. It should be done with minimal myeloablation 
and a goal of partial but not full engraftment, which may 
minimize the incidence of complications at this early 
age.

More recently, trials of ERT in animal models of this 
condition677 and gene transfer in affected cells678 have 
been performed with good results.

Wolman’s Disease

Wolman’s disease is the more severe of the two condi-
tions. Symptoms can begin as early as during the fi rst few 
weeks of life.679 The major clinical signs and symptoms 

are severe vomiting, failure to thrive, abdominal disten-
tion, massive hepatosplenomegaly, which has been 
reported in patients as young as 4 days of age,680 and 
foul-smelling, watery stools. Jaundice or persistent low-
grade fever develops in a few infants. A prominent feature, 
though not necessarily pathognomonic, is grossly sym-
metrically enlarged, calcifi ed adrenal glands.681 Radio-
graphic examination demonstrates extensive, stippled, or 
punctuate calcifi c deposits.

By the sixth week of life, anemia usually develops 
and becomes progressively worse. Lymphocytes contain 
both intracytoplasmic and intranuclear lipid vacuoles. In 
contrast to other diseases characterized by vacuolated 
cells, the vacuoles in Wolman’s disease are strongly 
sudanophilic. They also stain positively with oil red O, 
Nile red, and stains for cholesterol. Their lysosomal origin 
is indicated by a strong reaction to staining for acid 
phosphatase activity. Lipid droplets are also present in 
neutrophils and monocytes. Foam cells (lipid-laden his-
tiocytes) are seen in the bone marrow, in the peripheral 
blood, and in all organs.680 Thrombocytopenia has not 
been reported.

The vomiting, diarrhea, and inanition result from 
severe damage to the microvilli and the accumulation of 
foam cells in the intestinal mucosa. Abdominal ultraso-
nography may demonstrate the thickened bowel walls.682 
Enteral nutrition is not possible, and therefore nutritional 
care must be given by intravenous hyperalimentation, 
even if it is only palliative.683 The disease progresses 
rapidly, and death usually occurs before 1 year of age.

The diagnosis is determined by the clinical fi ndings 
and defi cient activity of acid lipase in cultured fi broblasts 
or circulating leukocytes. Routine laboratory observa-
tions often demonstrate abnormal liver function test 
results and plasma lipid levels in the low end of the 
normal range. Calcifi cations of the adrenal glands 
may be seen in Addison’s disease, adrenal teratomas, 
neuroblastoma, and other conditions, but the presence 
of bilateral adrenal calcifi cation associated with hepato-
splenomegaly and gastrointestinal symptoms strongly 
suggests the diagnosis of Wolman’s disease. Atypical 
forms without adrenal calcifi cations have been 
described.684

Cholesteryl Ester Storage Disease

Cholesteryl ester storage disease has a variable pheno-
type. It can be benign and may be undetected until adult-
hood.685 Hepatomegaly, a prominent sign, may be evident 
at birth, during early childhood, or occasionally in the 
second decade of life. It results from the fatty infi ltration 
of foam cells and ultimately progresses to hepatic fi brosis. 
Alcohol has been known to accelerate the process and 
therefore should be avoided. Other possible signs and 
symptoms include splenomegaly, esophageal varices, a 
decreased concentration of blood clotting factor V,686 
recurrent abdominal pain, delayed puberty, recurrent 
epistaxis, and jaundice. Calcifi ed adrenal glands are rarely 
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present. Unlike the case in Wolman’s disease, malabsorp-
tion and malnutrition have not been described in patients 
with cholesteryl ester storage disease.

Plasma levels of cholesterol, triglyceride, and low-
density lipoproteins are elevated, and the plasma high-
density lipoprotein concentration is reduced. No other 
abnormal results are noted on routine laboratory tests. 
Lymphocytes and monocytes are the only blood cells 
affected in cholesteryl ester storage disease. Bone marrow 
aspirates may demonstrate large macrophages fi lled with 
birefringent droplets. Cultured skin fi broblasts of patients 
with cholesteryl ester storage disease demonstrate bire-
fringence in plain polarized light and absence of lyso-
somal acid lipase, thereby establishing the diagnosis. 
Hepatic acid esterase activity is reduced but detectable 
and is substantially greater than such activity in the liver 
of patients with Wolman’s disease.687

In some patients, treatment with the 3-hydroxy-3-
methylglutaryl CoA reductase inhibitor lovastatin has 
resulted in signifi cant reductions in plasma cholesterol, 
triglyceride, and low-density lipoprotein cholesterol 
levels.688 Two patients with cholesteryl ester storage 
disease received liver transplants and are reported to be 
doing well.675,689

A null-mutant mouse model of lysosomal acid lipase 
appeared normal at birth and developed normally into 
adulthood. However, massive accumulation of triglycer-
ides and cholesteryl esters (30-fold increase in compari-
son to normal) occurred in several organs, and at 3 weeks 
of age the liver appeared yellow-orange and up to two 
times larger than normal. This mouse model is a pheno-
copy of cholesteryl ester storage disease and a biochemi-
cal and histopathologic mimic of human Wolman’s 
disease.690 ERT with recombinant acid lipase resulted in 
nearly complete resolution of the hepatic yellow color 
and a decrease in hepatic weight. Histologic analysis of 
tissues from ERT-treated mice showed a reduction in 
macrophage lipid storage and a 50% to 70% decrease in 
triglyceride and cholesterol levels in the liver, spleen, and 
small intestine. ERT with recombinant enzyme for human 
Wolman disease patients and patients with cholesteryl 
ester storage disease may be feasible.677,678

NEURONAL CEROID LIPOFUSCINOSES

Lysosomal accumulation of lipopigments is characteristic 
of the neuronal ceroid lipofuscinoses, a group of neuro-
degenerative conditions whose biochemical bases have 
only recently begun to be understood. The stored mate-
rial consists of autofl uorescent lipopigments resembling 
lipofuscin, the material that accumulates in neurons in 
normal aging. However, the storage material related to 
neuronal ceroid lipofuscinoses is less sharply outlined 
and more faintly stained by aldehyde fuchsin than the 
normal lipofuscin deposits.691

The accumulations present in brain lysosomes 
include glycoconjugates consisting primarily of dolichol 

pyrophosphate-linked oligosaccharides and proteins, the 
major component being subunit c (unit 9) of mitochon-
drial adenosine triphosphate (ATP) synthase. By immu-
nohistochemistry, this excess of subunit c can be identifi ed 
in skin fi broblasts692 and in urine.693 In infantile-onset 
disease, the major storage protein is not subunit c but the 
sphingolipid activator proteins A and D. Furthermore, 
two GSLs have also been identifi ed in the stored lipids 
of infants with neuronal ceroid lipofuscinosis.694

On electron microscopy, the residual bodies have a 
heterogeneous ultrastructural appearance. They are 
present in all tissues but are particularly abundant in the 
neuronal perikaryon and axon hillock, where they con-
tinue to accumulate until the nerve cell degenerates. The 
various types of deposits found include curvilinear bodies, 
zebra bodies, fi ngerprint profi les, homogeneous osmio-
philic bodies, and osmiophilic granular deposits.

Clinically, the neuronal ceroid lipofuscinoses repre-
sent a broad spectrum of diseases with an overall inci-
dence of 1 in 12,500 to 25,000 births.695 The age at onset; 
visual, mental, and motor signs; and types of inclusions 
present vary in the different forms of the disease. At least 
eight major forms of the disease have been identifi ed 
(Table 24-7). These forms show a consistent clinical, 
pathologic, and genetic picture. The classic forms are 
infantile (CLN-1), late infantile (CLN-2), and juvenile 
(CLN-3) neuronal ceroid lipofuscinosis. These forms are 
inherited in an autosomal recessive pattern and have dif-
ferent genetic bases. An adult-onset variant without vision 
loss (CLN-4) also occurs. Most patients demonstrate 
autosomal recessive inheritance, but an autosomal domi-
nant pattern has also been found in a few patients. Three 
additional variants (Gypsy/Indian or type 6, Turkish or 
type 7, and northern epilepsy with mental retardation or 
type 8) have thus far been restricted to specifi c ethnic 
groups. Their phenotypes resemble that for type 2, and 
only one of their genes has been identifi ed (in type 8), in 
which a missense mutation has been found in all affected 
patients.

With only rare exceptions, patients who show symp-
toms before adulthood become blind, and for this reason 
older texts usually grouped these diseases among the 
familial amaurotic idiocies. However, the absence of gan-
glioside storage and the marked brain atrophy that occur 
in the neuronal ceroid lipofuscinoses clearly set these 
diseases apart from the classic forms of gangliosidoses, 
that is, Tay-Sachs disease, Sandhoff ’s disease, and the 
GM1-gangliosidoses. Seizures, another common sign in 
neuronal ceroid lipofuscinoses, may be related to selec-
tive loss of inhibitory synapses within the axon hillock 
and initial segment of pyramidal cells. Their presence 
could lead to confusion with other causes of progressive 
myoclonic epilepsy, such as Unverricht-Lundborg disease, 
the myoclonus-epilepsy–ragged red fi ber syndrome, 
Lafora body disease, and the sialidoses. Each variant of 
the neuronal ceroid lipofuscinoses, in contrast to these 
other disorders, is associated with the accumulation of 
autofl uorescent material.
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TABLE 24-7 Phenotypic/Genotypic Correlations of Neuronal Ceroid Lipofuscinoses

From Wisniewski KE. Pheno/genotypic correlations of neuronal ceroid lipofuscinoses. Neurology. 2001;57:576.
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Retinal degeneration can be monitored with electro-
retinography. With complete degeneration of the outer 
retinal layer, the electroretinographic response is totally 
abolished. Another useful test is electroencephalography, 
the results of which may be abnormal even before the 
development of dementia. Subtle electro-ophthalmologic 
fi ndings have been reported in heterozygotes. Radio-
graphic studies such as computed tomography and mag-
netic resonance imaging have been useful in the early 
diagnosis of infantile neuronal ceroid lipofuscinosis.696 
Measurements of mitochondrial ATP synthase subunit c 
may help in diagnosis of the late infantile and juvenile 
variants, but quantitative analysis of urinary dolichols is 
no longer considered a reliable biochemical marker for 
the disease because elevated urinary dolichol levels can 
also be detected in other degenerative neurologic dis-
eases. It is not clear why these conditions involve the 
CNS almost exclusively because the proteins affected are 
also found in many extraneural tissues.697

Diagnosis of these relatively common disorders 
depends primarily on the clinical features, but examina-
tion of a skin biopsy specimen by electron microscopy 
also helps greatly. Lymphocyte vacuolization and azuro-
philic hypergranulation of neutrophils are often found in 
the peripheral blood smear, except in the infantile form 
of the disease. Electron microscopic studies of these 
blood elements and urinary sediment, conjunctiva, liver, 
skeletal muscle, and sural nerve have also aided in the 
diagnosis. In juvenile neuronal ceroid lipofuscinosis, fi n-
gerprint lipopigments may appear on electron micro-
graphs of lymphocytes in the absence of vacuoles. More 
recently, molecular diagnosis has become available for 
some of the most common forms of neuronal ceroid 
lipofuscinosis.

Prenatal diagnosis of the infantile and juvenile forms 
has been accomplished through ultrastructural studies of 
chorionic villus biopsy specimens, and late infantile neu-
ronal ceroid lipofuscinosis has been diagnosed by similar 
examination of uncultured amniotic fl uid cells.698 With 
prior knowledge of the individual mutations involved in 
a family, rapid and specifi c diagnosis can now be accom-
plished for the majority of these disorders.

Clinical, pathologic, and biochemical changes similar 
to those seen in humans with neuronal ceroid lipofusci-
nosis have been detected in several animal species.699-702 
These naturally occurring animal models provide impor-
tant clues to the pathogenesis of neuronal ceroid lipofus-
cinoses and offer investigators the opportunity to study 
potential treatments of these disorders. Bone marrow and 
liver transplantation in English setter dogs did not 
succeed, nor have treatments with vitamin E, selenium, 
levodopa, or glutathione or peroxidase enzyme. Addition 
of 20% Maizena oil to their diet did improve their quality 
of life700 but did not alter the natural history of the 
condition.

The only treatment currently available is symptom-
atic. Baclofen (15 to 25 mg/day, increasing to as much as 
200 mg/day) and tizanidine (1 to 9 mg/day, later 20 to 

60 mg/day) have been helpful for the irritability, choreo-
athetotic behavior, and sleep disturbances. Levomeproma-
zine (5 to 20 mg/day) or benzodiazepines may also be 
benefi cial.703

Infantile Type (Haltia-Santavuori 
Syndrome, CLN-1)

This is the most common progressive encephalopathy 
in Finnish children younger than 2 years, with an 
incidence of 1 in 20,000.704 Early psychomotor develop-
ment is normal until 6 to 12 months of age (stage 1), 
although some children have microcephaly at that 
time. Subsequently, development is slowed, with hypoto-
nia, motor clumsiness, slight irritability, and sleeping 
problems (stage 2). Between 12 and 20 months there is 
rapid deterioration of the child’s condition, with 
truncal ataxia, hyperkinesis of the upper extremities, 
dystonia, myoclonic jerks, and loss of vision (stage 3). 
The optic discs are pale, the retinal vessels are narrowed, 
and the retina itself is hypopigmented. By 24 to 36 
months of age affected children are no longer able to 
sit (stage 4). A prolonged stationary burnt-out phase 
precedes death, which may not occur until 9 or 10 years 
of age.

The early stages of CLN-1 resemble those of Rett’s 
syndrome, but sphingolipidoses and even less common 
disorders have to be considered. Severe neuronal destruc-
tion occurs, with almost total loss of cortical and subcor-
tical neurons and cerebellar Purkinje cells resulting in 
severe brain atrophy and subsequent microcephaly. Mag-
netic resonance imaging can facilitate early diagnosis 
even before the appearance of clinical symptoms, with 
signal loss found in the thalami in children by 1 year of 
age. By 17 months of age, the basal ganglia look hypoin-
tense in comparison to the hyperintense white matter. 
Hyperintensity around the lateral ventricles is marked. 
Electroencephalographic fi ndings consist of missing or 
abnormally slow sleep spindles during sleep, which begin 
to disappear by the age of 13 months, are absent by 2 
years of age, and become isoelectric by 2.7 years.705 
Abnormal visual evoked potentials and electroretino-
grams are late manifestations and are clearly evident by 
stage 4. The diagnosis is ultimately confi rmed by electron 
microscopic examination. The electron micrograph dem-
onstrates membrane-bound irregular granular bodies, 
with the major storage material consisting of sphingolipid 
activator proteins A and D.

The gene for CLN-1 has been mapped to chromo-
some 1p32 and codes for palmitoyl-protein thioesterase 
(PPT1), a small glycoprotein that removes palmitate 
groups from cysteine residues in lipid-modifi ed pro-
teins.706 The two most common mutations are 223A→G 
and 451C→T. The normal protein is transported to syn-
aptosomes and is likely to be involved in early neuronal 
development.707,708 Mutations in this gene can produce 
several phenotypes, including congenital, infantile, late 
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infantile, juvenile, or even adult-onset variants.709 These 
different phenotypes could be related to different degrees 
of disruption in intracellular traffi cking of the mutant 
protein.708 More than 39 mutations in this gene have 
been delineated, and a website has been developed for 
updating the mutations database in this group of condi-
tions: http://www.ucl.ac.uk/ncl/.

Homologous cDNA to PPT1 was identifi ed in the 
expressed sequence tags (EST) database.710 The cDNA 
was derived from another gene that localizes to chromo-
some 6p21 and encodes a protein (PPT2) that shares 
18% amino acid identity with PPT1. Recombinant PPT2, 
like PPT1, had thioesterase activity and localized to the 
lysosome. However, PPT2 could not substitute for PPT1 
in correcting the metabolic defect in PPT1-defi cient cells 
and was unable to remove palmitate groups from the 
palmitoylated proteins routinely used as substrates for 
PPT1.710

The three-dimensional structure of PPT1 was solved, 
with and without bound palmitate, by multiwavelength 
anomalous diffraction phasing. The structure showed an 
α/β-hydrolase fold with a catalytic triad consisting of 
Ser115-His289-Asp233. This has given insight into the 
structural basis for the phenotypes associated with PPT1 
mutations.711

Ppt1 and Ppt2 null mice were generated that were 
defi cient in either enzyme.712 Mice from both knockout 
lines were viable and fertile, but spasticity developed at 
a median age of 21 weeks and 29 weeks, respectively. 
Myoclonic jerking and seizures were prominent in the 
Ppt1 mice, and motor abnormalities were progressive 
and caused death by 10 months of age. In contrast, Ppt2 
homozygous mice were less affected and survived longer 
(>12 months). Neuronal loss and apoptosis were most 
prominent in the brains of Ppt1-defi cient mice; however, 
autofl uorescent storage material was prominent through-
out the brains of both knockout mouse strains. These 
studies provided a mouse model for infantile neuronal 
ceroid lipofuscinosis and further suggested that PPT2 
serves a role in the brain that is not carried out by 
PPT1.

Late Infantile Type (Jansky-Bielschowsky 
Syndrome, CLN-2)

This type is the second most common variant encoun-
tered in the United States. Onset occurs between 2 and 
4 years of age. The earliest and most prominent symp-
toms are motor seizures of various types (myoclonic jerks, 
absence attacks, and atonic seizures) and truncal ataxia. 
The children are often described as being awkward, 
clumsy, tremulous, and dysarthric. The initial hypotonia 
progresses to spasticity with hyperactive refl exes, painful 
fl exor spasms, and severe fl exion contractures. By 5 years 
of age there is loss of intellect, inability to walk and talk, 
loss of vision, diffi culty swallowing and clearing secre-
tions, and incontinence. Death usually occurs between 
10 and 15 years of age.

Eye examination reveals optic atrophy and granular 
or pigmentary degeneration of the macula. Initially, the 
visual evoked potentials are enlarged, but over the course 
of the disease both the visual evoked potentials and the 
electroretinogram signal become small and then absent. 
The electroencephalogram may show positive spikes 
during low-frequency photic stimulation.713 The earliest 
radiographic fi ndings demonstrate a large fourth ventri-
cle and cerebellar atrophy,714 with eventual progression 
to severe cortical atrophy.

Electron microscopic studies demonstrate the pres-
ence of curvilinear bodies. Large spheroidal lysosomal 
inclusion bodies, called protein-type myoclonus bodies, 
have also been identifi ed. Their incidence, signifi cance, 
and biochemical composition have not been determined. 
Unlike the curvilinear bodies, the majority of these inclu-
sions were nonreactive to antibodies for subunit c.715 
Autopsy studies have disclosed storage material involving 
both neural cells and visceral cells such as the bone 
marrow parenchyma, spleen, Kupffer cells of the liver, 
lymph nodes, and renal parenchyma.

The CLN-2 gene encodes tripeptidyl peptidase 1, a 
lysosomal enzyme acting as an aminopeptidase that 
removes tripeptides from the free amino-terminals of 
proteins, and it maps to chromosome 11p15.716 As in 
CLN-1, mutations in the same gene can also produce 
juvenile-onset disease.709 At least 43 mutations have been 
identifi ed. The diagnosis is confi rmed by measuring tri-
peptidyl peptidase 1 activity in cells, most commonly 
fi broblasts. Because similar phenotypes can be produced 
in other variants of neuronal ceroid lipofuscinosis, enzy-
matic confi rmation is recommended to corroborate the 
diagnosis.709

Early Juvenile Type (Variant Jansky-
Bielschowsky Disease, Finnish Variant 
CLN-5)

Manifestations of this subtype begin at about the same 
age as those of the juvenile variant, but the course and 
neurophysiologic pattern are similar to those of the late 
infantile variant. Early psychomotor development is 
essentially normal up until 4 to 6 years of age, when 
motor clumsiness, epilepsy, and some visual diffi culties 
begin to appear. The disease progresses in a subacute 
fashion, and by 9 to 10.5 years of age there is marked 
cognitive decline, ataxia with diffi culty walking, dysar-
thria, and athetosis. Death occurs between 10 and 30 
years of age. The characteristic electroencephalographic 
abnormalities seen in the late infantile type are also 
present in this variant. Visual evoked potentials and elec-
troretinogram signals are abolished by 4 to 5 years of age. 
The characteristic abnormal early radiographic fi ndings 
seen in the late infantile type are also seen in this variant. 
Unlike the juvenile variant, vacuolated lymphocytes have 
not been observed. Skin and rectal biopsy specimens are 
the preferred tissues for diagnosis. Electron microscopy 
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demonstrates both the curvilinear and fi ngerprint 
patterns.

The CLN-5 gene localizes to chromosome 13q21-
32717 and encodes a putative 407–amino acid transmem-
brane protein.718 The 60-kd glycoprotein is expressed in 
lysosomes in all human tissues, with up to a fi vefold 
variation in levels of expression.718,719 Glycosylated poly-
peptides were also present in the media of cultured cells, 
thus suggesting that the CLN5 protein may be a soluble 
lysosomal protein rather than an integral transmembrane 
protein as predicted previously.

To date, four mutations have been identifi ed in the 
CLN-5 gene, including “Fin-major,” a 2-bp deletion in 
exon 4, being the most common and two other isolated 
mutations that were found in non-Finnish patients 
(Dutch and Columbian).720,721

A knockout mouse model of CLN-5 was generated 
by targeted deletion of exon 3 of the mouse Cln5 gene.722 
Homozygous knockout mice had loss of vision and accu-
mulation of autofl uorescent storage material in the CNS 
and peripheral tissues, but no prominent brain atrophy. 
Profi ling of brain transcripts in Cln5-defi cient mice 
showed altered expression of several genes that are known 
to be involved in neurodegeneration, as well as genes 
involved in defense and immune response, fi ndings 
typical of age-associated changes in the CNS. In addi-
tion, downregulation of structural components of myelin 
was detected, which was consistent with hypomyelination 
occurring in human CLN-5 patients. It was proposed 
that this mouse model may serve as a model for studying 
molecular processes associated with advanced aging.

Juvenile Type (Spielmeyer-Sjögren 
Syndrome, Batten’s Disease, CLN-3)

This form is the most common variant seen in the United 
States. It has a chronic course, with the initial manifesta-
tions beginning between the ages of 4 and 6. The earliest 
symptoms are a decline in central visual acuity and reti-
nitis pigmentosa. The disease course is insidious; it is 
slowly progressive and eventually leads to blindness, 
which is seldom detected before 7 or 8 years of age.723 
Formed and unformed visual hallucinations unrelated to 
seizures have been described.724 By 10 to 12 years of age, 
only light perception remains, and low-frequency nystag-
mus is present. At about this same age, convulsions fi rst 
appear and mental capacity declines. Thereafter, memory, 
school performance, and behavior steadily deteriorate. 
The behavioral problems may range from angry out-
bursts to depression. By the midteens these patients are 
moderately mentally retarded, and bouts of uncontrolla-
ble positional myoclonic jerking develop in some. Their 
speech is slurred and monotonous, with stammering, 
perseveration, and echolalia, and their thoughts become 
incoherent. An extrapyramidal syndrome consisting of a 
dull facial expression, peculiar postures, paratonic rigid-
ity, and a parkinsonian-like gait can develop. Cerebellar 

disturbances are also noticed, including clumsiness in all 
movements, progressive ataxia, and compulsive, monoto-
nous, dysarthric speech. Patients become mute by their 
mid to late 20s and become bedridden in a semifl exed 
posture with recurrent seizures. These seizures are diffi -
cult to control and may be accompanied by opisthotonic 
posturing and prolonged spells of apnea. The early radio-
logic picture can be completely normal in 25% of patients, 
but by the late teens there is severe diffuse cerebral 
cortical, subcortical, and cerebellar atrophy. The visual 
evoked potentials and electroretinogram signal are ini-
tially abnormal but eventually are absent. The electroen-
cephalogram is abnormal, and motor nerve conduction 
velocities are often decreased.

Twenty percent of the circulating lymphocytes in 
CLN-3 patients contain vacuoles. Microscopic examina-
tion has shown intracytoplasmic autofl uorescent lipopig-
ments in the nerve cells throughout the CNS and viscera. 
The reactive astrocytes are enlarged mainly in the super-
fi cial layers of the cerebral cortex. Calcifi cations have also 
been noted along the outer and inner brain surfaces.725 
The ultrastructural appearance of the lipopigments is 
predominantly a fi ngerprint-like profi le. Treatment with 
polyunsaturated fatty acids may be of some benefi t.726

The defective gene in CLN-3 is localized to chromo-
some 16p12.1 and encodes a deduced 438–amino acid 
hydrophobic transmembrane protein (battenin), which 
may be involved in the endocytosis/exocytosis pathway of 
vesicle-secreting cells.727,728 In addition, battenin appears 
to contain a putative mitochondrial targeting site and has 
four predicted N-glycosylation sites. A yeast homologue 
of battenin was identifi ed with 36% amino acid iden-
tity,729 and it was reported that all known point mutations 
of CLN3 concerned residues identical between the human 
and yeast protein. Of the more than 30 mutations that 
have been identifi ed, one is especially common, a 1.02-kb 
deletion that involves exons 7 and 8.

Adult Type (Kufs’ Disease, CLN-4)

The adult-type variant may represent up to 10% of all 
cases of neuronal ceroid lipofuscinosis.730 Inheritance of 
CLN-4 is autosomal recessive or sporadic and occasion-
ally dominant. The clinical course is chronic, insidious, 
and highly varied, beginning at between 20 and 60 years 
of age. Unlike the childhood forms, these patients do not 
have loss of vision or retinal degeneration. They may be 
seen with either myoclonic seizures (type A) or behavioral 
abnormalities (type B). Dementia, ataxia, and pyramidal 
and extrapyramidal signs are also present in both types. 
As with the progressive myoclonic epilepsies, the electro-
retinogram may show an intense photoparoxysmal 
response to low-frequency photic stimulation. Lafora’s 
disease, myoclonus-epilepsy–ragged red fi ber syndrome, 
GM2-gangliosidosis, galactosialidosis, and other storage 
disorders should be considered, but enzymatic assays and 
ultrastructural fi ndings in skin and muscle biopsy speci-
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mens help differentiate these diseases from CLN-4. Skin, 
muscle, rectal, or even brain biopsy may be necessary to 
confi rm the diagnosis. Electron microscopic studies may 
show various types of abnormal profi les, for example, a 
combination of distorted curvilinear profi les and fi nger-
print and rectilin ear profi les in membrane-bound vacu-
oles. Lipofuscin pigments may be seen with normal aging, 
but not the characteristic profi le of neuronal ceroid lipo-
fuscinoses. Immunostaining with antibodies against β-
amyloid protein and subunit c of mitochondrial ATP 
synthetase may also be useful in distinguishing these vari-
ants from Alzheimer’s disease. Autofl uorescent lipopig-
ments have been demonstrated in the neuronal perikaryon 
and axonal hillocks of the isocortex, allocortex, basal 
ganglia, thalamus, brainstem nuclei, cerebellum, and 
neurons of the anterior horns in the spinal cord. Cerebel-
lar atrophy is present. CLN-4 has not been mapped to 
any genetic locus, and the cause of the disease remains 
unknown.
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In a 1881 communication to the Turin Royal Academy 
of Medicine, the Italian physician Giulio Bizzozero dis-
closed the presence in circulating human blood of dis-
crete elements that he termed “piastrine” (“blutplättchen” 
in a 1882 publication in a German journal and “petites 
plaques” in a communication in French).1 Previously 
speculated to be merely nonphysiologic “granular aggre-
gates,” blood platelets have since become central to our 
understanding of thrombosis and hemostasis, and detailed 
understanding of their participation in cardiovascular 
disease, stroke, and even cancer has led to remarkable 
progress in the rational treatment of these disorders.

Although platelets are most often studied in the 
context of their ability to form a hemostatically effective 
plug, it is now widely recognized that their infl uence 
extends far beyond this process to all aspects of hemo-
stasis, as well as to wound healing and vascular remodel-
ing. For example, platelets generate or secrete biologically 
active mediators such as thromboxane A2 (TXA2) and 
serotonin, which not only amplify platelet activation 
responses but also modulate vascular tone. In addition, 
platelets secrete a broad array of granule constituents 
that stimulate vessel repair, induce megakaryocytopoie-
sis, promote coagulation, and limit fi brinolysis.

The same pathways that lead to platelet plug forma-
tion can also produce pathologic thrombosis, a process 
that has been described as hemostasis occurring at the 
wrong time or in the wrong place. Platelets are particu-
larly important for hemostasis on the arterial side of the 
circulation, where blood fl ows under higher pressure and 
experiences greater shear force. As a result, platelet func-
tion is generally considered to be critical to the patho-
genesis of arterial thrombosis and less so for venous 
thrombosis, and antiplatelet drugs are most widely used 
in the former setting. However, this distinction between 
the mechanisms underlying arterial and venous throm-
bosis is not absolute, and the spectrum of thrombotic 
disorders should be considered a continuum.

Arterial thrombosis is a particularly common problem 
in middle-aged and older adults and is a major cause of 
morbidity and mortality in developed countries. The 
thrombi that arise in atherosclerotic vessels are predomi-
nantly platelet in origin and are the proximate cause of 
myocardial infarction and most cerebrovascular acci-
dents. Although arterial thrombosis is considerably less 
common in children than adults, it may contribute to 
major morbidity in patients with sickle cell disease, as 
well as complications of some childhood infections, 
Kawasaki’s syndrome, and various forms of arteritis, 
autoimmune disorders, hemolytic-uremic syndrome, 
and thrombotic thrombocytopenic purpura (see Chapter 
33).

In this chapter we review platelet structure and func-
tion, with special emphasis on the cell surface glycopro-
teins that function as sentries for areas of vascular damage 
and the signal transduction events that both amplify and 
limit platelet responsiveness. The information provided 
here should be helpful in understanding subsequent 

chapters that describe inherited and acquired platelet 
disorders (see Chapters 29 and 33) and the role of the 
adhesive protein von Willebrand factor (VWF) (see 
Chapter 30) in hemostasis. Finally, there is growing 
appreciation of the role that platelets play in infl amma-
tion and the pathogenesis of atherothrombosis, which is 
briefl y discussed at the end of the chapter.

PLATELET MORPHOLOGY AND 
SUBCELLULAR ORGANIZATION

Platelets are adhesion and signaling machines that circu-
late as small, disc-shaped cellular fragments in the whole 
blood of healthy individuals at a concentration of approx-
imately 150,000 to 300,000/μL. Early studies suggested 
that platelets might be produced via cytoplasmic frag-
mentation along a network of internal demarcation 
membranes that were observed in large, polyploid mega-
karyocytes.2,3 More recent studies,4-6 however, support 
the notion that proplatelets are assembled and packaged 
with their various constituents at the ends of long cyto-
plasmic extensions of differentiated megakaryocytes that 
have migrated from the proliferative osteoblastic niche to 
the capillary-rich vascular niche of the bone marrow 
microenvironment,7 with the invaginated demarcation 
membrane system serving simply as a reservoir of inter-
nal membrane used for proplatelet extension.8,9 Once 
adjacent to the adluminal face of the endothelium, 
proplatelets are released into the bloodstream, where 
they circulate as mature platelets for approximately 7 to 
10 days before being cleared by the liver and spleen10—
their life span being controlled, at least in part, by 
an antagonistic balance between the apoptotic proteins 
Bcl-xL and Bak.11

The size of resting platelets is somewhat variable, 
averaging approximately 1.5 μm in diameter and 0.5 to 
1 μm in thickness. Platelet size is undoubtedly regulated 
by numerous factors during their biogenesis, but both the 
224-kd nonmuscle myosin heavy chain IIA (MYHIIA) 
and the cell surface glycoprotein Ib (GPIb) complex 
appear to play critical roles. Thus, mutations in the 
MYH9 gene predominantly interfere with contractile 
events important for platelet formation,12 whereas failure 
to express GPIb—the molecular basis for the platelet 
disorder known as Bernard-Soulier syndrome13,14—dis-
rupts critical associations with the cytoskeletal protein 
fi lamin15,16 that play an essential role in both platelet 
formation and platelet compliance.17 In both these inher-
ited platelet disorders, platelets can appear as large as 
lymphocytes (see Chapter 29). Correction of GPIb 
expression in GPIb-defi cient (Bernard-Soulier) mice has 
been shown to restore platelets to their normal size.18

The volume of a platelet (mean platelet volume) 
normally ranges from 6 to 10 fL (1 fL = 10−15 L). Platelet 
density is also variable,19 and the issue of whether young 
platelets are more20,21 or less22 dense as they gain versus 
lose content during their circulating lifetime has never 
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been satisfactorily resolved. Because platelets retain most 
species of messenger RNA (mRNA) for a short period 
after their release from bone marrow megakaryocytes,23 
young platelets can be distinguished from older ones by 
their RNA content.24

As shown in Figure 25-1A and C, resting platelets are 
discoid in shape, largely because of the presence of a cir-
cumferential coil of microtubules,25,26 and they are packed 
with numerous electron-opaque alpha granules, a few 
dense granules (granule contents and their functions are 
discussed later), several mitochondria, and lysosomes.27 
Platelets also retain a few Golgi remnants, as well as occa-
sional vestiges of rough endoplasmic reticulum—the 
exception being platelets from patients with rapid platelet 
turnover, in whom very young platelets containing more 
abundant protein synthesis machinery are readily observed 
in the circulation. Platelets also contain two highly spe-
cialized membrane systems not found in other cells of the 
body: the surface-connected open canalicular system 
(OCS) (see Fig. 25-1B and C) and the dense tubular 
system (DTS). The OCS is a series of tortuous invagina-
tions of the plasma membrane that appear to tunnel 
throughout the cytoplasm of the cell28 and serve as an 
internal reservoir of plasma membrane that is called upon 
when platelets round up, extend lamellipods and fi lopods 
(see Fig. 25-1B and D), and spread during platelet activa-
tion—a process that can increase the surface area of 
exposed plasma membrane by more than 400%.29 Because 

OCS channels are proximal to internal granules, they also 
probably function as a conduit for the rapid expulsion of 
alpha and dense granule contents during platelet activa-
tion.30 The DTS, on the other hand, is a remnant of the 
smooth endoplasmic reticulum31 and is found randomly 
dispersed throughout the cytoplasm. The DTS appears to 
be one of several organelles within the platelet known to 
harbor high concentrations of calcium,32,33 and it is 
thought to contain a 100-kd calcium adenosine triphos-
phatase (ATPase) known as SERCA2b34 that functions to 
sequester and store cytosolic calcium in resting cells. 
Recent evidence suggests that adenosine diphosphate 
(ADP) is able to induce selective release of calcium from 
the DTS35 whereas activation of the GPIb/V/IX receptor 
for VWF releases calcium primarily from a poorly defi ned 
acidic compartment36 within the cell.35 Thrombin, a 
strong platelet agonist, appears to elicit release of calcium 
from both stores on binding to the platelet thrombin 
receptor PAR1.35

The platelet cytoskeleton is composed of a single 
rigid, but dynamic microtubule approximately 100 μm in 
length that is coiled about 8 to 12 times around the 
equatorial plane of the cell.37-39 This marginal band of 
microtubules is largely responsible for maintaining the 
discoid shape of the resting cell, as illustrated by the 
observations that (1) incubation of platelets with colchi-
cine—an agent that dissolves microtubules—results 
in their rounding,40 (2) platelets from mice lacking 

A
B

C D

FIGURE 25-1. Platelet morphology. Resting platelets (shown in thin section in A and from a scanning electron micrograph of a fl ash-frozen, 
freeze-dried platelet in C) are shaped like a disc and contain numerous electron-opaque alpha granules, a few dense granules, and several mito-
chondria and lysosomes. A circumferential coil of microtubules (mc—highlighted with an oval) is responsible for maintaining their discoid shape. 
Platelets also contain a number of cytoplasmic membrane systems that subserve specialized functions, including vestiges of the smooth endoplasmic 
reticulum that sequester calcium and tortuous invaginations of the plasma membrane that form a surface-connected open canalicular system 
(OCS). When platelets become activated (B and D), they rapidly round up, extend lamellipodia (lam) and fi lopodia (fi l), and release the contents 
of their granules, often into the nearby OCS. (Photographs generously provided by John H. Hartwig and used with permission.)
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β1-tubulin remain largely spherical,41 and (3) “platelet 
spherocytosis” in humans results when tubulin fails to 
polymerize normally into microtubules.42 Directly under-
neath the plasma membrane lies an intricate, two-dimen-
sional, tightly woven membrane skeleton43 composed of 
nonerythroid spectrin,44,45 a network of actin fi laments,43,45 
vinculin,46 and the actin-binding protein fi lamin,47 which 
itself is tethered to the inner face of the plasma mem-
brane via linkages with the cytoplasmic domain of 
GPIb.15,47 The membrane skeleton, because of its loca-
tion, serves as a scaffold that links elements of the plasma 
membrane with contractile elements of the cytoskeleton 
and cytosolic signaling proteins and thereby regulates 
such diverse functions as receptor mobility,48,49 receptor 
clustering,50-52 and signal transduction.53 Finally, the 
platelet is fi lled with an extensive cytoplasmic network of 
actin fi laments45,54 organized by the actin-binding pro-
teins fi lamin55,56 and α-actinin57 that constitute its 
cytoskeleton.

When platelets become exposed to components of 
the extracellular matrix58 or to soluble agonists such as 
ADP59 or thrombin,60,61 they undergo dramatic changes 
in their morphology.62,63 The marginal band of microtu-
bules disappears,54 which allows the platelet to transform 
from a disc to an irregular sphere. At nearly the same 
time, the actin fi lament–capping protein α-adducin 
becomes phosphorylated and dissociates from existing 
F-actin fi laments,64 thereby exposing the barbed end of 
the fi lament to cytosolic actin monomers and driving 
rapid polymerization of actin into microfi laments.62 This 
has the dual effect of driving the extension of lamellipo-
dia and fi lopodia and forcing granules toward the center 
of the platelet, where they can fuse with membranes of 
the OCS and release their contents to the exterior of the 
cell. Phosphorylation of myosin additionally induces 
contractile events that facilitate centralization of the 
granules.65

PLATELET GENOMICS AND PROTEOMICS

Though anucleate, platelets contain measurable and 
manipulable levels of megakaryocyte-derived mRNA,23 
at least some of which is capable of being synthesized 
into small, but detectable amounts of protein.66,67 Both 
serial analysis of gene expression (SAGE) and gene 
microarray analysis have been used to estimate the size 
and composition of the platelet transcriptome.68-70 A con-
sistent fi nding of all genomic analyses performed to date 
is that mitochondrially derived transcripts dominate the 
platelet transcriptome—presumably because of persis-
tent transcription of the mitochondrial genome after 
platelet release from the bone marrow. This problem has 
recently been addressed by analyzing the transcriptome 
of cultured megakaryocytes derived from cord blood 
stem cells.71 Of the 20,488 genes present in the human 
genome, 2000 to 3000 distinct transcripts have been 
identifi ed in unstimulated platelets—considerably fewer 

than normally found in a nucleated cell, but perhaps 
more than one might have expected from an anucleate 
circulating cellular fragment. One of the more surprising 
fi ndings in recent years has been the identifi cation of 
heterogeneous nuclear RNA (hnRNA) in the platelet 
cytosol, as well as all of the spliceosome components 
necessary to splice the hnRNA into mature message that 
can thereafter be translated into protein.72 Enlisted during 
the activation process, signal-dependent protein transla-
tion has thus far been demonstrated for mRNA mole-
cules encoding interleukin-1β (IL-1β),72 tissue factor,73 
and Bcl-3,74 the protein products of which have the 
potential to infl uence infl ammation, thrombosis, and 
wound repair.

The platelet proteome appears to be equally complex 
and diverse and, unlike the transcriptome, reports both 
the breadth and relative amounts of protein products 
actually present in the cell. Obtained by refi ned two-
dimensional gel electrophoretic techniques that were 
originally developed in the 1970s75,76 or by liquid chro-
matographic separation, proteins are fragmented and 
separated via a combination of proteolytic and ionization 
techniques and then analyzed by mass spectrometry. 
Such analysis has allowed the identifi cation of dozens of 
proteins present in complex cellular lysates or subcellular 
fractions (see elsewhere77,78 for recent reviews of this 
topic). In addition to yielding the expected menu of 
major plasma membrane glycoprotein receptors, one of 
the more complete global profi ling analyses to date79 
identifi ed a core platelet proteome composed of 641 pro-
teins, including an abundance of molecules involved in 
signal transduction, cytoskeletal change, and metabo-
lism—understandable given the importance of cellular 
activation and its control in platelet function. By combin-
ing prefractionation methods with suitable separation 
techniques, proteomic analysis has also been used to 
compile an inventory of proteins that are either (1) post-
translationally modifi ed (normally by phosphorylation) 
during the platelet activation process80-82 or (2) present 
at low abundance in the total platelet proteome but 
enriched within various subcellular compartments, 
including the platelet cytoskeleton,83 alpha granules,81,84,85 
membrane fraction,86 membrane rafts,87 and 
microparticles.88

ANTITHROMBOTIC COMPONENTS 
OF THE VESSEL WALL

Although hundreds of thousands of platelets per micro-
liter circulate in blood, under normal conditions very few, 
if any, interact with the intact vessel wall because the 
endothelial lining of the blood vessel presents an excel-
lent nonthrombogenic surface. In fact, this property of 
the vessel wall has not yet been duplicated in any pros-
thetic or extracorporeal device. Healthy endothelium not 
only provides an effective barrier between blood compo-
nents and the highly thrombogenic components of the 
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subendothelium (see later) but also actively produces 
both membrane-bound and secretory products that limit 
fi brin generation and promote clot dissolution. For 
example, heparin-like glycosaminoglycans present on the 
luminal side of the endothelial cell surface recruit plasma 
antithrombin, which effects a conformational change that 
promotes binding and neutralization of thrombin and 
other serine proteases.89 Thrombin, when bound to the 
endothelial cell surface receptor thrombomodulin, takes 
on anticoagulant properties via its cleavage and activation 
of protein C, which in turn cleaves coagulation factors V 
and VIII, thereby further suppressing thrombin genera-
tion.90 Endothelial cells also express a specifi c receptor 
for activated protein C that serves to concentrate the 
protein on the endothelial surface (see Chapter 26).91 
Finally, endothelial cells synthesize, secrete, and rebind 
tissue plasminogen activator,92,93 which activates plas-
minogen to facilitate fi brin dissolution (see Chapter 27). 
These activities are summarized in schematic form in 
Figure 25-2.

The endothelial cell also produces two important 
inhibitors of platelet activation: prostacyclin (PGI2)94-96 
and nitric oxide (NO).97-99 A labile oxygenated metabolite 
of arachidonic acid generated by endothelial cell cyclo-
oxygenase-2 (COX-2), PGI2 diffuses out of the cell and 
binds to a platelet Gs protein–coupled receptor (GPCR) 

known as the isoprostenoid (IP) receptor.100,101 Such 
binding stimulates adenylate cyclase to increase cytosolic 
cyclic adenosine monophosphate (cAMP) levels, which 
(1) activates a pump in the DTS that decreases cytosolic 
Ca2+, thereby helping keep platelets quiescent, and (2) 
activates protein kinase A (PKA), the actions of which 
will be discussed later. PGI2 also has potent vasodilatory 
effects by binding to IP on arterial smooth muscles cells 
to effect vessel relaxation.94 The PGI2 produced by 
vascular endothelium thus serves to counterbalance 
the proaggregatory and vasoconstrictor activities of the 
platelet-derived prostanoid TXA2, the biology of which is 
discussed later. In fact, upsetting the delicate balance 
between COX-1–derived TXA2 and COX-2–derived 
PGI2 has been shown to increase the risk for adverse 
cardiovascular events.102

Whereas PGI2 stimulates adenylate cyclase to produce 
cAMP, NO, a product of l-arginine generated by endo-
thelial nitric oxide synthase (eNOS),103 directly activates 
platelet guanylate cyclase, which results in increased cyto-
solic levels of cyclic guanosine mono phosphate (cGMP). 
Although platelet responses to low levels of this cyclic 
nucleotide can at fi rst be mildly stimulatory,104 cGMP, 
largely via its activation of protein kinase G (PKG), has 
the overall effect of dampening platelet responses, inhibit-
ing platelet adhesion105,106 and aggregation,107-110 and 
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FIGURE 25-2. Anticoagulant and antithrombotic 
components of the vascular endothelium. Endothelial 
cells produce a number of substances, including nitric 
oxide (NO) and prostacyclin (PGI2), that act on plate-
let surface receptors to dampen platelet responsiveness. 
They also scavenge the platelet agonist adenosine 
diphosphate (ADP), inactivate thrombin, and activate 
the fi brinolytic enzyme plasmin. APC, activated protein 
C; AMP, adenosine monophosphate; ATIII, antithrom-
bin III; cAMP, cyclic adenosine monophosphate; 
cGMP, cyclic guanosine monophosphate; COX-2, 
cyclooxygenase-2; eNOS, endothelial nitric oxide syn-
thase; EPCR, endothelial cell protein C receptor; FV, 
factor V; GAGs, glycosaminoglycans; TM, thrombo-
modulin; IP, isoprostenoid; PC, protein C; PKA, 
protein kinase A; PKG, protein kinase G; TPA, tissue 
plasminogen activator.
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impeding platelet-mediated recruitment of leukocytes 
during the infl ammatory response.111 Its mechanism of 
action is discussed in more detail later.

In addition to the soluble metabolites PGI2 and NO, 
endothelial cells also express on their surface a potent 
adenosine diphosphatase (ADPase) known as CD39 that 
scavenges plasma ADP to prevent platelet aggrega-
tion.112,113 Finally, it is important to note that infl amma-
tory cytokines, oxidized lipids, and immune complexes 
can, under pathologic conditions, inhibit these protective 
biochemical pathways and impair the antithrombotic 
state of the endothelial cell. The latter changes permit 
unrestrained formation of platelet- and fi brin-containing 
thrombi, as well as thrombus formation beyond sites of 
vascular injury, and can thus contribute to atherothrom-
bosis—a topic that is discussed more extensively at the 
end of this chapter.

REACTING TO THE BREACH—CELL SURFACE 
RECEPTORS THAT MEDIATE TETHERING 
AND ADHESION AND TRANSMIT EARLY 
ACTIVATION SIGNALS

As antithrombotic as the endothelial lining is, the under-
lying extracellular matrix consists of a rich mixture of 
glycosaminoglycans into which are embedded an abun-
dance of highly concentrated prothrombotic proteins, 
including structural components such as collagen and 
elastin (which constitute ≈30% of body weight) and 
adhesive proteins such as laminin, fi bronectin, and VWF. 
Not surprisingly, platelets have evolved receptors for 
most of these proteins and initiate a series of rapid bio-
chemical events both on the surface and inside the cell 
when exposed to them. As a result, adhesion is an activat-
ing event!

The large number of circulating red blood cells serve 
to marginate platelets, and when the vessel wall is 
breached, either by mechanical injury or after rupture 
of atherosclerotic plaque, the fi rst layer of platelets to 
encounter exposed matrix undergoes a series of sequen-
tial events similar to what leukocytes experience during 
the infl ammatory response—namely, tethering, initial 
signaling to the cell interior, integrin-mediated adhesion, 
and cytoskeletally directed cell spreading. Whereas leu-
kocyte tethering is mediated by members of the selectin 
family, the fi rst layer of platelets become tethered on 
VWF,114 which is sprinkled on exposed collagen fi bers. 
VWF interacts with a high-affi nity, platelet-specifi c mul-
tisubunit receptor known as the GPIb/V/IX complex.115 
This latter complex, which is expressed at approximately 
25,000 copies per cell,116 binds to the A1 domain of 
VWF117 with high-enough affi nity to tether platelets even 
under conditions of arterial shear.118 Loss of the GPIB/
V/IX receptor in both humans and mice results in a clini-
cal condition known as Bernard-Soulier syndrome,13,14 
which is characterized not only by an increase in platelet 
size but also by prolonged bleeding caused, in large part, 

by the inability of platelets to adhere to the vessel wall. 
After engagement with its ligand, GPIb acts through 
membrane-proximal Src family kinases,119 through 
adapter molecules,120 and to a lesser extent, via its asso-
ciation with immunoreceptor tyrosine–based activation 
motif (ITAM)-bearing subunits121,122 to transmit early 
activation signals123,124 that together result in the recruit-
ment and activation by tyrosine phosphorylation of phos-
pholipase Cγ2 (PLCγ2),125,126 a key enzymatic component 
of platelet amplifi cation that is required to achieve throm-
bus growth and stability (Fig. 25-3).127

Once tethered, two different platelet integrins—each 
of which exists in a low-affi nity state on the platelet 
surface—begin to engage specifi c extracellular matrix 
components and, together with the small calcium tran-
sients and kinase-generated signals emanating from the 
GPIb complex and from the mechanical shear force gen-
erated by the fl owing blood,128 initiate the reciprocal pro-
cesses of platelet adhesion and activation. Thus, the α2β1 
integrin binds to exposed collagen fi brils,129 whereas the 
integrin receptor α6β1 engages laminin.130 Both these 
integrins “hand off” to a member of the immunoglobulin 
superfamily, GPVI,131,132 which via its noncovalent asso-
ciation in the plane of the plasma membrane with the 
ITAM-bearing Fc receptor γ chain dimer131,133 elicits 
strong PLCγ2-dependent events that (1) begin the 
process of cytoskeletally directed shape change and 
cell spreading (discussed earlier); (2) initiate signal trans-
duction pathways (illustrated in Fig. 25-3) that cause 
dramatic structural changes in platelet integrins and 
thereby result in their adopting a high-affi nity, ligand-
binding–competent conformation134—a process known 
as “inside-out” signal transduction (to be described in 
more detail later); and (3) facilitate fusion of alpha and 
dense granules with the OCS and underlying plasma 
membrane.

PLATELET GRANULES AND THEIR 
ROLE IN HEMOSTASIS

Platelet-specifi c granules are synthesized, assembled, and 
packaged during megakaryocyte biogenesis, and at later 
stages of maturation they appear to come into contact 
with microtubules, which then transport them, via the 
microtubule motor protein kinesin, along the shafts of 
proplatelets until they reach the proplatelet tips.135 Once 
inside a mature platelet, platelet granules remain rela-
tively evenly dispersed throughout the cytoplasm, their 
contents awaiting threshold signals for cellular activation, 
at which time their membranes fuse with the plasma 
membrane or, more likely, the invaginated subdomains 
of the plasma membrane known as the OCS136 (see 
earlier). The regulated secretion of granule contents 
ensures that hemostasis remains highly localized—an 
event that has recently been exploited to deliver non–
platelet-derived procoagulant proteins such as factor VIII 
to sites of vascular injury.137,138
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Platelets harbor three distinct types of granules (Box 
25-1). Two—alpha and dense granules—are found only in 
platelets, whereas lysosomes are present in nearly all cell 
types. Alpha granules are by far the most numerous, with 
as many as 40 to 80 per cell, and they contain a wide array 
of proteins and bioactive peptides. For ease of discussion, 
Box 25-1 classifi es alpha granule proteins as those that 
reside within the alpha granule membrane (P-selectin 
being the most diagnostic), those pinocytosed from 
plasma and packaged (IgG, fi brinogen, albumin),139 and 
those synthesized by megakaryocytes and stored (VWF, 

platelet factor 4, thrombospondin). mRNA molecules 
encoding the latter group have all been identifi ed in the 
platelet cytoplasm. Upon platelet activation, granules 
become redistributed toward the center of the cell,136 at 
which time SNARE (soluble N-ethylmaleimide–sensitive 
attachment protein receptor) proteins within the alpha 
granule membrane facilitate fusion,140 with members of 
the Rab family of low-molecular-weight guanosine tri-
phosphatases (GTPases) playing a prominent role in 
vesicle docking and exocytosis.141,142 After membrane 
fusion, P-selectin143-145 and alpha granule membrane–
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that contain the vasoconstrictive substance seroto -
nin,160-162 adenine and guanine nucleotides such as ADP 
and ATP, inorganic pyrophosphates163 and polyphos-
phates,164 and the divalent cation calcium.165 Complexes 
of the latter two are probably responsible for the dark 
appearance of these bodies on thin-section electron 
microscopy.166 Dense granule membranes contain a few 
components in common with lysosomal membranes, such 
as granulophysin (CD63, lysosome-associated membrane 
protein-3 [LAMP-3])167 and LAMP-2,168 as well as mem-
brane proteins also present in alpha granule membranes, 
such as P-selectin,167 thus suggesting a common origin 
during biogenesis. Like their alpha granule counterparts, 
these dense granule membrane proteins become expressed 
on the platelet cell surface after granule fusion and secre-
tion and can be used as platelet activation markers. Curi-
ously, a number of plasma membrane glycoproteins, 
including GPIb and GPIIb-IIIa, have also been reported 
in dense granule membranes.169 Dense granule contents, 
especially ADP,170 play a physiologically important role in 
hemostasis, as evidenced by characteristic platelet func-
tion defects in patients whose platelets lack dense gran-
ules or their contents,171 collectively known as storage 
pool disorders.172-174 Chédiak-Higashi and Hermansky-
Pudlak175 syndromes are two such examples of autosomal 
recessive dense granule defects that lead to platelet dys-
function and bleeding, the former being associated with 
immunodefi ciency and the latter with albinism (see 
Chapter 29).

Primary lysosomes are the third organelle whose 
contents are secreted upon platelet activation, but only 
three or fewer per cell are normally identifi able.176 
Although a clear role for lysosomes in platelet function 
has not been identifi ed, they do contain more than a 
dozen different acid hydrolases, cathepsins D and E, and 
other degradative enzymes that can be secreted if plate-
lets are subjected to strong agonist stimulation. Their 
contents have been shown to be mildly reduced in the 
platelets of individuals with GPS,177 in keeping with the 
notion that the latter disorder is caused by a defect in 
packaging. The membrane proteins on platelet lysosomes 
are typical of lysosomes in other cells and include LAMP-
1,178 LAMP-2,168 and LAMP-3.167

FEED-FORWARD AMPLIFICATION 
PATHWAYS INVOLVED IN PLATELET 
RECRUITMENT AND THROMBUS STABILITY

Although platelet adhesion, early activation signals, and 
granule release are prerequisites for thrombus formation, 
effi cient recruitment of additional platelets to the site of 
the vascular lesion to yield a stable platelet plug requires 
a host of additional receptor/ligand interactions—each of 
which results in signal transmission and subsequent bio-
chemical and cell biologic changes that help sustain 
platelet activation. Among the most important of these is 
the binding of released ADP to one of its two platelet G 

Box 25-1 Platelet Granules and Their Contents

ALPHA GRANULES

Membrane proteins enriched in the granule membrane: P-
selectin, TLT-1, CD40 ligand (which is cleaved after 
exposure on the platelet surface to release soluble 
CD40L), and tissue factor.

Membrane proteins present at similar concentrations as they are 
in the plasma membrane: GPIIb-IIIa, GPIb, PECAM-1, 
and perhaps many others

Granule contents:
 Synthesized by megakaryocytes: Thrombospondin, VWF, 

platelet factor 4, β-thromboglobulin, PDGF
 Endocytosed from plasma or origin not determined: 

Albumin, fi brinogen, fi bronectin, IgG, Gas6, 
coagulation factor V, and many chemokines and growth 
factors, including RANTES, bFGF, EGF, TGF-β, and 
VEGF

DENSE GRANULES

ADP, ATP, 5′-HT, Ca2+, polyphosphate

LYSOSOMES

Acid hydrolases, elastase, cathepsins, and other 
degradative enzymes

ADP, adenosine diphosphate; ATP, adenosine triphosphate; 
bFGF, basic fi broblast growth factor; EGF, epidermal growth 
factor; Gas6, growth arrest–specifi c gene 6; GP, glycoprotein; 
5′-HT, 5′-hydroxytryptamine; PDGF, platelet-derived growth 
factor; PECAM-1, platelet endothelial cell adhesion molecule-
1; RANTES, regulated on activation, T cell expressed and 
secreted; TGF-β, transforming growth factor β; TLT-1, TREM 
(triggering receptor expressed on myeloid cells)-like transcript-
1; VEGF, vascular endothelial growth factor; VWF, von 
Willebrand factor.

specifi c proteins such as TLT-1146 become expressed on 
the platelet surface, and the contents of the granule are 
released into the plasma milieu. Exposed P-selectin, diag-
nostic of an activated platelet,147,148 serves to recruit leu-
kocytes to the site of injury,149 one of a number of impor -
tant links between thrombosis and infl ammation150 
(discussed at the end of this chapter). Proteins secreted 
from platelets include the adhesive ligands VWF and 
fi brinogen, which serve to support platelet-platelet inter-
actions; growth factors and cytokines, which promote cell 
migration151 and wound healing152 and maintain vascular 
integrity153; and autocrine factors such as growth arrest–
specifi c gene 6 (Gas6)154 and CD40L,155 which are released 
and rebind platelet receptors to help amplify platelet 
responsiveness. Finally, alpha granules and their contents 
are a source of procoagulant proteins, with release of 
factor V156 and exposure of tissue factor73,157 promoting 
localized fi brin deposition at sites of vascular injury. Plate-
let alpha granules, or at least their contents,158 are severely 
reduced in an inherited bleeding disorder known as gray 
platelet syndrome (GPS) (see Chapter 29).159

Dense granules (four to eight per platelet) are mor-
phologically distinct, electron-opaque storage organelles 
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as a result of the action of phospholipase-generated 1,4,5-
inositol triphosphate (IP3, discussed in more detail 
later)—to remain cytosolic. “Bioavailable” calcium ions, 
in turn, support a host of additional cellular events, 
including more robust granule secretion, activation of 
metal ion–dependent proteases, and activation of cell 
surface integrins. The importance of ADP in amplifying 
platelet responses is illustrated by the clinical effective-
ness of ticlopidine and clopidogrel—widely used phar-
macologic agents that antagonize the activity of P2Y12—
in pacifying platelet reactivity and inhibiting platelet 
aggregation.181

In addition to ADP-induced, P2Y12-mediated signal-
ing, nearly a dozen other soluble ligands are either gener-
ated or released at sites of vascular injury and function 
in signal amplifi cation and platelet activation. These 
ligands can, for the sake of simplicity, be broken into 
three classes according to the type of platelet receptor to 
which they bind (Fig. 25-5). The fi rst class of ligands is 
composed of ADP, thrombin, TXA2, and serotonin (5′-
hydroxytryptamine [5-HT]), each of which binds to a 
specifi c GPCR that is coupled to the heterotrimeric α 
subunit, Gq. Thus, ADP binds to P2Y1,182-185 thrombin to 
the protease-activated receptors PAR1 and PAR4,186,187 
TXA2 to the thromboxane receptor,188,189 and serotonin 
to 5-HT2A.190 When released as a consequence of ligand 
binding to any of these GPCRs, the Gq subunit binds to 
the β isoform of phospholipase C (PLC). PLCs are lipid 
hydrolases that act on membrane-associated phosphati-
dylinositol 4,5-diphosphate (PIP2) to produce the second 
messengers IP3 and diacylglycerol (DAG). IP3 binds and 
opens calcium channels, whereas DAG activates the most 
abundant forms of protein kinase C (PKC), thereby 
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protein–coupled receptors, P2Y12.179,180 Like the α2 recep-
tor for epinephrine, P2Y12 is coupled to an inhibitory G 
protein that slows down the activity of adenylate cyclase, 
thus lowering cytosolic levels of cAMP (Fig. 25-4). This 
greatly potentiates platelet responses by other agonists 
because it allows calcium ions—released from the DTS 
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initiating additional signaling cascades downstream of 
this serine/threonine kinase. As shown in Figure 25-5, it 
is the sum of these products—generated by the γ2 isoform 
of PLC in response to adhesion and by the β isoform of 
PLC in response to ligand-GPCR interactions—that the 
platelet integrates when deciding whether to become 
fully activated. This concept is important in the context 
of designing pharmacologic strategies to inhibit platelet 
function because blocking adhesion and its consequent 
activation of PLCγ2 leaves PLCβ-mediated platelet acti-
vation largely intact, and vice versa.

The second class of signal amplifi ers consists of the 
cell surface integrins themselves.191 As illustrated in the 
middle section of Figure 25-5, when ligands bind to 
integrins, the Src family kinases associated with integrin 
cytoplasmic tails192 trigger a series of incompletely under-
stood amplifi cation events193 that have been collectively 
termed “outside-in” signaling.194-196 Although this has best 
been demonstrated after interaction of the major platelet 
integrin αIIbβ3 with its ligand fi brinogen, signals also 
probably emanate from α2β1

134,197,198 and α6β1
132 upon 

engaging collagen and laminin, respectively. Activation 
signals from the latter two may be relatively weak by 
comparison because of the fact that only a few thousand 
of each are expressed on each platelet as compared with 
50,000 to 80,000 αIIbβ3 receptors per cell.199,200 The 
protein kinases Syk and FAK have been shown to become 
activated downstream of αIIbβ3 engagement, as has activa-
tion of PLCγ2.201 However, the details of these events 
remain to be worked out. Finally, there is at least one 
autocrine loop that uses integrin-mediated outside-in 
signal amplifi cation—that being cleavage and rebinding 
of soluble CD40L after alpha granule fusion and 
secretion.155

The third class of feed-forward amplifi cation reac-
tions is mediated by ligand-activated plasma membrane 
receptor tyrosine kinases. The fi rst of these to be described 
were receptors for Gas6, a vitamin K–dependent protein 
related to the anticoagulant protein S. Gas6 is thought 
to reside in platelet alpha granules202,203 and, like other 
alpha granule proteins, becomes secreted upon platelet 
activation. Interestingly, platelets have three different 
receptors for Gas6—Axl, Sky, and Mer—all of which 
have active cytoplasmic tyrosine kinase activity (see Fig. 
25-5). Upon engagement, Gas6 receptors appear to be 
able to trigger tyrosine phosphorylation of the β3 integrin 
cytoplasmic domain and thereby support outside-in inte-
grin signaling, as well as activate phosphatidylinositol-
3′-kinase (PI3K) to further sustain granule secretion.154 
Platelets also express two members of the Eph receptor 
tyrosine kinase family, EphA4 and EphB1, which when 
in contact with their membrane-bound counter-receptor 
Ephrin B1, stimulate tyrosine phosphorylation of the 
integrin β3 tail and activate the integrin activator Rap1b.204 
Like Gas6 signaling,154,205,206 genetic loss or pharmaco-
logic blockade of Ephrin/Eph kinase interactions results 
in decreased ability to form a stable thrombus or retract 
a fi brin clot.207

ACTIVATION OF THE MAJOR PLATELET 
INTEGRIN aIIBb3 (GPIIB-IIIA COMPLEX)—THE 
FINAL COMMON END POINT OF PLATELET 
ACTIVATION

Human platelets express at least fi ve different members 
of the 24-member integrin family,196,208 including three 
β1 integrins (α2β1, α5β1, and α6β1—specifi c for collagen, 
fi bronectin, and laminin, respectively) and two β3 integ-
rins—αvβ3 and its close relative αIIbβ3 (also known as the 
GPIIb-IIIa complex). αIIbβ3 is by far the most abundant 
and well studied. This section focuses on our current 
understanding of how αIIbβ3 becomes transformed from 
a resting to an active ligand-binding–competent confor-
mation, with the understanding that the biochemical and 
cell biologic principles described for this integrin may 
well apply to the others.

As shown in schematic form on the left side of Figure 
25-6, αIIbβ3 exists on the platelet surface in a bent-over 
conformation that is unable to associate effectively with its 
major soluble ligands fi brinogen, VWF, and fi bronec-
tin.209,210 Though relatively short, the cytoplasmic domains 
of αIIb and β3 are thought to play a key role in maintaining 
the “off” state of this integrin complex as a result of weak 
charge interactions between them211,212 that allow the 
hydrophobic transmembrane domain helices of each 
subunit to interact and maintain the integrin in a low-
affi nity state.213,214 When platelets become activated—
either by adhesion- or soluble agonist-mediated 
events—calcium and DAG, generated as a result of the 
actions of PLCγ2 and PLCβ (see Figs. 25-3 and 25-5), 
bind to and activate PKC and the guanine exchange factor 
CalDAG-GEF1. As illustrated in Figure 25-6, each of 
these can independently activate Rap1215-219—a low-
molecular-weight GTPase that has been implicated in 
integrin activation.220-222 Rap1 appears to activate integrins 
via an effector molecule known as RIAM (Rap1GTP-inter-
acting adaptor molecule), which recruits the highly abun-
dant cytosolic protein talin to the inner face of the plasma 
membrane to form an integrin activation complex. Binding 
of RIAM-associated talin to the β3 integrin subunit repre-
sents the fi nal common step in integrin activation223-225 
because it disrupts the weak ionic clasp between the αIIbβ3 
tails and thereby allows tail separation and a dramatic, 
rapid unfolding of the extracellular domain.210 Simultane-
ous conformational changes in the integrin head226,227 
result in the formation of an integrin receptor with high 
affi nity for its soluble adhesive ligands. Finally, clustering 
of integrins occurs228 and ensures that bound ligands effec-
tively broker with high avidity the platelet-platelet interac-
tions that permit thrombus growth and stabilization.

CELL SURFACE AND CYTOSOLIC PROTEINS 
THAT LIMIT PLATELET RESPONSES

As anyone who has suffered a myocardial infarction or 
thrombotic stroke can attest to, unrestrained thrombus 
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growth at inappropriate sites can be as harmful as exces-
sive bleeding because it can result in vessel occlusion, 
ischemia, and tissue damage. Numerous active processes 
are therefore in place to limit platelet responsiveness in 
healthy vessels so that thrombus growth is kept localized 
to specifi c sites of vascular injury and dissolution of the 
platelet plug during recovery is facilitated.

As discussed earlier, healthy endothelium contrib-
utes to platelet passivation via rather continuous genera-
tion of PGI2 and NO, which act on platelets by activating 
adenylate and guanylate cyclases to increase intracellular 
levels of cAMP and cGMP. These messengers activate 
PKA and PKG, respectively (illustrated in Fig. 25-2). 
PKG controls the threshold for platelet activation pri-
marily by phosphorylating the IP3 receptor–associated 
cGMP kinase substrate IRAG,229 a protein that associates 

with PKG and IP3 receptor type I to inhibit IP3-induced 
calcium release from intracellular stores.230,231 Both PKA 
and PKG interfere with platelet activation by phosphory-
lating and inactivating VASP (vasodilator-stimulated 
phosphoprotein),232 a molecule with anticapping activity 
that is important for the processes of actin polymeriza-
tion and fi lopod formation.233-237 PKCδ can also bind 
VASP and interfere with its ability to promote fi lopodia 
formation, although this pathway is unique to collagen-
stimulated platelets and does not involve regulation of 
PKA- or PKG-mediated VASP phosphorylation.238

One of the better characterized inhibitory receptors 
in platelets is platelet endothelial cell adhesion molecule-
1 (PECAM-1)—a cell surface molecule composed of 
six extracellular immunoglobulin domains, the most 
amino-terminal of which engages in homophilic interac-
tions with PECAM-1 molecules on other cells, and two 
cytoplasmic immunoreceptor tyrosine–based inhibitory 
motifs (ITIMs) that upon phosphorylation, recruit and 
activate the cytosolic SH2 domain–containing protein 
tyrosine phosphatase-2 (SHP-2).239,240 PECAM-1 has 
been shown to negatively regulate both GPVI- and GPIb/
V/IX-mediated platelet activation241-243—perhaps by con-
trolling the phosphorylation state of these two ITAM-
bearing signaling receptors—and appears to be one of 
several inhibitory receptors that control the rate and 
extent of platelet thrombus formation in vivo.244 Platelets 
have also recently been found to express two other immu-
noglobulin/ITIM-containing molecules: triggering recep-
tor expressed on myeloid (TREM) cells–like transcript-1 
(TLT-1) and products of the G6b gene. TLT-1 is con-
tained within platelet alpha granules and is expressed 
on the platelet surface in an activation-dependent 
manner.146,245 Although the two cytoplasmic ITIMs of 
TLT-1 are capable of becoming phosphorylated and 
recruiting SHP-2,146 the extent to which TLT-1/SHP-2 
complexes regulate platelet function is not yet known. 
The G6b gene, which is located within the class III region 
of the human major histocompatibility complex,246 gives 
rise to multiple alternatively spliced transcripts (G6b-A 
through G6b-G).247 Platelets contain at least two (G6b-A 
and G6b-B)71,86,248 and possibly four (G6b-A, G6b-B, 
G6b-D, and G6b-E)249 of these transcripts, and the G6b-
B isoform contains cytoplasmic ITIMs that are capable 
of becoming tyrosine-phosphorylated and recruiting 
SHP-1 and SHP-2.247 In platelets, the G6b-B isoform has 
been shown to be tyrosine-phosphorylated in resting and 
activated platelets, but to associate with SHP-1 only 
upon platelet activation.248 Cross-linking of antibodies 
specifi c for G6b gene products has been shown to inhibit 
platelet aggregation in response to multiple stimuli249; 
however, whether these effects are due to the inhibitory 
function of G6b-B remains to be determined.

Several inhibitory pathways have been identifi ed in 
platelets that either regulate or are regulated by PI3K—a 
lipid kinase that phosphorylates the 3′ position of PIP2 
to generate phosphatidylinositol 3,4,5-triphoshate (PIP3), 
thereby creating docking sites on the inner face of the 
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plasma membrane for Pleckstrin homology (PH) 
domain–containing molecules.250 The actions of PI3K are 
opposed by the lipid phosphatase SHIP1 (SH2 domain–
containing inositol 5′-phosphatase 1, which hydrolyzes 
the 5′-phosphate of PIP3).251,252 In platelets, SHIP1 has 
been shown to downregulate PIP3 generation after αIIbβ3-
mediated outside-in signaling253 and thus may interfere 
with the feed-forward amplifi cation pathways that 
increase the effi ciency with which platelets are recruited 
to growing thrombi. Interestingly, the 5′-inositol phos-
phatase activity of SHIP1 appears to be enhanced, at 
least in part, by the actions of the Src family tyrosine 
kinase Lyn,254-256 which itself has been shown to limit 
platelet aggregation in response to GPVI-specifi c 
stimuli257 and after platelet spreading on immobilized 
fi brinogen.253

Akt (also known as protein kinase B) is a PH domain–
containing serine/threonine kinase that is a well-charac-
terized effector of PI3K.258,259 Akt contributes positively 
to platelet activation in multiple ways, one of which 
appears to be by inactivating the serine/threonine kinase 
glycogen synthase kinase 3 (GSK3). The GSK3 family is 
composed of three isoforms (α, β, β2) that are constitu-
tively active in resting cells but become inactivated in 
activated cells by Akt-mediated phosphorylation.260 Plate-
lets express two isoforms of GSK3 (α and β), both of 
which become phosphorylated and inactivated after 
exposure of the platelet to multiple agonists that activate 
PI3K and Akt.261 Whereas initial studies reported that 
specifi c inhibitors of GSK3 activity block rather than 
enhance platelet responses to agonist stimulation,261 a 
recent report suggest that as in other cells, the β isoform 
of GSK3 acts as a negative regulator of platelet function 
both in vitro and in vivo.262

ADDITIONAL ROLES FOR PLATELETS IN 
VASCULAR PHYSIOLOGY: VESSEL REPAIR 
(ANGIOGENESIS), INFLAMMATION, AND 
ATHEROTHROMBOSIS

In addition to being essential for primary hemostasis, 
activated platelets and their secreted products have the 
ability to infl uence a broad array of pathophysiologic 
processes, including leukocyte traffi cking and infl amma-
tion, tissue regeneration and angiogenesis, and both the 
beginning and end stages of atherosclerosis.

Activated platelets that become spread on compo-
nents of the extracellular matrix, or on each other, display 
an altered surface phenotype—the most prominent of 
which is exposure of several thousand copies of the alpha 
granule–derived membrane protein P-selectin. P-selectin 
is also expressed on cytokine-activated endothelial cells. 
Thus, after either a thrombotic or infl ammatory event, 
P-selectin appears on the luminal face of the vessel wall, 
where it serves to recruit monocytes and neutrophils into 
the underlying tissue by binding PSGL-1—a constitu-
tively expressed counter-receptor for P-selectin that is 

present on most leukocytes. In vivo, mice lacking P-selec-
tin exhibit greatly diminished leukocyte rolling, delayed 
recruitment into sites of infl ammation, and increased 
susceptibility to infection.263,264 Although endothelial P-
selectin no doubt has a major role in leukocyte capture, 
platelet P-selectin probably plays a prominent role in 
“secondary capture.”265,266 As in platelets, tethering also 
initiates activation of leukocyte integrins, which are then 
able to mediate cell spreading and transendothelial migra-
tion. P-selectin/PSGL-1 interactions therefore constitute 
an important link between thrombosis and infl amma-
tion.150,267 Other platelet/leukocyte receptor/counter-
receptor pairs have also been shown to facilitate the 
infl ammatory response, including binding of platelet-
associated fi brinogen to the leukocyte integrin MAC-1268 
and platelet JAM-3 binding to MAC-1 on monocytes269 
and dendritic cells.270

In addition to forming a platform for leukocyte 
recruitment during acute infl ammation, platelets also 
deliver to the vessel wall proinfl ammatory chemokines 
that are thought to play a role in the development of 
atherosclerosis by promoting further chemoattraction of 
leukocytes and stimulating proliferation of vessel wall 
smooth muscle cells and fi broblasts. Such secreted factors 
include the C-X-C chemokine platelet factor 4, macro-
phage infl ammatory protein 1a (MIP-1a), the C-C 
chemokine RANTES (regulated on activation, T cell 
expressed and secreted), CD40 ligand, platelet-derived 
growth factor (PDGF), and transforming growth factor 
β (TGF-β).150,267,271,272 Activated platelets also synthesize 
de novo IL-1β,273,274 a potent stimulator of endothelial 
cells and monocytes that upregulates adhesion molecule 
expression. Thus, platelets appear to contribute in a 
number of ways to the development and progression of 
atherosclerotic lesions.

Finally, so that one is not left with the impression 
that platelets only exacerbate chronic human disease, it 
should be noted that platelets and their secreted products 
were shown as early as 1969153 to be able to “nurture” 
the vascular endothelium, and they have recently been 
proposed as a source of biologic response modifi ers for 
a plethora of uses, including organ preservation, gum 
restoration after dental procedures, and tissue repair after 
surgery.152 Their ability to adhere at sites of vascular 
injury and secrete both degradative enzymes and at the 
same time growth-promoting factors such as vascular 
endothelial growth factor (VEGF), PDGF, fi broblast 
growth factor (FGF), epidermal growth factor (EGF), 
and angiopoietin 1 allows them to play a uniquely sup-
portive role in endothelial cell migration and survival 
during the process of wound healing and 
angiogenesis.151
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OVERVIEW OF COAGULATION

Generation of the enzyme thrombin from its precursor 
prothrombin is the central event in the blood coagulation 
process, essential for hemostasis and the culprit in throm-
bosis. Blood loss through lack of hemorrhage control has 
captured the attention of individuals from many walks of 
life throughout history. At the end of the 19th century, the 
role of thrombin in the clotting of fi brinogen was accu-
rately described by Schmitt.1 Since that time hemostasis 
has been synonymous with blood clotting. Congenital 
diseases associated with absence or reduced production 
of thrombin (the hemophilias) represent important clini-
cal problems (see Chapters 30 and 31). In contrast, the 
unregulated production of thrombin in an inappropriate 
location leads to another series of diseases associated with 
thrombotic occlusion (see Chapter 32).

The development of plasma clot–based assays in 
vitro has played a central role in establishing the logical 
relationships between the reactants and reactions of 
hemostasis (Fig. 26-1). The prothrombin time (PT) and 
the activated partial thromboplastin time (APTT) both 
rely on the end point of fi brin formation (clotting), which 
occurs with the generation of less than 5% of the throm-
bin ultimately produced. The primary pathway leading to 
hemostatic and thrombotic pathology appears to be asso-
ciated with the tissue factor (TF)-initiated, “extrinsic” 
coagulation pathway. In contrast, components unique to 
the “intrinsic” or contact pathway (factor XII, prekalli-
krein, high-molecular-weight kininogen [HMWK]) do 
not appear to be essential to hemostasis.

The observation that tissue extracts added to plasma 
initiated clotting led Quick to develop the PT assay.2 This 
assay is still used extensively in the management of war-
farin anticoagulant therapy and establishes the continuity 
of components in the extrinsic pathway. The tissue prepa-
rations (thromboplastin) contain the protein TF and 
phospholipids, with plasma contributing factor VIIa and 
calcium to form the extrinsic factor Xase, which converts 
plasma factor X to factor Xa (see Fig. 26-1). Factor Xa 
subsequently combines with plasma factor Va, phospho-
lipids, and calcium to activate prothrombin to thrombin, 
the latter serving as the catalyst that cleaves fi brinogen 
to produce fi brin, the clotting end point.

Langdell and colleagues3 subsequently explored the 
spontaneous clotting of recalcifi ed citrate plasma and 
developed the APTT, thus providing the tool that defi ned 
the intrinsic pathway of coagulation (see Fig. 26-1). This 
pathway, dependent only on the protein components 
present in blood plasma, was formalized by the cascade/
waterfall hypotheses of MacFarlane4 and Davie and 
Ratnoff.5 The APTT assay involves the addition of an 
artifi cial surface, phospholipids, and calcium chloride to 
blood plasma. Initiation of this contact pathway begins 
with the surface-dependent activation of factor XII to 
factor XIIa; this leads to activation of prekallikrein to 
kallikrein, which, together with HMWK, provides a self-
amplifying catalytic system that results in rapid activation 
of factor XI to factor XIa. Factor XIa, together with 
HMWK, phospholipid, and metal ions, catalyzes the acti-
vation of factor IX to factor IXa. Factor IXa, with factor 
VIIIa and a membrane surface, form the intrinsic factor 
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IIa FIGURE 26-1. Schematic of the catalysts of 
the hemostatic system. The outline of the 
“contact catalyst” of the intrinsic pathway is 
dashed because of its uncertain contributions to 
hemostasis. The contribution of the contact 
catalyst to thrombosis is unresolved. The various 
points at which thrombin catalyzes its own gen-
eration by the conversion of zymogens and pro-
cofactors to the active species required for 
catalyst formation are illustrated by circles (IIa). 
APC, activated protein C; HMW, high molecu-
lar weight; PC, protein C; TAFI, thrombin-
activatable fi brinolysis inhibitor.
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Xase, which activates factor X to factor Xa as illustrated 
in Figure 26-1.

By the mid-1980s, the conclusion that TF was prob-
ably the principal initiator of the hemostatic process6 and 
the absence of bleeding associated with defi ciencies of 
the contact pathway initiators (factor XII, prekallikrein, 
and HMWK) presented a signifi cant conundrum for the 
scientifi c community. This was accentuated by the 
absence of linkage between hemophilia A and B and the 
extrinsic pathway as evaluated by the PT assay. Subse-
quently, the intersections between intrinsic and extrinsic 
and the reactions linking these two “classical” pathways 
were identifi ed.7-9

Of equal importance to the procoagulant process is 
its regulation by stoichiometric and dynamic inhibitory 
systems. Antithrombin (AT)10 and tissue factor pathway 
inhibitor (TFPI)11 are the primary stoichiometric inhibi-
tors, whereas the thrombin-thrombomodulin–protein C 
system is dynamic in its inhibitory function. The latter 
catalyst activates protein C to activated protein C (APC), 
which proteolytically destroys the cofactors factor Va and 
factor VIIIa, thereby eliminating the intrinsic factor Xase 
and prothrombinase. TFPI blocks the factor VIIa–TF–
factor Xa product complex,12 thus effectively neutralizing 
the extrinsic factor Xase (Fig. 26-2). However, TFPI is 
present in low abundance (≈2.5 nM) in blood and can 
only delay the hemostatic reaction.13 AT, normally present 
in plasma at twice the concentration (∼3.2 μM) of any 
potential coagulation enzyme, neutralizes all the proco-
agulant serine proteases, primarily in the uncomplexed 
state.10

The dynamic protein C system is activated by bind -
ing of thrombin to vascular thrombomodulin, with this 
complex (Fig. 26-3) converting protein C to its activated 

species APC.14 APC proteolytically inactivates factors 
Va and VIIIa.15 The protein C system, TFPI, and AT 
cooperate to produce steep TF concentration thresholds 
that act like a digital “switch” to allow or block thrombin 
formation.

Thus, there are three membrane-associated proco-
agulant complexes16 (corresponding to the proteases 
factor IXa, factor Xa, and factor VIIa), each interacting 
with a cofactor protein (factor VIIIa, factor Va, TF). An 
analogous anticoagulant complex is composed of throm-
bin-thrombomodulin (see Fig. 26-3). Each complex 
involves a vitamin K–dependent serine protease, phos-
pholipid, and an associated cofactor protein assembled 
on a membrane surface provided by an exposed, acti-
vated or damaged cell.

The membrane-binding properties of the vitamin 
K–dependent proteins (VKDPs) are the consequence of 
post-translational γ-carboxylation of these macromole-
cules. The cofactor proteins are either membrane-binding 
proteins (factor Va, factor VIIIa) recruited from plasma 
as procofactors or intrinsic membrane proteins (TF, 
thrombomodulin) regulated by presentation. Each 
complex catalyst is orders of magnitude (103- to 106-fold) 
more effi cient than the individual serine protease acting 
on its substrate in solution.17-19 When considered on a 
temporal scale, the amount of thrombin produced 
by prothrombinase in 1 minute would be produced by 
factor Xa acting alone in 6 months. As a consequence, 
factor Xa is ineffective in hemostasis without the presen-
tation of both factor Va and the platelet membrane 
binding sites on which prothrombinase is formed. The 
blood coagulation reaction can be described as occurring 
in three overlapped phases: initiation, propagation, and 
termination.
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Initiation

The factor VIIa–TF–membrane complex (extrinsic factor 
Xase) (Fig. 26-4A; also see Fig. 26-3) catalyzes the acti-
vation of both factor IX and factor X, the latter being the 
more effi cient substrate.7 Thus, the initial product formed 
is factor Xa. Feedback cleavage of factor IX by mem-
brane-bound factor Xa enhances the rate of generation 
of factor IXa in a cooperative process with the factor 
VIIa–TF complex.9

The initially formed, membrane-bound factor Xa 
activates small amounts of prothrombin to thrombin.20 
This initial activation of prothrombin provides the throm-
bin essential for acceleration of the hemostatic process 
by serving as the activator for platelets and the procofac-
tors factor V15 and factor VIII (see Fig. 26-1). Once factor 
VIIIa is formed, the factor IXa generated by the factor 
VIIa–TF complex combines with factor VIIIa on the 
activated platelet membrane to form the intrinsic factor 
Xase (Figs. 26-3 and 26-4A), which becomes the major 
activator of factor X. The factor IXa–factor VIIIa complex 
is 106-fold more active as a factor X activator and 50 
times more effi cient than the factor VIIa–TF complex in 
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Prothrombinase Protein Case

Extrinsic factor Xase
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X XIX

VIIa
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IIa
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II
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FIGURE 26-3. Vitamin K–dependent complexes. Three procoagulant 
complexes (extrinsic factor Xase, intrinsic factor Xase, and prothrom-
binase) and one anticoagulant complex (protein Case) are illustrated. 
Each membrane complex consists of a vitamin K–dependent serine 
protease (factor VIIa, factor IXa, prothrombin [II], or protein C [C]) 
and a soluble or cell surface–associated cofactor (factor VIIIa [heavy 
and light chain factor VIIIH and factor VIIIL], factor Va [heavy- and 
light-chain factor VH and factor VL], tissue factor [TF], or thrombo-
modulin [TM]). Each serine protease is shown in association with the 
appropriate cofactor protein and zymogen substrate or substrates 
(factors X, IX, and II and protein C) on the membrane surface. The 
membrane serves as a scaffold for the coagulation reactants and 
enhances reaction rates by 105- to 106-fold. (Redrawn with permission 
from Mann KG. Dynamics of Hemostasis. Essex Junction, VT, Haematologic 
Technologies, 2002.)
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FIGURE 26-4. A, The factor Xa generated by the factor VIIa–tissue 
factor (TF) complex catalyzes the formation of a small amount of 
thrombin, which activates factors V and VIII and leads to the presenta-
tion of the intrinsic factor Xase (factor IXa-VIIIa) and prothrombinase 
(factor Xa-Va). At this point in the reaction, generation of factor IXa 
is cooperatively catalyzed by membrane-bound factor Xa and by factor 
VIIa–TF. The thick arrow representing generation of factor Xa by the 
intrinsic factor Xase illustrates the more effi cient generation of factor 
Xa by this catalyst. B, The tissue factor pathway inhibitor (TFPI) 
interacts with the factor VIIa–TF–factor Xa product complex to block 
TF-initiated activation of both factor IX and X, thus leaving the factor 
IXaβ-VIIIa complex as the only viable catalyst for activation of factor 
X. (Redrawn with permission from Mann KG. Dynamics of Hemostasis. 
Essex Junction, VT, Haematologic Technologies, 2002.)
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catalyzing activation of factor X (thus, the bulk of factor 
Xa is ultimately produced by the factor IXa–factor VIIIa 
complex).

Propagation

As the reaction progresses, generation of factor Xa by the 
more active intrinsic factor Xase exceeds that of the 
extrinsic factor Xase complex.21 In addition, the extrinsic 
factor Xase complex is subject to inhibition by TFPI11 
(Fig. 26-4B). As a consequence, most (>90%) of factor 
Xa is ultimately produced by the factor VIIIa–factor IXa 
complex. In hemophilia A and hemophilia B, this ampli-
fi cation of factor Xa generation does not occur.22 Factor 
Xa combines with factor Va on the activated platelet 
membrane receptors, and this factor Va–factor Xa pro-
thrombinase catalyst (see Figs. 26-3 and 26-4) converts 
most prothrombin to thrombin. Prothrombinase is 
300,000-fold more active than factor Xa alone in catalyz-
ing activation of prothrombin.17

Termination

The same hemostatic process required for preventing 
leaks from the vasculature may also be life threatening 
when responsible for intravascular occlusion. Thus, 
equally important to the hemostatic process are the stoi-
chiometric and dynamic inhibitory systems, which block 
the presentation of thrombin. The sum of inhibitory 
functions is far in excess of the potential coagulant 
response. These inhibitory processes governed by TFPI, 
AT, and the protein C pathway act in synergy to provide 
activation thresholds, for which a minimum level of TF 
stimulation must be achieved before signifi cant thrombin 
generation can occur.23 The termination phase thus 
occurs throughout the reaction process.

Flow Regulation

Current data are consistent with the concept of a two-
compartment model for regulation of the procoagulant 
response to a breach in a blood vessel (Fig. 26-5). Regu-
lation of clotting in the extravascular space, apart from 
providing the initiating TF, is primarily passive and con-
trolled by the availability of fresh blood, whereas regula-
tion in the intravascular compartment is dynamic. 
Mechanical disruption of a blood vessel results in the 
movement of blood to an environment where TF is 
exposed and platelets bind and are activated (see Fig. 
26-5, stage 1). These events localize the initiating proco-
agulant reactions to blood now outside the vasculature, 
with adhesion and activation of platelets in this extravas-
cular blood providing suffi cient receptors and surfaces to 
support the propagation phase of thrombin generation 
(see Fig. 26-5, stage 2). This extravascular process rapidly 
becomes independent of TF as generation of thrombin 
becomes supplied by the intrinsic factor Xase and pro-
thrombinase complexes. As long as new blood fl ows into 

this space, and fi brin formation and platelet aggregation 
have not achieved a suffi cient barrier to stop fl ow, the 
system is open and the propagation phase of thrombin 
generation will continue. If blood ceases to move into the 
extravascular compartment, the system becomes closed, 
available prothrombin is consumed, and the complex 
enzymes are ultimately destroyed or sequestered into 
inactive complexes (see Fig. 26-5, stage 3). However, the 
stability of the prothrombin activating potential incorpo-
rated into the platelet-rich thrombus and its localization 
in the extravascular space ensure that if the barrier springs 
a leak, robust generation of thrombin will begin immedi-
ately on contact and continue until consequent platelet 
activation and fi brin deposition re-establish a secure 
barrier.

Three mechanisms act to limit clot growth into the 
intravascular space (see Fig. 26-5, stage 4): thrombo-
modulin-dependent activation of protein C,14 the pres-
ence of abundant AT, and the actively nonthrombogenic 
and nonadhesive surface of the vascular endothelium. 
Thus, thrombin generation with consequent ongoing 
fi brin deposition and platelet activation is suppressed at 
the extravascular-intravascular boundary by these pro-
cesses. In contrast, complexes at the extravascular side 
will remain relatively protected from APC and AT by the 
forming barrier and are therefore ready to respond to any 
leakage of blood.

The general properties of proteins of the blood coag-
ulation proteome are summarized in Table 26-1 and 
discussed in the following text.

THE VITAMIN K–DEPENDENT 
PROTEIN FAMILY

The Nobel Prize was awarded to Dam and Doisy in 1941 
for their discovery of the fat-soluble vitamin K. Nearly 
simultaneously with the discovery of vitamin K, a natu-
rally occurring antagonist, bishydroxycoumarin (dicuma-
rol), was described. This antagonist was identifi ed as a 
toxic agent in spoiled sweet clover that caused hemor-
rhage in cattle because of decreased thrombin formation. 
This agent was introduced as an anticoagulant in humans 
in 1941.24

Vitamin K, essential for the biosynthesis of clotting 
factors, contributes to the conversion of 10 to 13 gluta-
mate residues to γ-carboxyglutamate residues (Gla). This 
post-translational modifi cation endows the VKDP with 
Ca2+- and membrane-binding qualities.25 Gla formation 
is decreased or absent after treatment with coumarin 
derivatives.

The VKDPs (Fig. 26-6) can be divided into two 
classes: procoagulant (factors II, VII, IX, X) and antico-
agulant (protein C, protein S, and protein Z). The homol-
ogy among these proteins is probably due to a common 
ancestral gene.26 Each VKDP is composed of discreet 
domains characterized by highly conserved regions. The 
NH2-terminal “Gla” domains (see Fig. 26-6) are fol-
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lowed by either kringle domains in prothrombin or epi-
dermal growth factor (EGF)-like domains in factor VII, 
factor IX, factor X, protein C, protein S, and protein Z. 
Protein S contains four EGF domains followed by a sex 
hormone–binding domain (SHD). The serine protease 
domain for prothrombin, factor VII, factor IX, factor X, 
and protein C becomes functional after cleavage of spe-
cifi c peptide bonds. Protein S is not a serine protease 
precursor but is sensitive to thrombin cleavage. Protein 

Z contains a “pseudocatalytic domain” in the COOH-
terminal but cannot function as a serine protease.

Synthesis of these proteins occurs primarily in the 
liver, although synthesis in other tissue has been reported. 
The plasma concentration of circulating VKDP varies 
200-fold from approximately 100 μg/mL for prothrombin 
to 0.5 μg/mL for factor VII (see Table 26-1). Clearance 
rates of the VKDPs vary with their half-lives, from 6 hours 
(factor VII) to 2.5 days (prothrombin; see Table 26-1).

FIGURE 26-5. Schema of a two-compartment model of the regulation of tissue factor (TF)-initiated blood coagulation. A cross section of a blood 
vessel showing the luminal space, endothelial cell layer, and extravascular region is presented at the site of a perforation. The blood coagulation 
process in response is depicted in four stages. TF–factor VIIa complex, TF-VIIa; prothrombinase complex, Xa-Va; intrinsic factor Xase, VIIIa-IXa; 
antithrombin III (ATIII)–endothelial cell heparan sulfate (HS) proteoglycan complex bound to thrombin or factor Xa, HS-ATIII-(IIa or Xa); 
protein C (PC) bound to thrombomodulin-thrombin, TM-IIa-PC. Stage 1. Perforation results in delivery of blood and, with it, circulating factor 
VIIa and platelets to an extravascular space rich in membrane-bound TF. Platelets adhere to collagen and von Willebrand factor associated with 
the extravascular tissue, and TF binds factor VIIa , thereby initiating the process of activation of factor IX and X. Factor Xa activates small amounts 
of prothrombin to thrombin, which in turn activates more platelets and converts factors V and VIII to factors Va and VIIIa. Stage 2. The reaction 
is propagated by platelet-bound intrinsic factor Xase and prothrombinase, with the former being the principal generator of factor Xa. Initial clot-
ting occurs and fi brin begins to fi ll in the void in cooperation with activated platelets. Stage 3. A barrier composed of activated platelets laden 
with procoagulant complexes and enmeshed in fi brin scaffolding is formed. The reaction in the now-fi lled perforation is terminated by consump-
tion of reagent, which attenuates further generation of thrombin, but functional procoagulant enzyme complexes persist because they are protected 
from the dynamic inhibitory processes found on the intravascular face. Stage 4. View downstream of the perforation. Enzymes escaping from the 
plugged perforation are captured by antithrombin-heparan complexes, and the protein C system is activated by binding of residual thrombin to 
endothelial cell thrombomodulin, thereby initiating the dynamic anticoagulant system. These intravascular processes work against occlusion of the 
vessel despite continuous resupply of reactants across the intravascular face of the thrombus. (From Orfeo T, Butenas S, Brummel-Ziedens KE, Mann 
KG. The tissue factor requirement in blood coagulation. J Biol Chem. 2005;280:42887-42896.)
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TABLE 26-1 General Properties of Blood Coagulation Proteins

Protein
Molecular
Weight

PLASMA
CONCENTRATION

Plasma t1/2 

(Days)
Chromosome*
(Gene Location) Functional Classifi cationnmol/L mg/mL

INTRINSIC PATHWAY PROTEINS

Factor XII  80,000  500 (265)  40 (21) 2-3 Chr 5 (176 Mb) Zymogen
Factor XI 160,000  30 (11)   4.8 (2) 2.5-3.3 Chr 4 (187 Mb) Zymogen
Prekallikrein 85/88,000  486 (180)  42 (16) Chr 4 (187 Mb) Zymogen
HMW kininogen 120,000  670 (362)  80 (43) Chr 3 (188 Mb) Cofactor
LMW kininogen  66,000 1300  90 Chr 3 (188 Mb) Cofactor

EXTRINSIC PATHWAY PROTEINS
Prothrombin (factor II)  72,000 1400 (672)  100 (48) 2.5 Chr 11 (47 Mb) VKD zymogen
α-Thrombin  37,000 Serine protease
Factor VII  50,000  10 (7)   0.5 (0.3) 0.25 Chr 13 (113 Mb) VKD zymogen
Factor IX  55,000  90 (48)   5 (3) 1 X Chr (138 Mb) VKD zymogen
Factor X  59,000  170 (68)  10 (4) 1. 5 Chr 13 (113 Mb) VKD zymogen
Protein C  62,000  65 (23)   4 (1)  .33 Chr 2 (128 Mb) VKD zymogen
Protein S  69,000  300 (108)  20 (7) 1.75 Chr 3 (95 Mb) VKD protein
Protein Z  62,000  47   3 2.5 Chr 13 (113 Mb) VKD protein
Factor V 330,000  20 (14)   6.6 (5) 0.5 1q21-q25 Procofactor
Factor VIII 285,000   0.7 (0.7)   0.2 (0.2) 0.3-0.5 X Chr (154 Mb) Procofactor
VWF 255,000 (monomer) Varies  10 Chr 12 (6 Mb) Platelet adhesion, factor VIII carrier
Tissue factor  44,000 — — — Chr 1 (9 Mb) Cell-associated cofactor
Thrombomodulin 100,000 — — — Chr 20 (23 Mb) Cofactor
Fibrinogen 340,000 7400 (8380) 2500 (2830) 3-5 Chr 4 (156 Mb) Structural protein cell adhesion
 Aα  66,500
 Bβ  52,000
 γ  46,500
Factor XIII 320,000  94 (72)  30 (23) 9-10 Transglutaminase zymogen
 A chain  83,200 Chr 6 (6 Mb)
 B chain  79,700 Chr 1 (195 Mb)
Tissue factor pathway inhibitor  40,000 1-4   0.1 6.4 × 10−4-1.4 × 10−3 Chr 2 (188 Mb) Kunitz inhibitor
Antithrombin  58,000 2400 (1510)  140 (88) 2.5-3 Chr 1 (172 Mb) Serpin inhibitor
Heparin cofactor II  66,000  950 (408)  62 (26) 2.5 Chr 22 (19 Mb) Serpin inhibitor
Protein C inhibitor  57,000  90   5 1 Chr 14 (94 Mb) Serpin inhibitor

*Chromosome number. Numbers in parentheses are approximate positions in megabases (from human genome build 36.2 www.ncbi.nlm.nih.gov).
HMW, high molecular weight; LMW, low molecular weight; VKD, vitamin K dependent; VWF, von Willebrand factor.
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The VKDPs are synthesized as preproproteins and 
are modifi ed post-translationally at specifi c glutamates 
(γ-carboxylation) to form γ-carboxyglutamic acid (Gla).25 
Other modifi cations include β-hydroxylation at select 
aspartate and asparagine residues, tyrosine sulfation, and 
glycosylation. After synthesis of the single-chain precur-
sors, the hydrophobic signal peptide directs each poly-
peptide to the endoplasmic reticulum. The propeptides, 
which play a role in docking vitamin K–dependent car-
boxylase,27 are removed by an endoproteinase. For factor 
X and protein C, removal of an internal dipeptide or tri-
peptide converts them to their mature plasma two-chain 
zymogen forms.

The Gla domains constitute the fi rst approximately 
50 residues of the VKDPs (Fig. 26-6). The negative 
charge elicited from the string of Gla residues (9 to 13) 
contributes to the binding of Ca2+ and generation of 
the conformation required for binding to anionic 
phospholipid membranes. In vivo, this surface is supplied 

by activated platelets or other blood cells in response 
to vascular damage through exposure of the phosphati-
dylserine-rich internal face of their cell membranes. 
Without vitamin K, or in the presence of vitamin K 
antagonists, the coagulation protein precursors are syn-
thesized but not γ-carboxylated. In this form they are still 
secreted into plasma but display diminished function. 
The γ-carboxylation reaction is catalyzed by the enzyme 
γ-glutamyl carboxylase. This enzyme is located in the 
rough endoplasmic reticulum and requires the reduced 
form of vitamin K, oxygen, and carbon dioxide25 to 
convert glutamic acid residues to γ-carboxyglutamic 
acid.

Vitamin K1 (phylloquinone) is primarily found in 
leafy green vegetables and vegetable oil. Additional K 
activity may be provided by vitamin K2 (menaquinones) 
synthesized by intestinal gram-negative bacteria. Syn-
thetic vitamin K3 (menadione) has no intrinsic activity 
until it undergoes in vivo modifi cation to the active 
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menaquinone form. In vivo, vitamin K is recycled in a 
microsomal oxidation-reduction system for continued 
use in the γ-carboxylation reaction.28,29 In order to perform 
the γ-carboxylation reaction, vitamin K has to be present 
in its reduced hydroquinone form. As the precursor pro-
teins are carboxylated, vitamin K is oxidized to the 
epoxide. The epoxide in the presence of 2,3-epoxide 
reductase, with thiols being used as the reducing agent, 
yields the quinone form of vitamin K.30 A subsequent 
reduced nicotinamide adenine dinucleotide phosphate 
(NADPH) or NADH-dependent quinone reductase 
reaction resynthesizes the hydroquinone form. The cycle 
can thus continue. Warfarin anticoagulant therapy blocks 
the process required for the regeneration of reduced 
hydroquinone vitamin K.28,29 Because warfarin and other 
coumarin derivative drugs indirectly affect carboxylation, 
they can be overcome with excess vitamin K.

The Gla domain is followed by two tandem EGF 
domains (EGF-1 and EGF-2) in factor VII, factor IX, 
factor X, and protein C and four EGF domains (EGF-1 
to EGF-4) in protein S31 (see Fig. 26-6). Each EGF-like 
domain consists of 40 to 50 amino acids, including six 
cysteine residues involved in disulfi de bond formation. 
These domains are found widely distributed in extracel-
lular and membrane proteins. Proteins containing these 
EGF-like domains are involved in blood coagulation, 
fi brinolysis, complement activation, connective tissue 
microfi bril formation, and signal transduction.32 The 
function of the EGF domain is still unclear. One hypoth-
esis is that it serves as a spacer. There is a consistent 
elongation of the molecules of factors VII, IX, and X, 
protein C, and protein S. The distance between the mem-
brane-binding Gla domain and the serine protease 
domain is crucial to placement of the active site in an 
appropriate position relative to the target peptide bond 
in its substrate.33

The serine protease domains (see Fig. 26-6) account 
for approximately half the mass of each protein. Peptide 
bond cleavage at specifi c sites converts the vitamin K–
dependent zymogens to their active, chymotrypsin-like, 
serine protease forms. The mechanism of proteolysis by 
chymotrypsin involves a catalytic triad composed of 
Asp102, His57, and Ser195 (chymotrypsin numbering). 
The serine protease domains of all the Gla-containing 
factors are homologous members of the chymotrypsin 
family but cleave almost specifi cally at arginyl residues. 
However, unlike trypsin, which shows little specifi city 
beyond the requirement for arginyl or lysyl residues at 
the cleavage site, the activated coagulation factors have 
extended substrate specifi city pockets whereby only 
selected amino acid sequences are recognized by each 
protease. Thus, despite the high degree of homology 
between the protease domains of protein C and factors 
II, VII, IX, and X, each of these factors has a highly spe-
cifi c function in coagulation. Some of this discrimination 
is mediated by surface loops, along with other domains 
distant from the substrate binding pocket termed 
exosites.

Factor VII (Proconvertin, Convertin)

The single-chain factor VII zymogen is activated to its 
two-chain protease form by cleavage of a single peptide 
bond between Arg152 and Ile153 (see Fig. 26-6). The 
mechanism for the initial activation of this zymogen is 
unclear. The resulting protease consists of an NH2-ter-
minal light chain linked by a single disulfi de bond to a COOH-
terminal heavy chain containing the catalytic domain. 
Factor VIIa has very poor catalytic effi ciency without the 
presence of its cofactor TF.34,35 Cleavage of factor VII to 
factor VIIa can be catalyzed by several proteases, includ-
ing α-thrombin,36 factor IXa,37 factor Xa,36 factor XIIa,38 
and factor VII–activating protease,39 as well as by auto-
activation by factor VIIa.40 The active factor VIIa serine 
protease bound to TF forms the extrinsic factor Xase 
complex (see Fig. 26-3).

Factor VIIa, unlike other serine proteases of the 
coagulation cascade,35 is not readily inhibited by circulat-
ing protease inhibitors, including the AT-heparin complex, 
unless bound to TF.41,42 Thus, regulation of TF expres-
sion is the primary means of controlling factor VIIa activ-
ity. Paradoxically, the zymogen factor VII (10 nM) is an 
effective competitor of factor VIIa (0.1 nM) for binding 
to TF. This competition downregulates the level of enzy-
matically active complex (factor VIIa–TF), thereby sup-
pressing initiation of the clotting cascade. Once the 
extrinsic tenase complex activates factor X to factor Xa, 
TFPI can form a quaternary complex (factor VIIa–TF–
factor Xa–TFPI) with no enzymatic activity43 (see Fig. 
26-4). Thus, once assembled and functioning, the extrin-
sic tenase, along with its substrate factor Xa, is a target 
for inactivation through the action of TFPI.

Factor IX (Plasma Thromboplastin 
Component, Christmas Factor, 
Hemophilia B Factor)

Factor IX is a single-chain zymogen consisting of 415 
amino acids organized with a Gla domain (12 Gla resi-
dues), two tandem EGF domains, an activation peptide 
region, and a serine protease domain (see Fig. 26-6). 
Glycosylation in the form of O-linked and N-linked oli-
gosaccharides makes up 17% of the factor IX protein by 
weight.44 Activation of factor IX is a two-stage process 
that requires cleavage at Arg145 and Arg180 and results 
in the release of a 35-residue activation peptide45 (see Fig. 
26-6). The physiologic activators of factor IX are either 
TF–factor VIIa (extrinsic tenase complex)7 or factor XIa. 
The fi rst cleavage at Arg145-Ala146 results in factor IXα. 
This cleavage has been shown to be important in its affi n-
ity for its cofactor factor VIIIa.46 The second cleavage 
occurs at Arg180-Val181 and results in factor IXαβ, the 
active form, also referred to as factor IXa. Both cleavages 
are required for the biologic activity of factor IXa.45 
Plasma factor IXa is primarily inhibited by AT47 (see Fig. 
26-2). In vitro experiments conducted on phospholipid 
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vesicles and cell membranes showed that protease nexin-
2/amyloid β-protein precursor (PN2/APP) can also 
inhibit factor IXa.48

Factor X (Stuart Factor)

Factor X is synthesized in the liver and circulates as a 
two-chain molecule linked by a disulfi de bond. The NH2-
terminal light chain consists of a Gla domain and two 
EGF-like domains (Fig. 26-6). The COOH-terminal 
heavy chain consists of an activation peptide region and 
a catalytic (serine protease) domain. Factor X is activated 
by both the intrinsic and extrinsic factor Xases (see Figs. 
26-1 and 26-3) by cleavage at Arg194-Ile195 (see Fig. 
26-6). A 52–amino acid activation peptide is released. 
The resulting catalytic serine protease, factor Xa, is com-
posed of a light chain and a disulfi de-linked heavy chain. 
Factor X has to be bound to the membrane before activa-
tion.19 Factor Xa participates in forming the prothrom-
binase complex (see Fig. 26-4).17 The propagation phase 
of thrombin generation is catalyzed principally by factor 
Xa generated via the intrinsic tenase complex (see Fig. 
26-3), which activates factor X at a 50- to 100-fold higher 
rate than the extrinsic tenase complex does.9 The factor 
Xa active site associates with the COOH-terminal of 
TFPI.49 The factor Xa–TFPI complex rapidly inactivates 
TF–factor VIIa to form a stable quaternary complex, 
TF–factor VIIa–TFPI–factor Xa.49 Factor Xa is inhibited 
by AT50 but only poorly when in the prothrombinase 
complex.51

Factor II (Prothrombin)

Prothrombin is the single-chain precursor of factor IIa 
(thrombin), the key enzyme in blood coagulation. The 
zymogen prothrombin is the most abundant of the plasma 
VKDPs and circulates in plasma at a mean concentration 
of 1.4 μM, or 100 μg/mL52 (see Table 26-1). Prothrom-
bin is synthesized primarily in the liver. Low levels of 
prothrombin expression have also been identifi ed in other 
tissues, including the brain, diaphragm, stomach, kidney, 
spleen, intestine, uterus, placenta, and adrenal gland. 
Removal of the 43–amino acid propeptide generates the 
mature protein of 579 amino acids. An NH2-terminal 
Gla domain is followed by two kringle domains and the 
serine protease precursor domain (see Fig. 26-6). Krin-
gles have been identifi ed as common motifs in many 
plasma proteins, including prothrombin, plasminogen, 
tissue plasminogen activator, urokinase, factor XII, and 
apolipoprotein(a).53 The kringle 1 domain may interact 
with factor Va,54 although kringle 2 appears to be the 
primary region mediating interaction with factor Va to 
form the prothrombinase complex.55 This latter interac-
tion may initiate conformational changes that make 
reaction sites accessible for enzymatic cleavage of pro-
thrombin.56 The NH2-terminal Gla domain and the fi rst 
kringle domain together are referred to as prothrombin 
fragment 1, with the kringle 2 domain being located in 

prothrombin fragment 2. The sequence of the enzyme 
α-thrombin is contained within prethrombin 2.

Activation of prothrombin by prothrombinase pro-
ceeds through an initial cleavage of prothrombin at 
Arg320-Ile321, which gives rise to meizothrombin, a 
two-chain disulfi de-linked molecule (see Fig. 26-6). Mei-
zothrombin expresses some of the activities of α-
thrombin. However, the fi brinogen clotting ability of 
meizothrombin is impaired in comparison to that of α-
thrombin.57 Meizothrombin is subsequently cleaved at 
Arg271-Thr272 to yield the NH2-terminal half of the 
molecule (prothrombin fragment 1.2) and α-thrombin. 
α-Thrombin consists of an NH2-terminal 49-residue A-
chain disulfi de linked to a COOH-terminal 259-residue 
B chain containing the catalytic triad.

An alternative cleavage pathway occurs when factor 
Xa independently acts on prothrombin. In the presence 
of factor Xa and Ca2+, the initial cleavage occurs at 
Arg271-Thr272 and gives rise to prothrombin fragment 
1.2 and prethrombin 2. Subsequent cleavage at Arg320 
in prethrombin 2 yields α-thrombin. Prothrombin 
fragment 1.2 remains noncovalently associated with α-
thrombin.58 In contrast to other VKDPs, the phospho-
lipid-binding Gla region is not covalently attached to the 
serine protease domain after cleavage of prothrombin to 
thrombin.

α-Thrombin is the central enzyme in blood coagula-
tion in that it contributes to reactions at all levels, thereby 
allowing overall maintenance of vascular integrity. Its 
premier role in hemostasis results in platelet-fi brin clot 
formation.59 However, the events that lead up to and 
beyond fi brin formation also involve protein cleavage by 
α-thrombin, as well as activating platelets,60,61 factor 
VII,36 factor V,15 factor VIII,62 factor XI,8 and factor XIII. 
The contributions of α-thrombin also extend to antico-
agulant and fi brinolytic reactions, including activation of 
protein C and thrombin-activatable fi brinolysis inhibitor 
(TAFI).63

The stable form of human α-thrombin possesses at 
least fi ve distinct binding sites for substrates, inhibitors, 
cofactors, apolar molecules, and sodium ions (Na+).64 
Exosite I, the fi brinogen binding site, is an electropositive 
anion binding site distinct from, but acting in concert 
with, the active site of the α-thrombin molecule. In addi-
tion to fi brinogen, exosite I also recognizes the COOH-
terminal domain of hirudin, the hirudin-like region of 
PAR-1, and the fi fth and sixth EGF-like domains of 
thrombomodulin.64

Many of the effects of α-thrombin on platelets and 
cells are elicited through the interaction of α-thrombin 
with receptor molecules, with α-thrombin binding to a 
receptor and initiating a signal transduction mechanism. 
The interaction between α-thrombin and the human 
platelet thrombin receptor PAR-1, however, is character-
ized by a more unusual mechanism in which the receptor 
is also a substrate for α-thrombin.65 α-Thrombin cleaves 
the extracellular region of the receptor and produces a 
“tethered ligand.” The new NH2-terminal binds back to 
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and activates the receptor.65,66 Two additional α-
thrombin receptors homologous to PAR-1, PAR-3 and 
PAR-4, have been identifi ed. α-Thrombin’s role contin-
ues beyond hemostasis into the realm of tissue repair and 
the remodeling phase necessary to regenerate damaged 
vascular tissue. α-Thrombin is a potent mitogen67 and 
stimulates cell division in macrophages,68 smooth muscle 
cells,69 and endothelial cells.70

Protein C (Autoprothrombin II-A)

Protein C circulates as a heterodimer consisting of disul-
fi de-linked heavy and light chains71 (see Fig. 26-6). 
However, approximately 5% to 10% of circulating protein 
C is in the single-chain form. The NH2-terminal light 
chain contains the Gla domain and a hydrophobic region 
that connects the Gla domain to two EGF domains. The 
COOH-terminal heavy chain contains the serine prote-
ase domain.72 Cleavage at Arg169-Leu170 releases the 
activation peptide from the heavy chain to generate the 
enzyme. Although the α-thrombin–thrombomodulin 
complex is probably the major physiologic activator of 
protein C,73 other potential activators include plasmin 
and factor Xa.72 The half-life of protein C (8 to 10 hours; 
see Table 26-1) is markedly shorter than the half-life of 
other members of the VKDP family, which is probably 
the basis of the transient hypercoagulable state that may 
occur subsequent to the administration of coumarin-
based anticoagulants.

The anticoagulant role of the dynamic protein C 
inhibitory pathway is proteolytic inactivation of factor Va. 
APC inactivates factor Va via a sequential series of pro-
teolytic cleavages and thus inhibits the generation of α-
thrombin.74 APC also cleaves and inactivates factor VIIIa, 
although the spontaneous dissociation/inactivation of 
factor VIIIa is probably the physiologic regulator of factor 
Xa generation.75 Complete inactivation of factor Va by 
APC requires an anionic phospholipid surface, and rates 
of inactivation of factors Va and VIIIa by APC have been 
reported to be enhanced by protein S.76,77 APC also has 
profi brinolytic effects associated with decreased activa-
tion of TAFI. TAFI is activated by the α-thrombin–
thrombomodulin complex and acts to prolong clot lysis. 
Cleavage of factor Va by APC inhibits α-thrombin gen-
eration, thus reducing α-thrombin–thrombomodulin–
mediated TAFI activation.78

Protein C activation and APC activity are controlled 
on several levels. The endothelial cell protein C receptor 
(EPCR) provides cell-specifi c binding sites for both 
protein C and APC.79 Infl ammatory agents such as 
endotoxin, interleukin-1β (IL-1β), tumor necrosis 
factor-β (TNF-β), and TNF-α upregulate protein C 
activation on endothelial cells.80-82 TNF-α downregulates 
thrombomodulin on the endothelial cell surface.82 
There are multiple other factors that downregulate 
thrombomodulin as well. APC activity is further regu-
lated by the protein C inhibitor plasminogen activator 
inhibitor 3 (PAI-3).83

Protein S

Protein S is a VDKP that is not a serine protease precur-
sor. Approximately 40% of protein S circulates in the free 
form, and the remaining 60% circulates as a 1:1 complex 
with C4b-binding protein (C4bBP), a regulatory protein 
of the complement system.84 The precise function of 
protein S in the protein C inhibitory pathway is contro-
versial. Protein S is thought to function as a cofactor for 
APC in the inactivation of factors Va and VIIIa.85-87 
Protein S has also been reported to bind to factor Xa,88 
factor VIII,89 and factor Va90 and compete for prothrom-
binase binding sites on the membrane surface.91 The 
C4bBP–protein S complex may inhibit factor X activa-
tion as well.92 Protein S may have other roles apart from 
anticoagulation.93 α-Thrombin cleavage of protein S 
inhibits the ability of protein S to act as a cofactor for 
APC.94 The anticoagulant activity of protein S is also 
neutralized when bound to C4bBP.84,92

Protein Z

Protein Z is an enzymatically inactive homologue of 
factors VII, IX, and X and protein C.95,96 Protein Z cir-
culates in plasma in a complex with protein Z–dependent 
protease inhibitor (ZPI). ZPI is a 72-kd member of the 
serpin superfamily. However, like protein S, protein Z 
does not function as a protease. Although the COOH-
terminal contains a homologue to the catalytic domains 
present in serine protease zymogens, the catalytic triad is 
not present.96 The function of protein Z in vivo is unclear. 
Even though protein Z–defi cient mice appear normal, 
severe thrombosis is observed when combined in mice 
with factor V Leiden.97

FACTOR XI, THE CONTACT PATHWAY 
CROSSOVER (PLASMA THROMBOPLASTIN 
ANTECEDENT)

Factor XI is a substrate for thrombin (see Fig. 26-1) and, 
when cleaved to factor XIa, activates factor IX.8 Factor 
XI circulates as a homodimer in complex with HMWK98 
(see Table 26-1) and is also found in platelets.99 Unlike 
other members of the accessory or contact pathway, 
factor XIa has a role in coagulation as part of a positive 
feedback loop that enhances the generation of α-throm-
bin.8 Plasma factor XI accounts for most of the factor XI 
activity in humans and is a disulfi de-linked homodimer 
(see Table 26-1). The NH2-terminal contains four tandem 
sequences termed Apple domains (Apple 1 to Apple 4), 
followed by the COOH-terminal catalytic domain. The 
Apple domains are homologous to the Apple domains in 
human plasma prekallikrein.100 The Apple domains 
mediate factor XI dimerization, as well as binding to its 
various cofactors and substrates.98,101

Plasma factor XI is cleaved at an internal Arg369-
Ile370 bond to yield a disulfi de-linked two-chain acti-
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vated serine protease. The factor XI homodimer yields 
two disulfi de-linked heavy chains containing the Apple 
domains and two light chains containing the active 
sites.102,103 Activation of factor XI can be accomplished 
by factor XIIa and α-thrombin and by autoactivation by 
factor XIa itself. Activation of factor XI by factor XIIa 
requires HMWK and an anionic surface. However, defi -
ciencies of factor XII and HMWK do not result in bleed-
ing diatheses, whereas factor XI defi ciency is associated 
with hemorrhage. This suggests that factor XIIa–
dependent activation of factor XI as part of the contact 
pathway is not likely to be the primary route of factor 
XIa generation in hemostasis. The physiologically rele-
vant pathway for activation of factor XI in coagulation is 
believed to involve α-thrombin.8,104 Subsequent to activa-
tion, factor XIa remains bound to the surface. Factor XIa 
is a trypsin-like serine protease that cleaves and activates 
factor IX in a Ca2+-dependent fashion.105,106 Factor IXa 
is the enzyme component of the intrinsic tenase complex 
that provides the burst of factor Xa needed for normal 
coagulation. As part of a positive feedback loop, α-throm-
bin activates factor XI. In turn, factor XIa generates 
factor IXa, which leads to the high levels of factor Xa 
that ensure effi cient generation of α-thrombin.8

Factor XIa is regulated by four serine protease inhibi-
tors: AT, α1-protease inhibitor, C1 inhibitor, and α2-
antiplasmin.107-109 Factor XIa is also reported to be inhibited 
by PAI-1 and protein C inhibitor.110 In addition, platelets 
secrete several factor XIa inhibitors,111 including PN2.112

COFACTOR PROTEINS

There are two categories of procoagulant cofactor pro-
teins: the plasma-derived soluble procofactors factor V 
and factor VIII (the latter in complex with its circulating 

carrier von Willebrand factor [VWF]) and the cell-
associated cofactors TF and thrombomodulin. Factors V 
and VIII are highly homologous (40% identity). The cell-
associated cofactors are single-chain transmembrane 
proteins, each composed of extracellular, transmem-
brane, and cytoplasmic domains, but they do not share 
homology in primary structure.

Factor V (Labile Factor)

The procofactors factors VIII and V are organized into 
discrete structural domains (Fig. 26-7). Factor V was 
initially recognized as an unstable plasma component 
necessary for the generation of α-thrombin.113 Most 
factor V circulates in plasma (see Table 26-1), but 18% 
to 25% of the total factor V is present in platelet alpha 
granules.114

The intron-exon structure of the factor V and factor 
VIII genes are quite similar, and the genes probably 
evolved from a common ancestor. The liver appears to 
be the primary site of factor V biosynthesis. Although 
human megakaryocytes have also been reported to 
express factor V,115 platelet factor V appears to be primar-
ily derived from plasma factor V.116 Human factor V is 
composed of A1-A2 domains, a central B domain, and 
a COOH-terminal light-chain precursor (A3-C1-C2 
domains). The A domains are homologous to those found 
in factor VIII and ceruloplasmin; the C domains are 
homologous to the slime mold protein discoidin. Like 
factor VIII and ceruloplasmin, factor V is a copper-
binding protein.117

Factor V undergoes extensive post-translational mod-
ifi cation, including phosphorylation, sulfation, and glyco-
sylation. Phosphorylation at Ser692 affects the rate of 
inactivation of factor Va by APC.118 The tyrosine sulfation 
status of factor V has also been related to its function.119 
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Carbohydrate accounts for 13% to 25% of the mass of 
factor V and about 50% of the mass of the B region.120 
Differential glycosylation of Asn2182 in the C2 domain is 
reported to be responsible for the factor V1 and factor V2 
variants observed in plasma.121 Factors Va1 and Va2 appear 
to also be distinguished by functional differences.

The procofactor factor V does not bind factor Xa and 
is essentially completely inactive.17 Limited proteolysis of 
the factor V molecule yields the active cofactor. α-Throm-
bin cleaves factor V at Arg709, Arg1018, and Arg1545 
(see Fig. 26-7). The α-thrombin–generated form of factor 
Va is a heterodimer consisting of an NH2-terminal heavy 
chain (A1-A2 domains) linked noncovalently to a COOH-
terminal light chain (A3-C1-C2 domains).122-125 The B 
domain is excised during proteolytic activation.126 Factor 
Xa also cleaves factor V to produce a molecule similar to 
the factor Va produced by α-thrombin cleavage.127 In 
addition, other enzymes may fully or partially activate 
factor V.128 Factor Va functions both as a receptor for 
factor Xa and as a positive modulator of the catalytic 
potential of factor Xa in the prothrombinase complex. 
The cofactor forms at least part of the receptor for factor 
Xa on platelets and serves to anchor factor Xa to the 
membrane surface.15,16,62

Factor Va is downregulated via proteolytic inactiva-
tion by APC. APC cleaves factor Va at three sites: Arg506, 
Arg306, and Arg679. Initial factor Va cleavage occurs at 
Arg506. Subsequently, the membrane-dependent cleav-
age at Arg306 results in dissociation of the A2 domain as 
two fragments and complete loss of factor Va cofactor 
activity. An additional APC-mediated cleavage of factor 
Va fragments occurs at Arg679. The importance of this 
regulatory mechanism is demonstrated by the “APC 
resistance” syndrome associated with factor V Leiden.129,130 
The factor V Leiden Arg506→Gln mutation eliminates 
the fi rst and most rapid of the sequential inactivating 
cleavages by APC. Factor Va Leiden thus retains cofactor 
activity and continues to promote α-thrombin generation 
for an extended period. Ultimately, inactivation of factor 
Va Leiden by cleavage of the Arg306 bond does occur, 
but at a markedly slower rate.131

Factor VIII (Antihemophilic Factor, 
Factor VIII:C)

Factor VIII circulates in plasma in complex with the large 
multimeric protein VWF. The ratio of factor VIII to VWF 
is in the range of 1 molecule of factor VIII to 50 to 100 
molecules of VWF monomeric units. VWF acts to trans-
port and stabilize plasma factor VIII. Factor VIII in 
complex with VWF has a plasma half-life of approxi-
mately 12 hours, whereas factor VIII alone undergoes 
rapid clearance and has a half-life of approximately 2 
hours.132,133 The liver and spleen are thought to be the 
primary sites of factor VIII biosynthesis.134

Though synthesized as a 2351–amino acid single-
chain protein, human plasma factor VIII undergoes 

signifi cant proteolytic processing that results in a heter-
ogenous collection of forms. The heterogeneity in molec-
ular weight is due to proteolysis of the protein in 
circulation or processing before secretion (or both). The 
initial synthesized product is composed of three A 
domains, two C domains, and a connecting B domain 
(see Fig. 26-7). The secreted factor VIII molecule is a 
two-chain heterodimer as a result of intracellular prote-
olysis at the B-A3 junction. Additional cleavages within 
the B chain yield a heavy chain of A1-A2 domains linked 
to B fragments of variable length.135 The B domain is 
highly glycosylated and contains 18 of the 25 potential 
N-linked glycosylation sites in factor VIII. Activation by 
α-thrombin involves cleavage at Arg372 (the A1-A2 junc-
tion), Arg740 (the A2-B junction), and Arg1689 in the 
light chain (the B-A3 junction) and excision of the 
remnant of the B domain. The resulting molecule con-
tains three separate polypeptide chains: a light chain (A3-
C1-C2) bound to the NH2-derived heavy chain and the 
noncovalently associated A2 region of the heavy chain. 
Factor VIIIa is an unstable molecule, with dissociation of 
the A2 domain leading to spontaneous inactivation.136 
Factor VIII shares homology with the copper ion–binding 
protein ceruloplasmin and contains a reduced copper ion 
(Cu+) binding site in the A1 domain that is important for 
function.137 A specifi c VWF binding site has been identi-
fi ed between residues 1673 and 1684 of the factor VIII 
light chain.138 The VWF binding site is removed from 
factor VIII during activation by α-thrombin cleavage at 
Arg1689. High-affi nity factor IXa binding is observed for 
the factor VIIIa light-chain A3 domain.139 Sulfation of 
several tyrosine residues in factor VIII is also important 
for function.140

The cofactor factor VIIIa binds factor IXa with Ca2+ 
(and membrane) to form the intrinsic factor Xase 
complex (see Fig. 26-3). The intrinsic factor Xase 
complex catalyzes the activation of factor X at a rate 
orders of magnitude greater than the enzyme factor IXa 
alone18 (see Fig. 26-4). Factor Xa generated via the 
intrinsic factor Xase complex is the primary contributor 
of the factor Xa required for the propagation phase of 
thrombin generation.21 In hemophilia A or B the intrinsic 
factor Xase complex cannot be formed, and the factor 
Xa levels required to induce the propagation phase of 
thrombin generation are not produced,22 thereby result-
ing in lethargic thrombin formation and poor clot forma-
tion (see Fig. 26-5).

The spontaneous loss of factor VIIIa function is pri-
marily a consequence of dissociation of the A2 subunit 
from the heterotrimer. Once the A2 subunit is displaced, 
factor VIIIa loses cofactor function. Dissociation occurs 
rapidly under physiologic conditions. The factor IXa–
membrane complex interactions stabilize factor VIIIa and 
thus delay dissociation of the heterotrimer and prolong 
the transient activity of factor VIIIa.141 Factor VIIIa is also 
regulated by limited proteolysis. Factor IXa cleaves the 
A1 subunit of factor VIIIa at Arg336 and eliminates 
factor VIIIa function.142 APC is a key anticoagulant 



1412 HEMOSTASIS

enzyme that likewise cleaves the A1 subunit at Arg336. 
APC also cleaves the A2 subunit of factor VIIIa at 
Arg562.143 These APC cleavages occur sequentially, with 
the A1 cleavage occurring fi rst and the A2 cleavage 
second.144 Factor IXa protects factor VIIIa from APC 
cleavage at Arg562; however, protein S blocks the protec-
tive effect.145 Although factor VIIIa is proteolytically inac-
tivated by a number of enzymes, spontaneous dissociation 
appears to be the key regulator of cofactor function.

von Willebrand Factor (Ristocetin Cofactor)

VWF is a multifunctional protein with several key roles 
in coagulation. VWF circulates in plasma and is also 
contained in the alpha granules of human platelets.146 In 
addition, it is known for its role in ristocetin-induced 
platelet aggregation (see Chapters 25 and 30). VWF is 
expressed by endothelial cells and megakaryocytes and is 
stored in Weibel-Palade bodies in endothelial cells and in 
alpha granules in platelets.147,148 VWF is a large adhesive 
glycoprotein that circulates in plasma as a heterogeneous 
mixture of disulfi de-linked multimers (Chapter 30). The 
disulfi de-linked multimers range in size from dimers, Mr 

= 600,000, to extremely large multimers consisting of 
greater than 20 million Daltons. VWF has binding sites 
for factor VIII, heparin, collagen, platelet glycoprotein Ib 
and platelet glycoprotein IIb-IIIa.149 Plasma VWF trans-
ports and stabilizes factor VIII and protects it from 

inactivation by APC,87 thus signifi cantly prolonging the 
half-life of factor VIII in circulation.133 VWF also acts as 
a bridge between platelets and promotes platelet aggrega-
tion. The primary platelet binding site for VWF is the 
glycoprotein Ib-IX-V receptor complex (Chapters 25 
and 30). Endothelial cells secrete VWF multimers that 
are larger than those found circulating in plasma. The 
function of these large multimeric forms of VWF is to 
bind to and agglutinate blood platelets under high shear 
rates. These large multimers of VWF are degraded by a 
specifi c metalloproteinase, ADAMTS-13.150

Tissue Factor (Tissue Thromboplastin 
CD142 and Coagulation Factor III)

TF and thrombomodulin (Fig. 26-8) are intrinsic mem-
brane proteins that are essential cofactors for factor VIIa 
and thrombin, respectively. They share no homology at 
the molecular level. TF is a transmembrane protein that 
functions as a cofactor for factor VIIa in the extrinsic 
factor Xase complex. In the absence of injury or stimula-
tion, active TF is not ordinarily expressed on cellular 
surfaces in direct contact with circulating blood. Presen-
tation of TF to the circulation is the event that triggers 
the primary procoagulant pathway of coagulation (see 
Fig. 26-1). Expression of TF can be induced in a number 
of cultured cell types. Monocytic cells and monocytes 

COOH
263

242

220

Cytoplasmic
domain

Transmembrane
domain

Tissue factor
1

C186

C209

C245 - FA

CHO N11
S

S
CHO N124
CHO N137

Thrombomodulin
1

6

149

Lectin homology
domain

227

462
S472,474

499

CHO
N391
T393

521

557
COOH

Cytoplasmic
domain

Transmembrane
domain

Chondroitin
sulfate adducts

S316 CHO
N364 CHO

T207 CHO

T156 CHO

N98 CHO
N97 CHO

N29 CHO

EGF-1

EGF-2

EGF-3

EGF-4

EGF-5

EGF-6

C49

C57

S

S

FIGURE 26-8. Transmembrane cofactors. Tissue factor is composed of an extracellular domain (residues 1 to 219), a transmembrane domain 
(residues 220 to 242), and a cytoplasmic domain (residues 243 to 263). Two disulfi de bonds (S-S) and the sites of the three carbohydrate moieties 
(CHO) are identifi ed by amino acid residue. One cysteine (C245) contains a thiol ester linkage to a fatty acid. Thrombomodulin is composed of 
fi ve distinct domains. The domain structures are a lectin-like domain (residues 6 to 149), a domain containing six epidermal growth factor (EGF)-
like (EGF) regions (residues 227 to 462), a small extracellular domain rich in threonine and serine residues (two have been identifi ed as sites of 
chondroitin sulfate adducts: S472 and S474), a membrane-spanning region (residues 499 to 521), and a cytoplasmic tail (residues 522 to 557). 
There are nine known glycosylation sites (CHO) on the thrombomodulin molecule.



 Chapter 26 • Blood Coagulation 1413

isolated from peripheral blood also express TF when 
stimulated by bacterial endotoxin or other proinfl amma-
tory agents. There is little or no detectable TF expression 
on unstimulated endothelial cells in vivo, although certain 
conditions such as sepsis, placental villitis, and graft 
rejection induce endothelial TF expression.151 The mech-
anism governing TF expression under nonpathologic 
conditions is unknown.

TF is a member of the class 2 cytokine receptor 
superfamily and a type I integral membrane protein. The 
NH2-terminal of TF (residues 1 to 219) is extracellular, 
whereas the COOH-terminal of the protein is intracellu-
lar (residues 243 to 263). TF also contains a hydrophobic 
membrane-spanning domain (see Fig. 26-8). This domain 
appears to function as an anchor for TF in the mem-
brane.152 The NH2-terminal domain of TF is composed of 
two fi bronectin type III domains and is glycosylated. The 
COOH-terminal cytoplasmic domain is quite short, and 
its function is unclear because deletion of this domain has 
no signifi cant effect on TF procoagulant activity.152

TF can bind either factor VII or factor VIIa to form 
a high-affi nity 1 : 1 complex. Once bound to TF, the 
zymogen factor VII may be converted to factor VIIa via 
limited proteolysis.153,154 The TF–factor VIIa or extrinsic 
tenase complex activates both factor IX and factor X. 
When TF is exposed or expressed subsequent to vascular 
perturbation, the low levels of circulating factor VIIa bind 
to TF, and the extrinsic factor Xase complex triggers the 
procoagulant cascade (see Fig. 26-4A).9,155

In the absence of TF, factor VIIa is relatively inert. 
TF alters the active site of factor VIIa, thus functioning 
as an allosteric activator of the enzyme.40,155 Although the 
cofactor is necessary for enzymatic activity, formation of 
the TF–factor VIIa complex does not require an anionic 
phospholipid membrane surface as do the other proco-
agulant complexes. The membrane dependency of the 
extrinsic factor Xase complex function in factor X and 
factor IX activation arises from membrane-mediated 
substrate delivery. Both factors X and IX bind to the 
membrane surface for effi cient two-dimensional transfer 
to the extrinsic factor Xase complex.

TF is primarily regulated through availability. In 
normal hemostasis, the commonly accepted source of 
functional TF is through exposure of the subendothelium 
after vascular perforation. However, controversy has 
arisen regarding the sources and presentation of active 
TF and whether functional TF circulates in blood.156,157 
Once the TF–factor VIIa complex is formed in the vicin-
ity of an injury, the extrinsic tenase activity is then modu-
lated by TFPI and AT.

Thrombomodulin

Thrombomodulin is a type 1 transmembrane protein 
that is constitutively expressed on the surface of vascular 
endothelial cells (see Fig. 26-8). Thrombomodulin is a 
high-affi nity receptor for α-thrombin and acts as a cofac-
tor for the α-thrombin–dependent activation of protein 

C and TAFI. Thrombomodulin expression has been 
reported in a variety of cell types, including vascular 
endothelial cells.158 The activity of thrombomodulin on 
the surface of endothelial cells is decreased by infl amma-
tory cytokines, which may contribute to the hypercoagu-
lation characteristic of infl ammatory states. Homozygous 
thrombomodulin-defi cient mice die in utero before for-
mation of the cardiovascular system, thus suggesting 
a potential role for thrombomodulin in mammalian 
development.159

The domain structure of thrombomodulin is depicted 
in Figure 26-8. The fi fth and sixth EGF domains support 
α-thrombin association.160 The presence of chondroitin 
sulfate increases the affi nity for α-thrombin 10-fold.161 
The chondroitin sulfate moiety also enhances inactiva-
tion of α-thrombin by AT162 and modulates protein C 
activation.161,162 The O-linked sugar domain of thrombo-
modulin is required for generation of APC on cellular 
surfaces. This domain is extended and rigid and probably 
functions to elevate α-thrombin from the membrane 
surface.

Production of APC by the α-thrombin–thrombo-
modulin complex is approximately 1000 times faster than 
equivalent concentrations of protein C and α-thrombin. 
Once bound to thrombomodulin, α-thrombin’s proco-
agulant activities are neutralized. The high-affi nity α-
thrombin–thrombomodulin interaction is mediated 
mainly by exosite I on the α-thrombin molecule. Exosite 
I also binds fi brinogen, and interaction of α-thrombin 
with thrombomodulin therefore blocks fi brinogen binding 
and cleavage. In addition, thrombomodulin induces con-
formational changes in α-thrombin.163,164 The changes 
that occur upon interaction of α-thrombin with throm-
bomodulin reduce the ability of α-thrombin to generate 
fi brin, activate factor V, or activate platelets165 and increase 
the inactivation of α-thrombin by AT.165 Thus, the α-
thrombin–thrombomodulin complex, or protein Case 
(see Fig. 26-3), functions in an anticoagulant and antifi -
brinolytic capacity.

THE INTRINSIC (ACCESSORY) 
PATHWAY FACTORS

The procoagulant proteins that make up the intrinsic or 
accessory pathway consist of factor XII, plasma prekalli-
krein, HMWK, and factor XI. These proteins are respon-
sible for the contact (intrinsic) activation of blood 
coagulation (see Fig. 26-1).

Factor XII (Hageman Factor, Contact Factor)

Factor XII plays a primary role in initiation of the contact 
or intrinsic pathway of coagulation upon binding with 
substances such as glass or kaolin. The contact pathway 
is the basis for the APTT clotting assay. Defi ciency of 
factor XII is not associated with bleeding abnormalities, 
and therefore the precise role of factor XII in hemostasis 
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is unclear, although the components of the contact 
pathway may provide a link between coagulation and 
infl ammation.

The factor XII molecule is composed of two domains: 
a NH2-terminal heavy chain and a COOH-terminal light 
chain. The heavy chain contains fi bronectin type I and 
type II domains, two EGF-like domains, a kringle domain, 
and a proline-rich region. The light chain contains the 
serine protease catalytic domain, a region homologous to 
the B chain of the enzyme plasmin.

Factor XII undergoes autoactivation upon interac-
tion with negatively charged surfaces such as glass, kaolin, 
dextran sulfate, ellagic acid, celite, or bismuth subgal-
late.166 These are probably artifactual triggers and the 
physiologic activator is unknown. Although factor XII 
associates with many physiologically relevant anionic sur-
faces, including negatively charged phospholipids, the 
autoactivation of factor XII induced by these surfaces in 
vitro does not appear to represent the mechanism of 
factor XII activation in vivo.167

Factor XIIa, prekallikrein, and HMWK form a 
complex on anionic phospholipids of the cell membrane, 
and prekallikrein is cleaved to kallikrein. Kallikrein acti-
vates factor XII by cleavage at Arg353-Val354 to generate 
an 80-kD two-chain enzyme, α-factor XIIa (factor XIIa). 
This cleavage is essential for exposure of the active site 
in factor XIIa.168

Factor XIIa activates factor XI and prekallikrein by 
mechanisms dependent on anionic surfaces and the 
cofactor HMWK. Factor XIIa also activates the C1 com-
ponent of the complement system,169 downregulates the 
Fc receptor on monocytes and macrophages,170 and stim-
ulates neutrophils.171 Although these roles have no appar-
ent impact on normal coagulation, factor XII/XIIa may 
be an important link between coagulation and infl amma-
tion. Factor XIIa also activates plasminogen to plasmin, 
thereby linking the contact pathway to fi brinolysis.172

Plasma Prekallikrein (Fletcher Factor)

Plasma prekallikrein defi ciency is rare and not associated 
with a hemostatic defect. Approximately 75% of plasma 
prekallikrein circulates in a noncovalent complex with 
HMWK,173 and the remaining 25% circulates as free 
prekallikrein. Prekallikrein contains four tandemly re -
peated Apple domains in the NH2-terminal portion of 
the molecule that are highly homologous to the Apple 
domains of factor XI. Prekallikrein is activated by factor 
XIIa in complex with the cofactor HMWK on an anionic 
surface (see Fig. 26-1). The enzyme kallikrein is a two-
chain molecule composed of an NH2-terminal heavy 
chain containing the four Apple domains and a COOH-
terminal light chain containing the active site.174

Kallikrein is a member of the trypsin family of serine 
proteases. In the presence of an appropriate anionic 
surface and the cofactor HMWK, kallikrein activates 
factor XII to factor XIIa and proteolyses factor XIIa to 
β-factor XIIa. Kallikrein also undergoes autoproteolysis 

to yield β-kallikrein.175 Enzyme activity is signifi cantly 
reduced upon conversion of kallikrein to β-kallikrein. 
Kallikrein cleaves HMWK at two sites to generate the 
vasoactive nonapeptide bradykinin, a potent vasodilator. 
Kallikrein is also an activator of fi brinolytic zymogens 
and converts both plasminogen to plasmin and pro–
urokinase plasminogen activator (pro-uPA) to uPA.176 In 
addition, kallikrein has been reported to activate neutro-
phils and stimulate release of elastase as part of the 
hemostatic and infl ammatory responses.177 C1 inhibitor 
and α2-macroglobulin are the major inhibitors of 
kallikrein.178

High-Molecular-Weight Kininogen 
(Fitzgerald Factor, Williams Factor)

HMWK acts as a cofactor for the activation of factor XII 
and prekallikrein and is the precursor of the vasoactive 
peptide bradykinin. A second form of kininogen, low-
molecular-weight (LMWK), is also found in plasma. 
LMWK can be cleaved to yield bradykinin but has no 
procoagulant activity. Defi ciencies of HMWK and 
LMWK are rare and not associated with bleeding diathe-
ses.179 The major established function of the kininogens 
is to serve as a source of bradykinin and thereby con-
tribute to a number of vascular events regulated by 
bradykinin.

The two forms of kininogen, HMWK and LMWK, 
are the products of a single gene and are produced by 
alternative splicing.180 The NH2-terminal heavy chains of 
the two forms are identical and contain potent inhibitors 
of cysteine proteases such as calpain.181 The central 
domain of both kininogens is the bradykinin region. The 
two forms of kininogen have different COOH-terminal 
light-chain regions. The light chain of HMWK contains 
binding sites for prekallikrein and factor XI.182 Kallikrein, 
factor XIIa, and factor XIa cleave HMWK to release 
bradykinin. Kallikrein will also cleave LMWK to release 
bradykinin.

As noted earlier, the biologic signifi cance of the 
contact pathway of coagulation is not established. In 
hemostasis, generation of factor XIa most likely proceeds 
via an α-thrombin–dependent pathway, and any factor 
XIa generated by the contact pathway would not have a 
measurable impact on coagulation. Release of bradykinin 
as a consequence of these activation events, however, 
does provide a key vasoactive agent with a variety of roles 
and directly links the contact pathway to vascular repair 
processes.

STOICHIOMETRIC INHIBITORS

In vivo, the hemostatic reaction is tightly regulated to 
ensure that adequate but limited levels of α-thrombin are 
generated. Two systems, one stoichiometric and one pro-
teolytic, regulate the generation of thrombin. In the 
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proteolytic system (described earlier), α-thrombin par-
ticipates in its downregulation by binding to thrombo-
modulin on the vascular cell surface and converting 
protein C to APC. This anticoagulant serine protease 
cleaves factors Va and VIIIa, thereby eliminating throm-
bin generation. The stoichiometric inhibitors consist of 
the AT-heparin complex, which inhibits virtually all the 
procoagulant serine proteases, and TFPI, which targets 
the factor VIIa–TF–factor Xa complex and principally 
regulates the initiation phase of the blood coagulation 
process (see Fig. 26-2).

Tissue Factor Pathway Inhibitor (Extrinsic 
Pathway Inhibitor, Lipoprotein-Associated 
Coagulation Inhibitor)

TFPI is a multivalent protein that modulates TF-
dependent coagulation by inhibiting the extrinsic tenase 
complex.183 TFPI is expressed constitutively by cultured 
endothelial cells and consists of an acidic NH2-terminal 
region, three tandem Kunitz-like serine protease inhibi-
tor domains (K1 to K3), and a positively charged COOH-
terminal region. The tandem Kunitz domains are essential 
for function.184 Two variants of TFPI (isoforms α and β) 
are generated by alternative splicing. A signifi cant pro-
portion of TFPI molecules in blood are truncated to a 
variable extent at the COOH-terminal end, with re -
sultant compromised inhibitory activity. The inhibitory 
activity of TFPI is enhanced by heparin. Upon heparin 
administration, TFPI is released from endothelial cells, 
with a 2- to 10-fold increase in circulating levels being 
achieved. Release of TFPI with heparin therapy is respon-
sible for a portion of the observed elevation in PT and 
raises the possibility that part of the antithrombotic effect 
of heparin may be mediated by release of TFPI. A minor 
pool of TFPI (approximately 10% of the total TFPI in 
blood) is located within platelets.185 Transgenic mice with 
complete TFPI defi ciency do not survive.186 There are no 
known human TFPI-defi cient individuals.

TFPI is the principal stoichiometric inhibitor of the 
extrinsic pathway (see Figs. 26-2 and 26-4B). The TFPI 
mechanism allows the factor VIIa–TF complex to initiate 
factor Xa formation, but it suppresses the generation of 
high levels of factor Xa product formation by binding the 
enzyme-product complex (see Fig. 26-4B). The inhibitor 
mechanism involves rapid interaction between the second 
Kunitz domain of TFPI with the active site of factor Xa; 
localization of the complex to the membrane surface is 
mediated by the Gla domain of factor Xa.49 Once surface 
bound, the factor Xa–TFPI complex rapidly inactivates 
TF–factor VIIa. This complex formation depends on 
binding of the fi rst Kunitz domain of TFPI to the active 
site of factor VIIa. These interactions together form a 
stable quaternary complex, TF–factor VIIa–TFPI–factor 
Xa. The factor IXa–TFPI complex can also inhibit factor 
VIIa–TF, although the physiologic relevance of this route 
of inhibition is unclear because high plasma concentra-

tions of TFPI are required. At normal plasma con-
centrations, this multicomponent interaction of TFPI 
allows basal function of the factor VIIa–TF complex but 
inhibits it after more extensive activation takes place.

When combined with the stoichiometric inhibitor 
AT, a synergistic regulatory effect of blood coagulation 
occurs by inducing kinetic “thresholds” such that the 
initiating TF stimulus must achieve a signifi cant magni-
tude to propel thrombin generation.187 TF concentrations 
below the threshold concentration are ineffective in pro-
moting robust generation of thrombin because of the 
cooperative infl uence of the inhibitors; concentrations in 
excess of the threshold yield robust and almost equivalent 
thrombin generation. TFPI and the dynamic protein 
C–thrombomodulin-thrombin system also cooperate to 
provide threshold-limited, synergistic inhibition of throm-
bin production. In this instance, TFPI slows the initiation 
phase while the APC system reduces the availability of 
the cofactors factors Va and VIIIa, thereby shutting down 
the propagation phase of thrombin generation.

Antithrombin

AT is a member of the serpin proteinase inhibitor family 
and circulates in blood as a single-chain glycoprotein. 
Despite its name, AT inhibits not only thrombin but also 
most of the proteases in the coagulation pathway. Human 
AT circulates as two glycoforms, the α and β variants, 
that contain identical polypeptide backbones but differ 
in both carbohydrate content and heparin affi nity. AT-β 
binds heparin more tightly than AT-α and is observed to 
preferentially accumulate on the vessel wall where 
heparan sulfate proteoglycans are exposed.188

AT has a broad spectrum of inhibitory activity, with 
most of its target proteases participating in the coagula-
tion cascade. It is primarily an inhibitor of thrombin, 
factor Xa, factor IXa, factor VIIa–TF, factor XIa, factor 
XIIa, and plasma kallikrein10,189 (see Fig. 26-2). AT also 
displays antiproliferative and anti-infl ammatory proper-
ties that may derive from its ability to inhibit thrombin. 
Heparin and heparan sulfate potentiate these reactions 
and are used in the treatment of thrombosis. When AT 
is complexed with heparin, its rate of binding to throm-
bin increases 1000-fold. The general mechanism of inhi-
bition involves reaction of the active site of the enzyme 
with a peptide loop structure of the serpin to form a tight, 
equimolar (1:1) complex, followed by inactivating struc-
tural rearrangements of both AT and the protease.

Heparin Cofactor II (Leuserpin 2)

Heparin cofactor II is another member of the serpin 
family and is uniquely stimulated by the proteoglycan 
dermatan sulfate. The only coagulation enzyme inhibited 
by heparin cofactor II appears to be thrombin.190 
However, the rate of thrombin inhibition by heparin 
cofactor II in the absence or presence of glycosaminogly-
cans is signifi cantly slower than inhibition by AT under 
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similar conditions. In view of the fact that the plasma 
concentration of heparin cofactor II is 25% to 50% that 
of AT and that low levels of heparin cofactor II are not 
strongly associated with thrombosis, the physiologic role 
of heparin cofactor II as a systemic thrombin inhibitor 
has been questioned.

Protein C Inhibitor (Plasminogen Activator 
Inhibitor 3)

Protein C inhibitor is a member of the serine proteinase 
inhibitor family. Its targets range from the procoagulant, 
anticoagulant, and fi brinolytic enzymes to plasma and 
tissue kallikreins, the sperm protease acrosin, and pros-
tate-specifi c antigen. Hereditary or acquired protein C 
inhibitor defi ciency has not been documented. Protein C 
inhibitor–defi cient mice show impaired spermatogenesis 
and male infertility.191 The importance of the regulation 
of APC by protein C inhibitor in humans is suggested 
by the use of this complex as a marker for detection of 
deep vein thrombosis by immunofl uorometric assay 
measurements.192

PROTEINS OF CLOT FORMATION

The central event in blood coagulation is the conversion 
of soluble fi brinogen (factor I) to insoluble cross-linked 
fi brin. This conversion is accomplished when thrombin 
removes small polar peptides (termed fi brinopeptides A 
and B) from the fi brinogen molecule forming fi brin. 
These fi brin molecules noncovalently interact with each 
other to form a fi brin web. Fibrin stabilization is accom-
plished by the action of a second coagulation enzyme 
(factor XIIIa) that introduces numerous covalent cross-
links between these fi brin molecules. The resulting fi brin 
web is able to capture platelets and red blood cells, thus 
effectively sealing the wound and stemming plasma 
loss.

Factor XIII (Fibrin-Stabilizing Factor)

Factor XIII is a protransglutaminase that when proteo-
lytically activated, can form cross-linked amide bonds 
between glutamyl and lysinyl residues. The zymogen cir-
culates in plasma as a tetramer composed of two A and 
two B subunits. It plays an important role in hemostasis 
and thrombosis, as well as participates in the physiologic 
processes of cell proliferation and cell migration. The 
product enzyme factor XIII(a) has multiple substrates, 
including fi brin/fi brinogen, fi bronectin, α2-plasmin inhib-
itor, collagen, vitronectin, VWF, actin, myosin, factor V, 
and thrombospondin.193-196

Factor XIII is distributed into plasma and platelet 
pools. Plasma factor XIII circulates as a 320-kD A2B2 
heterotetramer composed of two identical A chains and 
two B chains associated noncovalently.197 The A subunit 

is the procatalyst and contains three important functional 
sites: the catalytic site, a calcium binding site, and the 
activation peptide.198,199 The activation peptide of one A 
subunit limits access to the active site cysteine of the 
other A subunit of the dimer. The B chain has no enzy-
matic activity and has been thought to function as a 
carrier of the A subunit.200

Bone marrow is the prime site of synthesis of the A 
chain of plasma factor XIII,201 which is also present intra-
cellularly as a 160-kd A2 homodimer in platelets, mega-
karyocytes, and monocytes.202,203 How the A2 dimer is 
transferred out of the cell and which cell types are the 
primary sources of plasma A2 are not understood. 
Approximately 50% of the total potential factor XIII A 
chain activity in human blood is found in platelets.202 The 
B subunit is synthesized in hepatocytes and secreted as 
a monomer.204 After being secreted, the A and B subunits 
associate and become an A2B2 tetrameric molecule in 
plasma.

Plasma factor XIII is activated by cleavage of throm-
bin at the NH2-terminal of the A chains, with release of 
a 36–amino acid activation peptide. Catalytic activity is 
expressed only after the A chain dimer is dissociated from 
the B chain. Fibrin/fi brinogen plays an important role as 
a cofactor in dissociation of the B chains from thrombin-
cleaved factor XIII.201 The intracellular form of factor 
XIII contains only the A chain and thus does not require 
dissociation of the B chain.

Activation of factor XIII during blood clotting is 
tightly correlated with fi brin formation.205 This creates a 
regulated system in which cross-linked polymers occur 
coincident with fi brin being formed. The rate of throm-
bin cleavage of plasma factor XIII has been shown to be 
greatly accelerated by the presence of fi brin polymers.206 
This positive feedback network between thrombin, fi brin/
fi brinogen, and factor XIIIa ensures that a stable clot can 
form rapidly to maintain hemostasis. To date, no known 
endogenous inhibitor has been described that regulates 
this important enzyme.193-196 Fibrin is the main physio-
logic substrate for factor XIIIa.

Fibrinogen (Factor I) and Fibrin

Fibrinogen is composed of six polypeptide chains (two 
Aα chains, two Bβ chains, and two γ chains); after post-
translational modifi cation, the mature protein circulates 
in blood with an average molecular weight of 340,000  D 
(see Table 26-1).207,208 The polypeptide chains are distrib-
uted into two symmetrical half molecules, each contain-
ing one Aα, one Bβ, and one γ chain, with the 
NH2-terminals oriented toward each other (Fig. 26-9). 
The half molecules are linked by noncovalent and disul-
fi de bonds near their NH2-terminals to yield a linear 
arrangement of three nodular structures. The outside two 
domains, formed by the carboxyl-terminal regions of the 
Bβ and γ chains of fi brinogen, are designated “D,” whereas 
the central domain, which contains the amino-terminals 
of all the chains, is designated “E.” Between 1.7 and 5.0  g 
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of fi brinogen is synthesized per day by the liver, with 
approximately 75% of this fi brinogen being secreted into 
plasma and the remainder being distributed between the 
lymph and interstitial fl uids.209 Fibrinogen is an acute 
phase reactant and is upregulated 2- to 10-fold in response 
to a variety of physiologic stresses, including trauma, 
pregnancy, and tissue infl ammation.

The fi brinogen locus is composed of three closely 
linked genes (specifying the polypeptides Aα, Bβ, and γ) 
found as single copies in a region of approximately 50 
kilobases. The three fi brinogen genes most likely evolved 
from a common ancestor through a series of duplications 
that began approximately 1 billion years ago.210 Expres-
sion of the three chains is coordinately controlled and, at 
least for the hepatocyte, results in almost equal levels of 
mRNA for each chain in the cell.211 Although most γ 
chains end at γ-Val411 (human numbering), approxi-
mately 10% of the time during splicing the last intron is 
retained, which resulting in a new chain, γ ′, that ends at 
γ-Leu427.212 A less common variant of the α chain adds 
a 236–amino acid extension at the C-terminal.213 After 
synthesis but before secretion, a number of post-
translational modifi cations occur, including glycosylation 
and phosphorylation. Factor XIIIa cross-linking occurs 
between sites on the Aα and γ but not on the Bβ chain.

Thrombin catalyzes the hydrolysis of Arg-Gly bonds, 
with small, polar amino-terminal pieces (fi brinopeptides) 
being removed from the α and β chains207,208,214 (see Fig. 
26-9). Cleavage of Aα-Arg16 by thrombin releases fi bri-
nopeptide A (FPA) and forms fi brin I. The release of two 
FPA peptides exposes a site in the E domain that aligns 
with a complementary site in the D domain to form 
overlapping fi brils. Subsequent cleavage by thrombin at 
Bβ-Arg14 releases fi brinopeptide B (FPB) and leads to 
the formation of fi brin II, which presumably increases 
lateral aggregation of the protofi brils. FPA and FPB vary 
in length, between 13 and 21 amino acids in various 
mammals, and constitute less than 2% of the total 
mass.

Release of fi brinopeptides from fi brinogen results 
in the formation of an intermediate termed the fi brin 
monomer, which is all but indistinguishable from fi brino-
gen. In purifi ed systems, removal of either FPA or FPB 
leads to formation of the fi brin dimer through noncova-
lent (i.e., charge-charge [salt links]) and hydrogen bond 
interactions. As fi brin monomers continue to be gener-
ated, the dimer elongates from both ends as a two-
stranded molecule until it reaches approximately 30 
monomers, at which point it becomes a protofi bril. The 
second step in fi brin assembly is lateral association of the 
protofi brils into thicker fi brin fi bers. These fi bers are 
formed from the association of between 14 and 22 pro-
tofi brils. Because protofi brils, not dimers, are required 
for this step, it is believed that the forces involved in 
lateral association are weak and therefore become 
“strong” only in large numbers. Clots are known to 
branch, although how branching is accomplished is not 
clear.

The description of fi brinogen activation and fi brin 
assembly has been based on studies involving the use of 
citrated plasma or purifi ed proteins, or both. To under-
stand the in vivo process of fi brin formation, a system with 
nonanticoagulated blood has been used; in this experi-
mental model the pattern of fi brin formation based on 
release of fi brinopeptide is different from systems using 
citrated plasma or purifi ed fi brinogen.205 In this study, 
most cleavage of FPA and subsequent clot formation take 
place just before the propagation phase of thrombin gen-
eration (Fig. 26-10). At the point of visual clot formation, 
virtually all fi brinogen (and some product already cross-
linked) disappears from the fl uid phase of the reaction. 
Thus, the “clot” appears to be a mixture composed of 
fi brin I and fi brinogen. The insoluble material present in 
the fi brin clot is virtually all cross-linked by factor XIIIa, 
whose activation occurs nearly simultaneously with 
removal of FPA205 (see Fig. 26-10). It has been proposed 
that as many as six cross-links can form between a fi brin 
monomer and its neighbors and that the presence of these 
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FIGURE 26-9. Schematic representation of fi brinogen to illustrate thrombin and plasmin cleavage sites in the intact molecule. The six polypeptide 
chains, Aα2Bβ2γ2 are folded into three globular structures, two “D” and one “E,” which are connected by “coiled-coil” segments. The NH2-terminal 
regions of the Aα, Bβ chains extend from the central “E” domain and, when cleaved by thrombin, yield fi brinopeptide A and fi brinopeptide B. 
The macromolecular product fi brin is then referred to as α2β2γ2. A small fraction of fi brinogen contains a COOH-terminal extension of the γ chain 
that is referred to as γ′.
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cross-links increases the strength, chemical resistance to 
urea, and lysis by plasmin.207,208,215

CONCLUSION

As the result of molecular investigation of blood coagula-
tion for more than 100 years, the components of the 
blood coagulation system and their connections are well 
understood. Critical insights into this process and its 
regulation have often come from the study of patients 
with mutations in the genes encoding the relevant coagu-
lation factors. It is only fi tting that this knowledge has 
formed the basis for the development of reliable diagnos-
tic tools and effective therapies for patients with both 
inherited and acquired disorders of hemostasis, as detailed 
in the ensuing chapters.
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Fibrinolysis is the process by which the insoluble protein 
fi brin is converted to a defi ned set of soluble degradation 
products. It occurs in both intravascular and extravascu-
lar locations and is essential to human health and sur-
vival. Modern molecular biologic techniques have 
identifi ed the major fi brinolytic genes, the mechanisms 
regulating their expression, and the consequences of their 
defi ciency or overexpression in genetically engineered 
mice. In many cases these experiments have yielded sur-
prising and instructive data that have revealed physiologic 
and pathophysiologic roles for the fi brinolytic system that 
are much more extensive than originally thought. Fur-
thermore, with the dawn of the genomic age, molecular 
analysis of human syndromes has identifi ed specifi c 
mutations that result in either thrombosis secondary to 
fi brinolytic defi ciency or hemorrhage secondary to fi bri-
nolytic excess. In this chapter the molecular basis of 
fi brinolysis, as well as its physiologic role in human health 
and disease, is reviewed.

BASIC CONCEPTS OF FIBRINOLYSIS

In response to vascular injury and activation of the coag-
ulation cascade, thrombin induces polymerization of 
the soluble plasma protein fi brinogen, thereby producing 
an insoluble, cross-linked end product called fi brin (see 
Chapter 26). Once the fl ow of blood has been stemmed 
and vascular integrity restored, fi brin, which is found 
in both intravascular and extravascular sites, is cleared 
by a process known as fi brinolysis (Fig. 27-1A). Nor-
mally, the fi brinolytic process is tightly regulated by 
a series of activators, inhibitors, cofactors, and receptors.1 
In the presence of fi brin, which serves as a cofactor 
for its own destruction, tissue plasminogen activator 
(tPA) is released from endothelial cells and possibly 
other cell types and interacts with the circulating zymo-
gen plasminogen. tPA, plasminogen, and fi brin form a 
ternary complex that accelerates the catalytic effi ciency 
of plasmin generation by approximately 500-fold. Uroki-
nase is also an effi cient plasminogen activator (uPA), but 
its action is only minimally enhanced by fi brin. The 
action of plasmin on fi brin generates soluble fi brin deg-
radation products, which have their own unique biologic 
properties.

The dynamic regulation of plasmin generation is 
complex. On the surface of a fi brin-containing thrombus, 
tPA and plasmin are protected from their major circulat-
ing inhibitors plasminogen activator inhibitor 1 (PAI-1) 
and α2-antiplasmin (α2-AP), respectively. On release into 
the circulation, however, plasmin and tPA are rapidly 
neutralized by these inhibitors and cleared by the liver. 
Because uPA and the nonenzymatic plasminogen activa-
tor streptokinase do not use fi brin as a cofactor, they 
function well in the fl uid phase. Plasminogen may also 
be activated, albeit rather ineffi ciently, by proteases of the 
contact system such as kallikrein, factor XIa, and factor 
XIIa (Chapter 26).

Cell surfaces represent protected environments in 
which plasmin can be generated without the risk of neu-
tralization by fl uid-phase inhibitors (Fig. 27-1B).2 Endo-
thelial cells, platelets, monocytes, macrophages, and 
some tumor cells all express protein receptor sites for 
plasminogen, tPA, or uPA.3 The broad substrate specifi c-
ity of plasmin observed in vitro may relate to its genera-
tion in nonvascular sites through fi brin-independent 
mechanisms. Plasmin may thus play an important role in 
extravascular events such as the modifi cation of growth 
and differentiation factors, processing of matrix proteins, 
and activation of procoagulant molecules.

COMPONENTS OF THE 
FIBRINOLYTIC SYSTEM

Plasminogen

Synthesized primarily in the liver,4,5 plasminogen is a 
single-chain proenzyme with a molecular weight (Mr) of 
approximately 92,000 that circulates in plasma at a con-
centration of approximately 1.5 μmol/L (Table 27-1).6 
The plasma half-life of plasminogen in humans is 
approximately 2 days.7 Its 791 amino acids are cross-
linked by 24 disulfi de bridges, 16 of which yield fi ve 
homologous triple-loop structures called kringles8 (Fig. 
27-2). The fi rst (K1) and fourth (K4) of these 80–amino 
acid structures with an Mr of 10,000 impart high- and 
low-affi nity lysine binding, respectively.9 The lysine-
binding domains of plasminogen appear to mediate its 
specifi c interactions with fi brin, cell surface receptors, 
and other proteins, including its circulating inhibitor 
α2-AP.10-14

Post-translational modifi cation of plasminogen 
results in two glycosylation variants (forms 1 and 2)15-17 
(see Table 27-1). An O-linked oligosaccharide on Thr345 
is common to both forms. Only form 2, however, con-
tains an N-linked oligosaccharide on Asn288. The carbo-
hydrate portion of plasminogen appears to regulate its 
affi nity for cellular receptors and may also specify 
its physiologic degradation pathway.

Activation of plasminogen results from cleavage of a 
single Arg-Val peptide bond at position 560 to 561,18 
which produces the active protease plasmin (see Table 
27-1). Plasmin contains a typical serine protease catalytic 
triad6 but exhibits broad substrate specifi city in compari-
son to other proteases of this class.19 The circulating form 
of plasminogen, amino-terminal glutamic acid plasmino-
gen (Glu-Plg), is readily converted by limited proteolysis 
to several modifi ed forms known collectively as lysine 
plasminogen (Lys-Plg).20,21 Hydrolysis of the Lys77-
Lys78 peptide bond results in an altered conformation 
that more readily binds fi brin, displays twofold to three-
fold higher avidity for cellular receptors, and is activated 
10 to 20 times more rapidly than Glu-Plg is.12,18,22 Lys-
Plg does not normally circulate in plasma18 but has been 
identifi ed on cell surfaces.23
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FIGURE 27-1. Overview of the fi brinolytic system. A, Fibrin-based plasminogen activation. The zymogen plasminogen (Plg) is converted to the 
active serine protease plasmin (PN) through the action of tissue plasminogen activator (tPA) or urokinase (uPA). The activity of tPA is greatly 
enhanced by its assembly with Plg through lysine residues (K) on a fi brin-containing thrombus. uPA acts independently of fi brin. Both tPA and 
uPA can be inhibited by plasminogen activator inhibitor 1 (PAI-1), which is released by endothelial cells and activated platelets. PAI-2, on the 
other hand, neutralizes uPA more effi ciently than it does tPA. By binding to fi brin, plasmin is protected from its major inhibitor α2-antiplasmin 
(α2-AP). Bound plasmin degrades cross-linked fi brin, which gives rise to soluble fi brin degradation products (FDPs). B, Some cell surface fi bri-
nolytic receptors. a, Endothelial cells, monocytes, and macrophages express the uPA receptor (uPAR), which can interact with both uPA, thereby 
preserving its activity, and adhesive glycoproteins, such as fi brinogen (FGN) and vitronectin (VN). uPAR association with Mac-1 appears to facili-
tate adhesive interactions, whereas its interaction with uPA has a negative impact on adhesion. b, Endothelial cells, monocytes, and macrophages 
also express annexin A2 (A2), a coreceptor for tPA and Plg that augments the effi ciency of plasmin generation. A2 forms a heterotetramer with 
protein p11, a member of the S100 family, which accentuates the effi ciency of plasmin generation. c, Low-density lipoprotein receptor–related 
protein (LRP) is expressed by macrophages and smooth muscle cells. It binds a wide variety of ligands, including α2-macroglobulin (α2-MG) and 
uPA or tPA in complex with PAI-1. Originally thought to function as a clearance receptor, LRP appears to signal to activate NF-κB and augment 
expression of downstream effectors such as metalloproteinase 9 (MMP-9). (Adapted from Ragno P. The urokinase receptor: a ligand or a receptor? Cell 
Mol Life Sci. 2006;63:1028-1037.)

Spanning 52.5 kilobases (kb) of DNA on chromo-
some 6q26-27, the plasminogen gene consists of 19 
exons24,25 and directs expression of a 2.7-kb messenger 
RNA (mRNA)8 (see Fig. 27-2). Plasminogen gene activ-
ity is stimulated by the acute phase mediator interleukin-
6, both in vitro and in vivo.26 The gene is closely linked 
and structurally related to that of apolipoprotein(a), 
an apoprotein associated with the highly atherogenic 
low-density lipoprotein–like particle lipoprotein(a)27 and 
more distantly related to other kringle-containing pro-
teins such as tPA, uPA, hepatocyte growth factor, and 
macrophage-stimulating protein.28-32 The signifi cance of 
the latter two proteins to the fi brinolytic system remains 
to be determined.

Plasminogen Activators

Tissue Plasminogen Activator

One of the two major endogenous plasminogen activa-
tors, tPA is a 527–amino acid glycoprotein with an Mr of 
approximately 72,00033 (see Table 27-1). tPA contains 
fi ve structural domains, including a fi bronectin-like 
“fi nger,” an epidermal growth factor–like domain, two 
kringle structures homologous to those of plasminogen, 
and a serine protease domain (see Fig. 27-2). Cleavage 
of the Arg275-Ile276 peptide bond by plasmin converts 
tPA to a disulfi de-linked, two-chain form.33 Although 
single-chain tPA is less active than two-chain tPA in the 
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TABLE 27-1 Fibrinolytic Proteins

PROTEASES

Property Plasminogen tPA uPA

Molecular mass (d) 92,000 72,000 54,000
Amino acids 791 527 411
Chromosome 6 8 10
Site of synthesis Liver

Neuronal cells
Glial cells

Endothelium
Neuronal cells
Glial cells

Endothelium
Kidney

Plasma concentration
 nmol/L 1500 0.075 0.150
 μg/mL 140 0.005 0.008
Plasma half-life 48 hr 5 min 8 min
N-Glycosylation (%) 2 13 7
 Form 1 — Asn117, Asn184, Asn448 Asn302
 Form 2 Asn288 Asn117, Asn448 —
O-Glycosylation
 α-Fucose — Thr61 Thr18
 Complex Thr345 — —
Two-chain cleavage site Arg560-Val561 Arg275-Ile276 Lys158-Ile159
Heavy-chain domains
 Finger No Yes No
 Growth factor No Yes Yes
 Kringles (no.) 5 2 1
Light-chain catalytic triad His602, Asp645, Ser740 His322, Asp371, Ser478 His204, Asp255, Ser356

MAJOR SERPIN INHIBITORS

Property a2-AP PAI-1 PAI-2

Molecular mass (d) 70,000 52,000 60,000 (glycosylated) 
47,000 
(nonglycosylated)

Amino acids 452 402 393
Chromosome 18 7 18
Sites of synthesis Kidney, liver Endothelium

Monocytes/macrophages
Hepatocytes
Adipocytes

Placenta
Monocytes/macrophages
Tumor cells

Plasma concentration
 nmol/L 900 0.1-0.4 ND
 μg/mL 50 0.02 ND
Serpin reactive site Arg364-Met365 Arg346-Met347 Arg358-Thr359
Specifi city Plasmin uPA = tPA uPA > tPA

NONSERPIN INHIBITORS

Property TAFI a2-MG

Molecular mass (d) 45,000 725,000 (monomer 
 ≈180,000)

Amino acids 423 1451
Chromosome 13 12
Sites of synthesis Liver Liver

Endothelium
Macrophages
Fibroblasts

Plasma concentration
 nmol/L ≈75 ≈2000-5000
 μg/mL 4 ≈1450-3625
Activators Plasmin >> thrombin —
Specifi city C-terminal Lys and Arg Broad spectrum
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α2-AP, α2-antiplasmin; LRP, low-density lipoprotein receptor–like protein; α2-MG, α2-macroglobulin; PAI, plasminogen activator inhibitor; ND, not determined; 
PN, plasmin; TAFI, thrombin-activatable fi brinolysis inhibitor; tPA, tissue plasminogen activator; uPA, urokinase plasminogen activator; uPAR, urokinase plasminogen 
activator receptor.

TABLE 27-1 Fibrinolytic Proteins—cont’d

SOME PROPOSED RECEPTORS

Property uPAR Annexin A2 LRP
Mannose 
Receptor

Molecular mass (d) 55-60,000 36,000 600,000 175,000
Amino acids 313 339 4544 1456
Chromosome 19 15 12 10
Source Endothelial cells

Monocytes
Macrophages
Fibroblasts
Tumor cells

Endothelial cells
Monocytes
Macrophages
Myeloid cells

Hepatocytes
Monocytes
Macrophages
Fibroblasts

Macrophages

Ligand(s) uPA tPA, Plg uPA/PAI-1 tPA
uPA/PAI-2
tPA/PAI-1
PN/α2-AP

SP

SP

SP

PLASMINOGEN

UROKINASE

TISSUE PLASMINOGEN ACTIVATOR

SP

PAP

EGF

K1 K2

K1 K2

K3 K4

F

K5 Protease

Protease
H D S

H D S

SP EGF Protease
H D S

K

FIGURE 27-2. Structure-function rela-
tionships of plasminogen, tissue plasmin-
ogen activator (tPA), and urokinase (uPA) 
and alignment of the intron-exon struc-
ture of the plasminogen, tPA, and uPA 
genes with functional protein domains. 
Protein domains are labeled signal peptide 
(SP), preactivation peptide (PAP), kringle 
domains (K), fi bronectin-like “fi nger” 
(F), epidermal growth factor–like domain 
(EGF), and protease. The position of the 
catalytic triad of amino acids histidine 
(H), aspartic acid (D), and serine (S) are 
shown within individual protease domains. 
The positions of individual introns rela-
tive to amino acid–encoding exons are 
indicated with inverted triangles.

fl uid phase, both forms demonstrate equivalent activity 
when bound to fi brin.34

The two glycosylation forms of tPA are distinguish-
able by the presence (type 1) or absence (type 2) of a 
complex N-linked oligosaccharide moiety on Asn184 
(see Table 27-1).35,36 Both types, however, contain a high-
mannose carbohydrate on Asn117, a complex oligosac-
charide on Asn448, and an O-linked α-fucose residue on 
Thr61.37 The carbohydrate moieties of tPA may modu-
late its functional activity, regulate its binding to cell 
surface receptors, and specify degradation pathways.

Located on chromosome 8p12-q11.2, the gene for 
human tPA is encoded by 14 exons spanning a total of 
36.6 kb (see Fig. 27-2).38-40 Most of the structural 
domains of tPA are encoded by one or two exons, and 
the organization of these exons is similar across related 
domains of tPA and the other fi brinolytic proteases (see 
Fig. 27-2). This observation suggests that the tPA gene 
arose by an evolutionary process called “exon shuffl ing,” 
whereby functionally related genes are generated through 
rearrangement of exons encoding autonomous domains. 
Consistent with this hypothesis, various functions of tPA 
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can be localized to specifi c domains. For example, dele-
tion of the fi bronectin-like fi nger or kringle 2, but not 
kringle 1, results in a tPA resistant to the cofactor activity 
of fi brin, whereas catalytic activity in the absence of fi brin 
remains intact.41

The proximal promoter of the human tPA gene con-
tains binding sequences for potentially important tran-
scriptional factors, including AP1, NF1, SP1, and 
AP2,42,43 as well as a potential cyclic adenosine mono-
phosphate (cAMP)-responsive element.44 In vitro, many 
agents have been shown to exert small effects on the 
expression of tPA mRNA, but relatively few enhance tPA 
synthesis without augmenting PAI-1 synthesis as well. 
Agents that regulate tPA gene expression independently 
of PAI-1 include arterial shear stress, thrombin, endo-
toxin, histamine, butyrate, retinoids, and dexametha-
sone.45-50 Forskolin, which increases intracellular cAMP 
levels, has been reported to decrease the synthesis of both 
tPA and PAI-1.43,51

tPA is synthesized and secreted primarily by endo-
thelial cells, and its release is governed by a variety of 
stimuli such as shear stress, butyrate, thrombin, hista-
mine, bradykinin, epinephrine, acetylcholine, arginine 
vasopressin, gonadotropins, exercise, and venous occlu-
sion.45,47,52,53 Its circulating half-life is exceedingly short 
(≈5 minutes). By itself, tPA is a poor activator of plas-
minogen. However, in the presence of fi brin, the catalytic 
effi ciency of tPA-dependent plasmin generation (kcat/Km) 
increases by at least 2 orders of magnitude22 because of 
a dramatic increase in affi nity (decreased Michaelis con-
stant [Km]) between tPA and its substrate plasminogen 
in the presence of fi brin. Although it is expressed by 
extravascular cells, tPA appears to represent the major 
intravascular activator of plasminogen.19

Urokinase

The second endogenous plasminogen activator, single-
chain uPA or prourokinase, is a glycoprotein with an Mr 
of approximately 54,000 and consists of 411 amino acids 
(see Table 27-1). uPA contains an epidermal growth 
factor–like domain and a single plasminogen-like kringle 
and possesses a classic catalytic triad within its serine 
protease domain54 (see Fig. 27-2). Cleavage of the Lys158-
Ile159 peptide bond by plasmin or kallikrein converts 
single-chain uPA to a disulfi de-linked two-chain deriva-
tive.55 Located on chromosome 10, the human uPA gene 
is encoded by 11 exons spanning 6.4 kb and expressed by 
endothelial cells, macrophages, renal epithelial cells, and 
some tumor cells.56,57 As noted earlier, its intron-exon 
structure is closely related to that of the tPA gene.

There is circumstantial evidence that uPA may be 
induced during neoplastic transformation, possibly 
through a mechanism involving the transcription factors 
AP1 and AP2.58 Other agents that appear to induce 
expression of uPA in vitro include hormones, growth 
factors, and cAMP.49 Infl ammatory cytokines such as 
interleukin-1 and lipopolysaccharide induce only small 
increments in uPA expression, whereas tumor necrosis 

factor and transforming growth factor β (TGF-β) have a 
more dramatic (5- to 30-fold) effect.59-61

Two-chain uPA occurs in both high-molecular-
weight (Mr of 54,000) and low-molecular-weight (Mr of 
33,000) forms that differ by the presence or absence, 
respectively, of a 135-residue amino-terminal fragment 
released by plasmin cleavage between Lys135 and 
Lys136.62,63 Although both forms are capable of activat-
ing plasminogen, only the high-molecular-weight form 
binds to the uPA receptor (uPAR). uPA has much lower 
affi nity for fi brin than tPA does and is an effective plas-
minogen activator both in the presence and in the absence 
of fi brin.64,65 The extent to which prourokinase possesses 
intrinsic plasminogen-activating capacity is an area of 
controversy.66,67

Accessory Plasminogen Activators

Under certain conditions, proteases traditionally classi-
fi ed within the intrinsic arm of the coagulation cascade 
(see Chapter 26) have been shown to be capable of acti-
vating plasminogen directly. Such proteases include kal-
likrein, factor XIa, and factor XIIa.68-70 Normally, 
however, they account for no more than 15% of the total 
plasmin-generating activity in plasma.

Inhibitors of Fibrinolysis

Plasmin Inhibitors

The action of plasmin is negatively modulated by a 
family of serine protease inhibitors called serpins71 
(see Table 27-1). All serpins share a common mechanism 
of action by forming an irreversible complex with the 
active-site serine of the target protease after proteolytic 
cleavage of the inhibitor by the target protease. Within 
such a complex, both protease and inhibitor lose their 
activity.

A single-chain glycoprotein with an Mr of approxi-
mately 70,000, α2-AP circulates in plasma at relatively 
high concentrations (≈0.9 μmol/L) and has a plasma 
half-life of 2.4 days72 (see Table 27-1). This serpin con-
tains about 13% carbohydrate by mass and consists of 
452 amino acids with two disulfi de bridges.73 In humans, 
the gene is located on chromosome 18 and contains 10 
exons distributed over 16 kb of DNA.74 The promoter 
region of the α2-AP gene contains a hepatitis B–like 
enhancer element that directs tissue-specifi c expression 
in the liver.74 α2-AP is also a constituent of platelet alpha 
granules.75 Plasmin released into fl owing blood or in the 
vicinity of a platelet-rich thrombus is immediately neu-
tralized on forming an irreversible 1 : 1 stoichiometric, 
lysine binding site–dependent complex with α2-AP. Inter-
action with plasmin is accompanied by cleavage of the 
Arg364-Met365 peptide bond, and the resulting covalent 
complexes are cleared in the liver.

Several other proteins appear to inhibit the activity 
of fi brinolytic serine proteases (see Table 27-1). α2-Mac-
roglobulin (α2-MG) is a tetrameric protein with an Mr of 



 Chapter 27 • The Molecular Basis of Fibrinolysis 1431

725,000 that is synthesized by the liver, endothelial 
cells, macrophages, and fi broblasts and is found in plate-
let alpha granules. The gene for α2-MG, which consists 
of 36 exons distributed over 48 kb of DNA on chromo-
some 12, directs the expression of a 1451–amino acid 
polypeptide.76-78 As a generic inhibitor of all four classes 
of proteases (serine, cysteine, aspartyl, and metallo), α2-
MG is a nonserpin that inhibits plasmin with approxi-
mately 10% of the effi ciency exhibited by α2-AP by 
forming a noncovalent complex.79 C1 esterase inhibitor 
can also serve as an inhibitor of tPA in plasma.80 The 
protease nexin may function as a noncirculating 
cell surface inhibitor81 of trypsin, thrombin, factor Xa, 
urokinase, or plasmin and result in protease-inhibitor 
complexes that are endocytosed via a specifi c nexin 
receptor.82

Thrombin-activatable fi brinolysis inhibitor (TAFI) is 
a plasma carboxypeptidase that acts as a potent inhibitor 
of fi brinolysis.83 Identical to the previously cloned car-
boxypeptidase B84 and the previously isolated carboxy-
peptidase U,85 this single-chain polypeptide with an Mr 
of 45,000 circulates in plasma at concentrations of about 
75 nmol/L and undergoes limited proteolysis in the 
presence of plasmin or thrombin, which leads to its 
activation.86 Carboxypeptidase B–like molecules remove 
carboxyl-terminal lysine or arginine residues from fi brin 
and other proteins, thereby reducing binding of plas-
minogen to fi brin and cell surfaces and limiting plasmin 
generation.87 The potentially antifi brinolytic effect of 
thrombin appears to be mediated through its ability to 
activate TAFI in the presence of thrombomodulin.83,88 
Anticoagulation by inhibition of factor XI also appears 
to have an antifi brinolytic effect in vivo by downregula-
tion of thrombin-mediated activation of TAFI.89 In a 
system of purifi ed components, TAFI has been shown 
to reduce tPA-induced fi brinolysis half-maximally at 
approximately 1 nmol/L, which is well below its concen-
tration in plasma.90

Plasminogen Activator Inhibitors

Plasminogen Activator Inhibitor 1

Of the two major plasminogen activator inhibitors91 (see 
Table 27-1), PAI-1 is the most ubiquitous. This single-
chain cysteine-less glycoprotein with an Mr of approxi-
mately 52,000 is released by endothelial cells, monocytes, 
macrophages, hepatocytes, adipocytes, and platelets.92-94 
Release of PAI-1 is stimulated by many cytokines, growth 
factors, and lipoproteins common to the global infl am-
matory response.60,95-97 The PAI-1 gene consists of nine 
exons spanning 12.2 kb on chromosome 7q21.3-q22.98 
The serpin reactive site is located at Arg346-Met347, and 
activity of this labile serpin is stabilized upon complex 
formation with vitronectin, a component of plasma and 
the pericellular matrix.99,100

Regulation of PAI-1 gene expression is com -
plex.101-104 Agents that have been shown to enhance 
expression of PAI-1 at the message level, the protein level, 

or both without affecting the synthesis of tPA include 
the infl ammatory cytokines lipopolysaccharide, interleu-
kin-1, tumor necrosis factor α,60,61,95,97,105-107 TGF-β and 
basic fi broblast growth factor,59,95,102,104 very-low-density 
lipoprotein and lipoprotein(a),108,109 angiotensin II,110 
thrombin,106,111 and phorbol esters.112 In addition, 
endothelial cell PAI-1 is downregulated by forskolin42,51 
and by endothelial cell growth factor in the presence of 
heparin.113

Plasminogen Activator Inhibitor 2

Originally purifi ed from human placenta,91,114 PAI-2 is a 
393–amino acid member of the serpin family whose reac-
tive site is the Arg358-Thr359 peptide bond114 (see Table 
27-1). The gene encoding PAI-2 is located on chromo-
some 18q21-23, spans 16.5 kb, and contains eight 
exons.115 PAI-2 exists as both a nonglycosylated intra-
cellular form with an Mr of 47,000 and a glycosylated 
form with an Mr of 60,000 secreted primarily by macro-
phages and keratinocytes. Functionally, PAI-2 inhibits 
both two-chain tPA and two-chain uPA with comparable 
effi ciency (second-order rate constants of 105 mmol/L/
sec). How ever, it is less effective in inhibiting single-chain 
tPA (second-order rate constant of 103 mol/L/sec) and 
does not inhibit prourokinase.

Signifi cant levels of PAI-2 are found in human plasma 
only during pregnancy but can be markedly enhanced in 
vitro by the infl ammatory mediator tumor necrosis 
factor.116 Regulation of PAI-2 gene expression is modu-
lated by a variety of factors, including a number of 
infl ammatory mediators.117-120 In macrophages in vitro, 
secretion of PAI-2 is enhanced by endotoxin and phorbol 
esters.120,121

Cellular Receptors in Fibrinolysis

Though structurally diverse, cell surface fi brinolytic 
receptors can be classifi ed into two groups whose inte-
grated actions are likely to be essential for homeostatic 
control of plasmin activity3 (see Table 27-1). Activation 
receptors localize and potentiate plasminogen activa -
tion, whereas clearance receptors eliminate plasmin 
and plasminogen activators from the blood or focal 
microenvironments.

Activation Receptors

Plasminogen Receptors

Plasminogen receptors are a diverse group of proteins 
expressed on a wide array of cell types.3 Receptors 
reported include α-enolase, glycoprotein IIb-IIIa com -
plex, the Heymann nephritis antigen, amphoterin, and 
annexin A2 (A2)/p11 and have been found to be expressed 
primarily on monocytoid cells,122 platelets,123 renal epi-
thelial cells,124 neuroblastoma cells,125 and endothelial 
cells,126-128 respectively. These binding proteins commonly 
interact with the kringle structures of plasminogen 
through carboxyl-terminal lysine residues.



1432 HEMOSTASIS

The Urokinase Receptor

uPAR is expressed on monocytes, macrophages, fi bro-
blasts, endothelial cells, and a variety of tumor cells3 (see 
Table 27-1). uPAR complementary DNA (cDNA) was 
cloned and sequenced from a human fi broblast cDNA 
library129 and encodes a protein of 313 amino acids with 
a 21-residue signal peptide. The gene structure consists 
of seven exons distributed over 23 kb of genomic DNA, 
which places this glycoprotein within the Ly-1/elapid 
venom toxin superfamily of cysteine-rich proteins.130-132 
uPAR is anchored to the plasma membrane through gly-
cosylphosphatidylinositol linkages.133 uPA bound to its 
receptor maintains its activity and susceptibility to PAI-
1.134 Formation of uPA–PAI-1 complexes appears to 
hasten clearance of uPA by hepatic or monocytoid 
cells.135-137

High-resolution (1.9 to 2.7 Å) analysis of the crystal 
structure of a complex formed by various amino-terminal 
uPA peptides and a soluble form of uPAR reveals that 
uPA engages a central cone-shaped cavity in uPAR 
formed by its three-fi nger motif. This arrangement leaves 
surface residues of uPAR available for binding of other 
proteins such as integrins and vitronectin. It is therefore 
postulated that these interactions may be regulated by 
binding of uPA itself.138-140

Aside from a potential role in fi brinolysis, uPAR 
appears to play a novel role in cellular signaling and adhe-
sion events.141 uPAR binds to the adhesive glycoprotein 
vitronectin at a site distinct from the uPA-binding 
domain,142,143 and uPAR-transfected renal epithelial cells 
acquire enhanced adhesion to vitronectin and lose their 
adhesion to fi bronectin.144 Furthermore, uPAR colocal-
izes with integrins in focal contacts and at the leading 
edge of migrating cells145 and also associates with caveo-
lin, a major component of caveolae, structures abundant 
in endothelial cells and thought to participate in signaling 
events.146-148 Thus, integrin function may be regulated by 
uPAR, an association signifying an integrated relation-
ship between cellular adhesion and proteolysis.

These fi ndings have important implications for the 
behavior of malignant cells, in which uPAR is frequently 
overexpressed.149 High-level uPAR expression also 
appears to be an indicator of a poor prognosis in breast, 
lung, colon, esophageal, and gastric cancer.149 uPA has 
been identifi ed by protease activity profi ling as being 
important in intravasation of fi brosarcoma,150 and RNA 
interference–mediated “knockdown” of uPA and uPAR 
seems to block the in vivo invasiveness of highly malig-
nant cells.150,151

Annexin A2

A2 is a widely distributed, highly conserved, peripheral 
membrane protein with an Mr of 36,000 that is expressed 
abundantly on endothelial cells,128,146,148,152-154 monocyte/
macrophages,155,156 myeloid cells,157 and some tumor 
cells.158-160 It belongs to a more than 60-member super-
family of calcium-dependent, phospholipid-binding 

proteins161,162 that have in common a conserved carboxyl-
terminal “core” region preceded by a more variable 
amino-terminal “tail.”163 The human A2 gene consists of 
13 exons distributed over 40 kb of genomic DNA on 
chromosome 15 (15q21).164

In vitro, A2 possesses the unique property of binding 
both plasminogen (Kd of 114 nmol/L)127 and tPA (Kd of 
30 nmol/L),165 but not uPA.126 Purifi ed native human A2 
stimulates the catalytic effi ciency of tPA-dependent plas-
minogen activation by 60-fold in the fl uid phase.166 This 
effect is completely inhibited in the presence of lysine 
analogues or upon treatment of A2 with carboxypepti-
dase B, an agent that removes basic carboxyl-terminal 
amino acids. Although it lacks a classic signal peptide, A2 
is constitutively translocated to the endothelial cell surface 
within 16 hours of its biosynthesis, where it binds phos-
pholipid via core repeat 2.167 Translocation of A2 requires 
association with protein p11, tyrosine phosphorylation by 
an src-like kinase, and a stimulus such as heat stress or 
thrombin stimulation.168,169 The A2 heterotetramer, com-
posed of two annexin monomers and two p11 subunits, 
may have even greater stimulatory effects on tPA-depen-
dent plasmin generation.170

Lipoprotein(a), an atherogenic low-density lipopro-
tein–like particle, competes with plasminogen for binding 
to A2171,172 and reduces cell surface plasmin generation. 
Lipoprotein(a) contains an apoprotein called apoprotein(a) 
that contains kringle structures highly homologous to 
those of plasminogen.27 This mechanism may contribute 
to atherogenesis by reducing fi brinolytic surveillance at 
the blood vessel wall.

Binding of tPA to A2 requires residues 8 to 13 
(LCKLSL) within the amino-terminal “tail” domain of 
the receptor.173 This sequence is a target for homocyste-
ine (HC), a thiol-containing amino acid that accumulates 
in association with nutritional defi ciencies of vitamin B6, 
vitamin B12, or folic acid or in inherited abnormalities 
of cystathionine β-synthase, methylenetetrahydrofolate 
reductase, or methionine synthase; it is associated with 
atherothrombotic disease.174-176 In vitro, HC impairs the 
intrinsic fi brinolytic system of the endothelial cell by 
approximately 50%177 by forming a covalent derivative 
with Cys9 of A2, thereby preventing its interaction with 
tPA.173 The half-maximal dose of HC for inhibition of 
binding of tPA to A2 is approximately 11 μmol/L HC, a 
value close to the upper limit of normal for HC in plasma 
(14 μmol/L).

There is now clear evidence that A2 contributes to 
intravascular fi brin balance in vivo. Homozygous A2-null 
mice display microvascular fi brin deposition, reduced 
clearance of arterial thrombi, and markedly defi cient 
microvascular endothelial cell surface plasmin genera-
tion.178 In addition, pretreatment of the rat carotid artery 
with A2 prevents vessel thrombosis in response to injury.179 
Furthermore, overexpression of A2 by acute promyelo-
cytic leukemia cells appears to correlate with the severity 
of the hemorrhagic state seen at initial evaluation.157 In 
addition, patients with antiphospholipid syndrome and 
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anti-A2 antibodies have a signifi cantly higher risk for clin-
ical thrombosis than do those who lack this antibody.180 
There is also evidence that polymorphisms in A2 may cor-
relate with a higher incidence of vaso-occlusive stroke in 
patients with sickle cell disease.181

Clearance Receptors

Both uPA and tPA are cleared from the circulation via 
the liver.182 In vitro, clearance of tPA–PAI-1 complexes 
also appears to be mediated by a large two-chain receptor 
called the low-density lipoprotein receptor–related 
protein (LRP).183-185 This complex interaction requires 
both the growth factor and fi nger domains of tPA. An 
additional “receptor-associated protein” with an Mr of 
39,000 copurifi es with LRP and may regulate the binding 
and uptake of LRP ligands.186 Interestingly, LRP-knock-
out embryos undergo developmental arrest by 13.5 days 
after conception, thus suggesting that regulation of serine 
protease activity may be crucial for early embryogene-
sis.187,188 Although several PAI-1–independent clearance 
pathways for tPA involving the large LRP subunit,189 the 
mannose receptor,190 or an α-fucose–specifi c receptor191 
have been proposed, in vivo studies in mice suggest that 

LRP and the mannose receptor play a dominant role in 
clearance of tPA.187

THE FIBRINOLYTIC ACTIONS OF PLASMIN

Fibrinogen

Fibrinogen possesses distinct proteolytic cleavage sites 
for plasmin and thrombin (Fig. 27-3). Whereas plasmin 
cleaves carboxyl-terminal Aα and amino-terminal fi bri-
nopeptide B moieties, thrombin primarily releases 
fi brinopeptide A, which exposes the Gly-Pro-Arg tripep-
tide sequence and allows fi brinogen to polymerize 
and form insoluble fi brin192 (see Chapter 26). Cleavage 
of fi brinogen (Mr of 340,000) by plasmin initially pro-
duces carboxyl-terminal fragments from the α chain 
within the D domain of fi brinogen (Aα fragment).193-196 
Simultaneously but more slowly, the amino-terminal seg-
ments of the β chains are cleaved, with release of a 
peptide containing fi brinopeptide B. The resulting mole-
cule with an Mr of approximately 250,000 is termed 
fragment X and represents a clottable form of fi brinogen. 
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FIGURE 27-3. Degradation of fi brinogen and cross-linked fi brin by plasmin. Top panel, Plasmin initially cleaves the carboxyl-terminal regions 
of the α and β chains within the D domain of fi brinogen, thereby releasing the Aα and Bβ fragments. In addition, a fragment containing fi brino-
peptide B (FPB) from the amino-terminal region of the β chain is released, with the intermediate fragment known as fragment X being produced. 
Subsequently, plasmin cleaves the three polypeptide chains connecting the D and E domains, which produces fragments D, E, and Y. Bottom 
panel, Fibrinogen can also be polymerized by thrombin to form fi brin. When degrading cross-linked fi brin, plasmin initially cleaves the carboxyl-
terminal region of the α and β chains within the D domain. Subsequently, some of the connecting regions between the D and E domains are 
severed. Fibrin is ultimately solubilized upon hydrolysis of additional peptide bonds within the central portions of the coiled-coil connectors and 
gives rise to fi brin degradation products such as D-dimer.
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Additional cleavage events may release the Bβ fragment 
from the carboxyl-terminal of the β chain, and in a series 
of subsequent reactions, plasmin cleaves the three poly-
peptide chains that connect the D and E domains to 
produce a free D domain (Mr of ≈100,000) plus the 
binodular D-E fragment known as fragment Y (Mr of 
≈150,000). Finally, domains D and E are separated from 
each other, and some of the amino-terminal fi brinopep-
tide A sites on domain E are also modifi ed. Although 
fragment X can be converted to fi brin by thrombin, 
the fragments Y, D, and E are all nonclottable and 
may in fact inhibit the spontaneous polymerization of 
fi brinogen.197

Fibrin

Degradation of fi brin by plasmin leads to a distinct set 
of molecular products.198 Species similar to fragments Y, 
D, and E but lacking fi brinopeptide sites are released 
from non–cross-linked fi brin. If fi brin has been exten-
sively cross-linked by factor XIII, however, the resulting 
D fragments are cross-linked to an E domain fragment. 
An assay of cross-linked D-dimer fragments is used clini-
cally to identify disseminated intravascular coagulation–
like states associated with excessive plasmin-mediated 
fi brinolysis. Several biologic activities, including inhibi-
tion of platelet function,199 potentiation of the hypoten-
sive effects of bradykinin,200 chemotaxis,201 and immune 
modulation, have been ascribed to fi brin breakdown 
products.202

Tissue Plasminogen Activator–Mediated 
Plasminogen Activation

With or without fi brin, tPA-mediated activation of plas-
minogen follows Michaelis-Menten kinetics.22 In the 
absence of fi brin, tPA is a weak activator of plasminogen. 
However, in the presence of fi brin, the catalytic effi ciency 
(kcat/Km) of tPA-dependent plasminogen activation is 
enhanced by at least 2 orders of magnitude. This is the 
basis for its specifi city as a lytic agent in the treatment of 
thrombosis. The affi nity between tPA and plasminogen 
in the absence of fi brin is low (Km of 65 μmol/L) but 
increases signifi cantly in its presence (Km of 0.16 μmol/
L), even though the catalytic rate constant remains essen-
tially unchanged (kcat of ≈0.05 sec−1). When plasmin 
forms on the fi brin surface, both its lysine binding sites 
and its active site are occupied. Thus, it is relatively pro-
tected from its physiologic inhibitor α2-AP.203 The inter-
action of tPA with fi brin is probably initiated by its fi nger 
domain. However, once fi brin is modifi ed by plasmin, 
carboxyl-terminal lysine residues are generated, and these 
residues become binding sites for kringle 2 of tPA and 
kringles 1 and 4 of plasminogen.204 Therefore, fi brin 
accelerates its own destruction by (1) enhancing the cata-
lytic effi ciency of plasmin formation by tPA, (2) protect-
ing plasmin from its physiologic inhibitor α2-AP, and (3) 

providing new binding sites for plasminogen and tPA 
once its degradation has begun.

Urokinase-Mediated Plasmin Generation

For activation of Glu-Plg by uPA in a fi brin-free system, 
reported Km values vary from 1.4 to 200 μmol/L, whereas 
kcat values range from 0.26 to 1.48 sec−1. Interestingly, 
activation of Glu-Plg by two-chain uPA is increased in 
the presence of fi brin by about 10-fold even though uPA 
does not bind to fi brin.205 In contrast, single-chain uPA 
has considerable fi brin specifi city. This may refl ect neu-
tralization by fi brin of components in plasma that impair 
plasminogen activation.206 It may also refl ect a conforma-
tional change in plasminogen upon binding to fi brin.207 
It is important to recognize, however, that the intrinsic 
plasminogen-activating potential of single-chain uPA is 
less than 1% that of two-chain uPA. Two-chain uPA has 
been used effectively as a thrombolytic agent for many 
years.208

PHYSIOLOGIC FUNCTIONS OF THE 
FIBRINOLYTIC SYSTEM

Thrombosis and Thrombolysis

Congenital plasminogen defi ciency was fi rst reported in 
a 31-year-old man with recurrent thrombosis.209 In 
groups of patients with plasminogen defi ciency, however, 
whether type I, in which both immunologically detect-
able protein and enzymatic function are decreased, or 
type II, in which just plasminogen function is impaired, 
only about 25% of patients report a history of thrombo-
sis.210-212 Indeed, the most common clinical manifesta-
tions of plasminogen defi ciency, occurring in 80% and 
34% of patients, respectively, are ligneous conjunctivitis 
and ligneous gingivitis, disorders characterized by the 
deposition of fi brin-rich pseudomembranes on mucosal 
surfaces.213 These fi ndings strongly suggest that plasmin-
ogen acts in extravascular as well as intravascular 
locations.214-216

The relative infrequency of thrombosis in patients 
with plasminogen defi ciency may, in part, refl ect the fact 
that in only a small fraction of patients with sonographic 
evidence of thrombosis does symptomatic vascular occlu-
sion eventually develop.217 Furthermore, although a 
recent study showed that impaired plasma-based fi bri-
nolysis conferred an approximately twofold increase in 
the risk for deep venous thrombosis,218 the prevalence of 
plasminogen defi ciency in consecutive patients with 
thrombophilia was only 1.9%.219 Together, these data 
suggest that measurement of plasma plasminogen, tPA, 
or PAI-1 in patients with thrombophilia is likely to be a 
low-yield procedure220,221 and that the physiologic roles 
of plasmin and plasminogen may be much broader than 
originally thought.
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Although congenital defi ciencies of plasminogen 
activators (tPA and uPA) have not been linked specifi -
cally to thrombophilia in humans,220 elevated levels of 
fi brinolytic inhibitors appear to increase the risk for 
thrombosis. Increased levels of PAI-1 were prevalent in 
young survivors of myocardial infarction,222 and TAFI 
levels above the 90th percentile in a case-control study 
approximately doubled the risk for venous thrombosis.223 
As one might expect, congenital defi ciency of either α2-
AP or PAI-1 is generally associated with delayed rebleed-
ing at sites of trauma or wound healing.224,225 To date, no 
human disorders refl ecting primary defi ciencies of fi bri-
nolytic receptors have been reported.

In general, analyses of genetically engineered mice 
support the hypothesis that the fi brinolytic system func-
tions to regulate fi brin balance in both the intravascular 
and extravascular compartments (Table 27-2). That 
fi brinogen is central to hemostasis is underscored by 
fi ndings of postnatal bleeding at multiple sites in fi brino-
gen-null mice,226 similar to that seen in human patients 
with afi brinogenemia. Similarly, although mice defi cient 
in plasminogen have normal embryogenesis, survive to 
adulthood, and can sire offspring, they display signifi cant 
runting, spontaneous thrombi develop in multiple tissues, 
and extravascular fi brin accumulates in the liver (see 
Table 27-2).227,228 Ulcerative lesions are observed in the 
gastrointestinal tract, particularly the rectum, where pro-
lapse is also seen. Plg−/− mice also clear induced thrombi 
much less readily than wild-type mice do,229 and this 
defect is reversed by bolus injection of exogenous plas-
minogen.230 Because the spontaneous thrombosis 
observed in plasminogen-defi cient mice is completely 
reversed when fi brinogen is also deleted, it is clear that 
the thrombosis observed in plasminogen defi ciency is 
related to failure of intravascular fi brin clearance.231 Plas-
minogen-defi cient mice also display ligneous conjuncti-
vitis, a disorder similar to that observed in humans with 
plasminogen defi ciency.232

Because no examples of complete defi ciency of tPA 
or uPA have been documented in humans, the most 
compelling evidence for their role in fi brin balance derives 
from gene-knockout experiments in the mouse (see Table 
27-2).233 Both uPA- and tPA-null mice exhibit normal 
fertility and embryonic development. Although little 
spontaneous thrombosis is seen in either genotype, 
uPA−/− mice exhibit occasional fi brin deposition and tPA-
defi cient mice display impaired lysis of artifi cially induced 
pulmonary thrombi. In contrast, doubly defi cient (tPA−/−, 
uPA−/−) mice exhibit extensive spontaneous fi brin accu-
mulation in multiple organs, rectal prolapse, runting, and 
cachexia, all reminiscent of the phenotype seen in Plg−/− 
mice. These fi ndings demonstrate that tPA and uPA are 
not essential for normal embryologic development, but 
they do play crucial roles in the activation of plasmino-
gen, in the lysis of spontaneous and induced thrombi, 
and in fi brinolytic surveillance.

Although complete PAI-1 defi ciency in humans is 
associated with a moderately severe bleeding tendency,224 

mice defi cient in PAI-1 exhibit normal development, 
survival, and fertility, with no evidence of spontaneous 
hemorrhage234 (see Table 27-2). PAI-1–defi cient mice do, 
however, exhibit resistance to thrombosis after injury235 
and enhanced sensitivity to thrombolytic therapy.236 On 
the other hand, in transgenic mice that overexpress 
human PAI-1, a dramatic vascular occlusive process 
develops in the tail and hind limbs.237 This fi nding may 
be due to unique effects of human PAI-1 in the mouse 
in that mice overexpressing murine PAI-1 do not exhibit 
this abnormality.238

Defi ciency of α2-AP, the major serpin directly block-
ing plasmin activity, is a rare cause of bleeding disorder 
in humans.239 Although no overt bleeding is seen in α2-
AP–defi cient mice, increased lysis of artifi cially induced 
thrombi has been reported.240 PAI-2–defi cient mice 
exhibit no obvious phenotype even when PAI-1 is also 
absent in doubly defi cient animals.241 Complete TAFI 
defi ciency in mice is fully compatible with life and does 
not appear to alter the response to vascular injury, artifi -
cially induced thrombosis, or endotoxin-induced dis-
seminated intravascular coagulation.242

Mice transgenic for the catalytically inactive plas-
minogen analogue apolipoprotein(a) are subject to ath-
erosclerosis and resistant to tPA-induced lysis of 
experimental pulmonary emboli.243 The accelerated ath-
erosclerosis observed in these mice is blunted under con-
ditions of concomitant fi brinogen defi ciency.244 These 
data suggest that apolipoprotein(a)-associated athero-
sclerosis may be rooted in functional plasminogen defi -
ciency and accumulation of intravascular fi brin.

Whereas complete defi ciency of uPAR is associated 
with normal lysis of intravenously injected plasma clots 
in mice,245 A2-defi cient mice have impaired lysis of 
experimentally induced thrombi, and fi brin accumulates 
in both intravascular and extravascular locations.178 In 
addition, A2-defi cient microvascular endothelial cells 
lack tPA cofactor activity and migrate slowly through 
fi brin and collagen matrices. Interestingly, A2-defi cient 
mice also display signifi cant impairment of postnatal 
angiogenesis in a variety of experimental models.

Wound Healing and Tissue Fibrosis

As discussed earlier, extravascular fi brin deposition is a 
hallmark of plasminogen defi ciency in both mice and 
humans.227,228 Plasminogen-defi cient mice, as well as 
uPA−/−/tPA−/− but not uPAR−/−/tPA−/− mice, also exhibit 
defective wound healing characterized by impaired kera-
tinocyte migration despite abundant neovascularization 
and granulation tissue within experimental wounds.246,247 
Although fi brinogen-defi cient mice exhibit subtle histo-
logic defects in wound repair,248 the impaired healing in 
plasminogen-defi cient mice disappears when fi brinogen 
is also absent.231 Consistent with the hypothesis that 
plasmin is necessary for clearance of extravascular fi brin, 
defi ciency of either PAI-1 or α2-AP in mice is associated 
with accelerated cutaneous wound healing.249,250 In 
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For references, see text.
A2, annexin A2; α2-AP, α2-antiplasmin; FgnA, fi brinogen A; nl, normal; PAI-1, plasminogen activator inhibitor 1; PAI-2, plasminogen activator inhibitor 2; Plg, plasminogen; TAFI, thrombin-activatable fi brinolysis inhibitor; 

uPA, urokinase; uPAR, urokinase receptor.

TABLE 27-2 Fibrinolytic Gene Deletion Models

Genotype

PLASMINOGEN 
AND FIBRIN

PLASMINOGEN 
ACTIVATORS RECEPTORS INHIBITORS

Plg-/- FgnA-/-
Plg-/-

FgnA-/- tPA-/- uPA-/-
tPA-/-

uPA-/- A2-/- uPAR-/- PAI-1-/- PAI-2-/- a2-AP-/- TAFI-/-

GENERAL CONSEQUENCES
Development nl nl nl nl nl nl nl nl nl nl nl nl
Fertility �↓ �↓ �↓ nl nl ↓ nl nl nl nl nl nl
Physical growth ↓ nl nl nl nl ↓ ↓ nl nl nl nl nl
Survival ↓ ↓/nl nl nl nl ↓ nl nl nl nl nl nl

HEMOSTASIS AND THROMBOSIS
Spontaneous thrombosis + − − − − + + − − − − −
Induced thrombosis ND − ND ↑ ↑ ↑↑ ND ND ↓ nl ↓ nl
Lysis of artifi cial thrombi ↓ ND ND ↓ ↓ ↓↓ ↓ nl ↑ ND ↑ ND
Fibrin deposition ++ − − − + ++ ++ − − − − −
Spontaneous hemorrhage − ++ + − − − − − − − − −
WOUND HEALING AND FIBROSIS
Cutaneous wound healing ↓ ↓ nl nl nl ↓ ND nl ↑ nl ↑ nl
Bleomycin-induced pulmonary 
fi brosis

↑ nl ↑ ↑ ↑ ND ND nl ↓ ND ND ↓

ATHEROSCLEROSIS AND CARDIOVASCULAR REMODELING
Apolipoprotein E induced ↑ nl ↓/nl
Transplant induced ↓
Neointima formation ↓ nl ↓ nl ↓
Aneurysm ↓ nl ↓ nl

TUMOR BIOLOGY
Lewis lung carcinoma 
metastasis

nl ↓ nl

Polyoma middle T mammary 
metastasis

↓ nl ↓ ↓ nl

Cutaneous sarcoma 
implantation

↓ ↓ nl

Metastatic melanoma nl ↓ ↓ nl nl

MICROBIAL VIRULENCE
Borrelia burgdorferi ↓
Group A streptococci ↓
Yersinia pestis ↓ ↑
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addition, sciatic nerve regeneration after crush injury also 
appears to require tPA/plasmin-mediated clearance of 
fi brin to protect against axonal degeneration and demy-
elination.251 Surprisingly, TAFI defi ciency seems to be 
associated with impaired, rather than accelerated healing 
of cutaneous wounds.252

Although extravascular fi brin commonly forms in 
response to injury, its exact role in tissue fi brosis is 
unclear. In a well-established model of bleomycin-
induced pulmonary fi brosis, plasminogen−/−, tPA−/−, and 
uPA−/− mice but neither uPAR−/− nor fi brinogen−/− mice 
have increased deposition of both fi brin and collagen 
after injury.253-255 Similarly, PAI-1–defi cient mice exhibit 
less bleomycin-induced pulmonary fi brosis than wild-
type animals do.256 Surprisingly, however, fi brin does not 
seem to be a prerequisite for the induction of pulmonary 
fi brosis in this model because mice defi cient in fi brinogen 
were susceptible to fi brosis to the same degree as wild-
type animals.256 Thus, the mechanism by which fi brino-
lytic proteins regulate fi brosis may relate to modulation 
of adhesive interactions that promote leukocyte adher-
ence rather than plasmin catalytic activity.

Atherosclerosis and Cardiovascular 
Remodeling

Atherosclerosis is thought to represent a response to vas-
cular injury that leads to atheromatous plaque formation 
and vascular remodeling.257 In the setting of apolipopro-
tein E defi ciency, simultaneous plasminogen defi ciency 
accelerates vessel wall disease.258 In this model, fi brin is 
not strictly required for the development of atheroscle-
rotic lesions, thus suggesting that the role of plasmin may 
relate to its ability to remove one or more nonfi brin sub-
strates.259 Interestingly, although plasminogen defi ciency 
accelerates hyperlipidemic atherosclerosis, the same 
mice are relatively resistant to transplant-associated 
atherosclerosis.260

Plasmin appears to promote the pathologic response 
to vascular and myocardial injury.261 After induction of 
myocardial infarction in plasminogen-null mice, myocar-
dial healing was markedly inhibited inasmuch as infl am-
matory cells failed to appear at the wound site, necrotic 
cardiomyocytes failed to disappear, and granulation and 
fi brous tissue failed to develop.262 Similarly, healing of 
electrically injured femoral arteries, arteries treated with 
a fl exible cuff, or arteries undergoing guidewire endothe-
lial denudation was impaired in plasminogen-null mice, 
with reduced infi ltration of infl ammatory and smooth 
muscle cells and decreased neointima formation.229,263,264 
All these processes require cellular migration, which may 
entail plasmin-dependent matrix remodeling through 
activation of downstream matrix metalloproteinase 1 
(MMP-1) and MMP-3.265-267

Plasmin may play a role in the activation of growth 
factors and in the proliferative response to blood vessel 
injury. Macrophages cultured on labeled matrices release 

both basic fi broblast growth factor and TGF-β into the 
medium in a plasminogen-dependent fashion.268 TGF-β, 
a homodimeric polypeptide with an Mr of 25,000 whose 
effects on vascular cell growth and differentiation are 
pleiomorphic,269 also appears to be converted from a 
latent to an active form by cell-associated plasmin. The 
latter process can be blocked by the presence of plasmin 
inhibitors such as aprotinin or α2-AP and appears to 
involve alteration of its tertiary structure upon cleavage 
of an amino-terminal glycopeptide.270

uPA but neither tPA nor uPAR appears to be required 
for vascular cell migration and pericellular plasmin for-
mation in some injured vessels.271,272 uPA appears to 
mediate the activation of MMPs in both atherosclerotic 
aortic aneurysm273 and postinfarction cardiac rupture,274 
presumably through its activation of plasmin rather than 
direct cleavage of pro-MMPs. Together, these data sug -
gest a unique role for uPA in postinjury vascular 
remodeling.

Tumor Biology

Tumor cells may use the fi brinolytic system for local 
invasion and metastasis. Although plasminogen-defi cient 
mice display normal growth of both primary and meta-
static tumors in the Lewis lung carcinoma model,275 
pulmonary metastases from a polyoma middle T antigen–
induced mammary cancer were signifi cantly reduced in 
plasminogen-null animals.276 Fibrinogen-null mice exhib-
ited normal growth of implanted Lewis lung carcinoma, 
whereas lymph node and hematogenous lung metastases 
were markedly reduced in both Lewis lung carcinoma 
and melanoma.277,278 These data suggest that plasmin-
mediated fi brin clearance is required for tumor cell inva-
sion and metastasis in these specifi c settings.

Analysis of tumor behavior in mice with genetic 
alterations in other components of the fi brinolytic system 
has produced a spectrum of results. uPA-defi cient mice 
displayed markedly diminished murine sarcoma cell pro-
liferation and tumor-associated angiogenesis when com-
pared with wild-type animals.279 These mice also failed 
to support local progression of cutaneous melanoma,280 
as well as polyoma middle T antigen–induced vascular 
tumors.281 The absence of TAFI, on the other hand, does 
not appear to alter the progression of primary Lewis lung 
carcinoma, B16 melanoma, or T241 sarcoma tumors or 
their metastases.282

PAI-1 has a surprising stimulatory effect on the 
growth and invasiveness of murine tumors derived from 
malignant keratinocytes. In PAI-1–defi cient mice, these 
tumors are subject to loss of local invasion and tumor 
vascularity,283 thus suggesting that PAI-1 may play an 
adhesive rather than an anticatalytic role in this system. 
Similarly, murine fi brosarcoma cells implanted in PAI-
1−/− mice display reduced tumor cell proliferation and 
neovascularization.279 On the other hand, neither tumor 
cell burden nor overall host survival were affected by 
the absence of PAI-1 in a murine model of metastatic 
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melanoma.238 Thus, the precise role of PAI-1 in tumor 
biology may depend critically on the specifi c context.

Microbial Virulence and Host Defense 
Mechanisms

There is increasing evidence that pathogenic bacteria can 
usurp elements of the host fi brinolytic system to enhance 
their own virulence.284,285 In Lyme disease, for example, 
dissemination of Borrelia burgdorferi in both the tick 
vector and the mammalian host requires that the spiro-
chete bind host plasminogen and use host plasminogen 
activator.286 Similarly, Borrelia species use host plasmino-
gen for heart and brain invasion in relapsing fever.287 
Plasminogen-defi cient mice also appear to be remarkably 
resistant to Yersinia pestis, whose own plasminogen activa-
tor (Pla) is required for the rapid progression of primary 
pneumonic plague.287-289 Expression of human plasmino-
gen in mice overrides their natural resistance to invasive 
infection with group A β-hemolytic streptococci.290

Components of the fi brinolytic system are required 
for the recruitment of host cells to sites of infl ammation. 
In plasminogen-null mice, for example, the infl ux of 
neutrophils to the peritoneum in response to thioglyco-
late is normal, whereas recruitment of lymphocytes 
and monocytes is signifi cantly impaired.291 In the 
murine lung, similarly, recruitment of phagocytes and 
lymphocytes in response to Cryptococcus neoformans292 
and Pneumocystis carinii 293 requires uPA. Recruitment of 
neutrophils in response to Pseudomonas aeruginosa, on the 
other hand, depends on uPAR but not on uPA, thus sug-
gesting a nonfi brinolytic, possibly adhesive role for this 
receptor.294

Neurologic Plasticity

tPA appears to play a relatively unique role in modulating 
plasticity and cell death within the central nervous system. 
tPA, which is stored within neuronal cells, is released 
upon calcium-mediated membrane depolarization295 and 
participates in the immediate early response after electri-
cal or pharmacologic stimulation of hippocampal 
neurons.295,296 tPA expression is induced in Purkinje 
neurons after cerebellar motor learning,297 and excessive 
tPA-related proteolytic activity in granule neurons may 
contribute to neuronal death in the weaver mouse cere-
bellum.298 tPA-defi cient mice do not display discernible 
motor or sensory defi ciencies but do exhibit a mild defect 
in long-term potentiation.299,300 These animals are resis-
tant to excitotoxic neuronal degeneration in the hippo-
campus, in which plasmin-catalyzed degradation of 
laminin is blocked both by tPA defi ciency and by infusion 
of a plasmin inhibitor.301

Neuronal migration within the cerebellum of the 
developing mouse brain is reduced by approximately 
50% in tPA-defi cient mice,302 and these animals exhibit 
increased sensitivity to the locomotor effects of cocaine.303 

During the remodeling of neuronal connections that 
occurs in response to seizure activity in the hippocampus, 
mice lacking either tPA or plasminogen show decreased 
mossy fi ber outgrowth in this region and accumulate an 
extracellular matrix component known as DSD-1-PG/
phosphacan. These data suggest both plasmin-dependent 
and plasmin-independent roles for tPA in neuronal 
plasticity.304

In both ischemic and hemorrhagic stroke, infusion 
of tPA can have a major effect on clinical outcome. After 
ischemic stroke in mice, tPA increases infarct size in both 
wild-type and tPA-null animals,305 and smaller infarcts 
are observed in untreated tPA-defi cient animals than in 
uPA-defi cient or wild-type mice. Interestingly, the largest 
infarcts in the latter study were found in PAI-1−/− mice.306 
In a thrombotic stroke model, on the other hand, defi -
ciency of tPA leads to more extensive vascular fi brin 
deposition and cerebrovascular thrombosis and conse-
quently a sixfold to eightfold increase in infarct 
volume.307

Engagement of LRP by the tPA–PAI-1 complex may 
regulate the vascular response to injury by triggering NF-
κB–mediated release and activation of MMP-9, which 
may lead to weakening of the blood-brain barrier and 
catastrophic hemorrhage. In a mouse model, this process 
was inhibited by concomitant infusion of activated protein 
C, which by interacting with endothelial protein C recep-
tor or protease activated receptor 1, or both, blocked the 
activation of NF-κB and hence release of metalloprotein-
ase.308 Together, these data suggest that the actions of tPA 
in the central nervous system extend beyond the activa-
tion of plasmin.

NON–PLASMIN-MEDIATED FIBRINOLYSIS

There is accumulating evidence that proteases other than 
the traditional members of the fi brinolytic family may 
participate in fi brinolysis. Fibrin appears to be subject to 
degradation by activated monocytoid cells that express 
cathepsins.309 In addition, MMP-3, MMP-7, and mem-
brane type 1 MMP may cleave fi brinogen and cross-
linked fi brin into fragments similar to those produced 
by plasmin.310 Matrix MMPs have been shown to act as 
pericellular fi brinolysins, thereby providing an alternative 
pathway for fi brin-based angiogenesis in a plasminogen-
free milieu.311 In particular, membrane-type matrix 
MMPs appear to function in this way within a three-
dimensional fi brin meshwork.312
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HISTORY AND CLINICAL EVALUATION

Hemostasis involves a complex interplay between the 
vessel wall, platelets, coagulation factors, and fi brinolysis 
(see Chapters 25 to 27). A hematologist is often con-
sulted to evaluate patients who have unusual, spontane-
ous, prolonged, or delayed bleeding. Occasionally, 
patients are referred because of abnormal coagulation 
test results obtained as a part of preoperative evaluation. 
As in any other fi eld of medicine, when a clinician is 
confronted with a child who has a possible bleeding dis-
order, a detailed assessment of the patient’s bleeding 
history and a physical examination should be performed 
before ordering a battery of laboratory studies. The art 
of history taking comes with experience and should guide 
the extent to which one investigates bleeding and requests 
laboratory tests. In view of the variability of patients’ 
perception of bleeding, as well as the lack of a uniform 
clinical measure of bleeding severity, the history is most 
discriminatory when a standardized and validated ques-
tionnaire is used and a “bleeding score” is incorporated 
into the diagnosis.1,2 Several such instruments currently 
exist, but there is no consensus on a single questionnaire 
that can quantitate bleeding optimally.3-5

Site of Bleeding

The observed pattern of bleeding is an important factor 
in establishing a differential diagnosis. The severity of 
bleeding may also aid the physician in differentiating 
between bruising after normal child play and pathologic 
bleeding. Persistent bleeding from a single site is gener-
ally suggestive of a local cause (e.g., unilateral epistaxis 
is often due to excoriation of a superfi cial vessel in the 
Kiesselbach triangle). Mucous membrane bleeding (epi-
staxis, excessive menorrhagia, bleeding from gums) is 
often the consequence of a problem with primary hemo-
stasis, namely, a platelet disorder or von Willebrand 
disease (VWD).6 Hereditary hemorrhagic telangiectasia 
may also be manifested as mucosal bleeding. Profuse 
bleeding into soft tissues or joints is suggestive of defi -
ciency of a coagulation factor (such as factors VIII or IX). 
Umbilical stump bleeding is typically seen with factor 
XIII defi ciency, but it may also occur with defi ciencies 
of prothrombin, factor X, and fi brinogen.7

Clinical Manifestations

The immediate history often provides useful clues to the 
diagnosis (Table 28-1). A sick child with fever, shock, and 
mucocutaneous purpura frequently has disseminated 
intravascular coagulation (DIC) associated with bactere-
mia. A male toddler who has just started crawling and 
exhibits subcutaneous or joint bleeding frequently has 
hemophilia. A girl who has had severe menorrhagia 
since menarche may have VWD. A well-looking child 
covered with petechiae often has immune thrombocyto-
penia, or if the bruising is localized to the buttocks, 
ankles, and feet, Henoch-Schönlein purpura should be 
considered.

Age at Onset

Generally, early age at onset correlates with the severity 
of the bleeding disorder and also indicates its congenital 
nature. The development of bleeding later in childhood 
may indicate an acquired problem or be suggestive of a 
milder congenital disease. For example, mild hemophilia 
may be missed in early childhood and fi rst be noted in 
an older adolescent at a time of increased hemostatic 
challenge from increased sports activities.8,9 Diagnostic 
considerations in neonates with bleeding are quite differ-
ent and often unique.

Past Medical History

Response to trauma is an excellent screening test. In 
eliciting the child’s past history, it is important to inquire 
about past surgical procedures, serious injuries, and frac-
tures that provide hemostatic challenges. Additional de -
tails that are often helpful include the bleeding outcome 
after invasive dentistry, transfusion requirement, or iron-
responsive anemia. A history of surgical procedures or 
tooth extractions without any abnormal bleeding is good 
evidence against the presence of a congenital hemor-
rhagic disorder. A detailed menstrual history should be 
obtained when applicable. The prevalence of bleeding 
disorders in women with menorrhagia is as high as 20%. 
Conversely, menorrhagia is a common initial symptom 
in women with VWD and has been reported to occur in 
more than 90% of patients.10-14

TABLE 28-1  Differences in Clinical Manifestations of Primary Hemostatic Defects and Clotting Factor Defi ciencies 
(Individual Patients May Vary)

Clinical Characteristic Primary Hemostatic Defect Clotting Factor Defi ciency

Site of bleeding Skin, mucous membranes Soft tissues, muscles, joints
Bleeding after minor cuts Yes Not usually
Petechiae Present Absent
Ecchymosis Small, superfi cial Larger, deeper, palpable
Hemarthrosis Rare Common
Bleeding after trauma/surgery Immediate Delayed
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It is also important to note whether the patient has 
an underlying medical disorder that may affect hemosta-
sis, such as hepatic or renal disease, malabsorption syn-
drome, or Ehlers-Danlos syndrome (Table 28-2).15,16 
Most of the coagulation proteins are synthesized in hepa-
tocytes.17,18 Certain metabolites that accumulate in indi-
viduals with uremia can interfere with platelet function,19,20 
whereas low-molecular-weight coagulation proteins 
(factors IX and XI) are lost through the kidney in chil-
dren with nephrotic syndrome.21 In malabsorption syn-
drome, levels of the vitamin K–dependent coagulation 
factors (II, VII, IX, and X) (see Chapter 26) may be 
depleted and lead to excessive bleeding.22,23 A child with 
cyanotic congenital heart disease and polycythemia may 
have petechiae and excessive bleeding with surgery, in 
part as a result of thrombocytopenia and hypofi brinogen-
emia.24 Reducing the red cell mass (by phlebotomy and 
replacement with normal saline solution) to lower the 
child’s hematocrit will often lessen the hemostatic abnor-
malities associated with these conditions.

Family History

The child’s family history may be very helpful in formu-
lating a differential diagnosis. One should inquire about 
any known bleeding problems in other family members 
and whether a specifi c diagnosis has been made. If the 

family history is positive for bleeding, one should note 
the type and severity of bleeding (e.g., joint bleeding, 
epistaxis, or menorrhagia), age at onset, and the relation-
ship of the affected family member or members to the 
patient. An X-linked recessive inheritance pattern sug-
gests a diagnosis of hemophilia A or B,25 whereas an 
autosomal dominant pattern would be more consistent 
with VWD or hereditary hemorrhagic telangiectasia. 
Most of the other clotting factor defi ciencies are inher-
ited in an autosomal recessive manner. In the latter group 
of disorders, the family history is frequently negative for 
bleeding, although consanguinity may be noted.

Approximately a third of infants and young children 
with newly diagnosed hemophilia have a negative family 
history, consistent with the Haldane hypothesis for the 
fraction of new mutations in all lethal X-linked recessive 
disorders.26,27 For VWD, considerable variation in symp-
toms may be noted among affected family members. 
Bleeding manifestations may be very mild in some and 
give the impression of a “negative” family history. Factor 
XI defi ciency, an autosomal trait most often (but not 
exclusively) seen in persons of Ashkenazi Jewish descent, 
may be associated with a very mild or a moderate ten-
dency for bleeding. The degree of bleeding manifesta-
tions does not correlate well with the level of factor XI 
or the partial thromboplastin time, although the patient’s 
specifi c mutation may be predictive.28,29

TABLE 28-2 Acquired Bleeding Disorders

Underlying Bleeding Disorder Hemostatic Defect Cause

Overwhelming sepsis Acute disseminated intravascular 
coagulation

Initiation of coagulation, damage to the 
endothelium; decrease in clotting and 
anticlotting factors

Liver disease Multiple coagulation factor defi ciency Decreased hepatic synthesis
Increased fi brinolysis Decreased clearance of plasminogen 

activators
Hypercoagulable state Decreased production of natural 

anticoagulants
Thrombocytopenia Hypersplenism

Malabsorption syndrome Decreased production of factors II, 
VII, IX, and X and proteins C and S

Vitamin K defi ciency

Cyanotic congenital heart 
disease

Mild to moderate thrombocytopenia Shortened platelet survival
Abnormal platelet function Acquired defects in platelet aggregation

Acyanotic congenital heart 
disease (e.g., ASD, PDA)

Decreased high-molecular-weight 
VWF multimers 

Consumption

ECMO and CPB Platelet dysfunction Platelet activation in the oxygenator and 
physical damage to the platelet membrane

Coagulation factor defi ciency Consumption of coagulation factors in the 
circuit

Hyperfi brinolysis Increase in tPA and decrease in 
α2-antiplasmin

Acute promyelocytic leukemia Thrombocytopenia Decreased production in bone marrow and 
increased consumption

Disseminated intravascular 
coagulation

Release of procoagulant material from the 
leukemic cells

Hyperfi brinolysis Increased synthesis of plasminogen activators

ASD, atrial septal defect; CPB, cardiopulmonary bypass; ECMO, extracorporeal membrane oxygenation; PDA, patent ductus arteriosus; tPA, tissue plasminogen 
activator; VWF, von Willebrand factor.
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Medications

A careful history of medication use should be obtained, 
including prescribed medications, over-the-counter 
drugs, and herbal products.30 A number of drugs are 
associated with bleeding diatheses, with mechanisms 
including induction of thrombocytopenia and platelet 
dysfunction.31,32 Drug use may also exacerbate the bleed-
ing symptoms of an underlying coagulation disorder. In 
addition, prolonged antibiotic use may lead to lower 
vitamin K levels and induce bleeding secondary to 
acquired defi ciency of vitamin K–dependent factors.

PHYSICAL EXAMINATION

When examining a child with bleeding, the bleeding 
pattern should be noted. Petechiae are small capillary 
hemorrhages and characteristically develop in crops in 
areas of increased venous pressure, as in dependent parts 
of the body. Petechiae are nonpainful, nonpalpable, and 
nonblanching and need to be distinguished from small 
telangiectases and angiomas. In general, petechiae are 
indicative of problems with primary hemostasis (platelet 
number or function or vascular integrity). Ecchymotic 
lesions are palpable purplish lesions induced by subcu-
taneous bleeding and are usually indicative of defi ciency 
of a coagulation factor. Additional note should be made 
of joint size, swelling, and limitation of motion, fi ndings 
indicative of hemarthrosis. Identifi cation of hepatomeg-
aly and splenic enlargement may point toward coagu-
lopathy associated with systemic disorders such as 
leukemia or hepatocellular disease.

APPROACH TO BLEEDING IN NEONATES

In the pediatric age group, the neonatal period, despite 
being a short 4 weeks, is quite unique. The neonate has 
physiologically decreased levels of most procoagulant and 
anticoagulant proteins (although factor VIII levels are 
normal), and thus the hemostatic system can be easily 
overwhelmed (see Chapter 5). Moreover, a neonate 
undergoes signifi cant trauma to the head during labor 
and delivery. A recent study reported intracranial hemor-
rhage (ICH) after spontaneous vaginal delivery at a rate of 
1 per 1900, whereas the rate of ICH in babies delivered by 
vacuum-assisted delivery was 1 in 860.33 In addition, 15% 
to 30% of patients with inherited bleeding disorders have 
bleeding manifestations in the neonatal period.34 Certain 
disorders, such as neonatal alloimmune thrombocytope-
nia (NAIT), are unique to the neonatal period. Further-
more, the neonate is signifi cantly affected by the state of 
maternal health and medications used during labor. Blood 
volume in a neonate is small, and a relatively small degree 
of blood loss can have major consequences.

When evaluating bleeding in a neonate, the fi rst step 
is to assess whether the baby is well or has medical condi-

tions that may have precipitated hemorrhage. It is impor-
tant to inquire about prolonged rupture of membranes, 
chorioamnionitis, and fetal distress during labor. Addi-
tional details about the maternal state of health, includ-
ing infections, autoimmune disease, and maternal platelet 
count, should be obtained. Vitamin K administration to 
the baby should be confi rmed. The neonate should be 
examined with particular attention directed to the pres-
ence of birth trauma, bruises and petechiae, and evidence 
of fl ank masses (renal vein thrombosis). The presence of 
hepatosplenomegaly may suggest disseminated intrauter-
ine infection. When obtaining blood for various coagula-
tion tests, particular attention should be paid to the 
hematocrit of the patient and the volume of the sample. 
Additionally, all laboratory results should be compared 
with normal values for different gestational ages (see 
Chapter 5).35,36

Isolated thrombocytopenia in a well infant may be 
seen in NAIT, in maternal autoimmune thrombocytope-
nia, or in cases of decreased platelet production such as 
amegakaryocytic thrombocytopenia or the syndrome of 
thrombocytopenia with absent radii (TAR). Rarely, type 
2B VWD may be manifested as thrombocytopenia in a 
well infant. Thrombocytopenia in sick neonates is often 
due to the underlying cause, such as infection or DIC. 
Isolated prolongation of the prothrombin time (PT) or 
activated partial thromboplastin time (APTT) in a well 
baby may be due to a clotting factor defi ciency, and 
prolongation of both the PT and APTT is suggestive 
of a clotting factor defi ciency (in the common pathway) 
or vitamin K defi ciency (hemorrhagic disease of the 
newborn). In sick babies, prolongation of clotting studies 
along with thrombocytopenia is suggestive of DIC.

LABORATORY ASSESSMENT

Sample Collection and Technique

A properly drawn blood sample is crucial for proper 
interpretation of the results of coagulation tests.37 Blood 
for coagulation assays should be obtained by clean veni-
puncture without air bubbles and without contamination 
by tissue fl uids. Drawing of samples from an indwelling 
catheter often results in sample contamination with 
heparin or intravenous fl uids and spuriously abnormal 
values. Improper sample collection is one of the most 
common reasons for falsely elevated clotting times.38

Whole blood is collected into citrated anticoagulant 
in an evacuated sample tube containing a fi xed amount 
of citrate (3.2% or 3.8%) as anticoagulant in the ratio of 
one part citrate to nine parts whole blood. If the patient 
is polycythemic (hematocrit >55%), the amount of 
plasma in the tube would be reduced in proportion to 
the citrate, thereby leading to falsely abnormal coagula-
tion test results. In such circumstances, the amount of 
citrated anticoagulant should be reduced proportionate 
to the high hematocrit (Box 28-1).39,40 Conversely, anemia 
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(hematocrit < 25%) does not seem to signifi cantly affect 
the accuracy of coagulation tests, and adjustment of 
citrate need not be done.41 For infants and children, 
small 3.0-mL tubes (2.7 mL blood to 0.3 mL citrate) are 
available. The tubes need to be fi lled to the appropriate 
mark on the tubes. It is recommended that the tubes be 
fi lled to at least 90% of the expected fi ll volume. Incom-
pletely fi lled tubes often lead to falsely elevated clotting 
times.38

Once the tube is fi lled, the anticoagulated blood 
should be gently mixed by inversion three to four times 
and sent to the coagulation laboratory in an expeditious 
manner. Samples with visible hemolysis or clots should 
be discarded. Samples should be tested within 2 hours 
of collection if maintained at room temperature or within 
4 hours if kept cold. Plasma samples must be frozen if 
not tested within this time frame. When they are to be 
analyzed, frozen samples should be rapidly thawed at 37° 
C and tested immediately. It is helpful to the laboratory 
to know whether the patient is taking a medication that 
may affect one or more coagulation tests. Normal values 
differ from one laboratory to another and between instru-
ments and reagents. Thus, the values obtained should be 
compared with the normal range for that laboratory. It 
should also be kept in mind that normal values for coagu-
lation and anticoagulant proteins in children differ with 
age (Chapter 5).35,36

Screening Tests

Often the child’s history and physical examination will 
lead the physician to obtain certain assays immediately. 
However, if the initial evaluation is not suggestive of a 
specifi c disorder, a panel of screening tests should be 
ordered, including a complete blood count with evalua-
tion of platelet number, morphology, PT, APTT, and 
thrombin time (TT) (Fig. 28-1).

Prothrombin Time

The PT is performed by adding a thromboplastin reagent 
that contains calcium chloride to the citrated plasma 
sample. The time required for clot formation is recorded 
with an automated instrument that signals the end point, 
as defi ned by optical or electromechanical change. The 

normal (reference) range varies depending on the labora-
tory (its instrumentation and the lot of thromboplastin), 
but it is generally 10 to 11 seconds. The PT measures 
the activities of factors I (fi brinogen), II (prothrombin), 
V, VII, and X. Prolongation of the PT beyond the refer-
ence range is not generally seen until the functional level 
of one of these factors is less than 30% or until fi brinogen 
is less than 100 mg/dL. Isolated prolongation of the PT 
may refl ect factor VII defi ciency. Though rare, the PT can 
also be prolonged by a circulating inhibitor or by the 
presence of abnormal fi brinogen molecules or fragments 
in the circulation.

The PT is also quite useful for monitoring the effect 
of coumarin-type anticoagulants. When the PT is used to 
monitor a patient taking warfarin, differences in the sen-
sitivities of different thromboplastin preparations need to 
be taken into account. This consideration has led to the 
development of a standardized method of expressing the 
prolongation as an international normalized ratio (INR). 
The INR is calculated as INR = (patient’s PT/control 
PT)International Sensitivity Index (ISI). The ISI should be determined 
for each thromboplastin reagent and instrument.

Activated Partial Thromboplastin Time

The APTT is performed by adding a “partial thrombo-
plastin” reagent, which is a source of phospholipids 
without tissue factor, to the patient’s citrated plasma 
sample, plus introducing controlled activation of the 
contact factors (factors XI and XII, prekallikrein, and 
high-molecular-weight kininogen) (Chapter 26) by pre-
incubation with a surface-activating reagent (such as 
celite, kaolin, silica, or ellagic acid).42 This mixture is 
incubated for 2 to 5 minutes before calcium chloride 
is added, and the time required for clot formation is 
recorded. As for the PT, automated instruments are gen-
erally used. The APTT measures factors I (fi brinogen), 
II (prothrombin), V, VIII, IX, X, XI, and XII; prekalli-
krein; and high-molecular-weight kininogen. Defi ciency 
of any of the latter three factors can result in a markedly 
prolonged APTT in the absence of clinically signifi cant 
bleeding. Isolated prolongation of the APTT in a patient 
with clinical bleeding is likely to result from a defi ciency 
of factor VIII, IX, or XI. It should be noted that the sen-
sitivity and reproducibility of the APTT are highly depen-
dent on the specifi c reagents used (particularly the 
activator in the partial thromboplastin reagent).43 With 
most APTT reagents, the APTT will not be prolonged 
until the amount of factor VIII is less than 35% (0.35 U/
mL). The laboratory should establish a reference range 
for each new lot of reagent and each new method of clot 
detection. The reference range will generally be approxi-
mately 26 to 35 seconds for children and adults but 
longer (30 to 54 seconds) in term infants (and often even 
longer in premature infants).

The APTT is somewhat less sensitive than the PT 
to defi ciency of the vitamin K–dependent factors, but 
it is more sensitive to the presence of circulating antico-
agulants and heparin. The APTT can detect circulating 

Box 28-1  Formula for Calculating the Amount 
of Citrate Appropriate for the 
Observed Hematocrit

From Marlar RA, Potts RM, Marlar AA. Effect on routine and 
special coagulation testing values of citrate anticoagulant 
adjustment in patients with high hematocrit values. Am J Clin 
Pathol. 2006;126:400-405.
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Step 2: Screening tests: CBC, examination of a peripheral smear
(including platelet number and size), PT/APTT/TT.

Low platelets/abnormal platelet
function, history suggestive of 
problems with primary hemostasis.

Step 1: Detailed clinical history (including family history);
Differentiate between problems with primary
hemostasis or clotting factor deficiency.

If PT/APTT abnormal, rule out sampling error
or heparin effect; eliminate the presence
of lupus anticoagulant by mixing studies;
if associated with thrombocytopenia consider
DIC.

Step 3:

• Investigate for 
thrombocytopenia if 
present

• Platelet 
aggregation for 
platelet function 
defects

• Tests for VWD 
     • VWF activity
     • VWF antigen
     • FVIII activity
     • VWF multimers 

Step 3: Normal PT/ 
abnormal APTT

• Factor VIII, IX, XI       
deficiency, 
moderate to severe 
VWD—perform 
factor assays

• Markedly prolonged 
APTT with no 
bleeding—consider 
factor XII, PK, 
HMWK deficiency

Step 3: PT/APTT 
abnormal 

• Deficiency of 
factors II, V, X

• If TT abnormal, 
consider fibrinogen 
problems 
(quantitative or 
qualitative)

• Advanced liver 
disease—perform 
liver function tests

Step 3: PT
abnormal/ normal 
APTT

• Factor VII 
deficiency—factor 
VII assay

• Early liver disease— 
liver function
tests

Step 3: If all tests normal but history is significant 
for bleeding, consider factor XIII deficiency,  α2- 
antiplasmin or PAI-1 deficiency or vascular causes
of bleeding.

FIGURE 28-1. Stepwise approach to bleeding. APTT, activated partial thromboplastin time; CBC, complete blood count; DIC, disseminated 
intravascular coagulation; FVIII, factor VIII; HMWK, high-molecular-weight kininogen; PAI-1, plasminogen activator inhibitor 1; PK, prekallikrein; 
PT, prothrombin time; TT, thrombin time; VWD, von Willebrand’s disease; VWF, von Willebrand factor.

anticoagulants (such as lupus anticoagulants [LAs]) and 
is routinely used to monitor standard heparin therapy.44 
Among hospitalized infants or children, unintentional 
contamination of patient samples with heparin is a 
common cause of an unexpected prolongation of the 
APTT that does not correct on mixing.

Thrombin Time

The TT measures the thrombin-induced conversion of 
fi brinogen to fi brin and is performed by adding bovine 
thrombin to the patient’s citrated plasma and recording 
the clotting time. The TT measures the amount and 
the clotting function of fi brinogen and is also prolonged 
in the presence of heparin or circulating fi brin degrada-
tion products (FDPs). An extremely prolonged TT 
usually indicates a heparin effect. Reptilase, a snake 
venom protease, clots fi brinogen in the presence of 

heparin and thus can be used to identify heparin as the 
cause of a prolonged TT. Thus, in the presence of heparin 
the TT is prolonged, whereas the reptilase time is normal. 
Alternatively, one can test for heparin activity by its anti–
factor Xa activity or with the use of commercial hepari-
nase. The sensitivity of the TT can be increased by 
dilution of the thrombin to give a control TT of 16 to 18 
seconds.

Platelet Count

The normal platelet count (for all ages) ranges from 
150,000 to 450,000/μL. Platelets are counted with an 
electronic particle counter or (less often) by direct-phase 
microscopy. Review of the platelets on a well-prepared, 
stained blood smear should give a visual estimate that 
matches the laboratory’s printed value. A spuriously low 
automated platelet count (pseudothrombocytopenia) 
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may result from ethylenediaminetetraacetic acid (EDTA) 
anticoagulant plus an IgG or IgM platelet antibody, 
platelet cold agglutinins, or platelet clumping from a 
partially clotted sample. In the setting of thrombocyto-
penia, increased or decreased platelet size may suggest 
increased platelet turnover or decreased production, 
respectively. Large platelets are also seen in the hereditary 
giant platelet syndromes, and small platelets are charac-
teristic of Wiskott-Aldrich syndrome. Electric particle 
counters also often provide a mean platelet volume and 
platelet volume (size) distribution.

Bleeding Time

The bleeding time (BT) is a measure of the interaction 
of platelets with the blood vessel wall. Although the BT 
can provide useful information, it does have signifi cant 
limitations. It is no doubt the most diffi cult of the tests 
of hemostasis to standardize, and thus results may not be 
reliable. The most widely used method is the modifi ed 
Ivy BT performed with a template. Although commer-
cially available devices incorporate a spring-loaded blade 
that is designed to make a skin incision of standard depth 
and width, arm wiggling in young children, the amount 
of pressure applied to the arm, and operator experience 
are a few examples of details that can infl uence test 
results.

The BT is performed with a tourniquet maintained 
at 40 mm Hg and placement of the template device on 
an area of the forearm (just below the elbow) that is 
devoid of obvious superfi cial veins. By breaking off the 
small tab, the spring is activated and the blade or blades 
make a linear cut 1 to 2 mm deep (if done correctly, this 
superfi cial cut is above the pain fi bers). With a stop watch 
and a piece of fi lter paper, the blood coming from the 
cut is gently blotted away while taking care to not touch 
the fi lter paper to the cut (which would remove the fragile 
platelet plug). A normal BT is 3 to 9 minutes. The BT 
is an approximate measure of the relationship between 
platelet number and function, as originally demonstrated 
by Harker and Slichter.45 With normally functioning 
platelets, the BT begins to prolong at a platelet count of 
less than 100,000/μL. The BT can also be prolonged with 
congenital and acquired platelet function defects (the 
latter include acquired defects resulting from certain 
drugs, uremia, and cyanotic congenital heart disease), 
VWD, vasculitis (e.g., Henoch-Schönlein purpura), 
and connective tissue disorders such as Ehlers-Danlos 
syndrome.

PFA-100

Current platelet function tests are often viewed as inac-
curate and unreliable (BT) or labor intensive and time 
consuming (platelet aggregation studies). Recently, a 
range of new instruments have been developed that 
attempt to simulate in vivo platelet adhesion and aggre-
gation. The Platelet Functional Analyzer 100 (PFA-100; 
Dade Behring, Mahburg, Germany) is a commercially 

available instrument that uses test cartridges containing 
collagen/adenosine diphosphate (CADP)- or collagen/
epinephrine (CEPI)-coated membranes with a small 
aperture (150 μm). Citrated blood is aspirated under 
high shear (5000 to 6000/sec) from the sample reservoir 
through a capillary tube onto the membrane, and blood 
fl ow is monitored through the aperture. Platelets begin 
to adhere and aggregate primarily through interactions 
of von Willebrand factor (VWF) with glycoprotein Ib and 
IIb/IIIa, thereby resulting in closure of the aperture. The 
instrument monitors the drop in fl ow rate with time as 
the aperture gradually occludes and records the fi nal 
closure time (CT) with either cartridge. Although the test 
is reproducible between cartridge lots and instruments, 
each laboratory should establish normal control times. 
Citrate samples have been shown to be stable for up to 
4 hours after sample collection, but transport through a 
pneumatic vacuum transport system (“tube system”) is 
not recommended.46

The test is sensitive to the platelet count, hematocrit, 
platelet function, and VWF level and function. Generally, 
a platelet count of less than 80 to 100 × 109/L and a 
hematocrit of less than 30% lead to a prolonged CT.46 
The PFA-100 CT is inversely proportional to the VWF 
level and has been used by some as a screening test for 
VWD.47 Consumption of fl avinoid-rich foods (red wine, 
cocoa, or chocolate) can prolong CEPI CT. Other dietary 
effects (e.g., fi sh oil consumption) on the PFA-100 CT 
have not been studied. In congenital platelet disorders, 
PFA-100 CT depends on the severity of the disorder. 
Severe platelet function defects in glycoprotein Ib/V/IX 
(Bernard-Soulier syndrome or platelet-type VWD) and 
glycoprotein IIb/IIIa (Glanzmann’s thrombasthenia) 
result in a markedly prolonged CT (see Chapter 29). In 
platelet dense granule defi ciency or secretion defects, the 
prolongation in CT is variable and is often seen in the 
CEPI cartridge. Thus, although the PFA-100 CT is 
abnormal in some forms of platelet disorders, the test 
does not have suffi cient sensitivity or specifi city to be 
used as a screening tool for platelet disorders in general.48 
Additionally, PFA-100 CT may be altered by drugs that 
affect platelet function. Aspirin and other nonsteroidal 
anti-infl ammatory drugs (NSAIDs) prolong the CEPI 
CT by inhibition of thromboxane generation. The role of 
the PFA-100 in therapeutic monitoring is currently being 
investigated.48

Other Assays

Specifi c Coagulation Factors

Each of the coagulation factors of the intrinsic pathway 
(prekallikrein, high-molecular-weight kininogen, and 
factors VIII, IX, XI, and XII) can be measured by one-
stage, APTT-based methods. A specifi c factor assay mea-
sures the clotting time of a mixture of diluted test plasma 
and a specifi c factor–defi cient substrate plasma that sup-
plies all factors except the one being measured.49 Though 
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seldom performed in U.S. clinical laboratories, a chro-
mogenic substrate assay kit for factor VIII (as well as 
chromogenic kits for certain other clotting factors) that 
is based on measuring the generation of factor Xa is also 
commercially available.

Each of the extrinsic and common pathway coagula-
tion factors (V, VII, and X) can be measured by specifi c 
one-stage assays based on the PT. The patient’s diluted 
test plasma is incubated with commercially available 
plasma that is defi cient in either factor V, VII, or X; a 
mixture of tissue factor and calcium chloride is added, 
and the clotting time is determined.49

For each clotting factor assay based on the APTT or 
PT, the clotting times of serial dilutions of a plasma 
sample representing a pool obtained from a large number 
of normal individuals is used to construct a standard 
curve. The concentration of the specifi c factor in each of 
the several dilutions of patient plasma is determined from 
the standard curve and is used to calculate the level of 
that clotting factor in the patient’s undiluted plasma.49 
In most laboratories, automated instruments are used 
to perform the assays, and many of these instruments 
are preprogrammed with a statistical package for plotting 
the data. The reference pooled plasma should be cali-
brated with a commercial or national standard that has 
been assayed against an international standard when 
available.50

Covalent stabilization of fi brin by factor XIIIa is 
essential for normal hemostasis (Chapter 26). Factor 
XIIIa catalyzes the formation of covalent cross-links 
between the γ and α chains of fi brin, which results in 
increased mechanical stability of the fi brin clot and resis-
tance to its degradation by plasmin. Congenital defi -
ciency of factor XIII is a rare hereditary (autosomal 
recessive) cause of moderate to severe hemorrhage, often 
with a characteristic pattern of delayed bleeding (see 
Chapter 31). None of the routine screening tests (PT, 
APTT, or BT) detect factor XIII defi ciency.51 A screen-
ing test for factor XIII defi ciency can be done with the 
clot solubility test: solubility of the patient’s recalcifi ed 
plasma clot in 5 mol/L urea or monochloroacetic acid is 
assessed after 30 minutes and periodically at 1, 2, 4, and 
24 hours. Clots from patients with less than 1% factor 
XIII activity are soluble. Quantitation of factor XIII can 
be done with specifi c amine incorporation assays, 
although these tests are generally performed only in spe-
cialized research laboratories.51

Recommended tests for VWD include APTT, factor 
VIII assay, ristocetin cofactor assay as a measure of 
VWF activity, VWF antigen assay, and ABO blood 
group typing. If these tests are suggestive of VWD, VWF 
multimer analysis should be performed. Treatment of 
VWD depends on accurate subtype diagnosis (see 
Chapter 30).

Antiphospholipid Antibodies

Antiphospholipid antibodies (APAs) include LAs, anti-
cardiolipin antibodies, antiphosphatidylserine antibodies, 

and antiphosphatidylethanolamine antibodies. APAs are 
immunoglobulins (IgG, IgM, and IgA) directed against 
anionic phospholipids or phospholipid–plasma protein 
complexes. Approximately 30% of APAs are found in 
association with thromboembolic events, recurrent 
abortions, or thrombocytopenia (referred to as the 
APA syndrome).

APAs have been associated with autoimmune 
disorders, infectious disease processes, acquired immu-
nodefi ciency syndrome, hematologic malignancies, lym-
phoproliferative disorders, seizure disorders, migraine, 
stroke, and subdural hematomas. Anticardiolipin anti-
bodies are distinct from LAs. The antigenic target for 
anticardiolipin antibodies is thought to be cardiolipin, 
β2-glycoprotein I, or a complex of the two. Cardiolipin is 
an important lipid component of mammalian cell mem-
branes. LAs are often seen in persons with no underlying 
disease and no history of abnormal bleeding. They may 
be detected in pediatric patients receiving certain drugs, 
particularly antibiotics. LAs are immunoglobulins that 
interfere with one or more phospholipid-dependent 
coagulation tests, such as the APTT, PT, dilute Russell 
viper venom time, and kaolin clotting time. Coagulation 
tests for LAs are based on their interference with reac-
tions that depend on the phospholipid added to substi-
tute for platelets when citrated plasma is recalcifi ed in 
vitro. The presence of LAs may be chronic (as in autoim-
mune disorders) or transient.52

The APTT is the test generally used to screen for 
LAs, although the sensitivity of the APTT for LAs 
depends on the reagent and method used. Many modifi -
cations of the APTT have been recommended in an 
attempt to increase its sensitivity to LAs, including the 
addition of less phospholipid. The PT is often normal in 
the presence of LAs. The dilute Russell viper venom time 
performed with dilute phospholipid can also be used to 
detect LAs, as can the STACLOT LA.52 LAs must be 
differentiated from inhibition caused by heparin, from a 
clotting factor defi ciency, or from an acquired inhibitor 
to a clotting factor (usually factor VIII). LAs can also 
occur in patients with hemophilia A. In one study, 21% 
of subjects with hemophilia A were found to have LAs.53 
According to guidelines developed by the Scientifi c and 
Standardization Subcommittee on Lupus Anticoagulants 
of the International Society on Thrombosis and Hemo-
stasis, the minimum diagnostic criteria for LAs are (1) 
an abnormal phospholipid-dependent coagulation assay, 
(2) demonstration of an inhibitor as a cause of the abnor-
mality, and (3) demonstration that the inhibitor is directed 
against a phospholipid and not a specifi c coagulation 
factor.52 Genetic determinants may play a role in the 
development of clinical manifestations related to APAs 
and the APA syndrome.54

If the APTT is prolonged, a mixing study is per-
formed. Failure of the APTT to correct on mixing indi-
cates an inhibitor, and confi rmatory studies can then be 
performed. Such tests typically alter the phospholipid 
content of the assay, either increasing it, as in the platelet 
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neutralization procedure, or decreasing it, as in the dilute 
Russell viper venom time.

Fibrinogen

Fibrinogen’s concentration in plasma can be measured 
immunologically (fi brinogen antigen) or by a chemical 
method in which the ability of fi brinogen to clot does not 
infl uence the assay. Normal fi brinogen antigen levels are 
between 200 to 400 mg/dL. Fibrinogen is an acute phase 
reactant, and elevated levels are commonly seen in stress 
or acute illness.

The level of functional fi brinogen or fi brinogen activ-
ity can also be measured. The von Clauss kinetic assay 
uses a dilute solution of patient plasma and an excess of 
thrombin, which makes fi brinogen the rate-limiting step 
in the clotting reaction.55 The resulting clotting time in 
seconds is compared with a standard dilution curve to 
determine the concentration of clottable fi brinogen. 
Fibrinogen is decreased in congenital afi brinogenemia, 
hypofi brinogenemia, and consumptive states such as 
DIC. The assay is also sensitive to abnormalities in fi brin-
ogen function (dysfi brinogenemia) or the presence of 
inhibitors of fi brin formation such as FDPs.

Fibrin(ogen) Degradation Products and D-Dimer

FDPs are usually measured in serum samples because 
these degradation products consist predominantly of non-
clottable derivatives that remain in solution after clot for-
mation. These global tests involve the use of fl occulation, 
tanned red cell hemagglutination, radioimmunoassay, or 
radioautograph analysis. Latex bead and enzyme-linked 
immunosorbent assays based on monoclonal antibodies 
specifi c to cross-linked D-dimer fragments are commer-
cially available and in widespread use. The D-dimer assay 
will identify only cross-linked FDPs (indicating that fi brin 
has formed intravascularly, has been cross-linked, and has 
then been cleaved into D-dimers by plasmin; see Chapter 
27). The patient’s plasma or serum sample is serially 
diluted, and each dilution of the sample is mixed with 
latex beads coated with antibody to D-dimer. The end 
point of the assay is determined by the highest dilution of 
patient serum or plasma that produces visible agglutina-
tion. This titer is then used to calculate the D-dimer con-
centration in the patient’s sample.56,57

Euglobulin Clot Lysis Time

The euglobulin clot lysis time (ECLT) is a screening test 
for excessive fi brinolysis. It is performed by using the 
plasma euglobulin fraction prepared from fresh, citrated, 
platelet-poor plasma. After clot formation, lysis is mea-
sured. The normal ECLT is 60 to 300 minutes. It is 
shortened in conditions characterized by increased fi bri-
nolysis (e.g. α2-antiplasmin defi ciency, plasminogen acti-
vator inhibitor 1 defi ciency, or systemic fi brinolysis).

Platelet Function Tests

When ordering tests of platelet function, one must be 
aware that a wide variety of drugs can affect the platelet 

count and alter test results. Drugs such as aspirin 
irreversibly affect platelet function for the entire life span 
of the platelet (10 to 11 days). Thus, tests of platelet 
function should be scheduled at a time when the indi-
vidual has not taken any relevant drugs for at least 10 
days.

The most common test of platelet function is platelet 
aggregometry. Platelet aggregation can be performed 
in whole blood by impedance technique or in platelet-
rich plasma (PRP) by the turbidometric technique. 
Whole blood platelet aggregation can be combined with 
release of adenosine triphosphate (ATP) by using a lumi-
aggregometer. A variety of platelet agonists (ristocetin, 
epinephrine, collagen, adenosine diphosphate, and ara-
chidonic acid) can be added to an aliquot of the patient’s 
sample. The rapidity and extent of platelet agglutination 
are detected by changes in optical density (PRP) or 
impedance (whole blood) and are graphically recorded 
for each agonist used.58 In Glanzmann’s thrombasthenia, 
the patient’s platelets will agglutinate normally with ris-
tocetin but not at all with the addition of adenosine 
diphosphate, epinephrine, collagen, or arachidonic acid. 
In Bernard-Soulier syndrome, platelet agglutination will 
occur normally on addition of each of these agonists 
except ristocetin.58

Global Tests for the Evaluation of Bleeding

As knowledge of the coagulation system developed in the 
1950s, specifi c assays were devised to measure the indi-
vidual clotting factors. However, it soon became apparent 
that individual clotting factor assays were inadequate to 
assess the true nature of the hemostatic system. It was 
obvious that static end point laboratory tests such as the 
PT or APTT were also not accurately refl ective of the 
patient’s overall hemostatic status and could not assess 
the dynamic clotting cascade. The common clinical 
observation that hemophilia patients have great pheno-
typic variation in bleeding despite identical factor levels 
stresses this point. This has led to a revival of interest in 
global clotting assays. In addition, the development of 
technical innovations and computer-assisted methods of 
analysis has improved the reliability and reproducibility 
of global assays. Two such techniques are described here: 
thromboelastography (TEG) and thrombin generation 
assays (TGAs). TEG is usually performed on whole 
blood and quantitatively measures the dynamics of fi brin 
formation. TGAs are generally performed on plasma and 
measure thrombin formation.

Thromboelastography

Hartert fi rst described TEG as a global test for blood 
coagulation more than 50 years ago.59 TEG monitors the 
whole dynamic process of hemostasis from clot forma-
tion to its dissolution and also provides information 
about platelet function. TEG produces a continuous 
profi le of the overall rheologic changes occurring during 
coagulation while using a small amount of whole blood. 
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R: Time to initial clot formation.
K: Measure of the speed to reach a certain level of clot strength.
Alpha angle: Measure of rapidity of fibrin cross linking.
MA: Maximum amplitude, depends on function of fibrin and platelets, represents clot strength.

FIGURE 28-2. Tracing of a normal 
thromboelastogram.

By processing the data, the viscoelastic changes occurring 
during whole blood clot formation can be transformed 
into a dynamic velocity profi le that is then recorded as a 
tracing (Fig. 28-2). Currently, reagent-modifi ed TEG 
with various activators (tissue factor, kaolin) and inhibi-
tors is used with the aim of accelerating the coagulation 
cascade and obtaining differential diagnostic informa-
tion.60 The two commonly used instruments are the TEG 
(Haemoscope Corp, Skokie, Illinois) and the rotating 
thromboelastometer ROTEM (Pentapharm, Munich).61 
Currently used primarily as a tool to decrease transfusion 
requirement during cardiac62 and hepatic surgery, these 
instruments are also being investigated as a screening tool 
for bleeding disorders.63,64

Thrombin Generation Assays

TGAs have been used extensively in research laboratories 
but are cumbersome to perform.65 A more recently devel-
oped test, calibrated automated thrombography (CAT), 
may be applicable to the routine clinical laboratory. CAT 
measures the concentration of thrombin in clotting 
plasma by monitoring the splitting of a fl uorogenic sub-
strate and comparing the results with known constant 
thrombin activity in a parallel nonclotting sample 
(control).66 Application of TGAs is currently being inves-
tigated for monitoring of hemophilia treatment and anti-
coagulation therapy and to better understand the differing 
clinical patterns in bleeding disorders.67

Laboratory Findings in Disseminated 
Intravascular Coagulation

DIC is an acquired systemic disorder characterized by 
widespread activation of coagulation and deposition of 
fi brin leading to the formation of thrombi in the micro-
circulation accompanied by secondary activation of fi bri-

Box 28-2  Conditions Associated with 
Disseminated Intravascular 
Coagulation

Sepsis (particularly gram-negative bacteremia)
Trauma
 Massive tissue injury
 Head injury
Fat embolism
Malignancy
 Acute promyelocytic leukemia
 Myeloproliferative disorders
Obstetric accidents
Vascular disorders
 Giant hemangiomas (Kasabach-Merritt syndrome)
 Aortic aneurysm
Toxins
 Snake venom
 Drug overdose
Immunologic reactions
 Severe anaphylaxis
 Acute hemolysis
 Acute transplant rejection

nolyis68 (see Chapter 34). DIC can be acute or chronic, 
compensated or decompensated, and can be caused by a 
wide variety of conditions (Box 28-2). DIC should be 
suspected in children with shock and bleeding manifesta-
tions. In DIC, the PT and APTT are usually both pro-
longed, with decreased fi brinogen, factor VIII, and factor 
V. A concomitant decrease in natural anticoagulants 
(protein C, protein S, and antithrombin III) may also be 
seen. Examination of the peripheral smear usually reveals 
the presence of schistocytes and thrombocytopenia.69 
There is also an increase in D-dimer and FDPs second-
ary to the formation of plasmin (Fig. 28-3).
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Bleeding manifestations

Consumption of clotting factors 
and platelets
Tests:
Prolonged PT/APTT/
thrombocytopenia
Low factor assays
(fibrinogen, FVIII, FV, 
anticoagulants such as protein C, 
protein S, and antithrombin III)

Intravascular activation of coagulation
Tests:
Increased prothrombin 1+2/thrombin-
antithrombin complexes

Microangiopathic
hemolytic anemia
Test:
Schistocytes

Ischemic organ
damage
Tests:
Elevated LDH,
creatinine

Secondary fibrinolysis
Tests:
Elevated D-dimer/
FSP/plasmin-
antiplasmin complexes

Deposition of fibrin in
microcirculation

Thrombotic manifestations

FIGURE 28-3. Pathophysiology of 
disseminated intravascular coagulation. 
APTT, activated partial thromboplastin 
time; FSP, fi brin split products; FVIII, 
factor VIII; LDH, lactate dehydrogenase; 
PT, prothrombin time.
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Platelets are small (1 to 4 μm in diameter) cells once 
thought to be fragments of other mature blood cells and 
dismissed as “blood dust.” They are now known to be 
highly specialized and organized fragments released by a 
still poorly understood process from intramedullary 
megakaryocytes within the bone marrow. Platelets are a 
critical component for the fi rst phase of hemostasis (for-
mation of the platelet plug), which can halt the loss of 
blood from vessels whose endothelial integrity has been 
interrupted. If platelets are defi cient in number or defec-
tive in function, excessive bleeding may occur. The clini-
cal manifestations of platelet-type bleeding typically 
involve the skin or mucous membranes and include pete-
chiae, ecchymosis, epistaxis, menorrhagia, and gastroin-
testinal hemorrhage (Box 29-1). Intracranial bleeding 
can occur, but it is infrequent. The deep muscle hema-
tomas and hemarthrosis typically seen in patients with 
defects in the fl uid-phrase (plasma) hemostatic system 
infrequently occur in platelet disorders.

Inherited platelet disorders can involve a qualitative 
or quantitive defect and can be broadly classifi ed accord-
ing to one of these two categories. In this chapter these 
disorders are classifi ed by their predominant feature, 
although many involve defects in both platelet number 
and function. For example, Bernard-Soulier syndrome 
(BSS) results from defects in the platelet receptor glyco-
protein Ibα/Ibβ/IX/V (GPIb/IX) complex, which binds 
von Willebrand factor (VWF) and is critical for adher-
ence of platelets at sites of vascular injury. This receptor 
is anchored to the cytoskeleton and is critical in platelet 
formation from megakaryocytes. Thus, many of these 
patients have macrothrombocytes and low platelet counts, 
as well as a defect in platelet function. Furthermore, 
although many inherited platelet disorders have been 
described, most are extremely rare, and even the well-
known disorders such as BSS and Glanzmann’s throm-
basthenia (GT) are uncommon, with a frequency in the 
general population of 10−5 to 10−6, and are mostly seen 
in inbreeding populations or consanguineous relation-
ships. In aggregate, however, these disorders are not 
uncommon and, given the diverse nature of the underly-
ing defects, may pose a signifi cant diagnostic challenge.

QUALITATIVE DISORDERS

Platelet Membrane

Sensing abnormalities in their microenvironment, adher-
ing to damaged vascular wall, and aggregating to each 

other are central functions of circulating platelets. Over 
the past 20 years many of the membrane receptors in 
these processes have been cloned. Initially, many of these 
protein receptors were classifi ed by their electrophoretic 
mobility and molecular mass and numbered sequentially. 
Now, it is clear that many of these proteins are members 
of several large families of receptors, including the inte-
grin α/β heteroduplexes, the leucine-rich receptors, the 
G protein–coupled receptors (GPCRs), and the immu-
noglobulin superfamily. Such a classifi cation takes advan-
tage of the similar structure and function of members of 
these families. Frequently, family members share a 
common family of ligands or activate cells by a common 
pathway. Table 29-1 lists the members of these families 
of receptors that are found on platelets, as well as several 
receptors that do not belong to any of these families. 
Many of these receptors have other historical names, and 
these, as well as their cluster differentiation (CD) antigen 
nomenclature, are noted in the table. Many of the recep-
tors involved in inherited platelet disorders are described 
in the following text.

Glanzmann’s Thrombasthenia: Defective 
Platelet Integrin aIIbb3

In 1918, a Swiss pediatrician named Glanzmann 
described a heterogeneous group of disorders that he 
termed “thrombasthenie” (“weak platelets”); these disor-
ders were characterized by normal platelet counts but 
abnormal clot retraction.1 In 1956 it was noted that 
these platelets failed to spread onto a surface or to stick 
to each other (aggregate).2,3 GT is now known to be a 
rare, inherited, autosomal recessive bleeding disorder, 
the hallmark of which is failure of platelets to bind 
fi brinogen and aggregate after activation. The underlying 
defect is an abnormality in the genes encoding either 
chain of the integrin αIIbβ3 fi brinogen receptor (see Table 
29-1). GT is the most common of the inherited platelet 
disorders.4

Biology of the αIIbβ3 Receptor

The αIIb and β3 subunits are encoded by separate genes 
that are closely linked on chromosome 17q21-23.5 αIIb is 
approximately 145 kd in size and contains 18 cysteine 
residues arranged into nine disulfi de bonds that are rather 
evenly spaced throughout its length (Fig. 29-1). The αIIb 
prochain complexes with the β3 subunit in the endoplas-
mic reticulum. During maturation in the Golgi body, the 
αIIb prochain is cleaved into the αIIb heavy fragment and 
the αIIb light fragment, with the two fragments remaining 
linked by a disulfi de bond.6 Like most other integrin α 
chains, αIIb contains four calcium-binding domains near 
its N-terminal.7 This region in all α subunits contains 
seven homologous repeats8 that fold into a β-propeller 
structure9,10; portions of the surface loops of this struc-
ture are critical for ligand binding (in interaction with the 
βA domain of the β3 subunit).9,11

Box 29-1 Clinical Features of Platelet Defects

Epistaxis, petechiae, purpura, ecchymosis
Gastrointestinal hemorrhage
Menorrhagia
Rarely, intracranial bleeding or hemarthrosis
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TABLE 29-1 Major Platelet Membrane Receptors

Class of Receptor Receptor Other Names
Number of Receptors 
per Platelet Ligand

Integrins αIIbβ3 GPIIb/IIIa, CD41b ≈80,000 Fibrinogen, VWF, fi bronectin
αVβ3 ≈500 Vitronectin, osteopontin
α2β1 CD49b ≈2,000 Collagen
α5β1 CD49e ≈4,000 Fibronectin
α6β1 CD49f Laminin

Leucine-rich repeats 
receptor

GPIb-IX CD42a, b, c ≈25,000 VWF, thrombin, P-selectin

G protein–coupled 
receptors

PAR-1 ≈2,000 Thrombin
PAR-4 Low Thrombin 
P2Y1 ADP
P2X1 ADP
P2Y12 ADP
α2A ≈700 Epinephrine 
TP ≈1,000 Thromboxane 
IP Prostaglandin I2 
CXCR1 and 
CXCR2

≈2,000 each Interleukin-8

CXCR4 ≈2,000 Stromal-derived factor 1
CCR4 ≈2,000 CCL22

Immunoglobulin 
superfamily receptors

GPVI 1,000-3,000 Collagen
P-selectin GMP-140, PADGEM, 

MARK
P-selectin, glycoprotein-1

PECAM-1 CD31 ≈10,000 PECAM-1
FcγRIIA CD32 1,000-5,000 Immune complexes

Others GPIV CD36 ≈25,000 Collagen
p65 Collagen

ADP, adenosine diphosphate; GPIIb, glycoprotein IIb; PADGEM, platelet activation-dependent granule-external membrane protein; MAPK, mitogen-activate 
protein kinase; PAR, protease-activated receptor; PECAM-1, platelet–endothelial cell adhesion molecule 1; VWF, von Willebrand factor.

MIDAS
domain

β3

β–propeller
domain

EGF
repeats

Extracellular

αllb

αllb heavy chain

αllb light chain

Intracellular

N

C
C

N

Ca2+

Ca2+ Ca2+ Ca2+

FIGURE 29-1. Structure of the αIIbβ3 receptor. Both units of the αIIbβ3 heteroduplex contain a transmembrane domain with short intracellular 
tails. The αIIb extracellular domain is cleaved into two parts: the αIIb heavy chain, which has the N-terminal β-propeller domain, and the αIIb light 
chain, which spans from the extracellular to the intracellular compartment. The β3 chain contains multiple cysteine disulfi de bonds represented by 
the gray lines. The MIDAS (metal ion–dependent adhesion site) domain is indicated. The pocket on αIIbβ3 that may represent the ligand-binding 
domain is shown as a gray ball. EGF, epidermal growth factor.
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Similar to other integrin β chains, β3 is approximately 
90 kd and contains 762 amino acid residues in its mature 
form (see Fig. 29-1).12 β3 contains fi ve cysteine-rich 
regions for a total of 56 cysteine residues, including a 
large disulfi de-bonded loop, termed the βA region, that 
extends from amino acids Cys5 to Cys435.9 This loop 
participates in fi brinogen binding and contains three 
divalent cation-binding domains that appear to be impor-
tant in ligand binding. One of these cation-binding sites 
(the βA MIDAS—metal ion–dependent adhesion site), 
interacts directly with ligand,9 and binding of cations to 
the βA domain may stabilize the ligand-occupied 
conformation.

There are about 8 × 104 αIIbβ3 receptors per platelet, 
the most abundant receptor on platelets (see Table 
29-1).12 Most of these receptors are located on the platelet 
surface, although a portion are found on the inner surface 
of alpha granules and are involved in the localization of 
fi brinogen to these granules.13 On resting platelets, αIIbβ3 
exists in a folded, inactive state that does not interact with 
its ligand. However, upon platelet activation, an “inside-
out” signaling event takes place in which the αIIbβ3 complex 
is activated and unfolded like a switch blade,9 thereby 
resulting in binding of fi brinogen at the N-terminals of 
the two proteins and platelet aggregation. After ligand 
binding, an “outside-in” signal mediates integrin-
cytoskeleton interactions and platelet spreading.14

Many integrin ligands contain an arginine-glycine–
aspartic acid (RGD) motif15 that participates in integrin 
binding. Conversely, RGD-containing peptides act as 
competitive inhibitors of ligand binding.15,16 For example, 
the RGD motif located in the C1 domain of VWF17 
appears to be necessary for binding of VWF to αIIbβ3. In 
contrast, deletion of the two RGD sequences in the 
fi brinogen α chain does not impair its ability to bind to 
αIIbβ3.18 Rather, binding of fi brinogen to αIIbβ3 requires a 
KQAGD sequence located at the carboxyl-terminal of 
the fi brinogen γ chain.18

Whereas expression of the αIIb chain is restricted to 
megakaryocytes, the β3 subunit is expressed more widely 
as a component of the αVβ3 (vitronectin) receptor. Mouse 
studies have shown that deletion of αVβ3 function results 
in placental defects and osteosclerosis,19 although to date 
no differences have been noted between patients with GT 
caused by an αIIb or β3 defect.4

Clinical Features

Thrombasthenia is characterized by repeated mucocuta-
neous bleeding beginning at an early age (Fig. 29-2A). 
Epistaxis and gastrointestinal bleeding are frequent issues 
in early childhood that often require intervention, as 
well as iron supplementation. Menorrhagia is a 
critical problem in teenage girls.21 The bleeding that 
normally accompanies pregnancy, surgical procedures, 
tooth extraction, or physical trauma can be excessive in 
GT patients. Unprovoked intracranial or gastrointestinal 
hemorrhage occurs and accounts for a signifi cant portion 
of the observed 5% to 10% lifelong mortality rate. In 

addition, some patients experience joint bleeding or 
muscle hematomas more characteristic of the hemophil-
ias.21 Frequently, local compression strategies or topical 
application of thrombin is useful when bleeding occurs. 
DDAVP (1-deamino-8-d-arginine vasopressin) has been 
used as well, and oral contraceptive management of men-
orrhagia is generally suffi cient. Platelet transfusions may 
be useful until resistance to platelet infusions develops, 
although patients do not necessarily form antibodies to 
the αIIbβ3 receptor. Antibodies may be particularly prob-
lematic because they may not only result in increased 
platelet clearance or platelet refractoriness but may also 
directly interfere with platelet function.22 Recent evi-
dence suggests that recombinant activated factor VII may 
be a useful supplement to platelet transfusions.23 We have 
also successfully used embolic block of arterioles feeding 
the nose and uterus in cases of recurrent, life-threatening 
hemorrhage.

Incidence

Though infrequent worldwide, GT is found at high inci-
dence among certain isolated populations and in the 
setting of consanguineous relationships, particularly 
among Arab populations,24 Iraqi Jews,25 French gypsies,26 
and individuals from southern India.27 Obligate hetero-
zygotes for this disease have approximately 50% of the 
normal number of αIIbβ3 receptors, but no evidence of 
platelet dysfunction or clinically signifi cant bleeding.21 
Although most cases are observed in specifi c populations 
or in the setting of consanguinity and are thus homozy-
gous for a shared mutation inherited from both parents, 
about a third of patients with identifi ed mutations are 
compound heterozygotes.

Classifi cation and Laboratory Diagnosis

In 1972, Caen classifi ed GT according to platelet intra-
cellular fi brinogen content and the ability of platelets to 
retract a fi brin clot.28 Type I patients, representing 80% 
of those studied, lacked platelet fi brinogen and had an 
absence of clot retraction. Type II thrombasthenic plate-
lets contained appreciable levels of platelet fi brinogen 
and maintained some clot retraction capability. Soon 
thereafter, the technique of sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis (SDS-PAGE) became 
widespread, and it became clear that there were three 
different patterns seen with thrombasthenic platelet 
membrane glycoproteins.29,30 Type I platelets lacked 
detectable levels of αIIbβ3, whereas type II platelets 
expressed moderate (15% to 25%) levels of these glyco-
proteins. Adding to the complexity of this classifi cation 
was the identifi cation of variant forms of thrombasthenia 
characterized by normal to nearly normal levels of a 
dysfunctional form of αIIbβ3.31,32 Another integrin dys-
function syndrome in which β1, β2, and β3 integrins are 
involved results in a GT-like syndrome with leukocyte 
adhesion defi ciency type 1 and immune dysfunction.33 
All three groups fail to aggregate in response to physio-
logic agonists such as adenosine diphosphate (ADP), 
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FIGURE 29-2. Glanzmann’s thrombasthenia. 
The patient shown has a mutation in the fourth 
cysteine-binding domain of αIIb secondary to a 
Gly273Asp substitution.35 A, Representative 
ecchymosis seen in the patient at the age of 6 
years. B, Platelet aggregation studies show an 
absence of secondary aggregation to adenosine 
diphosphate (ADP), epinephrine, and collagen 
but a normal response to ristocetin. C, Flow 
cytometric platelet analysis using an anti-αIIbβ3 
primary antibody (left) or an anti-GPIb/IX anti-
body as a positive control (right), followed by a 
fl uorescein isothiocyanate–labeled secondary 
antibody. Shown at the top is the fl uorescence 
with the secondary antibody only on normal 
platelets. In the middle is a patient with primary 
followed by secondary antibody, and at the 
bottom is the same with normal platelets. The 
patient’s platelets show little αIIbβ3 antibody 
binding when compared with the control. The 
patient’s platelets do express high levels of gly-
coprotein Ib/IX (GPIb/IX).

thrombin, or epinephrine (see Fig. 29-2B) because they 
all have a functional defi ciency of platelet surface αIIbβ3 
receptors. The failure to bind fi brinogen and other adhe-
sive ligands is the reason for the inability of platelets to 
cohere. No correlation exists between any of the pro-
posed subtypes of GT and the severity of bleeding symp-
toms in patients.21 Some patients with no αIIbβ3 have 
relatively mild clinical symptoms, whereas others with a 
full complement of αIIbβ3, albeit dysfunctional, can have 

frequent bleeding episodes requiring repeated platelet 
transfusions.

Currently, the most common method used for deter-
mining levels of αIIbβ3 on thrombasthenic platelets 
involves fl ow cytometry34 and immunoblot analysis.35 
Figure 29-2C illustrates fl ow cytometric analysis of the 
αIIbβ3 content of both a normal control and a GT patient 
with a severe defi ciency of αIIbβ3 secondary to a mutation 
in one of the Ca2+-binding domains of her αIIb chain.20 
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This mutation blocks export of the αIIbβ3 receptor out of 
the endoplasmic reticulum and into the Golgi body for 
fi nal processing, as indicated by failure to cleave the αIIb 
prochain into an αIIb heavy chain.

Several hundred individuals with GT have been 
described in the literature. To date, more than a hundred 
of these cases have been solved at the molecular level. As 
in most genetic disorders, the molecular abnormalities 
have been found to range from major deletions and in -
versions to single point mutations (for review, see else-
where36 and http://sinaicentral.mssm.edu/intranet/
research/glanzmann). Some of the better-characterized 
subgroups of mutations are described in the following 
text.

The earliest and largest group of thrombasthenic 
mutations described failed to express αIIbβ3 on the cell 
surface. Several of these patients had major deletions or 
inversions in their αIIb or β3 genes. In addition, a number 
of point mutations or small deletions in the αIIb or β3 
genes have been described with no surface expression of 
αIIbβ3; both chains are formed intracellularly and complex 
but fail to undergo intracellular processing or reach the 
cell surface. These defects result in a type 1 form of 
thrombasthenia. One major subgroup of these patients 
involves missense mutations in the N-terminal β-propel-
ler repeats of αIIb near the proposed Ca2+-binding sites 
on its lower surface as exemplifi ed by the patient in 
Figure 29-2.20,37

Another group of mutations occur in the same β-
propeller region of αIIb but take place on the upper surface 
and have a different phenotype. These mutations are 
located within three upper loops of β-propeller, the con-
necting loop between the second to the third blade, the 
loop in the middle of the third blade, and the loop con-
necting the third and fourth blade.38 These mutations 
occur within the RGD ligand binding pocket of αIIb.9

Another group of thrombasthenic defects with signif-
icant levels of αIIbβ3 surface expression (although the 
complex is not able to interact with its natural ligands) 
involve the β3 chain. These mutations result in a surface 
αIIbβ3 that is easily dissociable by chelation of external 
calcium ions.39 Many of these missense mutations have 
been identifi ed within the cation-binding MIDAS 
domain.9 The importance of these sites was reinforced by 
the identifi cation of a group of in vitro–generated mutant 
αIIbβ3 receptors expressed in Chinese hamster ovary 
(CHO) cells, which provided independent support for the 
importance of the MIDAS domain in ligand binding.40

A second group of mutations with normal levels of 
surface αIIbβ3 receptors have mutations in the cytoplas-
mic domain of β3, thus demonstrating the importance of 
this domain for integrin activation and regulation of 
ligand binding.41,42 These mutations do not affect surface 
expression of platelet αIIbβ3 complexes, but mutant recep-
tors are unresponsive to agonist stimulation. Mammalian 
cell expression studies show normal adhesion to immo-
bilized fi brinogen but abnormal platelet spreading. These 
mutations provide compelling evidence for the role of 

the β3 cytoplasmic tail in downstream platelet activation 
by αIIbβ3.

Other Integrins in Inherited 
Platelet Disorders

Integrin α2β1 is an Mg2+-dependent collagen receptor on 
many cells, including platelets.43 In platelets, collagen not 
only serves as an adhesive substrate but also functions as 
an agonist for platelet aggregation. Two patients with 
histories of bleeding have been reported whose platelets 
failed to respond normally to collagen and lacked α2β1, 
thus suggesting that binding of collagen to α2β1 is a nec-
essary component for collagen-induced signaling.44 In 
addition, a recent report described several families with 
autosomal dominant thrombocytopenia and mild plate -
let dysfunction associated with mutations in the α2 
subunit.45

There is substantial variability in the density of α2β1 
on the surface of platelets from different individuals.46 
These differences in α2β1 expression are associated with 
the inheritance of three different α2 alleles. The higher 
the receptor density, the greater the attachment of plate-
lets to type I collagen.47 Some, but not all epidemiologic 
surveys suggest that increased α2β1 density is a risk factor 
for cardiovascular disease in younger individuals.48,49 An 
increased prevalence of the allele with lower α2β1 density 
has been reported in patients with type 1 von Willebrand’s 
disease (VWD), which suggests that this allele may con-
tribute to bleeding symptoms in these patients.50

Bernard-Soulier Syndrome: Defective 
Glycoprotein Ib/IX Complex

BSS was fi rst described in 1948 in a 5-month-old infant 
with a prolonged bleeding time, giant platelets on blood 
smear, and a sibling who had died of hemorrhage.51 Over 
the following years, additional patients with the combina-
tion of mucocutaneous bleeding; enlarged platelets; 
normal platelet aggregation with ADP, collagen, and epi-
nephrine with a delayed response to thrombin; and absent 
platelet aggregation with human VWF and ristocetin or 
with bovine VWF alone were described as having BSS, 
now the second most recognized inherited platelet 
disorder.

Biology of the Glycoprotein Ib/IX Complex

Adhesion through the GPIb/IX complex involves binding 
of VWF to the subendothelium. Platelet membranes 
contain two binding sites for VWF (see Table 29-1). One 
of these sites requires previous platelet activation and is 
located on the platelet membrane αIIbβ3 complex. The 
second binding site involves the GPIb/IX complex, and 
it is this membrane complex that is crucial for initial 
attachment and proper adhesion to the extracellular 
matrix of a damaged vessel wall. It should be pointed out 
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that the GPIb/IX complex may also bind to other 
ligands, including P-selectin,52 thrombospondin-1,53 
high-molecular-weight kininogen, and Mac-1.54 Further-
more, GPIb/IX also binds thrombin, and its role in the 
activation of platelets by thrombin is discussed later.

The GPIb/IX complex is the second most abundant 
receptor on the platelet membrane surface, with approxi-
mately 25,000 copies per platelet.55 This complex actu-
ally consists of four different proteins (Fig. 29-3), all of 
which have one or more leucine-rich repeats composed 
of a 24–amino acid motif with seven conserved leucine 
residues. Other proteins have been described with this 
leucine-rich repeat, and these regions mediate ligand 
binding.56

GPIbα is the largest subunit (135 kd, 610 amino 
acids, chromosome 17p12) and has seven leucine 
repeats.57 It is susceptible to cleavage by trypsin or 
calpain, which gives rise to a heavily glycosylated 135-kd 
fragment known as “glycocalicin.”58 In addition to con-
taining the binding site for VWF, the glycocalicin portion 
of GPIbα also binds thrombin.59 In vivo, plasma VWF 
does not bind to the GPIb complex,60 but under shear 
stress conditions, VWF simultaneously binds to collagen 
and the GPIb/IX complex.60 In clinical assays, the anti-
biotic ristocetin or the venom-derived protein botrocetin 
are used to mimic this effect by inducing conformational 
changes in VWF that promote binding to GPIb/IX in 
stirred platelet-rich plasma.61

GPIbα is disulfi de-bonded to GPIbβ (25 kd, 181 
amino acids, chromosome 22q11.2)57 through a single 
cysteine residue located in each subunit near the trans-
membrane domains of GPIbα and GPIbβ (see Fig. 
29-3). This peptide has only one leucine repeat. The 
cytoplasmic tail of GPIbβ contains a fi lamin binding site 
that links the receptor complex to F-actin below the 
membrane62 and a binding site for 14-3-3ζ.63 The disul-

fi de-bound GPIbα-β is noncovalently associated with 
platelet GPIX and GPV.64 GPIX is the smallest member 
of the GPIb complex (22 kd, 160 amino acids, chromo-
some 3q29), with only one leucine repeat.65 GPV (82 kd, 
344 amino acids, chromosome 3q21) is a transmembrane 
protein with 15 leucine repeats.66 This protein is a pro-
teolytic substrate for thrombin and releases a 69-kd 
soluble fragment.67 GPV is present in only a single copy 
per complex, whereas there are two copies of the other 
three subunits in a single receptor (see Fig. 29-3). Fur-
thermore, cleavage of the GPV extracellular domain by 
thrombin bound to GPIbα activates platelets.68 Consis-
tent with this observation, the GPV-knockout mouse has 
a mild prothrombotic state.69

Binding of activated VWF to the GPIb/IX complex 
activates platelets through activation of phospholipase C 
(PLC) and mobilization of protein kinase C, which 
together with increases in [Ca2+]i, promotes platelet secre-
tion and potentiates platelet aggregation.70 The GPIb-IX 
complex also appears to activate the cell by binding to 
the cytoskeleton protein 14-3-3ζ63 and by interacting 
with the FcγRIIA receptor on platelets, where it activates 
an intracellular tyrosine–based activation motif (ITAM) 
receptor71 (see Fig. 29-3).

Clinical Features

The bleeding manifestations of patients with BSS are 
similar to those of other patients with severe platelet 
dysfunction and center on mucocutaneous bleeding with 
purpura, epistaxis, gastrointestinal hemorrhage, and 
menorrhagia.72 Alloantibodies to components of the 
GPIb/IX complex can develop after platelet transfusions 
with resulting platelet refractoriness.72 Care of bleeding 
in these patients is similar to that of patients with GT 
discussed earlier, including the use of DDAVP.73 Studies 
evaluating DDAVP have demonstrated improved bleed-
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FIGURE 29-3. Structure of the 
glycoprotein Ib/IX (GPIb/IX) 
receptor. Each receptor consists of 
two GPIbα chains, each disulfi de 
linked to a GPIbβ chain. There are 
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ing times, although the improvement did not correlate 
with the ability of DDAVP to increase the level of circu-
lating VWF. Activated factor VIIa has also been reported 
to be useful in patients with BSS,74 but we believe that 
this factor is best used as a supplement to platelet 
infusions.

Classifi cation and Laboratory Diagnosis

BSS patients have a variable degree of thrombocytope-
nia. Most patients are thrombocytopenic to some degree, 
but some patients may have platelet counts as low as 
20,000/μL.72 The platelets have a mean diameter ranging 
from 3 to 20 times normal (Figs. 29-4B and 29-5A).75 
Other cell types appear normal. In general, the circulat-
ing total platelet mass in people is more precisely con-
served than the platelet count is,76 and part of the decrease 
in platelet count in BSS may well refl ect this compensa-

tory mechanism. Megakaryocytes in this disorder appear 
normal in size and appearance by light microscopy. 
However, on electron microscopy, a striking feature in 
these cells is the variable and intermittent nature of the 
demarcation system, which is often vacuolar.77 Absence 
of GPIbα results in an abnormal demarcation membrane 
in a mouse model of BSS, whereas restoration of 
the protein returns the electron microscopic structure of 
the megakaryocyte to normal.78 Studies have shown that 
GPIb/IX contributes to platelet formation in that this 
complex lines up with the cytoskeleton during thrombo-
poiesis79 and plays a role in cell cycle regulation.80

Bleeding times and Platelet Functional Analyzer 
100 (PFA-100) measurements81 are prolonged in these 
patients, but the distinctive abnormality of BSS platelets 
is the failure of agglutination in the presence of ristocetin, 
an abnormality that cannot be corrected by the addition 

A
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FIGURE 29-4. Light microscopy. A, Normal peripheral smear showing typical-size platelets (original magnifi cation ×100). B, Peripheral smear 
of a patient with Bernard-Soulier syndrome showing a decreased number of enlarged platelets (original magnifi cation ×100). C, Dysmorphic 
megakaryocyte (Meg) with the nuclei pushed to the side in a patient with a GATA1 mutation (original magnifi cation ×50). D, Bone marrow in a 
patient with Chédiak-Higashi syndrome showing inclusion bodies in a myelocyte (M), neutrophil (N), and lymphocyte (L) (original magnifi cation 
×100). (Courtesy of Marybeth Helfrich, The Children’s Hospital of Philadelphia.)
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FIGURE 29-5. Electron microscopy. A, Platelet in a patient with Bernard-Soulier syndrome that is as large as a lymphocyte (L). Otherwise, 
platelet morphology is normal (original magnifi cation ×18,000). B, Platelets in patients with Wiskott-Aldridge syndrome are half to two thirds the 
normal size but otherwise normal in appearance (original magnifi cation ×38,500). C, Platelets in patients with Fechtner’s syndrome are enlarged 
and the canalicular system is exuberant, but otherwise the platelets look normal (original magnifi cation ×13,000). D, Platelets in patients with gray 
platelet syndrome vary in granule content. Most of the platelets seen have an absence of alpha granules, whereas others (such as the large platelet 
here) may have identifi able granules (original magnifi cation ×16,500). E, Neutrophil in a patient with May-Hegglin anomaly showing an inclusion 
body (I) below the nucleus (N) forming longitudinally oriented fi laments (original magnifi cation ×14,000). F, Megakaryocyte from a patient with 
a GATA1 mutation showing the nucleus (N) pushed to the side by exuberant endoplasmic reticulum (ER), which fi lls most of the cytoplasm 
(original magnifi cation ×38,000). (All electron micrographs courtesy of Dr. James White, University of Minnesota.)
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of normal plasma.82 Aggregation by other agonists such 
as ADP, collagen, and epinephrine is normal, although 
the response to low-dose thrombin may be delayed.82 
Flow cytometric analysis of platelet glycoproteins may 
also aid in the diagnosis.83

Molecular Abnormalities

More than 30 molecular defects in BSS have been 
defi ned.84 These disorders can be classifi ed by whether 
any complex reaches the platelet membrane and by the 
specifi c subunit affected. The fi rst described mutation 
was a chain termination mutation within GPIbα that 
results in a protein lacking a portion of the extracellular 
domain and the entire transmembrane and cytoplasmic 
domains.85

Mutations in the GPIbα chain are most common in 
patients with BSS86; however, mutations in GPIbβ and 
GPIX have also been described in patients with similar 
clinical phenotypes.87,88 Most of the mutations described 
are missense or nonsense mutations. Deletions are 
uncommon but do occur, as in one patient who had 
partial deletion of the GPIbβ gene on chromosome 
22q11.2 in association with velocardiofacial syndrome.89 
Compound heterozygotes have also been described.90 
The disease is most commonly autosomal recessive, but 
autosomal dominant mutations have likewise been 
reported.91

Platelet-Type (Pseudo-) 
von Willebrand Disease

Platelet-type VWD is an autosomal dominant bleeding 
disorder often associated with a prolonged bleeding time, 
mild thrombocytopenia, and decreased circulating levels 
of high-molecular-weight VWF multimers.90,91 Patients 
with this disorder have a mild to moderate bleeding dia-
thesis. Platelet-type VWD is very similar to type 2B VWD 
(see Chapter 30) in that both are characterized by plate-
let agglutination in the presence of low concentrations of 
ristocetin and by decreased circulating levels of high-
molecular-weight VWF. Binding of VWF to circulating 
platelets results in the reduced levels of VWF seen in 
these patients, as well as some degree of platelet activa-
tion, mild thrombocytopenia, and an increased risk of 
clotting.

Unlike type 2B VWD, where mutations in VWF 
result in increased affi nity for normal platelet GPIb/IX 
complex, pseudo-VWD is caused by an alteration in the 
platelet GPIb/IX complex that leads to increased affi nity 
for normal VWF multimers. Platelet-type VWD can be 
distinguished from type 2B VWD by the addition of 
normal VWF to patient platelet-rich plasma, which results 
in spontaneous aggregation of pseudo-VWD platelets but 
not type 2B VWD platelets.90,92 It is important to distin-
guish patients with platelet-type VWD from other VWD 
patients because care of patients with VWD often involves 
infusion of cryoprecipitate or DDAVP. This therapy can 

worsen the thrombocytopenia in patients with platelet-
type VWD.92 A patient with mild thrombocytopenia and 
a prolonged bleeding time should be evaluated for this 
disorder as described earlier.

The molecular basis of platelet-type VWD has been 
defi ned in several patients.92,93 Mutations, such as Gly-
233Val and Met239Val, occur in the region of GPIbα 
that has been previously shown to be important in 
VWF binding. It has been hypothesized that these 
mutations alter GPIbα such that it maintains an ad -
hesive conformation much as wild-type GPIb/IX 
receptor becomes activated on exposure to components 
of the extracellular matrix at sites of vascular injury and 
fl ow.

Other Inherited Defects of 
Platelet Receptors

G Protein–Coupled Receptors

Many agonists that activate platelets, such as thrombin, 
ADP, and thromboxane A2 (TxA2), activate cells through 
a GPCR (see Table 29-1). These seven-transmembrane 
receptors are linked to a heterotriplex of intracellular 
guanosine diphosphate (GDP)/guanosine triphosphate 
(GTP)-binding proteins, Gα,β,γ. The strongest platelet 
agonist is thrombin. As mentioned previously, one recep-
tor for thrombin is the GPIb/IX complex. However, 
thrombin appears to have its greatest effect on human 
platelets through two GPCRs, protease-activated recep-
tor 1 (PAR-1) and PAR-4, with PAR-1 being the major 
human receptor.94 Thrombin binds to PAR-1, releases an 
N-terminal peptide, and leaves a new N-terminal. An 
oligopeptide of this N-terminal sequence, SFLLRN, can 
mimic the effects of thrombin and activate platelets. Sur-
prisingly, no patients with defects in PAR-1 have been 
described. In mice, PAR-1 is not important for platelet 
biology, although its absence does have in vitro conse-
quence because it is expressed on other tissues.95 Instead, 
on murine platelets PAR-3 and PAR-4 are biologically 
relevant.96

ADP is stored in platelet dense granules and released 
upon platelet activation. When added to platelets in vitro, 
ADP causes TxA2 formation, protein phosphorylation, an 
increase in cytosolic Ca2+, shape change, aggregation, and 
secretion. ADP also inhibits the formation of cyclic ade-
nosine monophosphate (cAMP). Several patients with 
bleeding defects have been described whose platelets 
showed greatly diminished responsiveness to ADP and 
reduced numbers of binding sites for ADP analogues,97,98 
a phenotype not dissimilar from that produced by ADP 
antagonists such as ticlopidine or clopidogrel. ADP 
receptors on human platelets include P2Y1, P2Y12, and 
P2X1.99-101 P2Y1 is a GPCR that activates PLC. P2Y12 
inhibits cAMP formation by adenyl cyclase. P2X1 is a 
ligand-gated nonspecifi c cation channel that may con-
tribute to the infl ux of extracellular Ca2+ that occurs in 
response to ADP. Mutations in each of these receptors 
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have been reported in patients and have resulted in mild 
to moderate bleeding symptoms.97

In several respects, epinephrine is unique among 
human platelet agonists in that it causes aggregation and 
secretion, but not the cytoskeletal reorganization that 
underlies shape change. Activation of PLC by epineph-
rine appears to be dependent on TxA2 formation and can 
be suppressed with aspirin.102 Aspirin also blocks second-
wave, or secretion-dependent, platelet aggregation in 
response to epinephrine. This gives rise to a characteristic 
aggregometer tracing in which epinephrine-induced 
primary aggregation is followed by disaggregation of the 
platelet clumps. Platelet responses to epinephrine are 
mediated by α2-adrenergic receptors.103 There are reports 
of families in which a mild bleeding disorder was associ-
ated with impaired epinephrine-induced aggregation 
and reduced numbers of α2-adrenergic receptors.104 
However, platelets from up to 10% of apparently normal 
people may fail to aggregate when challenged with epi-
nephrine, and the clinical signifi cance of this fi nding is 
unclear.

TxA2 is produced from arachidonate in platelets by 
the aspirin-sensitive cyclooxygenase pathway. When the 
stable thromboxane analogue U46619 is added to plate-
lets in vitro, the platelets undergo shape change, aggrega-
tion, secretion, phosphoinositide hydrolysis, protein 
phosphorylation, and an increase in [Ca2+]i. Similar 
responses are seen when platelets are incubated with 
exogenous arachidonate.105 Platelets express TP, a GPCR 
for TxA2.106 Platelets also contain a receptor for prosta-
cyclin (PGI2), an endothelial cell prostaglandin that is a 
potent platelet inhibitor. Binding of PGI2 to this receptor 
stimulates adenylate cyclase activity and inhibits platelet 
function.107 A few patients have been described who have 
a mild bleeding disorder caused by congenital absence of 
the TxA2 receptor. Two Japanese patients have had their 
mutations defi ned and were found to have an R60L sub-
stitution in the fi rst cytoplasmic loop of TxA2.108 In addi-
tion, three patients have been described who have normal 
TxA2 binding but absent platelet aggregation in the pres-
ence of this agonist, thus suggesting uncoupling between 
the receptor and downstream signaling events.109 There 
are as yet no known clinical disorders ascribed to the 
PGI2 receptor, but deletion of the gene in mice increases 
their risk for thrombosis after arterial injury.110

Immunoglobulin Superfamily Receptors

GPVI, a 62-kd protein encoded by a gene on human 
chromosome 19q13.4,111 is a member of the immuno-
globulin superfamily of receptors. It is the platelet signal-
ing receptor for collagen, and patients with a mild bleeding 
disorder have been described whose platelets could not 
be activated by fi brillar collagen types I and III and 
lacked GPVI despite having normal levels of the other 
platelet collagen receptor α2β1.112 Unlike α2β1, GPVI’s 
interaction with collagen initiates the intracellular signal-
ing that results in platelet activation. GPVI exists on the 
platelet surface complexed with the FcR γ chain,113 and 

signaling seems to occur via phosphorylation of PLCγ2 
and Syk through the FcR γ chain.114,115 Fab antibodies 
derived from GPVI-defi cient individuals who had 
received platelet transfusions recognize GPVI and are 
capable of blocking activation of platelets by collagen, 
thereby resulting in thrombocytopenia and internaliza-
tion of surface GPVI.116 Convulxin, a snake venom 
protein isolated from a South American rattlesnake, is 
also a potent activator of platelets that is capable of 
desensitizing platelets to collagen and has been demon-
strated to bind specifi cally to GPVI.117

GPVI seems to be the major collagen receptor on 
platelets,118 although a few patients119,120 have been 
described who lack GPVI and show a mild bleeding 
tendency. These patients have some residual platelet 
aggregation to collagen, which is likely to be through the 
α2β1 receptor.121 In addition, autoantibodies to GPVI 
have been described in patients with immune thrombo-
cytopenic purpura116,122 and systemic lupus erythemato-
sus.123 These patients lack surface GPVI on their platelets 
and show a mild bleeding diathesis with abnormal plate-
let aggregation to collagen. Interestingly, several genetic 
polymorphisms affecting GPVI surface expression have 
been described and suggested to be a risk factor for 
myocardial infarction. Platelets with less GPVI showed 
less vigorous aggregation in vitro, although further study 
is ongoing on the true relevance of these fi ndings.124,125

Scott’s Syndrome

The platelet surface also functions as one of the principal 
sites for plasma coagulation reactions by providing a 
surface on which coagulation factor complexes assemble 
and accelerate these important reactions several thou-
sand-fold. This property of activated platelets has been 
termed platelet factor 3 activity. In a resting platelet, 
there is little anionic phospholipid on the platelet’s 
surface. Activation by agonists such as thrombin or col-
lagen is thought to reorient membrane phospholipids and 
bring anionic phospholipids, chiefl y phosphatidylserine, 
to the outer leafl et. Activation also induces membrane 
vesiculation and the production of platelet microparticles 
with procoagulant activity.126

Defi ciency in platelet coagulant activity is a rare 
clinical event that has been termed Scott’s syndrome, 
named after the propositus of a well-studied family.126,127 
The patient had prolonged bleeding after dental extrac-
tions, bleeding after surgical procedures, and a spontane-
ous retroperitoneal hematoma.127 The patient secreted a 
normal quantity of factor V, a platelet alpha granule con-
stituent, but had only 25% of the normal number of 
binding sites for factor Xa on activated platelets.128 When 
her platelets were challenged with such agonists as throm-
bin and collagen, aggregation and secretion were normal, 
but fewer anionic phospholipid-binding sites were trans-
located to the platelet surface.129 In addition, the forma-
tion of microparticles is defective in patients with Scott’s 
syndrome.126 Standard screening tests for plasma coagu-
lation, such as the prothrombin time and partial throm-
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boplastin time, which use artifi cial lipid micelles, are 
normal. A patient has been described who had aberrant 
expression of the adenosine triphosphate (ATP)-binding 
cassette transporter AI (ABCA1), which is important in 
translocation of phosphatidylserine.130 This patient had a 
single–base pair substitution in exon 42 that was pre-
dicted to substitute R1925 with glutamine. The diagnos-
tic abnormality is a shortened serum prothrombin time 
as a result of reduced consumption of prothrombin. 
Additionally, these patients have a prolonged dilute 
Russell viper venom time that corrects when the patient’s 
plasma is added to normal platelets, but not when normal 
plasma is added to the patient’s blood.131 This is due to 
the inability to generate normal platelet procoagulant 
activity. Patients can be readily treated with platelet trans-
fusions, which improves hemostasis and reduces postop-
erative blood loss.

Platelet Storage Granule Defects

Human platelets contain several types of intracellular 
granules that can be distinguished by electron micros-
copy, including dense granules, alpha granules, and lyso-
somes.132 Dense granules are the most rapidly secreted 
granules after platelet activation and contain ADP, ATP, 
serotonin, and calcium.133 Two thirds of platelet adenine 
nucleotides are stored in these granules, with an ADP/
ATP ratio of 3 : 2, as opposed to 1 : 8 in the cytoplasm.132 
Platelet alpha granules contribute many of the proteins 
involved in the formation of a platelet plug. After platelet 
activation, the alpha granules centralize in the platelet 
and release their contents via membrane fusion with the 
open canalicular system.134 Interestingly, not all proteins 
present in alpha granules have the same origin. Some, 
such as VWF, thrombospondin, and platelet factor 4 
(PF4), are synthesized in and packaged by megakaryo-
cytes,135 whereas others, such as albumin, IgG, and 
fi brinogen, are endocytosed from plasma.136

Dense Granule Defects

Patients with defects in platelet dense granules have a 
form of storage pool defi ciency (δ-SPD).132,137 Patients 
with δ-SPD exhibit a mild to moderate bleeding diathe-
sis, as well as abnormalities in platelet aggregation. The 
second wave of aggregation is absent in response to ADP 
and epinephrine and virtually absent in response to col-
lagen. Bleeding times in these patients are often pro-
longed. In 1969 it was shown that these patients have a 
defi ciency in total platelet ADP,138 and this defi cit was 
subsequently localized to the ADP pool of the dense 
granule.139 The abnormalities in the ultrastructure of the 
dense granules are heterogeneous,140 but most patients 
show a characteristic lack of dense granules by electron 
microscopy141 (see Fig. 29-5).

Some individuals have other associated defects. The 
two most common SPDs are Hermansky-Pudlak syn-
drome (HPS)142 and Chédiak-Higashi syndrome 
(CHS).143,144 HPS is characterized by tyrosinase-positive, 

severe oculocutaneous albinism in association with 
photophobia, rotatory nystagmus, loss of visual acuity, 
excessive accumulation of ceroid-like material in reticu-
loendothelial cells, and a mild to moderate hemorrhagic 
diathesis. This disease is inherited as an autosomal reces-
sive disorder, and although it occurs in many popula-
tions, it is seen with high frequency in people from the 
northwest part of Puerto Rico.145,146 Patients exhibit 
bruising and epistaxis in early childhood. Fatal bleeding 
is rare, but a signifi cant proportion of patients will have 
received packed red cell or platelet transfusions in their 
lifetime.142,147 The major cause of death is progressive 
pulmonary fi brosis, which generally begins in their late 
twenties or early thirties,142,148 perhaps secondary to 
higher plasma serotonin levels because of failure to 
package the serotonin into dense granules.149 This disease 
is also associated with a 15% incidence of granulomatous 
colitis.147 One of the genes involved is located at chromo-
some 10q23.1-23.3150 and encodes a 700–amino acid 
protein termed HPS-1 that has one transmembrane 
domain but little homology with other known proteins, 
although the transcript appears to be present in multiple 
tissues. The northwest Puerto Rican mutation is a 16–
base pair insert at codon Pro496 that results in a frame-
shift, and patients from northwest Puerto Rico with HPS 
are homozygous for the same mutation, thus suggesting 
a founder effect.151 About a quarter of patients from other 
parts of Puerto Rico have other mutations in HPS-1.152 
Additionally, cases of HPS have been described through-
out the world, and only 25% to 40% of these patients 
have disease caused by a mutation in a gene known to be 
associated with HPS. Mutations in other genes that have 
been described to cause HPS include changes in ADTB3A 
(HPS-2), which is important in vesicle formation from 
existing membrane.153 To date, mutations in eight differ-
ent genes (termed HPS-1 to HPS-8) have been described 
in patients with phenotypic HPS. Some genotype/
phenotype associations have also been documented. For 
example, pulmonary fi brosis develops in patients with 
mutations in HPS-1 and HPS-4, whereas this life-
threatening complication does not develop in patients 
with HPS-3, HSP-5, and HSP-6 mutations. In addition, 
patients with HPS-2 mutations also have associated neu-
tropenia and a predilection for infections, particularly in 
childhood.154

CHS is a rare autosomal disorder that has been 
described in approximately 200 affected individuals.142 It 
is characterized by immune dysfunction, platelet storage 
pool defects, and partial albinism. Patients often have a 
white forelock or ashen hair secondary to abnormally 
large melanosomes.137,142 Hematologic manifestations of 
this disease are characterized by the presence of large 
intracytoplasmic granules in leukocytes, lymphocytes, 
monocytes, and platelets (see Fig. 29-4D), with a concur-
rent defect in mobilization of the marrow leukocyte 
pool,155 defective chemotaxis,156 and decreased bacteri-
cidal activity.157 Many other tissues also contain abnormal 
granules.158,159 CHS patients often die in the fi rst 2 decades 
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of life of either overwhelming infections or an unusual 
lymphoproliferative disorder called the “accelerated 
phase,” which involves fever, anemia, neutropenia, and 
occasionally, thrombocytopenia, hepatosplenomegaly, 
lymphadenopathy, and jaundice.160 These patients are 
particularly susceptible to Epstein-Barr virus infections.155 
The gene involved in CHS is located on chromosome 
1q42.1-42.2 and encodes a 3801–amino acid protein 
called LYST (lysosomal traffi cking regulator).160 This 
complex protein has several repeated series of hydropho-
bic helices interspersed with hydrophobic membrane 
association domains. The helical regions resemble the 
previously defi ned HEAT and ARM elements involved in 
vesicular transportation161 and membrane associations,160 
respectively. Mutations have been defi ned in an increasing 
number of affected patients and involve truncated prod-
ucts,162,163 although there is no correlation between resid-
ual protein length and clinical phenotype.142

Diagnosis of dense granule defects is diffi cult because 
it requires expertise in proper preparation of specimens 
for electron microscopy, as well as competence in inter-
pretation of the fi ndings. It is also complicated by the fact 
that a small percentage of these rare patients may have a 
prolonged bleeding time but normal platelet aggregation 
studies.164 Recent studies have begun to use fl ow cytom-
etry on quinacrine-loaded platelets to aid in the diagnosis 
because quinacrine is selectively taken up by dense 
granules.165

Alpha Granule Defects

Patients with alpha granule defi ciencies have a bleeding 
phenotype similar to that of patients with dense granule 
defi ciencies, with mild to moderate bleeding, mild throm-
bocytopenia, and a prolonged bleeding time. Because of 
the initial light microscopic observation of gray platelets 
in the peripheral blood smear of these patients after 
Romanovsky stain, this disorder was termed gray platelet 
syndrome.166 On electron microscopy, these platelets are 
most notable for the absence or marked reduction of 
alpha granules (see Fig. 29-5D).167 These platelets are 
also defi cient in alpha granule–specifi c proteins such as 
PF4, VWF, factor V, and fi bronectin.168 Gray platelet 
aggregation to various agonists, especially thrombin, is 
impaired.169 These platelets have a delayed and blunted 
Ca2+ mobilization response.170 The vacuolar structures 
seen in gray platelets appear to be aborted alpha granules 
that contain both P-selection and αIIbβ3 in their mem-
branes.170 They also contain a signifi cant amount of pro-
teins, including immunoglobulin and albumin,171 that are 
normally endocytosed into alpha granules. Endogenously 
synthesized alpha granule–specifi c proteins such as PF4 
leak out.172 This latter phenomenon may contribute to 
the observed myelofi brosis and pulmonary fi brosis asso-
ciated with this disease.172

Other Granular Defects

A small number of patients have been described with a 
combined alpha/dense granule defi ciency.173 The dense 

granule defi ciency was often much more severe than the 
alpha granule defi ciency. These patients also have mild 
to moderate bleeding histories, and laboratory results are 
similar to those of dense granule–defi cient patients, with 
a decreased platelet ADP/ATP ratio in the cells and low 
levels of serotonin. In one patient with a severe defi ciency 
in both alpha and dense granules, there was a defi ciency 
in total platelet P-selectin,174 thus suggesting that unlike 
the gray platelet syndrome, in which there may be an 
alpha granule–targeting defect, platelet granule forma-
tion itself may be defective in this disorder.

Quebec platelet syndrome is a rare disorder that 
results from the degradation of alpha granule contents 
within the platelet because of expression of ectopic 
urokinase-type plasminogen activator in developing 
megakaryocytes.175,176 This disorder, inherited in an 
autosomal dominant pattern within two large kindreds 
in Quebec,175,177 was previously known as factor V Quebec 
because the initial observations in these patients revealed 
a relative intraplatelet defi ciency of factor V.177 These 
patients manifest moderate to severe delayed bleeding 
after surgery or trauma.178 Bleeding can be controlled by 
antifi brinolytic therapy with tranexamic acid, but platelet 
transfusions are generally ineffective.175,177 The molecular 
abnormality responsible for this disorder has not yet been 
defi ned.

Defects in Signal Transduction

With multiple overlapping pathways of platelet activa-
tion, it has been diffi cult to defi ne specifi c defects in 
patients with inherited disorders of platelet signal trans-
duction. Nonetheless, a small number of patients have 
been described with phenotypes and abnormal platelet 
aggregation patterns consistent with such a diagnosis.179 
One such group of patients lack the ability to liberate 
arachidonic acid.180 This may be due to defi ciency of 
phospholipase A2.181 Another patient appears to have dif-
fi culty with tyrosine phosphorylation through the ADP 
receptor system.182

Other patients have diminished cyclooxygenase 
enzyme activity that mimics an aspirin-like defect.183,184 
These patients have abnormal platelet aggregation in 
response to ADP, epinephrine, collagen, and arachidonic 
acid while responding normally to prostaglandin G2, con-
sistent with a defect in cyclooxygenase-1 and subsequent 
TxA2 synthesis. Most patients with this disorder have 
normal antigen levels of a functionally abnormal prosta-
glandin synthetase.185 Other patients have been described 
who have decreased protein expression.186 Additionally, 
patients have been reported who appear to lack the 
thromboxane synthetase that converts prostaglandin H2 
to TxA2.187,188 Over the past few years, other models of 
platelet dysfunction secondary to a signaling defect have 
been recognized, including the Wiskott-Aldrich syndrome 
(WAS), which is described later under disorders of plate-
let size and numbers. For all these signaling disorders, 
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platelet transfusions are effective in the management of 
bleeding.

QUANTITATIVE DISORDERS

General Comments

Megakaryocytes are large, polyploid, terminally differen-
tiated hematopoietic cells that release platelets into the 
bloodstream.189 These cells arise from self-regenerating 
pluripotent stem cells that also give rise to all other 
hematopoietic lineages. Megakaryocyte lineage commit-
ment involves a number of precursor stages, including 
CFU-GEMM (colony-forming unit–granulocyte, eryth-
rocyte, monocyte, megakaryocyte), which in culture 
results in a mix of granulocytes, erythrocytes, monocytes, 
and megakaryocytes; CFU-EMM, which gives rise to 
mixed colonies of erythrocytes, monocytes, and mega-
karyocytes; BFU-Meg (burst-forming unit–megakaryo-
cyte), which gives rise to a burst of 10 to 20 megakaryocytes; 
and CFU-Meg, which gives rise to a smaller megakaryo-
cyte colony.190

Various growth factors regulate megakaryocyte dif-
ferentiation at different points of their development. 
Certain cytokines stimulate proliferation of megakaryo-
cytic progenitors, such as interleukin-3 (IL-3), IL-6, IL-
11, IL-12, granulocyte-macrophage colony-stimulating 
factor (GM-CSF), and erythropoietin (EPO)191,192; 
however, all the aforementioned growth factors and cyto-
kines have very broad effects on all hematopoietic cell 
lines. The discovery and cloning of thrombopoietin 
(TPO), the ligand for the myeloproliferative ligand recep-
tor (Mpl), opened a new perspective in megakaryocyte 
differentiation study. TPO was found to be a specifi c 
factor controlling megakaryocytic cell proliferation and 
maturation and platelet reactivity.193,194 This 353–amino 
acid protein is homologous at its N-terminal with EPO. 
Either the full-length protein, a truncated N-terminal 
TPO, or even mimetic peptides can dimerize Mpl and 
stimulate megakaryocytopoiesis.195 On immature pro-
genitor cells, activation of Mpl stimulates proliferation, 
much like IL-11 or c-kit ligand. On megakaryocyte pre-
cursors and megakaryocytes it leads to increased mega-
karyocyte differentiation and platelet formation. Targeted 
disruption in murine models of either the Mpl or TPO 
genes results in a decrease in platelet count to approxi-
mately 20% of normal with normal-appearing megakary-
ocytes.196-198 Thus, this cytokine pathway appears to be 
permissive for megakaryocytopoiesis but is not absolutely 
required for this differentiation process.

The end product of differentiation is the megakaryo-
blast, a small lymphocyte-like cell that undergoes the 
process of nuclear endoduplication, cytoplasmic enlarge-
ment, and differentiation to form the mature megakaryo-
cyte with a cell volume of approximately 104 to 105 μm3. 
Each of these huge cells eventually results in the forma-
tion of approximately 103 to 104 platelets. The fi nding of 

naked megakaryocyte nuclei in marrow199 and the pres-
ence of proplatelets in central venous blood200 support 
the hypothesis that platelets are formed in bone marrow. 
It is also possible that platelets are, in part, released from 
megakaryocytes that have migrated to the pulmonary 
bed.201,202 Studies have demonstrated that there are more 
circulating megakaryocytes in the pulmonary artery than 
in the pulmonary venous system and that the opposite is 
true for platelet numbers.203

The process by which platelets actually derive from 
megakaryocytes is beginning to be understood, but it 
does not appear to involve the extensive membrane 
system termed the “demarcation membrane system” 
(DMS) that may represent inverted membranes. Rather, 
extensive pseudopods form and re-form in a dynamic 
process that eventually leads to a beaded appearance that 
fragments to form particles with the size and ultrastruc-
tural appearance of platelets.204 This process can be 
inhibited by agents that disrupt microtubules205 and pro-
moted by actin fi lament–depolymerizing agents,205,206 
thus suggesting involvement of the cytoskeleton in this 
process. Targeted disruption of the murine hematopoietic 
transcription factor NF-E2 results in severe thrombocy-
topenia and very large, bizarre megakaryocytes.207 Loss 
of NF-E2 expression results in altered expression of 
multiple proteins, including the cytoskeletal protein 
β-tubulin.208

The normal range of platelet counts is 150 to 400 × 
103/μL. Even more constant than the circulating platelet 
count is the circulating thrombocrit, which is the platelet 
count multiplied by the mean platelet volume, so there 
is an inverse relationship between platelet count and 
platelet size.76 Regulation of megakaryocytopoiesis by 
TPO is in large part regulated by the platelet mass. TPO 
produced by the liver is secreted at a relatively constant 
level.209 As platelet mass rises, the amount of bound TPO 
increases and less is available for stimulation of marrow 
megakaryocytes. The inverse situation would also be true: 
as platelet mass falls, there is more free TPO to stimulate 
marrow megakaryocyte development.

The molecular basis for the regulated expression of 
genes during megakaryocytopoiesis is only beginning to 
be understood. This understanding has grown with the 
development of targeted disruption of hematopoietic 
genes in mice, which has demonstrated the importance 
of the transcription factors GATA-1, NF-E2, and FOG-1 
in megakaryocyte development.208,210,211 Both GATA-1 
knockdown and NF-E2 knockout result in viable mice 
with large and dysmorphic megakaryocytes and very low 
platelet counts.212,213

Disordered Platelet Production

Disorders involving platelet production include congeni-
tal amegakaryocytic thrombocytopenia (CAMT), char-
acterized by a complete absence of megakaryocytes; 
thrombocytopenia with absent radii (TAR), in which 
there is a decrease in megakaryocytes in infancy; amega-
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karyocytic thrombocytopenia with radioulnar synostosis 
(ATRUS), characterized by skeletal anomalies and 
thrombocytopenia that improves with time; and disor-
ders of hematopoietic transcription factors, often associ-
ated with an excess of dysmorphic megakaryocytes.

Thrombopoietin-Mpl Axis

CAMT is a rare disorder associated with very low platelet 
counts, absence of megakaryocytes in bone marrow, and 
risk for the development of aplastic anemia. These chil-
dren have no skeletal abnormalities, and the platelet 
count does not improve with age and often necessitates 
bone marrow transplantation because of the severe bleed-
ing.214 CAMT results from mutations in the Mpl gene.215 
These patients demonstrate the importance of TPO in 
normal hematopoiesis in that patients who survive long 
enough exhibit pancytopenia during the fi rst or second 
decade of life.216 In addition, no TPO mutations have 
been found in this disorder or in other disorders associ-
ated with thrombocytopenia, including TAR (see later).

In contrast, excessively high platelet counts (>600 × 
103/μL) are seen in essential thrombocythemia, an 
acquired myelodysplastic disorder seen primarily in 
adults that in approximately 20% of cases is associated 
with a JAK2 V617F mutation.217 A rare congenital form 
of familial thrombocytosis occurs in children that can be 
associated with enhancing mutations in the TPO pro-
moter218 or activating mutations in Mpl.219 Unlike the 
adult form, myelodysplastic conversion is rare,220 so it is 
unclear whether therapeutic intervention (suppression of 
the platelet count with hydroxyurea or anagrelide221) is 
necessary, although antithrombotic strategies are often 
still used in the management of these children.

Thrombocytopenia and 
Skeletal Abnormalities

TAR is one of the more common inherited disorder of 
platelet number and was fi rst described in 1951.222 This 
disorder involves hypomegakaryocytic thrombocytopenia 
and bilateral absence of the radii. Patients are born with 
platelet counts in the approximate 104/μL range, which 
improves slowly and reaches normal levels after the fi rst 
year of life. During infancy, environmental stress, such as 
viral illness, can precipitate episodes of severe thrombo-
cytopenia.223 Several TAR patients have an associated 
storage pool defect and bleed out of proportion to their 
platelet count.224 In addition, these patients have other 
hematologic changes, including leukemoid reactions to 
the approximate 30,000/μL range and anemia, partly as 
a result of blood loss.223 In addition, 30% of patients have 
recurrent gastroenteritis and bleeding.223 The major skel-
etal manifestation is complete absence of the radii, but 
with functional thumbs. Other orthopedic abnormalities 
are seen in about 50% of cases, and the more severe the 
upper limb deformity, the more likely the patient is to 
have a lower limb deformity. Approximately 30% of 
patients have cardiac anomalies, including the tetralogy 
of Fallot and atrial septal or neural defects.

The etiology of this disorder is unknown. Mega-
karyocytes are present in the bone marrow, although 
there may be some decrease in comparison to what one 
would see in thrombocytopenia secondary to increased 
peripheral destruction.225 Serum levels of TPO in patients 
with TAR are elevated despite normal Mpl levels on 
hematopoietic cells.226 Bone marrow cultures from these 
patients reveal reduced numbers of megakaryocytes,227 
and CFU-Meg do not grow in response to TPO.228 
Together, these fi ndings suggest a disconnection between 
the TPO receptor and downstream signaling events. Cer-
tainly other disorders, such as Fanconi’s anemia and 
Schwachman’s syndrome, also have skeletal abnormali-
ties and hematopoietic defects. Whether a common 
growth factor or shared environmental factors underlie 
these disorders is unknown.

ATRUS is an autosomal dominant disorder charac-
terized by amegakaryocytic thrombocytopenia, skeletal 
anomalies (including radioulnar synostosis, hip dysplasia, 
and clinodactyly or syndactyly), and sensorineural hearing 
loss.229 The thrombocytopenia in these patients occurs in 
the neonatal period and may be severe but will often 
resolve within the fi rst few years of life.230 Mutations of 
HOXA11 have been demonstrated as the molecular 
abnormality in most patients with ATRUS.231 HOXA11 
is a member of the homeobox group of regulatory pro-
teins that play a role in hematopoietic proliferation and 
differentiation. Studies in animal models have shown the 
role of HOXA11 in forearm skeletal development. 
However, although bone marrow from HOXA11-overex-
pressing mice shows increased immature megakaryocyte 
colonies,232 a clear role in megakaryocytopoiesis has not 
been defi ned.

Platelet Disorders Secondary to Transcription 
Factor Defects

X-linked anemia with severe thrombocytopenia second-
ary to defects in GATA-1 has been reported.233,234 The 
fi rst of these cases involved a site on GATA-1 in which 
GATA-1 binds to FOG, whereas the second case involved 
a mutation in one of the DNA-binding domains. The 
megakaryocytes in the marrow of these patients are 
similar to those described in GATA-1–knockdown mice212 
and were numerous and large with poorly organized 
granular content and nuclei pushed off to the side (see 
Figs. 29-4C and 29-5F).

Familial platelet defi ciency/acute myelogenous leu-
kemia (FPD/AML) is a dominantly inherited thrombo-
cytopenia of approximately 100,000/μL that is often 
associated with a bleeding diathesis out of proportion to 
the decreased platelet count.235,236 Platelet studies in 
some families show a classic and profound storage pool 
defect, but the precise defect can vary between families. 
There is about a 50% lifetime risk of AML developing 
in any affected family member, as well as an increased 
risk for other cancers. Recent studies have shown that in 
many of these extended families the defect resides in the 
CBFA2 (AML-1) gene (chromosome 21q22.1-22.2).237 
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CBFA2 is a nuclear transcription factor often involved in 
translocations that results in AML or related cancers.238 
This gene is involved in early hematopoietic differentia-
tion from endothelial cells and is also important for 
myeloid differentiation.239 How CBFA2 haploinsuffi -
ciency results in a qualitative and quantitative platelet 
defi ciency is not understood.

Thrombocytopenia Associated with 
Microthrombocytes or Macrothrombocytes

WAS patients have microthrombocytes and thrombocy-
topenia, but the phenotype involves multiple aspects of 
platelet and lymphocyte biology (Chapter 23). WAS was 
fi rst recognized in two case reports as a sex-linked disor-
der with thrombocytopenia and eczema.240,241 Platelets 
are small, usually half-normal volume, and the platelet 
mass is decreased.242 There appears to be an associated 
platelet storage pool defect. The thrombocytopenia seen 
is severe and can be less than 10,000 platelets/μL. These 
patients also have a severe immune defect. Many die 
during the fi rst decade of overwhelming infection or 
immune-based disorders such as immune thrombocyto-
penia or hemolytic anemia and from lymphoma-like ill-
nesses during the second decade of life.243 These patients 
have an impaired ability to form antibodies to carbohy-
drate antigens244 and appear to have a defect in B and 
especially T lymphocytes.245 Splenectomy, although it 
increases the risk for opportunistic infection, often allevi-
ates the thrombocytopenia and bleeding diathesis in this 
disorder. Immune-related complications respond vari-
ably to steroids, intravenous immunoglobulin, vincris-
tine, or plasmapheresis.246 Bone marrow transplantation 
has been effi cacious in treating this disorder.247

The gene involved in WAS (and X-linked thrombo-
cytopenia) has been localized to the short arm of the X 
chromosome (Xp11.22), and the encoded protein WASP 
is 501 amino acids long, has no transmembrane domain, 
but has two highly charged C-terminal domains.248 In 
addition, there is a potential nuclear localization signal. 
There is a pleckstrin homology domain and a cofi lin 
domain by which WASP can depolymerize actin. WASP 
expression is limited to lymphocytes and platelets. WASP 
binds to a number of intracellular signaling proteins such 
as the Rho family member guanosine triphosphatase 
(GTPase) Cdc42.249,250 Tyrosine phosphorylation signal-
ing in the cell appears to cause WASP to become bound 
to cytoskeletal proteins such as PSTPIP (WIN)251,252 and 
to be involved in megakaryocytopoiesis.251,253

Additional proof that WASP was involved in WAS 
came from the original description of the gene. One 
affected patient had a single base deletion, a second had 
a G→T transversion that led to an Arg86Leu substitu-
tion, and a third had a G→A transition of the same Arg 
leading to a His substitution.248 Since then, the number 
of defi ned mutations has increased and their relationship 
to the genetic severity has been better defi ned.254 Patients 
have been described with X-linked thrombocytopenia 
not associated with the severe immunologic defects of 

full-blown WAS.254 In particular, patients have been 
described with isolated X-linked microthrombocytope-
nia, and these patients have missense mutations in the 
WASP gene, only some of which overlap with the muta-
tions seen in WAS.254 To complicate matters, the GATA-1 
gene is closely linked to the WASP gene, and this may 
limit the usefulness of linkage studies for defi ning which 
of these two genes is affected in a patient with X-linked 
thrombocytopenia.234

There are also a number of inherited platelet disor-
ders involving large platelets and thrombocytopenia. The 
most common of these is the autosomal dominant May-
Hegglin anomaly (MHA), in which macrothrombocytes 
are associated with thrombocytopenia and normal coag-
ulation studies.255,256 In addition, leukocytes contain large 
spindle-shaped inclusions known as Döhle bodies255 (see 
Fig. 29-5E). For a long time, MHA was known to overlap 
with Sebastian’s syndrome, in which the inclusions were 
thought to be somewhat different in appearance257; with 
Epstein’s syndrome associated with sensorineural deaf-
ness and nephritis258; and with Fechtner’s syndrome (Fig. 
29-5C) associated with sensorineural deafness, nephritis, 
and ocular abnormalities.259 However, it is now clear that 
all are due to mutations in the cytoskeletal protein non-
muscle myosin heavy chain IIA (MYH9).260 Another 
macrothrombocyte disorder, Montreal platelet syndrome 
(MPS), is characterized by macrothrombocytes, a pro-
longed bleeding time, and spontaneous aggregation of 
platelets at pH 7.4. The molecular basis of this abnormal-
ity is unknown, although there appears to be a defect in 
calpain metabolism in MPS.261,262
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The clinical and laboratory features of the three most 
common hereditary bleeding disorders—hemophilia A 
(factor VIII defi ciency), hemophilia B (factor IX defi -
ciency), and von Willebrand disease (VWD)—are dis-
cussed in this chapter. Hemophilia A and hemophilia B 
are both caused by a functional defi ciency of a plasma 
protein inherited in an X-linked manner. Because these 
two proteins, factor VIII and factor IX, form the complex 
that subsequently activates factor X, the clinical features 
and many of the diagnostic considerations for hemophilia 
A and B are similar. Thus, these two types of hemophilia 
are discussed together, although the treatment of each is 
presented separately. Factor XI defi ciency, sometimes 
referred to as hemophilia C, is discussed in Chapter 31 
because its clinical manifestations are markedly different 
from those of hemophilia A and hemophilia B. The last 
part of this chapter is devoted to VWD, which is the most 
common, albeit usually less symptomatic bleeding disor-
der. Because von Willebrand factor (VWF) and factor 
VIII exist as a circulating noncovalent complex in plasma, 
historically they copurifi ed during plasma fractionation. 
Thus, for many years, severe VWD and hemophilia A 
were treated with the same plasma-derived therapeutic 
products. As the therapeutic product to treat hemophilia 
A became more pure, factor VIII was subfractionated 
away from its carrier protein VWF, thereby making high-
purity factor VIII products unsatisfactory for the treat-
ment of VWD. The most commonly used products to 
treat hemophilia A contain recombinant factor VIII and 
do not contain VWF. To treat severe VWD, intermediate-
purity plasma-derived concentrate containing both VWF 
and factor VIII or, in some regions of the world, purifi ed 
plasma-derived VWF concentrates are available to treat 
defi ciency of VWF when replacement therapy is indi-
cated. In the not too distant future, recombinant VWF 
will probably be available, but its formulation, either with 
or without factor VIII, is not yet known.

HEMOPHILIA A AND HEMOPHILIA B

Hemophilia A and hemophilia B are the most common 
severe inherited bleeding disorders. Historically, hemo-
philia has been recognized as an entity since biblical 
times.1 Use of the term hemophilia was ascribed to 
Schönlein in the 1820s.2 Progressive insight into the 
pathophysiologic course of the disease has led to the 
development of powerful tools for diagnosis and agents 
for improved therapy, as well as the need to minimize the 
primary and secondary complications of the disease and 
its therapy.3 The prolonged clotting time of hemophilic 
blood was fi rst noted in 1893,4 and the associated decrease 
in factor VIII levels in hemophilia A was initially identi-
fi ed in 1947.5,6 In 1952, levels of factor IX were found 
to be decreased in Christmas disease, which was the early 
term used to denote hemophilia B.7

Early therapy for hemophilia was primarily support-
ive, but after the observation in the 1930s that adminis-

tration of plasma corrected the clotting time of hemophilic 
blood, treatment evolved to include transfusion with 
whole blood and plasma to achieve improved clotting 
function.8,9 The modern era of treatment began in 1964 
with the discovery of cryoprecipitate9 and plasma frac-
tions containing factor IX10 and their use to treat bleed-
ing episodes in hemophilia. More purifi ed products were 
introduced in 1965 and were referred to as factor VIII 
concentrates (containing both factor VIII and VWF).11,12 
The next major improvements in replacement therapy 
were the result of attempts to limit transfusion-related 
viral infections during the 1980s, which included 
improved donor selection, heat treatment of the product, 
and further refi ned purifi cation schemes.13-15

In 1985 the genes for both factor VIII and factor IX 
were cloned,16-19 and in 1989, recombinant factor VIII 
was fi rst used clinically.20,21 In recent years, more highly 
purifi ed factor IX and recombinant factor IX products 
have been developed. With the advent of recombinant 
products, patients with hemophilia could more readily 
and safely be treated with primary22-26 and secondary 
prophylactic therapy.27 Such vigorous treatment pro-
grams markedly reduce the likelihood of spontaneous 
bleeding episodes and the progression of hemophilic 
arthropathy. Although much attention today is focused 
on gene therapy as a potential, effi cient means of prevent-
ing a bleeding episode without the need for regular pro-
phylactic therapy, there have been no major successes. 
Thus, prophylaxis continues to be the preferred approach 
to patients with severe hemophilia.

Pathophysiology

The structure and function of factors VIII and IX in the 
coagulation pathway were outlined in Chapter 26. Both 
factors are crucial for normal thrombin generation. The 
classic representation of hemostasis shows factor VII 
together with tissue factor activating factor X; however, 
recent studies suggest that the primary physiologic 
pathway of activation of factor X by tissue factor and 
factor VII is through the activation of factor IX.28,29 Acti-
vated factor IX complexes with factor VIIIa, calcium, and 
phosphatidylserine on physiologic membranes to gener-
ate factor Xa, which subsequently participates in forma-
tion of the prothrombinase complex. Thus, physiologically, 
the tissue factor pathway of factor X activation requires 
factor VIII and factor IX for normal thrombin genera-
tion, and the absence of either protein severely impairs 
the ability to generate thrombin and fi brin. This absence 
is not identifi ed by use of the classic prothrombin time; 
the prothrombin time is normal in patients with hemo-
philia A or hemophilia B.

After injury, the initial hemostatic event is formation 
of a platelet plug, and the subsequent generation of fi brin 
is crucial to prevent continued oozing. Because of the 
primary clotting factor defi ciency in either hemophilia A 
or hemophilia B, clot formation is delayed and is not 
robust. Thus, patients with hemophilia do not bleed more 
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rapidly; rather, there is delayed formation of an abnormal 
clot.30 Thrombin is crucial for platelet aggregation, fi brin 
generation, clot retraction, and activation of factor XIII. 
Because thrombin generation in hemophilia is markedly 
delayed, hemorrhage may occur after minimal or unknown 
trauma. Deep bleeding into joints and muscles is charac-
teristic of hemophilia. When bleeding occurs in a closed 
space such as a joint and is untreated, it ceases by tampon-
ade, whereas open wounds in which tamponade cannot 
occur may bleed profusely with the potential for signifi -
cant blood loss. In hemophilia, the clot formed is often 
friable, and rebleeding is a common observation in inade-
quately treated patients. Medications such as aspirin may 
alter platelet function and further impair hemostasis in 
affected individuals and are therefore contraindicated.31

Demographics and Classifi cation

Hemophilia occurs in approximately 1 in 5000 males.32-34 
Of all patients with hemophilia, 80% to 85% have hemo-
philia A, and 10% to 15% have hemophilia B. Hemo-
philia shows no apparent racial predilection and appears 
in all ethnic groups.

The severity of hemophilia is classifi ed on the basis 
of the patient’s baseline level of factor VIII or factor IX. 
One unit of each factor is defi ned as the amount found 
in 1 mL of normal plasma. Factor levels are often 
expressed as a percentage of activity, with a 100% level 
(100 U/dL) being equal to the activity found in 1 mL of 
normal plasma. Severe hemophilia is characterized by a 
factor level of less than 1 U/dL (<1%). In moderate 
hemophilia, the clotting factor level is between 1 and 
5 U/dL, and in mild hemophilia, factor VIII or IX levels 
are greater than 5 U/dL. This classifi cation provides a 
rough guide for the patient’s expected rate of occurrence 
of bleeding episodes. Patients with severe hemophilia 
often have bleeding episodes after minimal or unknown 
trauma, with children experiencing unprovoked muscle 
and joint bleeding between one and six times per month. 
With more aggressive prophylactic administration of 
factor VIII, instances of bleeding are markedly reduced. 
Patients with moderate hemophilia will have bleeding 
after mild to moderate injuries, whereas mild hemophilia 
may often be undiagnosed for many years and these 
patients may have bleeding only after signifi cant trauma 
or at the time of surgery.

Clinical Manifestations

Approximately 30% of male infants with hemophilia have 
bleeding with circumcision.35 In some reports as many as 
1% to 2% of neonates with hemophilia may experience 
an intracranial hemorrhage.36,37 It is important to avoid 
head trauma during delivery. Forceps or vacuum extrac-
tion should be avoided.36,38 In the majority of patients 
hemophilia is diagnosed at birth because of a family 
history, although in approximately a third of patients the 
occurrence of hemophilia represents a new mutation.39 

In these latter patients, the diagnosis is often made when 
the child begins to crawl and walk. The usual initial 
symptoms include easy bruising; oral bleeding, especially 
from a torn frenulum; hemarthrosis; and intramuscular 
hemorrhage. When the diagnosis of hemophilia is sus-
pected on the basis of either clinical fi ndings or a positive 
family history, the initial diagnostic studies should include 
determination of the prothrombin time, partial thrombo-
plastin time (PTT), bleeding time, and fi brinogen or 
thrombin time; a platelet count; and studies to identify 
VWD (see Chapter 28). If the PTT is prolonged, assays 
for factor VIII and factor IX should be performed. The 
presence of an antibody inhibiting either factor VIII or 
IX can be ruled out by mixing normal plasma in equal 
volume with the test plasma, incubating the mixture for 
30 to 60 minutes, and repeating the PTT to be sure that 
it has been normalized. The specifi c assays for factor VIII 
and factor IX are not as easily affected by diffi cult veni-
puncture and are therefore more reliable. Factor VIII and 
VWF levels may be elevated by stress and infl ammation, 
however, and repeated studies may be necessary to estab-
lish the diagnosis and the severity of the disorder.

Specifi c types of bleeding are described in the fol-
lowing paragraphs. In general, the clinical bleeding epi-
sodes associated with defi ciency of factor VIII or factor 
IX are identical.

Musculoskeletal Bleeding

Although patients with hemophilia may bleed in any area 
of the body, the hallmark of hemophilia is deep bleeding 
into joints and muscles.40 The occurrence of such hemor-
rhage usually corresponds to the severity of the clotting 
factor defi ciency in patients with either hemophilia A or 
hemophilia B. Patients with severe hemophilia may have 
a bleeding episode as often as once or twice per week. 
Bleeding occurs most commonly into the joint space, a 
condition referred to as hemarthrosis. These joint hemor-
rhages usually begin when the child reaches the toddler 
age. As the toddler attempts to maintain an upright posi-
tion, the ankle becomes particularly prone to hemor-
rhage. Thus, in toddlers the ankle is the most common 
site of hemorrhage, with the knee being the second most 
common. As the child grows older, the most frequent 
bleeding sites are the knees and elbows.

Patients who sustain hemarthrosis usually fi rst note 
an aura of tingling or warmth, followed shortly thereafter 
by increasing pain and decreased range of motion of the 
joint as the joint capsule becomes progressively dis-
tended.41-43 As children get older, they are often able to 
tell their parents and the physician when a hemorrhage 
is beginning to occur, even in the absence of signifi cant 
signs on physical examination. In young children who are 
unable to verbalize symptoms, severe pain and distention 
of the joint space often occur before the location of the 
hemorrhage can be easily determined. On examination, 
pain and limitation of range of motion of the joint are 
obvious and followed by the development of warmth, 



1490 HEMOSTASIS

swelling, and tenderness. Prompt, early coagulation factor 
replacement therapy is the key to minimizing long-term 
complications of these hemorrhages. Patients with severe 
hemophilia are increasingly being treated prophylacti-
cally to prevent most bleeding episodes (see later). Prompt 
aspiration of hip hemarthrosis should be performed if 
joint distention is present to reduce the risk for avascular 
necrosis of the femoral head. As children and their parents 
become familiar with the early symptoms of bleeding, 
aggressive early treatment can be given to reduce the 
degree of joint damage. If the child experiences repeated 
hemorrhage within a joint, chronic effusion and hyper-
emia often occur, and an aggressive secondary prophy-
lactic therapy program may be needed to return the joint 
to a more normal state of recovery.27 Severe chronic 
arthropathy may develop in older children and adults 
who have not received aggressive early treatment. These 
individuals often experience pain very early with little 
swelling. The joints of younger children are usually more 
distensible, and massive joint swelling may be observed. 
Splinting and application of ice packs as auxiliary mea-
sures may provide a modicum of relief but are not sub-
stitutes for early coagulation factor replacement therapy. 
When one has doubts, treatment should be initiated; it 
is not appropriate to watch and wait.

The clinical diagnosis of intramuscular hematoma is 
often elusive. Such hemorrhage occurs deep within the 
body of the muscle and is associated with a vague feeling 
of pain on motion. Because the bleeding is not in a closed 
space, the mass may be diffi cult to palpate, although the 
circumference of the affected limb is generally increased. 
Muscle hemorrhage should be considered to be as severe 
as hemarthrosis because it may result in severe muscular 
contractures as a result of fi brosis and atrophy or even 
pseudotumor formation. Muscle weakness also predis-
poses patients to joint hemorrhage. Appropriate replace-
ment therapy is critical for reducing the size of the 
hematoma, and physical therapy is important to restore 
normal range of motion and prevent fi brosis of the 
muscle.

Iliopsoas bleeding is a particularly troublesome form 
of intramuscular hemorrhage. A patient with an iliopsoas 
hemorrhage is generally seen with vague symptoms of 
lower abdominal or upper thigh discomfort. The patient 
may have a characteristic gait; the hip is fl exed and 
inwardly rotated. On examination the patient is unable 
to extend the hip, but usually both internal and external 
rotation of the hip joint is normal; the latter fi nding often 
distinguishes an iliopsoas hemorrhage from a true hem-
arthrosis of the hip joint. The diagnosis is made clinically 
by these fi ndings and should be confi rmed by either 
ultrasonography or computed tomography.44 Appropriate 
treatment is crucial; iliopsoas hemorrhages may be life 
threatening because large volumes of blood can be lost 
into the retroperitoneal space. Physical examination 
demonstrates loss of hyperextension of the hip. If an 
iliopsoas hemorrhage is identifi ed, an aggressive infusion 
program should be initiated and maintained for at least 

10 to 14 days or longer, followed by at least several 
months of prophylactic therapy until clinical and radio-
graphic evidence demonstrates resolution.

Life-Threatening Hemorrhages

Bleeding episodes of the central nervous system (CNS), 
bleeding into and around the airway, and exsanguinat -
ing hemorrhage are the most common causes of life-
threatening hemorrhage in hemophilia. The fi rst element 
of treatment is prompt therapy with clotting factor con-
centrate to bring the plasma clotting factor level to normal. 
CNS hemorrhage may occur without known trauma, and 
early symptoms may be minimal. Thus, therapy should be 
initiated before radiologic evaluation or lumbar puncture. 
Rarely, an infant who has bloody cerebrospinal fl uid on 
lumbar puncture is seen with “meningitis.” If this is the 
initial fi nding, a markedly prolonged PTT will usually 
suggest the diagnosis.45-47 Prompt performance of com-
puted tomography is often critical in the early diagnosis of 
intracranial bleeding, although an astonishingly large 
volume of blood can be present within the cranium in 
infants with relatively few neurologic fi ndings. Treatment 
of life-threatening hemorrhage involves replacement 
therapy to achieve a level of 100 U/dL for factor VIII and 
80 U/dL for factor IX, maintenance of adequate hemo-
static levels (>50 to 60 U/dL) for a minimum of 14 days, 
and a more prolonged period of prophylactic therapy for 
an additional 2 to 3 weeks or longer to ensure resolution 
of the underlying event (Table 30-1). Patients with intra-
cranial hemorrhage should receive prophylaxis for at least 
6 months after the more intense initial therapy.

Preparation for Surgery

Preparation of a hemophilic patient for surgery includes 
a careful history and physical examination, measurement 
of inhibitor titer, careful determination of the incremen-
tal recovery and half-life after infusion of the appropriate 
clotting factor (VIII or IX), and assurance that adequate 
amounts of coagulation factor replacement material and 
red cells are available for transfusion.48 Before surgery, 
the replacement materials should be infused to achieve a 
level of 80 to 100 U/dL for factor IX and 100 to 150 U/
dL for factor VIII; levels should be maintained at greater 
than 50 to 60 U/dL for 7 to 10 days postoperatively. 
Lower doses to maintain levels at greater than 20 to 
30 U/dL for an additional 1 to 2 weeks may then be used 
and continued until healing has occurred (see Table 
30-1). Because recovery of recombinant factor IX activity 
is less than that of therapeutic plasma-derived factor IX, 
1.2 to 1.5 times the dose should be administered if using 
recombinant factor IX.49,50

Miscellaneous Hemorrhages

A common manifestation of hemophilia is oral bleeding, 
whether from a torn frenulum in a young child or after 
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TABLE 30-1 Treatment of Specifi c Hemorrhages in Hemophilia

Type of Hemorrhage Hemophilia A Hemophilia B*

Hemarthrosis† 50 U/kg factor VIII concentrate initially,‡ 20 U/kg 
the following day; consider additional treatment 
every other day, depending on response

80 U/kg factor IX concentrate 
initially, 40 U/kg the following day; 
consider additional treatment every 
other day, depending on response

Muscle or signifi cant 
subcutaneous hematoma

50 U/kg factor VIII concentrate; may need 20 U/kg 
every other day until well resolved

80 U/kg factor IX concentrate; may 
need 40 U/kg every other day until 
well resolved

Mouth, deciduous tooth, or 
tooth extraction

20 U/kg factor VIII concentrate (40 U/kg if molar 
extraction), antifi brinolytic therapy; remove loose 
deciduous tooth

40 U/kg factor IX concentrate 
(80 U/kg if molar extraction), 
antifi brinolytic therapy; remove 
loose deciduous tooth

Epistaxis Apply pressure for 15-20 min, Nosebleed QR, pack 
with petrolatum gauze, antifi brinolytic therapy; 
20 U/kg factor VIII concentrate if above fails

Apply pressure for 15-20 min, 
Nosebleed QR, pack with 
petrolatum gauze, antifi brinolytic 
therapy§; 30 U/kg factor IX 
concentrate if above fails

Major surgery, life-
threatening hemorrhage 
(e.g., central nervous system, 
gastrointestinal, airway)

50-75 U/kg factor VIII concentrate, then initiate 
continuous infusion of 3 U/kg/hr to maintain 
factor VIIII > 100 U/dL for 24 hr, and then give 
2-3 U/kg/hr for 5-7 days to maintain the level 
greater than 50 U/dL and an additional 5-7 days 
at a level >30 U/dL (bolus dosing to maintain 
these levels is acceptable); monitor factor VIII 
levels

80-100 U/kg factor IX concentrate, 
then 20-40 U/kg every 12-24 hr to 
maintain factor IX > 40 U/dL for 5-
7 days, and then >30 U/dL for 5-7 
days||; monitor factor IX levels

Iliopsoas hemorrhage 50 U/kg factor VIII concentrate, then 25 U/kg 
every 12 hr until asymptomatic, and then 20 
U/kg every other day for a total of 10-14 days¶

80 U/kg factor IX concentrate, then 
20-40 U/kg every 12-24 hr to 
maintain factor IX > 40 IU/dL until 
asymptomatic, and then 30 U/kg 
every other day for a total of 10-14 
days||,¶

Hematuria Bed rest, 1.5 × maintenance fl uids; if not 
controlled in 1-2 days, 20 U/kg factor VIII 
concentrate; if not controlled, prednisone if 
human immunodefi ciency virus negative

Bed rest, 1.5 × maintenance fl uids; if 
not controlled in 1-2 days, 30 U/kg 
factor IX concentrate; if not 
controlled, prednisone if human 
immunodefi ciency virus negative

*Dosing of recombinant factor IX should be increased to 1.3 to 1.5 times the recommended doses or, preferably, be based on an individual in vivo recovery 
study.

†For hip hemarthrosis, orthopedic evaluation for possible aspiration is advisable.
‡For mild or moderate hemophilia, desmopressin, 0.3 μg/kg, should be used instead of factor VIII concentrate if patient is known to respond with a hemostatic 

level of factor VIII; if repeated doses are given, monitor factor VIII levels for tachyphylaxis.
§Do not give antifi brinolytic therapy until 4 to 6 hours after a dose of prothrombin complex concentrate.
||If repeated doses of factor IX concentrate are required, use highly purifi ed, specifi c factor IX concentrate.
¶Repeat radiologic assessment should be performed before discontinuation of therapy.

tooth extraction in an older patient. Replacement therapy 
to achieve a factor level of 30 to 40 U/dL is adequate 
for initial therapy. Because the oral cavity contains 
abundant fi brinolytic activity, therapy with antifi brino-
lytic agents (aminocaproic acid [Amicar] or tranexamic 
acid [Cyklokapron]) is useful to stabilize the clot until 
the wound has healed.51-53

Hematuria can be a particularly troublesome 
problem. Blood in the urine may arise spontaneously, 
and determination of an actual bleeding site is often dif-
fi cult. Therapy is also controversial. Replacement therapy 
with 40 to 50 U/kg of factor VIII or IX followed by bed 
rest is generally advisable after other common causes of 
hematuria have been ruled out. Treatment with cortico-
steroids may be helpful.54 Sudden abdominal or fl ank 
pain should be investigated for the possibility of ureteral 
obstruction and hydronephrosis secondary to bleeding.

Gastrointestinal bleeding is an occasional complica-
tion of hemophilia. All of the common causes of gastro-
intestinal bleeding can occur in patients with hemophilia, 
as well as spontaneous hemorrhage after no known 
insult. An initial episode of gastrointestinal hemorrhage 
requires that the patient receive a thorough gastrointes-
tinal evaluation after the acute bleeding is controlled with 
replacement therapy. If substantial blood loss has 
occurred, patients should be treated with high doses of 
concentrate as though they were at risk for life-threaten-
ing hemorrhage.

Long-Term Complications of Joint Bleeding

Chronic arthropathy is the major long-term disabling 
complication of hemophilia. The articular surface of a 
normal joint is lined with cartilage that is lubricated by 
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synovial fl uid produced by the synovial lining of the joint. 
A thick fi brous capsule protects the joint. The natural 
history of hemophilic arthropathy is one of a cycle of 
recurrent hemorrhage into a “target” joint leading to 
synovial thickening and friability, followed by additional 
hemorrhage into the joint.41,42,55 After a joint hemorrhage, 
proteolytic enzymes are released by granulocytes into the 
joint space.56 In addition, heme iron is ingested by mac-
rophages and may contribute to infl ammation by the 
release of oxidative products. The synovium of the joint, 
originally the width of a single cell, proliferates in response 
to infl ammation and develops frond-like projections into 
the joint. These projections are by nature friable and 
bleed with minimal trauma, thus setting up a vicious 
cycle of recurrent hemorrhage. With recurrence of hem-
orrhage, there is further release of substances injurious 
to the joint cartilage that causes it to develop a rough-
ened, lunar landscape–like surface. As the cartilage 
erodes, the joint space becomes narrowed.

On examination, the clinical fi ndings depend on the 
stage of arthropathy that has developed. The early stages 
are characterized by synovial thickening with little evi-
dence of joint damage. With synovitis alone, the range of 
motion of the joint is nearly normal, although recurrent 
bleeding episodes usually result in weakness of the proxi-
mal muscles. With time, however, proliferative changes 
become associated with erosion of the cartilage. The 
patient at this stage may note the development of arthritic 
symptoms that are often diffi cult to distinguish from joint 
bleeding. Crepitus and decreased range of motion are 
prominent fi ndings on physical examination. At this 
stage, proximal muscle weakness is accentuated because 
of inability of the joint to attain full range of motion. 
Finally, with progressive bleeding and further narrowing 
of the joint space, the joint fuses.

This progression of joint disease was once commonly 
seen in hemophilia centers throughout the United States 
and other countries. The most commonly affected joints 
were the knees, ankles, and elbows. With the development 
of modern concentrates for replacement therapy, home 
therapy, and prophylactic therapy, this cycle has now 
been disrupted in the vast majority of children with severe 
hemophilia. Primary prophylactic therapy and early diag-
nosis and treatment of joint hemorrhage have limited the 
number of “target joints” that develop. When a joint 
becomes a target, hemorrhage into that joint must be 
treated vigorously and the joint must be carefully watched 
for the cycle of rebleeding every 1 to 2 weeks that is 
characteristic of incompletely treated hemarthrosis. If 
evidence of early synovitis or loss of range of motion is 
present, a secondary prophylactic therapy program of 
every-other-day treatment for 30 to 90 days is often 
helpful for “cooling down” the affected joint and allowing 
healing to occur.27,57 Alternatively, a lifelong prophylactic 
therapy program to prevent spontaneous, severe joint 
bleeding may be started in young infants (see later). If 
medical therapy fails, synovectomy frequently reduces 
the occurrence of bleeding and may prevent progression 

of the joint disease. With the advent of arthroscopic 
means to perform synovectomy, this procedure has been 
more readily performed with reduced morbidity; equally 
important, early mobilization of the affected joint allows 
more rapid return of range of motion.58,59 Another pro-
cedure in which various radioisotopes are used to reduce 
the mass of infl amed synovium is termed radioactive syno-
vectory.60 This approach is recommended for patients 
with inhibitors. Fewer radioactive synovectomies are now 
performed because of the development of acute lympho-
blastic leukemia in two children who underwent this 
procedure.61 When aggressive medical and “less” invasive 
surgical management fails to halt progression of the 
joint disease, some adults have benefi ted from joint 
replacement.62-64 If pain and bleeding are severe in a joint 
with minimal range of motion, joint fusion may provide 
a signifi cant decrease in pain and rebleeding. A critical 
element in the care of patients with chronic joint disease 
is the need for a team approach to the problem because 
the care of these children requires the combined exper-
tise of an orthopedic surgeon, physical therapist, nurse, 
social worker, and hematologist to achieve optimal 
results.

Symptomatic Carriers

Although the usual patient with hemophilia A or hemo-
philia B is a male, carriers of a factor VIII gene mutation 
may also be symptomatic. Known carriers should have 
their levels of clotting factor measured at least once to 
determine whether they are at increased risk for clinical 
bleeding episodes. There are several potential explana-
tions for the observation of a female with moderate or 
severe defi ciency of factor VIII or factor IX.65-68 Skewed 
lyonization of a carrier female is the most commonly 
accepted explanation. As predicted by the Lyon hypoth-
esis, the X chromosome in each female cell is randomly 
inactivated early in embryonic development; by chance, 
some carriers of hemophilia will have a high percentage 
of inactivated normal X chromosomes. The active abnor-
mal X chromosome will result in defi cient synthesis of 
factor VIII or factor IX. Other explanations for the pres-
ence of hemophilia A or B in a phenotypic female include 
testicular feminization of a genotypic male,69,70 Turner’s 
syndrome with the genotype XO,71-73 and a daughter of 
a maternal carrier and a father with hemophilia A. Factor 
VIII defi ciency is also found in type 2N VWD as a result 
of mutations in the factor VIII–binding region of the 
VWF protein.74

Laboratory Evaluation

Severe hemophilia A or hemophilia B is easily identifi ed 
by a markedly prolonged PTT and the absence of either 
factor VIII or factor IX. The diagnosis of mild hemophilia 
A or hemophilia B may be more diffi cult to make because 
the newborn has a slightly prolonged PTT secondary to 
a physiologic reduction in vitamin K–dependent factors 
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such as factor IX. In addition, the stress of delivery and 
other neonatal problems may transiently elevate factor 
VIII levels into the normal or nearly normal range. Thus, 
in the absence of clinical bleeding, mild defi ciencies may 
be identifi ed only after repeated testing in the weeks or 
months after birth (see Chapter 28). VWF testing must 
be done to distinguish mild or moderate factor VIII defi -
ciency secondary to hemophilia from defi ciencies of 
factor VIII secondary to VWD.

Partial Thromboplastin Time

The PTT measures all of the procoagulant clotting 
factors except factor VII and factor XIII (see Chapters 
26 and 28). In general, the PTT is most sensitive for 
defi ciencies of the “intrinsic” pathway.75 Defi ciencies of 
factor XII, prekallikrein, and high-molecular-weight 
kininogen give the longest clotting times, although 
paradoxically, these defi ciencies are not associated with 
clinical bleeding episodes. In general, commercial PTT 
reagents have good sensitivity for factor VIII defi ciency, 
but their sensitivity for factor IX defi ciency is more vari-
able.76-78 Use of some of these reagents will give normal 
PTTs even with factor IX levels of 15 to 20 U/dL. 
Because the hemostatic level of factor IX is approxi-
mately 30 U/dL, mild or moderate factor IX defi ciency 
may be missed. Thus, if hemophilia is suspected, a factor 
IX assay should be performed even if the PTT is normal. 
The clinical laboratory should study the sensitivity of 
each lot of PTT reagent to be able to advise the clinician 
about the likelihood that a normal PTT implies normal 
clotting factor levels. In patients with severe hemophilia 
A or hemophilia B, the PTT is generally prolonged to 
two to three times the upper limit of the normal range. 
The prolonged PTT will correct to within the normal 
range when the reagent is mixed 1 : 1 with normal plasma. 
Failure of the PTT to correct on 1 : 1 mixing of the 
reagent with normal plasma implies the presence of an 
anticoagulant (e.g., lupus inhibitor, antibody to factor 
VIII or IX, or heparin). The presence of a specifi c anti–
factor VIII or anti–factor IX inhibitory antibody is 
described in more detail later.

Specifi c Assays for Factor VIII and Factor IX

Functional assays for factor VIII and factor IX are per-
formed on plasma samples that contain no factor VIII or 
factor IX, respectively (either hemophilia A or hemo-
philia B plasma); alternatively, normal plasma from which 
the respective clotting factor is selectively removed by a 
monoclonal antibody can be used.79 If adsorbed plasma 
is used for factor VIII–defi cient plasma, the VWF content 
of that plasma should be normal. A standard curve is 
constructed with the use of normal plasma, with the 
100% point being a 1 : 10 dilution of normal plasma. 
Serial dilutions of this normal plasma should usually be 
linear through a dilution of 1 : 640 or 1 : 1280 when 
plotted semilogarithmically versus the clotting time. 
Serial dilutions of the patient’s plasma are compared with 
this normal curve and expressed in units per deciliter. 

One unit is the amount of factor VIII or factor IX present 
in 1 mL of normal plasma.

Immunoassays for factor VIII and factor IX are 
sometimes performed to identify dysfunctional proteins 
or dysproteinemias. The majority of patients with severe 
hemophilia A have undetectable levels of factor VIII 
protein, but some patients with mild or moderate hemo-
philia A possess levels of factor VIII protein that are 
detectable with an immunoassay.80-82 In hemophilia B, 
about 50% of patients will have detectable or even normal 
levels of factor IX antigen and therefore have true dys-
proteinemias.83,84 Immunoassays are not usually required 
for the clinical management of these disorders because 
the coagulant-based assays predict the functional con-
centration of these clotting factors.

Inhibitory Antibodies to Factor VIII or 
Factor IX

The presence of a factor VIII or factor IX inhibitory 
antibody is usually suspected when the PTT does not 
correct to normal after being mixed 1 : 1 with normal 
plasma. Because of the kinetics of the inhibitory anti-
body, this mixture should be incubated 60 minutes before 
the PTT is performed. When a low-titer inhibitory anti-
body is identifi ed, the PTT performed on a 1 : 1 mixture 
with normal plasma may initially be prolonged only by 
several seconds, but when the mixture is incubated for 1 
hour, the PTT may be as long as or even longer than the 
PTT when it was originally performed on the patient’s 
plasma.

Specifi c assays for factor VIII or factor IX antibodies 
are performed with the Bethesda assay. Dilutions of the 
test plasma are mixed with normal plasma and incubated 
for 120 minutes. A standard factor VIII or factor IX assay 
is then performed. One Bethesda unit is defi ned as the 
amount of antibody that will inactivate 50% of the normal 
factor VIII or factor IX in 2 hours when the residual 
factor VIII or factor IX level is between 25 and 75 U/
dL.85 The dilution of the test plasma that inhibits this 
amount of factor VIII is determined. If a 1 : 10 dilution 
of test plasma has this effect, the inhibitor plasma is said 
to contain 10 Bethesda units.

Genetic Testing

The genes for both factor VIII and factor IX are located 
near the terminus of the long arm of the X chromo-
some.86-89 Therefore, both hemophilia A and B are inher-
ited as X-linked traits. Genetic testing for hemophilia A 
and hemophilia B is now widely available.86-88,90-92 Such 
testing is usually performed on the propositus and poten-
tial carriers of hemophilia. Prenatal testing for hemo-
philia is performed by amniocentesis or chorionic villus 
biopsy90 and may be useful for the perinatologist and 
neonatologist in the management of pregnancy, delivery, 
and immediate neonatal care. Databases of the known 
mutations causing hemophilia A are available on the 
Internet (http://europium.csc.mrc.ac.uk/WebPages/Main/
main.htm). The most common genetic alteration is 
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inversion. Gene inversion occurs in approximately 
45% of patients with severe hemophilia A, with most 
inversions originating in male germ cells. In families in 
which the propositus has a known molecular abnormal-
ity, genetic screening and carrier detection are highly 
accurate. Direct DNA sequence analysis is available for 
families in which the results of testing for the factor VIII 
gene inversion are negative. If genetic testing is uninfor-
mative, a coagulation-based assay to detect the carrier 
state may be also useful93,94 and is approximately 90% 
accurate.

In contrast to the complexity of the factor VIII gene, 
the factor IX gene is considerably smaller (≈33 versus 
187 kilobases [kb]). More than 60% of factor IX gene 
defects are due to missense point mutations, and an 
identifi able defect in the gene can be found in nearly all 
patients95 (http://www.kcl.ac.uk/ip/petergreen/haem
Bdatabase.html). In approximately 50% of patients with 
hemophilia B, a factor IX protein that is nonfunctional 
is produced, whereas in the other patients no factor IX 
protein is produced.

Other Laboratory Studies

Laboratory evaluation of a patient with hemophilia also 
includes a search for transfusion-transmissible diseases 
and their secondary complications, such as hepatitis and 
liver disease (see Chapter 34).

Fundamentals of Treatment

Knowledge of the half-life, volume of distribution, 
patient’s inhibitor status, and appropriate replacement 
material is necessary to make intelligent decisions for the 
treatment of bleeding episodes.96-98 Prompt and appro-
priate treatment of hemorrhage and prophylactic therapy 
are the key to excellent care of patients with hemophilia. 
The use of home therapy and prophylactic therapy 
has revolutionized the care of children and adults with 
hemophilia. Early or prophylactic treatment prevents 
the long-term morbidity of hemophilia. For mild to mod-
erate hemorrhage, it is necessary that factor VIII levels 
of 30 to 50 U/dL or factor IX levels of 30 U/dL be 
achieved.

For patients with mild hemophilia A who have previ-
ously shown a satisfactory response to desmopressin 
acetate (DDAVP, 1-deamino-8-d-arginine vasopressin), 
this drug is the treatment of choice for bleeding episodes 
of mild to moderate severity.99-101 For life-threatening 
hemorrhage, the immediate aim is to correct the patient’s 
clotting factor level to normal (100 to 150 U/dL) and to 
maintain a nadir level between 50 and 60 U/dL for 5 to 
7 days, followed by a vigorous maintenance treatment 
program.

Table 30-1 summarizes the treatment of specifi c 
types of hemorrhage in hemophilia A and hemophilia B. 
Calculation of the dose, recommendations concerning 
prophylaxis, and the specifi c treatment products for 
hemophilia A and hemophilia B are reviewed later.

Hemophilia A

Calculation of Dose

Calculation of the dose required to achieve a desired 
hemostatic level is based on a convenient formula derived 
from the work of Abildgaard and colleagues11:

Dose factor VIII (units) =
U/dL desired rise in plasma factor VIII ×

Body weight (kg) × 0.5

Thus, for treatment of hemarthrosis in a 20-kg child with 
severe hemophilia A, to achieve a plasma level of 60 U/
dL, the dose would be 60 U/dL × 20 kg × 0.5 = 600 units 
of factor VIII.

For patients undergoing major surgery or with serious 
hemorrhage, the plasma factor VIII level should be ini-
tially corrected to 100 to 150 U/dL (immediately before 
the procedure if given for surgery) and maintained at 
greater than 50 to 60 U/dL for 5 to 7 days and then at 
greater than 30 U/dL for an additional 5 to 7 days. This 
can be accomplished by infusion of intermittent doses of 
factor VIII based on a half-life of 12 hours (e.g., admin-
istration of 30 U/kg [60-U/dL correction] every 12 
hours).

Alternatively, a level of 50 to 60 U/dL can be main-
tained by continuous infusion of factor VIII at a rate of 
2 to 3 U/kg/hr.102,103 The level of factor VIII should be 
monitored periodically to ensure that the expected levels 
are attained. Immediately after surgery, it is advisable to 
administer 25 U/kg of factor VIII concentrate to compen-
sate for the loss of factor VIII by increased consumption 
and blood loss during the surgical procedure. For surgi-
cal procedures and limb- or life-threatening hemorrhage, 
factor VIII levels should be monitored at least every 24 
hours. CNS bleeding should be treated for a 2- to 3-week 
course of therapy. Such patients have a risk of recurrence 
of CNS bleeding for approximately 6 months after an 
episode, and these patients often continue to receive pro-
phylactic therapy. At the conclusion of therapy for CNS 
hemorrhage, computed tomography should be performed 
to provide a baseline scan for comparison if any subse-
quent CNS symptoms appear and to demonstrate resolu-
tion of the previous hemorrhage.

For treatment of more routine bleeding episodes, 
such as hemarthrosis, often only one to two doses of 
clotting factor replacement (plasma factor VIII level of 
80 to 100 U/dL), initially followed by infusions as recom-
mended in Table 30-1, are required to produce signifi cant 
clinical improvement. Nevertheless, many centers are 
now using a more aggressive approach to managing 
severe joint hemorrhage by administering follow-up infu-
sions daily until the signs and symptoms have resolved 
and then every other day for 7 to 10 days to limit the 
potential development of chronic joint disease.

For dental extractions, mouth lacerations, or recur-
rent epistaxis, adjuvant antifi brinolytic therapy is used 
(see later).
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Prophylactic Factor VIII Therapy

Prophylactic therapy with plasma-derived factor VIII was 
not previously considered for all patients because of the 
cost, the limited amount of plasma and blood products 
donated by volunteer donors, and the inherent risk of 
transfusion-transmitted diseases. However, most centers 
are now routinely giving individuals factor VIII prophy-
lactic replacement therapy with recombinant factor 
VIII.27,104,105 Most centers initiate prophylactic therapy as 
soon as joint bleeding occurs. This therapy is usually 
administered through a subcutaneous access port after 
the insertion of a central venous line.106,107 Insertion of 
such lines is often associated with catheter infections or 
thrombosis (or both), so patients and family members 
need to be aware of the signs and symptoms.107 In general, 
a dose of 20 to 40 U/kg of factor VIII is administered 
every other day or three times a week. The dose and rate 
are adjusted to ensure that the nadir before the next infu-
sion is greater than 1 U/dL. The levels attained by use of 
this regimen usually prevent spontaneous bleeding, 
although hemorrhage caused by trauma may still require 
additional replacement therapy. The goal is to prevent 
recurrent hemarthrosis and associated chronic hemo-
philic arthropathy and thereby promote a normal life-
style. A number of centers throughout the world have 
initiated prophylactic therapy programs and have dem-
onstrated their cost-effectiveness when productivity and 
lifestyle are used as indicators of success.25,108 However, 
this long-term vision is not always shared by administra-
tors of managed health care systems, and the most suc-
cessful programs have been carried out in countries with 
nationalized health care.

Factor VIII Treatment Products

Clotting factor replacement products should be rendered 
as free as possible of transfusion-transmissible agents, but 
vigilance is still necessary. As a result, recombinant prod-
ucts are generally considered to be preferable to plasma-
derived products. Because even recombinant products 
may contain human albumin added as a stabilizer, prod-
ucts have recently been developed that contain no human 
plasma–derived protein.109,110 The question of which 
product to use, the rate of administration, and the poten-
tial use of prophylaxis are decisions that need to be made 
by the health care provider, the family, and the patient.

Recombinant Factor VIII Concentrates. The factor VIII 
gene has been cloned, sequenced, and used to success-
fully transfect mammalian cells to produce recombinant 
factor VIII,111 and several recombinant factor VIII prod-
ucts have been licensed. Clinical trials have documented 
that the half-life, recovery, and effi cacy of these recom-
binant factor VIII products are similar to those for 
plasma-derived factor VIII.20,21 Advantages of these 
recombinant factor VIII products are their freedom 
from human viral contamination and their production 
by methods that do not require human blood or plasma 

donors. There was initial concern that there may be an 
increase in the incidence of inhibitor development in 
previously untreated patients, but this appears to not be 
warranted.112-117 Careful study of patients receiving 
recombinant products identifi ed inhibitors in 20% to 
25%, as opposed to the previously reported 14% preva-
lence of inhibitors.118 The difference is now thought to 
be due to detection of transient inhibitors that subse-
quently disappear and not due to differences between the 
immunogenicity of recombinant factor VIII and plasma-
derived factor VIII. Recent studies have revived interest 
in this issue, and a number of studies are re-evaluating 
whether factor VIII in the presence of VWF might be less 
immunogenic.119-122 A recombinant factor VIII product 
missing the B domain has been licensed, which may 
require a different approach to laboratory monitoring 
because its activity differs between one- and two-stage 
factor VIII assays.123,124 Recently developed products 
are formulated so that other human proteins are 
removed.109,110

Plasma-Derived Factor VIII Concentrates. Several 
commercial plasma-derived factor VIII concentrates are 
available. Intermediate-purity concentrates are produced 
from large pools of donor plasma by a combination 
of cryoprecipitation or precipitation with glycine, poly-
ethylene glycol, or ethanol.125 These intermediate-
purity products contain 2 to 5 units of factor VIII per 
milligram of protein. Products of higher purity have 
also been developed and are produced by immunopuri-
fi cation of factor VIII with the use of monoclonal anti-
bodies to factor VIII126 or VWF.127 All these products 
undergo multiple purifi cation steps that involve heat 
treatment, as well as other modalities, to reduce the risk 
of viral transmission. As a result, the risk of human 
immunodefi ciency virus (HIV) infection, hepatitis B, 
hepatitis C, and more recently, transmission of hepatitis 
A and parvovirus B19 has been markedly reduced or 
eliminated.128-130 In the 1990s, one lot of plasma-derived 
product was found to be associated with a very high 
frequency of factor VIII inhibitors in patients who had 
previously been treated extensively with plasma-derived 
products. This was thought to be due to an alteration in 
the factor VIII product during fractionation and 
purifi cation.120

With the improved purity of plasma-derived prod-
ucts, the incidence of complications has greatly dimin-
ished. Allergic reactions, isohemagglutinin-induced 
hemolytic anemia, immune complex–mediated hematu-
ria, and granulocyte antibody–induced lung injury are 
rarely seen. The use of immunoaffi nity-purifi ed factor 
VIII concentrates and recombinant factor VIII concen-
trates appears to stabilize CD4+ counts in HIV-infected 
patients with hemophilia.131,132

To minimize the risk for hepatitis B and hepatitis A, 
unimmunized patients should be immunized at the time 
of diagnosis.133,134 If clotting factor replacement therapy 
is needed at the time of diagnosis, hepatitis B immune 
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globulin can be administered along with the fi rst dose of 
vaccine to maintain passive protection until vaccine-
induced antibodies are formed. Family members of 
patients with hemophilia who are chronic carriers of 
hepatitis B and those who assist in administration of clot-
ting factor should be immunized as well.

Cryoprecipitate. The fi rst widely used preparation of 
factor VIII was made by Judith Graham Poole in 1965 
by a method called cryoprecipitation.135 Each bag of 
cryoprecipitate contains only 100 units of factor VIII, and 
thus 10 to 20 donor units are required for the treatment 
of joint hemorrhage in an adult. Because cryoprecipitate 
lacks any active method of viral inactivation, possesses 
signifi cant amounts of other human proteins, and is 
inconvenient to administer, it is no longer considered a 
viable alternative to purifi ed factor VIII products, except 
in areas of the world where other forms of therapy are 
unavailable or in short supply.

Desmopressin. Desmopressin is a synthetic vasopres-
sin analogue that increases plasma factor VIII and VWF 
levels, thereby allowing successful treatment of bleeding 
episodes associated with dental and surgical procedures 
in patients with mild and moderate hemophilia A and 
VWD.136,137 Desmopressin is now considered the treat-
ment of choice in patients with mild and moderate hemo-
philia A who have shown a response to the drug during 
a therapeutic trial. It is not effective in the treatment of 
severe hemophilia A, severe VWD, or any form of hemo-
philia B.

The individual response to desmopressin is varied,138 
with the range of increase in factor VIII level being 
between 2- and 15-fold over baseline in patients with 
mild or moderate hemophilia A. It is therefore recom-
mended that patients undergo a therapeutic trial of des-
mopressin with laboratory measurement of response to 
factor VIII before it is used for the treatment of bleeding 
episodes or as prophylactic therapy before dental and 
other surgical procedures. A similar degree of response 
is generally seen in an individual patient with subsequent 
doses,139 and thus the factor VIII level attained after a 
trial dose can be used to predict the response to future 
therapy. The level of response to factor VIII is not usually 
suffi cient to treat life- or limb-threatening hemorrhage. 
Tachyphylaxis may occur with repeated doses of desmo-
pressin, but this varies from patient to patient.140 Conse-
quently, if repeated doses of desmopressin are to be 
administered, factor VIII levels should be monitored, and 
if necessary, exogenous factor VIII should be adminis-
tered. In general, if several days has elapsed between 
doses, a response similar to that for the baseline infusion 
can be expected. Side effects from the administration of 
desmopressin are minimal and include headache, fl ush-
ing, a slight change in pulse rate or blood pressure, and 
rarely, hyponatremia. Because hyponatremia after the 
administration of desmopressin may cause a seizure in 

rare instances,141 fl uid intake should be restricted to 
maintenance levels for at least 24 hours. If repeated doses 
of the drug are given, serum sodium levels should 
be monitored. Because of rare reports of thrombosis 
after the use of desmopressin,142 the drug should be used 
with caution in patients with an increased risk for 
thrombosis.

The recommended intravenous dose of desmopres-
sin is 0.3 μg/kg, and it is administered in 25 to 50 mL of 
normal saline over a period of 20 to 30 minutes.100,136 If 
desmopressin is being given before a procedure such as 
a dental extraction, it should be administered as close to 
the procedure as possible because the maximal response 
occurs 30 to 60 minutes after administration. A concen-
trated form of desmopressin (Stimate) is available for 
intranasal administration to treat bleeding disorders. This 
preparation should not be confused with the far less 
concentrated formulation (brand name DDAVP) that is 
used to treat enuresis; the latter formulation is ineffective 
for the treatment of hemophilia and VWD. The appropri-
ate dose of intranasal Stimate is 150 μg (1 puff) for 
persons weighing less than 50 kg and 300 μg (1 puff in 
each nostril) for persons weighing more than 50 kg.143 It 
is particularly important to document the response to 
intranasal desmopressin before it is used for the treat-
ment of bleeding.

Antifi brinolytic Therapy

Bleeding from mucosal surfaces in patients with hemo-
philia is often problematic because of the increased 
fi brinolytic activity associated with the mucosa. Antifi bri-
nolytic therapy has been found to be effective in control-
ling mucosal bleeding, especially from the oral mucosa. 
Although hemostasis is generally achieved with either 
factor VIII replacement or desmopressin, the risk of 
recurrent bleeding from oral mucosal surfaces is dramati-
cally reduced with the administration of antifi brinolytic 
agents. Use of these agents for nasal bleeding or for 
bleeding from the urinary tract or gastrointestinal sur-
faces has not been studied extensively. The clearest dem-
onstration of their effi cacy is with dental extractions, for 
which transfusion therapy was previously required for 10 
to 12 days. With the use of antifi brinolytic therapy, a 
single infusion of factor VIII and 7 to 10 days of antifi -
brinolytic therapy are usually suffi cient to prevent recur-
rent hemorrhage after dental extractions.51,144 In addition, 
tranexamic acid has been shown to be effective when 
used topically as a mouthwash.145 The intravenous form 
of ε-aminocaproic can also be used as an effective 
mouthwash.

Two antifi brinolytic agents, aminocaproic acid and 
tranexamic acid, are available. Aminocaproic acid is for-
mulated in an intravenous form, oral tablets, and an 
elixir.146,147 The tablets contains 500 or 1000 mg, and the 
elixir contains 250 mg/mL. Because the tablets are large 
and the usual dose is 5 g (5 to 10 tablets), most adult 
patients prefer taking the elixir. The oral dose of 
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ε-aminocaproic acid is 100 to 200 mg/kg initially 
(maximum dose, 10 g), followed by 50 to 100 mg/kg per 
dose every 6 hours (maximum dose, 5 g). The second 
agent, tranexamic acid, is available in 500-mg capsules. 
The dose of tranexamic acid is 25 mg/kg every 6 to 8 
hours. No elixir is available for tranexamic acid. Both 
tranexamic acid and aminocaproic acid are available in 
intravenous forms.

Treatment of Patients with Hemophilia A 
Who Have Inhibitory Antibodies to Factor VIII

In 14% to 25% of patients with severe hemophilia A, 
antibodies develop that inactivate the procoagulant activ-
ity of factor VIII; these antibodies are referred to as factor 
VIII inhibitors.112-118 The clinical hallmark of inhibitor 
development is failure to respond to routine replacement 
therapy. Patients with factor VIII inhibitors can be divided 
into two general categories: high responders and low 
responders. High responders are those in whom high-
titer antibody develops with exposure to factor VIII and 
in whom an anamnestic response usually occurs with 
subsequent exposure. The titer of their antibody is 
in excess of 5 Bethesda units and may increase to 
hundreds or thousands of Bethesda units after repeat 
exposure. In low responders, a titer of inhibitory anti -
body is maintained at less than 5 Bethesda units, 
even when they are exposed to repeated doses of factor 
VIII. The clinical approach is different for these two 
groups.

Low-Responding Factor VIII Inhibitors

Patients with inhibitor titers of less than 5 Bethesda 
units148 can generally be treated with factor VIII concen-
trates at higher doses. Because the effect of hemophilic 
factor VIII inhibitor is usually time dependent, the 
Bethesda titer in plasma is determined after a 2-hour 
incubation period. As a result of this time delay, continu-
ous administration of factor VIII is usually found to be 
effective.149 For a serious limb- or life-threatening bleed-
ing episode, a bolus infusion of 100 U/kg of factor VIII 
is administered, and the level is maintained by treatment 
at a rate of 20 U/kg/hr. An assay for factor VIII should be 
performed 1 hour after the bolus infusion and at least 
daily thereafter. As the antibody titer drops (caused by 
the formation of an immune complex with the high-dose 
factor VIII), the daily level of factor VIII may rise and 
thus require downward adjustment of the continuous 
infusion rate. For routine joint and  muscle hemorrhage, 
patients can usually be managed144 with infusions at twice 
the usual dosage. A survival study can be performed to 
determine the peak and half-life of the infused factor 
VIII. Routine inhibitor assays should be performed after 
exposure to factor VIII to determine whether an anam-
nestic response has occurred. Whether the patient remains 
a low responder or becomes a high responder will deter-
mine how the patient is treated for future bleeding 
episodes.

High-Responding Factor VIII Inhibitors

Treatment of patients with high-responding factor VIII 
inhibitors requires a much more aggressive approach 
with one of several alternative therapies. Such treatment 
is usually performed in sophisticated tertiary care centers 
by experts in the management of hemophilia.

Continuous Factor VIII Infusion. Most clinicians caring 
for patients with limb-threatening or life-threatening 
bleeding episodes prefer to use products for which 
therapeutic levels can be monitored. As described earlier, 
continuous administration of factor VIII is often effective 
because of the time delay in inhibition by the antibody. 
An initial dose of 100 to 200 U/kg can be administered, 
and factor VIII levels can be determined 1 hour after 
initiation of continuous infusion at a rate of 20 to 40 U/
kg/hr. If a factor VIII level cannot be obtained (i.e., 
patients with Bethesda titers greater than 5 to 10 Bethesda 
units), alternative approaches are usually indicated.

Porcine Factor VIII Concentrate. In patients whose 
Bethesda titer is less than 50 Bethesda units, a therapeu-
tic factor VIII level can usually be attained by using a 
porcine factor VIII concentrate. Porcine factor VIII is a 
highly purifi ed material produced by polyelectrolyte ion 
exchange chromatography.150,151 Because of contamina-
tion of porcine factor VIII with parvovirus, plasma-
derived factor VIII is no longer available. Recombinant 
porcine factor VIII is being explored as a new therapeutic 
option for factor VIII inhibitor patients, but it is not yet 
licensed.152 The recommended starting dose of porcine 
factor VIII is 100 to 150 U/kg, and the response is mea-
sured with a standard factor VIII assay. Alternatively, 
continuous infusion of porcine factor VIII can be initiated 
after the bolus infusion. Factor VIII levels should be 
monitored frequently (at least daily) with a standard one-
stage PTT-based assay. The clinician should measure the 
antiporcine factor VIII titer with a Bethesda-type assay 
to determine the anamnestic response. Knowing that the 
porcine titer is low or undetectable permits the clinician 
to form a rational plan for using porcine factor VIII 
during future bleeding episodes.

Recombinant Factor VIIa. A recombinant factor VIIa 
(activated factor VII) concentrate has been developed 
and demonstrated to produce hemostasis in patients with 
high-responding inhibitors.153,154 It is thought to interact 
with tissue factor and platelets at the site of vascular 
injury and thereby activate factor X and promote throm-
bin generation in a manner that bypasses the factor VIII–
dependent steps.155

The initial dose is 90 to 120 μg/kg of factor VIIa, with 
additional doses administered every 2 hours. The subse-
quent rate of infusion and duration of therapy must then 
be individualized on the basis of the clinical response and 
severity of bleeding. Recently, the use of higher bolus 
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doses of 180 to 270 μg/kg has been advocated to presum-
ably establish a higher “thrombin burst” at the site of 
vascular injury.156

Prothrombin Complex Concentrate. Prothrombin 
complex concentrates may sometimes be used to treat 
routine joint and muscle hemorrhage in patients with 
hemophilia A and inhibitors. The exact mechanism by 
which the benefi cial effects of these concentrates are 
produced is still not fully understood. A multicenter con-
trolled study of hemarthrosis demonstrated that these 
concentrates promoted hemostasis in 50% of bleeding 
episodes. The initial dose is 75 U/kg of factor IX. If there 
is no response after two or three infusions given 12 hours 
apart, it is unlikely that additional treatments will be suc-
cessful. If repeated doses of these concentrates are admin-
istered, consideration should be given to the addition of 
heparin.

Activated Prothrombin Complex Concentrates. There 
is currently one commercially available “activated” pro-
thrombin complex concentrate, FEIBA (factor eight 
inhibitor–bypassing activity). This product has been pur-
posefully activated during the fractionation process to 
achieve increased amounts of activated factor VII, factor 
X, or thrombin. Double-blind controlled trials have dem-
onstrated that this product has small but signifi cant 
advantages over standard prothrombin complex concen-
trates.157 In contrast to porcine factor VIII or continuous-
infusion factor VIII, these products are effective even in 
patients with high-titer inhibitors. The initial dose of 
75 U/kg can be repeated in 6 to 12 hours. If multiple 
doses are administered, the patient should be monitored 
for the development of disseminated intravascular coagu-
lation or even myocardial infarction, which has been 
reported with the use of these concentrates.158 The 
simultaneous use of antifi brinolytic therapy should be 
avoided in these patients. If this treatment is not suc-
cessful, recombinant factor VIIa treatment is usually 
considered.

Immune Tolerance to Factor VIII. Immune tolerance 
was fi rst attempted in the 1970s and was achieved by the 
administration of high doses of factor VIII (100 to 150 U/
kg) twice daily and the use of activated prothrombin 
complex concentrates for acute bleeding episodes.159 
After a period of months to even years, the titer of factor 
VIII antibodies was markedly reduced, and the dose 
could be decreased to a smaller daily dose or even doses 
given every other day. A less aggressive approach using 
lower doses of factor VIII has generally been demon-
strated to be less effective.160 Various reports have also 
described the use of intravenous gamma globulin, immu-
nosuppressive therapy, removal of the antibody by extra-
corporeal immunoadsorption on Staphylococcus protein A 
columns, or a combination of these modalities.161 Immune 
tolerance in four of fi ve patients treated with porcine 
factor VIII on a home-based infusion program has also 

been reported.162 Reports suggest that early treatment of 
patients with inhibitors to induce immune tolerance is 
more successful.163-165

Hemophilia B

Calculation of Dose

Because factor IX has a volume of distribution different 
from that of factor VIII, the amount of plasma-derived 
factor IX that is required to achieve a similar plasma level 
is approximately twice that for factor VIII:

Dose of factor IX (units) =
U/dL (percent) desired rise ×

Body weight (kg)

Thus, for the treatment of hemarthrosis in a 20-kg child 
in whom a level of 80 U/dL is desired, the dose would 
be 80 U/dL × 20 kg = 1600 units of factor IX.

If recombinant factor IX concentrate is used, the 
dose must be increased 1.2- to 1.5-fold because of the 
poorer recovery of recombinant factor IX.166 Thus, in 
the example just presented, the dose of recombinant 
factor IX would be 1920 to 2400 units. It is recom-
mended that the recovery of factor IX after an infusion 
be established for each patient to accurately determine 
subsequent therapeutic doses. The half-life of factor IX 
(18 to 24 hours) is much longer than that of factor VIII 
(10 to 12 hours), and therefore factor IX does not need 
to be administered as often. Whereas the minimal hemo-
static level of factor VIII is 30 to 40 U/dL, that of factor 
IX appears to be 25 to 30 U/dL.167

Factor IX Concentrates

Plasma-Derived Factor IX Concentrates. Hemophilia 
B can now be treated with highly purifi ed factor IX 
products derived from plasma through purifi cation or 
monoclonal immunoaffi nity.168 These highly purifi ed 
factor IX concentrates are preferred over prothrombin 
complex concentrates for the treatment of major bleeding 
episodes, especially in patients with impaired liver func-
tion, massive crush injury, or a history of thrombosis. As 
discussed later, prothrombin complex concentrates are 
much more likely to be thrombogenic because of the 
presence of activated vitamin K–dependent clotting 
factors. Anaphylaxis in association with inhibitor devel-
opment has been reported in patients receiving high-
purity factor IX concentrates.169,170 It is therefore usually 
recommended that administration of the fi rst several 
doses of factor IX be observed in an emergency depart-
ment where anaphylaxis can be treated if necessary.

Recombinant Factor IX Concentrates. Recombinant 
factor IX is considered the preferred product for 
treating patients with hemophilia B. As mentioned earlier, 
there is reduced recovery of recombinant factor IX, 
so 20% to 50% more factor IX must be used to achieve 
the same plasma concentration as plasma-derived 
factor IX.171,172
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Prothrombin Complex Concentrates

The vitamin K–dependent clotting factors are of similar 
size and have similar biochemical and physical chemical 
properties. Thus, fractionation procedures such as barium 
sulfate precipitation and column chromatography with 
various adsorbents purify many of the vitamin K–depen-
dent clotting factors together.173,174 This material is there-
fore called prothrombin complex concentrate. These 
concentrates have been found on rare occasion to cause 
life-threatening thrombotic complications, including 
deep venous thrombosis, myocardial infarction, pulmo-
nary emboli, and disseminated intravascular coagula-
tion.175,176 The risk of thrombosis is increased in patients 
receiving high or repetitive doses, in patients with 
impaired fi brinolysis (liver disease or after treatment with 
antifi brinolytic agents), and in those with impaired ability 
to clear activated clotting factors (i.e., patients with liver 
disease). When prothrombin complex concentrates are 
used repetitively, especially in high doses, the Interna-
tional Society of Thrombosis and Hemostasis (ISTH) has 
recommended the addition of 100 units of heparin to 
each 500 units of factor IX concentrate.177 When factor 
IX is replaced, this level of heparin is not a problem. 
Rather than adding heparin to the prothrombin complex 
concentrates, most physicians currently prefer to use the 
more purifi ed factor IX products or recombinant factor 
IX to treat patients with factor IX defi ciency when high 
or repetitive doses are required. Factor IX concentrates 
and prothrombin complex concentrates have undergone 
dry heating or vapor heating at high temperatures to 
reduce the risk of HIV infection and hepatitis C.178

Fresh Frozen Plasma

Although fresh frozen plasma was historically used to 
treat hemophilia B, its use today is limited to areas of the 
world where factor IX concentrates are unavailable or in 
emergency situations when factor IX concentrates are 
not available. If large amounts of fresh frozen plasma are 
used, the plasma should be ABO blood type compatible 
to avoid the complication of hemolytic anemia caused by 
the infusion of isohemagglutinins. Patients with a normal 
cardiovascular system can safely tolerate a dose of 15 to 
20 mL/kg.179

Treatment of Hemophilia B Patients with 
Factor IX Inhibitors

The incidence of inhibitory antibodies to factor IX is 
much lower than that seen with factor VIII. When such 
antibodies are identifi ed, activated prothrombin complex 
concentrates and factor VIIa have been found to be the 
most successful therapies. However, the use of activated 
prothrombin concentrates is contraindicated in patients 
in whom anaphylaxis has developed along with the inhib-
itor because they too contain factor IX. Recombinant 
factor VIIa does not contain any factor IX and is there-
fore the preferred therapeutic approach. The induction 
of immune tolerance has been disappointing in patients 

with factor IX inhibitors. In several patients, nephrotic 
syndrome has developed when factor IX was given in 
high doses for induction of tolerance.180,181

Complications of Transfusion Therapy for 
Hemophilia A and Hemophilia B

Transfusion-transmitted infectious diseases are a compli-
cation of transfusion therapy with plasma-derived thera-
peutic products in patients with hemophilia A and 
hemophilia B. Such diseases include HIV infection, hepa-
titis B, hepatitis C, and more recently, hepatitis A (see 
Chapter 35). With the use of recombinant factor VIII and 
factor IX and the newer methods of viral attenuation, 
many of the secondary problems associated with these 
complications can be avoided or minimized. As discussed 
earlier, hepatitis B and hepatitis A vaccines should be 
administered to patients before or concomitant with 
initial therapy.

Comprehensive Care and Home Therapy

Care of patients with hemophilia requires a comprehen-
sive team of health care providers that includes a hemo-
philia specialist, nurse coordinator, social worker, 
psychologist, physical therapist, dentist, orthopedic 
surgeon, fi nancial counselor, primary care physician, and 
sometimes an infectious disease specialist.182-184 This 
approach is considered to be the standard of care and is 
provided primarily through comprehensive hemophilia 
treatment centers. The occurrence of primary and sec-
ondary complications of hemophilia is reduced, and 
patient performance both at school and in the workplace 
is improved.182

A revolution occurred in hemophilia care with the 
development of factor concentrates and the potential for 
treatment of bleeding episodes at home. This has become 
the standard venue for the administration of replacement 
therapy for the majority of hemorrhages in patients with 
hemophilia. With home therapy, treatment can be admin-
istered sooner, which can reduce the long-term morbidity 
of hemophilia and thereby reduce the total cost of the 
disease. Home care programs should be monitored 
closely by the comprehensive hemophilia team and 
requires the physician, nurse coordinator, and patient 
and family to have a close working relationship.185 Today, 
many patients receive routine primary prophylactic 
therapy at home administered through a subcutaneous 
port and a central venous access line.

Future Gene Therapy for Hemophilia A and 
Hemophilia B

Gene therapy for either hemophilia A or hemophilia B is 
not yet available.172,186 Animal models of hemophilia A 
and hemophilia B have been developed or maintained in 
dogs and mice. Early success with gene therapy in these 
animal models has been achieved, but long-term main-
tenance of a satisfactory plasma level of clotting factor 
continues to be a problem. Human gene therapy trials 
have been carried out for both hemophilia A187-189 and 
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hemophilia B.190-192 Although extensive preclinical studies 
have demonstrated the potential for gene therapy in 
hemophilia, the clinical trials to date are disappointing. 
Because inhibitory antibodies will develop in more than 
25% of patients treated with clotting factor concentrates, 
it is not yet clear whether gene therapy will have a similar 
incidence or whether continuous release by the transgene 
will provide tolerance in these patients. One recent pre-
clinical approach consists of directing factor VIII expres-
sion to platelets where the factor VIII is stored and can 
be released locally by platelets.193-197 One group has dem-
onstrated that this approach appears to be effective even 
in the presence of high-titer inhibitory antibodies.196 
Gene therapy is expected to be available in the next 5 to 
10 years, but many problems remain, including selection 
of both appropriate vectors and the appropriate cell in 
which to express the gene. Control of potential deleteri-
ous side effects must still be solved.186

VON WILLEBRAND DISEASE

VWD is a disorder of VWF, a large multimeric glycopro-
tein that (1) contributes to the adherence of platelets to 
damaged endothelium and (2) serves as a carrier protein 
for plasma factor VIII. Defi ciency of VWF results in 
mucocutaneous and post-traumatic or postsurgical bleed-
ing, but if VWF is absent or markedly reduced, the sec-
ondary reduction in plasma factor VIII may also result in 
muscle and joint bleeding similar to hemophilia A. This 
disorder was fi rst described by Erik von Willebrand in 
1925 in persons living on the Åland Islands off the coast 
of Finland.198-200 VWD is a very common, but heteroge-
neous disorder that is the result of a variety of genetic 
defects ranging from congenital absence of VWF to major 
dysproteinemias in which the structure and function of 
the molecule are markedly abnormal. It is inherited auto-
somally; thus, in contrast to hemophilia A and hemo-
philia B, the incidence of VWD in men and women is 
comparable, although more women may be assigned this 
diagnosis because of menorrhagia being a common 
symptom.

Pathophysiology

VWF is a large multimeric glycoprotein that is synthe-
sized in megakaryocytes and endothelial cells and stored 
in specifi c cellular storage granules: the Weibel-Palade 
body in endothelial cells and the alpha granule in plate-
lets.201-204 It is present in plasma, but reduced levels can be 
signifi cantly increased by administering drugs such as 
desmopressin that induce the release of VWF from endo-
thelial storage sites into plasma.136 Figure 30-1 depicts the 
role of VWF in localizing and facilitating the hemostatic 
process. After an injury to the endothelial cell wall of the 
blood vessel, the local concentration of VWF is increased 
by the interaction of VWF with components of the suben-
dothelial matrix such as collagen.205 This bound VWF 

changes conformation and binds to the platelet glycopro-
tein Ib (GPIb) receptor, thereby resulting in adherence of 
circulating platelets to the site of damaged endothe-
lium.206,207 VWF is also capable of interacting with the 
GPIIb-IIIa receptor on platelets, and this action may be 
promoted by shear stress.208-210 Once VWF causes the 
platelet to adhere by means of its GPIb receptor, these 
platelets are activated, which causes the recruitment of 
additional platelets.211 This is termed platelet aggregation 
and results in the formation of a platelet plug (see Fig. 
30-1). Formation of the platelet plug also depends on the 
presence of plasma fi brinogen, the primary ligand for 
platelet aggregation. The surface of aggregated platelets is 
altered with the externalization of phosphatidylserine, 
which interacts with plasma clotting factors (prothrombi-
nase and factor X-ase) that catalyze generation of the 
local fi brin clot (see Figs. 30-1). Thus, in the absence of 
VWF (or in the presence of VWF with abnormal struc-
ture), platelets are poorly targeted to the area of endothe-
lial cell damage, and less than optimal hemostasis results.

VWF also serves as a carrier protein for the plasma 
factor VIII molecule and, in fact, is necessary for the 
normal recovery and survival of factor VIII.212-214 In the 
absence of VWF, lack of the carrier molecule function 
results in a secondary defi ciency of plasma factor VIII. 
This defi ciency of factor VIII is the result of accelerated 
clearance.74,215 Recombinant factor VIII is produced more 
effi ciently within cells transfected with genes for both 
VWF and factor VIII.216,217 Thus, patients with severe 
VWD (type 3) usually have a prolonged bleeding time 
and a prolonged PTT caused by a decrease in both VWF 
and factor VIII. Milder forms of this disorder can differ 
and are described in more detail later.

Variant forms of VWF have been characterized in 
patients with type 2 variants (see later) that cause reduced 
binding of VWF to factor VIII, reduced binding to plate-
lets, and reduced size of VWF multimers. Each of these 
forms can therefore lead to abnormal hemostasis and 
clinical VWD.

Genetics

VWD is an autosomal disorder, but some patients exhibit 
a classic recessive inheritance (type 3 and type 2N VWD) 
and others exhibit dominant inheritance (type 2B and 2A 
VWD).218-220 The most common form, type 1 VWD, has 
variable penetrance and symptoms even within the same 
family.218,221 Studies have been carried out that suggest 
that VWD may occur in as many as 1% or 2% of the 
general population,222,223 but this high frequency has been 
challenged recently and will be discussed later.224-226 VWF 
gene defects are rare in individuals with VWF antigen 
(VWF : Ag) levels just below the normal range.218,221,227-229

The VWF gene spans 178 kb and contains 52 
exons.230-232 It results in an 8.5-kb message that directs 
the synthesis of a 22–amino acid signal peptide and a 
2791–amino acid pro-VWF monomer that is subse-
quently cleaved into a 741–amino acid propeptide and a 
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2050–amino acid mature VWF monomer. The propep-
tide was initially termed von Willebrand antigen II,233 but 
the VWF propeptide is currently referred to as 
VWFpp.234,235 Figure 30-2 illustrates the relationship of 
the complementary DNA (8.5 kb) to structural and 
functional regions of the VWF protein. The areas of this 
gene that have been found to contain clusters of genetic 
defects that cause similar phenotypes are illustrated and 
include type 2A,236,237 type 2B,238,239 type 2N variants 
with abnormal interaction between VWF and factor 
VIII,74,240,241 hereditary persistence of pro-VWF,242 and a 
type 1 variant of VWD with accelerated clearance of 
VWF (Vicenza variant or type 1C VWD).235,243,244 These 
genetic defects can be identifi ed either by sequencing 
segments of the gene after amplifi cation by polymerase 
chain reaction (PCR) or by reverse transcription of mes-
senger RNA from circulating platelets and sequencing 
the “derived” complementary DNA after amplifi cation 
by PCR.236,239,240 Confi rmation that these point muta-
tions are responsible for the disease requires expression 
of the abnormal protein after transfection in vitro.240 
Many laboratories are now carrying out such DNA anal-
ysis on unusual variants. Three recent studies of relatively 
large cohorts of families have identifi ed a number of VWF 
mutations associated with the most common type of 
VWD—type 1 VWD.218,228,245-248 A summary of the muta-
tions and polymorphisms in the VWF gene has been 
established by the VWF Subcommittee of the ISTH 
(maintained on http://www.vwf.group.shef.ac.uk/), and a 
summary of the variant types of VWF has been published 
by the VWF Subcommittee of the Scientifi c and Stan-
dardization Committee of the International Society of 
Thrombosis and Haemostasis (SSC/ISTH).220 Genetic 

diagnosis is complicated by a partial, unprocessed 25-kb 
pseudogene located at chromosome 22q11.2.249 Because 
this duplication has greater than 96% homology with 
VWF and spans the A1 to A3 domains, PCR primers 
need to be designed to avoid amplifi cation of this pseu-
dogene for identifi cation of mutations in this region of 
VWF.250 In the mouse, extragenic causes of low VWF 
have been found and are the result of accelerated clear-
ance of VWF because of abnormal glycosylation.251 In 
humans, extragenic causes of VWD are being sought, but 
to date, the major modifi er of plasma VWF is the ABO 
blood group,252 thought to be the result of glycosylation 
differences in the ABH antigens that have been known 
for many years.253 Additional modifi ers of VWF : Ag levels 
or of clinical bleeding symptoms are being sought.

Low von Willebrand Factor Versus Type 1 von 
Willebrand Disease

As mentioned earlier, patients with VWF levels below 2 
SD of normal VWF have historically been used to defi ne 
the level for diagnosis of VWD. However, a 2-SD normal 
range by defi nition leaves 2.5% of the population above 
that range and 2.5% below that range. Some studies 
suggest that VWD is present in 1% to 2% of the general 
population.222,223 The diagnosis of mild type 1 VWD has 
been challenged based on the argument that the plasma 
level of VWF is a continuous variable and may be a risk 
factor for bleeding and not necessarily a defi ned disease 
state.224,225,254 Recently, guidelines have been published 
by the National Institutes of Health (www.nhlbi.nih.gov/
guidelines/vwd) in which the suggested level for the des-
ignation of type 1 VWD was a VWF : Ag or plasma risto-
cetin cofactor (VWF : RCo) level of less than 30 IU/dL, 

Following vascular injury: Endothellial
cell

VWF
multimers

FVIII Platelet Fibrin clot

VWF binds to exposed subendothelial matrix

Platelets adhere to bound VWF Fibrin clot formation is catalyzed by
activated platelet surface and

phospholipid-bound FVIII

FIGURE 30-1. After vascular injury, 
plasma von Willebrand factor (VWF) 
binds to the subendothelial matrix. 
Under shear stress, VWF changes 
conformation, which enables the 
adherence of circulating platelets 
(platelet adhesion) through the glyco-
protein receptor GPIb. Platelets are 
activated and recruit other platelets 
through platelet aggregation (platelet 
cohesion and aggregation). These 
activated platelets alter their surface 
phospholipids so that factor VIII 
(FVIII) binds, interacts with FIXa 
to activate the X-ase complex, and 
facilitates formation of the fi brin 
clot (coagulation). (Courtesy of R. R. 
Montgomery.)
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but patients with bleeding and VWF levels below the 
normal range may still benefi t from therapy such as 
DDAVP to raise the level of plasma VWF. Controversy 
therefore remains over this issue, and many clinicians still 
use the term “mild type 1 VWD” to refer to individuals 
with VWF : Ag levels between 30 and 50 IU/dL. Low 
VWF or even clinical bleeding symptoms are not always 
associated with a clearly identifi able VWF gene mutation. 
Conversely, not all patients inheriting a VWF gene muta-
tion will manifest bleeding symptoms (referred to as vari-
able penetrance),255,256 and among those who do bleed, 
severity can vary widely (variable expressivity).218,246,257 
Alternatively, low VWF or clinical bleeding symptoms in 
the absence of a VWF gene mutation may result from the 
effects of mutations in another gene (or genes) (locus 
heterogeneity). Research is still necessary to characterize 
these complex genetic factors in greater detail.

Demographics and Classifi cation

While males and females should have a similar preva-
lence; VWD is diagnosed more frequently in boys in 
childhood but then more commonly in teenage and adult 
females because of the frequent complication of menor-

rhagia. VWD occurs in all racial groups, although local-
ized pockets with a very high incidence of VWD do exist, 
such as those in the Åland Islands of Finland and areas 
of Sweden, Israel, and Iran.258-260 African Americans have 
been shown to have higher levels of plasma VWF : Ag, but 
their VWF : RCo level is not similarly increased.261,262

VWD has numerous subtypes that can be defi ned by 
structural, functional, and molecular genetic techniques. 
Of patients with VWD, 65% to 80% have type 1 VWD, 
characterized by a parallel reduction in both VWF antigen 
and VWF activity as measured by the ristocetin cofactor 
assay.263-265 This assay is described in more detail later. 
The second most common variant is type 2A VWD, in 
which the multimeric structure of VWF is altered such 
that only the smallest VWF multimers are present in 
plasma.266,267 This results in a marked reduction in risto-
cetin cofactor activity with a somewhat milder reduction 
in the level of VWF antigen. Figure 30-3 summarizes the 
more common variants of VWD and their relative preva-
lence. Descriptions of types 1, 2A, 2B, 2N, 2M, and 3 
VWD and platelet-type pseudo-VWD are provided 
later.

Because VWD is common, the possibility of inherit-
ing VWD from both parents is signifi cant. These patients 
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FIGURE 30-2. Protein structure and its relationship to von Willebrand disease (VWD) variant subtype mutation location. von Willebrand factor 
(VWF) contains specifi c domains that have been shown to have discrete functions, including (1) the interaction with factor VIII (FVIII; D′ and 
D3), glycoprotein Ib (GPIb; A1), collagen (A1 and A3), ADAMTS-13 (A2), platelet GPIIb/IIIa (C1), and furin (D2-D′). The lower panel localizes 
hot spots for DNA mutations that cause VWF variants that tend to correlate with the functional domains. The variants include type 2A1 (2A vari-
ants that fail to multimerize properly), type 2N (decreased interaction with FVIII), type 2B (increased binding to platelet GPIb), type 2M 
(decreased binding to GPIb but with normal VWF multimers), type 2A2 (2A variants caused by increased spontaneous proteolysis of VWF by 
ADAMTS-13), abnormal binding to collagen, and type 1C (type 1 VWD variant with accelerated VWF clearance). aa, amino acid. (Courtesy of 
R. R. Montgomery.)
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FIGURE 30-3. Summary of types of von Willebrand disease (VWD types 1, 3, 2A, 2B, 2M, 2N) and absent or defective platelet glycoprotein Ib 
receptor for von Willebrand factor (VWF) (platelet-type VWD [PT-VWF]) or Bernard-Soulier syndrome (BSS). The lower portion illustrates the 
VWF multimers that are identifi ed by sodium dodecyl sulfate–agarose gel electrophoresis of VWF for each of these variants. BT, bleeding time; 
Conc, concentrate; DDAVP, desmopressin (1-deamino-8-d-arginine vasopressin); LD-RIPA, ristocetin-induced platelet aggregation to low-dose 
ristocetin; N, normal; PFA, platelet function analyzer; Tx, treatment; VWF:Ag, von Willebrand factor antigen; VWF:RCo, VWF activity by ristocetin 
cofactor assay. (Courtesy of R. R. Montgomery.)

with severe homozygous or compound heterozygous or 
type 3 VWD have undetectable levels of VWF and a sig-
nifi cant reduction in factor VIII (1 to 6 U/dL). Such 
patients have a much more severe bleeding tendency.

Clinical Screening Using a Semiquantitative 
Bleeding Assessment

Several recent studies have focused on the clinical 
symptoms associated with VWD and have attempted to 

quantify these symptoms in the hope of improving the 
specifi city of the diagnosis.268-270 These scoring systems 
evaluated epistaxis, skin bleeding, oral/dental bleeding, 
gastrointestinal bleeding, muscle/joint bleeding, and 
CNS bleeding. Even though the two reports are similar, 
the second one was modifi ed to give weight to surgical, 
dental, or delivery procedures that were not treated and 
did not result in excessive bleeding. Although these 
scoring systems were extensive, they have not been vali-
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dated or carried out in children. Currently, there is a 
great deal of interest in developing such an assessment 
for use in children, but increasing specifi city and sensitiv-
ity may be diffi cult.

Laboratory Evaluation

Laboratory evaluation of VWD often requires multiple 
assays to quantitate VWF and characterize its function 
and structure. Because results of screening tests (bleed-
ing time and PTT) may be normal in patients with mild 
or moderate VWD, more specifi c assays for VWF are 
performed to diagnose VWD in patients with a history of 
signifi cant bleeding episodes. VWD cannot be ruled out 
on the basis of a normal PTT and bleeding time or 
even with a platelet function analyzer such as the 
PFA-100.271,272

Immunoassay for von Willebrand 
Factor Antigen

VWF can be measured by using a variety of quantitative 
immunoassays. The most widely used assays are the 
enzyme-linked immunosorbent assay (ELISA)273-275 and 
the quantitative immunoelectrophoretic assay (Laurell 
assay).276 Nearly all large laboratories use the ELISA 
assay. Despite a great deal of variability in the measure-
ment of VWF : Ag, the problem is probably not due to the 
assay but to the standard that is used in the assay. The 
World Health Organization (WHO) and ISTH have 
established standards for these assays and recommend 
reporting of results in international units standardized by 
the WHO.277

Determination of von Willebrand Factor 
Activity by the Ristocetin Cofactor Assay

The activity of VWF is most commonly measured in vitro 
with the antibiotic ristocetin (VWF : RCo).264,265 Ristoce-
tin induces binding of VWF to the GPIb receptor on 
platelets.208 This assay is usually carried out with forma-
lin-fi xed platelets. The amount of plasma VWF activity is 
proportional to the slope of the agglutination curve. 
Some laboratories perform ristocetin-induced platelet 
aggregation, which is a measure of both binding of VWF 
to the GPIb receptor and the ability of this binding to 
induce aggregation. This test is not nearly as sensitive as 
the ristocetin cofactor assay and should not be used to 
rule out the diagnosis of VWD. Various methods have 
been developed to automate the ristocetin cofactor 
assay.278-280 Ristocetin is an antibiotic that induces a con-
formational change in VWF so that it agglutinates plate-
lets. Because this is a nonphysiologic activity assay, a 
number of alternative assays attempt to use shear as the 
stimulus for platelet binding, but to date, VWF : RCo 
remains the most widely used assay for VWF function. 
Large multimers of VWF have more VWF : RCo activity 
than do the intermediate and small VWF multimers. 
Newer assays for ristocetin cofactor are being developed 
that use bound GPIb in an ELISA format to determine 

that amount of patient plasma VWF that binds in the 
presence of ristocetin.281,282

Low-Dose Ristocetin-Induced 
Platelet Aggregation

One specifi c use for the low-dose ristocetin-induced 
platelet aggregation (LD-RIPA) assay is to diagnose 
the hyperresponsiveness of VWF with platelets in either 
type 2B VWD or platelet-type, pseudo-VWD (see Fig. 
30-3).283,284 These variants are important to differentiate 
appropriately because their response to the administra-
tion of desmopressin may be suboptimal. Each variant 
requires specifi c treatment to correct the qualitative 
abnormality. Differentiation of these types from one 
another can be done by a method devised to use frozen 
plasma to identify the increased binding of plasma VWF 
to platelets in patients with type 2B VWD.285

Collagen-Binding Assay for von 
Willebrand Factor

Assays have been developed to measure the binding of 
plasma VWF to collagen. In general, large multimers of 
VWF bind preferentially, although the type of collagen 
may affect this specifi city. Some have advocated replace-
ment of the VWF : RCo assay with a collagen-binding 
assay (VWF : CB),286,287 but the two assays measure dif-
ferent “activities”—one with platelets and the other with 
subendothelial matrix collagen. A few families have been 
identifi ed who lack binding of VWF to collagen. This 
mutation has been identifi ed in the D3 region of 
VWF.288,289 Some patients with type 2M VWD will show 
low binding in ristocetin cofactor assays but normal 
results with collagen-binding assays.290,291

von Willebrand Factor Multimers

VWF is present in plasma in multimers ranging from 
dimers of approximately 600,000 daltons to very large 
multimers of up to 20 million daltons.267 The full range 
of VWF multimers is best demonstrated through the use 
of low concentrations of agarose (0.65 percent) and 
staining the multimers with radiolabeled antibody to 
VWF. The multimers are visualized by luminogra-
phy.266,292,293 Figure 30-4 demonstrates the multimers in 
type 1 VWD, as well as in types 2A, 2B, and 3. Acquired 
alteration of VWF multimers may also occur in various 
clinical disorders, with the loss of high-molecular-weight 
multimers seen in patients with disseminated intravascu-
lar coagulation or ventricular septal defects.294 Larger 
than normal multimers can be identifi ed in patients with 
recurrent thrombotic thrombocytopenia purpura.295,296 
Figure 30-4 also illustrates an additional method for mul-
timer analysis in which satellite bands of the lower-
molecular-weight multimers are identifi ed. The individual 
multimers are resolved into fi ve discrete bands, but the 
overall multimeric structure is not so well depicted as 
with the lower-agarose–containing gels. Patients with 
some type 2 variants may have increased satellite bands 
(see Figure 30-4).297 Because these assays are diffi cult to 
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VWF factor VIII–binding assay.240,302 The VWF : RCo/
VWF : Ag ratio has been studied and helps identify patients 
with type 2M VWD.290 These latter two assays are depicted 
in Figure 30-5.

Approximately half of the patients with type 2A VWD 
have reduced VWF multimer size and VWF : Ag second-
ary to mutations in the VWF A2 domain that make the 
molecule more susceptible to spontaneous proteolysis by 
a metalloproteinase termed ADAMTS-13.303-305 Such 
proteolysis results in cleavage of VWF between amino 
acids 1605 and 1606 in the A2 domain (see Fig. 30-2).306 
A number of assays have been developed for 
ADAMTS-13.307-310

Variables That Affect Laboratory Assays for 
von Willebrand Factor

A large number of preinstrument variables may affect the 
determination of VWF. Standardization of assays for 
VWF has only recently been initiated, and a number of 
clinical reference plasma samples may have altered ratios 
of VWF antigen to activity, as well as loss of the high-
molecular-weight multimers; therefore, it is imperative 
that each laboratory establish its own normal range and 
perform careful quality control. Alternatively, samples 
can be sent to laboratories that specialize in testing for 
VWF. When frozen samples are shipped, meticulous 
attention must be paid to the presence of contamin -
ating platelets in the frozen plasma. If plasma is centri-
fuged only at 1500g for 5 to 10 minutes, the residual 

LOW-RESOLUTION GEL HIGH-RESOLUTION GEL

VWD type

NP NPTTP 3 1 2B 2A VWD type

NP2B 2A

dimer

0.65% agarose
3% agarose

FIGURE 30-4. Multimeric analy-
sis of von Willebrand factor (VWF) 
with low (0.65%) and high (3%) 
concentrations of agarose. Repre-
sentative samples are compared 
and demonstrate that the low-
agarose gels are preferable for 
detecting the loss of high-molecu-
lar-weight multimers, as seen in 
some VWF variants, and the 
increased size of VWF multimers 
seen in patients with thrombotic 
thrombocytopenic purpura (TTP). 
The gels with higher agarose con-
centration (left) demonstrate that 
single multimer bands (left) can be 
resolved into multiple satellite 
bands that may be selectively 
increased in plasma from patients 
with variant forms of VWD. NP, 
normal plasma. (Courtesy of R. R. 
Montgomery.)

perform, multimeric analysis is often performed at spe-
cialized centers.

Assay for von Willebrand Factor Propeptide

A number of laboratories now offer quantitation of 
VWFpp. Because this 741–amino acid propeptide of 
VWF is synthesized on a 1 : 1 basis with VWF monomer, 
quantitation of this protein is useful in characterizing 
clinical states in which VWF has accelerated clearance by 
identifying individuals whose plasma VWFpp/VWF : Ag 
ratio is markedly elevated. This is possible because the 
accelerated clearance affects only the VWF : Ag level and 
not the level of VWFpp. One recent study reported four 
families with accelerated clearance of VWF who had 
VWFpp/VWF : Ag ratios between 2.3 and 6.8.298 This 
ratio is also markedly elevated in acquired VWD associ-
ated with an autoantibody that promotes rapid clearance 
of VWF.299 Quantitation of VWFpp and VWF : Ag has also 
been suggested as a marker to differentiate acute and 
chronic endothelial purtubation.300

Other Assays to Defi ne Variants of 
von Willebrand Disease

Several more assays are available at specialized centers to 
help classify variant forms of VWD. In type 2B VWD, the 
VWF spontaneously binds to platelets in the presence of 
low-dose ristocetin and is termed a type 2B platelet-binding 
assay.239,301 In type 2N VWD, VWF has reduced affi nity 
for factor VIII, and this is best studied with a type 2N 
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Clinical Disorders That Affect Assays for 
von Willebrand Factor

A variety of clinical disorders may affect the level of VWF. 
VWF behaves as an acute phase reactant protein.313-315 
Its level is markedly elevated in collagen vascular disor-
ders, after surgery, in pregnancy, and in conditions asso-
ciated with marked endothelial stimulation, such as 
intravascular clotting or liver disease. The VWF level is 
reduced in hypothyroidism and increased in hyperthy-
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FIGURE 30-5. Variant forms of von Willebrand disease (VWD) can be 
identifi ed by specialized phenotypic assays of patient plasma. A, A non-
inhibitory, radiolabeled antibody is added to patient plasma, and binding 
to normal formalin-fi xed platelets is determined with various concentra-
tions of ristocetin. At a low concentration of ristocetin (0.3 mg/mL), 
normal von Willebrand factor (VWF) does not bind, but type 2B VWF 
exhibits increased binding that is due to a shift of the dose-response curve 
to the left. In contrast, plasma from a patient with platelet-type pseudo-
VWD shifts to the right. Thus, if platelet aggregation with platelet-rich 
plasma (PRP) exhibits increased aggregation to low-dose ristocetin, type 
2B VWD can be clearly differentiated from platelet-type pseudo-VWD 
with this dose-response curve. B, Patient VWF is bound to a microtiter 
well with a monoclonal antibody to VWF after patient factor VIII (FVIII) 
is removed. Recombinant FVIII is added and the activity of the bound 
FVIII determined by chromogenic (S2222) assay. The ratio of bound 
FVIII to captured VWF:Ag is determined and identifi es heterozygous 
type 2N VWF (usually asymptomatic) and type 2N patients with absent 
FVIII binding (homozygous or compound heterozygous with a 2N allele 
and a “VWF-null” mutation allele). C, Ristocetin cofactor–antigen 
(VWF:RCo/VWF:Ag) ratio in a large group of patients evaluated with 
low-normal or abnormally low VWF levels. The ratios of eight patients 
with type 2M VWD are clearly below 2 SD of normal, and each of these 
patients has an identifi ed point mutation (F1379I or I1425F) or a dele-
tion (?1392-1402) in the A1 domain of VWF. Patients with ratios below 
0.7 and normal VWF multimers are considered to have type 2M 
VWD. (Courtesy of R. R. Montgomery.)

platelet count in plasma may be as high as 30,000 to 
40,000/mL. When this plasma containing platelets is 
frozen, platelet proteases are released, which alters the 
multimeric structure of VWF and results in an increase 
in the apparent amount of von Willebrand antigen and a 
decrease in the amount of activity.311 Furthermore, refrig-
eration of samples of whole blood before separation of 
plasma at a central reference laboratory may result in 
reducing the amount of VWF in the plasma to be 
tested.312
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roidism.316-319 In hypothyroidism, VWF levels as low as 
15 to 20 U/dL have been observed and therefore may be 
associated with clinical bleeding. The multimeric struc-
ture of plasma VWF from patients with disseminated 
intravascular coagulation, thrombotic thrombocytopenic 
purpura, hemolytic-uremic syndrome, or ventricular 
septal defects may be altered with the loss or gain of 
high-molecular-weight multimers. Pregnancy and even 
the clinical stress of a diffi cult phlebotomy, especially in 
anxious young children, may double or triple the level of 
VWF, thus making it impossible to rule out VWD without 
repeated testing. The stress of normal vaginal delivery has 
a marked stimulatory effect on levels of VWF in new-
borns,320,321 hence making it diffi cult to rule out VWD in 
the neonatal period.

Clinical Manifestations and 
Medical History

The clinical manifestations of VWD are primarily epi-
staxis, ecchymoses, menorrhagia, and postoperative or 
postpartum bleeding.322 Because this disorder is often 
mild, the initial manifestation may be bleeding after 
surgery such as tonsillectomy and adenoidectomy. 
Although both hemophilia and VWD may be accompa-
nied by ecchymoses, large hematoma formation is more 
commonly associated with hemophilia, and it is rare to 
fi nd hemarthrosis in VWD except in patients with severe 
(type 3) disease. In eliciting the patient’s clinical history, 
it is important to determine whether the size and distri-
bution of ecchymoses are proportional to the severity of 
the initiating trauma. Because both bruising and epistaxis 
are moderately common complaints in children and are 
usually a result of normal childhood trauma, identifi ca-
tion of either severe recurrent epistaxis or bruising in 
unusual places (back and shoulders, upper part of the 
arms, and thighs) may be more suggestive of a hereditary 
bleeding disorder. In a normal active child, minor trauma 
to the anterior tibial region or the forearm may result in 
small ecchymoses. Recurrent epistaxis is a common com-
plaint in childhood, but in an older child or adult it is an 
unusual symptom that may require further evaluation. 
Although screening for VWD is often performed in such 
patients, in the absence of ecchymoses, isolated epistaxis 
is not usually the result of VWD. Even though petechiae 
are more commonly associated with mild platelet func-
tion defects, occasional patients with VWD have 
petechiae.

A careful family history may identify symptoms in 
the parents or a sibling that are similar to the patient’s. 
The presence of recurrent epistaxis and excessive bruis-
ing in an adult is more often abnormal and suggestive of 
a familial bleeding disorder. The clinician should deter-
mine whether either of the parents has experienced post-
operative bleeding after major surgery, particularly 
tonsillectomy. Because VWD is often mild and some 
families learn to accept increased bruising as the norm 

in their family, they may not seek medical attention until 
bleeding occurs in the postoperative state after either 
routine surgery or dental extractions. In teenagers, epi-
staxis or menorrhagia, when excessive, will sometimes 
lead to iron defi ciency anemia; therefore, iron defi ciency, 
particularly in menstruating teenage girls, may trigger 
evaluation for the presence of VWD. In a patient with 
severe (type 3) VWD, profuse epistaxis may occur and 
even result in shock,323 although replacement therapy is 
generally needed less often in patients with type 3 VWD 
than in patients with hemophilia. In rare instances, VWD 
has been reported in association with congenital hemor-
rhagic telangiectasia (Osler-Weber-Rendu syndrome); 
telangiectases should be sought in a patient with recur-
rent epistaxis or signifi cant gastrointestinal bleed-
ing.237,324,325 Gastrointestinal blood loss may result from 
either occult or overt bleeding. Although bleeding may 
be associated with telangiectasia, usually no such ana-
tomic cause can be determined. Such gastrointestinal 
bleeding may be more common in elderly patients with 
VWD than in children.

In patients with mild VWD, the stress associated with 
certain operations (e.g., ruptured appendix) may mini-
mize clinical bleeding symptoms, whereas relatively minor 
surgery, such as cosmetic or mucosal surgery, may induce 
a major hemorrhage in a nonstressed individual.

Fundamentals of Treatment

Appropriate treatment of VWD requires a specifi c diag-
nostic laboratory workup and correct classifi cation of 
the type of VWF defi ciency. If the patient produces 
normal VWF but its concentration is reduced, the plasma 
level can usually be increased by administering desmo-
pressin (see later). If the protein that is present is abnor-
mal (dysproteinemia), mild bleeding episodes might still 
be resolved with increased concentrations of the “abnor-
mal” VWF (induced by desmopressin), but severe 
bleeding episodes may require the administration of 
or replacement with normal VWF from plasma-derived 
products.

Whereas in the past most products used to treat 
hemophilia A (factor VIII defi ciency) could also be used 
to treat bleeding episodes in VWD, the factor VIII prod-
ucts most commonly used at present (recombinant factor 
VIII or monoclonal antibody–purifi ed factor VIII) do not 
contain VWF. Today, physicians use licensed VWF/factor 
VIII concentrates to treat VWD because these products 
are labeled for both VWF and factor VIII content. Clini-
cal trials have demonstrated their effi cacy in the cessation 
of bleeding in patients with VWD.326-329 It is important to 
emphasize that the ratio of VWF to factor VIII varies in 
the currently licensed VWF products Humate-P and 
Alphanate. The ratio of VWF to factor VIII varies from 
2.0 to 0.5 and has an impact on the initial and mainte-
nance treatment of patients with these products.326-329 
Cryoprecipitate contains substantial levels of VWF but is 
not used regularly because of the lack of viral attenuation 
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treatment. The use of cryoprecipitate is reserved for areas 
of the world where VWF-containing concentrates are not 
available.

Treatment of VWD variants is discussed separately 
to emphasize their differences and how the molecular 
abnormality might affect the patient’s clinical response 
to treatment.

Type 1 von Willebrand Disease

Type 1 VWD, the easiest and safest variant to treat, is 
also the most common variant (70% to 80% of all occur-
rences of VWD). Type 1 VWD is generally due to hetero-
zygous defi ciency of VWF. The VWF produced is 
structurally normal but its concentration is reduced. 
Most patients have levels of VWF antigen and ristocetin 
cofactor activity of between 20 and 40 U/dL, although 
the lower range of normal must be established in each 
individual laboratory. Patients with mild defi ciencies of 
VWF generally do not experience spontaneous hemor-

rhage unless it is provoked by a major injury, surgical 
procedure, or dental extraction.

The safest therapy is to augment the patient’s plasma 
VWF concentration by stimulating the endogenous 
release of VWF. This is achieved with desmopressin as 
described earlier in this chapter for treating mild hemo-
philia A.136 More than 90% of patients with type 1 VWD 
have a twofold to fourfold increase in their plasma levels 
of VWF (Fig. 30-6) and factor VIII within 15 to 30 
minutes of infusion, and they usually have the same half-
life as transfused VWF or factor VIII (approximate half-
life of 12 hours). Occasionally, patients are encountered 
who do not mount an adequate response to the infusion 
of desmopressin. This is particularly true for children 
younger than 1 to 11/2 years of age, who may exhibit a 
diminished response or symptoms of hyponatremia, or 
both.141 It is usually recommended that patients in whom 
VWD is diagnosed be given a therapeutic trial of desmo-
pressin to determine their responsiveness to the drug so 
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that when future therapy is required, the clinician knows 
that this form of treatment will be effective. The treat-
ment of choice for type 1 VWD is the administration of 
desmopressin. The dose of desmopressin is 0.3 μg/kg of 
body weight administered intravenously in 25 to 50 mL 
of saline over a period of 20 to 30 minutes. This repre-
sents the most effective route of administration. Alterna-
tively, subcutaneous injections of desmopressin at 
approximately the same dose have been used effectively.330 
Stimate (1.5 mg/mL DDAVP) is a concentrated form of 
desmopressin that has been shown to be effective.331,332 
The effective dose in teenagers and adults is 2 puffs—1 
puff (150 μg) in each nostril for a total dose of 300 μg. 
Children weighing less than 50 kg should receive 1 puff 
containing 150 μg. For the drug to be effective, the child 
should be old enough to be able to cooperate with admin-
istration of the drug. The clinician should be aware that 
a diluted intranasal solution of desmopressin (100 μg/
mL) (DDAVP) is available for patients with diabetes 
insipidus and enuresis. This latter dilute form is ineffec-
tive in patients with bleeding disorders.

Although one or two doses dose of desmopressin 
combined with either aminocaproic acid or tranexamic 
acid (see discussion under hemophilia A earlier) is gener-
ally effective for dental extractions, major surgery usually 
requires maintenance of increased levels of VWF and 
factor VIII until healing has occurred. For most patients, 
repeated infusions of desmopressin at 12- to 24-hour 
intervals are effective, but tachyphylaxis may develop.140,333 
Thus, preinfusion and 30- to 60-minute postinfusion 
measurements of either VWF : RCo or VWF : Ag should 
be performed to establish the continued clinical respon-
siveness of the patient to desmopressin if used repeatedly. 
If a patient with type 1 VWD has a very low level of VWF 
(15 to 20 U/dL) and is to undergo major surgery, the 
levels achieved after desmopressin may be insuffi cient 
even though a twofold increase is achieved. Such patients, 
like those who either show no response to desmopressin 
or have tachyphylaxis, must be treated with plasma-
derived VWF/factor VIII.

The current Food and Drug Administration (FDA)-
licensed products that contain both VWF and factor VIII 
for the treatment of VWD are Humate-P and Alphanate. 
Studies have compared these and other products for 
VWF and factor VIII content, as well as for VWF multi-
mer content.219 In these comparative studies, Humate-P 
usually has the larger forms of VWF multimers, similar 
to normal plasma. The two products also differ in their 
relative concentration of factor VIII, with Humate-P con-
taining approximately 0.5 IU factor VIII per IU VWF : 
RCo and Alphanate containing 2.0 IU factor VIII per IU 
VWF : RCo. Currently, Humate-P is approved by the 
FDA for surgery and urgent bleeding in patients with 
types 1, 2, and 3 VWD, and Alphanate is approved for 
surgery in patient with types 1 and 2 VWD. Other inter-
mediate-purity factor VIII and VWF concentrates are 
sometimes used off-label, but such use is not currently 
recommended.

The dose of VWF concentrate is calculated as 
follows:

Dose of VWF  :  RCo =
U/dL (percent) desired rise in plasma VWF ×

Body weight (kg) × 0.75

One unit per kilogram of VWF will increase the plasma 
level 1.5 U/dL. In preparing a patient for surgery, one 
usually tries to correct the plasma level to about 100 U/
dL; plasma levels should be maintained at greater than 
50 to 60 U/dL for 3 to 7 days after major surgery. For 
dental extractions or minor surgery, such as the proce-
dure for a laceration, the patient can generally be treated 
with one or two infusions of VWF concentrate along with 
antifi brinolytic therapy.

Type 1C or the Vicenza Variant of 
von Willebrand Disease

Within the type 1 VWD group are individuals with accel-
erated clearance of their VWF who usually have plasma 
VWF : Ag and VWF : RCo levels below 12 to 20 IU/dL 
and factor VIII below 30 IU/dL. The initial prototype 
for this disorder was termed the Vicenza variant because 
of a number of families who were identifi ed in Italy 
and subsequently shown to have a common mutation 
(R1205H in the VWF D3 domain).244,334,335 These patients 
have also been shown to have larger than normal VWF 
multimers and normal levels of platelet VWF. Recently, 
four additional families were identifi ed with this pheno-
type and different mutations in the D3 and D4 domains 
(W1144G and S2179F).235 This group is now referred to 
collectively as type 1C because they have type 1 labora-
tory results secondary to increased clearance. This group 
of individuals has a normal level of VWF synthesis. When 
DDAVP is administered, they exhibit hyperresponsive-
ness, and their plasma VWF will increase 5- to 10-fold, 
but the half life is 2 to 3 hours rather than the normal 
10 to 14 hours.235,336 Furthermore, the half-life of factor 
VIII released by DDAVP is similarly accelerated.235 
Infused VWF and factor VIII have a normal half-life 
refl ecting the origin of the clinical phenotype to the pres-
ence of endogenous abnormal VWF. Thus, treatment 
with DDAVP will normalize the plasma concentration of 
VWF and factor VIII, but not for the normal time period. 
Minor bleeding can be approached with DDAVP, but 
major bleeding or surgery may require VWF concentrates 
to maintain the level of VWF activity and factor VIII in 
the normal range. In this group, assays of VWFpp versus 
VWF : Ag are diagnostically elevated in the plasma of 
these patients and refl ect the accelerated clearance of 
VWF but not VWFpp.235

Type 3 von Willebrand Disease

Type 3 VWD is usually due to autosomal recessive or 
compound (double) heterozygous inheritance of a null 
VWF allele. Thus, the level of plasma VWF is usually 
undetectable, but the factor VIII level is generally less 
than 6 U/dL. This plasma level of factor VIII is the steady-
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state level of factor VIII in the absence of its carrier 
protein VWF. Giving such patients desmopressin is not 
effective because their cells do not contain endogenous 
VWF and the DDAVP-induced release of factor VIII is 
dependent on endogenous synthesis of VWF.215 Some-
times a therapeutic trial of desmopressin in these patients 
is worthwhile because it might identify patients with type 
1C who might have VWF : Ag levels below the detection 
limit for VWF : Ag in some laboratories.336 In patients 
with undetectable VWF or an inadequate response to 
desmopressin, bleeding symptoms must be managed 
with plasma-derived VWF or factor VIII/VWF concen-
trates. Patients with type 3 VWD may have spontaneous 
bleeding, including profound epistaxis, subcutaneous 
hemorrhage, or rarely, joint bleeding as seen in patients 
with hemophilia.337,338 In such situations, management is 
similar to that for patients with severe hemophilia and 
consists of factor VIII concentrates that contain normal 
or nearly normal VWF. Survival of the transfused VWF 
is virtually identical to that for factor VIII (see earlier). 
Levels similar to those used for treatment of hemophilia, 
both preoperatively and postoperatively, should be main-
tained for adequate hemostasis. Because the licensed 
concentrates Humate-P and Alphanate have different 
ratios of factor VIII to VWF, care must be exercised to 
ensure adequate factor VIII levels with the fi rst infusion 
and to avoid excessively high factor VIII levels after 
several days of intensive or postsurgical treatment.339

A number of centers are now using prophylaxis to 
prevent bleeding in type 3 VWD patients if clinically 
indicated because of the number or severity of recurrent 
bleeding.340-343 Since the half-lives of VWF and factor VIII 
are comparable, the approach is similar to that used in 
hemophilia A.

In Europe a concentrate containing very little factor 
VIII is approved, but these products are not available in 
the United States.344-348 Because synthesis of factor VIII 
is normal in a type 3 VWD patient, providing VWF alone 
avoids the problems of elevated factor VIII in patients 
treated with factor VIII containing VWF concen-
trates.349,350 Figure 30-7 illustrates the delayed rise in 
endogenous factor VIII when a patient with severe type 
3 VWD is administered a concentrate primarily contain-
ing just VWF. Currently, clinical trials using recombinant 
VWF are being initiated, and it is hoped that this product 
will be available in the near future.

In patients with type 3 VWD and large gene dele-
tions, there is an increased likelihood of antibody devel-
opment.351,352 Recombinant VIIa has been reported to be 
effective in some patients with severe VWD with 
alloantibodies.353-355

Type 2 Variant Types of 
von Willebrand Disease

Type 2A von Willebrand Disease

In type 2A VWD, there is a loss of intermediate- and 
high-molecular-weight multimers as a result of two dif-
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ferent mechanisms that were defi ned in the fi rst molecu-
lar report of VWF mutations in this variant form of 
VWD.356 One group is characterized by failure to synthe-
size intermediate- and high-molecular-weight VWF mul-
timers (referred to as type 2A1 in Fig. 30-2); in the other 
group, full-length VWF is synthesized, stored, and 
released, but the VWF undergoes rapid proteolysis by 
ADAMTS-13 (referred to as 2A2 in Fig. 30-2).305,356 
Thus, if desmopressin is administered, the correction of 
VWF multimers is transient, and the bleeding time may 
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or may not shorten.357 Therefore, patients with type 2A 
VWD may require treatment with plasma-derived factor 
VIII/VWF concentrate containing normal VWF multi-
mers (see earlier). It may be possible to treat minor 
bleeding episodes and bleeding after dental extractions 
with the brief increase in plasma levels that follows des-
mopressin administration, but a trial of DDAVP and 
measurement of in vitro survival of VWF : RCo are 
required to determine potential effi cacy.

Type 2B von Willebrand Disease

Type 2B VWD is due to a mutant VWF molecule that 
binds spontaneously to platelets under physiologic shear; 
it results in clearance of the highest-molecular-weight 
multimers and usually mild thrombocytopenia.238,239,358-360 
The thrombocytopenia is caused by spontaneous aggluti-
nation and clearance of platelets as a consequence of the 
abnormal VWF and results in loss of the high-molecular-
weight multimers. Thus, stress, pregnancy, or surgery can 
trigger increased levels of VWF with resultant increased 
agglutination of platelets and enhanced thrombocytope-
nia.361,362 Although one might assume that desmopressin 
would not be effi cacious, studies have demonstrated its 
effectiveness in some patients.363,364 Therefore, for mild 
bleeding, a trial of desmopressin can be initiated and the 
platelet count and bleeding monitored. For internal bleed-
ing or major surgery, administration of VWF/factor VIII 
concentrate is generally required. Although thrombocyto-
penia is present, therapy should be focused on correcting 
the plasma VWF level. The dose is identical to that used 
for the treatment of severe type 1 or type 3 VWD. If pro-
found thrombocytopenia is present, concomitant admin-
istration of platelets may be necessary. Administration of 
platelets alone without replacement of VWF is not usually 
effective. Sometimes, pseudothrombocytopenia may be 
present and cause the platelet count to be lower because 
of platelet clumping.363,365,366

Although platelet-type pseudo-VWD is due to a defect 
in the platelet GPIb receptor367,368 (Chapter 29), it is 
considered in the differential diagnosis of type 2B VWD 
because of the loss of high-molecular-weight VWF mul-
timers and reduced levels of VWF. The plasma assays of 
VWF are identical to those for patients with type 2B 
VWD, but these disorders must be distinguished because 
of the markedly different approaches to therapy (see Fig. 
30-3). Platelet-type pseudo-VWD should be treated with 
platelets.369 Although the plasma level of VWF is reduced 
and the distribution of multimers is abnormal, these fi nd-
ings are secondary to the abnormal GPIb receptor on 
platelets. Thus, as platelets are appropriately used to treat 
the bleeding disorder, the secondary VWF abnormalities 
will actually lessen. Standard doses of platelets should be 
used to treat hemorrhage. If the hemorrhage is severe or 
if bleeding persists, VWF/factor VIII concentrates may be 
needed to correct the secondary defi ciency of VWF. 
Similar to the normal platelet counts found in patients 
with intrinsic platelet disorders, the increment in platelets 
is not necessarily a good measure of the response to 

therapy because a nearly normal number of abnormal 
platelets will remain in the circulation. Improvement in 
the hemostatic abnormality may not become evident 
until a large proportion of the platelets are replaced by 
normal platelets from transfusion.

Type 2N von Willebrand Disease

Type 2N VWD is the result of an abnormal VWF mole-
cule with reduced binding of factor VIII.74,370,371 This 
leads to accelerated clearance of the unbound factor VIII 
and a resultant reduction in plasma factor VIII as com-
pared with the level of VWF.372 In fact, mild hemophilia 
A may be misdiagnosed in some of these patients. It 
appears that the phenotype is clinically expressed only in 
the presence of a second allele carrying a null allele or a 
second type 2N VWD allele (see Fig. 30-5). Therefore, if 
the plasma VWF level is reduced modestly and the factor 
VIII level is even more reduced or if a patient with mild 
hemophilia A is given factor VIII and the half-life is mark-
edly shortened, type 2N VWD should be considered. A 
specifi c assay has been developed in which the patient’s 
VWF is captured with a monoclonal antibody in a 
microtiter well, factor VIII is removed by changes in pH 
or salt concentration or the addition of thrombin, and 
binding of recombinant factor VIII is determined. 
Decreased affi nity is the hallmark of type 2N VWD (see 
Fig. 30-5).74,240,302 Because symptomatic patients are 
either homozygous or compound heterozygous, adminis-
tration of desmopressin might have only a transient effect 
on factor VIII levels.372 Administration of recombinant or 
monoclonal factor VIII would similarly have only tran-
sient effects. For a major bleeding episode or for prepara-
tion for surgery, the preferred treatment is a plasma-derived 
VWF/factor VIII concentrate.

Type 2M von Willebrand Disease

Type 2M VWD is the result of a mutation in VWF that 
decreases the interaction of VWF with the platelet GPIb 
receptor, thereby resulting in reduced VWF : RCo—the 
converse of that seen with type 2B VWD.290,291,373,374 
Similar to type 2A, plasma VWF exhibits discordance 
between VWF : Ag and VWF : RCo (see Fig. 30-3), but 
patients with type 2M VWD have normal VWF multi-
mers, whereas those with type 2A VWD have abnormal 
multimers. If the VWF : Ag and VWF : RCo assays are 
carefully standardized, the ratio of VWF ristocetin cofac-
tor to VWF antigen may be used to diagnose type 2M 
VWD. Figure 30-5 demonstrates the relationship of these 
two assays in 690 persons with normal VWF multimers 
and VWF : Ag or VWF : RCo levels of less than 55 IU/dL. 
The VWF protein can be released by DDAVP, but the 
released VWF exhibits abnormal interaction with plate-
lets. Thus, for major bleeding episodes or in preparation 
for surgery, replacement therapy with VWF concentrates 
should be given. Recently, a study of type 1 VWD in two 
large cohorts has identifi ed patients with mild type 2M 
VWD,218,227,375 but whether clinical treatment is different 
in these patients will require additional study.
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Acquired von Willebrand Disease

Acquired VWD may be caused by at least three patho-
physiologic mechanisms: (1) an acquired clinical state 
such as hypothyroidism resulting in decreased VWF syn-
thesis, (2) an acquired autoimmune state in which an 
autoantibody develops against VWF and results in accel-
erated clearance of VWF (and usually factor VIII), or (3) 
a clinical disease develops in which VWF structure and 
function may be altered.

Congenital or acquired hypothyroidism can result in 
reduced VWF and bleeding symptoms.318,376-379 Treating 
these patients to make them euthyroid results in normal-
ization of the VWF level. If acute bleeding is present, the 
patient can generally be managed as would a patient with 
type 1 VWD—by administration of DDAVP or VWF 
concentrate. In hypothyroid patients, the VWFpp level is 
usually reduced in parallel with the VWF level and sug-
gests normal clearance of VWF.

Acquired VWD can also be the result of an isolated 
acquired autoantibody to VWF, autoantibody to VWF in 
autoimmune diseases (e.g., systemic lupus erythemato-
sus), or monoclonal gammopathies.380-382 Assays for an 
inhibitor of VWF : RCo activity are generally negative 
because the autoantibody is directed against other regions 
of VWF and promotes only clearance. An abnormal 
VWFpp/VWF : Ag ratio can be used to demonstrate 
increased clearance of VWF.235,299,383 In monoclonal gam-
mopathies, VWF multimers may demonstrate loss of 
high-molecular-weight multimers.384-387 Either plasma-
pheresis or a trial of intravenous immunoglobulin, or 
both, may sometimes be benefi cial.388,389 Desmopressin 
may also induce a transient rise in the VWF level, but its 
survival may be markedly reduced. Recently, some success 
has been achieved with recombinant VIIa.390-392

Wilms’ tumor has been reported to cause acquired 
VWD. In at least one case, synthesis of VWF was still 
present in endothelial cells in the removed kidney, and 
in another study, the elevated hyaluronidase resulted in 
a reduced amount of VWF by Laurell quantitative immu-
noelectrophoresis.393-396 Acquired loss of high-molecular-
weight VWF multimers has been identifi ed in children 
with ventricular septal defects294 and in others with pul-
monary hypertension.397-399

Von Willebrand Disease without 
Known Subtyping

Occasionally, a clinician is called on to treat VWD when 
the appropriate subtype is not known and the patient’s 
acute condition does not permit taking the time to collect 
appropriate samples to determine the subtype. In such 
instances, a blood sample should be obtained for appro-
priate subtyping of VWD, followed by a carefully 
monitored therapeutic trial of desmopressin, VWF 
concentrates, or both. The response to such treatment 
should be monitored by close observation of the platelet 
count and the response of VWF activity and its survival. 
In a patient with known but untyped VWD and major 

hemorrhage, VWF/factor VIII concentrates are pro -
bably the preferred treatment. This therapeutic approach 
will appropriately treat all forms of VWD, with the 
exception of platelet-type pseudo-VWD. The use of 
desmopressin may be either ineffective or exacerbate 
thrombocytopenia in patients with type 2A or 2B VWD, 
respectively.

Thus, therapy for VWD must be closely integrated 
with the correct laboratory diagnosis and often requires 
intensive laboratory evaluation through one episode of 
the treatment. However, once an appropriate response is 
obtained with a given therapy, laboratory monitoring can 
be greatly curtailed.

General Comments on the Treatment of 
von Willebrand Disease

Although the previous section presents the current clini-
cal approach to VWD, many unanswered questions 
remain. Our current clinical approach may overdiagnose 
type 1 VWD because of the presence of low plasma VWF 
levels (see the earlier section on low VWF versus type 1 
VWD). Because these patients in general have a preexist-
ing history of excessive bleeding, we do not always know 
the contribution of their low VWF to these symptoms. 
We therefore generally treat them as having VWD. 
However, in postsurgical states in normal individuals, it 
is not uncommon to have VWF and factor VIII levels in 
excess of 200 to 300 IU/dL, yet we usually focus our 
therapy only to achieve a hemostatic level above 60 to 
100 IU/dL. Whether the normal postsurgical elevation is 
a pathologic state brought on by surgical stress or a physi-
ologic response to adapt to the surgical stress remains 
unknown. Normally, VWF is present in plasma, endothe-
lial cells, platelets, and subendothelial matrix. When we 
treat a patient with type 3 VWD, we normalize only 
plasma VWF; endothelial cells, platelets, and subendo-
thelium remain abnormal and their relative contribution 
to hemostasis is not fully defi ned. If clinical bleeding 
continues in the absence of adequate plasma VWF and 
factor VIII, consideration should be given to platelet 
transfusion as a means of providing normal platelet 
VWF.400

Future of Gene Therapy for 
von Willebrand Disease

Although effective gene therapy for hemophilia has still 
not been realized, VWD gene transfer into endothelial 
cells ex vivo has been achieved.401-403 Some of the early 
studies using chimeraplasty offered potential hope for 
bypassing some of the point mutations that result in 
VWD.404 More recent studies have brought into question 
whether this approach will optimally be successful.405

In the porcine model of VWD, bone marrow trans-
plantation has been demonstrated to be a successful 
means of replacing platelet VWF; however, platelet VWF 
does not result in a detectible level in plasma even thought 
there may be some benefi t from platelet VWF 
alone.406-409
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Although von Willebrand’s disease, hemophilia A, and 
hemophilia B represent the majority of hereditary bleed-
ing disorders caused by clotting factor defi ciencies, 
hereditary abnormalities of other coagulation factors may 
occasionally be encountered. Each of these latter disor-
ders is reviewed in the following chapter; however, the 
reader is referred to reviews or hemostasis texts in the 
references for a more complete description of these 
abnormalities.

FIBRINOGEN DISORDERS

Fibrinogen defi ciency states (afi brinogenemia and hypo-
fi brinogenemia) and hereditary functional abnormalities 
of fi brinogen (dysfi brinogenemias) are infrequently 
encountered but should be considered when a prolonged 
thrombin time (TT) is found in a patient with a bleeding 
history who is otherwise essentially healthy. Prolonga-
tions of the prothrombin time (PT) and activated partial 
thromboplastin time (APTT) are found in patients with 
afi brinogenemia, in severely hypofi brinogenemic patients, 
and in patients with some types of dysfi brinogenemia.

Hypofi brinogenemia and 
Afi brinogenemia

Genetic abnormalities causing decreased fi brinogen syn-
thesis may occur either as a heterozygous defi ciency 
(hypofi brinogenemia) or as a homozygous defi ciency 
(afi brinogenemia).1 Clinical fi ndings include ecchymo-
ses, hemarthroses, and subcutaneous hematomas. Patients 
with a virtual absence of fi brinogen are frequently seen 
in the neonatal period with gastrointestinal bleeding, 
hemorrhage, or major hematomas from delivery trauma. 
Surprisingly, symptoms in patients with afi brinogenemia 
are not as severe as those seen in the classic hemophilic 
disorders.

Laboratory evaluation of a patient with afi brinoge-
nemia reveals prolongations of the TT, PT, and APTT 
(see Chapter 28). With automated clotting instruments, 
the amount of fi brin clot needed for clot detection is 
greater than that needed with manual methods. Thus, 
these tests are frequently prolonged to the limits of the 
instrument even though some fi brinogen may be present 
and a clot detected by manual methods. Because fi brino-
gen is the ligand for the glycoprotein IIb-IIIa receptor 
that enables platelet aggregation, both the bleeding time 
and platelet aggregation tests are usually abnormal. Inter-
estingly, in the absence of fi brinogen, von Willebrand 
factor is able to bind to the glycoprotein IIb-IIIa complex 
on platelets and provides a backup mechanism for plate-
let aggregation.2,3 This may result in a reduction in symp-
toms associated with this disorder. In many patients, a 
small amount of platelet fi brinogen might facilitate some 
of these interactions, although this fi brinogen is not 
believed to be derived from synthesis by megakaryocytes. 

Thus, the presence of fi brinogen in platelets may result 
from the acquisition of a small amount of fi brinogen that 
is acquired from plasma by circulating platelets. The best 
screening tests to detect fi brinogen defi ciency are the TT 
and reptilase time, which measure the time required for 
conversion of fi brinogen in plasma to a fi brin clot. Rep-
tilase is a thrombin-like enzyme obtained from snake 
venom. Unlike the TT, the reptilase time is unaffected by 
heparin treatment. Thus, if one encounters a very pro-
longed TT, the possibility of heparinization must be con-
sidered, but marked prolongation of the reptilase time is 
suggestive of fi brinogen defi ciency. Fibrinogen may be 
detected by functional, precipitation, or immunologic 
assays. However, patients with afi brinogenemia generally 
have undetectable levels of fi brinogen.

Clinical bleeding episodes in patients with afi brino-
genemia, similar to those observed in hemophilia, require 
episodic replacement therapy. Because of the long plasma 
half-life of fi brinogen, prophylactic infusions of fi brino-
gen should be considered in patients with severe symp-
toms. The only readily available sources of fi brinogen are 
fresh frozen plasma and cryoprecipitate.4 Cryoprecipitate 
is currently the most practical source for replacement and 
contains approximately 200 mg of fi brinogen per bag, or 
“unit,” of cryoprecipitate. Hemorrhagic symptoms are 
usually controlled by initially achieving plasma levels of 
80 to 100 mg/dL and maintaining this level above 50 to 
60 mg/dL until the bleeding subsides. To raise the fi brin-
ogen level in an afi brinogenemic patient to 100 mg/dL, 
approximately 0.17 unit of cryoprecipitate per kilogram 
of body weight must be infused. Because of the pro-
longed half-life of fi brinogen, replacement therapy can be 
given at intervals of 3 to 4 days.

Dysfi brinogenemia

Numerous dysfi brinogenemias have been reported and 
are named after the city in which they were originally 
identifi ed.1 Dysfi brinogenemias are associated either with 
no clinical symptoms or with hemorrhage, whereas 
others, interestingly, are associated with a predisposition 
to venous or arterial thrombosis (see Chapter 32). Func-
tional abnormalities of fi brinogen are generally inherited 
in an autosomal dominant manner. Occasionally, however, 
index cases are associated with consanguinity and major 
hemorrhagic or thrombotic symptoms. Hereditary dysfi -
brinogenemia that is associated with hemorrhage usually 
results in a prolonged TT. Laboratory evaluation for 
dysfi brinogenemia includes functional and immunologic 
assays for fi brinogen, which should show a normal level 
of fi brinogen antigen with a reduction in fi brinogen when 
measured by functional coagulation assays. The reptilase 
time may also be prolonged. An occasional individual 
with dysfi brinogemia may have a prolonged PT or APTT. 
The inability of some abnormal fi brinogen to clot com-
pletely in vitro can result in false-positive results in 
fi brin(ogen) degradation product tests. Infusion of fi brin-
ogen in the form of cryoprecipitate may be indicated in 
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patients with clinical bleeding, and survival of this fi brin-
ogen can be expected to be normal. Further evaluation 
usually requires the assistance of a specialized laboratory 
that studies fi brinogen at the molecular level.

A small number of variant fi brinogens have been 
reported in association with thrombotic complications.1 
These defects can be detected with the TT and reptilase 
time, which are often prolonged. Occasionally, the TT is 
substantially shortened.5,6 Functional fi brinogen mea-
surements are generally substantially lower than anti-
genic measurements in the plasma of these individuals, 
similar to those in patients with a hemorrhagic tendency. 
Severe liver disease is occasionally associated with 
acquired dysfunction of fi brinogen.7 Studies usually 
demonstrate that this is not hereditary in nature, and the 
liver disease is generally overt.

PROTHROMBIN DEFICIENCY

Hereditary prothrombin defi ciency, similar to congenital 
abnormalities of fi brinogen, may be present either as a 
markedly reduced prothrombin level (hypoprothrombin-
emia) or as an abnormal prothrombin (dysprothrombin-
emia).8 Congenital hypoprothrombinemia results in 
levels of prothrombin as low 6 U/dL. A variety of dyspro-
thrombinemias have been reported that are associated 
with abnormalities in calcium binding and γ-carboxyl-
ation, although specifi c abnormalities in the thrombin 
portion of the molecule have also been reported. Symp-
toms generally consist of post-traumatic hemorrhage and 
mild mucocutaneous bleeding. However, one child with 
a dysprothrombinemia lost approximately 20% of his 
blood volume into his thigh after a routine injection of 
diphtheria and tetanus toxoid and pertussis (DPT) 
vaccine given at 6 weeks of age.9 Although the APTT 
may be slightly prolonged, the hallmark is usually a pro-
longed PT and a normal TT. In some cases of dyspro-
thrombinemia, such as prothrombin Cardeza, the PT 
may be nearly normal (12 seconds) even though pro-
thrombin activity is markedly reduced.10 Thus, specifi c 
assays comparing the immunologic levels of prothrombin 
with the functional levels of prothrombin are required 
to diagnose dysprothrombinemias. The lack of defi cien-
cies of other vitamin K–dependent factors (factors VII, 
IX, and X) and liver-dependent factors (factor V and 
fi brinogen) usually direct attention to the diagnosis of 
a hereditary defi ciency of prothrombin. Immunoassays 
and assays of electrophoretic mobility help identify 
dysprothrombinemia.

Although prothrombin is contained in prothrombin 
complex concentrates, fresh frozen plasma is generally 
effective in decreasing hemorrhagic symptoms because of 
the 60-hour plasma half-life of prothrombin. Treatment 
can therefore be accomplished without signifi cant volume 
overload. Achievement of plasma levels of prothrombin 
in excess of 20 to 30 U/dL is usually associated with ces-
sation of symptoms.

Factor V Defi ciency

Factor V defi ciency, fi rst reported by Owren in 1947 and 
termed parahemophilia, is associated with a mild to mod-
erate bleeding disorder.11 It is transmitted autosomally 
and is generally symptomatic only in the homozygous or 
doubly heterozygous state. Mucocutaneous bleeding and 
hematomas are the most common symptoms, and hem-
arthroses are rarely encountered. Menarche is frequently 
associated with severe menorrhagia. Both the PT and the 
APTT are prolonged, which usually prompts specifi c 
factor assays. Immunoassays for factor V are not readily 
available, and thus most cases are defi ned by functional 
defi ciencies of factor V with the use of clotting assays.

Clinical bleeding can be controlled with fresh frozen 
plasma, the only currently available source of factor V. 
Normal hemostasis is achieved with levels above 25 U/
dL. In a patient with severe factor V defi ciency, hemosta-
sis can be achieved with a loading dose of 20 mL of 
plasma per kilogram of body weight followed by infusions 
of approximately 6 mL/kg every 12 hours. Because factor 
V is more labile in frozen plasma than other hemostatic 
factors are, it is important to use fresh frozen plasma that 
is less than 1 to 2 months old.

Occasionally, one may encounter a patient with an 
acquired antibody to factor V who has a negative family 
history. Even though the PT is markedly prolonged, some 
of these patients do not have major hemorrhagic symp-
toms.12 In rare instances, antibodies to factor V arise in 
patients with congenital absence of factor V. This latter 
group of patients is, of course, quite symptomatic but can 
generally be managed by infusing fresh platelets that 
contain normal platelet factor V.

Combined Defi ciency of Factor V and 
Factor VIII

More than 50 pedigrees with an autosomal recessive 
bleeding disorder characterized by a combined defi ciency 
of both factor V and factor VIII have been reported.13-15 
In some cases, the mutations responsible for this disorder 
are in the LMAN1 gene (also known as endoplasmic 
reticulum [ER]-Golgi intermediate compartment protein 
or ERGIC-53), which functions as a molecular chaper-
one from the ER to the Golgi apparatus in the biosyn-
thesis of both factor V and factor VIII.16,17 In other 
kindreds, this disorder is associated with mutations in the 
multiple coagulation factor defi ciency 2 gene.18 MCFD2 
encodes a protein that forms a calcium-dependent stoi-
chiometric complex with LMAN1 and acts as a cofactor 
in the intracellular traffi cking of factors V and VIII. The 
disease is associated with a moderate bleeding tendency 
and plasma factor V and factor VIII levels of 5% to 30% 
of normal. Combined factor V and factor VIII defi ciency 
is usually accompanied by fewer symptoms than hemo-
philia A is, but when required, hemostasis can generally 
be achieved with fresh frozen plasma.
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Factor X Defi ciency

Factor X defi ciency is a rare autosomal disorder that 
results in mucocutaneous and post-traumatic bleeding.8 
Defi ciency of factor X may be caused by either a defi -
ciency of factor X antigen or a functionally abnormal 
factor X molecule. Both cause prolongation of the PT 
and APTT. A reduced factor X level is identifi ed by a 
factor X clotting assay. In patients with dysfunctional 
factor X, the factor X clotting assay is prolonged, but 
results of the immunoassay are normal.19,20 Russell viper 
venom contains a procoagulant enzyme that can activate 
factor X, thereby bypassing the need for clotting factors 
other than factor X, factor V, prothrombin, and fi brino-
gen. Some dysfunctional factor X molecules may be asso-
ciated with normal Russell viper venom times and thus 
will be detected only by PT assay in affected family 
members.

The biologic half-life of factor X is about 40 hours. 
Infusion of approximately 20 mL of fresh frozen plasma 
per kilogram of body weight followed by 6 mL/kg every 
12 hours increases the level of factor X suffi ciently to 
achieve hemostasis for minor bleeding episodes. In 
instances when major surgery must be undertaken, pro-
thrombin complex concentrates can be used to correct 
the factor X defi ciency. However, the amount of factor 
X is not usually assayed in these products and they can 
be thrombogenic. If elective surgery is anticipated and it 
is decided to use prothrombin complex concentrate, 
several different preparations should be obtained and 
measured for their content of factor X. Although factor 
X is a vitamin K–dependent factor, vitamin K has no 
therapeutic effect on factor X in congenitally defi cient 
patients. Factor X levels of 20 to 30 U/dL are gener -
ally associated with the cessation of hemorrhagic 
symptoms.

Though not usually a pediatric problem, amyloidosis 
may be associated with factor X defi ciency because of 
adsorption of factor X to the amyloid material.21,22 Thera-
peutic infusions are not generally effi cacious in patients 
with acquired defi ciency of factor X secondary to 
amyloidosis.

Factor VII Defi ciency

Factor VII defi ciency has an estimated incidence of 1 per 
500,000 in the general population and an autosomal 
recessive pattern of inheritance. The hemorrhagic predis-
position in affected patients is highly variable and corre-
lates poorly with plasma factor VII activity levels.23,24 
Patients with levels that are less than 1% of normal can 
experience severe bleeding episodes, including hemar-
throses and crippling arthropathy, comparable to patients 
with the classic hemophilias. Neonates with factor VII 
defi ciency are at increased risk for the development of 
intracranial hemorrhage, which is attributable to trauma 
at the time of delivery.23

Hemostasis screening tests in patients with factor 
VII defi ciency reveal a prolonged PT with a normal 
PTT and a normal TT. Heterozygotes typically have 
normal PTs and are identifi ed only after specifi c factor 
VII assays are performed in family members of patients 
with homozygous or compound heterozygous factor 
VII defi ciency. Heterozygous defi ciency is not usually 
associated with hemorrhagic symptoms. Laboratory 
evaluation of factor VII defi ciency relies on specifi c assay 
of plasma factor VII coagulant activity (VII : C) with 
the use of animal or human thromboplastin, as well as 
immunologic quantitation of factor VII antigen.25,26 
Patients have been categorized by their plasma level of 
factor VII antigen (VII : Ag) or cross-reacting material 
(CRM−, low or absent antigen; CRMR, reduced antigen; 
CRM+, normal antigen). CRM− defects result from defec-
tive factor VII biosynthesis or accelerated clearance in 
vivo, CRM+ defects are structurally abnormal factor VII 
molecules, and CRMR defects may result from a combi-
nation of these mechanisms. Some CRMR or CRM+ 
factor VII molecules give variable VII : C results when 
assayed with tissue factor from different animal species 
(e.g., rabbit brain, ox brain, simian brain, human 
brain).24,27-29 As anticipated, the molecular basis of factor 
VII defi ciency is heterogeneous, and several different 
types of mutations have been described in patients with 
factor VII defi ciency.30 Most have been missense muta-
tions, but nonsense mutations, small deletions, splice site 
abnormalities, and promoter mutations have also been 
identifi ed.

Factor VII is a vitamin K–dependent factor, but 
vitamin K administration is of no therapeutic benefi t in 
the treatment of hereditary defi ciencies. Although com-
mercial prothrombin complex concentrates may contain 
some factor VII, the amount is highly variable among the 
different commercial preparations. The factor VII content 
also varies between different lots produced by a single 
manufacturer. Because the plasma half-life of factor VII 
is short (approximately 3 to 6 hours), plasma infusions 
may not achieve adequate levels for normal hemostasis. 
Factor VII concentrates have been available for patients 
with factor VII defi ciency in clinical trials or on a compas-
sionate-use basis.31 The use of activated recombinant 
factor VII, which has a half-life similar to that of factor 
VII, has also been shown to provide effective hemostasis 
in patients with factor VII defi ciency32 and has received 
regulatory approval for this indication in the United 
States. Anecdotally, the therapeutic effect of factor VII 
infusions appears to be longer than the time during which 
measurable factor VII levels can be identifi ed in plasma. 
In one patient treated with prothrombin complex con-
centrates on a regular basis, mucocutaneous bleeding was 
controlled for 3 to 4 days after a single infusion, even 
though factor VII was not measurable after 24 hours. 
Whether this results from surface binding of factor VII 
to endothelial cells or platelets, removal of it from plasma, 
or some nonspecifi c effect from the concentrate infusion 
was not clear.
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Factor XI Defi ciency

Factor XI defi ciency is usually inherited as an autosomal 
recessive disorder. The APTT is prolonged in factor XI 
defi ciency, whereas the PT is normal. A specifi c assay for 
factor XI coagulant activity is necessary to make the 
diagnosis. Factor XI assays are best performed on fresh 
plasma because the apparent factor XI level may be 
increased after freezing plasma.33

Although factor XI defi ciency is most frequently 
encountered in Jewish persons of Ashkenazi descent, it is 
occasionally found in other ethnic groups, and the muta-
tions have been characterized.34-36 In Israel, 1 to 3 per 
1000 Ashkenazi Jews are homozygous or doubly hetero-
zygous for this defi ciency, which calculates to a gene fre-
quency of 4.3%.37 Sephardic Jews, on the other hand, are 
rarely affected by factor XI defi ciency. Three different 
point mutations in the factor XI gene account for nearly 
all cases of factor XI defi ciency in Ashkenazi Jews: a 
splice site mutation at the last intron that disrupts normal 
mRNA processing (type I), a nonsense mutation in exon 
5 resulting in a premature stop codon (type II), and a 
missense mutation in exon 9 resulting in substitution of 
Leu for Phe at amino acid 238.38 Although the genotype 
correlates well with plasma factor XI levels, there is not 
good correlation with the hemorrhagic tendency.39 In 
Ashkenazi Jewish patients who are homozygous or doubly 
heterozygous for factor XI defi ciency, the APTT is often 
longer than it is in patients with either severe factor VIII 
or factor IX defi ciency.

Although factor XI defi ciency has been termed hemo-
philia C, the bleeding tendency is highly variable and 
bleeding almost always occurs in association with surgery 
or trauma. Epistaxis, soft tissue hemorrhage, and bleed-
ing after dental extractions may occur, but hemarthroses 
and concomitant arthropathy are not seen. Affected 
women may experience menorrhagia. Even though low 
factor XI levels are not always associated with bleeding, 
patients with a signifi cant personal or familial history of 
bleeding should probably receive fresh frozen plasma 
before major surgery. In the absence of such a history, 
prophylaxis with fresh frozen plasma should probably be 
administered for ear, nose, and throat (e.g., tonsillec-
tomy), neurosurgical, cardiac, or urologic procedures. 
Patients who have previously undergone major surgery 
without bleeding or who are having minor procedures 
that can be controlled easily by local pressure (e.g., dental 
extraction) may be monitored closely and treatment initi-
ated only if hemorrhage occurs. Heterozygous patients 
with factor XI levels greater than 20% of normal may 
also occasionally experience bleeding.40

Plasma infusions of 1 U/kg body weight can increase 
the circulating factor XI concentration by about 1.5 U/
dL. A loading dose of 15 to 20 mL of plasma per kilo-
gram will result in plasma levels of 20 to 30 U/dL, a level 
that is usually suffi cient to control moderate hemorrhage. 
Additional plasma infusions of 7.5 to 10 mL/kg can be 
administered at 12- to 24-hour intervals until hemostasis 

is achieved. The half-life of factor XI is in excess of 48 
hours. In factor XI–defi cient patients deemed to be at 
risk for bleeding, antifi brinolytic agents such as ε-amino-
caproic acid or tranexamic acid can be used to prevent 
hemorrhage after minor surgical procedures (e.g., dental 
extractions).

Factor XIII Defi ciency

Factor XIII (fi brin-stabilizing factor) is responsible for 
clot stabilization and cross-linking of the fi brin polymer. 
Defi ciency of this factor is associated with reduced clot 
stability.41 Factor XIII defi ciency is an autosomal reces-
sive disorder that results in delayed hemorrhage. A typical 
patient will sustain trauma on one day, and a bruise or 
hematoma will develop on the following day. Other symp-
toms of factor XIII defi ciency include delayed separation 
of the umbilical stump in the neonatal period (beyond 
3.5 to 4 weeks), intracranial hemorrhage with little or no 
trauma, poor wound healing, and recurrent spontaneous 
abortions in women.

Laboratory evaluation reveals normal hemostasis 
screening test results, including bleeding time, APTT, 
PT, and TT. For a patient with normal screening test 
results but clinical symptoms of a bruising disorder, one 
should perform a factor XIII assay. Screening tests for 
factor XIII defi ciency are based on the observation that 
there is increased solubility of the clot because of the lack 
of cross-linking. Thus, a normal clot remains insoluble in 
5 mol/L urea, whereas a clot formed from a patient with 
factor XIII defi ciency is soluble.

Because factor XIII has a very long half-life of 5 to 
7 days and a hemostatic level of only 2 to 3 U/dL is 
required, infusion of 5 to 10 mL/kg of fresh frozen plasma 
is usually effective therapy. Cryoprecipitate may also be 
used. One bag of cryoprecipitate contains 75 units of 
factor XIII. If a patient is particularly symptomatic, pro-
phylaxis is also easily achieved with infusions of plasma 
every 2 to 4 weeks.

Contact Factor Defi ciencies

Although factor XI defi ciency may be associated with 
bleeding symptoms, defi ciency of the other contact 
factors (factor XII, prekallikrein, and high-molecular-
weight kininogen) is not associated with bleeding symp-
toms.42,43 Thus, these factors do not appear to play a 
major physiologic role in normal hemostasis (see Chapter 
26). Because these contact factors function at the initia-
tion step of the intrinsic system, the APTT in severely 
defi cient individuals (contact factor activity less than 1% 
of normal) frequently demonstrates prolongations beyond 
those seen with hemophilia A and hemophilia B. As a 
result, one encounters the paradoxical situation in which 
an extremely prolonged PTT is not associated with a 
bleeding disorder.

The clinician usually encounters contact factor defi -
ciency when asked to evaluate a patient without bleeding 
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symptoms who has a markedly prolonged APTT obtained 
as a preoperative screening test. It is frequently advisable 
to carry out these same screening tests on other family 
members once the specifi c contact factor defi ciency is 
determined to identify affected family members who 
could have future surgery inappropriately delayed because 
of such clotting studies.

Paradoxically, there have been a number of case 
reports of venous thromboembolism or myocardial 
infarction in factor XII–defi cient patients,44 including the 
initial patient described with the abnormality.45 This 
thrombophilic tendency has been attributed to reduced 
plasma fi brinolytic activity.46 A literature review of 121 
patients with factor XII defi ciency found an 8% inci-
dence of thromboembolism, including several myocardial 
infarctions in relatively young individuals.44 Interpreta-
tion of such data is diffi cult because these complications 
are likely to be reported in the literature, unlike asymp-
tomatic patients with factor XII defi ciency. This led some 
groups to perform cross-sectional analyses of thrombo-
embolic events in larger numbers of unselected families 
with factor XII defi ciency.47,48 In Swiss families with 
factor XII defi ciency, 2 of 18 homozygous or doubly 
heterozygous patients had sustained deep venous throm-
bosis, although each occurred at a time that other pre-
disposing thrombotic risk factors were present.47 Among 
heterozygotes with factor XII defi ciency, only 1 in 45 had 
a possible history of venous thrombosis. These investiga-
tors concluded that heterozygous factor XII defi ciency 
does not constitute a major thrombotic risk factor, 
although a severe defi ciency may predispose some affected 
persons to venous thrombosis. Other groups have found 
a 10% to 20% incidence of thrombotic episodes in het-
erozygotes.48,49 Thus, it remains uncertain whether an 
increased thrombotic risk is associated with factor XII 
defi ciency.

ANTIPLASMIN DEFICIENCY

Antiplasmin is a major regulatory protein that controls 
the activity of plasmin, the pivotal enzyme in the fi brino-
lytic system that cleaves fi brin. In familial α2-antiplasmin 
defi ciency, the plasmin activity generated under 
physiologic conditions is poorly regulated and results 
in a bleeding disorder.50 These patients have mucocuta-
neous bleeding as well as joint hemorrhage and must 
be differentiated from those with mild hemophilia. 
The usual hemostatic screening test results are normal, 
including the PT, APTT, and TT. The euglobulin clot 
lysis time, a measure of fi brinolytic activity, is generally 
shortened. Although fresh frozen plasma contains α2-
antiplasmin, this clinical disorder is most commonly 
treated with the intermittent administration of antifi bri-
nolytic agents, including ε-aminocaproic acid and 
tranexamic acid.

Plasminogen Activator Inhibitor 
1 Defi ciency

Defi ciency of plasminogen activator inhibitor 1 (PAI-1) 
has been shown to cause a hereditary bleeding disor-
der.51,52 In one homozygous case, the genetic defect was 
shown to be a frameshift mutation.53 Affected patients 
can experience recurrent bleeding, especially after surgery 
or trauma. The PT, APTT, and TT are normal in such 
patients. The euglobulin clot lysis time can be abnormally 
short. Specifi c assays for PAI-1 antigen and activity are 
required to make a diagnosis of PAI-1 defi ciency. Treat-
ment with antifi brinolytic agents, such as tranexamic acid 
and ε-aminocaproic acid, is effective in treating bleeding 
complications.

Antitrypsin Pittsburgh

Antitrypsin is not normally a signifi cant regulatory 
protein of hemostasis. A family has been described, 
however, with an alteration in the α1-antitrypsin molecule 
such that the protein has spontaneous antithrombin 
activity.54 Continuous inactivation of thrombin results in 
delayed clot formation and a hemorrhagic syndrome that 
like α2-antiplasmin defi ciency, resembles mild hemo-
philia. Therapy for a disorder in which there is excessive 
activity is often more diffi cult than replacement of a 
protein in a patient with a familial defi ciency.

MULTIPLE FACTOR DEFICIENCIES

Hereditary defi ciencies of multiple factors are rare clini-
cal disorders that are associated with a bleeding diathesis 
of variable severity. Combined defi ciency of the vitamin 
K–dependent factors (i.e., factors II, VII, IX, and X) can 
result from defi cient vitamin K–dependent γ-carboxylase 
activity, which mediates post-translational modifi cations 
of these proteins,55,56 or defective vitamin K metabolism 
secondary to mutations in vitamin K 2,3-epoxide reduc-
tase (VKOR).57 VKOR is the target of the oral anticoagu-
lant warfarin. As mentioned earlier, factor V and factor 
VIII defi ciency has been reported in more than 50 fami-
lies. In general, when a patient with multiple factor defi -
ciencies is identifi ed, it is imperative to rule out acquired 
causes such as liver disease or vitamin K defi ciency and 
to perform a family study before one assumes that such 
a defect is hereditary.
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For many years, researchers suspected that hereditary 
coagulation defects underlie a large percentage of venous 
thromboembolic events that could not be attributed to 
identifi able acquired risk factors. Acquired risk factors 
for venous thrombosis consist of a heterogeneous group 
of conditions and clinical disorders with diverse and 
poorly understood prothrombotic mechanisms. With 
expanding scientifi c knowledge of the hemostatic mecha-
nism and the regulatory role of natural anticoagulants, 
major advances have been made in identifying hereditary 
defects in the heparan sulfate–antithrombin and protein 
C pathways over the last 3 decades. This chapter reviews 
the hereditary disorders of thrombosis and fi brinolysis 
associated with an increased risk for thrombosis. Issues 
relating to diagnosis and treatment of the hereditary 
thrombophilias are also discussed.

HEREDITARY THROMBOTIC DISORDERS 
(Box 32-1)

Before 1980, there were only isolated reports of throm-
bosis in the pediatric population. This paucity of throm-
botic events might be related to the incompletely 
understood protection against thrombosis in young chil-
dren through the mid-teen years, notwithstanding the 
fact that some of the physiologic inhibitors do not attain 
their full normal adult levels until mid-childhood (protein 
C and protein S) (see Chapters 5 and 28). Even patients 
with hereditary defi ciencies of natural physiologic anti-
coagulants, such as antithrombin, protein C, and protein 
S, have few thrombotic symptoms during early child-
hood. Over the past 30 years, however, more vigorous 
supportive and specifi c treatment for sick preterm infants 
has resulted in a markedly improved survival rate of even 
very preterm infants. Because these infants are quite 
prone to thrombotic events, the physiologic “hypercoagu-
lability” of the developing hemostatic system has received 
increased attention and is discussed elsewhere (see 
Chapter 5). Thus, the newborn infant can be expected 
to be at greater risk for thrombosis if there is also an 
underlying hereditary defi ciency of an anticoagulant 
protein.

Antithrombin Defi ciency

Antithrombin is a plasma protein synthesized by the liver 
that binds and neutralizes the serine proteinases gener-
ated by the coagulation cascade, including thrombin, 
factor Xa, and factor IXa (see Chapter 26). Inhibition of 
these coagulation serine enzymes by antithrombin is rela-
tively slow but is markedly enhanced by binding to 
heparin. Antithrombin has two major active functional 
sites: the reactive center toward the carboxyl end and the 
heparin-binding site located at the amino-terminal of the 
molecule. Thrombin cleaves the reactive site followed by 
the formation of an inactive complex, which is rapidly 
cleared from the circulation.

Antithrombin defi ciency was the fi rst hereditary 
hypercoagulable disorder identifi ed. In 1965, Egeberg 
investigated a Norwegian family with a strong history of 
thrombosis and found that affected individuals had 
plasma antithrombin concentrations that were 40% to 
50% of normal.1 Subsequent studies described families 
with similar clinical and laboratory abnormalities.2,3 Het-
erozygosity for antithrombin defi ciency can be found in 
approximately 4% of families with inherited thrombo-
philia and in 1% of consecutive patients with a fi rst 
episode of deep venous thrombosis.4

The thrombotic risk associated with antithrombin 
defi ciency depends on the population selected. In older 
reviews of antithrombin defi ciency that included families 
with a high penetrance of thrombosis, more than 50% of 
affected patients experienced venous thrombotic epi-
sodes.5,6 The initial clinical manifestations occur sponta-
neously in about 42% of subjects but are related to 
pregnancy, parturition, ingestion of oral contraceptives, 
surgery, or trauma in 58% of patients.5 The most common 
sites of disease are the deep veins of the leg and the mes-
enteric veins. Recurrent thrombotic episodes occur in 
approximately 60% of affected persons, and clinical signs 
of pulmonary embolism are evident in 40%.5 Although 
cases have been reported in which antithrombin-defi cient 
infants sustained cerebral venous thrombosis,7-9 throm-
botic episodes are rare in affected children before puberty, 
at which time thrombotic events start to occur with some 
frequency and the risk of thrombosis increases substan-
tially with advancing age.5 First-degree relatives of symp-
tomatic individuals with antithrombin defi ciency have an 
8- to 10-fold increased risk for thrombosis over that in 
noncarriers.10,11 In the Leiden Thrombophilia Study, a 
case-control study of 474 consecutive patients after an 
initial episode of deep venous thrombosis,12 the preva-
lence of antithrombin defi ciency was just 1.1%, and the 
odds ratio for thrombosis was 5.0.13

Antithrombin defi ciency is inherited in an autosomal 
dominant fashion and thus affects both sexes equally. 
Two major types of inherited antithrombin defi ciency 
have been delineated (Table 32-1). The type I defi ciency 
state is a result of reduced synthesis of biologically normal 
protease inhibitor molecules.14 In these cases the anti-
genic and functional activities of antithrombin in blood 

Box 32-1  Inherited Alterations of Coagulation 
Proteins That Have Been Clearly 
Associated with a Prethrombotic State

Antithrombin defi ciency
Protein C defi ciency
Protein S defi ciency
Resistance to activated protein C because of the factor V 

Leiden mutation (factor V Arg506Gln)
Prothrombin G20210A mutation
Dysfi brinogenemias (rare)
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are reduced in parallel. The molecular basis of this dis-
order is either deletion of a major segment of the anti-
thrombin gene or, more commonly, the occurrence of 
small deletions/insertions or single base substitutions. 
These mutations introduce a frameshift, a direct termina-
tion codon, a change in mRNA processing, or unstable 
translation products. The antithrombin mutation data-
base includes more than 100 distinct mutations in patients 
with type I defi ciency.15

The second type of antithrombin defi ciency is pro-
duced by a discrete molecular defect within the protease 
inhibitor (type II). Plasma levels of antithrombin are 
greatly reduced as judged by functional activity, whereas 
antithrombin immunologic activity is essentially normal. 
The fi rst family with type II antithrombin defi ciency was 
described in 1974.16 Many families with this type of 
defi ciency state have been reported, and they have been 
further subcategorized on the basis of two different func-
tional assays of antithrombin activity. The fi rst is the 
antithrombin–heparin cofactor assay, which measures the 
ability of heparin to bind to lysyl residues on the inhibitor 
and catalyze the neutralization of coagulation enzymes 
such as thrombin and factor Xa. The second test is the 
progressive antithrombin activity assay, which quantitates 
the capacity of this inhibitor to neutralize the enzymatic 
activity of thrombin in the absence of heparin. Hetero-
zygous type II patients with both diminished heparin 
cofactor activity and progressive antithrombin activity 
have mutations near the thrombin-binding site at the 
carboxy-terminal end of the molecule; those with reduc-
tions only in heparin cofactor activity have mutations in 
the heparin-binding domain at the amino-terminal end 
of the molecule. The distinction between type II defects 
is clinically relevant because variants with heparin–
binding site defects are infrequently associated with 
thrombotic events, except when present in the homozy-
gous state.17 The latter patients with homozygous anti-
thrombin defi ciency were young children in whom severe 
venous or arterial thrombosis, or both, developed along 
with plasma antithrombin–heparin cofactor levels below 
10%.18,19 In each instance, there was a history of parental 
consanguinity and the parents had type II antithrombin 
defi ciency with heparin–binding site defects.

The prevalence of type I antithrombin defi ciency in 
the adult population is approximately 1 in 2000.20,21 
Studies of healthy blood donors with functional assays 
that measure heparin cofactor activity have found a preva-

lence of antithrombin defi ciency in the general popula-
tion of 1 in 250 to 1 in 50022,23; a substantial number, 
however, have a type II defect with mutations at the 
heparin-binding site.21 The best single screening test for 
the disorder is the antithrombin–heparin cofactor assay, 
which measures inhibition of factor Xa; it is the functional 
antithrombin assay that is most widely used today.

The mean concentration of antithrombin in normal 
pooled plasma is approximately 140 μg/mL. Most labo-
ratories report a normal range between 75% and 120% 
of normal pooled plasma for antithrombin–heparin cofac-
tor determinations and a somewhat wider range for 
immunoassay results. A variety of pathophysiologic con-
ditions can reduce the concentration of antithrombin in 
blood. Antithrombin levels can drop substantially in 
patients with disseminated intravascular coagulation 
(DIC), sepsis, burns, and severe trauma but less com-
monly in the setting of acute thrombosis.24 Reduced 
levels can also be seen in liver disease as a result of 
decreased synthesis or in nephrotic syndrome as a result 
of urinary protein loss.25,26 Modest reductions are also 
found in users of oral contraceptives or estrogens.27,28 In 
addition, the administration of heparin decreases plasma 
antithrombin levels, presumably by accelerated clearance 
of the heparin-antithrombin complex.29 Thus, evaluation 
of plasma samples from individuals during a period 
of heparinization can potentially lead to an erroneous 
diagnosis of antithrombin defi ciency.

Healthy newborns have about half the normal adult 
concentration of antithrombin30,31 and gradually reach 
the adult level by 6 months of age.32 Levels may be con-
siderably lower in infants born at 30 to 36 weeks of gesta-
tion32 and are even further reduced in infants with 
respiratory distress, necrotizing enterocolitis, sepsis, or 
DIC.33 Thromboembolic events are rare in children with 
hereditary antithrombin defi ciency. In the absence of 
heparin, antithrombin contributes approximately 80% of 
the thrombin-neutralizing capacity of normal adult 
plasma.34,35 The levels of a second thrombin inhibitor, 
α2-macroglobulin, are higher during the fi rst 2 decades 
of life than in adults, and this may lessen the risk for 
thromboembolic complications in antithrombin-defi cient 
patients during childhood.36

A number of clinical disorders can be associated with 
reductions in the plasma concentration of antithrombin, 
thus often making a defi nitive diagnosis of the hereditary 
state diffi cult. Although an antithrombin level in the 

TABLE 32-1 Assay Measurements in Heterozygous Antithrombin Defi ciency

Types Antigen

ACTIVITY

Heparin Cofactor Progressive Antithrombin

I Low Low Low
II
 Active-site defect Normal Low Low
 Heparin-binding site defect Normal Low Normal
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normal range is usually suffi cient to exclude the disorder, 
low levels should be confi rmed at a later date. This deter-
mination is ideally performed when the individual is no 
longer receiving warfarin because plasma antithrombin 
concentrations can occasionally be elevated into the 
normal range in individuals with the defi ciency state. In 
such situations, clinical assessment of the individual’s risk 
for recurrent thrombosis will determine whether discon-
tinuation of warfarin is feasible. In most antithrombin-
defi cient subjects, however, this effect of oral anticoagulants 
is not of suffi cient magnitude to obscure the diagnosis.37 
Confi rmation of the hereditary nature of the disorder 
requires the investigation of other family members. Diag-
nosis of other affected family members also allows appro-
priate counseling regarding the need for prophylaxis 
against venous thrombosis.

Protein C Defi ciency

Protein C is a vitamin K–dependent protein synthesized 
by the liver that circulates as a zymogen. It exerts its 
anticoagulant function after activation to the serine pro-
tease activated protein C (APC). This process can be 
mediated by thrombin alone but occurs more effi ciently 
when thrombin is bound to thrombomodulin on endo-
thelial cells (see Chapter 26).

In 1981, Griffi n and associates38 described low levels 
of protein C in a family with recurrent thrombotic events. 
Subsequently, many other families with heterozygous 
protein C defi ciency were reported.39-41 Heterozygous 
protein C defi ciency is inherited in an autosomal domi-
nant fashion; a more severe form of protein C defi ciency 
is an autosomal recessive disorder. The phenotype of 
patients with heterozygous protein C defi ciency is similar 
to that of persons with hereditary antithrombin defi -
ciency. In severely affected families, approximately 75% 
of protein C–defi cient individuals experienced one or 
more thrombotic events. The initial episode occurs spon-
taneously in approximately 70% of those experiencing 
such events. The remaining 30% have the usual associ-
ated risk factors (pregnancy, parturition, contraceptive 
pill use, surgery, or trauma) at the time that the acute 
thrombotic events take place. Patients are infrequently 
symptomatic until their early twenties, with increasing 
numbers experiencing thrombotic events as they reach 
the age of 50.

The most common sites of disease are the deep veins 
of the legs, the iliofemoral veins, and the mesenteric 
veins. Approximately 63% of affected patients experience 
recurrent venous thrombosis, and approximately 40% 
exhibit signs of pulmonary embolism.42 Superfi cial 
thrombophlebitis of the leg veins, as well as cerebral 
venous thrombosis, can occur in protein C–defi cient 
patients.39 There have been reports of nonhemorrhagic 
arterial stroke in young adults with hereditary protein C 
defi ciency, but a causal relationship is unproven.

The prevalence of protein C defi ciency in outpatients 
who have experienced an initial episode of venous throm-
boembolism ranges from 0.5% to 4%.4,13,43 In earlier 
reports of more selected patient populations, protein C 
defi ciency was more frequently identifi ed and occurred 
in 2% to 9%. Initial estimates placed the prevalence of 
protein C defi ciency between 1 in 16,000 and 1 in 32,000 
within the general population based on the assumption 
that protein C was an autosomal dominant disorder with 
high penetrance and that at least half the individuals with 
the defi ciency would demonstrate symptomatic throm-
bosis. However, it was diffi cult to reconcile this fi gure 
with the infrequent history of thrombosis in the parents 
of infants with purpura fulminans, which is due to the 
homozygous or doubly heterozygous form of protein C 
defi ciency. This disparity led to studies of healthy blood 
donors in which a much higher prevalence of heterozy-
gosity for protein C defi ciency was found than previously 
estimated, with a range of 1 in 200 to 1 in 500.44,45

The risk of thrombosis initially attributed to protein 
C defi ciency was subject to selection bias in that it was 
overestimated from familial reports. Data from the Leiden 
Thrombophilia Study indicate that heterozygous protein 
C defi ciency is associated with about a sevenfold increased 
risk for an initial episode of deep venous thrombosis over 
that in normal persons.13 Among Italian patients, protein 
C defi ciency is associated with a similar sevenfold increase 
in venous thrombotic risk.10 In asymptomatic carriers of 
protein C defi ciency, the incidence of thrombosis is fairly 
low at 0.4% to 1.0% annually.46 Similar to other inherited 
thrombophilias, this variability in phenotypic expression 
of protein C defi ciency is not explained by differences in 
the particular genetic defect alone and probably repre-
sents a complex interaction with other modulating 
factors.

Two major subtypes of heterozygous protein C defi -
ciency have been identifi ed with the use of immunologic 
and functional assays (Table 32-2). The type I defi ciency 
state is the most common form and is characterized by 
a reduction in both the immunologic and biologic activity 
of protein C to approximately 50% of normal. More than 
195 different mutations have been identifi ed, most com-
monly missense or nonsense mutations.47 The functional 
or type II defi ciency state is characterized by normal 

TABLE 32-2  Assay Measurements in Heterozygous 
Protein C Defi ciency

Types Antigen

ACTIVITY

Amidolytic Coagulant

I Low Low Low
II Normal Low Low

Normal Normal Low
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synthesis of an abnormal protein. The functional capacity 
of protein C is most often assessed by using a snake 
venom protease (Protac)-based assay to directly activate 
the protein. After activation, an amidolytic assay can 
assess the functionality of the catalytic site of the protein. 
A few individuals have been described with normal levels 
of protein C antigen and amidolytic activity but with 
substantial reductions in protein C anticoagulant activ-
ity.48 In such cases, protein C anticoagulant activity can 
be measured with a clotting assay (based on prolongation 
of the activated partial thromboplastin time [APTT]), 
and abnormalities presumably refl ect a reduced ability of 
activated protein C to interact with the platelet mem-
brane or its substrates such as factor Va and factor VIIIa. 
The coagulant assay thus has the highest sensitivity in 
screening patients for hereditary protein C defi ciency.

Levels of protein C antigen in the heterozygous defi -
ciency state overlap with those in the normal population, 
thus making it diffi cult to defi ne the diagnosis in some 
patients. In general, antigen levels of 60% to 70% of 
normal represent borderline values and warrant repeat 
testing. Protein C antigen levels can also vary with age. 
Protein C levels in newborns are 20% to 40% of normal 
adult levels,49 and preterm infants have even lower levels.50 
Neonates with signifi cant perinatal thrombosis can have 
levels suggestive of homozygous defi ciency.51 In adults, 
protein C levels typically increase 4% per decade.44

Acquired protein C defi ciency is found in numerous 
disease states, including liver disease, DIC, and sepsis. A 
particularly severe form of acquired protein C defi ciency 
has been reported in association with purpura fulminans 
and DIC in individuals with acute meningococcal infec-
tions.52,53 In contrast to antithrombin, antigenic concen-
trations of vitamin K–dependent plasma proteins, 
including protein C, are often elevated in individuals with 
nephrotic syndrome.54 Most individuals with uremia have 
low levels of protein C anticoagulant activity but normal 
levels of protein C amidolytic activity and antigen.55 This 
is attributable to a dialyzable moiety in uremic plasma 
that interferes with most clotting assays for protein C 
activity.56

As for other γ-carboxylase coagulation proteins (see 
Chapter 26), warfarin therapy reduces functional and, to 
a lesser extent, immunologic measurements of protein C, 
thus complicating diagnosis of the defi ciency state.48 
Several researchers have proposed that the diagnosis can 
still be made in this setting based on the ratios of protein 
C antigen to factor II or factor X antigen. This method, 
however, will not detect patients with type II defi ciency, 
and it can be used only in subjects in a stable phase of 
oral anticoagulation.57 Other groups have used protein C 
activity assays in conjunction with functional measure-
ments of factor VII, a vitamin K–dependent zymogen 
with a similar plasma half-life.58 In practice, it is prefera-
ble to investigate individuals suspected of having the 
defi ciency state after oral anticoagulation has been dis-
continued for at least 1 week and to perform family 

studies. If it is not possible to discontinue warfarin 
because of the severity of the thrombotic diathesis, such 
individuals can be studied while receiving heparin therapy, 
which does not alter plasma protein C levels.

Warfarin-induced skin necrosis has been associa -
ted with the presence of heterozygous protein C defi -
ciency.59-61 This syndrome typically occurs during the fi rst 
several days of warfarin therapy, often in association with 
the administration of large loading doses of the medica-
tion. Skin lesions occur on the extremities, breasts, and 
trunk, as well as on the penis, and marginate over a 
period of hours from an initial central erythematous 
macule. If a product containing protein C is not admin-
istered rapidly, the affected cutaneous areas become 
edematous, central purpuric zones develop, and the 
lesions ultimately become necrotic. Biopsies demonstrate 
fi brin thrombi within cutaneous vessels with interstitial 
hemorrhage. The dermal manifestations of warfarin-
induced skin necrosis are clinically and pathologically 
similar to those seen in infants with purpura fulminans 
resulting from severe protein C defi ciency (see later).

The pathogenesis of warfarin-induced skin necrosis 
is attributable to the emergence of a transient hyperco-
agulable state. Initiation of the drug at standard doses 
leads to a decrease in protein C anticoagulant activity to 
approximately 50% of normal within 1 day.48 Although 
factor VII activity follows a pattern similar to that of 
protein C, levels of the other vitamin K–dependent 
factors decline at slower rates, consistent with their longer 
half-lives. Increased thrombin generation has been docu-
mented in patients during this early phase of warfarin 
therapy.62 During this period the drug’s suppressive effect 
on protein C has a greater infl uence on the hemostatic 
mechanism than its reduction of factor VII does. These 
effects are augmented when a large–loading dose sched-
ule (i.e., >10 mg of warfarin daily) is used to initiate oral 
anticoagulation or the patient has an underlying heredi-
tary defi ciency of protein C. However, only about a third 
of patients with warfarin-induced skin necrosis have an 
inherited defi ciency of protein C,63 and this complication 
is a rather infrequently reported event in individuals with 
the heterozygous defi ciency state. This syndrome has 
been reported in association with an acquired functional 
defi ciency of protein C.64 There are also reports of hered-
itary protein S defi ciency and the factor V Leiden 
mutation in association with warfarin-induced skin 
necrosis.65-68

The long-established syndrome of purpura fulmi-
nans is classically described as a complication of menin-
gococcal infection in children. However, newborns rarely 
exhibit a syndrome of purpura fulminans, which is asso-
ciated with laboratory evidence of DIC and protein C 
antigen levels less than 1% of normal.69-78 In some 
instances there is a history of consanguinity in the family, 
thus making it highly likely that the affected infants were 
homozygous for the defi ciency state.70,73,76 Such new-
borns can also be double heterozygotes, as was demon-
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strated in a Chinese patient74 who had a fi ve-nucleotide 
deletion in one protein C allele and a missense mutation 
in the other.79 The heterozygous parents of infants with 
purpura fulminans in association with severe protein C 
defi ciency only infrequently have thromboses, in contrast 
to patients with thrombotic histories and a hereditary 
partial defi ciency of protein C. There are, however, 
numerous reports of older patients with homozygous or 
doubly heterozygous protein C defi ciency in whom 
purpura fulminans was not present. These individuals 
generally have protein C levels under 20% of normal in 
the absence of oral anticoagulant therapy, and their clini-
cal manifestations were similar to that of severely affected 
subjects from thrombophilic kindreds with the heterozy-
gous defi ciency state.80,81

Protein S Defi ciency

Protein S is a vitamin K–dependent protein that enhances 
the anticoagulant effect of APC. Primarily synthesized by 
hepatocytes but also by endothelial cells, megakaryo-
cytes, and brain cells, protein S serves as a cofactor for 
APC, which then inactivates factors Va and VIIIa. Factor 
Va inactivation occurs by an ordered series of peptide 
bond scissions in the molecule’s heavy chain: fi rst, rapid 
cleavage at Arg506 takes place, followed by slower cleav-
age at Arg306 and then Arg679 (see Chapter 26).82 Inter-
action of protein S with APC results in both an increased 
affi nity for negatively charged phospholipids and a 20-
fold enhancement of the slower phase of factor Va inac-
tivation. In plasma, only 40% of protein C is available in 
the “free” form, whereas the remainder is bound to C4b-
binding protein and cannot interact with APC.

Protein S defi ciency is an autosomal dominant dis-
order that was originally described in 1984 in several 
kindreds with low levels of protein S and a striking history 
of recurrent thrombosis.83,84 There is a reported frequency 
of approximately 10% in families with inherited throm-
bophilia10,85; however, the prevalence is lower (between 
1% and 7%) in consecutive outpatients with a fi rst 
episode of deep venous thrombosis.4,13 Protein S defi -
ciency is generally considered to confer a risk of throm-
bosis similar to that in protein C defi ciency, although the 
association has been complicated by considerable pheno-
typic variability.

The clinical fi ndings in patients with heterozygous 
protein S defi ciency are similar to those outlined for 
defi ciencies of antithrombin and protein C. Among 71 
protein S–defi cient members from 12 Dutch pedigrees,86 
74%, 72%, and 38% of the individuals sustained deep 
venous thrombosis, superfi cial thrombophlebitis, and 
pulmonary emboli, respectively. The mean age at the fi rst 
thrombotic event was 28 years, with a range of 15 to 68; 
56% of the episodes were apparently spontaneous, and 
the remainder were precipitated by an identifi able factor. 
Thrombosis has also been reported in the axillary, mes-
enteric, and cerebral veins. Although there have been case 
reports of young patients with arterial thrombosis and 

protein S defi ciency, current data do not support an 
association between hereditary protein S defi ciency and 
an increased risk for arterial thrombosis.87

Three types of protein S defi ciency states can be 
identifi ed based on measurements of total and free 
antigen, as well as functional activity (Table 32-3). The 
type I defi ciency state is associated with approximately 
50% of the normal total protein S antigen level84 and 
greater reductions in free protein S antigen and protein 
S functional activity.88 This defect is most often second-
ary to missense mutations and base pair insertions or 
deletions. The type II qualitative defi ciency state, charac-
terized by normal total and free protein S levels but 
abnormal functional activity, has been identifi ed infre-
quently, thus suggesting that current functional assays 
may not screen for all such defects. In type III defi ciency, 
total protein S antigen levels are normal, with dispro-
portionately decreased free protein S and functional 
activity.

The biologic basis of the type III protein S defi ciency 
state is uncertain. Furthermore, coexistence of type I and 
type III defi ciency has been reported in some protein S–
defi cient families, which has led to the proposal that the 
two types of protein S defi ciency are phenotypic variants 
of the same genotype and are not the product of distinct 
genetic mutations.89 In a follow-up analysis of one large 
family with a high prevalence of both type I and type III 
defi ciency, total protein S antigen, but not free protein S 
antigen levels, were shown to directly correlate with age.90 
These fi ndings were independent of gender and were also 
seen in nondefi cient family members. The researchers 
concluded that a single point mutation in the protein S 
gene was responsible for the quantitative type I defi ciency 
but that the type III phenotype was actually due to an 
age-dependent free protein S defi ciency; with increasing 
age, the relative concentrations of free protein S to total 
protein S decreased. However, a Dutch cohort study of 
fi rst-degree family members with protein S defi ciency 
found that affected relatives of probands with type I 
defi ciency were at increased risk for venous thromboem-
bolism whereas affected relatives of probands with type 
III defi ciency were not.87

There are multiple causes of acquired protein S defi -
ciency, including pregnancy and oral contraceptive use. 
Protein S levels are commonly low in infl ammatory states, 

TABLE 32-3  Assay Measurements in Heterozygous 
Protein S Defi ciency

Types

PROTEIN 
S ANTIGEN

Protein S ActivityTotal Free

I Low Low Low
II Normal Normal Low
III Normal Low Low
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including DIC and acute thrombosis, largely because of 
protein S interaction with C4b-binding protein. C4b-
binding protein is an acute phase reactant and shifts 
protein S to the complexed, inactive form, which leads 
to decreased protein S activity.91 Levels of total and free 
protein S are signifi cantly reduced in men infected with 
human immunodefi ciency virus (HIV).92 Although total 
protein S antigen measurements are generally increased 
in individuals with nephrotic syndrome, functional assays 
are often reduced54 because of loss of free protein S in 
urine and elevated C4b-binding protein levels.

The lower limit of normal total and free protein S in 
plasma is approximately 65%; however, there is consider-
able overlap between the heterozygous defi ciency state 
and low normal. Such overlap is largely due to the infl u-
ence of age, which leads to an increase in protein S levels, 
and the infl uence of sex, with females having a lower 
normal limit for plasma protein S levels than males do. 
Thus, it is diffi cult to diagnose heterozygous protein S 
defi ciency by performing a single assay; repeat sampling 
and family studies are usually required to make the 
diagnosis.

Young patients with recurrent venous thromboem-
bolic disease associated with doubly heterozygous or 
homozygous protein S defi ciency have been identifi ed.83 
The parents of these patients were asymptomatic and 
had laboratory studies consistent with type I protein S 
defi ciency. Neonatal purpura fulminans has been 
described in association with homozygous protein S 
defi ciency.93,94

Resistance to Activated Protein C and 
the Factor V Leiden Mutation

Before 1993, hereditary defi ciencies were infrequently 
identifi ed in patients with familial thromboembolic 
disease. Dahlbäck and colleagues95 identifi ed several pro-
bands with venous thrombosis that appeared to be resis-
tant to APC in an APTT-based clotting assay. When 
compared with controls, many family members of the 
probands also had a blunted anticoagulant response to 
APC. The following year, Bertina and associates96 identi-
fi ed the genotype underlying most cases of APC resis-
tance as a single point mutation in the factor V gene 
leading to substitution of Arg506 by glutamine. This 
mutation at an APC cleavage site renders factor Va 
relatively resistant to inactivation by APC.82,96

After Dahlbäck and coworkers’ description of APC 
resistance, several studies revealed that this defect was 
relatively common in individuals with venous thrombosis. 
Svensson and Dahlbäck97 screened 104 consecutive 
Swedish individuals referred for evaluation of venous 
thrombosis and found that 33% of the subjects demon-
strated APC resistance. In a U.S. referral population of 
individuals younger than 50 years with unexplained 
venous thromboembolic disease, Griffi n and colleagues98 
found that approximately 50% exhibited APC resistance.

Dutch investigators had previously initiated the 
Leiden Thrombophilia Study to identify risk factors for 
a fi rst episode of venous thrombosis. Excluding patients 
with known malignancies, 345 consecutive outpatients 
younger than 70 years with confi rmed deep venous 
thrombosis were initially reported.99 Using a screening 
APTT-based assay, APC resistance was identifi ed in 21% 
of individuals with thrombosis and in 5% of age- and 
sex-matched healthy controls. The factor V Arg506Gln 
(or factor V Leiden) mutation was found in more than 
80% of the patients who had been found to be APC 
resistant.96 The lower frequency of APC resistance seen 
in the Leiden Thrombophilia Study than in previous 
studies is attributable to differences in selection criteria 
and referral cohorts.

The U.S. Physicians’ Health Study has also provided 
valuable data regarding factor V Leiden as a risk factor 
for venous and arterial thrombosis. In a retrospective 
case-control study of 14,916 healthy men older than 40 
with a mean follow-up period of 8.6 years, heterozygosity 
for the factor V Leiden mutation was identifi ed in 12% 
of patients (14/121) with a fi rst episode of deep venous 
thrombosis or pulmonary embolism and in 6% of con-
trols.100 The relative risk for venous thromboembolism 
was increased 3.5-fold in those with no other concomi-
tant risk factors but was reduced to 1.7-fold in patients 
with preexistent cancer or recent surgery. This study also 
showed that elderly patients with venous thrombosis fre-
quently have the mutation.100 Among men older than 60 
years with initial episodes of venous thrombosis and no 
identifi able triggering factors, 26% (8/31) were heterozy-
gotes for factor V Leiden.

A cohort study of more than 9000 randomly selected 
adults in Denmark found that the simultaneous presence 
of smoking, obesity (body mass index > 30 kg/m2), older 
age (>60 years), and the factor V Leiden mutation resulted 
in absolute 10-year venous thromboembolism rates of 
10% in heterozygotes and 51% in homozygotes.101

A prospective cohort study determined the incidence 
of venous thromboembolism in asymptomatic carriers of 
the factor V Leiden mutation identifi ed through family 
studies of symptomatic probands. Nine events occurred 
in 1564 observation-years, for an annual incidence 
of 0.58%. It was concluded that the absolute annual 
incidence of venous thromboembolism in asymptomatic 
carriers of the mutation is low.102

A number of studies have examined whether factor 
V Leiden, a prevalent abnormality in white populations, 
leads to an increased risk for arterial thrombotic events. 
There are no convincing data that other thrombophilic 
states such as defi ciencies of antithrombin, protein C, 
and protein S confer an increased risk for arterial throm-
bosis, but evaluation of these associations is complicated 
by the relative infrequency of these defects. In a cohort 
of men older than 40 years with a low prevalence of 
smoking, the U.S. Physicians’ Health Study did not fi nd 
an association between the factor V Leiden mutation and 
myocardial infarction or stroke.100 In a younger cohort of 
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Italian patients with myocardial infarction occurring 
before 45 years of age, an increased incidence of the 
factor V Leiden mutation relative to that in controls also 
was not found.103

Because of the frequency of heterozygosity for the 
factor V Leiden mutation in white individuals, homozy-
gosity is not a particularly rare occurrence, and its pres-
ence is compatible with normal gestational survival. 
However, homozygotes for factor V Leiden are at signifi -
cantly higher risk for venous thrombosis than heterozy-
gotes are104,105 and demonstrate heightened APC 
resistance in APTT assays.96,104,106 Patients with hetero-
zygosity for the factor V Leiden mutation along 
with defi ciencies of protein C, antithrombin, or protein 
S107-111 are also at signifi cantly greater risk for venous 
thromboembolism than individuals with only a single 
genetic defect are. The genes for factor V and anti -
thrombin are both located on the long arm of chromo-
some 1, thereby allowing coinheritance of the factor 
V Leiden mutation and an antithrombin mutation 
within all affected members of a family. This situation is 
expected to lead to an even more severe thrombotic 
diathesis.109

Obstetric complications, such as severe preeclamp-
sia, abruptio placentae, fetal growth retardation, and still-
birth, are associated with intervillous or spiral artery 
thrombosis and consequent placental insuffi ciency. 
Factor V Leiden, as well as other hereditary thrombophil-
ias, is associated with an approximate tripling of the risk 
for late fetal loss.112,113 An increased incidence of factor 
V Leiden, as well as other thrombophilias, was also 
reported in women in association with other obstetric 
complications114; associations with preeclampsia and 
intrauterine growth restriction/retardation have, however, 
not been corroborated.115,116

The prevalence of heterozygosity for the factor V 
Leiden mutation in whites, including European, Jewish, 
Israeli Arab, and Indian populations, ranges between 1% 
and 8.5%. The mutation apparently is not present in 
African blacks or in Chinese, Japanese, or Native Ameri-
can populations.117 In Europe, the mutation has been 
found to be more prevalent in northern countries such 
as Sweden than in southern countries such as Spain and 
Italy. By using dimorphic sites in the factor V gene to 
perform haplotype analysis, data have been provided that 
support the existence of a single founder allele among 
whites of differing ethnic background.118 It was also esti-
mated that the mutation originated approximately 30,000 
years ago, which came after the evolutionary divergence 
of white, African, and Asian populations.

Two mutations at the Arg306 residue in factor V, 
the second APC cleavage site in the activated cofactor, 
have been described in patients with a history of throm-
bosis. These mutations are replacement of Arg306 with 
threonine (factor V Cambridge)119 and with glycine 
(in Hong Kong Chinese).120 The latter mutation, how -
ever, evidently has no clinical relevance because it is 

not associated with APC resistance and the mutation 
is as common in healthy Chinese blood donors as in 
patients with thrombosis (4.5% and 4.7%, respec-
tively).121 The factor V Cambridge mutation is extremely 
rare among whites with venous thromboembolic 
disease.

Cosegregation of heterozygous APC resistance as a 
result of the factor V Leiden mutation and type I factor 
V defi ciency has been reported in some patients.122-124 
The plasma of these individuals manifests severe APC 
resistance in partial thromboplastin time (PTT) assays, 
as found in homozygous factor V Leiden patients (i.e., 
the patients with such cosegregation are pseudohomozy-
gous). These patients were seemingly more prone to 
thrombosis than were heterozygous relatives with factor 
V Leiden alone, thus suggesting that their clinical phe-
notype is similar to that of homozygous factor V Leiden 
patients.

Several polymorphisms are present in the factor V 
gene.125,126 An extended factor V gene haplotype (HR2) 
containing the R2 polymorphism (His1299Arg) is 
associated with mild APC resistance and occurs with 
increased frequency in heterozygous patients with 
the factor V Leiden mutation and the lowest APC resis-
tance ratios.126 Although one case-control study found 
that the R2 allele was a risk factor for venous thrombo-
embolism with an odds ratio of 2.0 after excluding sub-
jects with genetic defects such as factor V Leiden,127 
another case-control study found no signifi cant increase 
in risk.128

The initial observations of Dahlbäck and associates95 
facilitated the development of a PTT-based assay that 
serves as a screening test for APC resistance. The PTT 
assay is performed in the presence or absence of a stan-
dardized amount of APC, and the two clotting times are 
converted to an APC ratio. Results can be interpreted by 
comparing the ratio with the normal range or by normal-
izing it to the APC resistance ratio obtained with normal 
pooled plasma. Although this fi rst-generation APC resis-
tance assay was conceptually quite simple and easy to 
perform in a coagulation laboratory, it required careful 
standardization and determination of the normal range 
in at least 50 controls. The level of APC, the PTT reagent, 
and the instrumentation used for clot detection affected 
the performance characteristics of the assay. Some assays 
using this format therefore had inadequate sensitivity and 
specifi city for the factor V Leiden mutation. Moreover, 
patients who were receiving anticoagulants or had an 
abnormal PTT because of other coagulation defects 
could not be evaluated with this assay, and the test was 
not validated in patients with acute thrombosis or in 
pregnant women.

The discovery that factor V Leiden is the dominant 
genetic defect responsible for APC resistance facilitated 
the development of second-generation coagulation tests 
that with proper standardization can give nearly 100% 
sensitivity and 100% specifi city for detection of the muta-



 Chapter 32 • Inherited Disorders of Thrombosis and Fibrinolysis 1541

tion. For these tests, patient plasma is diluted in a suffi -
cient volume of factor V–defi cient plasma, and then a 
PTT-based assay is performed. This modifi cation also 
permits evaluation of the plasma of patients who are 
receiving anticoagulants or have abnormal PTT results 
because of coagulation factor defi ciencies other than 
factor V.

The fact that the dominant mutation underlying 
APC resistance is factor V Leiden makes it attractive to 
diagnose this defect by analyzing genomic DNA in 
peripheral blood mononuclear cells. This can readily be 
accomplished by amplifying a DNA fragment containing 
the factor V mutation site by polymerase chain reaction 
(PCR) and analyzing the cleavage products on ethidium 
bromide–stained agarose gels after restriction enzyme 
digestion with MnlI.96 The substitution of an A for a G 
at nucleotide 1691 in factor V cDNA (CGA to CAA) 
results in the Arg506Gln mutation and loss of a 
MnlI cleavage site. Other diagnostic approaches 
include hybridization with allele-specifi c oligonucleotide 
probes.

Prothrombin G20210A Mutation

In 1996, investigators from Leiden reported that a G-to-
A substitution at nucleotide 20210 in the 3′-untranslated 
region of the prothrombin gene is associated with ele-
vated plasma prothrombin levels and an increased risk 
for venous thrombosis.129 This mutation, which was dis-
covered by directly sequencing the prothrombin gene of 
selected patients with venous thrombosis, is located in 
the 3′-untranslated region at the cleavage site for poly-
adenylation of prothrombin mRNA. The prothrombin 
20210A mutation changes the position of the 3′-
cleavage/polyadenylation reaction in prothrombin mRNA, 
thereby leading to increased prothrombin biosynthesis by 
the liver130; this fi nding is in contrast to previous data that 
the mutation changes mRNA stability by increasing 
mRNA 3′-end formation.131

Investigation of a referral population with a personal 
and family history of venous thrombosis demonstrated 
that 18% had the mutation in the 3′-untranslated region 
of the prothrombin gene whereas it was present in only 
1 of 100 healthy controls.129 Among these thrombosis 
patients, 40% also carried the factor V Leiden mutation, 
thus emphasizing the current view of venous thrombosis 
as a multigene disorder.

In the Leiden Thrombophilia Study, 6.2% of venous 
thrombosis patients and 2.3% of healthy matched con-
trols had the prothrombin gene mutation.129 This muta-
tion independently confers a 2.8-fold increased risk for 
venous thrombosis, and the effect is operative in both 
sexes and all age groups. Among heterozygotes with the 
prothrombin gene mutation, 87% of patients with throm-
bosis and controls in the study had prothrombin activity 
levels that were greater than 1.15 U/mL, whereas only 

23% of those with a normal prothrombin genotype had 
levels elevated to this degree.

The prothrombin G20210A mutation has been doc-
umented in numerous studies to have a signifi cantly 
higher incidence in patients with venous thrombosis than 
in healthy controls.132-134 Large population studies have 
shown an overall prevalence of about 2% in the general 
white population, with signifi cant geographic variation. 
In southern Europeans the prevalence is about 3%, but 
it was only very rarely identifi ed in individuals of Asian 
or African descent.

PCR methods have been used to detect the pro-
thrombin G20210A mutation in genomic DNA.129 In 
addition, methods are available to detect both the pro-
thrombin G20210A mutation and factor V Leiden in the 
same reaction.135 Although plasma prothrombin activity 
and antigen levels are signifi cantly higher in individuals 
with the prothrombin G20210A mutation, prothrombin 
concentrations cannot be used to screen for the defect 
because of signifi cant overlap with the normal 
population.129,136

HYPERHOMOCYSTEINEMIA

Homocysteine is a sulfur-containing amino acid involved 
in metabolic pathways leading to the formation of other 
amino acids; methionine is generated through the remeth-
ylation of homocysteine or metabolized to cysteine via 
trans-sulfuration. The normal plasma homocysteine con-
centration is 5 to 16 μmol/L.

Homocystinuria is a rare autosomal recessive inborn 
error of metabolism that occurs in childhood. The most 
frequent cause is homozygous cystathionine β-synthase 
defi ciency, which has a frequency in the general popula-
tion of approximately 1 in 250,000. As a result of impaired 
intracellular metabolism of homocysteine, increased 
amounts of the amino acid accumulate in blood and are 
excreted in urine. Children with homocystinuria exhibit 
premature atherosclerosis and venous thromboembolism, 
along with mental retardation, ectopic lenses, and skele-
tal abnormalities. A small number of cases are due to 
homozygous defects in the gene encoding methylenetet-
rahydrofolate reductase (MTHFR), and persons so 
affected are similarly affl icted with premature vascular 
disease and thrombosis along with neurologic problems. 
The mechanisms by which hyperhomocysteinemia acts 
as an atherogenic and thrombogenic risk factor have been 
only partially elucidated.137,138

During the last 2 decades, mild or moderate hyper-
homocysteinemia was identifi ed as a seemingly indepen-
dent risk factor for venous and arterial thrombotic 
events.139-141 Mild (16 to 24 μmol/L) or moderate (25 to 
100 μmol/L) hyperhomocysteinemia results from genetic 
and acquired abnormalities. Although heterozygous cys-
tathionine β-synthase defi ciency is found in only approxi-
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mately 0.3% of the general population, a MTHFR variant 
with an alanine-to-valine substitution at amino acid 677 
is common142 and can be present in 1.4% to 15% of the 
population, depending on their origin.141 This mutation 
causes thermolability of MTHFR and a 50% reduction 
in its specifi c activity. The most common causes of 
acquired hyperhomocysteinemia are defi ciencies of 
vitamin B12, folate, or vitamin B6, which are cofactors in 
homocysteine metabolism. There is a strong inverse cor-
relation between hyperhomocysteinemia and folate levels 
and, to a lesser extent, with vitamin B12 and B6 concentra-
tions. Elderly patients frequently have elevated plasma 
homocysteine concentrations, even in the absence of 
vitamin defi ciencies, as do patients with renal failure. 
Cigarette smoking is also associated with acquired 
hyperhomocysteinemia.

Whereas patients with homocystinuria secondary to 
cystathionine β-synthase defi ciency have levels higher 
than 100 μmol/L, individuals with heterozygous defects 
in this gene or inadequate vitamin B6 levels may have 
normal or only slightly elevated levels of fasting homo-
cysteine. Discrimination of such patients from normal 
individuals can be improved by demonstrating an abnor-
mal increase in plasma homocysteine 4 hours after an 
oral methionine load. Defects in the remethylation 
pathway as a result of MTHFR gene defects or inade-
quate folate or vitamin B12 levels tend to cause elevated 
homocysteine levels under fasting conditions. The preva-
lence of hyperhomocysteinemia is almost twice as high 
when based on homocysteine measurements performed 
after methionine loading as when based on fasting levels. 
Genetic testing for the common Ala677Val mutation in 
MTHFR is also possible.

Because folic acid, vitamin B6, and vitamin B12 sup-
plementation can decrease plasma homocysteine levels, 
it was hypothesized that treatment with these supple-
ments would reduce the risk for arterial and venous 
thrombosis. Large randomized placebo-controlled clini-
cal trials, however, reported that clinical outcomes are 
not improved by providing supplements of these vitamins 
to patients with histories of ischemic stroke,143 myo -
cardial infarction,144 vascular disease,145 or venous 
thrombosis.146

Because there are currently no data that persons with 
mild hyperhomocysteinemia and a history of venous or 
arterial thrombosis should be managed any differently 
from those with normal homocysteine levels, there is no 
longer justifi cation for routinely determining homocyste-
ine levels in such patients. In addition, results from the 
Leiden MEGA (Multiple Environmental and Genetic 
Assessment of risk factors for venous thrombosis) study 
indicate that the presence of homozygosity for the 
MTHFR C6777T polymorphism, which mildly increases 
homocysteine levels, is not associated with an increased 
risk for venous thrombosis.147 It should furthermore be 
noted that the prevalence of hyperhomocysteinemia in 
the U.S. population has declined since the wheat supply 
was fortifi ed with folic acid in the late 1990s. Although 

there were previous reports that hyperhomocysteinemia 
signifi cantly increased the risk for a fi rst venous throm-
botic event in patients with the factor V Leiden muta-
tion,148 a recent publication found no additive or 
multiplicative interaction between these abnormalities 
for the risk of venous thrombosis.149

DYSFIBRINOGENEMIAS

Qualitative fi brinogen abnormalities are inherited in an 
autosomal dominant manner. The dysfi brinogenemias 
are a heterogeneous group of disorders that may be 
asymptomatic or be manifested as a bleeding diathesis or 
recurrent venous or arterial thromboembolism. A small 
number of variant fi brinogens have been reported to be 
associated with thrombotic complications. These defects 
can be detected with thrombin and reptilase times, which 
are often prolonged. Functional fi brinogen measure-
ments are usually substantially lower than antigenic mea-
surements in the plasma of affected patients. An occasional 
patient with dysfi brinogenemia may have a prolonged 
prothrombin time or PTT, and the inability of some 
abnormal fi brinogens to clot completely in vitro can 
result in false-positive results in fi brin(ogen) degradation 
product tests.

The functional and biochemical defects of a number 
of abnormal fi brinogens associated with thromboembolic 
disease have been characterized.150,151 The conversion of 
fi brinogen to fi brin by thrombin results in the proteolytic 
cleavage of fi brinopeptides A and B from the molecule. 
Defects in the release of these two peptides152-155 or 
abnormalities in fi brin polymerization156-159 have been 
reported. Such functional defects do not, however, offer 
a ready explanation for the thrombotic diathesis seen in 
these subjects. Abnormalities in the binding of thrombin 
to fi brin have also been found in some dysfi brinoge-
nemias.160-163 In one of these kindreds, three homozygous 
siblings with a Bβ-chain substitution of Ala by Thr at 
position 68 had a severe clinical phenotype and sustained 
both arterial and venous thrombosis at a young age.162,164 
It has been suggested that decreased binding of thrombin 
by this mutant fi brinogen may lead to the presence of 
excessive thrombin in the circulation and the occurrence 
of thrombosis.164 Other fi brinogen mutants have been 
shown to cause abnormal fi brin polymerization.156-158,161 
Some abnormal fi brinogens have been evaluated for 
their ability to resist or promote fi brinolysis upon incor-
poration into a fi brin clot. The fi brin formed from fi brin-
ogen “Chapel Hill III” has been demonstrated to be 
abnormally resistant to lysis by plasmin.156 Activation of 
plasminogen is decreased in the presence of the fi brin 
formed from fi brinogen Dusart despite normal binding 
of tissue plasminogen activator to the substrate.165-169 
These abnormalities clearly have the potential for decreas-
ing fi brinolytic activity in vivo, which results in a familial 
thrombotic diathesis in biochemically affected persons. 
The coexistence of factor V Leiden may predispose 
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individuals with certain dysfi brinogenemias to thrombo -
embolism.170

INHERITED ABNORMALITIES OF 
FIBRINOLYSIS

Although investigators have identifi ed a few individuals 
with inherited abnormalities of the fi brinolytic mecha-
nism and recurrent venous thromboembolism, the clini-
cal association is considerably less striking than that in 
many kindreds with defi ciencies of antithrombin, protein 
C, or protein S or with the prothrombin gene mutation 
or APC resistance as a result of the factor V Leiden muta-
tion. Dysplasminogenemia or hypoplasminogenemia has 
been reported in a number of individuals with thrombo-
embolic disease; the fi rst case of an abnormal plasmino-
gen was identifi ed in Japan.171 The propositus had a 
history of recurrent thrombosis, and family studies dem-
onstrated that the biochemical abnormality followed an 
autosomal dominant inheritance pattern. Despite the 
hereditary nature of the defect, none of the other bio-
chemically affected members of the kindred had experi-
enced a thrombotic event. Other Japanese pedigrees 
without thrombosis have since been described with the 
same biochemical defect; the gene frequency of this 
variant in the Japanese population was 0.018.172 Popula-
tion studies in the United States have not uncovered any 
cases of this dysplasminogenemia. The non-Japanese 
cases of dysplasminogenemia and hypoplasminogenemia 
have also been characterized by the absence of throm-
botic episodes in biochemically affected family members 
other than the propositi.

Severe type 1 plasminogen defi ciency is associated 
with a rare chronic infl ammatory disease of the mucous 
membranes. The disorder is characterized by the 
presence of fi brin-rich pseudomembranous lesions, 
and the most common clinical manifestations are 
ligneous conjunctivitis (80%) and ligneous gingivitis 
(34%); less common sites of involvement are the vagina, 
respiratory tract, ears, and gastrointestinal tract.173 
Patients with this disorder have been found to be homo-
zygous or compound heterozygous for a number of dif-
ferent mutations in the plasminogen gene.173 Although 
this disorder can occasionally be life threatening, venous 
thrombosis was not observed in these patients. A severely 
affected infant with ligneous conjunctivitis has been 
treated successfully with a purifi ed plasminogen concen-
trate,174 but this product is not generally commercially 
available.

There have been reports documenting the existence 
of thrombophilic families with impaired fi brinolysis.175,176 
Re-evaluation of several of these families demonstrated 
the presence of hereditary protein S defi ciency and no 
association between elevations in plasminogen activa -
tor inhibitor 1 (PAI-1) activity and a history of 
thrombosis.177,178

MANAGEMENT OF PATIENTS WITH 
INHERITED THROMBOTIC DISORDERS

Acute Thrombosis and 
Long-Term Management

When a patient with one of the inherited thrombotic 
disorders is discovered, family studies should be con-
ducted because approximately half the members of a 
given kindred may be affected. Institution of long-term 
anticoagulation is not generally recommended for indi-
viduals who have not yet sustained thrombotic episodes. 
Affected individuals, however, should receive counseling 
regarding the implications of the diagnosis and advice 
regarding the symptoms that require immediate medical 
attention. In women of childbearing age, oral contracep-
tives are generally contraindicated in view of the increased 
thrombotic risk associated with the use of these medica-
tions. All biochemically affected individuals should be 
carefully evaluated before surgical, medical, or obstetric 
procedures that carry an increased thrombotic risk. These 
subjects should then receive appropriate prophylactic 
anticoagulation regimens. If specifi c concentrates are 
available for a patient with a particular defi ciency state, 
these concentrates can also be administered to raise 
plasma levels of the protein to the normal range during 
the perioperative period. All women with previous throm-
botic episodes should receive prophylactic heparin 
throughout pregnancy, and asymptomatic women should 
also generally receive such treatment.

Management of an acute thrombotic event in patients 
with a hereditary thrombotic disorder is generally similar 
to that for patients without an identifi able risk factor. 
Anticoagulant therapy is initiated with appropriate doses 
of heparin, low-molecular-weight heparin, or fondaparinux 
for 5 to 10 days, and warfarin (or another vitamin K 
antagonist) is begun within 24 hours to produce an inter-
national normalized ratio (INR) of 2.0 to 3.0. The indica-
tions for thrombolytic therapy in patients with these 
disorders are similar to those in other patients with acute 
venous thrombosis or pulmonary embolism. Standard 
therapy for patients with deep venous thrombosis or pul-
monary embolism typically includes anticoagulation with 
warfarin for 3 to 12 months at a target INR of between 
2 and 3; this regimen results in more than a 90% reduc-
tion in risk of recurrence.

In patients with a fi rst episode of symptomatic venous 
thromboembolism, Prandoni and colleagues179 found the 
cumulative incidence of recurrent venous thrombosis 
after the cessation of anticoagulant therapy to be 24.8% 
at 5 years and 30.3% at 8 years. Other investigators have 
confi rmed that this risk is about 5% to 15% per year for 
the fi rst several years after a fi rst or even a second episode 
of unprovoked venous thrombosis. Recurrences are less 
common when the initial event is associated with a tran-
sient risk factor (e.g., surgery, trauma, pregnancy). 
Despite the relatively high recurrence risk in patients with 
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a fi rst episode of unprovoked venous thrombosis, antico-
agulation with warfarin has not proved to have suffi cient 
benefi t in terms of bleeding risk to support long-term 
prophylaxis for all patients at substantial risk for recur-
rence. For example, one controlled trial evaluated the 
effi cacy of long-term warfarin therapy (INR of 2 to 2.85) 
for 6 months or indefi nitely in 227 patients with a second 
venous thrombotic episode, but not specifi cally inherited 
thrombophilia.180 Long-term warfarin was highly effec-
tive in preventing recurrences when compared with 6 
months of therapy (2.6% versus 21% over a period of 4 
years); this benefi t was partially counterbalanced by a 
trend toward an increased incidence of major hemor-
rhage (8.6% versus 2.3%), and there was no difference 
in mortality rate between the two groups.

Because of the relatively high frequency of the factor 
V Leiden mutation in patients with a fi rst episode of 
venous thromboembolism, there is a substantial amount 
of data on the risk of recurrence. Although two groups 
initially reported that patients with factor V Leiden who 
had a fi rst venous thrombotic event were more than twice 
as likely to have a recurrent episode than those without 
the mutation were,148,181 several other groups have not 
found that heterozygosity for this defect or the prothrom-
bin G20210A mutation confers a higher risk for recur-
rence.182-186 Thus, the consensus view is that neither of 
these defects alone is predictive of recurrence, and several 
studies have argued against the use of long-term warfarin 
therapy after a fi rst thromboembolic episode in these 
patient populations. There is no increase in mortality 
among patients with the factor V Leiden mutation.187 The 
recurrence risk appears to be signifi cantly higher in the 
small subset of patients who are heterozygous for two 
hereditary prothrombotic defects or homozygous for 
factor V Leiden.107-110,185,188

As a result of the relatively low frequency of anti-
thrombin, protein C, or protein S defi ciency in unselected 
cohorts with an initial episode of venous thromboembo-
lism, randomized clinical trials have included too few 
patients with these defi ciencies to draw fi rm conclusions. 
A literature review and retrospective cohort study sug-
gested that they have a high annual incidence of recurrent 
venous thromboembolism during the years immediately 
after a fi rst episode and that this incidence declines there-
after.189 Retrospective studies are unable to demonstrate 
an increase in mortality in patients with antithrombin190 
or protein C defi ciency.

For the individual patient, the decision to continue 
anticoagulation indefi nitely requires estimation of the 
quantitative risk over time for recurrent thrombosis 
(including fatal pulmonary embolism) and major bleed-
ing (including fatal bleeding). Patient compliance has a 
major impact on the success of therapy, and patient pref-
erences must be factored into the decision. Thus, given 
that future events in a patient with only one previous 
thrombotic episode cannot currently be accurately pre-
dicted and because there is a fi nite risk of bleeding associ-
ated with warfarin therapy, recommendations regarding 

long-term anticoagulation are individualized. The follow-
ing clinical features should be considered in making this 
decision:

1. The number, sites, and severity of thrombosis. A 
patient who previously sustained massive pulmonary 
embolism is more likely to receive long-term warfarin 
than is a subject in whom deep venous thrombosis 
developed in a calf vein unless there are symptoms or 
signs of a signifi cant postphlebitic syndrome.

2. Whether the thrombotic episodes were spontaneous 
or whether precipitating factors were present. If a 
precipitating event such as a major abdominal opera-
tion was present when the initial venous thrombotic 
event occurred, the risk of recurrence is substantially 
lower than if the event was spontaneous, and the 
patient does not require long-term oral anticoagula-
tion after the initial episode is adequately treated.

3. The patient’s risk of bleeding while receiving warfarin. 
A history of bleeding or diffi culty accurately monitor-
ing and controlling warfarin therapy because of altered 
gastrointestinal function will lead to an increased risk 
for bleeding.

4. The sex and lifestyle of the individual. Situations in 
which these factors may infl uence the decision to rec-
ommend long-term anticoagulation include women of 
childbearing age planning to conceive (warfarin is 
generally contraindicated in women bearing a fetus, 
especially during the 6th to 12th weeks of gestation 
because of the teratogenic risk), occupations that 
entail prolonged periods of immobilization and there-
fore might be associated with an increased risk for 
thromboembolism, and jobs with a higher than average 
chance of trauma that might lead to thrombotic or 
bleeding complications, or both.

5. A history of thromboembolism in other biochemically 
affected members of the family. Although marked 
intrafamilial and interfamilial heterogeneity has been 
observed in the phenotypic expression of inherited 
thrombotic disorders, it is reasonable for biochemi-
cally affected patients from severely affected kindreds 
with a single thrombotic episode to take oral antico-
agulants indefi nitely.

Antithrombin Defi ciency

Patients with antithrombin defi ciency can usually be 
treated successfully with intravenous heparin,191 although 
in some situations unusually high doses of the drug are 
required to achieve adequate anticoagulation. In patients 
with antithrombin defi ciency who are receiving heparin 
for the treatment of acute thrombosis, the adjunctive role 
of antithrombin concentrate purifi ed from human plasma 
is not clearly defi ned because controlled trials have not 
been performed.191 The latter product should probably 
be administered when diffi culty is encountered in achiev-
ing adequate heparinization or recurrent thrombosis is 
observed despite adequate anticoagulation. It is also rea-
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sonable to treat subjects who are antithrombin defi cient 
with concentrate before major surgery or in obstetric 
situations in which the risks of bleeding from anticoagu-
lation are unacceptable. The manufacturing processes 
used to prepare antithrombin concentrate result in a 
product that is greater than 95% pure; they also inacti-
vate hepatitis B virus and HIV type 1.192,193 Hence, it is 
preferable to administer antithrombin concentrate rather 
than fresh frozen plasma. A human antithrombin concen-
trate has also been produced from the milk of transgenic 
goats by recombinant DNA technology194 and is com-
mercially available in Europe.

The biologic half-life of antithrombin is approxi-
mately 48 hours.14 Infusion of 50 units of plasma-derived 
antithrombin concentrate per kilogram of body weight (1 
unit is defi ned as the amount of antithrombin in 1 mL 
of pooled normal human plasma) will usually raise the 
plasma antithrombin level to approximately 120% in a 
congenitally defi cient individual with a baseline level of 
50%.193,195-198 Plasma levels should be monitored to 
ensure that they remain above 80%; administration of 
60% of the initial dose at 24-hour intervals is recom-
mended to maintain inhibitor levels in the normal 
range.198

Coumarin-Induced Skin Necrosis

Because coumarin-induced skin necrosis is a rare com-
plication, therapy has been guided primarily by knowl-
edge regarding its pathogenesis. The diagnosis should be 
suspected in patients with painful, red skin lesions devel-
oping within a few days after initiation of the drug, and 
immediate intervention is required to prevent rapid pro-
gression and reduce complications. Therapy should 
consist of immediate discontinuation of warfarin, admin-
istration of vitamin K, and infusion of heparin at thera-
peutic doses. Lesions have been reported to progress, 
however, despite adequate anticoagulation with heparin. 
In patients with hereditary protein C defi ciency, admin-
istration of a source of protein C should be seriously 
considered, and it may also be appropriate in other 
patients with coumarin-induced skin necrosis because 
they invariably have reduced plasma levels of functional 
protein C when the skin lesions fi rst appear. Fresh frozen 
plasma has been used, but improved results can be 
expected after the administration of a highly purifi ed 
protein C concentrate, which facilitates rapid and com-
plete normalization of plasma protein C levels.199

Because of the infrequent occurrence of coumarin-
induced skin necrosis, it may be advisable to take special 
precautions when initiating oral anticoagulant treatment 
in a patient who is previously known or likely to have 
protein C defi ciency. Warfarin should be started only 
when the patient is fully heparinized, and the dose of the 
drug should be increased gradually, starting at a relatively 
low level (e.g., 2 mg for the fi rst 3 days and then in 
increasing amounts of 2 to 3 mg until therapeutic anti-
coagulation is achieved). Patients with heterozygous 

protein C defi ciency and a history of warfarin-induced 
skin necrosis have been successfully retreated with oral 
anticoagulants. Protein C administration either in the 
form of fresh frozen plasma or protein C concentrate 
provides protection against the development of recurrent 
skin necrosis until a stable level of anticoagulation is 
achieved.60,200

Homozygous or Doubly Heterozygous 
Protein C Defi ciency and Neonatal 
Purpura Fulminans

Management of neonatal purpura fulminans in associa-
tion with homozygous or doubly heterozygous protein C 
defi ciency is complicated, and neither heparin therapy 
nor antiplatelet agents have been shown to be effec-
tive.69,71-75 Administration of a protein C source appears 
to be critical in the initial treatment of these patients. 
Fresh frozen plasma has been used successfully to treat 
these infants. However, the half-life of protein C in the 
circulation is only about 6 to 16 hours,48,201 and frequent 
administration of plasma is limited by the development 
of hyperproteinemia or hypertension, loss of venous 
access, and the potential for exposure to infectious viral 
agents. A highly purifi ed concentrate of protein C has 
been developed and is effi cacious in treating neonatal 
purpura fulminans.202 Warfarin has been administered to 
these infants without the redevelopment of skin necrosis 
during the phased withdrawal of fresh frozen plasma 
infusions,69,74,76,203,204 and this medication has been used 
chronically to control the thrombotic diathesis. A 20 
month-old child with liver failure and homozygous 
protein C defi ciency successfully underwent liver trans-
plantation, which normalized his protein C levels and 
resolved the thrombotic diathesis.205
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Platelets play a critical role in hemostasis. When the vas-
cular endothelium is disrupted, platelets adhere to the 
subendothelium and initiate primary hemostasis. The 
details of normal platelet physiology and function are 
presented in Chapter 25. Excessive bleeding occurs if 
primary hemostasis is abnormal because platelets are 
either defi cient in number or defective in function. 
Acquired platelet defects, both quantitative and qualita-
tive in nature, are discussed in this chapter and the cor-
responding inherited disorders in Chapter 29.

The normal circulating platelet count for all ages 
ranges from 150,000 to 400,000/μL. Circulating platelets 
constitute two thirds of total body platelets; the remain-
ing platelets are located within the spleen.1 Platelets 
exhibit marked heterogeneity in size. Two factors have 
been proposed to account for this heterogeneity.2 First, 
as platelets age, they may become smaller as a result of 
fragmentation or loss of granule contents or membrane 
proteins. Second, megakaryocytes produce platelets of 
varying size. In thrombolytic states, megakaryocytes pref-
erentially produce large platelets, a phenomenon analo-
gous to stress erythropoiesis.2 The average life span of 
platelets is 7 to 10 days, although survival of transfused 
platelets in a thrombocytopenic recipient is reduced pro-
portionately to the severity of the thrombocytopenia.3 
These fi ndings suggest either that there is increased 
platelet utilization in thrombocytopenic states or that a 
fi xed number of platelets are removed from the circula-
tion each day, irrespective of the platelet count.4

QUANTITATIVE PLATELET ABNORMALITIES

Thrombocytopenia

The clinical manifestations of thrombocytopenia typi-
cally involve the skin or mucous membranes and include 
petechiae, ecchymoses, prolonged bleeding at incision or 
venipuncture sites, epistaxis, gastrointestinal hemorrhage, 
hematuria, and menorrhagia. Intracranial hemorrhage 
(ICH) can occur but is rare. As discussed in Chapter 28, 
the deep muscle hematomas and hemarthroses typically 
seen in individuals with defi ciencies of factor VIII or 
factor IX generally do not occur with platelet disorders. 
Causes of thrombocytopenia fall into three broad 
categories: platelet sequestration (usually in the spleen), 
increased platelet destruction, or decreased platelet pro-
duction. The differential diagnosis of thrombocytopenia 
in children is outlined in Box 33-1. Discriminating among 
these diagnoses is important because the cause of throm-
bocytopenia affects the choice of therapy.

When a patient with thrombocytopenia is assessed, 
the risk of bleeding episodes should be estimated. If the 
risk is signifi cant, treatment is warranted. Unfortunately, 
there is a lack of direct correlation between the platelet 
count and the risk of bleeding episodes, which confounds 
treatment decisions. The risk of hemorrhage is affected 
by many factors, such as coexisting coagulation defects, 

FIGURE 33-1. Pseudothrombocytopenia: photomicrograph of ethyl-
enediaminetetraacetic acid–dependent platelet clumping (arrow).

trauma, and surgery. In older children and adults, serious 
spontaneous bleeding does not occur until the platelet 
count is less than 20,000/μL. Many physicians use a 
platelet count of 10,000 to 20,000/μL as the threshold 
for intervention. This threshold was derived from a study 
of children with leukemia and may not be relevant for all 
cases of thrombocytopenia. For example, because of the 
increased risk for ICH in neonates, a threshold of 20,000 
to 50,000/μL is often used. In addition, patients with a 
defect in production are more likely to have serious 
bleeding than those with a destructive platelet problem 
because in the latter patients, platelets tend to be larger 
and more functional.

Thrombocytopenia Refl ecting Laboratory 
Artifact or Sequestration

Spurious Thrombocytopenia

Thrombocytopenia may be an incidental fi nding. If the 
history and physical examination do not suggest a defect 
in primary hemostasis, a low platelet count may represent 
a laboratory artifact. Potential causes of a falsely low 
platelet count include platelet activation during blood 
collection, undercounting of megathrombocytes,5 or 
pseudothrombocytopenia as a result of in vitro agglutina-
tion by ethylenediaminetetraacetic acid (EDTA)-
dependent antibodies.6 In a patient with artifactual 
thrombocytopenia, large clumps of agglutinated platelets 
may be found at the periphery of the blood fi lm, or plate-
lets may be adherent to leukocytes and form platelet 
“satellites” (Fig. 33-1).7

Pseudothrombocytopenia secondary to EDTA-
dependent antibodies can be confi rmed by repeating the 
platelet count with another anticoagulant (e.g., citrate, 
oxalate, or heparin) or by preparing a blood fi lm directly 
from a fi nger or heel puncture sample. The cause of 
EDTA-associated pseudothrombocytopenia is an IgG or 
IgM directed against a cryptic platelet antigen exposed 
only in the presence of this anticoagulant.6 The phenom-
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Box 33-1 Differential Diagnosis of Thrombocytopenia in Children and Adolescents

DESTRUCTIVE THROMBOCYTOPENIAS

Primary Platelet Consumption Syndromes
Immune thrombocytopenias
 Acute and chronic ITP
 Autoimmune diseases with chronic ITP as a 

manifestation
  Cyclic thrombocytopenia
  ALPS and its variants
  SLE
  Evans’ syndrome
  Antiphospholipid antibody syndrome
  Neoplasia-associated immune thrombocytopenia
 Thrombocytopenia associated with HIV
 Neonatal immune thrombocytopenia
  Alloimmune
  Autoimmune (e.g., maternal ITP)
 Drug-induced (including HIT)
 Post-transfusion purpura
 Allergy and anaphylaxis
Nonimmune thrombocytopenias
 Thrombocytopenia of infection
  Bacteremia or fungemia
  Viral infection
  Protozoan infection
 Thrombotic microangiopathic disorders
  TTP
  HUS
  BMT–associated microangiopathy

  Drug-induced
 Platelets in contact with foreign material
 Congenital heart disease
 Drug-induced via direct platelet effects (ristocetin, 

protamine)
 Type 2b VWD or platelet-type VWD

Combined Platelet and Fibrinogen 
Consumption Syndromes
DIC
Kasabach-Merritt syndrome
HLH

IMPAIRED PLATELET PRODUCTION

Hereditary disorders (see Chapter 29)
Acquired disorders
 Aplastic anemia
 MDS
 Marrow infi ltrative process
 Nutritional defi ciency states (Fe, folate, vitamin B12, 

anorexia nervosa)
 Drug- or radiation-induced thrombocytopenia
 Neonatal hypoxia or placental insuffi ciency

SEQUESTRATION

Hypersplenism
Hypothermia
Burns

ALPS, autoimmune lymphoproliferative syndrome; BMT, bone marrow transplant; DIC, disseminated intravascular coagulation; HLH, 
hemophagocytic lymphohistiocytosis; HIT, heparin-induced thrombocytopenia; HIV, human immunodefi ciency virus; HUS, hemolytic-
uremic syndrome; ITP, immune thrombocytopenic purpura; MDS, myelodysplastic syndrome; SLE, systemic lupus erythematosus; TTP, 
thrombotic thrombocytopenic purpura; VWD, von Willebrand’s disease.

enon is not associated with any particular pathology and 
may be observed in both healthy subjects and patients 
with diseases. In some individuals the antibodies respon-
sible persist indefi nitely, whereas in others the antibodies 
are transient. No abnormalities in hemostasis or throm-
bosis have been reported in any of these patients.

Other causes of pseudothrombocytopenia include 
drugs8 and EDTA-independent cold agglutinins.9 The 
overall incidence of pseudothrombocytopenia in hospi-
talized adult patients is approximately 1%, but it is less 
common in pediatric patients.6 No further evaluation or 
treatment is indicated for a patient documented as having 
a spuriously low platelet count.

Apparent Thrombocytopenia Caused 
by Hypersplenism

The spleen normally retains about a third of the body’s 
platelets in an exchangeable pool.1 The fraction of plate-
lets sequestered in the spleen increases in proportion to 
spleen size. Thus, an apparent thrombocytopenia can 

result from increased pooling in an enlarged spleen—a 
condition referred to as hypersplenism. In patients with 
hypersplenism, recovery of transfused autologous plate-
lets is only 10% to 30%, whereas in normal individual it 
is 60% to 80% and in asplenic patients it is 90% to 100%. 
Splenic blood fl ow is the major determinant of the size 
of the exchangeable splenic platelet pool in splenome-
galic states.10 Administration of intravenous epinephrine 
causes constriction of the splenic artery and results in 
passive emptying of platelets into the circulation. This 
increase in platelet count is proportionately greater in 
patients with splenomegaly than in normal subjects.

In general, the apparent thrombocytopenia that 
results from pooling in an enlarged spleen is mild (50,000 
to 150,000/μL). Platelet counts of less than 50,000/μL 
should not be attributed to splenomegaly alone without 
further investigation. The degree of hypersplenism is pro-
portional to spleen weight, whether the splenomegaly is 
due to congestion (e.g., cirrhosis with portal hyperten-
sion), hemolytic anemia (e.g., hemoglobin SC disease), 
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or other causes. Because thrombocytopenia secondary 
to splenic pooling is not usually clinically important, 
no treatment is warranted, although splenectomy may 
be indicated for patients with severe thrombocytopenia, 
as can occur in Gaucher’s disease or other storage 
diseases.

Apparent Thrombocytopenia Caused 
by Hypothermia

Platelets are transiently sequestered in the spleen, liver, 
and other organs of experimental animals subjected to 
hypothermia. Upon rewarming of the animal, these plate-
lets return to the circulation. A similar phenomenon has 
been observed in hypothermic patients. Transient throm-
bocytopenia (platelet counts of 7000 to 62,000/μL) has 
been reported in hypothermic patients of various age.11,12 
Less signifi cant thrombocytopenia has been observed in 
patients undergoing cardiac surgery with hypothermic 
perfusion. Treatment of the thrombocytopenia associated 
with hypothermia consists of rewarming and documenta-
tion of return of the platelet count to the normal range, 
which usually occurs in 4 to 10 days.

Thrombocytopenia Caused by Increased 
Platelet Destruction

A major etiologic classifi cation of acquired thrombocy-
topenia of childhood is increased platelet destruction. 
Clinical conditions associated with increased platelet 
destruction are listed in Box 33-1. These conditions can 
be further subgrouped into immune and nonimmune 
causes.

Immune Thrombocytopenias

Autoantibodies, alloantibodies, or drug-dependent anti-
bodies may associate with platelet membranes and target 
the cells for accelerated destruction by phagocytes of 
the reticuloendothelial system. An antibody mediating 
immune destruction of platelets may be directed against 
a platelet membrane antigen, or it may be part of an 
immune complex that binds Fc receptors on platelets.

Platelet antigens fall into two general classes. Glyco-
proteins that occur predominantly on platelets, such as 
the glycoprotein IIb/IIIa (GPIIb/IIIa) or GPIb/IX/V 
complexes, are often termed platelet-specifi c antigens. The 
glycoproteins (e.g., human leukocyte antigen [HLA] 
class I) and glycolipids (e.g., blood group ABH antigens) 
expressed on platelets, leukocytes, and other cell types 
are termed platelet-nonspecifi c antigens. Antibodies against 
platelet-specifi c and platelet-nonspecifi c antigens are 
responsible for a number of clinical syndromes, including 
autoimmune thrombocytopenia, neonatal alloimmune 
thrombocytopenia (NAIT), post-transfusion purpura 
(PTP), and platelet transfusion refractoriness. Antibodies 
directed against platelet integrins are common in immune 
thrombocytopenias. For example, autoantibodies directed 
against GPIIb/IIIa are seen in immune thrombocytope-
nic purpura (ITP)13,14 and in drug-induced thrombocy-
topenia.15,16 Several clinically signifi cant alloantigens are 

located on GPIIb/IIIa, including HPA-1a, the human 
platelet antigen most frequently implicated in NAIT (see 
later). Autoantibodies against GPIb or GPIX also have 
been reported in patients with ITP13,14 and drug-induced 
thrombocytopenia.15,17

HLA class I antigens are expressed on a wide range 
of cells, including platelets, and are important for the 
recognition of self by cytotoxic T cells. HLA-A and HLA-
B antigens are strongly expressed on platelets.18 Alloan-
tibodies against HLA-A or HLA-B antigens frequently 
form in multiparous women and multiply transfused 
patients, and these alloantibodies contribute to platelet 
transfusion refractoriness. HLA-C antigens are weakly 
expressed on platelets and are far less likely to induce 
alloantibodies, thus making it less necessary to match the 
HLA-C locus for donor-recipient compatibility in plate-
let transfusions. HLA class II antigens, which function in 
antigen presentation by macrophages and B lymphocytes, 
are not expressed on platelets.

ABH blood group antigens are carried on a number 
of platelet glycoproteins, including the GPIIb/IIIa and 
GPIb/IX/V complexes.19 ABH antigens are also expressed 
on glycolipids.19 In rare instances, these antigens 
have been implicated as the cause of immune-mediated 
platelet destruction, but in general, these platelet-
nonspecifi c antigens play only a minor role in immune 
thrombocytopenias.

Platelet Antibody Testing. A large number of assays 
have been developed to detect antibodies directed against 
or associated with platelet membrane antigens.20 These 
assays can be categorized into direct (detecting antibody 
associated with the patient’s platelets) or indirect (detect-
ing antibody in the patient’s serum that binds to control 
platelets). Indirect tests may detect, in addition to autoan-
tibodies, alloantibodies (e.g., HLA related), particularly 
in multiparous women and individuals who have received 
multiple transfusions, and thus give false-positive results. 
Autoantibodies tend to be associated with the patient’s 
platelets and are usually present in low concentration in 
serum. Therefore, a direct test is the preferred test for 
autoimmune thrombocytopenias such as ITP.20

A number of direct assays measure immunoglobulin 
on platelets, regardless of whether the immunoglobulin 
is specifi cally or nonspecifi cally bound to the platelet 
surface. These assays generally detect platelet-associated 
IgG (PAIgG), but they can also be engineered to detect 
IgM or IgA. PAIgG is increased in immune disorders 
such as ITP and in nonimmune thrombocytopenic dis-
orders such as leukemia and myelodysplastic syndrome. 
Thus, the specifi city of these tests is limited. Moreover, 
the sensitivity of these tests is limited because autoanti-
bodies, such as those responsible for ITP, represent only 
a small fraction of the total PAIgG. Megakaryocytes non-
specifi cally take up plasma proteins, including IgG and 
albumin, and incorporate these proteins into the alpha 
granules of platelets, especially in disease states associ-
ated with increased thrombopoiesis.21 Therefore, increased 
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PAIgG can result from elevated antibody production for 
any reason.

More recent assays use antigen capture techniques 
to detect platelet glycoprotein–specifi c antibodies, such 
as those that recognize GPIIb/IIIa and GPIa/IX/V, and 
have high specifi city. Unfortunately, the sensitivity is gen-
erally too low for these assays to be used for the routine 
serologic diagnosis of most immune thrombocytope-
nias.20 A newly developed method is based on fl ow cyto-
metric detection of autoantibodies reacting with specifi c 
platelet proteins immobilized on microbeads.22

Macrophage and Platelet Fcg Receptors. Receptors 
for the Fc domain of IgG (Fcγ receptors) are found on 
a variety of cell types, including macrophages and plate-
lets. These receptors have been shown to play a critical 
role in immune complex–mediated platelet destruction. 
Fcγ receptors are diverse in structure and function and 
fall into two major classes: those that activate effector 
functions, such as phagocytosis or platelet activation, and 
those that inhibit effector functions.23

Activating Fcγ receptors on macrophages include the 
low-affi nity receptors FcγRIIA and FcγRIIIA and the 
high-affi nity receptor FcγRI (Fig. 33-2).23 As discussed 
later, cross-linking of the activating receptor FcγRIII pro-
motes phagocytosis of antibody-coated platelets in certain 
disease states, including ITP. One of the drugs used to 
treat ITP, intravenous IgG (IVIG), acts by inducing 
expression of the inhibitory receptor FcγRIIB on 
phagocytes.24

The only Fcγ receptor expressed on platelets is the 
activating receptor FcγRIIA. Binding of IgG complexes 
to this receptor results in receptor cross-linking, which in 

turn initiates platelet aggregation and activation. This 
process is involved in heparin-induced thrombo -
cytopenia (HIT), the most common drug-induced 
thrombocytopenia.

Immune Thrombocytopenic Purpura

ITP is a disorder characterized by accelerated destruc-
tion of antibody-sensitized platelets by phagocytic cells, 
especially those of the spleen. ITP is the most common 
autoimmune disorder affecting a blood element. The 
annual incidence is about 1 in 10,000 children. Two 
major forms are seen: acute ITP and chronic ITP. Acute 
ITP is usually a benign, self-limited condition that occurs 
in young children, typically those younger than 10 years 
Often a viral infection or vaccination precedes the onset 
of acute ITP. In the majority of these patients, the throm-
bocytopenia resolves within weeks or a few months of 
the original manifestation. Chronic ITP is defi ned arbi-
trarily as persistence of thrombocytopenia (platelet count 
>150,000/μL) for longer than 6 months after the initial 
manifestation, although some hematologists advocate a 
later cutoff point (Box 33-2).

Children in whom ITP is diagnosed have an excel-
lent chance of spontaneous recovery, irrespective of 
therapy. The platelet count returns to normal in 4 to 8 
weeks in approximately half of the patients and by 3 
months after diagnosis in two thirds of children.30 In a 
review31 of 12 publications involving more than 1500 
children with ITP, 76% achieved complete remission 
within 6 months of initial evaluation. Spontaneous recov-
ery was documented in 37% of the remaining patients 
with thrombocytopenia persisting longer than 6 months. 
These fi ndings have been confi rmed in other large 
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macrophages. Fcγ receptors signal phagocy-
tosis via their phosphorylated ITAM (immu-
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motif) domains. Receptor cross-linking stim-
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Aderem A, Underhill DM. Mechanisms of 
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reported. In rare instances, platelet glycolipids have been 
implicated as autoantigen targets in chronic ITP.38 Auto-
antibodies diminish or disappear when platelet levels are 
restored to normal.39

Factors that trigger platelet autoantibody formation 
in acute ITP are not well understood. Although various 
mechanisms by which viruses may induce autoimmune 
disease have been suggested, the link between the immune 
response initiated by infection (or vaccination) and the 
subsequent production of platelet autoantibodies has not 
been established. Proposed mechanisms include adsorp-
tion of virus to platelets, deposition of virus-containing 
immune complexes onto platelet membranes, or expo-
sure of cryptic neoantigens on the platelet surface.40 
There are data to both support41 and refute42 the hypoth-
esis that acute ITP is triggered by antiviral antibodies 
that cross-react with platelet antigens.

Recent studies suggest that T lymphocytes also play 
a role in the pathogenesis of ITP. Dysregulated helper T 
cells can promote the expansion of antiplatelet antibody–
producing B-cell clones.43 Cytotoxic T cells from some 
ITP patients have the capacity to destroy platelets ex 
vivo.44 CD3+ T lymphocytes from ITP patients are resis-
tant to glucocorticoid-induced apoptosis, thus suggesting 
that disturbed apoptosis may contribute to defective 
clearance of autoreactive T lymphocytes.45

Genetic factors have been proposed to infl uence the 
development of ITP. Studies have failed to detect linkage 
of the disease to particular HLA genotypes. Polymor-
phisms in genes encoding phagocyte Fcγ receptors or 
proinfl ammatory cytokines may infl uence the develop-
ment of ITP.46 Immunodefi ciency states, including inher-
ited conditions, that have been associated with chronic 
ITP are discussed later.

Clinical and Laboratory Features. The typical manifes-
tation of acute ITP is the abrupt onset of bruising and 
bleeding in an otherwise healthy child. Frequently, there 
is a history of a viral illness in the weeks preceding the 
onset of bruising. Seasonal fl uctuation in the diagonsis 
of ITP has been noted, with a peak during spring and a 
nadir in the autumn.47 Petechiae and ecchymoses are 
evident in most patients. Epistaxis and oral mucosal 
bleeding are seen in less than a third of patients. Hema-
turia, hematochezia, or melena is evident in less than 
10%. Menorrhagia may be observed in adolescent girls 
with ITP. Although children with ITP may have extremely 
low platelet counts, bleeding episodes are less severe in 
these patients than in those with hypoproductive throm-
bocytopenia. This fi nding has been attributed to enhanced 
platelet production and young, large, hemostatically 
effective circulating platelets.48 A palpable spleen is 
present in about 10% of reported cases of childhood ITP. 
Malaise, bone pain, and adenopathy are uncommon and 
should raise concern for another cause, such as acute 
leukemia.

The peak age at diagnosis is 2 to 6 years. Although 
acute ITP may be diagnosed in children of any age, ado-

Box 33-2  Controversial Issues Involving Immune 
Thrombocytopenic Purpura

CONTROVERSIAL ISSUE 1

What is the defi nition of chronic ITP? Traditionally, 
chronic ITP has been defi ned as thrombocytopenia 
lasting longer than 6 months. Many pediatric 
hematologists take exception to this defi nition 
because a signifi cant fraction of children with ITP 
recover in 6 to 12 months. The Intercontinental 
Childhood ITP Study Group has recommended that a 
12-month rather than a 6-month cutoff point be used 
to defi ne chronicity.25

CONTROVERSIAL ISSUE 2

Is it necessary to perform bone marrow aspiration in 
patients with suspected ITP before starting 
glucocorticoid therapy? Although the diagnosis of 
leukemia is extremely unlikely when the clinical 
history, physical examination, and peripheral smear 
are consistent with ITP, many hematologists routinely 
perform bone marrow aspiration before initiating 
glucocorticoid therapy. Retrospective studies26-28 
suggest that this may not be necessary. Bone marrow 
aspiration or biopsy is warranted for children with 
atypical laboratory features and for those in whom 
initial therapy fails.

CONTROVERSIAL ISSUE 3

Where does splenectomy belong in the therapeutic 
decision tree for chronic ITP? There is a consensus that 
splenectomy should be deferred as long as possible 
and be reserved for patients with severe, symptomatic 
thrombocytopenia. The favorable safety profi le of 
rituximab and the possibility of a sustained response 
could justify its use instead of splenectomy in the 
decision tree, but this has yet to be demonstrated in a 
prospective clinical trial. Despite the invasive and 
irreversible nature of splenectomy, some pediatric 
hematologists29 advocate the use of rituximab only 
after splenectomy has failed.

studies.25,32 Factors associated with the development of 
chronic ITP include age older than 10 years, insidious 
onset, and female gender.32

Pathogenesis. ITP is caused by autoantibodies that 
interact with membrane glycoproteins on the surface of 
platelets and megakaryocytes. These antibodies result in 
accelerated platelet destruction and may also impair 
thrombopoiesis. More than a third of adults with ITP 
have inadequate platelet production despite increased 
numbers of megakaryocytes in their bone marrow.33 
Certain antiplatelet antibodies have been shown to inhibit 
megakaryocytopoiesis or egress of platelets from the 
marrow space.34,35 The GPIIb/IIIa complex is the auto-
antigen implicated most often as the cause of childhood 
and adult ITP.14,36 Autoantibodies directed against the 
GPIb/IX/V36 and GPIa/IIa37 complexes have also been 
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lescents and infants are more likely to have chronic ITP 
develop in combination with some other immune disor-
der. In children, ITP is seen equally in males and females, 
whereas in adults, ITP is seen predominantly in females 
by a 2 : 1 ratio (Table 33-1).

Roughly 80% of children have platelet counts below 
20,000/μL, often less than 10,000/μL.25,32 Leukocyte and 
red cell counts are usually normal, although anemia may 
be seen in as many as 15% of these children, especially 
those with a signifi cant history of epistaxis, hematuria, or 
gastrointestinal bleeding. A review of the peripheral blood 
fi lm is mandatory in every child suspected of having ITP; 
features inconsistent with a diagnosis of ITP should 
prompt further investigation. Bone marrow aspiration or 
biopsy reveals normal or increased numbers of mega-
karyocytes. Increased numbers of eosinophils and their 
precursors may be noted, although this is not predictive 
of outcome.

The need for bone marrow examination in children 
with typical features of acute ITP is a subject of debate. 
There is a consensus that bone marrow aspiration is not 
necessary if the initial management is observation alone 
or administration of IVIG or anti-D. Controversy exists 
regarding whether bone marrow aspiration needs to be 
performed in all children before glucocorticoid therapy 
is started to exclude the possibility of acute leukemia (see 
Box 33-2).

Additional tests that may be considered in the initial 
evaluation and management of suspected ITP include 
serologic testing for human immunodefi ciency virus 
(HIV), a direct Coombs test, and antinuclear antibody 
testing. Retrospective studies have shown that the anti-
nuclear antibody test is positive in approximately 30% of 
pediatric patients with otherwise uncomplicated ITP and 
may predict a subset of patients at risk for the develop-
ment of further autoimmune symptoms.49

Options for the Initial Management of Immune Throm-
bocytopenic Purpura. Childhood acute ITP is usually a 
benign, self-limited disorder that requires minimal or no 
therapy in the majority of cases.25,31,50 There is no con-
vincing evidence that medical therapy alters the natural 
history of the disease. Indications for treatment vary 
among practitioners and are a source of debate.31,50,51 
One set of practice guidelines put forth by the American 
Society of Hematology (ASH)31 recommends that chil-

dren with ITP and platelet counts less than 20,000/μL 
plus signifi cant mucosal membrane bleeding or those 
with platelet counts less than 10,000/μL and minor 
purpura be treated with IVIG or a glucocorticoid. 
However, many pediatric hematologists take exception to 
this recommendation.50,52 In treatment guidelines put 
forth by the British Paediatric Haematology Group,53 a 
child’s condition rather than the platelet count steers 
management; children with bruising but without mucosal 
or more severe hemorrhage may be treated by observa-
tion alone, irrespective of the platelet count.

At the heart of the treatment debate is the perceived 
risk for ICH, a rare but potentially life-threatening com-
plication in children with ITP. In a review of 12 case 
series involving 1293 children, the incidence of ICH was 
0.9%.31 Other surveys32,54,55 suggest that this may be an 
overestimate and that the true incidence of ICH in chil-
dren with ITP is between 0.1% and 0.5%. The subgroup 
of children with ITP who appear to be at greatest risk for 
ICH are those with platelet counts less than 20,000/μL 
and additional risk factors such as a history of head 
trauma, aspirin use, or arteriovenous malformation.31 
However, the platelet count alone has never been shown 
to predict the severity of bleeding symptoms.30

There is no evidence that medical therapy, such as 
administration of a glucocorticoid or IVIG, reduces the 
incidence of ICH. Indeed, retrospective studies54-56 have 
shown that ICH may occur despite previous or concomi-
tant therapy with IVIG or a glucocorticoid. The low 
incidence of ICH in children with ITP precludes a ran-
domized clinical trial to determine whether treatment 
reduces the risk.

The results of randomized trials for various treat-
ment approaches have been summarized previously.31 
Regardless of whether pharmacologic therapy is used, 
detailed education and careful follow-up should be pro-
vided to the patient and family. The child’s activities 
should be limited, and aspirin-containing medications 
should be avoided. Although hospitalization is appropri-
ate for the treatment of a child with a severe bleeding 
episode, there is no evidence to support routine hospital-
ization of patients with otherwise uncomplicated ITP.

Observation Only. For a patient with ITP and only 
minor purpura, medical therapy may not be necessary. 
There is uniform consensus that patients with platelet 
counts greater than 20,000/μL and only minor purpura 
do not require therapy. As noted earlier, management of 
patients with platelet counts lower than 20,000/μL and 
minor bleeding is controversial.

First-Line Medical Therapies

GLUCOCORTICOIDS. Glucocorticoids are presumed to 
act through several mechanisms, including inhibition of 
both phagocytosis and antibody synthesis, improved 
platelet production, and increased microvascular endo-
thelial stability.57 The latter effect may explain why symp-

TABLE 33-1  Characteristics of Childhood versus 
Adult Immune Thrombocytopenic 
Purpura

Childhood ITP Adult ITP

Females = males Females > males (2 : 1)
Abrupt onset Insidious onset
Infectious prodrome common Infectious prodrome 

uncommon
<20% chronic >50% chronic
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tomatic bleeding episodes often subside before the platelet 
count increases.

In randomized trials, prednisone therapy has been 
shown to induce more prompt normalization of the plate-
let count than placebo does.58-60 Although various doses 
have been used, the traditional glucocorticoid regimen is 
prednisone at 2 mg/kg/day (maximum of 60 to 80 mg) 
for approximately 21 days.58 A regimen of 4 mg/kg/day 
for 7 days and then tapered to day 21 is equally effective 
and appears to have fewer side effects.60 Prednisone at a 
dose of 4 mg/kg/day orally for 4 days with no tapering is 
also effective.61 An alternative to these regimens is mega-
dose pulse therapy (methylprednisolone, 30 mg/kg/day 
intravenously or orally for 3 days).62 Side effects of glu-
cocorticoid therapy include cushingoid facies, weight 
gain, fl uid retention, acne, hyperglycemia, hypertension, 
moodiness, pseudotumor cerebri, cataracts, growth retar-
dation, avascular necrosis, and osteoporosis.

INTRAVENOUS IMMUNOGLOBULIN. Imbach and asso-
ciates63 fi rst reported the successful use of IVIG for the 
treatment of acute ITP in a small series of children. This 
was followed by many reports that documented the ability 
of IVIG to effect a rapid increase in the platelet count in 
patients with acute and chronic ITP.64-66

IVIG slows the clearance of antibody-coated blood 
cells from the circulation by inhibiting the phagocytic 
activity of cells of the reticuloendothelial system.67 Studies 
in the early 1980s suggested that this effect is mediated 
primarily through the Fc portion of IgG. Specially treated 
preparations of intravenous IgG lacking the Fc portion 
of the molecule were inferior to unmodifi ed IgG at 
increasing the platelet count in ITP patients. The pro-
posed mechanism for this effect was Fc receptor block-
ade.67 More recent studies in FcγR-defi cient mice24 
suggest that IVIG elicits its effect via activation of inhibi-
tory pathways and not simply receptor blockade (Fig. 
33-3). Although there are some data to support the 
notion that anti-idiotypic antibodies may also be present 
in commercial preparations and contribute to the action 
of IVIG,68 the clinical importance of this mechanism 
remains unproved.

The traditional dose of IVIG is 2 g/kg divided over 
a period of 2 to 5 days. However, several studies suggest 
that lower doses are effective. In a randomized trial,65 
pediatric patients who received 0.8 g/kg IVIG had at least 
as rapid a response rate as those who received 2 g/kg over 
a 2-day period. In more recent randomized trials,66,69 
favorable results have been seen with even lower doses of 
IVIG (250 mg/kg/day for 2 days). Among pediatric 
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FIGURE 33-3. Mechanism of action of 
intravenous IgG (IVIG) in immune 
thrombocytopenia. Binding of antibody-
coated platelets to activating Fcγ receptors 
(FcγRIII) on macrophages results in the 
production of phosphatidylinositol 3,4,5-
triphosphate (PI[3,4,5]P3) via the action 
of phosphatidylinositol 3′-kinase (PI3K). 
These activated macrophages phagocy-
tose the platelet-antibody complexes. 
IVIG induces expression of the inhibitory 
Fc receptor (FcγRIIB) on macrophages. 
Stimulation of the inhibitory receptor 
results in recruitment of SHIP, a 5-
phosphatase that degrades PI(3,4,5)P3 
into phosphatidylinositol 3,4-bisphos-
phate PI(3,4)P2. (Adapted with permission 
from Lin SY, Kinet JP. Immunology: giving 
inhibitory receptors a boost. Science. 2001;
291:446. © American Association for the 
Advancement of Science.)
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patients in whom a response is seen, IVIG produces a 
more rapid increase in platelet count than do traditional 
doses of a glucocorticoid (2 mg/kg/day of prednisone), as 
documented in controlled trials.60,70

Several other general conclusions have emerged from 
studies on IVIG in pediatric patients.71 First, both sple-
nectomized and nonsplenectomized patients may respond 
to IVIG. Second, responses to IVIG are generally repro-
ducible. Third, the duration of the response is brief, 
approximately 2 to 4 weeks.

Enthusiasm for the use of IVIG is offset by cost 
considerations. IVIG is considerably more expensive than 
prednisone or anti-D.72 One study concluded that IVIG 
may be cost-effective if it reduces hospital stay or if sple-
nectomy is avoided.64

Complications associated with IVIG are common 
and occur in 15% to 75% of patients.31 Frequent side 
effects include fl u-like symptoms such as headache, 
nausea, lightheadedness, and fever. Some of these adverse 
effects can be alleviated by pretreatment with analgesics 
or antihistamines. Approximately 10% of patients treated 
with IVIG (2 g/kg) experience aseptic meningitis mani-
fested as a severe, protracted headache and photopho-
bia.73 These symptoms, which can cause considerable 
anxiety in patients, parents, and physicians, may spur 
additional diagnostic studies (e.g., computed tomogra-
phy) or result in prolonged hospitalization. A rare but 
serious side effect of IVIG infusion is anaphylaxis, 
which can occur in patients who are totally defi cient 
in IgA.74 Most preparations of IVIG contain small 
amounts of IgA, and IgE antibodies responsible for ana-
phylaxis form after an initial exposure to IgA in these 
preparations.

ANTI-D. Anti-D is a plasma-derived immunoglobu-
lin prepared from donors selected for a high titer of anti-
Rh0(D) antibody. Anti-D elicits a rise in platelet count, 
along with mild to moderate anemia, in most patients 
with ITP.65,72,75-78 A role for anti-D in the treatment of 
chronic ITP is now well established. Its utility in acute 
ITP has been studied less extensively, but it is also effec-
tive in this clinical setting.76,78,79

Anti-D can be used to treat only Rh0(D)-positive 
patients with ITP because Rh0(D)-negative patients do 
not show a response. The presumed mechanism of action 
is phagocytic cell blockade. Patients with intact spleens 
are more likely to respond to anti-D than splenectomized 
patients are.

The generally recommended dose is 50 to 75 μg/kg 
as a short intravenous infusion76 or subcutaneous injec-
tion.80 Uncontrolled studies have demonstrated that anti-
D treatment increases the platelet count in approximately 
80% of Rh0(D)-positive children.75,77 The therapeutic 
effect of anti-D lasts for 1 to 5 weeks. A controlled trial 
showed that anti-D therapy was less effective than IVIG 
or a glucocorticoid in terms of days required to attain a 
platelet count of 20,000/μL.65 Anti-D is less expensive 
than IVIG, with an estimated cost savings of 35% per 

episode of ITP.72 The shorter administration time required 
for anti-D therapy also makes the medication more con-
venient to use than IVIG.

Adverse reactions of headache, nausea, chills, dizzi-
ness, and fever have been reported in 3% of infusions, 
and these adverse reactions were classifi ed as severe in 
only a minority of cases.75,81 Some degree of hemolysis, 
the main adverse reaction with anti-D, is inevitable 
because of binding of anti-D antibody to Rh0(D)-positive 
erythrocytes. There is laboratory evidence of hemolysis 
in most patients. The average decline in hemoglobin 
ranges from 0.5 to 1 g/dL,76-78 and most cases of hemol-
ysis do not require medical intervention. In a small subset 
of patients, more signifi cant hemolysis has been observed, 
which has tempered enthusiasm for use of the drug. 
Postmarketing surveillance by the U.S. Food and Drug 
Administration82 documented 15 cases of hemoglobine-
mia or hemoglobinuria after anti-D therapy. Of these 
patients, six required transfusion, eight experienced an 
onset or exacerbation of renal insuffi ciency, and two 
underwent dialysis. The incidence of intravascular hemo-
lysis was estimated to range from 0.1% to 1.5%. Why 
certain patients experience severe intravascular hemolysis 
after anti-D therapy is unclear. Subcutaneous delivery of 
anti-D may be associated with a lower incidence of severe 
hemolytic reactions.80

Relapses or Treatment Failures. Many patients treated 
with a glucocorticoid, IVIG, or anti-D will become 
thrombocytopenic again after a few weeks. These patients 
are likely to respond again to the therapy used initially. 
Patients who require therapy and whose thrombocytope-
nia does not respond to initial treatment with a gluco-
corticoid, IVIG, or anti-D are usually treated with one of 
the alternative front-line therapies. There are no clinical 
studies that document the response rate in these instances. 
Patients with persistent mild hemorrhage may benefi t 
from low-dose glucocorticoid therapy.

Management of Chronic Immune Thrombocytopenic 
Purpura. In about 20% of children in whom ITP is diag-
nosed, thrombocytopenia persists for longer than 6 
months. In adolescents and adults, chronic ITP is more 
common in females than in males. Chronic ITP some-
times occurs in association with other autoimmune dis-
eases or in conjunction with an underlying condition 
known to predispose to disorders of autoimmunity, such 
as lymphoma (Box 33-3).

In up to a third of children with chronic ITP, spon-
taneous remission will occur months or years later. It is 
unclear why the condition resolves in these individuals. 
An estimated 5% of children have recurrent ITP charac-
terized by intermittent episodes of thrombocytopenia fol-
lowed by lengthy periods of remission. This is presumed 
to refl ect a chronic compensated state of ITP. During 
periods of remission, increased platelet production bal-
ances the increased rate of platelet destruction. During 
exacerbations, platelet production by the marrow is sup-
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and who have bleeding symptoms and a platelet count of 
less than 10,000/μL (ages 3 to 12) or 10,000 to 30,000/
μL (ages 8 to 12 years). Practice guidelines in the United 
Kingdom are similar.53

Laparoscopic splenectomy is preferred over open 
splenectomy in children with chronic ITP.84,85 Advan-
tages of the laparoscopic procedure include less postop-
erative pain, earlier return of gastrointestinal function, 
shorter hospitalization, more rapid resumption of normal 
activities, and smaller incisions. To ensure adequate 
hemostasis, the platelet count can be raised preopera-
tively with a glucocorticoid, IVIG, or anti-D. Despite 
these interventions, many patients will still have throm-
bocytopenia at the time of splenectomy; however, most 
will not exhibit excess bleeding. Accordingly, prophylac-
tic platelet transfusions are not warranted. Instead, plate-
let transfusions should be reserved for patients with 
intraoperative bleeding. Most experienced surgeons have 
become comfortable performing laparoscopic splenec-
tomy on patients with platelet counts in the range of 
50,000 to 100,000/μL. Overall perioperative mortality is 
less than 1%.

The majority of children with chronic ITP will have 
a response to splenectomy. In a review31 of 16 case series 
involving 271 children undergoing elective splenectomy 
for chronic ITP, a complete remission rate of 72% was 
reported. The platelet count usually rises immediately 
after splenectomy and reaches a maximum 1 to 2 weeks 
postoperatively. If the peak platelet count achieved after 
splenectomy is greater than 500,000/μL, permanent 
remission is likely.86 Certain patient characteristics are 
associated with a higher probability of response to sple-
nectomy, including a previous response to glucocorticoid 
therapy.87-89 However, there is no single factor or combi-
nation of factors that will predict the response to sple-
nectomy in all cases.90

Relapse after an immediate response to splenectomy 
may be due to transient viral suppression of thrombopoi-
esis. If the thrombocytopenia persists, an accessory spleen 
should be considered. Approximately 40% of patients 
with persistent thrombocytopenia will have a residual 
accessory spleen that can be seen with sensitive imaging 
techniques such as 99mTc sulfur colloid scans (Fig. 33-4) 
or 111In platelet localization studies.91 Many of these 
patients will achieve complete remission after removal of 
the accessory spleen.91 The presence of Howell-Jolly 
bodies on a peripheral blood smear does not rule out an 
accessory spleen.

The major risk after splenectomy is fatal sepsis caused 
by encapsulated organisms. The risk of septicemia in 
splenectomized patients is estimated to be 1 per 300 to 
1000 patient-years.92 To lessen the risk of future sepsis, 
patients should receive vaccinations for pneumococcus, 
Haemophilus infl uenzae type b, and meningococcus at 
least 2 weeks before surgery.93 In addition, penicillin pro-
phylaxis is indicated for splenectomized patients younger 
than 5 years. The benefi t of penicillin prophylaxis in older 
asplenic children is controversial.94

Box 33-3  Conditions Associated with Chronic 
Immune Thrombocytopenic 
Purpura of Childhood

Immunodefi ciency
 Hypogammaglobulinemia
 Common variable immunodefi ciency
Lymphoproliferative disorders
 Autoimmune lymphoproliferative disorder
 Hodgkin’s disease
Collagen vascular disorders
 Systemic lupus erythematosus
Infection
 Human immunodefi ciency virus

pressed by viral infections or other factors and is unable 
to offset the rate of destruction.

Evaluation of patients with chronic ITP should 
include bone marrow aspiration, if not already done; 
screening tests for immunodefi ciency (e.g., quantitative 
immunoglobulin levels/subsets, specifi c antibody titers, 
or lymphocyte subsets), systemic lupus erythematosus 
(SLE), and other autoimmune diseases (antinuclear anti-
body tests, direct Coombs test, antiphospholipid anti-
body tests, thyroid function tests); and serologic testing 
for HIV. Obtaining blood counts and peripheral blood 
smears from the parents may help exclude familial 
disorders.

The primary goal of treatment in patients with 
chronic ITP is to prevent bleeding, not cure the disease. 
As with acute ITP, therapy decisions should be based 
more on symptoms than on platelet count. In formulat-
ing a treatment plan, one must balance the potential side 
effects of treatment with the risk of bleeding episodes 
caused by the disease. Because the goal of treatment is a 
safe platelet count, not necessarily a normal platelet 
count, observation alone is an appropriate approach 
for many patients, especially those with minimal 
symptoms.83

Splenectomy. Splenectomy is thought to be effective 
because in most patients the spleen is the major site of 
both platelet destruction and autoantibody production. 
Platelet survival studies indicate improved platelet life 
span after splenectomy.57

Splenectomy should be considered in a pediatric 
patient with chronic ITP whose risk for hemorrhage pre-
cludes the use of observation alone. However, there is 
debate about where splenectomy belongs in the thera-
peutic decision tree for chronic ITP (see Box 33-2). 
Because remissions are often delayed in children and the 
risk of postsplenectomy sepsis is signifi cant, especially in 
those younger than 5 years, splenectomy is deferred 
longer in children with ITP than in adults. ASH practice 
guidelines31 recommend that splenectomy be considered 
for children in whom ITP has persisted for at least 1 year 
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therapy in patients who are not appropriate candidates 
for splenectomy or other therapies because of young age 
or other factors.102,103 In Rh0(D)-positive patients with 
chronic ITP, anti-D is preferred over IVIG because of 
ease of administration, comparable effi cacy, and lower 
cost.

Monoclonal Antibodies That Target B Cells or T Cells

RITUXIMAB. Rituximab, a humanized monoclonal 
antibody directed against CD20, is now commonly used 
to treat chronic ITP despite limited clinical trial data 
documenting its effi cacy in children with this condition 
(see Box 33-2).104 Rituximab is generally administered in 
four weekly intravenous infusions of 375 mg/m2 each. 
This agent causes rapid depletion of pre-B cells and B 
cells that lasts for 6 to 12 months. Pre-B cells effi ciently 
present antigen to T cells, and disruption of this interac-
tion may attenuate the autoimmune response. Approxi-
mately 30% to 60% of patients with chronic ITP respond 
to rituximab, and in many cases these responses are sus-
tained.105-110 The initial response may be immediate 
(within 1 week) or delayed (up to 3 months).105-110 Side 
effects of rituximab include fever, urticaria, pruritus, 
throat tightness, and serum sickness.110

ALEMTUZUMAB. Alemtuzumab (Campath 1H) is a 
humanized monoclonal antibody that targets CD52, a 
protein on both B and T cells. There are anecdotal reports 
of its use in patients with chronic ITP.111 Part of the effect 
of alemtuzumab can be attributed to B-cell depletion, 
analogous to rituximab, and part to depletion of T cells. 
Unlike rituximab, alemtuzumab induces profound gen-
eralized immunosuppression associated with opportunis-
tic infections.104

Other Immunosuppressive Agents. A large number of 
other immunosuppressive medications have been used to 
treat refractory ITP, as reviewed elsewhere.49,112,113 No 
randomized studies have evaluated the effectiveness of 
these various therapies. The choice of therapy must be 
individualized to the patient.

AZATHIOPRINE. Azathioprine acts preferentially on 
lymphocytes and was one of the fi rst drugs reported to 
be effective in the treatment of chronic refractory 
ITP.114,115 Recommended doses range from 50 to 200 mg/
m2/day orally. Continuous therapy for 4 to 6 months is 
required before a patient is considered unresponsive. 
Once a response is obtained, the dose should be tapered 
to the lowest level that results in a hemostatic platelet 
count. In adults with refractory ITP treated with azathio-
prine, approximately 20% achieve a complete response 
and 45% exhibit a partial response. Relapse often occurs 
when the therapy is stopped. The combination of azathio-
prine and oral steroids may be synergistic, and azathio-
prine therapy may allow a reduction in the dose of 
glucocorticoids. Toxicities include dose-related leukope-

FIGURE 33-4. Detection of accessory spleens after splenectomy. A 
sulfur colloid scan shows accessory spleens (arrows) in a teenage girl 
with chronic immune thrombocytopenic purpura and persistent throm-
bocytopenia after splenectomy. (Courtesy of Dr. Robert Minkes, Louisi-
ana State University.)

Phagocyte Blockade. Intermittent maintenance therapy 
with a glucocorticoid, IVIG, or anti-D can be used 
to delay splenectomy. These medications may also be 
useful in the management of patients with chronic ITP 
who experience symptomatic thrombocytopenia after 
splenectomy.

In some patients a safe platelet count can be main-
tained with low doses of prednisone. However, even low 
doses of prednisone, comparable to physiologic cortisol 
secretion, can cause osteoporosis.95 In 1994, Andersen96 
reported a striking response rate in a series of 10 adults 
with chronic ITP treated with pulses of high-dose oral 
dexamethasone (adult dose, 40 mg/day for 4 sequential 
days per month for 6 months). These results have not 
been confi rmed in subsequent studies of adults and chil-
dren; the complete response rate in children at doses of 
approximately 20 mg/m2 was approximately 17%.97-99

IVIG (1 to 2 g/kg total dose administered) elevates 
the platelet count in most children with chronic ITP.63,64 
Periodic doses of IVIG may be used as maintenance 
therapy to defer splenectomy in young children with 
chronic ITP.64 This approach is cost-effective in young 
children.100 In about 25% of children, ITP will become 
refractory to maintenance therapy with IVIG.101 Low-
dose alternate-day prednisone therapy can be used as an 
adjunct to maintenance IVIG therapy. Although repeated 
infusions of IVIG induce short-term platelet responses 
in most patients with chronic ITP, there is no evidence 
that such therapy will affect the natural history of the 
disease and induce a long-lasting remission.

Anti-D administration raises the platelet count in 
most Rh0(D)-positive children with chronic ITP. However, 
the benefi t is usually transient, with a median duration 
of 3 to 5 weeks.102 Anti-D can be effective as maintenance 
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nia, opportunistic infection, and an increased risk for 
malignancy.

CYCLOPHOSPHAMIDE. The alkylating agent cyclo-
phosphamide has also been used to treat chronic refrac-
tory ITP, with a response rate similar to that with 
azathioprine.115 Greater risks are associated with the use 
of cyclophosphamide than with azathioprine. Side effects 
include myelosuppression, alopecia, nausea, infertility, 
teratogenecity, hemorrhagic cystitis, and an increased 
risk for malignancy.

CYCLOSPORINE. The potent immunosuppressive 
agent cyclosporine disrupts T-cell function through cal-
cineurin inhibition. There are case reports of patients 
with refractory ITP who had increases in platelet counts 
after treatment with cyclosporine.116 Response rates vary. 
A starting dose of 5 mg/kg/day given in divided oral doses 
is recommended, with the aim of maintaining a serum 
cyclosporine level of 200 to 400 ng/mL. The drug should 
be discontinued after 4 weeks if there is no response. 
Hypertension, renal insuffi ciency, hirsutism, and liver 
dysfunction are common side effects.

TACROLIMUS. Though not structurally related to 
cyclosporine, tacrolimus has a similar mechanism of 
action and has been used anectodally to treat chronic 
ITP.43 Initial dosing recommendations for tacrolimus in 
children are 0.15 to 0.3 mg/kg/day given in divided oral 
doses. Doses should be adjusted to maintain trough 
tacrolimus concentrations of 5 to 20 ng/mL in whole 
blood. Common adverse effects associated with tacroli-
mus include hypertension, tremor, headache, and 
hyperglycemia.

MYCOPHENOLATE MOFETIL. There are reports 
showing the effectiveness of another immunomodulatory 
drug, mycophenolate mofetil (MMF), in patients with 
steroid-resistant chronic ITP.117,118 MMF is a prodrug of 
mycophenolic acid, a noncompetitive inhibitor of inosine-
5α-monophosphate dehydrogenase, a key enzyme in the 
purine biosynthetic pathway. MMF inhibits proliferation 
of both T cells and B cells. In one series,118 a sustained 
platelet increase to a level greater than 50,000/μL was 
seen in 7 of 18 patients with refractory ITP. For adults, 
the usual starting dose is 250 mg orally twice daily, with 
an increase to 1 g twice daily by 3 weeks. MMF has few 
side effects and is generally well tolerated.

VINCA ALKALOIDS. The vinca alkaloids vincristine 
and vinblastine may induce a response in some patients 
with chronic refractory ITP.119 These drugs bind tubulin 
and inhibit microtubule polymerization, which is pre-
sumed to disrupt phagocytosis. Either vincristine or vin-
blastine may be used; the effi cacy of the two drugs is 
comparable. The usual dose of vincristine is 1.5 mg/m2 
(maximum of 2 mg) intravenously, whereas the dose of 
vinblastine is 6 mg/m2 (maximum of 10 mg) intrave-

nously. These doses are repeated weekly for a month. If 
no response is seen, additional doses are unwarranted 
because subsequent improvement is unlikely. Patients 
who show a response often require repeated doses at 2- to 
3-week intervals to maintain a safe platelet count. In 
adults, the response rate is approximately 12% and the 
partial response rate is 35%. The response rate in chil-
dren is not established and varies considerably in the 
reports available. Adverse effects include peripheral neu-
ropathy, constipation, and alopecia. Vinblastine causes 
dose-related myelosuppression.

DANAZOL. Danazol, an attenuated androgen with 
mild virilizing effects, has been shown to increase the 
platelet count in patients with refractory ITP, although 
the mechanism of action is uncertain. Approximately 
40% of adult patients will respond to danazol with an 
increase in platelet count to greater than 50,000/μL.120 A 
typical dose is 300 to 400 mg/m2/day orally, although 
smaller doses (50 mg/m2) have been reported to be effec-
tive.121 In general, 2 months of therapy is required before 
a response is seen. Often the medication must be contin-
ued to maintain the platelet count, although effort should 
be made to minimize the dose. Danazol may be especially 
useful for the treatment of older adolescent or adult 
women with chronic, refractory ITP and uncontrollable 
menorrhagia. Side effects of danazol include acne, fl uid 
retention, hirsutism, deepening of the voice in women, 
headache, nausea, rash, breast tenderness, and oligomen-
orrhea or amenorrhea. Patients should be monitored for 
the development of liver toxicity.

INTERFERON ALFA. Although the mechanism is 
unknown, 25% of adults with chronic ITP treated with 
interferon alfa display a signifi cant, albeit transient 
increase in platelet count.122 Interferon alfa has also been 
used to treat children with chronic ITP.123 The recom-
mended dose is 3 million U/m2 subcutaneously three 
times per week for 4 weeks. Adverse effects of interferon 
alfa include fl u-like symptoms and neutropenia.

COMBINATION CHEMOTHERAPY. Combination che-
motherapy with or without autologous stem cell trans-
plantation has been used successfully to treat some adults 
with chronic, refractory ITP, with an overall sustained 
remission rate of approximately 40%.124,125

Thrombopoiesis-Stimulating Agents. In ITP the rate of 
platelet production is inadequate to offset the increased 
rate of platelet destruction.33 Two new drugs for the treat-
ment of chronic ITP act by stimulating thrombopoiesis. 
AMG 531 is a recombinant protein that contains two 
domains: a peptide that binds to the thrombopoietin 
receptor c-Mpl and an antibody Fc domain that increases 
the half-life in circulation.126 In a placebo-controlled, 
phase II study this agent was effi cacious when adminis-
tered subcutaneously on a weekly basis (1 to 3 μg/kg) to 
adults with chronic ITP.127 Toxicity was minimal. Another 
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small-molecule c-Mpl agonist in clinical testing for 
chronic ITP is eltrombopag.126 This agent is given orally 
once daily. A phase II trial on adults with chronic ITP 
showed that eltrombopag at doses of 50 and 75 mg was 
signifi cantly better than placebo at increasing platelet 
counts to greater than 50,000/μL. The drug appears to 
have few side effects.

Management of Life-Threatening Hemorrhage in 
Immune Thrombocytopenic Purpura. ICH or another life-
threatening form of bleeding mandates intervention with 
multiple therapeutic modalities, including IVIG (1 g/kg), 
anti-D (50 to 75 μg/kg), high-dose glucocorticoids (e.g., 
methylprednisolone, 30 mg/kg intravenously), platelet 
transfusions, or a combination of these interventions. 
Because IVIG and anti-D act to inhibit phagocytosis by 
distinct and potentially synergistic mechanisms (see Fig. 
33-3), these two agents may be used together for instances 
of severe bleeding. Recombinant factor VIIa has also been 
used in the management of ICH in patients with throm-
bocytopenia refractory to platelet-enhancing agents.128 If 
a craniotomy is required, consideration should be given 
to splenic artery embolization129 or emergency splenec-
tomy,130 although most hematologists reserve splenec-
tomy for patients in whom ITP does not respond rapidly 
to therapy with glucocorticoids, IVIG, anti-D, and 
platelet transfusions.31,131 Optimal therapy for ICH also 
includes supportive care with mechanical ventilation and 
mannitol.

Thrombocytopenia Associated with 
Lymphoproliferative and Autoimmune Disorders

Chronic ITP may be a manifestation of an associated 
autoimmune disease or immunodefi ciency state. This is 
especially true in young children in whom chronic, refrac-
tory ITP develops or in adolescent girls with systemic 
symptoms.

Autoimmune lymphoproliferative syndrome (ALPS) 
is a rare syndrome that occurs in early childhood 
and is characterized by massive, nonmalignant lymph-
adenopathy, splenomegaly, hypergammaglobulinemia, 
and autoimmune manifestations, including immune 
thrombocytopenia.132 ALPS has been linked to inherited 
defects in FAS and other genes that regulate lymphocyte 
apoptosis. An abnormal accumulation of lymphocytes 
results in lymphadenopathy, hepatosplenomegaly, and 
hypersplenism. In young children the lymphadenopathy 
may be pronounced and then wane later in life. Impaired 
elimination of autoreactive lymphocytes also causes 
autoimmune manifestations, including autoantibody 
formation. Patients with ALPS commonly exhibit 
episodic autoimmune cytopenia, including thrombocyto-
penia, hemolytic anemia, neutropenia, or combined 
cytopenias.

A signifi cant proportion of young children with 
chronic ITP may have a variant of ALPS.133-135 For 
example, in one survey134 of 20 pediatric patients with 
chronic cytopenia, 25% were found to have profound 

defects in Fas-mediated lymphocyte death. Two of these 
patients, aged 4 and 9 years, had chronic refractory ITP 
without other clinical manifestations of ALPS. Neither 
patient had an identifi able mutation in FAS or caspase-
10, and it is presumed that they may have defects in one 
of the molecules involved in Fas signaling. Similar results 
have been reported in other studies,133,135 thus suggesting 
that altered Fas signaling, independent of FAS muta-
tions, is associated with and may precipitate chronic 
hematologic autoimmunity, including ITP. The lymph-
adenopathy and cytopenias associated with ALPS gener-
ally respond to glucocorticoid therapy.

Thrombocytopenia occurs at some time in approxi-
mately 25% of patients with SLE and may be the fi rst 
manifestation of autoimmunity.136 Both autoantibodies 
and complement-fi xing immune complexes have been 
implicated in the pathogenesis of thrombocytopenia in 
SLE.137 In addition, antiphospholipid antibodies are fre-
quently observed in the sera of patients with SLE.138 
Antibodies against antigens nonspecifi cally adsorbed to 
the surface of platelets, such as DNA, have also been 
reported.139

The initial therapy for thrombocytopenia in patients 
with SLE is administration of a glucocorticoid, but there 
is a high incidence of recurrent thrombocytopenia when 
the steroid dose is tapered. Long-term use of low doses 
of glucocorticoids may be justifi ed, especially if these 
drugs also control the other symptoms of SLE. Splenec-
tomy can be used in the management of patients with 
SLE and chronic, symptomatic thrombocytopenia. In 
some case series,140 splenectomy for SLE has been shown 
to yield response rates comparable to those for ITP, 
whereas in other series141 the response rate has been 
lower.

Thrombocytopenia may be associated with an 
antiphospholipid antibody syndrome, whether the syn-
drome occurs as a primary disorder or in association with 
SLE or another autoimmune disorder. Patients with 
antiphospholipid antibody syndrome often experience 
recurrent venous or arterial thrombotic complications 
rather than bleeding (see Chapter 34). Autoantibodies 
against GPIIb/IIIa, GPIa/IIa, and GPIb/IX have been 
documented in this syndrome.142 Enhancement of plate-
let activation by antiphospholipid antibodies may con-
tribute to the prothrombotic state in these patients.143 In 
general, the degree of thrombocytopenia is moderate. 
A variety of therapies have been used to treat antiphos-
pholipid antibody syndrome and the accompanying 
thrombocytopenia, including glucocorticoids and other 
immunosuppressive agents.

Evans’ syndrome is the coexistence of autoimmune 
hemolytic anemia and thrombocytopenia. Autoimmune 
neutropenia also develops in many of these patients.144 
Frequently, patients with Evans’ syndrome have associ-
ated disorders, such as dysgammaglobulinemia. Distinct 
antiplatelet and antierythrocyte antibodies rather than 
cross-reactive antibodies are responsible for the associa-
tion of autoimmune hemolytic anemia and thrombocy-
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topenia. In many patients the course of the disorder is 
marked by exacerbations of thrombocytopenia, anemia, 
or neutropenia. Unlike the majority of patients with ITP 
or isolated autoimmune hemolytic anemia, therapy with 
glucocorticoids, IVIG, or splenectomy often fails in 
patients with Evans’ syndrome.144 Patients with Evans’ 
syndrome have been treated with rituximab, which 
induces remission in the majority, although relapses tend 
to occur within 12 months.144 For severe and refractory 
cases, hematopoietic stem cell transplantation is a 
consideration.

Immune thrombocytopenia can complicate other 
autoimmune diseases, including dermatomyositis, juve-
nile rheumatoid arthritis, Hashimoto’s thyroiditis, Graves’ 
disease, myasthenia gravis, infl ammatory bowel disease, 
sarcoidosis, and protein-losing enteropathy.145-148 Immune 
thrombocytopenia can also precede, accompany, or 
follow neoplastic disease, especially lymphoproliferative 
disorders such as Hodgkin’s and non-Hodgkin’s lym-
phoma.149 Immune thrombocytopenia has also been seen 
in association with childhood acute lymphoblastic leuke-
mia.150 In some patients, the thrombocytopenia of neo-
plastic disease resolves in response to antineoplastic 
therapy, whereas in others the thrombocytopenia requires 
specifi c treatment.

Thrombocytopenia occurs in 5% to 10% of patients 
with HIV infection. Immune-mediated platelet destruc-
tion is a major contributor to the thrombocytopenia seen 
in patients with HIV. The antibodies in HIV-associated 
thrombocytopenia are directed against the same target 
epitopes commonly seen in idiopathic ITP, namely, epi-
topes on GPIIb/IIIa.151 Immune complexes composed of 
anti-idiotype antibodies and antibodies directed against 
the HIV antigen gp160/120 may also induce platelet 
destruction.151 Whereas half of patients with ITP have 
normal or increased platelet production, most patients 

with HIV-associated thrombocytopenia have decreased 
platelet production.152 Infection of megakaryocytes 
or bone marrow stromal cells may account for the 
reduced platelet production noted in HIV-associated 
thrombocytopenia.

Thrombocytopenia may occur early in the course of 
HIV infection and is often seen within the fi rst 2 years.153 
Platelet counts are rarely lower than 50,000/μL, and 
symptomatic bleeding is uncommon. However, in HIV-
infected patients with hemophilia, the bleeding can be 
more severe, even life threatening. Therapy is similar to 
that for ITP, except that HIV-associated thrombocytope-
nia may respond to antiviral therapy. Patients with severe 
or symptomatic thrombocytopenia despite antiviral 
therapy should be managed in the same way as patients 
with severe ITP.

Neonatal Alloimmune Thrombocytopenia

NAIT is a syndrome in newborns characterized by tran-
sient, isolated, severe thrombocytopenia. The syndrome 
results from placental transfer of maternal alloantibodies 
directed against paternally inherited antigens present on 
fetal platelets but absent from maternal platelets. Hence, 
this condition is the platelet counterpart of hemolytic 
disease of the newborn.

Alloantigens. Platelet alloantigens and the platelet 
membrane glycoproteins on which they reside are listed 
in Table 33-2. Most of the antigens were originally named 
on the basis of the patient’s surname. In many cases, 
duplicate names were assigned to the same alloantigens 
(e.g., PlA1 = Zwa, Pena = Yukb). The HPA, or human plate-
let antigen, nomenclature was proposed in the 1990s to 
systemize platelet alloantigens.156 Each HPA system rep-
resents a biallelic polymorphism caused by a single amino 
acid substitution (see Table 33-2).

TABLE 33-2 Platelet Alloantigen Systems

Current 
Designation

Original 
Designation

Platelet 
Localization Polymorphism

PHENOTYPE FREQUENCY

Whites Japanese

HPA-1a PlA1, Zwa GPIIIa Leu33 0.98 0.99
 -1b PlA2, Zwb Pro33 0.027 0.037
HPA-2a Kob GPIbα Thr145 0.99 ND
 -2b Koa, Siba Met145 0.017 0.25
HPA-3a Baka, Leka GPIIbα Ile843 0.85 0.79
 -3b Bakb, Lekb Ser843 0.66 0.71
HPA-4a Pena, Yukb GPIIIa Arg143 >0.999 >0.999
 -4b Penb, Yuka Gln143 <0.0001 0.017
HPA-5a Brb, Zavb GPIa Glu505 0.99 0.99
 -5b Bra, Zava Lys505 0.021 0.087
HPA-6b Tua, Cu GPIIIa Gln489 <0.01 ND
HPA-7b Moa GPIIIa Pro407 <0.01 ND
HPA-8b Sra GPIIIa Cys636 <0.01 ND

Other low-frequency human platelet alloantigens exist but are not listed here. Comprehensive reviews are available.154,155

GPIbα, glycoprotein Ibα; GPIa, glycoprotein Ia; GPIIIa, glycoprotein IIIa; HPA, human platelet antigen; ND, not determined.
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In white populations the most frequently implicated 
alloantigen in NAIT is HPA-1a (PlA1), which accounts 
for 78% of serologically confi rmed cases.157 Incompati-
bility for the HPA-5b alloantigen is the next most common 
cause. Approximately 98% of white individuals express 
the HPA-1a antigen on their platelets; most of the remain-
ing 2% are homozygous for an alternative allele that 
encodes the HPA-1b (PlA2) antigen. The protein products 
of these two alleles differ only by a single amino acid 
(Leu33 versus Pro33). The incidence of NAIT is approx-
imately 1 in 2000 births,158 which is much lower than 
the predicted incidence based on distribution of the 
HPA-1a and HPA-1b alleles in the population. Other 
immune response genes appear to regulate HPA-1a 
alloantibody formation. Women with the HLA-DR3 
antigen have about a 20-fold relative risk of forming 
HPA-1a alloantibodies. In the Asian population, incom-
patibility of the HPA-4 system is the most common 
cause of NAIT (80%), followed by incompatibility of 
the HPA-3 system.159 HLA class I antigens are expressed 
on platelets, and maternal sensitization to HLA has 
been implicated as a cause of NAIT in a few patients.160 
HLA alloantibodies are present in 10% to 30% of 
pregnant women, especially multiparous women. The 
relative rarity of NAIT secondary to HLA alloantibodies 
may be due to binding of these antibodies to the placenta 
or other tissues. Blood group ABH alloantibodies have 
been found in a small number of patients with 
NAIT.161

Clinical and Laboratory Features. The degree of 
thrombocytopenia in NAIT can be severe, with platelet 
counts of less than 10,000/μL on the fi rst day of life.161 
Common hemorrhagic manifestations include petechiae 
(90%), hematomas (66%), and gastrointestinal bleeding 
(30%). The maternal platelet count is normal, an impor-
tant laboratory value for distinguishing this condition 
from neonatal thrombocytopenia secondary to maternal 
ITP162 (see later). Unlike Rh disease of the newborn, 
NAIT can occur in both the fi rst and subsequent preg-

nancies. A history of a previously affected infant provides 
strong supportive evidence for a diagnosis of NAIT.

Patients with NAIT are at increased risk for ICH, 
both prenatally and postnatally.158,161 About 15% of 
affected neonates have ICH, and 50% of these cases 
occur antenatally. In utero bleeding can result in hydro-
cephalus, porencephaly, seizures, or fetal loss.163 The pro-
nounced bleeding diathesis associated with anti–HPA-1a 
alloimmune thrombocytopenia may refl ect the combina-
tion of severe thrombocytopenia and antibody-mediated 
interference with the function of the GPIIb/IIIa complex 
on the few remaining platelets.

Treatment. The diagnosis of NAIT is confi rmed by 
serologic or genotypic testing, including immunopheno-
typing of maternal, paternal, and occasionally neonatal 
platelets; maternal or fetal serum also can be examined 
for the presence of antiplatelet antibody. Several sensitive 
assays have been developed for platelet antigen typing 
and detection of alloantibody.164 Despite the availability 
of sensitive tests, serologic evidence of alloantibodies is 
lacking in a least a third of cases identifi ed by clinical 
criteria; therefore, NAIT is a clinical diagnosis. Because 
delays may be associated with serologic testing, therapy 
should be initiated as soon as the diagnosis is 
suspected.

The treatment of choice for severe NAIT (platelet 
count < 30,000/μL or clinically signifi cant bleeding) is 
transfusion of washed, irradiated, maternal platelets 
(Fig. 33-5).156 Irradiation prevents transfusion-associated 
graft-versus-host disease. In the interest of time, normal 
donor screening procedures may have to be abridged. 
Random-donor platelet infusions can be used in a neonate 
with active bleeding if maternal platelets are not imme-
diately available.165 However, only a modest and short-
lived increase in the platelet count may be observed after 
the infusion of random-donor platelets. IVIG (1 g/kg 
daily for 2 days) or a glucocorticoid (methylprednisolone, 
2 mg/kg/day) can also be used as a temporary measure, 
although these interventions may have limited benefi t. If 
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FIGURE 33-5. Treatment of neonatal alloimmune 
thrombocytopenia with washed, irradiated maternal 
platelets. (Courtesy of Dr. Lori Luchtman-Jones, Wash-
ington University.)
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the offending alloantigen is known, platelets from an 
antigen-negative unrelated donor may be used. In white 
populations, the use of HPA-1a– and HPA-5b–negative 
donors has been advocated because these two antigens 
are responsible for more than 95% of cases of NAIT. To 
provide transfusion support for fetuses and neonates with 
NAIT, the National Blood Service of England has estab-
lished an accredited platelet donor panel of HPA-1a–neg-
ative individuals with no antibodies to HLA, HPA, or red 
cell antigens.166 The majority of these donors are HPA-5b 
negative.

Platelets produced by neonates with alloimmune 
thrombocytopenia may exhibit accelerated clearance for 
weeks, until antiplatelet antibody is removed from the 
circulation (see Fig. 33-5). Consequently, it is not unusual 
for additional transfusions of maternal (or an antigen-
compatible unrelated donor) platelets to be required after 
the fi rst few weeks of life.

Management of Future Pregnancies. The likelihood is 
high that subsequent infants born to mothers of infants 
with NAIT will be affected. Moreover, the severity of 
antenatal and postnatal hemorrhage tends to increase in 
later pregnancies.167 Therefore, detailed counseling on 
the risk of recurrence should be provided to the family 
at the time that thrombocytopenia is diagnosed in the 
fi rst infant. Although the neonate’s thrombocytopenia 
may have resolved before completion of the full diagnos-
tic laboratory evaluation, it is important that the diagno-
sis and presumed antigen incompatibility be confi rmed 
by formal serologic and genotypic testing to guide the 
management of future pregnancies. Antibody titers begin 
to decline after delivery; thus, the evaluation should 
ideally be initiated in the postpartum period. Because the 
likelihood of thrombocytopenia in subsequent infants 
depends on whether the father is HPA-1a homozygous 
or HPA-1a/1b heterozygous, performance of DNA-based 
genotyping is desirable.

Fetuses at risk for ICH should be monitored 
with serial ultrasound examinations, although fetal ICH 
may not always be detected by this method. In some 
centers, prenatal diagnosis of the platelet alloantigen 
genotype has been performed with DNA obtained by 
chorionic villus sampling or amniocentesis. More com-
monly, percutaneous umbilical blood sampling is per-
formed at 20 to 22 weeks of gestation to obtain a fetal 
platelet count and perform platelet antigen typing. 
However, this procedure may be associated with fetal loss 
because of exsanguination; thus, compatible antigen-
negative (e.g., maternal) platelets should be available 
when percutaneous umbilical blood sampling is per-
formed and should be infused if the fetus is severely 
thrombocytopenic.158

When the diagnosis of alloimmune thrombocytope-
nia is confi rmed in the fetus, two treatment approaches 
are available. In most North American centers, the 
favored approach is weekly maternal infusion of 
IVIG.168,169 In some European centers, the preferred 

approach for severe cases of alloimmune thrombocyto-
penia is repeated in utero platelet transfusions; adminis-
tration of IVIG and a glucocorticoid is reserved for mildly 
affected fetuses.164

Neonatal Autoimmune Thrombocytopenia

This condition can occur in infants of mothers with 
immune thrombocytopenia as a result of ITP, SLE, or 
other autoimmune disorders and is caused by placental 
transfer of maternal autoantibodies.162 Antigens impli-
cated as causes of neonatal autoimmune thrombocytope-
nia mirror those seen in ITP. In general, this condition 
is less serious than NAIT.

This diagnosis should be considered when both the 
neonate and the mother have evidence of thrombocyto-
penia or in infants of mothers with a previous history of 
immune thrombocytopenia. Neonatal thrombocytopenia 
has been observed in infants of mothers rendered asymp-
tomatic for chronic ITP by splenectomy. Maternal ITP 
must be distinguished from the mild decrease in platelets 
that frequently accompanies pregnancy at term, presum-
ably because of plasma volume expansion.170

The thrombocytopenia associated with maternal 
immune thrombocytopenia is generally milder than 
NAIT. The incidence of cord platelet counts lower than 
50,000/μL is only about 3%,171 and the incidence of ICH 
is only about 1%.162 Although clinically signifi cant bleed-
ing episodes are rare, newborns with this condition 
should be monitored closely because platelet counts 
often decrease in the days after birth. The threshold for 
medical intervention in neonates with thrombocytopenia 
differs from that in older children with ITP because of 
concern about ICH in the newborn. A platelet count of 
less than 40,000 to 50,000/μL in a neonate is considered 
by many to be a useful indicator for starting therapy. 
IVIG (1 g/kg daily for 2 days) elevates the platelet count 
in most patients.172 A glucocorticoid (methylpredniso-
lone, 2 mg/kg/day) may be used in addition to or in lieu 
of IVIG therapy.

Perinatal management of mothers with immune 
thrombocytopenia, including the mode of delivery of a 
thrombocytopenic fetus, is controversial. Because the 
cord platelet count rarely is below 50,000/μL, perinatal 
ICH is uncommon and not necessarily related to deliv-
ery. The degree of maternal thrombocytopenia is a poor 
predictor of the degree of neonatal thrombocytopenia, 
although the clinical course of thrombocytopenia in the 
fi rst sibling does predict that of the next sibling.162 Oth-
erwise, there are no reliable predictors of severe throm-
bocytopenia in the newborn. Direct determination of the 
fetal platelet count by percutaneous umbilical venous 
sampling can be performed, but this procedure is rarely 
justifi ed for this condition.

Post-transfusion Purpura

PTP is a very rare syndrome in childhood. Typically, 
this syndrome affects a multiparious woman with 
HPA-1a–negative platelets who is reimmunized with that 
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alloantigen via blood transfusion.173 Severe, acute 
thrombocytopenia ensues 1 week later, presumably 
refl ecting an anamnestic response to the platelet alloan-
tigen. PTP has been reported to develop in males and in 
nulligravida females as a result of initial exposure to the 
alloantigen through a previous blood transfusion. HPA-
1a is the alloantigen found in 90% of occurrences of 
PTP.

Alloantibodies cause PTP, but the mechanism of 
platelet destruction is unclear. A variety of hypotheses173 
have been put forward to explain how alloantibody pro-
motes destruction of autologous platelets, including 
immune complex–mediated platelet destruction; adsorp-
tion of allogeneic platelet antigens onto autologous plate-
lets, which renders them susceptible to alloimmune 
destruction; and transient induction of autoantibodies. 
Because on average 2% of transfusion recipients have an 
HPA-1a incompatibility and PTP is very rare, other 
factors probably infl uence the development of this syn-
drome. Thrombocytopenia is usually severe (platelet 
count <10,000/μL), and hemorrhage is common. A high-
titer alloantibody is often detectable. Patients generally 
recover in a few weeks. However, life-threatening bleed-
ing, including ICH, may occur. Prednisone and plasma 
exchange have been used, but IVIG is probably the treat-
ment of choice for severe occurrences.174 Random-donor 
platelet infusions are ineffective and should not be admin-
istered. The effi cacy of compatible, alloantigen-negative 
platelet transfusions is controversial.

Severe, transient thrombocytopenia has been associ-
ated with passive transfusion of plasma-containing prod-
ucts that have high-titer alloantibodies against HPA-1a 
or HPA-5b.175 This condition has been reported in neo-
nates.176 The thrombocytopenia occurs within hours of 
transfusion. Most patients recover spontaneously, but 
treatment with IVIG or a glucocorticoid should be con-
sidered for severely affected patients.176

Drug-Induced Immune Thrombocyopenia

Numerous drugs have been implicated as causes of 
antibody-mediated thrombocytopenia.177 In general, the 
risk associated with any drug is low, but some drugs cause 
immune thrombocytopenia more commonly than others 
do. The thrombocytopenia generally resolves when use of 
the drug is discontinued, but the severity of bleeding 
symptoms and the duration of thrombocytopenia vary 
widely among patients. In some instances, the sensitizing 
drug induces a second, drug-independent antibody 
(autoantibody) in addition to a drug-dependent one.178 
Usually, these drug-induced autoantibodies are transient 
and disappear when treatment with the drug is discon-
tinued. Occasionally, however, autoantibody production 
may be sustained and lead to a clinical picture indistin-
guishable from that of ITP.178 Once established, sensitiv-
ity to a drug generally persists indefi nitely.177

Pathogenesis. Several mechanisms have been impli-
cated in drug-induced immune thrombocytopenia.177

Hapten Formation. Small compounds can become 
covalently linked to blood cell membrane proteins and 
stimulate the production of antibodies specifi c for the 
hapten-protein complex. This mechanism is responsible 
for the hemolytic anemia seen in some patients treated 
with penicillin (see Chapter 14). Similarly, anti -
bodies directed against hapten-protein complexes appear 
to be responsible for cases of penicillin-induced 
thrombocytopenia.179

Compound Epitope Formation. In patients with quinine-
induced thrombocytopenia, antibodies that bind to 
normal platelets can be detected only when quinine is 
present in the soluble phase. These antibodies are usually 
specifi c for GPIIb/IIIa180,181 or GPIb/IX.182 The mecha-
nism by which quinine promotes binding of antibody to 
platelets is not well understood. It is postulated that this 
agent binds noncovalently to one or more platelet mem-
brane proteins and creates a “compound epitope” recog-
nized by an antibody. Alternatively, the drug may interact 
with the target protein and cause a conformational change 
elsewhere in the molecule for which antibody is spe-
cifi c.183 In addition to quinine, sulfonamide antibiotics 
and certain other drugs have been shown to induce anti-
bodies that bind to platelets only when the sensitizing 
drug or one of its metabolites is present in the soluble 
state.177 Among children, sulfamethoxazole is one of 
the more common causes of drug-induced immune 
thrombocytopenia.

Drug-Induced Autoantibodies. Certain drugs, such as 
gold salts, procainamide, levodopa, and interferon alfa, 
induce true autoantibodies that bind to platelet mem-
brane targets in the absence of the drug.177,184 The mecha-
nisms by which these drugs induce autoantibodies is 
poorly understood.178

Clinical Features. Severe thrombocytopenia generally 
develops within 1 day of ingestion of quinine in a previ-
ously sensitized individual. A minimum of 1 week is 
required for initiation of the primary immune response 
in individuals taking this drug for the fi rst time. Prodro-
mal symptoms such as fever and chills may be observed. 
Bleeding may be severe, and its onset is abrupt. Hemor-
rhagic vesicles are common in the oral mucosa. The 
presence of a platelet antibody may be verifi ed by a 
variety of techniques. Readministration of a suspected 
drug in an attempt to confi rm an etiologic relationship 
is not recommended as a routine diagnostic measure.

Treatment. Discontinuation of treatment with the 
offending drug is the main therapy. With quinine, the 
thrombocytopenia usually begins to abate in 1 day if no 
additional drug is taken, and a normal platelet count is 
restored within 1 week. In patients with severe drug-
induced thrombocytopenia, IVIG or glucocorticoid has 
been used to ameliorate bleeding.185 However, there is 
little evidence that these medications are effective in this 
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clinical setting. For life-threatening hemorrhage, platelet 
transfusion may be used, although this may be of limited 
value because of the persistence of slowly dissociating 
drug-antibody complexes. A sensitized individual is pre-
sumed to remain at lifelong risk for additional episodes 
of drug-induced thrombocytopenia, so further use of the 
offending drug is contraindicated.

Heparin-Induced Thrombocytopenia/Thrombosis

HIT is a complex clinical syndrome with an overall esti-
mated incidence of 1% to 5% in adult patients exposed 
to heparin; the incidence in children is probably less.186,187 
The thrombocytopenia usually begins 5 to 10 days after 
heparin therapy is started, but it can occur within hours 
if the patient previously received heparin. The risk of HIT 
is higher for therapeutic than for low drug doses, for 
bovine than for porcine heparin, and for unfractionated 
than for low-molecular-weight heparin (LMWH).188 In 
contrast to drug-induced thrombocytopenia caused by 
quinine or sulfonamides, severe thrombocytopenia (plate-
let count < 10,000/μL) is rare in HIT. Typically, platelet 
counts range from 20,000 to 150,000/μL, with a median 
of 50,000/μL.177,189 The thrombocytopenia itself is rarely 
severe enough to cause bleeding symptoms and resolves 
after heparin therapy is discontinued. However, as many 
as 30% of patients with HIT experience arterial or venous 
thromboses. The development of thrombosis in patients 
with HIT is known as thrombocytopenia with thrombosis 
syndrome (HITTS), and this condition is associated with 
signifi cant morbidity and mortality.

Pathogenesis. The antibodies responsible for HIT 
recognize the complex of heparin and platelet factor 4 
(PF4), an alpha granule constituent.190 After treatment 
with heparin, PF4 is released into the circulation and 
binds with heparin to form a reactive antigen on the 
platelet surface.189 The heparin-PF4 complex is immuno-
genic in some patients. IgG against this complex triggers 
platelet activation by binding to FcγRIIA receptors on 
the surface membrane. The activated platelets release 
substances that stimulate other platelets and result in 
thrombin generation.191 PF4 bound to glycosaminogly-
cans on the surface of endothelial cells may also serve as 
a target for antibody binding and lead to antibody-medi-
ated injury to the endothelium and a predisposition to 
thrombosis.192

Approximately 50% of patients exposed to heparin 
during cardiac catheterization and subsequently during 
cardiac surgery form antibodies against heparin-PF4 
complexes, but HITTS develops in only a small percent-
age.193 It is unclear why heparin-PF4 complexes, which 
are composed of two substances normally present in the 
body, are so immunogenic. Moreover, it is not known 
why thrombocytopenia or thrombosis develops in some 
patients and not in others.

Diagnosis. The diagnosis of HIT is based on the 
interpretation of clinical fi ndings together with labora-

tory confi rmation of heparin-PF4 antibodies. A scoring 
system has been proposed to assess the pretest probabil-
ity of HIT,194 although this system has not been validated 
for pediatric patients. The gold standard laboratory test 
for diagnosing HIT is a platelet [14C]serotonin release 
assay. Unfortunately, the complexity and availability 
of this assay limit its usefulness. An enzyme-linked 
immunosorbent assay (ELISA) for detection of antibod-
ies against heparin-PF4 complexes is available, and 
results obtained with the serotonin release assay and 
ELISA are generally in agreement in patients with a clini-
cal diagnosis of HIT.188,195 However, ELISA has a more 
limited specifi city and therefore produces false-positive 
results.

Treatment. It is standard practice to discontinue 
heparin in patients in whom HIT is suspected, but many 
of these patients will have thrombotic complications over 
the subsequent days. Therefore, ongoing antithrombotic 
therapy is indicated. Patients with HIT should not be 
given warfarin as a substitute for heparin during the 
acute episode because this can cause an abrupt decrease 
in the level of protein C and put the patient at greater 
risk for thromboembolic complications such as warfarin-
induced limb gangrene.196 LMWH is not recommended 
for the treatment of HIT because unfractionalted heparin 
and LMWH preparations display signifi cant platelet 
aggregation cross-reactivity in vitro and in vivo.188,197 
Danaparoid, a low-molecular-weight heparinoid consist-
ing of a mixture of heparan sulfate, dermatan sulfate, and 
small amounts of chondroitin sulfate, has been used for 
more than a decade to treat patients with HIT.198 For 
pediatric patients with HIT, the recommended dosing 
scheme for danaparoid is an intravenous bolus of 30 IU/
kg followed by an infusion of 1.2 to 2.0 IU/kg/hr to 
obtain anti–factor Xa levels of 0.4 to 0.8 IU/mL.186 
Hirudin, a compound originally purifi ed from the leech 
salivary gland, inactivates thrombin by forming a 1 : 1 
complex. A recombinant hirudin, lepirudin, is effective 
in the treatment of HIT or HITTS.199 In children, lepi-
rudin should be started as a continuous infusion at 
0.1 mg/kg/hr without a preceding bolus, with a target 
activated partial thromboplastin time (APTT) of 1.5 to 
2.5 times the patient’s baseline value (fi rst assessed 4 
hours after infusion).186 Other agents that are effective 
in this clinical setting are the synthetic antithrombin 
argatroban200 and the synthetic pentasaccharide 
fondaparinux.201

Thrombotic Microangiopathic Disorders

This spectrum of disorders is characterized by destruc-
tive thrombocytopenia, disseminated capillary thrombo-
sis, and microangiopathic hemolytic anemia (Box 33-4). 
Often there is organ dysfunction because of microvascu-
lar thrombosis and ischemic necrosis. Thrombotic micro-
angiopathic disorders may be primary or secondary. 
There are both acute and chronic (familial) relapsing 
forms.
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but not the lungs. Red blood cells are damaged as a result 
of interactions with microthrombi in the small vessels.

Immunohistochemistry of early lesions of TTP 
reveals an abundance of von Willebrand factor (VWF) 
but little fi brin.206,207 VWF within these thrombi is thought 
to be critical in pathogenesis. In 1982, unusually large 
multimers of VWF (UL-VWF) were observed in the 
plasma of patients with chronic relapsing TTP (Fig. 
33-6).208,209 UL-VWF multimers are most prominent in 
plasma samples taken from these patients during remis-
sion and decrease at the time of relapse. These UL-VWF 
multimers, which are synthesized by endothelial cells, are 
composed of increased numbers of mature VWF sub-
units. Under conditions of shear stress, the UL-VWF 
forms are more effi cient than other VWF multimers at 
binding to the GPIb/IX/V and GPIIb/IIIa complexes on 
platelets and inducing aggregation.208,210,211 These fi nd-
ings, coupled with the observation that VWF was abun-
dant in the early thrombotic lesions of TTP, led to the 
hypothesis that intravascular platelet aggregation in TTP 
was due to either excessive release of UL-VWF multi-
mers into plasma or impaired degradation of these UL-
VWF multimers into smaller, nonaggregating forms.

Under ordinary circumstances, UL-VWF multimers 
are processed into multimers of normal size through the 
action of ADAMTS13, a VWF-cleaving metallopro-
teinease in normal plasma.212,213 This protease cleaves a 
specifi c Tyr-Met bond in the second of the three A 
domains in VWF subunits (Fig. 33-7).214 Physiologically, 
UL-VWF multimers are thought to be cleaved by 
ADAMTS13 under conditions of high shear stress, 
which partially unfolds the molecules. In vitro this partial 
denaturation can be mimicked by guanidinium or 
urea treatment.

Acquired or constitutional defi ciency of the VWF-
cleaving protease predisposes individuals to TTP. Chronic 
relapsing TTP, which usually begins in early childhood, 
is due to loss-of-function mutations in the ADAMTS13 
gene.215-219 The acute TTP more commonly seen in adults 

Box 33-4  Causes of Schistiocytic Hemolysis and 
Thrombocytopenia

Thrombotic thrombocytopenic purpura
Hemolytic-uremic syndrome
Disseminated intravascular coagulation
Vasculitis, including systemic lupus erythematosus and 

sclerodermal kidney
Drug-induced (cyclosporine, mitomycin C, etc.)
Dysfunctional prosthetic heart valves
Endocarditis
Bone marrow transplant–associated microangiopathy

The two major thrombotic microangiopathic disor-
ders affecting children and adolescents are thrombotic 
thrombocytopenic purpura (TTP), a classic disease of 
hematology, and hemolytic-uremic syndrome (HUS), a 
classic disease of nephrology. Patients with TTP always 
have thrombocytopenia and schistiocytic hemolysis, fre-
quently with central nervous system and renal impair-
ment. In HUS, the microangiopathic process is usually, 
but not always limited to the kidneys. However, the 
boundary between these two clinical syndromes may be 
nebulous. Renal impairment can be prominent in TTP, 
and neurologic injury can occur in HUS. In adults, these 
two microangiopathic syndromes are often viewed as a 
joint entity termed TTP-HUS.202 In pediatrics, however, 
the two syndromes are generally considered to be dis-
tinct, albeit overlapping entities. In addition to TTP and 
HUS, other conditions can produce shistocytic hemolysis 
and thrombocytopenia, including bone marrow trans-
plant–associated microangiopathy (see Box 33-4).

Thrombotic Thrombocytopenic Purpura. TTP is a syn-
drome characterized by reversible aggregation of platelets 
in the microvasculature that results in waxing and waning 
ischemia in various organs.203-205 The defi ning clinical 
features of TTP are listed in Table 33-3. The pentad of 
thrombocytopenia, microangiopathic hemolytic anemia, 
neurologic abnormalities, fever, and renal abnormalities 
is present in many patients. Before the development of 
an effective therapy, the risk of mortality associated with 
the disease was greater than 90%. With the advent of 
plasma infusion/exchange therapy, TTP has become a 
curable disease. There are two major forms of TTP: an 
acute, acquired form and a rare, inherited, chronic relaps-
ing form. Acute TTP can be further subcategorized into 
primary (idiopathic) and secondary forms. Drugs, infec-
tions, and other factors have been associated with sec-
ondary TTP.

Pathophysiology. The characteristic pathologic lesion 
of TTP is a hyaline thrombus composed of aggregated 
platelets in the absence of a perivascular infl ammatory 
response. The thrombotic lesions of TTP typically involve 
terminal arterioles and capillaries and are most com-
monly seen in the brain, abdominal viscera, and heart, 

TABLE 33-3  Clinical Manifestations of Thrombotic 
Thrombocytopenic Purpura

Symptoms Cases %

Fever 237/243 98
Pallor or anemia 246/256 96
Hemorrhage 241/251 96
Neurologic abnormalities 250/271 92
Renal abnormalities 191/217 88
Jaundice 113/271 42
Fatigue, malaise  92/271 34
Nausea and vomiting  69/271 25
Abdominal pain  36/271 13
Chest pain or arrhythmias  21/271  8
Arthralgia or myalgia  18/271  7

Adapted from Amorosi EL, Ultman JE. Thrombotic thrombocytopenic 
purpura. Medicine (Baltimore). 1966;25:139.
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awareness of the condition and the availability of effective 
therapy.202,224

TTP usually develops in previously healthy individu-
als (idiopathic TTP). In approximately 15% of patients, 
the syndrome is associated with an underlying condition 
(secondary TTP), such as bacterial or viral infection,225,226 
pregnancy,227 collagen vascular disorders,228 or pancreati-
tis.229 Several drugs230 have been associated with the 
development of secondary TTP, including ticlopidine, 
clopidogrel, lopidogrel, quinine, mitomycin C, cyclospo-
rine, and tacrolimus. The mechanisms by which these 
drugs promote TTP are not well understood. Inhibitory 
antibodies against ADAMTS13 have been observed in 
ticlopidine- and clopidogrel-associated TTP.231

In the usual occurrence of TTP, the onset of symp-
toms is abrupt. The most common initial manifestations 
are bleeding and neurologic abnormalities. The neuro-
logic symptoms can progress rapidly and may include 
headache, confusion, stupor, coma, hemiparesis, cranial 
nerve palsies, and seizures. Fever is uncommon initially 
but invariably develops during the course of the disease. 
TTP is a clinical diagnosis that rests on the signs and 
symptoms presented in Table 33-3. The primary diagnos-
tic criteria are thrombocytopenia and microangiopathic 
hemolytic anemia. Some patients may not be anemic 
initially, although their hematocrit levels may fall sharply 
afterward, and in some patients red cell fragmentation 
may not be apparent.232 Therefore, the diagnosis of TTP 
initially is often provisional. Serum lactate dehydroge-
nase (LDH) levels are increased, frequently to very high 
levels, because of not only hemolysis but also diffuse 
tissue ischemia. If considerable tissue ischemia and 
necrosis are present, disseminated intravascular coagula-
tion (DIC) may ensue.

FIGURE 33-6. Autoradiogram demonstrating unusually large multi-
mers of von Willebrand factor (VWF) near the top of the gel (arrow) 
in the plasma of a patient (thrombotic thrombocytopenic purpura 
[TTP]) obtained early during a single episode of TTP. Normal pooled 
plasma (NP) and the culture supernatant from human umbilical vein 
endothelial cells (EC) are shown for comparison. Ethylenediaminetet-
raacetic acid (EDTA)-anticoagulated samples were subjected to agarose 
gel electrophoresis in sodium dodecyl sulfate–urea-EDTA. VWF mul-
timers were visualized by incubation with 125I-labeled rabbit antihuman 
VWF antibody followed by autoradiography. (From Moake JL, Chow 
TW. Thrombotic thrombocytopenic purpura: understanding a disease no longer 
rare. Am J Med Sci. 1998;316:108.)

Platelet GPIb

Blood Flow

ADAMTS13

VWF

Subendothelium

FIGURE 33-7. Pathogenesis of thrombotic thrombocytopenic purpura 
(TTP). von Willebrand factor (VWF) multimers facilitate platelet adhe-
sion to the subendothelium by binding to exposed connective tissue 
and then to platelet glycoprotein Ib (GPIb). In fl owing blood, shear 
stress unfolds ultralarge VWF multimers in the platelet-rich thrombus 
and enables ADAMTS13 to cleave a specifi c Tyr-Met bond in the 
second of the three A domains in VWF subunits. Cleavage reduces VWF 
multimer size and limits thrombus growth. In the absence of 
ADAMTS13, VWF-dependent platelet accumulation continues and 
eventually results in microvascular thrombosis and TTP. (Courtesy of 
Dr. Evan Sadler, Washington University.)

is usually due to an acquired defi ciency in VWF-cleaving 
protease activity resulting from an IgG autoantibody 
against ADAMTS13.220,221 The reasons for this transient 
immune dysregulation and for the selective antigenic 
targeting of ADAMTS13 are unknown. Fresh frozen 
plasma, cryoprecipitate-poor plasma (cryosupernatant), 
and plasma treated with solvent or detergent all contain 
the VWF-cleaving protease activity, which presumably 
accounts for the effi cacy of plasma exchange therapy (see 
later).

Clinical Features. TTP is a relatively rare disorder with 
an estimated annual incidence of 1 to 4 per million popu-
lation.222,223 TTP is more common in women than in men 
(ratio of 3 : 2) and has a peak incidence in persons between 
the ages of 30 and 40 years. The condition has been 
reported in adolescents; indeed, the fi rst instance reported 
in the literature was a teenage female.204 The incidence 
of the disease is increasing, in part because of increased 
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The diagnosis of TTP can be confi rmed by measur-
ing ADAMTS13 activity and by screening for inhibitory 
antibodies against this enzyme.219 These tests may also 
provide prognostic information in cases of idopathic 
TTP. In one prospective study,233 6 of 14 patients (43%) 
with severe ADAMTS13 defi ciency later relapsed, 
whereas only 2 of 25 patients (8%) without severe 
ADAMTS13 defi ciency relapsed. In two other series,234,235 
patients with detectable anti-ADAMTS13 antibodies 
had a higher mortality rate than patients without detect-
able antibodies did. More recently, the presence of high-
titer anti-ADAMTS13 IgA has been associated with a 
higher mortality rate.236

Though less common than acquired TTP secondary 
to autoantibodies, TTP caused by mutations in the 
ADAMTS13 gene is an autosomal recessive disease (also 
referred to as Upshaw-Schulman syndrome) that can be 
manifested at birth or in early childhood, with rare 
patients remaining asymptomatic until adulthood. The 
age at onset and severity can be highly variable, even 
among patients in the same family (carrying the same 
ADAMTS13 mutation).214-219 Congenital TTP occurring 
in early childhood may be misdiagnosed as chronic ITP 
or Evans’ syndrome.219

Treatment. Congenital TTP typically exhibits a 
chronic relapsing course that usually requires long-term 
treatment with fresh frozen plasma to replace the defi -
cient ADAMTS13 protein. The regimen is determined 
empirically, and stable remission can generally be main-
tained with plasma infusions as infrequently as once 
every few weeks to months.208,209,214-217

Plasma exchange is the mainstay of therapy for 
acquired TTP (secondary to anti-ADAMTS13 autoanti-
bodies). At least 50% to 80% of patients recover with this 
therapy. A randomized trial demonstrated the superiority 
of plasma exchange over plasma infusion.237 This fi nding 
has been attributed to removal of antibody against VWF-
cleaving protease. Another randomized study showed 
that fresh frozen plasma and cryoprecipitate-poor plasma 
were equally effective in the initial treatment of adults 
with TTP.238 Glucocorticoid therapy is often used as an 
adjunct to plasma exchange therapy, but there is no direct 
evidence that the addition of glucocorticoids produces 
results that are superior to those of plasma therapy 
alone.202

Although TTP in most patients responds to plasma 
exchange therapy, the response is varied. Mental status 
changes may resolve immediately. Typically, the initial 
recovery from thrombocytopenia requires several days. 
Serum LDH levels may improve promptly, but patients 
often remain dependent on red cell transfusion for days. 
Recovery from renal failure is generally slow. Chronic 
renal insuffi ciency, defi ned as creatinine clearance of less 
than 40 mL/min/1.73 m2 at 1 year after diagnosis, occurs 
in about 25% of patients.

Preliminary studies239-241 suggest that rituximab can 
induce a complete response in patients with idiopathic 

TPP who are refractory to plasma exchange. This agent 
may also be benefi cial as prophylatic therapy in patients 
with idiopathic TTP who are at high risk for 
relapse.239-241

Patients with secondary TTP caused by dose-related 
drug toxicity (e.g., mitomycin C) or allogeneic marrow 
transplantation may not benefi t from plasma exchange 
treatment. Likewise, the course in a patient who has a 
clinically apparent additional condition, such as SLE, is 
unpredictable. Management of plasma exchange treat-
ment is often dictated by the activity of the associated 
condition.

Hemolytic-Uremic Syndrome. HUS is another micro-
angiopathic hemolytic anemia characterized by capillary 
thrombosis and ischemic necrosis. The kidneys are the 
end organs most severely affected, but ischemic injury of 
the intestines, central nervous system, or other organs 
may occur. HUS typically follows a diarrheal illness 
(mainly Escherichia coli O157 : H7 infection) but also 
occurs in nonenteropathic settings. HUS occurs most 
often in infants and young children and is the most 
common cause of acute renal failure in this age group. 
The annual incidence is approximately 1 in 100,000 and 
may be increasing.242 HUS can also occur in adults, par-
ticularly in the elderly, thus suggesting that susceptibility 
to HUS is greatest at the extremes of age.

Enteropathic Hemolytic-Uremic Syndrome
PATHOGENESIS. Certain strains of enteric bacteria 

produce a toxin that is cytopathic to Vero cells, a monkey 
kidney cell line. In the early 1980s, Karmali and associ-
ates243 reported that 75% of children with HUS had evi-
dence of gastrointestinal infection by verotoxin-producing 
E. coli. Subsequent studies showed that strains of other 
enteric pathogens, including Shigella, Salmonella, and 
Campylobacter, produce verotoxin and can cause HUS.

The term verotoxin has been replaced by the term 
Shiga toxin or Shiga-like toxin (Stx). This toxin is the key 
factor that differentiates infection with enterohemor-
rhagic E. coli (EHEC), which is associated with watery 
diarrhea, hemorrhagic colitis, and HUS, from entero-
pathogenic E. coli (EPEC), which is associated only with 
watery diarrhea and vomiting. Stx1 and Stx2, the two 
most prevalent forms of the toxin found in EHEC strains, 
are encoded by bacteriophages. Stx1 is identical to Shiga 
toxin produced by Shigella dysenteriae type I. Stx2 is 
immunologically distinct from Stx1.244

Stx is structurally related to ricin and cholera toxin. 
Each of these toxins is composed of a single A subunit 
noncovalently associated with a pentamer of identical B 
subunits.244 The enzymatic activity of the toxin resides in 
the A subunit, whereas the B subunits are required for 
cellular uptake. Stx is taken up via endocytosis and trans-
ported to the endoplasmic reticulum via retrograde traf-
fi cking through the secretory pathway.245 The A subunit 
enters the cytosol and targets 28S ribosomal RNA, which 
is depurinated by the toxin at a specifi c adenine residue 
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and causes protein synthesis to cease and the infected 
cells to die by apoptosis. Renal microvascular endothelial 
cells appear to be particularly sensitive to Stx.246,247 Hem-
orrhagic enterocolitis has been ascribed to the action of 
Stx on endothelial cells in vessels of the intestinal sub-
mucosa. The toxin also inhibits protein synthesis in 
certain nonendothelial cells, including renal mesangial 
and cortical tubular cells.248,249 Because EHEC is not 
invasive, it has long been assumed that HUS-related tissue 
damage results from the spread of bacterial products from 
the intestine to the kidney and other target organs. It is 
thought that Stx enters the systemic circulation after 
translocation across the intestinal epithelium.250

CLINICAL AND LABORATORY FEATURES. Approxi-
mately 50% of cases of acquired HUS appear after gas-
trointestinal infection with E. coli O157 : H7. For unclear 
reasons, in only 9% to 30% of persons with E. coli 
O157 : H7 colitis does HUS develop. Elevated leukocyte 
counts and C-reactive protein levels have been identifi ed 
as risk factors for progression to HUS.251,252 Other risk 
factors are the extremes of age, the presence of bloody 
diarrhea, and the use of antimotility drugs.253

Gastrointestinal symptoms can range from mild to 
severe. The colonic mucosa is hemorrhagic and edema-
tous; ischemic infarcts can occur in the colon, and per-
forations have been reported. Stool cultures may be 
positive for the pathogenic organism.254 Other diagnostic 
techniques include demonstration of Stx or specifi c bac-
terial DNA in stool samples or a rise in the titer of spe-
cifi c antibodies.

The anemia and thrombocytopenia associated with 
HUS tend to be less severe than those associated with 
TTP. The platelet count is greater than 100,000/μL in 
half of the patients, and bleeding is uncommon. Labora-
tory evidence of DIC is not usually present, but it can 
occur, especially in HUS associated with Shigella. The 
serum LDH level is less elevated than in TTP. A study 
of 16 children in whom HUS developed after E. coli 
O157 : H7 infection showed normal levels of VWF-cleav-
ing protease activity in plasma.255 This fi nding has been 
confi rmed by other investigators.213

Acute renal failure with oliguria, hypertension, and 
proteinuria usually develops in affected patients. Renal 
histopathologic examination reveals a preglomerular and 
glomerular thrombotic microangiopathy.256 Mental status 
changes attributable to uremia are common. More rarely, 
focal neurologic signs are evident.

TREATMENT. Supportive care is the mainstay of 
therapy. Parenteral volume expansion with isotonic fl uid 
during acute E. coli O157 : H7 enteritis may attenuate the 
renal injury.257 Dialysis and renal transplantation are per-
formed when necessary. Independent trials have shown 
that antimotility agents increase the risk for HUS after 
E. coli O157 : H7 infection.253

The role of antimicrobial agents in the treatment of 
HUS is controversial. There is no compelling evidence 

that antibiotics are benefi cial, and there is some indirect 
evidence that the use of antimicrobials may be danger-
ous. Antibiotics increase the amount of Stx released from 
EHEC in vitro, so antibiotic therapy might paradoxically 
increase the risk for HUS in vivo. A prospective, con-
trolled study258 evaluated the effect of trimethoprim-
sulfamethoxazole in children with E. coli O157 : H7 
enteritis. There was no statistically signifi cant effect of 
treatment on progression of symptoms, fecal pathogen 
excretion, or the incidence of HUS. A prospective study 
of 71 children with diarrhea caused by E. coli O157 : H7 
suggested that antibiotic therapy was associated with an 
increased risk for HUS.252

Other treatments that have been tried without 
obvious benefi t include infusion of fresh frozen plasma, 
glucocorticoids, heparin, thrombolytic agents, and pros-
tacyclin.259,260 Although plasma infusion or exchange has 
no proven role in the management of diarrhea-associated 
HUS in children, this therapy may be benefi cial in adults 
with HUS or children with nonenteropathic HUS (see 
later).196 Despite treatment, approximately 5% of chil-
dren with HUS die of the disease and 10% have severe, 
chronic renal impairment.261,262

Atypical Hemolytic-Uremic Syndrome. Approximately 
10% of pediatric patients seen with an HUS-like illness 
do not have antecedent bloody diarrhea and are classifi ed 
as having atypical HUS (aHUS). There are both familial 
and sporatic forms of aHUS. The associated mortality 
rate is higher than that of enteropathic HUS. About half 
of survivors have a relapse, and a third require chronic 
dialysis.263

PATHOGENESIS. Defi ciency of complement regula-
tors is a major risk factor for the development of aHUS. 
More than 50% of patients with aHUS have a mutation 
in one of three complement control proteins: factor H 
(fH), membrane cofactor protein (MCP; CD46), or 
factor I (fI).264,265 Additionally, autoantibodies against fI 
have been described in patients with sporatic aHUS.265 
MCP and fH serve as cofactors for fI, a serine protease 
that inactivates C3b (and C4b) through limited proteo-
lytic cleavage (Fig. 33-8). Defi ciency of fH, MCP, or fI 
results in excessive complement deposition, which pro-
motes the development of microthrombi in the kidneys 
and other tissues.266

Invasive infection with certain strains of pneumococ-
cus can also cause aHUS.267 These strains produce 
neuraminidase, which exposes the normally hidden 
Thomsen-Freidenreich antigen on erythrocytes, plate-
lets, and renal glomerular cells. Naturally occuring IgM 
antibodies in human plasma bind the exposed antigen, 
promote complement fi xation, and trigger anemia, throm-
bocytopenia, and uremia.267 Other nondiarrheal infec-
tions have also been linked to aHUS.268

TREATMENT. Although plasma therapy is often used 
in the management of aHUS secondary to complement 
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FIGURE 33-8. Role of complement regulatory proteins in the pathogenesis of atypical hemolytic-uremic syndrome. A, Membrane cofactor protein 
(MCP), a complement regulatory protein, is expressed on the surface of endothelial cells and other cell types and binds to C3b that has been 
deposited on the cell surface either spontaneously or in response to injury. In cooperation with MCP, the plasma serine protease factor I then 
cleaves C3b into its inactive form C3bi, thereby preventing further complement activation via the alternative pathway. In patients with MCP or 
factor I defi ciency, excessive complement deposition occurs and leads to further cellular injury, endothelial cell necrosis, and ultimately thrombosis. 
B, Endothelial cell necrosis exposes basement membranes that are devoid of complement regulators. Factor H, a plasma-derived complement 
regulatory protein, binds to exposed basement membranes and, in cooperation with factor I, inactivates C3b that is deposited at these sites. Factor 
H defi ciency leads to excess complement deposition on basement membranes. (Courtesy of Dr. J. P. Atkinson, Washington University.)

regulator defi ciency, its benefi t in preventing progression 
to end-stage renal disease or relapse is questionable.269-271 
Patients with an MCP mutation have a satisfactory 
outcome after renal transplantation because MCP is a 
transmembrane protein and the allografts are protected 
by wild-type MCP.264 In contrast, recurrent aHUS devel-
ops in patients with a defi ciency of fH or fI after renal 
transplantation because the allograft cannot compensate 
for defi ciency of these plasma proteins, which are pro-
duced primarily in the liver. Therapeutic complement 
inhibition with monoclonal antibodies or recombinant 
regulators may be the treatment of choice in the 
future.272

Patients with aHUS caused by neuraminidase-
producing pneumococcus should receive only washed 
red blood cells or platelets if transfusion is required.267 
Plasma products should be avoided in these patients.

Bone Marrow Transplant–Associated 
Thrombotic Microangiopathy

Thrombotic microangiopathy has emerged as one of the 
major complications of bone marrow transplantation 
(BMT).273 The incidence ranges from 6% to 21%.274 It 
is seen after allogeneic and less commonly after autolo-
gous BMT. The diagnosis may be diffi cult to make 
because of the presence of coexisting complications of 
BMT, such as graft-versus-host disease, cytomegalovirus 
infection, and hepatic veno-occlusive disease. Although 
BMT-associated microangiopathy (BMT-MA) shares 
features with other microangiopathies such as TTP and 

HUS, it has a distinctive clinical course and response to 
therapy. The pathogenesis of BMT-MA is unknown but 
appears to be distinct from that of primary TTP.

The condition ranges in severity from self-limited 
microangiopathic hemolytic anemia to a fulminant, 
usually fatal disorder. The fulminant form of the disease 
is more common in adults than children. In one adult 
series,275 the incidence of BMT-MA was 2% with matched 
sibling donor transplants and 6% with unrelated donor 
transplants. Risk factors for the development of BMT-
MA in adults include the use of unrelated or mismatched 
donors, grade II through IV acute graft-versus-host 
disease, and systemic bacterial or fungal infection.274 In 
contrast to primary TTP, plasma exchange therapy 
appears to be of limited benefi t in BMT-MA.274 Most 
pediatric patients primarily exhibit signs of renal insuffi -
ciency. The mainstay of management is supportive care 
and, if feasible, a reduction of the dose of cyclosporine 
or tacrolimus. If the patient’s clinical condition deterio-
rates (worsening hemolysis, progressive renal insuffi -
ciency, or neurologic symptoms), plasma exchange should 
be considered.273

Other Causes of Increased Platelet Destruction

Systemic bacterial or fungal infections are also commonly 
associated with thrombocytopenia. The degree of throm-
bocytopenia may range from moderate to severe. Throm-
bocytopenia associated with systemic bacterial or fungal 
infection is usually due to increased platelet destruction. 
A variety of mechanisms contribute to this destruction, 
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including immune mediated, direct effects of bacterial 
toxins, DIC, and hypersplenism.

Acute viral infections in children are commonly com-
plicated by thrombocytopenia. For example, thrombocy-
topenia develops in about 75% of patients with infectious 
mononucleosis caused by Epstein-Barr virus.276 Viral-
induced thrombocytopenia may be immediate or delayed, 
and the decrease in platelet count may range from mild 
to severe. Thrombocytopenia can follow immunization 
with live virus vaccines. Viruses may cause thrombocyto-
penia through both nonimmune and immune mecha-
nisms, including cytotoxic effects on megakaryocytes, 
direct injury to platelets, immune complex–mediated 
destruction (see earlier discussion of ITP and HIV), and 
hyperspenism. Thrombocytopenia is a manifestation of 
hemophagocytic lymphohistiocytosis. Thrombocytope-
nia caused by increased platelet destruction is a 
uniformly seen complication of malaria and African 
trypanosomiasis.277

Thrombocytopenia commonly accompanies extra-
corporeal membranous oxygenation, cardiopulmonary 
bypass, hemodialysis, and apheresis.278 There are many 
causes, including adherence of platelets to synthetic 
materials in the perfusion device, hemodilution, hemor-
rhage, and drug effects (e.g., heparin). The thrombocy-
topenia associated with hemodialysis or apheresis is 
generally mild, but more severe thrombocytopenia may 
be seen in association with extracorporeal membranous 
oxygenation.

A healthy fetus has a platelet count of greater than 
150,000/μL by the second trimester of pregnancy, and 
only 2% of term infants are thrombocytopenic at birth.279 
Severe thrombocytopenia, defi ned as a platelet count 
lower than 50,000/μL, is evident in fewer than 3 of 1000 
term infants, the most important cause being NAIT. In 
contrast, thrombocytopenia is common among patients 
in neonatal intensive care units. Thrombocytopenia is 
also common in patients with intrauterine growth retar-
dation and has been ascribed to placental insuffi ciency 
or chronic hypoxia. Thrombocytopenia is seen in preterm 
neonates with respiratory distress syndrome. Neonatal 
viral infections, including rubella, herpes, cytomegalovi-
rus, and enterovirus, have also been associated with 
thrombocytopenia. Acute thrombocytopenia commonly 
accompanies necrotizing enterocolitis and is often an 
early sign of the disease. Thrombocytopenia is commonly 
seen in neonates with polycythemia, especially if they 
have associated cyanotic heart disease, although this phe-
nomenon is probably multifactorial.280 Infants with severe 
Rh hemolytic disease of the newborn may exhibit throm-
bocytopenia along with neutropenia.281

Kasabach-Merritt Syndrome. Kasabach-Merritt syn-
drome is the association between thrombocytopenia and 
a giant hemangioma of infancy. Most patients are seen 
in the fi rst few weeks of life, although rare occurrences 
have been described in later childhood.282 The vascular 
lesions are usually solitary and involve the extremities, 

FIGURE 33-9. Drawing of an affected infant in the original article by 
Kasabach and Merritt. (From Kasabach HHM, Merritt KK. Capillary 
hemangioma with extensive purpura. Report of a case. Am J Dis Child. 
1940;59:1063-1070.)

neck, or trunk (Fig. 33-9). Sometimes the lesions are 
located in the viscera, including the retroperitoneum. The 
possibility of an occult hemangioma should be consid-
ered in a neonate with unexplained thrombocytopenia. 
Detection may require radiographic imaging of the brain, 
liver, spleen, or gastrointestinal tract.

The hemangiomas associated with Kasabach-Merritt 
syndrome have a natural history of rapid growth for 
several months, followed by spontaneous regression. The 
thrombocytopenia subsides as the hemangioma regresses. 
Kasabach-Merritt syndrome, which is marked by severe 
thrombocytopenia and spontaneous regression in the 
fi rst few years of life, is distinct from the mild, chronic 
thrombocytopenia associated with venous malforma-
tions, which are lifelong lesions (Box 33-5).

The pathogenesis is poorly understood, but platelets 
are thought to be trapped by abnormal endothelium 
within the hemangioma. Usually, the platelet count is less 
than 50,000/μL, and schistocytes are frequently present 
on the peripheral blood fi lm. In a majority of cases there 
is laboratory evidence of DIC. These tumors grow rapidly 
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ment is straightforward and relies on transfusion of plate-
let concentrates and adjustment of chemotherapy doses. 
Considerable effort has also been put into the clinical 
study of cytokines that promote thrombopoiesis (see 
Chapter 35).

Valproic acid is commonly used in the treatment of 
childhood epilepsy, bipolar disorder, and other condi-
tions. Hematologic toxicity, including thrombocytopenia, 
is often seen in patients treated with valproate.291 Valpro-
ate causes direct bone marrow suppression that may vary 
in onset and severity and is more common in patients 
with serum valproate levels greater than 100 μg/mL.291 
In addition to bone marrow suppression, valproate 
may have other effects on platelets, including immune-
mediated destruction and impaired function.291

Thrombocytopenia can result from replacement of 
normal marrow elements by abnormal cells, as seen in 
leukemia, solid tumors (neuroblastoma, rhabdomyosar-
coma, Ewing’s sarcoma), storage diseases, and dissemi-
nated Langerhans cell histiocytosis. Other acquired 
disorders of hematopoietic cells that are associated with 
thrombocytopenia include myelodysplastic syndrome, 
aplastic anemia, paroxysmal nocturnal hemoglobinuria, 
and osteopetrosis. In osteopetrosis, the bone marrow 
space is obliterated by new bone formation. This condi-
tion can be diagnosed by x-ray studies but may not be 
clinically obvious in a neonate with thrombocytopenia. 
Peripheral smear fi ndings include teardrop cells and 
nucleated erythrocytes.

Although iron defi ciency is usually associated with 
thrombocytosis, thrombocytopenia may accompany 
severe iron defi ciency in children and adults292 (see 
Chapter 12). Anemia caused by folate or vitamin B12 
defi ciency (see Chapter 11) is also often associated with 
thrombocytopenia. Severe thrombocytopenia secondary 
to impaired hematopoiesis has been reported in associa-
tion with anorexia nervosa.293 The thrombocytopenia 
reverses with improved nutrition.

Thrombocytosis

Thrombocytosis is defi ned as a platelet count greater 
than 2 SD above the mean. Conditions associated with 
thrombocytosis in childhood are listed in Box 33-6.

When the platelet count is elevated, the clinician 
must determine whether the patient has a true increase 
in total body platelet mass. Under normal circumstances, 
a third of the body’s platelets are sequestered in the 
spleen. Individuals with surgical or functional asplenia 
who have a normal total body platelet mass will have 
an elevated platelet count. This situation is normal for 
an asplenic individual and no therapy is warranted. 
Spuriously elevated automated platelet counts may 
be caused by the presence of microspherocytes, 
Pappenheimer bodies, red cell and leukocyte fragments, 
or bacteria.

Causes of true thrombocytosis fall into two catego-
ries: autonomous (or primary) thrombocytosis and 

Box 33-5 Clinical Pearls

Hemangiomas and Kasabach-Merritt syndrome. 
Thrombocytopenia is evident in only a small 
proportion of infants with hemangiomas (0.3%).282,283 
Kasabach-Merritt syndrome is not associated with the 
common infantile capillary/cavernous hemangioma, 
which is seen in 5% to 10% of children. Rather, 
Kasabach-Merritt syndrome appears to be a 
complication of two rare, aggressive histopathologic 
subtypes: kaposiform hemangioendothelioma and 
tufted hemangioma.284-286 The histologic features of 
kaposiform hemangioendothelioma and tufted 
hemangioma are abnormal when compared with the 
relatively well organized vessels evident in capillary 
hemangiomas. These abnormal histologic features 
may contribute to platelet trapping and activation.

to a large size and are often characterized by cutaneous 
purpura, edema, and an advancing ecchymotic margin. 
Imaging studies are essential in delineating the extent of 
the lesion and determining whether it is surgically resect-
able. In contrast to common hemangiomas, magnetic 
resonance imaging shows diffuse enhancement with ill-
defi ned margins, cutaneous thickening, stranding of sub-
cutaneous fat, hemosiderin deposits, and small feeding 
and draining vessels.282

The mortality rate is as high as 40%,287 and the 
development of a life-threatening consumptive coagu-
lopathy warrants aggressive treatment. Surgical removal 
may be effective, but most lesions are not able to be 
resected. Radiation therapy can be effective but carries 
serious long-term risks for a young infant288 and is not 
appropriate for most patients. Vascular ligation or embo-
lization has been used to promote regression of a large 
hemangioma, especially in patients in whom a solitary, 
major feeding vessel can be obliterated.282 Glucocorticoid 
therapy may be benefi cial in some patients.282 Interferon 
alfa has been shown to be effective if no response to glu-
cocorticoid therapy is seen.289 Vincristine is another treat-
ment option in the management of patients with 
Kasabach-Merritt syndrome.290

Thrombocytopenia Caused by Decreased 
Platelet Production

The second major etiologic classifi cation of acquired 
thrombocytopenia of childhood is impaired platelet pro-
duction. Box 33-1 lists clinical conditions associated with 
decreased platelet production. Patients with thrombocy-
topenia caused by a production defect are more likely to 
have serious bleeding than patients with destructive 
thrombocytopenia are.

A common cause of thrombocytopenia in patients 
with cancer is chemotherapy-induced bone marrow sup-
pression. This is an expected complication of therapy and 
rarely poses a diagnostic problem. Traditional manage-
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Box 33-6 Causes of Thrombocytosis in Childhood

PRIMARY OR AUTONOMOUS THROMBOCYTOSIS

Myeloproliferative disorders
 Essential thrombocythemia
  Nonfamilial
  Familial
 Polycythemia vera
 Chronic myelogenous leukemia
 Agnogenic myeloid metaplasia
 M7 acute myelogenous leukemia
 5q– syndrome

SECONDARY OR REACTIVE THROMBOCYTOSIS

Infl ammatory diseases
 Infection
  Acute
  Chronic (tuberculosis, hepatitis, osteomyelitis)
 Rheumatoid arthritis
 Infl ammatory bowel disease
 Ankylosing spondylitis
 Sarcoidosis
 Acute rheumatic fever
 Kawasaki’s syndrome
Hematologic disorders
 Iron defi ciency
 Chronic hemolytic anemias
 Vitamin E defi ciency
 Acute hemorrhage
 “Rebound” following thrombocytopenia

Drug-induced
 Vinca alkaloids
 Corticosteroids
Neoplastic diseases
 Lymphoma
 Neuroblastoma
 Other childhood solid tumors
Miscellaneous
 After exercise
 Following surgery
 Caffey’s disease

RELATIVE THROMBOCYTOSIS DUE TO DECREASED 
SPLENIC POOLING

Asplenia
 Surgical
 Congenital
 Afunctional
Drug-induced
 Epinepherine

SPURIOUS THROMBOCYTOSIS

Microspherocytes
Pappenheimer bodies
Red cell and leukocyte fragments
Bacteria

reactive (or secondary) thrombocytosis. In primary 
thrombocytosis, platelet production is unresponsive to 
normal regulatory processes.294 The decrease in mega-
karyocyte size that normally results from an increase in 
platelet mass is not seen. In childhood, most occurrences 
of thrombocytosis are secondary. In general, occurrences 
of reactive thrombocytosis are moderate in degree and 
asymptomatic and respond with treatment of the under-
lying disorder. Reactive thrombocytosis is often seen in 
association with infl ammatory disorders (see Box 33-6). 
In these situations, the degree of thrombocytosis usually 
parallels the activity of the underlying condition. Therapy 
to decrease the platelet count is not indicated. Iron defi -
ciency is often associated with an increase in the platelet 
count (see Chapter 12). Moderate thrombocytosis that 
persists for 1 to 2 weeks occurs commonly after major 
trauma or surgery.295

Rarely, a child with thrombocytosis will have a 
primary myeloproliferative disorder such as essential 
thrombocythemia or chronic myelogenous leukemia. 
These patients may be predisposed to thrombosis or 
hemorrhage.

ACQUIRED DEFECTS IN 
PLATELET FUNCTION

Drug-Induced Platelet Dysfunction

Many substances have been shown to inhibit platelet 
function, including both prescription drugs and medici-
nals such as garlic and various Chinese herbs.296,297 In 
otherwise normal individuals, the impairment in platelet 
function produced by these substances is of no clinical 
signifi cance. On the other hand, these agents may cause 
serious hemorrhage in patients with underlying coagu-
lopathies, such as uremia, hemophilia, or thrombocyto-
penia, or in patients taking anticoagulants such as heparin 
or warfarin.298

Oxygenated metabolites of arachidonic acid, collec-
tively termed eicosanoids, are involved in a variety of 
processes, including thrombosis, infl ammation, and 
allergy. Eicosanoids include prostaglandins, thrombox-
anes, and other compounds. Interference with eicosanoid 
synthesis is the basis for the action of many therapeutic 
agents, including analgesics, anti-infl ammatory agents, 
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and antithrombotic drugs. The fi rst enzyme in the syn-
thetic pathway of prostaglandins and thromboxanes is 
cyclooxygenase (COX). There are two isoforms of his 
enzyme, COX-1 and COX-2. The former is constitutively 
expressed in most cells, including platelets. The latter is 
not normally present but may be induced in certain cells 
after stimulation with cytokines or other factors. In plate-
lets, thromboxane X2 (TxA2) is the major product of 
COX. TxA2 induces platelet aggregation and vasocon-
striction. Aspirin blocks production of TxA2 by covalently 
acetylating a serine residue near the active site of COX.299 
Because platelets do not synthesize new proteins, the 
action of aspirin is permanent and lasts the life of the 
platelet. Complete inactivation of platelet COX-1 is 
achieved when adults take 160 mg of aspirin daily. In 
pregnant women, aspirin may cross the placenta and 
impair platelet function in the fetus.300,301 Aspirin pro-
longs the bleeding time but seldom produces values 
above the normal range.

Most other anti-infl ammatory drugs act on platelets 
in a manner similar to that of aspirin, although the major-
ity are less potent. Such agents include ibuprofen, 
naproxen, phenylbutazone, indomethacin, sodium salicy-
late, and related drugs. In contrast to those of aspirin, the 
effects of these medications are reversible.

Dipyridamole is a vasodilator that interferes with 
platelet function by increasing the intracellular concen-
tration of cyclic adenosine monophophate (cAMP). This 
effect is mediated by inhibition of cyclic nucleotide phos-
phodiesterase.302 In combination with warfarin, dipyrid-
amole is used to inhibit embolization from prosthetic 
heart valves. Other drugs that raise cAMP levels by inhib-
iting phosphodiesterase, such as methylxanthines, also 
inhibit platelet function.

The thienopyridine derivative class of drug, includ-
ing ticlopidine, inhibits platelet activation303 and prolongs 
the bleeding time by blocking signaling through the 
P2Y12 platelet adenosine diphosphate (ADP) receptor. 
Abnormal platelet function continues for several days 
after use of the drug is discontinued. A newer member 
of this class, clopidogrel, has supplanted ticlopidine 
because of its effi cacy and better safety profi le.304-306

Though used sparingly in pediatrics, GPIIb/IIIa 
antagonists are now widely used as anticoagulants in 
adult patients with heart disease.307,308 These agents 
inhibit the fi nal common pathway of platelet aggregation 
mediated by fi brinogen or VWF binding to GPIIb/IIIa. 
Therefore, GPIIb/IIIa antagonists more completely 
inhibit platelet aggregation than aspirin or clopidogrel 
does, each of which inhibits only one initiating pathway 
of platelet activation (COX and ADP receptors, respec-
tively). Several GPIIb/IIIa inhibitors are commercially 
available for use in coronary intervention procedures or 
unstable angina.307,308

A number of antibiotics inhibit platelet aggregation 
and the release reaction,309 although the mechanisms are 
not well understood. Penicillin causes platelet dysfunc-
tion when administered at high doses, but this effect is 

usually clinically insignifi cant. However, certain semisyn-
thetic penicillins, notably carbenicillin, may cause clini-
cally signifi cant bleeding when administered at the usual 
therapeutic doses.310-313 Bleeding times are prolonged in 
patients receiving carbenicillin therapy, and serious epi-
sodes of hemorrhage have been reported.

Calcium channel blockers, such as verapamil and 
nifedipine, interfere with both adrenergic receptors and 
TxA2 receptors in the platelet membrane314 but do not 
prolong the bleeding time. Some antidepressants, includ-
ing amitriptyline, imipramine, and chlorpromazine, 
interfere with platelet function through ill-defi ned effects 
on platelet membranes.315 Propranolol and other β-
adrenergic receptor antagonists mildly inhibit platelet 
function through effects on the cell membrane and sero-
tonin transport.316 Sulfonylureas used in the manage-
ment of hyperglycemia have been associated with mild 
qualitative platelet defects.317 Valproic acid, in addition to 
causing thrombocytopenia, can directly inhibit platelet 
function.291

Platelet Abnormalities Associated with 
Systemic Diseases

Uremia

Platelet dysfunction is a well-recognized and potentially 
serious complication of uremia. Patients with severe renal 
insuffi ciency may experience petechiae, purpura, gastro-
intestinal hemorrhage, and other forms of bleeding. Dial-
ysis can correct the platelet dysfunction associated with 
uremia.318 The precise cause of the platelet defect in 
uremia is unknown. A dialyzable substance in plasma 
causes platelet dysfunction, but the identity of this factor 
(or factors) remains controversial.

Bleeding may be severe, although the incidence of 
serious hemorrhage has declined in recent years because 
of more intensive dialysis and avoidance of drugs that 
further impair platelet function. If there is symptomatic 
bleeding or surgery is planned, patients should be treated 
with dialysis or desmopressin. Typically, only partial 
correction is achieved. The anemia of chronic renal insuf-
fi ciency should be treated with erythropoietin because 
this has been shown to reduce the risk of serious bleed-
ing.318-323 If these approaches are not effective, cryopre-
cipitate may be added.

Liver Disease

Patients with liver disease have a multifactorial bleeding 
disorder. A reduction in plasma coagulation factors syn-
thesized by the liver contributes to the increased risk of 
bleeding in these patients. Moderate thrombocytopenia 
is a common fi nding in liver disease and is well tolerated 
in most instances. Thrombocytopenia in cirrhotic liver 
disease has long been ascribed to portal hypertension and 
concomitant hypersplenism. Recent studies suggest that 
altered thrombopoietin production may contribute to the 
thrombocytopenia in liver disease. Qualitative platelet 
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defects have also been reported to occur in adult patients 
with liver failure,324-327 although the mechanisms respon-
sible are not well understood.

Vascular Purpuras

The vascular purpuras, also termed the nonthrombocy-
topenic purpuras, are mentioned in this chapter because 
these diseases share features with ITP. These conditions 
often follow acute infection. A list of childhood vascular 
purpuras is presented in Box 33-7.

Henoch-Schönlein Purpura

Henoch-Schönlein purpura (HSP), also known as aller-
gic purpura or anaphylactoid purpura, is a vasculitis 
affecting capillaries of the skin, synovial membranes, 
renal mesangium, and small intestine. The purpuric man-
ifestations of the disease are usually self-limited.

HSP is presumably the result of an autoimmune 
process. The basic lesion is a microvasculitis with endo-
thelial cell injury. Deposits of IgA are evident on capillary 
endothelial cells of the skin, kidney, and gastrointestinal 
tract. The renal manifestations of HSP are indistinguish-
able from those of so-called IgA nephropathy.328

The median age at diagnosis is 5 years (range, 0.4 to 
15 years). Males predominate at a ratio of 3 : 2. An acute 
febrile illness precedes the syndrome in a majority of 
cases. In about 50% of patients, raised purpuric papules 
(palpable purpura) are evident over the lower extremities 
and buttocks, whereas in the remainder of patients the 
purpuric rash is more extensive.329 Bullae, urticaria, 
diffuse erythema, and ulceration may also be seen. Joint 
pain or swelling is evident in about 80% of cases. Two 
thirds of patients exhibit abdominal signs or symptoms, 
including pain, hematemesis, or melena. Intussusception 
occurs in about 4% of patients with HSP. Edema, includ-
ing scrotal swelling, is common. Renal involvement is 
evident in 40% of patients, many of whom exhibit severe 
proteinuria. The manifestations of this syndrome resolve 
within 1 to 6 weeks in the vast majority of patients. In a 
small subset of patients, permanent renal or joint damage 
may ensue.330

Glucocorticoid therapy can reduce the skin, joint, 
and gastrointestinal manifestations of the disease but 
should be reserved for those with severe symptoms. 
There is little evidence that glucocorticoids prevent 
renal involvement331,332 or intussusception.

Purpura Fulminans

Purpura fulminans is a potentially fatal disorder that 
follows infection with meningococcus, streptococcus, 
varicella, and rubella. Thrombosis of small arterioles 
leads to infarction and hemorrhage of skin, subcutaneous 
tissues, and muscle. The disease occurs suddenly 2 to 4 
weeks after a relatively mild infection such as varicella or 
scarlet fever. It begins with purpuric lesions on the skin 
that coalesce and then become necrotic. Patients become 
extremely ill with fever, hypotension, and laboratory evi-
dence of DIC. The disease resembles pupura fulminans 
neonatalis, a disorder associated with homozygous protein 
C or protein S defi ciency (see Chapter 32).
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The application of clinical skills forms the cornerstone 
for assessment of a potential bleeding disorder. After 
confi rming that a bleeding disorder is present through a 
comprehensive medical history and physical examina-
tion, the clinician should next address whether the condi-
tion is probably familial or acquired, which is sometimes 
diffi cult because some patients with mild underlying 
heritable hemostatic defects (e.g., mild von Willebrand’s 
disease or platelet function defects) may not demonstrate 
suspicious clinical symptoms until faced with a traumatic 
injury or a surgical challenge at a later age. Nevertheless, 
acquired bleeding disorders remain a frequent clinical 
scenario with fi ndings varying between acute unexpected 
bleeding during or immediately after surgery to unusual 
or excessive clinical manifestations of bruising, petechiae, 
epistaxis, gum bleeding, or hematoma formation that 
occur over a period of weeks to months. Distinguishing 
whether the bleeding most likely represents an abnormal-
ity in primary hemostasis, fi brin formation, or fi brinolysis 
provides a framework for the generation of a differential 
diagnosis (see Chapter 28). For example, petechiae are 
seen almost exclusively with defects in platelet number 
or function, whereas deep tissue hematomas are more 
likely to be associated with defects in fi brin formation, as 
would occur with clotting factor defi ciencies. Standard 
laboratory screening tests such as the prothrombin time 
(PT) and activated partial thromboplastin time (APTT) 
are most often used in the initial evaluation but are insen-
sitive to mild but clinically signifi cant reductions in 
hemostatic capacity.1 In addition, a platelet count does 
not provide any assessment of platelet function. There-
fore, the clinician must rely on the history and physical 
fi ndings to guide the extent of additional coagulation 
studies. The most common causes of acquired hemor-
rhagic disorders include drug-induced bleeding (e.g., 
anticoagulants), disseminated intravascular coagulation 
(DIC), liver disease, vitamin K (VK) defi ciency, massive 
transfusion, renal disease, and rarely, acquired inhibitors 
to coagulation proteins.

ACQUIRED HEMORRHAGIC DISORDERS

Drug-Induced Bleeding

Many drugs have been associated with abnormal platelet 
function, although not all result in bleeding manifesta-
tions. The major classes include anti-infl ammatory agents, 
antibiotics, cardiovascular drugs, psychotropic drugs, 
anticonvulsants, and anticoagulants. Aspirin is the most 
common example; it acts by irreversibly acetylating a 
serine residue at the active site of cyclooxygenase,2 
whereas other nonsteroidal anti-infl ammatories (e.g., 
ibuprofen, naproxen) are reversible inhibitors.3 β-Lactam 
antibiotics can interfere with platelet function through 
binding to the platelet membrane.4,5 Calcium channel 
blockers, such as nifedipine,6 and tricyclic antidepres-
sants, such as amytriptyline,7 can give rise to decreased 

platelet aggregation responses but are unlikely to result 
in clinical bleeding. Valproic acid has become one of the 
most commonly used anticonvulsants in children. Inter-
estingly, several mechanisms of relevant valproate-induced 
coagulopathy have been described, including thrombocy-
topenia and platelet dysfunction, acquired von Wille-
brand’s disease, decreased VK-dependent clotting factors, 
hypofi brinogenemia, and decreased factor XIII levels.8 
Therapeutic anticoagulants (heparin, low-molecular-
weight-heparin [LMWH], warfarin) should be the most 
readily apparent cause of drug-induced bleeding and in 
most patients can be correlated with laboratory monitor-
ing. Platelet receptor antagonists (IIb/IIIa inhibitors, 
e.g., abciximab, eptifi batide, tirofi ban; adenosine diphos-
phate receptor antagonists, e.g., clopidogrel) are increas-
ingly being used in patients with congenital heart disease 
and those undergoing interventional studies.9

In most cases, discontinuation of the offending drug 
should resolve the hemorrhagic manifestations, but reso-
lution will depend on the reversibility and half-life of 
the drug. Administration of VK will in most cases rapidly 
reverse warfarin-induced bleeding. Alternatively, fresh 
frozen plasma (FFP) can be used to replace VK-
dependent clotting factors rapidly. Recently, recombi-
nant factor VIIa (rVIIa) has proved effective at rapidly 
reversing warfarin-induced coagulopathy.10 Transfusions 
of fresh platelets are indicated in patients with life-threat-
ening or unremitting bleeding as a result of drug-induced 
platelet dysfunction. In cases of minor bleeding in which 
the drug cannot readily be discontinued (e.g., anticon-
vulsants), desmopressin has been used with some 
success.11

Disseminated Intravascular Coagulation

DIC is a pathologic syndrome in which the normal physi-
ology of coagulation is disturbed by the simultaneous 
action of four mechanisms: increased thrombin genera-
tion, suppressed physiologic anticoagulant pathways, 
activation and subsequent impairment of fi brinolysis, 
and activation of the infl ammatory pathway.12 It leads to 
widespread intravascular deposition of fi brin with resul-
tant thrombotic end-organ complications and consump-
tion of platelets and coagulation proteins, all of which 
combine to result in severe bleeding. Associated damage 
to the microvasculature can contribute to organ dysfunc-
tion, capillary leak, and shock.

Etiology

DIC is always a secondary phenomenon and not a disease 
entity in its own right. Thus, recognition of it should 
prompt the clinician to identify and treat the underlying 
cause rather than merely react to the bleeding manifesta-
tions. It most frequently occurs in the settings of sepsis, 
trauma, and systemic infl ammatory syndrome at an 
approximate frequency of 0.4% to 1% in hospitalized 
children, with sepsis accounting for approximately 95% 
of cases.13,14 It is primarily a clinical diagnosis based on 
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the evaluation of laboratory results in patients with 
a clinical condition known to be associated with DIC 
(Box 34-1).

Clinical Manifestations

The clinical manifestations of DIC include bleeding, 
thrombosis, or both, although bleeding typically predom-
inates. Early indicators are bleeding from venipuncture 
sites, intravascular access, and surgical wounds. Muco-
cutaneous bleeding may be manifested as bruising, pete-
chiae, epistaxis, gum bleeding, blood from tracheal 
aspirates, gastrointestinal bleeding, and hematuria. In 
fulminant cases, DIC may lead to bleeding into vital 
organs. However, with increasingly sensitive diagnostic 
tests that can detect endogenous activation of the hemo-
static process, the clinical spectrum of DIC is broad. 
Nonovert DIC describes a stressed but compensated 
hemostatic system in which laboratory test results are 
abnormal but there are no clinical manifestations.15 Overt 
DIC is described as a stressed and decompensated hemo-
static system in which laboratory test results are abnor-
mal and clinical bleeding or microvascular thrombosis 
and organ dysfunction are noted. Overt DIC may be 
controlled or uncontrolled, depending on whether the 
process will resolve when the underlying stimulus is 
removed.

Box 34-1  Causes of Disseminated Intravascular Coagulation

INFECTIOUS

Meningococcemia (purpura fulminans)
Other gram-negative bacteria (Haemophilus, Salmonella)
Gram-positive bacteria (group B streptococci)
Rickettsia (Rocky Mountain spotted fever)
Viruses
Malaria
Fungi

TISSUE INJURY

Central nervous system trauma (massive head injury)
Multiple fractures with fat emboli
Crush injury
Profound shock or asphyxia
Hypothermia or hyperthermia
Massive burns

MALIGNANCY

Acute promyelocytic leukemia
Acute monoblastic or myelocytic leukemia
Widespread malignancies (neuroblastoma)

VENOM OR TOXIN

Snake bites
Insect bites

MICROANGIOPATHIC DISORDERS

“Severe” thrombotic thrombocytopenic purpura
Hemolytic-uremic syndrome
Giant hemangioma (Kasabach-Merritt syndrome)

GASTROINTESTINAL DISORDERS

Fulminant hepatitis
Severe infl ammation bowel disease
Reye’s syndrome

HEREDITARY THROMBOTIC DISORDERS

Homozygous protein C defi ciency

MISCELLANEOUS

Severe graft rejection
Acute hemolytic transfusion reaction
Severe collagen vascular disease
Kawasaki’s disease
Heparin-induced thrombosis
Infusion of “activated” prothrombin complex concentrates
Hyperpyrexia/encephalopathy, hemorrhagic shock 

syndrome

Reproduced from Colman R, Marder V. Disseminated intravascular coagulation (DIC): pathogenesis, pathophysiology, and laboratory 
abnormalities. In Colman R, Marder V, Salzman E (eds). Hemostasis and Thrombosis: Basic Principles and Clinical Practice. 
Philadelphia, JB Lippincott, 1982, p 654.

Diagnosis

The clinical fi ndings of a profoundly ill child with bleed-
ing believed to be secondary to DIC can be supported 
by laboratory tests showing evidence of a consumptive 
coagulopathy with activation of the fi brinolytic cascade. 
Moderate to severe thrombocytopenia with or without 
anemia will be evident from the complete blood count. 
Thrombocytopenia is present in approximately 50% of 
patients and suggests consumption of platelets.16 Anemia 
could be caused by bleeding or, when accompanied by 
schistocytes on the blood smear, by microangiopathic 
hemolysis. The PT and APTT are prolonged in 50% to 
60% of patients17 as a result of consumption of many 
coagulation proteins, including prothrombin, factors V, 
VII, and VIII, and fi brinogen. Fibrinogen/fi brin degrada-
tion products and D-dimers are both increased in most 
patients with DIC, thus suggesting activation of the fi bri-
nolytic process.18 Marked reductions in plasma antico-
agulants, including proteins C and S and antithrombin, 
have also been described.12,19 The most sensitive tests for 
the diagnosis of DIC are markers of endogenous throm-
bin generation: prothrombin fragment 1.2 and thrombin-
antithrombin complexes (TATs).20 Prothrombin fragment 
1.2 is released when thrombin is generated from pro-
thrombin. TATs are generated by binding of thrombin 
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with its inhibitor antithrombin. The standard assays (PT, 
APTT, platelet count, and D-dimers) are relatively rapid 
and simple to perform. However, changes in these test 
results do not always occur at the same time, and labora-
tory values can change rapidly, depending on the patient’s 
clinical status. This may create confusion in patient man-
agement and make the diagnosis of DIC at an early stage 
particularly diffi cult. The International Society on 
Thrombosis and Haemostasis Scientifi c Standardization 
Subcommittee on DIC proposed a scoring system devel-
oped from a previously described set of diagnostic crite-
ria.15 The fi ve-step algorithm assigns a score based on the 
severity of abnormality of each of the following: platelet 
count (>100 × 109/L = 0; <100 × 109/L = 1; <50 × 109/L 
= 2), elevated fi brin-related markers (no increase = 0; 
moderate increase = 2; strong increase = 3), prolonged 
PT (<3 seconds = 0; >3 seconds but <6 seconds = 1; >6 
seconds = 2), and fi brinogen level (>1 g/L = 0; <1 g/L = 
1). A total score of 5 or more is considered compatible 
with overt DIC. The sensitivity and specifi city of this 
scoring system are greater than 90%. However, the algo-
rithm should be applied only in the presence of an under-
lying disorder known to be associated with DIC. A 
modifi ed algorithm that scores for rates of change in the 
PT, platelet count, and D-dimer and incorporation of 
antithrombin, protein C, and TAT complexes may help 
identify nonovert DIC in its early stages.15

Treatment

The fundamental principle of treatment of DIC is 
specifi c and vigorous management of the underlying 
disorder. In some cases, DIC will completely resolve 
within hours after resolution of the underlying condition 
(e.g., appropriate control of sepsis with antimicrobials). 
However, in other cases, supportive measures are required 
to control the DIC until the underlying condition is 
resolved (e.g., the use of all-trans-retinoic acid and che-
motherapy for the treatment of acute promyelocytic leu-
kemia and DIC21). Therapeutic interventions remain 
controversial and need to be individualized according to 
the underlying basis of the DIC and the severity of the 
clinical symptoms. For example, in nonovert DIC, chil-
dren do not usually require therapy for the DIC itself. 
However, in the presence of uncontrolled overt DIC, 
therapeutic intervention, including administration of 
blood replacement products, may be indicated to improve 
hemostasis while waiting for effective therapy for the 
underlying condition. Treatment modalities investigated 
include blood component therapy, anticoagulants, resto-
ration of the natural anticoagulant pathways, and other 
agents.

Blood Component Therapy. In general, the more 
severe the laboratory abnormalities, in particular, 
the degree of thrombocytopenia and depletion of 
coagulation factors, the greater the risk of bleeding 
complications with DIC. Hence, treatment with FFP, 

fi brinogen, cryoprecipitate, platelets, or any combina -
tion of these components appears to be a rational therapy 
in bleeding patients or those at risk for bleeding because 
of signifi cant depletion of these hemostatic factors. 
However, blood component therapy should not be insti-
tuted on the basis of laboratory results alone and is indi-
cated only for patients with active bleeding, those who 
require an invasive procedure, or those who are otherwise 
at risk for bleeding complications.22 Large volumes of 
plasma may be necessary to correct the coagulation 
defect. Reasonable goals are to maintain platelet counts 
above 50 × 109/L, fi brinogen concentrations greater than 
1 g/L, and PT values less than double the normal 
range.

Anticoagulant Therapy. In view of the central 
role played by thrombin in DIC, the use of heparin or 
other anticoagulants to inhibit thrombin generation 
appears reasonable. Heparin can at least partly inhibit 
the activation of coagulation in sepsis and other causes 
of DIC.23 However, a benefi cial effect of heparin on 
clinically important outcome events in patients with 
DIC has never been demonstrated in controlled clinical 
trials and is not a standard of care in overt cases of 
DIC. Nonetheless, therapeutic doses of heparin may 
be indicated in patients with clinically overt thromboem-
bolism (TE), chronic DIC, or extensive fi brin deposi -
tion, such as seen in purpura fulminans or acral 
ischemia.24

Replacement of Natural Anticoagulant Pathways. De-
pleted levels of antithrombin, protein C, and protein S 
cannot be effectively replaced with FFP alone because of 
the short plasma half-life of these proteins. Antithrombin 
and protein C concentrates have been extensively evalu-
ated in patients with DIC.25-29 Trials of antithrombin 
therapy have not yet provided conclusive evidence suffi -
cient to make treatment recommendations.30 However, 
the double-blind, placebo-controlled, phase III trial of 
recombinant human activated Protein C Worldwide 
Evaluation in Severe Sepsis (PROWESS) demonstrated 
a signifi cant decrease in mortality in the protein C–treated 
group when compared with placebo.28 The dose of recom-
binant activated protein C is 24 μg/kg/hr.31 Bleeding is 
the only recognized adverse effect with this therapy, so 
maintaining the platelet count above 30 × 109/L is 
prudent. Interestingly, activated protein C was equally 
effective in patients with reduced or normal plasma levels 
of protein C, thus suggesting that activation of protein C 
may be a limiting factor in sepsis.

Other Agents. Recently, rVIIa has become an attrac-
tive strategy to control bleeding in various scenarios.32 In 
situations in which volume overload is an issue or bleed-
ing persists despite adequate blood component support, 
use of rVIIa has been shown to be effective.33 However, 
these data have been generated mostly from anecdotal 
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reports, and given the potential adverse thrombotic com-
plications with this agent, controlled randomized trials 
are required to address its safety and effi cacy in the 
setting of DIC. Newer anticoagulants directed against 
the tissue factor/factor VIIa complex, such as recombi-
nant nematode anticoagulant protein c2 (rNAPc2), are 
currently being evaluated in phase II/III clinical 
studies.34-36

Liver Disease

Pathophysiology

The liver is the main site of synthesis for most hemostatic 
components. However, the hemostatic impairment in 
liver disease involves a variety of mechanisms, including 
impaired hepatic synthesis, activation of the coagulation 
and fi brinolytic systems, poor clearance of activated 
hemostatic components, loss of hemostatic proteins into 
ascitic fl uid, concurrent VK defi ciency, thrombocytope-
nia, and impaired platelet function.37,38 When both pro-
coagulant and anticoagulant levels are reduced, the 
resulting hemostatic dysregulation can lead to pathologic 
hemorrhage, as well as thrombosis. Along with reduced 
synthesis, abnormal forms of the hemostatic proteins 
may be secreted that might function as inhibitors of 
coagulation. For example, abnormal fi brinogens (dysfi -
brinogenemia) are very common in liver disease.39 Simi-
larly, VK-dependent proteins (factors II, VII, IX, and X 
and proteins C, S, and Z) decrease in liver disease. 
However, they may also be secreted as forms with incom-
plete γ-carboxylation (see Chapter 26), thereby leading 
to reduced functional activity.40

Clinical Manifestations

Clinical symptoms are variable and depend, to some 
extent, on the etiology of the liver failure. Symptoms 
include ecchymosis and petechiae, mucous membrane 
bleeding, hemorrhage from gastrointestinal varices, 
and hemorrhage into the abdomen or central nervous 
system (CNS). Coagulation screening tests (APTT, PT, 
thrombin clotting time) are usually prolonged, platelet 
counts are reduced, and the bleeding time is increased. 
Plasma concentrations of factors VII and V and, less 
commonly, fi brinogen are decreased.37 Levels of factor 
VIII may be normal or elevated, possibly refl ecting 
reduced clearance via low-density lipoprotein receptor–
related protein,41 and can be helpful in distinguish -
ing severe liver disease from DIC. However, both 
conditions may occur simultaneously.42 Fibrin degrada-
tion products or D-dimer levels are often increased in 
hepatic failure and contribute to prolongation of the 
thrombin clotting time and impaired platelet function.43 
Dysfi brinogenemia will contribute to prolongation of the 
PT and APTT, but the thrombin time and reptilase 
assays are more sensitive. Dysfi brinogenemia may be 
confi rmed by demonstrating an abnormal ratio of clot-

table fi brinogen (functional assay) to fi brinogen antigen 
(immunoassay).

Treatment

Treatment of the hemostatic manifestations of severe 
hepatic failure is diffi cult. The enhanced hemostasis after 
replacement therapy is usually transient because ade-
quate volumes of FFP cannot be infused as a result of 
the associated hypervolemia. In addition, many coagula-
tion proteins are cleared rapidly, thereby limiting any 
benefi cial effect. Usually, therapy specifi cally directed at 
the coagulopathy is reserved for active bleeding or to 
facilitate invasive procedures. A common indication for 
FFP is an international normalized ratio (INR) higher 
than 2 or PT prolongation greater than 4 seconds.44 
Desmopressin can induce the release of factor VIII and 
von Willebrand factor and thereby result in a shortened 
bleeding time. However, in randomized trials, desmo-
pressin failed to control bleeding from acute variceal 
hemorrhage45 or decrease blood loss with hepatectomy.46 
Cryoprecipitate can be administered to increase plasma 
fi brinogen concentrations if necessary. Secondary VK 
defi ciency caused by impaired VK utilization or absorp-
tion, the latter often resulting from intrahepatic and 
extrahepatic biliary atresia, requires treatment with VK.47 
rVIIa has been shown to correct the prolonged PT in 
nonbleeding cirrhotic patients, but randomized trials in 
the setting of liver biopsy or variceal bleeding have shown 
either no difference in hemostasis or only early, modest 
reductions in the rebleeding rate with no difference in 
overall bleeding or transfusion requirements.40 Larger 
studies are still required to evaluate the effi cacy and 
safety of this agent in liver disease.

Patients requiring liver transplantation invariably 
have severe, end-stage hepatic failure with its associated 
hemorrhagic complications. Additional risk factors 
that contribute to bleeding in children during transplan-
tation include extensive scar tissue from previous surgery, 
prolonged duration of the surgery, downsizing the 
donor organ to fi t the small patient, dilutional coagulopa-
thy, and excessive activation of the fi brinolytic system 
during the anhepatic phase.48-50 Although treatment 
with antifi brinolytic agents is an attractive option, 
this approach should be used with caution because 
either hemorrhagic or thrombotic complications may 
develop in children after liver transplantation. The pro-
phylactic use of rVIIa to reduce blood loss and transfu-
sion requirements in patients undergoing liver 
transplantation has been studied in two multicenter ran-
domized controlled trials.51,52 These trials failed to dem-
onstrate a benefi t to support its use as a universal 
preemptive therapy for liver transplantation. rVIIa could 
be considered in individual cases as “rescue therapy” for 
patients with life-threatening coagulopathy and bleeding 
during transplantation or in situations in which blood 
products are unavailable or unacceptable (e.g., Jehovah 
witnesses).53
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Vitamin K Defi ciency

The role of VK in coagulation is detailed in Chapter 26, 
and bleeding as a result of VK defi ciency in newborns is 
discussed in Chapter 5.

Clinical Manifestations

Symptoms of VK defi ciency include mild to moderate 
bleeding, ecchymoses, oozing from intravenous puncture 
sites, and rarely, internal bleeding. Primary VK defi ciency 
in healthy children is uncommon because of a relatively 
low VK requirement and the widespread distribution of 
VK in plant and animal tissues. In plants, the only impor-
tant molecular form is phylloquinone (VK1). Bacteria 
synthesize a family of vitamin K compounds called mena-
quinones (VK2). The contribution of microbiologic fl ora 
of the gut to VK dietary intake is unknown but may be 
as high as 50%.54 Although broad-spectrum antibiotics 
may reduce VK2 production by intestinal bacteria, VK 
defi ciency is rare in individuals consuming a normal 
diet.

Groups of children at high risk for VK defi ciency 
include breast-fed newborns, chronically ill children with 
inadequate dietary intake of VK, children with disorders 
that interfere with the absorption of VK (diarrhea, cystic 
fi brosis, cholestatic liver disease, celiac disease), and chil-
dren with poor nutrition who are receiving broad-
spectrum antibiotics.55-58 Cystic fi brosis, biliary atresia, 
and obstructive jaundice interfere with the absorption of 
fat-soluble vitamins and transport to the liver, with resul-
tant VK defi ciency. Therapeutic drugs can interfere with 
vitamin K metabolism (e.g., phenytoin and warfarin). 
However, at least in the case of warfarin, this side effect 
is expected. Accidental exposure to toxic doses may 
occur in small children with access to warfarin in the 
home. Anticoagulant rodenticides can be another source 
of accidental exposure. Because of the emergence of 
warfarin-resistant strains of rats, newer “long-acting” 
second-generation compounds have been used. These 
so-called “superwarfarins” have higher affi nity for VK1-
2,3-epoxide reductase, are able to disrupt the VK1-epoxide 
cycle at more than one point, exhibit hepatic accumula-
tion, and have unusually long biologic half-lives because 
of high lipid solubility and enterohepatic circulation. 
Upon accidental ingestion, these compounds can cause 
anticoagulation for several days or even weeks. However, 
in most cases involving small children, the exposure is 
low and bleeding manifestations are rare.59,60

VK defi ciency has been described in bone marrow 
transplant and oncology patients, in whom the cause is 
multifactorial as a result of drug antagonism, liver dys-
function, fat malabsorption, anorexia, or inadequate 
dietary intake (or any combination of such causes). A 
study of children evaluated before bone marrow trans-
plantation identifi ed 31% (8 of 26) with evidence of VK 
defi ciency (as detected by circulating abnormally carbox-
ylated forms of prothrombin), although only 1 patient 
had a prolonged PT, thus highlighting that PT alone is 

an insensitive marker of VK defi ciency. Six of the eight 
affected patients exhibited peritransplant bleeding.61

Laboratory Diagnosis

The PT and APTT may both be abnormal in VK defi -
ciency but should correct in a 1 : 1 mix with normal 
plasma. Other acquired or congenital coagulopathies can 
result in similar screening test abnormalities, and thus 
specifi c coagulation factor assays need to be performed. 
Decreased levels of more than one VK-dependent factor 
should raise suspicion of VK defi ciency. A normal factor 
V level together with normal liver function study results 
would argue against signifi cant liver disease as the under-
lying explanation. Normal factor VIII and fi brinogen 
levels and absence of elevated D-dimers would make 
DIC unlikely. However, VK defi ciency can complicate 
other coagulopathies, such as DIC or liver disease. If 
there is any doubt about the diagnosis, the patient should 
receive VK therapy in conjunction with other supportive 
care.

Treatment

The route and specifi c type of therapy are dictated by the 
urgency of the clinical situation and the potential side 
effects of treatment. For example, severe anaphylactoid 
reactions, though rare, have complicated intravenous VK 
administration, even when the solution is diluted and 
infused slowly. Therefore, intravenous administration of 
VK, at a rate no faster than 1 mg/min, should be restricted 
to situations in which other routes are not feasible and 
the risk is justifi ed. Intramuscular VK should be avoided 
because it can result in pain, swelling, and hematoma 
formation. The preferred systemic route is subcutaneous 
injection because it is safe and effective. Oral VK is effec-
tive if absorption is unimpaired. Although oral adminis-
tration is generally thought to produce slower correction 
of the PT (6 to 8 hours) than achieved with parenteral 
VK (2 to 6 hours), a study in adults suggested that the 
oral route may actually be faster, at least in reversing the 
effect of warfarin.62

Asymptomatic patients with mildly abnormal coagu-
lation results that are presumed secondary to VK defi -
ciency should be given VK subcutaneously (1 to 5 mg, 
depending on size). This approach is both therapeutic 
and diagnostic, with correction of coagulation abnormal-
ity generally expected within 2 to 6 hours. A patient 
bleeding because of VK defi ciency should receive 2 to 
10 mg of VK subcutaneously. FFP (10 to 20 mL/kg) is 
particularly useful when the precise nature of the coagu-
lopathy is unknown and the bleeding is severe. However, 
the amount of plasma needed for total correction of 
severe VK defi ciency is so great that it may result in 
volume overload. A patient with life-threatening hemor-
rhage or an intracranial hemorrhage would probably 
benefi t from administration of prothrombin complex 
concentrates at a minimum dose of 50 U/kg, in addition 
to systemic VK (5 to 20 mg). Prothrombin complex con-
centrates contain relatively uniform amounts of factors 
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II, IX, and X, with amounts of factor VII/VIIa varying.63 
rVIIa has been used anecdotally.64,65

Prevention

Prophylactic VK should be given to patients at risk, such 
as patients with inadequate nutrition and those receiving 
broad-spectrum antibiotics. Most patients requiring total 
parenteral nutrition (TPN) are supplemented with VK. 
There has been concern in the past that maternal anti-
convulsant therapy may be associated with an increased 
risk of neonatal bleeding related to enzymatic degrada-
tion of vitamin K.66 This suggestion has prompted recom-
mendations that VK prophylaxis be given to pregnant 
mothers taking anticonvulsants. However, recent studies 
have demonstrated that the incidence of bleeding in 
infants exposed to these drugs antenatally is no higher 
than in controls,67 with no benefi t seen for routine VK 
prophylaxis in this setting.68

Massive Transfusion Coagulopathy

Uncontrolled bleeding can be a clinical problem associ-
ated with the management of trauma and surgical patients 
and often necessitates transfusion of large amounts of 
blood and blood derivatives. Massive transfusion has 
commonly been defi ned as replacing at least one blood 
volume in 24 hours.69 Patients with this degree of bleed-
ing are at risk for defective hemostasis related to the 
transfusions, in addition to the underlying precipitating 
trauma or surgical insult. The resulting bleeding diathesis 
may be complex and include evidence of DIC, depletion 
of hemostatic factors through blood loss, tissue injury, 
and consumption of factors, dilutional coagulopathy sec-
ondary to aggressive blood component resuscitation, 
hypothermia, platelet dysfunction, and excessive fi brinol-
ysis.69 In surgical procedures with a high risk for blood 
loss, aprotinin has been used because it inhibits multiple 
protease targets.70-73 Prospective studies in adults have 
shown that it reduces the proportion of patients who 
require blood transfusion.74 A meta-analysis of prospec-
tive trials in children undergoing cardiac surgery involv-
ing cardiopulmonary bypass showed that aprotinin 
reduced the proportion of children requiring transfusion 
by 33% but did not have an effect on the volume of blood 
transfused or the volume of chest tube drainage.75 rVIIa 
has demonstrated effectiveness in patients with bleeding 
associated with massive transfusion who were refractory 
to conventional treatments.76 The limited experience with 
rVIIa in pediatric patients undergoing cardiopulmonary 
bypass and extracorporeal membrane oxygenation sug-
gests effi cacy as rescue therapy, but it has not been 
studied prospectively.77-80

Acquired Inhibitors of 
Coagulation Proteins

Acquired inhibitors directed against coagulation factors 
are either circulating alloantibodies or autoantibodies 

that specifi cally neutralize procoagulant activity or 
increase clearance and thereby lead to defi ciency of 
plasma coagulation factors, often accompanied by bleed-
ing.81 Examples of alloantibodies include those directed 
against infused factor VIII, as observed in 15% to 25% 
of patients with hemophilia A (discussed in Chapter 30). 
Autoantibodies directed against endogenous factor 
VIII have also been observed in individuals without 
hemophilia and typically occur in postpartum women, 
elderly individuals, or those with autoimmune disorders. 
However, autoantibodies to other coagulation proteins 
have been described as well, including factors II, V, VII, 
IX, and XI and von Willebrand factor. Antiphospholipid 
antibodies (APAs), including lupus anticoagulants (LAs), 
are a heterogeneous group of antibodies that react with 
proteins bound to phospholipids. Though primarily func-
tioning as inhibitors of in vitro phospholipid-dependent 
clotting assays, these antibodies paradoxically predispose 
to thrombosis rather than hemorrhage. However, a unique 
LA coagulopathy has been observed as a hemorrhagic 
syndrome associated with hypoprothrombinemia (see 
later).

Acquired Inhibitors to Factor VIII

Anti–factor VIII autoantibodies are rare in children but 
can result in severe bleeding and signifi cant morbidity. 
These antibodies are associated with underlying medical 
conditions in half of those affected, including malignancy, 
autoimmune disease, lymphoproliferative disorders, or 
drugs (e.g., penicillin).82 Patients can exhibit bleeding 
symptoms ranging from easy bruising to intracranial 
hemorrhage. In one patient, the clinical course was also 
complicated by nephrotic syndrome.83 Laboratory screen-
ing studies will show a prolonged APTT that does not 
fully correct upon mixing with normal plasma in a 1 : 1 
mix (“inhibitor screen”). Factor VIII inhibitors can also 
be distinguished from LAs by performing the APTT 1 : 1 
mix again with an incubation phase (typically 30 minutes 
at 37º C). The latter study will show further prolongation 
of the APTT, indicative of progressive neutralization of 
factor VIII provided by the normal plasma mixing. This 
additional prolongation will not be seen with incubation 
in the presence of an LA.

Treatment is two-pronged and directed at stopping 
the bleeding and eradicating the inhibitor. Hemostasis 
can be achieved with high doses of factor VIII concen-
trates, activated prothrombin complex concentrates, and 
rVIIa. Immunosuppression may be accomplished with 
cytotoxic agents such as cyclophosphamide or predni-
sone or with gamma globulin. Inhibitors have also been 
eradicated by extracorporeal immunoadsorption and 
immune tolerance through regular exposure to high-dose 
factor VIII infusions. Review of the available literature 
suggests that in contrast to adults, anti–factor VIII auto-
antibodies in children may resolve more quickly and 
easily and do not necessarily require steroids and cyto-
toxic agents.82,84 Recombinant factor VIII should be con-
sidered in the initial treatment and additional hemostatic 



1598 HEMOSTASIS

support with activated prothrombin complex concen-
trates and rVIIa administered as needed. Withdrawal of 
instigating drugs such as penicillin may also facilitate 
resolution.

Acquired Inhibitors to Factor IX

Few cases of spontaneous factor IX inhibitors have been 
reported in nonhemophiliacs, and most adult cases have 
been related to underlying systemic disorders such as 
systemic lupus erythematosus (SLE), hepatitis, multiple 
sclerosis, rheumatic fever, collagen vascular disease, 
postpartum status, and prostatectomy. Descriptions in 
children are limited to a few case reports.85-87 Bleeding 
manifestations have included cutaneous ecchymoses and 
soft tissue hematomas. Diagnostic studies are similar to 
those for anti–factor VIII inhibitors. Treatment has 
included any combination of corticosteroids, gamma 
globulin, or cyclophosphamide, with rapid resolution of 
the inhibitor. One child underwent spontaneous resolu-
tion.86 Recombinant factor IX and rVIIa can be consid-
ered for the acute management of bleeding.

Acquired Inhibitors As a Result of Exposure to 
Bovine Thrombin

Topical preparations of bovine thrombin are widely used 
for surgical hemostasis and contain fi brinogen, as well as 
small amounts of factor V and other proteins. The devel-
opment of acquired inhibitors to coagulation factors as a 
consequence of exposure to this highly immunogenic 
agent is a frequent occurrence, though often unrecog-
nized. In this context, antibodies directed against factor 
V are most frequent, although antiprothrombin and anti–
factor X antibodies have also been described.88,89 The 
incidence of symptomatic inhibitors is not known. In a 
study of 151 adult patients exposed to bovine thrombin 
during cardiac surgery, antibodies directed against human 
coagulation proteins developed in 56% of the patients.88 
However, adverse clinical outcomes did not correlate 
with antibody formation. A literature review identifi ed 12 
cases of inhibitors in pediatric patients after exposure to 
thrombin.89 In eight cases, the antibodies were directed 
against human coagulation proteins, with hemorrhagic 
complications developing in fi ve patients. Bleeding mani-
festations included cutaneous, gastrointestinal, pulmo-
nary, and cerebral hemorrhages. Patients exhibited 
prolongation of both the PT and APTT and mixing 
studies consistent with an inhibitor. Specifi c factor activ-
ity assays revealed the target for the inhibitor, but there 
was no correlation between laboratory studies and clini-
cal bleeding. Corticosteroids and gamma globulin have 
been used, with resolution of the inhibitor over a period 
of days to weeks. Platelet transfusions are another option 
inasmuch as approximately 20% of factor V activity is 
present in platelet granules, which are shielded from cir-
culating antibodies.90 Coagulation factor inhibitors 
should be suspected in any postoperative patient who is 
exposed to topical bovine thrombin and has a prolonged 
PT and APTT.

Acquired von Willebrand’s Syndrome

Acquired von Willebrand’s syndrome (AVWS) is a rare 
bleeding disorder with clinical and laboratory fi ndings 
similar to those of inherited von Willebrand’s disease. 
Since its original description in 1968 in a patient 
with SLE, more than 300 cases have been reported.91 
AVWS usually occurs in individuals with no personal 
or family history of von Willebrand’s disease and is 
accompanied by bleeding symptoms in about three 
quarters of patients. Diagnosis in the remaining patients 
is based on abnormalities found during routine hemosta-
sis screening tests.92 As would be expected, mucocutane-
ous bleeding symptoms predominate. Underlying 
disorders are identifi ed frequently and fall into six 
main categories: lymphoproliferative and myeloprolifera-
tive disorders, solid tumors, immunologic and cardiovas-
cular disorders, and other miscellaneous conditions, 
including drug associations. Though typically a syndrome 
of advanced age, AVWS has also been reported in chil-
dren, primarily associated with congenital heart disease, 
collagen vascular diseases, Wilms’ tumor, hypothyroid-
ism, and certain drugs. Drug-associated AVWS has 
been described in up to 20% of pediatric patients taking 
valproic acid, although bleeding manifestations were 
mild and did not require discontinuation of the 
anticonvulsant.93

Four main pathogenic mechanisms can lead to 
AVWS: (1) specifi c or nonspecifi c autoantibodies that 
form immune complexes with von Willebrand factor 
leading to inactivation and increased clearance of this 
factor, (2) absorption of von Willebrand factor onto 
malignant cell clones, (3) loss of high-molecular-weight 
von Willebrand factor multimers because of high shear 
stress, and (4) increased proteolytic degradation of von 
Willebrand factor by circulating proteases.91 Laboratory 
studies can include a prolonged bleeding time, reduced 
functional von Willebrand factor (ristocetin cofactor 
activity, collagen-binding assay), and reduced high-
molecular-weight multimers (see Chapter 30). A search 
for evidence of an inhibitor should be performed by 
measuring von Willebrand factor activity after mixing 
experiments involving patient plasma and normal plasma 
incubated at 37º C.

The three goals of treatment should be control of 
active bleeding, prevention of bleeding with invasive pro-
cedures as needed, and treatment of the underlying 
disease. Desmopressin and factor VIII/von Willebrand 
factor concentrates have provided only short-term control 
of bleeding in the presence of autoantibodies,91 and 
gamma globulin, corticosteroids, or other immunosup-
pressive agents have been used. rVIIa may also be effec-
tive in this situation.94 In non–inhibitor-associated AVWS, 
desmopressin is the preferred therapy, with factor VIII/
von Willebrand factor concentrates being reserved for 
those who do not achieve suffi cient control with desmo-
pressin alone. Ultimately, normalization of hemostasis 
may not be seen until the underlying precipitating condi-
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tion is treated effectively (e.g., surgery or chemotherapy, 
or both, for Wilms’ tumor).

Acquired Inhibitors to Prothrombin—
Hemorrhagic Lupus Anticoagulant Syndrome

LAs represent a diverse group of antibodies directed 
against proteins bound to phospholipids. They may be 
found in patients with SLE and other autoimmune dis-
orders, as well as in otherwise healthy individuals, and 
have been implicated in thrombotic complications. 
However, in children, LAs are most often identifi ed after 
investigation of a prolonged APTT noted during presur-
gical evaluation or associated with a history of infection.95 
In the vast majority of cases, the patients are asymptom-
atic (including no bleeding manifestations), and the LA 
usually resolves spontaneously over a period of days to 
weeks, without interfering with any required invasive 
procedure.

However, a rare hemorrhagic LA syndrome (ecchy-
moses, epistaxis, gastrointestinal bleeding, hematomas, 
and even hemarthroses) has been observed with associ-
ated low prothrombin levels.96-101 Such patients exhibit 
concurrent prolongation of the PT (unusual for uncom-
plicated LA), which is thought to be caused by antipro-
thrombin antibodies. These antibodies are not typically 
neutralizing, and mixing studies may thus not indicate 
the presence of an inhibitor. Instead, the reduced pro-
thrombin level is thought to result from the formation of 
immune complexes and subsequent increased plasma 
clearance.102 Antibodies directed against the carboxy-
terminal portion of the prothrombin molecule have been 
detected.103 Bleeding symptoms usually resolve without 
therapy, although patients with signifi cant bleeding may 
be treated with prothrombin complex concentrates. Cor-
ticosteroids and other immunosuppressants have been 
used in some cases.

ACQUIRED THROMBOEMBOLIC DISEASE

TE has been diagnosed increasingly in children in recent 
years because of enhanced survival from serious underly-
ing illnesses, heightened use of invasive vascular proce-
dures and devices, and a growing (albeit still suboptimal) 
awareness that TE does indeed occur in children. The 
remainder of this chapter summarizes the clinical spec-
trum and characterization of pediatric TE, key consider-
ations for diagnostic evaluation and antithrombotic 
management, and long-term outcomes. Emphasis is also 
placed on unresolved and emerging clinical/investigative 
issues in the fi eld.

Characterization of 
Thromboembolism in Children

TE is anatomically classifi ed by vascular type (i.e., venous 
versus arterial), distribution (e.g., distal, proximal, or 

central part of the lower extremity; superfi cial versus 
deep vasculature), and organ system affected, if applica-
ble (e.g., renal vein thrombosis [RVT], cerebral sinove-
nous thrombosis [CSVT], pulmonary embolism [PE]). 
TE is also distinguished by the additional clinically rele-
vant factors of fi rst-episode versus recurrent, symptom-
atic versus asymptomatic, acute versus chronic (a 
distinction that can be diffi cult at times), veno-occlusive 
versus nonocclusive, and idiopathic versus risk associ-
ated. This last category includes both clinical prothrom-
botic risk factors (e.g., exogenous estrogen administration, 
indwelling central venous catheter, reduced mobility) 
and blood-based thrombophilic conditions (e.g., tran-
sient or persistent APAs, acquired or congenital antico-
agulant defi ciencies, factor V Leiden or prothrombin 
20210 mutations), as discussed in greater detail later 
under “Etiology.” Because of the frequency of indwelling 
central venous catheters as a clinical risk factor for TE in 
children, TE is also often classifi ed as catheter related 
versus non–catheter related.

Venous Thromboembolism

Epidemiology

Several national and international registries have evalu-
ated the incidence of venous thromboembolism (VTE) 
in children over the past 13 years. From these data a 
cumulative incidence of 0.07 per 10,000 (5.3 per 10,000 
hospitalizations) was estimated for extremity deep venous 
thrombosis (DVT) or PE (or both) in non-neonatal 
Canadian children,104 and an incidence rate of 0.14 per 
10,000 children per year was reported for all forms of 
VTE in the Netherlands.105 More recently, evaluation of 
the National Hospital Discharge Survey and census data 
for all forms of VTE in the United States disclosed an 
overall incidence rate of 0.49 per 10,000 per year.106

Closer examination of the epidemiologic data reveals 
that the age distribution of VTE in children is bimodal, 
with a peak incidence in the neonatal period and adoles-
cence. With regard to the newborn period, the cumula-
tive incidence of venous or arterial TE (or both) was 
reported to be 0.51 per 10,000 births in Germany107 and 
24 per 10,000 admissions to neonatal intensive care units 
in southern Ontario.108 The Dutch registry indicated a 
VTE-specifi c incidence rate of 14.5 per 10,000 per year 
in the neonatal period, approximately 100 times greater 
than the overall rate in childhood.105 Among adolescents 
15 to 17 years of age, the VTE-specifi c incidence rate in 
the United States was determined to be 1.1 per 10,000 
per year, a rate nearly threefold that observed overall in 
childhood.106

Although differing selection criteria have contributed 
to the considerable variability in incidence estimates just 
presented, it is clear that the incidence of VTE in children 
is lower than that in middle-aged and elderly adults. 
Nevertheless, as discussed later in this chapter, the 
sequelae of VTE in children, particularly with regard to 
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post-thrombotic syndrome (PTS), appear to be at least 
as frequent and severe as sequelae in adults.

Etiology

The pathogenesis of VTE can be readily appreciated by 
considering Virchow’s triad, which consists of venous 
stasis, endothelial damage, and the hypercoagulable state. 
In children, more than 90% of VTE episodes are associ-
ated with risk factors105,109,110 (versus approximately 60% 
in adults), with risk factors often being derived from 
more than one component of this triad. Specifi c exam-
ples of VTE risk factors in children are shown in Figure 
34-1. Among the most common clinical prothrombotic 
risk factors in childhood is an indwelling central venous 
catheter. More than 50% of DVT cases in children and 
more than 80% of cases in newborns occur in associa -
tion with central venous catheters.104,108 The reported 
cumulative incidence or prevalence of catheter-related 
thrombosis (CRT) in children receiving home TPN 
ranges widely from 1% to 80%111-116; this broad variation 
is largely infl uenced by differing study designs, selection 
criteria, and diagnostic imaging modalities. Indwelling 
central venous catheters, an underlying malignancy or 
disorder for which bone marrow transplantation was 
undertaken, and congenital cardiac disease and its cor-
rective surgery were all highly prevalent in the Canadian 
pediatric thrombosis registry,110 whereas underlying 
infectious illness and the presence of an indwelling central 
venous catheter were identifi ed as pervasive clinical risk 
factors in a recent cohort study analysis from the United 
States.109 It is likely that differences in the composition 
of referral populations strongly contribute to differences 
in observed causes of VTE across major pediatric throm-
bosis centers.

With regard to blood-based risk factors for VTE, 
potent thrombophilic conditions (e.g., anticoagulant 
defi ciencies such as protein C defi ciency, APAs) in chil-

dren are frequently acquired and, more rarely, may be 
congenital. By contrast, mild congenital thrombophilic 
traits (e.g., the factor V Leiden and prothrombin 20210 
mutations, see Chapter 32) are common in white chil-
dren, as in adults. Thrombophilia can potentially be 
caused by any alteration in hemostatic balance that 
increases thrombin production, enhances platelet activa-
tion/aggregation, mediates endothelial activation/damage, 
or inhibits fi brinolysis. Common examples of acquired 
thrombophilia in children include increased factor VIII 
activity with signifi cant infection and infl ammatory states, 
anticoagulant defi ciencies as a result of consumption in 
bacterial sepsis and DIC, production of inhibitory anti-
bodies in acute viral infection, and para-infectious devel-
opment of APAs. A panel of thrombophilia traits and 
markers that have been identifi ed as risk factors for VTE 
in pediatric studies, and as such are recommended by the 
Subcommittee for Perinatal and Pediatric Thrombosis of 
the Scientifi c and Standardization Committee of the 
International Society of Thrombosis and Haemostasis for 
the diagnostic laboratory evaluation of acute VTE in 
children,117 is presented in Table 34-1. To provide an 
appreciation of the magnitude of the increase in risk for 
VTE associated with several congenital/genetically infl u-
enced thrombophilia traits, population-based estimates 
of risk for VTE derived from the adult literature are pre-
sented in Table 34-2 (also see Chapter 32).

Clinical Manifestations

The degree of clinical suspicion for acute VTE in chil-
dren should be infl uenced principally by clinical pro-
thrombotic risk factors and a family history of early VTE 
or other vascular disease elicited by thorough interview, 
known thrombophilia traits and risk factors, and clinical 
signs and symptoms. The signs and symptoms of VTE 
depend on the anatomic location and organ systems 
affected and are infl uenced by the characteristics of veno-

Postoperative state
Casting/splinting
Other reduced mobility/sedentary state
Leukostasis syndrome (AML)

Venous stasis

Hypercoagulable stateEndothelial damage

Inherited thrombophilia
Aquired thrombophilia

Central venous catheter
Sepsis
Trauma
APA
Chemotherapy/toxins
Hyperhomocysteinemia

FIGURE 34-1. Clinical prothrombotic risk 
factors: Virchow’s triad applied to venous 
thromboembolism in children. APA, antiphos-
pholipid antibody.
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TABLE 34-1  Pediatric Thrombophilia Traits, Conditions, and Markers: Comprehensive Diagnostic 
Laboratory Evaluation

Trait/Condition/Marker Testing Method(s)

GENETIC
Factor V Leiden mutation PCR
Prothrombin 20210 mutation PCR
Elevated plasma lipoprotein(a) 
concentration

ELISA

ACQUIRED AND/OR GENETIC
Antithrombin defi ciency Chromogenic assay
Protein C defi ciency Chromogenic assay
Protein S defi ciency ELISA (for free protein S antigen)
Elevated plasma factor VIII activity* One-stage clotting assay (APTT based)
Hyperhomocysteinemia Mass spectroscopy
Antiphospholipid antibodies ELISA for anticardiolipin and anti–β2-glycoprotein-I IgG and IgM; clotting 

assay (dilute Russel viper venom time or APTT-based phospholipid 
neutralization method for lupus anticoagulant)

Disseminated intravascular coagulation Includes platelet count, fi brinogen by clotting method (Clauss), and D-
dimer by semiquantitative or quantitative latex agglutination assay

Activated protein C resistance Clotting assay (APTT based)

*Noted as worthy of consideration in the original International Society on Thrombosis and Haemostasis recommendations.14 Also noted as worthy of consideration 
is other testing involving the fi brinolytic system and the systemic infl ammatory response.

APPT, activated partial thromboplastin time; ELISA, enzyme-linked immunosorbent assay; PCR, polymerase chain reaction.

TABLE 34-2  Estimate of Risk for Venous 
Thromboembolism with Selected 
Thrombophilia Traits and Conditions

Trait/Condition VTE Risk Estimate

Hyperhomocysteinemia 2.5×
Prothrombin 20210 mutation, 
heterozygous

3×

Oral contraceptive pill (standard-
dose estrogen)

4×

Factor V Leiden mutation, 
heterozygous

2-7×

Factor V Leiden mutation, 
heterozygous, plus oral 
contraceptive pill use

35×

Factor V Leiden mutation, 
homozygous

80×

occlusiveness and chronicity. The classic manifestation of 
acute extremity DVT is painful unilateral limb swelling. 
The lack of other fi ndings on physical examination (e.g., 
Homan’s sign or the presence of a palpable cord in the 
popliteal fossa) should not reduce clinical suspicion for 
DVT. In upper extremity DVT with extension into and 
occlusion of the superior vena cava (SVC), signs and 
symptoms may include swelling of the neck and face, 
bilateral periorbital edema, and headache.

PE is classically manifested by sudden-onset, unex-
plained shortness of breath and pleuritic chest pain. 
When PE is proximal or bilaterally extensive in the distal 
pulmonary arterial tree, hypoxemia is often present. 
Associated right heart failure may be manifested as hepa-
tomegaly, peripheral edema, or both. Proximal PE and 
especially saddle emboli can be accompanied by cyanosis 

or sudden collapse. However, in many cases, PE may be 
asymptomatic or produce only subtle symptoms in chil-
dren,118-121 especially when involving limited segmental 
branches of the pulmonary arteries. In one retrospective 
series, only 50% of affected children had clinical symp-
toms attributable to PE.119

Acute CSVT may cause unusually severe and persis-
tent headache, blurred vision, neurologic signs (e.g., 
cranial nerve palsy, papilledema), or seizures. The classic 
fi ndings in RVT are hematuria and thrombocytopenia, 
sometimes associated with uremia (especially when bilat-
eral). Initial signs include oliguria (especially when bilat-
eral), and in the neonatal period (the time at which RVT 
is most common during childhood) a fl ank mass is often 
palpable on examination.122 RVT in older children is 
frequently associated with nephrotic syndrome (a risk 
factor for VTE in general because of loss of anticoagulant 
proteins) and hence may be accompanied by stigmata of 
peripheral and periorbital edema when diagnosed in con-
junction with nephrosis.120 Thrombocytopenia may be an 
initial manifestation not only of RVT but also of intracar-
diac (e.g., right atrial) thrombosis, particularly CRT asso-
ciated with sepsis.123 Isolated intracardiac thrombosis in 
association with cardiac surgery or central venous cathe-
ter placement is most often asymptomatic.124 Portal vein 
thrombosis is one of the most common causes of portal 
hypertension in children and is characteristically mani-
fested as splenomegaly in association with fi ndings of 
hypersplenism (anemia, neutropenia, and thrombocyto-
penia); gastrointestinal bleeding typically signals the 
presence of gastroesophageal varices.125,126 Internal jugular 
vein thrombosis may be manifested as neck pain or swell-
ing and, when part of Lemierre’s syndrome, is classically 
also associated with fever, trismus, pain on lateral rota-



1602 HEMOSTASIS

tion of the neck, and a palpable mass in the lateral tri-
angle of the neck.127

Chronic VTE may be diagnosed incidentally without 
signs or symptoms (as sometimes occurs for CSVT 
during unrelated brain imaging) or may be accompanied 
by signs and symptoms of chronic venous obstruction or 
PTS, including pain and edema of the dependent extrem-
ities, dilated superfi cial collateral veins, venous stasis der-
matitis, frank ulceration of the skin, or any combination 
of these fi ndings.

Diagnosis

Although venography has historically been the gold stan-
dard for diagnosis of venous thrombosis, this modality is 
invasive and has experienced a diminishing role in recent 
years with the development of effective noninvasive or 
minimally invasive radiologic imaging technologies. 
Radiologic imaging is used not only to confi rm the clini-
cal diagnosis of VTE but also to defi ne both the extent 
and occlusiveness of the thrombosis. For suspected DVT 
of the distal or proximal end of the lower extremity, 
compression ultrasound with Doppler is typically used 
for objective confi rmation. When the thrombus may 
affect or extend into deep pelvic or abdominal veins, 
computed tomography (CT) is often necessary. For cir-
cumstances in which radiation exposure is a signifi cant 
concern or alternative diagnoses (e.g., myositis) are being 
evaluated, magnetic resonance imaging (MRI) may be 
performed instead. MR venography may be useful in 
documenting May-Thurner syndrome, an uncommon 
cause of lower extremity DVT in which the iliac vein is 
compressed by an overriding right common iliac artery.128 
In suspected DVT of the upper extremity, compression 
ultrasound with Doppler effectively evaluates the limb, 
but echocardiography or CT (or both) is required to 
disclose involvement of more central vasculature (e.g., 
right atrial thrombosis). In the case of asymptomatic 
nonocclusive extremity DVT, venography may be used as 
an alternative to CT. It is important to recognize that 
venography (in which radiographic contrast material is 
administered into a vein in the limb) should not be con-
fused with “line-o-grams” (in which radiographic con-
trast material is instilled into a central venous catheter). 
The latter studies are useful for delineating catheter tip 
thrombi but cannot reliably detect DVT along the intra-
vascular length of a central venous catheter.129 MR 
venography has replaced traditional venography in most 
centers. However, dynamic venography may be required 
to evaluate patients for thoracic outlet syndrome 
(mechanical compression and entrapment of the subcla-
vian vessels in the region of the fi rst rib).130 To establish 
a diagnosis of DVT of the jugular venous system, com-
pression ultrasound with Doppler is typically suffi cient.

PE in children is commonly diagnosed by spiral CT 
or, alternatively, by ventilation-perfusion scanning. The 
latter is generally suboptimal in the presence of other 
lung pathology or at centers with limited availability or 
expertise in this modality. CSVT is typically diagnosed 

by standard CT or CT venography and, alternatively, by 
MRI or MR venography. The diagnosis of RVT is most 
often made clinically in neonates and is supported by 
Doppler ultrasound fi ndings of intrarenal vascular resis-
tive indices; however, in some cases a discrete thrombus 
may be suggested by Doppler ultrasound, especially when 
extending into the inferior vena cava (IVC). When RVT 
occurs in older children, Doppler ultrasound or CT is 
often diagnostic. Similarly, portal vein thrombosis is typi-
cally visualized by Doppler ultrasound or CT.

When new-onset venous thrombosis is being evalu-
ated in patients with areas of anatomic abnormality of 
the venous system (e.g., extensive collateral venous cir-
culation because of a previous VTE episode, May-
Thurner anomaly, atretic IVC with azygous continuation), 
more sensitive methods such as CT or MR venography 
are frequently required to adequately delineate the vas-
cular anatomy, as well as the presence, extent, and occlu-
siveness of the thrombosis.

Diagnostic laboratory evaluation for pediatric acute 
VTE includes a complete blood count, comprehensive 
thrombophilia panel (see “Etiology,” earlier), and β-
human chorionic gonadotropin (β-HCG) in postmenar-
chal females. Additional laboratory studies may be 
warranted depending on associated medical conditions 
and involvement of specifi c organ systems by VTE.

Treatment

A summary of conventional antithrombotic agents and 
corresponding target anticoagulant levels, based on recent 
pediatric recommendations,131 is provided in Table 34-3 
for both initial (i.e., acute phase) and extended (i.e., 
subacute phase) treatment. Conventional anticoagulants 
attenuate hypercoagulability, thereby decreasing the risk 
for progression of thrombosis and embolism, and rely on 
intrinsic fi brinolytic mechanisms to break the thrombus 
up over time. The most commonly used conventional 
anticoagulants in children are heparins and warfarin. 
Heparins, including unfractionated heparin and LMWH, 
enhance the activity of antithrombin III, an intrinsic anti-
coagulant that serves as a key inhibitor of thrombin 
(Chapter 26). Warfarin acts through antagonism of 
VK, thereby interfering with γ-carboxylation of the VK-
dependent procoagulant factors II, VII, IX, and X.

Initial Anticoagulation. Initial anticoagulant therapy 
(i.e., acute phase) for VTE in children uses unfraction-
ated heparin or LMWH. LMWH has become increas-
ingly used as a fi rst-line agent for initial anticoagulant 
therapy in children given the relative ease of subcutane-
ous over intravenous administration, the decreased need 
for blood monitoring of anticoagulant effi cacy, and 
decreased risk for the development of heparin-induced 
thrombocytopenia. Unfractionated heparin is typically 
preferred in circumstances of heightened bleeding risk or 
labile acute clinical status as a result of rapid extinction 
of anticoagulant effect after cessation of the drug. In 
addition, because of renal excretion of LMWH, unfrac-
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adult data.135 Unfractionated heparin treatment is rarely 
maintained beyond the acute period given the risk of 
osteoporosis with extended administration131 and the 
inconvenience of continuous intravenous administration. 
Although adult data suggest effi cacy of subcutaneous 
administration of unfractionated heparin for acute 
VTE,136 this route has been evaluated only for the acute 
therapy period before extended therapy with warfarin, 
and the appropriateness of such an approach in children 
has not been established.

Extended Anticoagulation. Extended anticoagulant 
therapy (i.e., subacute phase) for VTE in children may 
be achieved with LMWH or warfarin. Warfarin may be 
started during the acute phase; however, because severe 
congenital defi ciencies involving the protein C pathway 
can be manifested as VTE in early childhood and are 
associated with warfarin-related skin necrosis,137 warfarin 
should ideally be initiated only after therapeutic antico-
agulation has been achieved with heparin-based treat-
ment. Warfarin is monitored by the INR, which is derived 
from the measured PT. The therapeutic INR range for 
warfarin anticoagulation in patients with VTE is 2.0 to 
3.0.131 Recent adult data do not agree with the historical 
evidence for maintaining a higher INR (2.5 to 3.5) in the 
presence of APA138,139; however, maintaining an INR of 
2.5 to 3.0, when feasible, satisfi es both the older and the 
more recent literature with regard to appropriate safety 
and effi cacy in this subset of patients.

Duration of Therapy. Pediatric recommendations for 
the duration of antithrombotic therapy in acute VTE131 
are largely derived from evidence from adult trials. For 
fi rst-episode VTE in children in the absence of potent 
chronic thrombophilia (e.g., APA syndrome, homozy-
gous anticoagulant defi ciency, or homozygous factor V 
Leiden), the recommended duration of anticoagulant 
therapy is 3 to 6 months in the presence of an underlying 
reversible risk factor (e.g., postoperative VTE), 6 to 12 
months when idiopathic, and 12 months to lifelong when 

tionated heparin is used for acute VTE therapy in patients 
with renal insuffi ciency.

Common initial maintenance dosing for unfraction-
ated heparin in non-neonatal children ranges from 15 to 
25 U/kg/hr preceded by a loading dose of 50 to 75 U/kg. 
In full-term neonates, a maintenance dose of up to 50 U/
kg/hr may be required, especially if the clinical condition 
is complicated by antithrombin consumption. The start-
ing dose for the LMWH enoxaparin in non-neonatal 
children commonly ranges between 1.0 and 1.25 mg/kg; 
no bolus dose is given. In full-term neonates, an enoxa-
parin starting dose of 1.5 mg/kg is typically necessary.132 
For the LMWH dalteparin, initial maintenance dosing of 
1.0 to 1.5 mg/kg (100 to 150 anti-Xa U/kg) appears 
appropriate based upon available pediatric data.133 
Heparin therapy is monitored most accurately by anti–
factor Xa activity. It is essential that the clinical labora-
tory be made aware of the type of heparin being 
administered so that the appropriate assay standard 
(unfractionated heparin versus LMWH) is used. For 
unfractionated heparin, the therapeutic range is 0.3 to 
0.7 anti-Xa activity U/mL, whereas for LMWH, the 
therapeutic range is 0.5 to 1.0 U/mL. When anti-Xa assay 
is not available, the APTT may be used, but it is distinctly 
suboptimal in the pediatric age group, in whom APAs 
may interfere with or artifactually prolong the clotting 
end point; indeed, one study of pediatric heparin moni-
toring demonstrated inaccuracy of the APTT approxi-
mately 30% of the time.134 When dosed by weight in 
childhood, LMWH does not require frequent monitor-
ing, but anti-Xa activity should be evaluated with changes 
in renal function. In addition, in cases of acute VTE in 
which acquired antithrombin defi ciency is related to con-
sumption in acute infection or infl ammation, anti-Xa 
activity may rise as antithrombin levels normalize with 
resolution of the acute illness; in this circumstance, 
follow-up evaluation of anti-Xa activity is warranted in 
the subacute period.

The recommended duration of initial heparin therapy 
for acute VTE, 5 to 10 days, has been extrapolated from 

TABLE 34-3  Recommended Intensities and Durations of Conventional Antithrombotic Therapy in Children, by 
Etiology and Treatment Agent

Episode

Agents and Target Anticoagulant Activity

Duration of Therapy, by EtiologyInitial Treatment Extended Treatment

First UFH, 0.3-0.7 anti-Xa U/mL Warfarin, INR of 2.0-3.0 Resolved risk factor: 3-6 months
No known clinical risk factor: 6-12 months
Chronic clinical risk factor: 12 months
Potent congenital thrombophilia: indefi nite

LMWH, 0.5-1.0 anti-Xa 
U/mL

LMWH, 0.5-1.0 anti-Xa 
U/mL

Recurrent UFH, 0.3-0.7 anti-Xa U/mL Warfarin, INR of 2.0-3.0 Resolved risk factor: 6-12 months
No known clinical risk factor: 12 months
Chronic clinical risk factor: indefi nite
Potent congenital thrombophilia: indefi nite

LMWH, 0.5-1.0 anti-Xa 
U/mL

LMWH, 0.5-1.0 anti-Xa 
U/mL

INR, international normalized ratio; LMWH, low-molecular-weight heparin; UFH, unfractionated heparin.
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a chronic risk factor persists (e.g., SLE). Recurrent VTE 
is treated for 6 to 12 months in the patients with an 
underlying reversible risk factor, 12 months to lifelong 
when idiopathic, and lifelong when a chronic risk factor 
persists. In the setting of APA syndrome or potent con-
genital thrombophilia, the duration of treatment for fi rst-
episode VTE is often indefi nite. Children with SLE and 
persistence of an LA have a 16- to 25-fold greater risk 
for TE than do children with SLE and no LA.140 However, 
in children with primary (i.e., idiopathic) or secondary 
(i.e., associated with SLE or other underlying chronic 
infl ammatory condition) VTE, it is possible that the auto-
immune disease will become quiescent in later years such 
that the benefi t of continued VTE prophylaxis may be 
re-evaluated. Some experts have recommended consid-
eration of low-dose anticoagulation as secondary VTE 
prophylaxis after a conventional 3- to 6-month course of 
therapeutic anticoagulation for VTE in children with 
SLE who have APA syndrome.141 However, further study 
to optimize the intensity and duration of therapy/second-
ary prophylaxis for VTE in children with APA syndrome 
is urgently needed, especially given the recent evidence 
in adult VTE that secondary prophylaxis with low-dose 
warfarin may not only offer little risk reduction beyond 
no anticoagulation but also is associated with bleeding 
complications despite a reduced warfarin dose.142,143

Thrombolytics. Although the aforementioned antico-
agulant therapies are conventional in acute pediatric 
VTE, thrombolytic approaches are gaining increasing 
attention and use during acute VTE therapy in children 
with hemodynamically signifi cant PE or extensive limb-
threatening VTE. Unlike conventional anticoagulants, 
thrombolytics directly promote fi brinolysis. Tissue-type 
plasminogen activator is an intrinsic activator of the fi bri-
nolytic system (Chapter 27) and has been administered 
exogenously as a systemic bolus or short-duration infu-
sion, a systemic low-dose continuous infusion, or a local 
catheter-directed infusion with or without interventional 
mechanical thrombectomy/thrombolysis. A recent cohort 
study analysis of children with acute lower extremity 
DVT who had an a priori high risk for poor post-throm-
botic outcomes (by virtue of a completely veno-occlusive 
thrombus and plasma factor VIII activity >150 U/dL or 
D-dimer concentration >500 ng/mL) revealed that a 
thrombolysis regimen followed by standard anticoagula-
tion may substantially reduce the risk for PTS when 
compared with standard anticoagulation alone.144 Further 
investigation via a randomized controlled trial of the effi -
cacy and safety of the thrombolytic regimen versus stan-
dard anticoagulation for high-risk acute lower extremity 
DVT in children will be necessary to confi rm these 
fi ndings.

Other Anticoagulants. Other antithrombotic agents 
include factor Xa inhibitors and direct thrombin inhibi-
tors. Fondaparinux is a selective factor Xa inhibitor. It is 
a synthetic pentasaccharide that rapidly binds to anti-

thrombin in the blood and potentiates the natural inhibi-
tory effect of antithrombin against factor Xa, thus 
indirectly inhibiting thrombin.145 Fondaparinux is admin-
istered once daily as a subcutaneous injection. Dosing is 
based on weight and generally does not require monitor-
ing, although anti-Xa assays have been used by some 
investigators.146

A variety of modifi ed factor Xa inhibitors are under 
evaluation in clinical trials or are in preclinical develop-
ment with enhancements in half-life147 and oral bioavail-
ability.148 Direct thrombin inhibitors, by contrast, inhibit 
thrombin directly by binding to exosite I or the active site 
of thrombin, or both.149 These drugs include hirudin and 
recombinant hirudins such as lepirudin. Argatroban is a 
synthetic small molecule derived from l-arginine that 
functions as a reversible direct thrombin inhibitor.150 All 
of the currently available direct thrombin inhibitors are 
administered intravenously and are routinely monitored 
by the APTT, with the therapeutic goal ranging from a 
1.5- to 3.0-fold prolongation of the APTT. Oral direct 
thrombin inhibitors have been developed as a possible 
alternative to warfarin. They have the advantage of oral 
bioavailability, low intersubject variation, no metabolism 
by the hepatic cytochrome P-450 system, a low incidence 
of drug-drug interactions, and no dietary infl uence. 
However, an early candidate was not approved by the 
U.S. Food and Drug Administration for clinical use 
because of concerns of potential liver toxicity and failure 
to prove noninferiority to warfarin in clinical trials.149 
Other such agents are under ongoing development and 
investigation. At present, intravenous direct thrombin 
inhibitors are indicated for the treatment of heparin-
induced thrombocytopenia, particularly when associated 
with acute thrombosis.

Other Therapeutic Agents. Other products may 
have antithrombotic roles in selected circumstances but 
await demonstration of effi cacy in clinical trials. For 
example, plasma replacement with protein C concentrate 
is a useful adjunctive therapy for VTE or purpura fulmi-
nans secondary to microvascular thrombosis in severe 
congenital protein C defi ciency151-153 and may play a ben-
efi cial role in the treatment of microvascular thrombo-
sis–related purpura fulminans in children with sepsis, 
particularly those with meningococcemia.154-156 In addi-
tion, case series have suggested a role for antithrombin 
replacement in prevention of VTE in children and young 
adults with congenital severe antithrombin defi ciency,157 
for the prevention of l-asparaginase–associated VTE in 
pediatric acute lymphoblastic leukemia (ALL),158,159 and 
as combination therapy with defi brotide for the preven-
tion and treatment of hepatic sinusoidal obstruction syn-
drome (formerly termed veno-occlusive disease) in 
children undergoing hematopoietic stem cell transplanta-
tion.160 The potential benefi t of a regimen of antithrom-
bin replacement combined with daily prophylactic 
LMWH in reducing the risk for VTE during the induc-
tion and consolidation phases of therapy for ALL has 
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now also been suggested by a historically controlled 
cohort study of the BFM 2000 protocol experience in 
Europe.161 Antithrombin replacement may also be worthy 
of consideration in patients with acute VTE undergoing 
heparinization in whom signifi cant antithrombin defi -
ciency prevents the achievement of therapeutic anti-Xa 
levels (i.e., heparin “resistance”). This may be seen in 
neonates with clinical conditions complicated by anti-
thrombin consumption superimposed on the physiologic 
relative defi ciency of this key intrinsic thrombin inhibitor 
in the newborn period. However, antithrombin replace-
ment in preterm neonates has been investigated as a 
means of improving the outcome of respiratory distress 
syndrome, intracranial hemorrhage, and sepsis but has 
failed to demonstrate benefi t and may contribute to 
adverse events.162

Vena Cava Filters. Vena cava fi lters may serve an 
adjunctive role in the antithrombotic management of 
children in selected circumstances. The use of vena cava 
fi lters should be considered in children of appropriate 
size in whom contraindications to anticoagulation exist 
or in whom recurrent VTE (especially PE) has occurred 
despite therapeutic anticoagulation and in the absence of 
a reversible risk factor. In addition, “temporary” or 
retrievable vena cava fi lters may be considered during 
times of especially heightened risk for PE or at times 
when therapeutic anticoagulation is thought to transiently 
engender a heightened risk for hemorrhagic complica-
tions (e.g., recent neurosurgery). The presence of the 
fi lter alone is not an indication for long-term anticoagula-
tion because the risk for vena cava thrombosis related to 
the device is low. Long-term outcomes in adult series 
have shown a failure rate (clinically relevant, symptom-
atic PE) of 3.3% to 5.6%.163-165 Major complications were 
infrequent (<1%) and included rare cases of caudal 
migration, fi lter fracture, or perforation of the cava wall.165 
A retrospective review of 15 children 18 years or younger 
suggested effi cacy of long-standing vena cava fi lters with 
regard to primary and secondary prevention of PE.166 
Follow-up was a mean of 9.2 years (range, 19 months to 
16 years), and there were no signifi cant complications, 
thus complementing similar fi ndings in other small case 
series.167,168 However, until the impact of such nonretriev-
able devices on the vena cava of a developing child has 
been studied better, use of such fi lters in preadolescents 
should be undertaken with caution. Experience with sur-
gical removal of retrievable vena cava fi lters is quite 
limited in children, with unknown risks and costs of 
extraction. Surgical removal of permanent vena cava 
fi lters should be strongly discouraged because vena cava 
ligation is frequently required.169

Outcomes

Complications of VTE can occur both acutely and over 
the long term and are germane to both CRT and non-
CRT. Short-term adverse outcomes include the major hem-
orrhagic complications of antithrombotic interventions, 

as well as complications of the thrombotic event itself, 
such as post-thrombotic hemorrhage in the brain or 
adrenal gland; early recurrent VTE, including DVT and 
PE170; SVC syndrome in DVT of the upper venous 
system170,171; acute renal insuffi ciency in RVT172; cathe-
ter-related sepsis173, PE,174,175 and catheter malfunction 
(sometimes necessitating surgical replacement) in CRT; 
severe acute venous insuffi ciency leading to venous 
infarction with limb gangrene in rare cases of occlusive 
DVT involving the extremities; and death from hemody-
namic instability in patients with extensive intracardiac 
thrombosis or proximal PE.104 Long-term adverse outcomes 
in pediatric VTE have recently been reviewed176 and 
include recurrent VTE, chronic hypertension and renal 
insuffi ciency in RVT, variceal hemorrhage in portal vein 
thrombosis,104 chronic SVC syndrome in CRT involving 
SVC occlusion, loss of availability of venous access in 
recurrent or extensive CRT of the upper venous system, 
and development of PTS, a condition of chronic venous 
insuffi ciency after DVT. Manifestations of PTS (in order 
of increasing severity) include edema, visibly dilated 
superfi cial collateral veins, venous stasis dermatitis, and 
venous stasis ulcers (Fig. 34-2). Given the long-term and 
sometimes lifelong risk of disease sequelae as in RVT and 
functional impairment as in PTS, venous thrombosis is 
best considered a chronic disorder in children.

Long-term Outcomes. The long-term outcomes of 
VTE in children, with specifi c regard to recurrent VTE, 
PTS, major hemorrhage, and death, are summarized in 
Table 34-4. Registry104,110,179 and cohort study109 data in 
pediatric VTE of all types indicate that children appear 
to have a lower risk for recurrent thromboembolism than 
adults do (cumulative incidence at 1 to 2 years of 6% to 
11% versus 12% to 22%,181,182 respectively). However, 
the risk for PTS in children with DVT of the limbs 
appears to be at least as great as that in adults (cumula-
tive incidence at 1 to 2 years of 33% to 70%105,109 versus 
29%, respectively182). In addition, in a German cohort 
study of children with spontaneous VTE177 (i.e., VTE in 
the absence of identifi ed clinical risk factors), the cumu-
lative incidence of VTE at a median follow-up of 7 years 
was 21%, thus suggesting that in this subgroup of pedi-
atric VTE, the risk for recurrent VTE is long-lived. 
Although VTE-specifi c mortality in children is quite low, 
ranging from 0% to 2% in these and other181,182 studies, 
a considerably higher all-cause mortality is indicative of 
the severity of the underlying conditions (e.g., sepsis, 
cancer, congenital cardiac disease) in pediatric VTE. 
Neonate-specifi c outcomes data in pediatric non-RVT 
VTE refl ect an all-cause mortality of 12% to 18%,107,108,183 
including one series of premature infants with CRT 
treated with enoxaparin.183 The frequency of major bleed-
ing complications during the anticoagulation period in 
children range from 0% to 9% in recent studies.109

Outcomes by Anatomic Site. Outcomes of VTE in 
children may differ depending on the specifi c anatomic 
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FIGURE 34-2. Manifestations of post-thrombotic syndrome (PTS) in children. A, Stage 1: chronic edema with iliofemoral deep venous thrombosis 
(DVT) at 16 years of age. The patient was heterozygous for factor V Leiden and was taking oral contraceptive pills. B, Stage 2: dilated superfi cial 
venous collateral circulation in a 14-year-old adolescent with inferior vena cava (IVC) DVT as a result of antiphospholipid antibody (APA) and 
prolonged travel. C, Stage 3: chronic venous stasis dermatitis in a 13-year-old with IVC DVT who was heterozygous for factor V Leiden and 
exhibited APA. D, Stage 4: chronic venous ulceration in a 10-year-old with femoral-popliteal DVT, homozygous protein C defi ciency, and a tibial 
fracture.

sites and organ systems affected, as well as the presence/
absence of a central venous catheter. Analyses devoted 
specifi cally to CRT in children are limited; however, 
given the high prevalence of CRT in registries and cohort 
studies of pediatric VTE, outcomes of CRT are likely to 
considerably infl uence the data discussed earlier for VTE 
in general. In a Canadian study of CRT in children from 
1990 to 1996,175 VTE-specifi c mortality was 4% and, in 
PE cases, 20%. No major bleeding episodes were 
observed. At a median follow-up duration of 2 years, the 
cumulative incidence of symptomatic recurrent VTE was 

6.5%, and PTS developed in 9% of the children. In 
published series of RVT122,172,184-186 (primarily in neo-
nates), VTE-related death has been very rare, and the 
cumulative incidence of recurrent VTE has ranged from 
0% to 4%, albeit with wide variation in duration of 
follow-up across studies. The cumulative incidence of 
chronic hypertension in RVT in these studies was reported 
to be 22% to 33%. The pediatric literature devoted to 
CSVT187-190 is somewhat smaller than that for RVT and 
suggests a broad range of VTE-specifi c mortality of 4% 
to 20%, with a cumulative 8% incidence of recurrent 
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VTE for neonatal CSVT cases and 17% for CSVT occur-
ring in older children.189 Long-term neurologic sequelae 
were noted in 17% to 26% of CSVT cases diagnosed 
in the neonatal period and 8% to 47% of those occurring 
later in childhood. It is worthy of note that in the 
aforementioned pediatric series of RVT and CSVT, both 
the proportion of children who received anticoagulation 
and the duration of the anticoagulation course varied 
considerably across studies. Few pediatric series report-
ing outcomes of portal vein thrombosis have been pub-
lished; however, it appears that the risk for recurrent 
gastrovariceal bleeding in this population is substantial, 
often despite surgical interventions to reduce portal 
hypertension.191 The long-term outcomes of PE in child-
hood, including the prevalence of chronic pulmonary 
hypertension and pulmonary function, remain to be 
determined.

An additional outcome of interest to patients and 
families of children with VTE is persistence versus reso-
lution of thrombosis. Data to date, largely from adult 
VTE populations, suggest that persistence of thrombosis 
after a therapeutic course of anticoagulation of appropri-
ate duration does not appreciably increase the risk for 
recurrent VTE, including PE. However, some evidence192 
indicates that persistent thrombosis is associated with the 
development of venous valvular insuffi ciency, an impor-
tant risk factor for the development (albeit an imperfect 
correlate193) of PTS. The prevalence of persistence of 
thrombosis despite adequate anticoagulation in neonatal 
VTE has ranged from 12% in premature newborns with 
CRT175 (representing one of eight patients with VTE in 
whom extension of thrombosis led to progressive SVC 
syndrome and death) to 62% in full-term neonatal VTE 
survivors.110 Among primarily older children, the preva-
lence of persistent thrombosis has ranged broadly from 
37% to 68% in the few longitudinal studies to date 
that have systematically evaluated thrombus evolution 
radiologically.109,133

Prognostic Indicators. The ability to predict clinically 
relevant long-term outcomes of VTE at diagnosis and 
during the acute phase of treatment is essential for imple-
mentation of a future risk-stratifi ed approach to anti-

thrombotic management in children. Historically, few 
prognostic indicators have been defi ned in pediatric VTE. 
The presence of homozygous anticoagulant defi ciencies 
and the persistence of APAs after the diagnosis of VTE 
have been associated with an increased risk for recurrent 
VTE. More recently, the presence of multiple thrombo-
philia traits has been associated with an increased risk for 
recurrent VTE. In addition, the radiologic fi nding of 
complete veno-occlusion at diagnosis of DVT has been 
linked to an increased risk for persistent thrombosis194 
(which in turn has been associated with the development 
of venous valvular insuffi ciency,193 as noted earlier). Most 
recently, plasma factor VIII activity greater than 150 U/
dL and a D-dimer concentration higher than 500 ng/mL 
at the time of diagnosis of VTE in children, as well as 
after 3 to 6 months of standard anticoagulation, have 
been defi ned as markers of a composite adverse throm-
botic outcome characterized by persistent thrombosis, 
recurrent VTE, or the development of PTS109; similar 
prognostic fi ndings have been observed in adult 
VTE.195-197

Ischemic Arterial Stroke

Epidemiology

The incidence of perinatal and neonatal ischemic arterial 
stroke (IAS) has recently been estimated from U.S. 
National Hospital Discharge Survey data to be approxi-
mately 18 per 100,000 per year or 1 in 5000 live births 
annually.198 The rate of stroke in later childhood is about 
a 10th of that for the neonatal period, approximately 2 
in 100,000 children per year in the United States.199 
Similar estimates have been provided by the Canadian 
and Swiss pediatric stroke registries.200 An early Mayo 
Clinic retrospective analysis of cases in Rochester, Min-
nesota, in the late 1970s yielded an equivalent incidence 
rate for all pediatric IAS of 2.5 per 100,000 per year.201 
However, just as for VTE in children, these epidemiologic 
data for pediatric IAS probably represent underestimates 
because of the relatively low index of suspicion for car-
diovascular and cerebrovascular events in children as 
opposed to adults, as well as inaccuracies engendered by 

TABLE 34-4 Outcomes of Venous Thromboembolism in Children

Author
Year of 
Publication Country

# VTE 
Cases

Mean/Median 
Duration of 
Follow-up

Major 
Bleeding

Recurrent 
VTE PTS

VTE-
Related 
Mortality

Monagle et al.110 2000 Canada 405 3 yr N/A  8% 12% 2%
Nowak-Göttl et al.177 2001 Germany 301 7 yr N/A 21% N/A 0%
Massicotte et al.178 2003 Canada  76 6 mo 9%  9% N/A 0%
Van Ommen et al.179 2003 Netherlands 100 4 yr N/A  9% (3 yr) 70% 1%
Ören et al.180 2004 Turkey 186 N/A N/A  9% N/A 2%
Goldenberg et al.109 2004 USA  74 1 yr 0%  6% 33% 0%

N/A, not available; PTS, post-thrombotic syndrome; VTE, venous thromboembolism.
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International Classifi cation of Diseases, 9th revision 
(ICD-9), coding.202

Etiology

Causes of IAS in children are less well characterized than 
in adults, largely as a result of challenges posed by the 
lower incidence of the disorder in the pediatric popula-
tion. Whereas in adults, hypertension, diabetes, smoking, 
and hypercholesterolemia are prominent risk factors for 
cerebrovascular disease, in children, sickle cell disease, 
infection, cerebral arteriopathy,203-205 head/neck trauma 
(with or without identifi ed arterial dissection),206-208 con-
genital cardiac disease, previous transient ischemic attack 
(TIA),209 and thrombophilia209-213 appear to be the most 
prevalent identifi ed risk factors for IAS. Whether anemia 
and polycythemia are independent risk factors for pedi-
atric IAS or instead constitute epiphenomena of underly-
ing acute and chronic diseases remains unclear. The 
subsequent discussion focuses principally on IAS in 
children without sickle cell disease; for a detailed dis-
cussion of IAS in children with sickle cell disease, see 
Chapter 19.

Vasculopathy in pediatric IAS may be characterized 
by arterial dissection, narrowing, thrombosis, and an 
irregular arterial contour (suggestive of possible arteri-
tis). Overall, vasculopathy may be identifi ed in as many 
as half of non-neonatal IAS cases.214 Dissection has been 
demonstrated in 7% to 20% of children with acute 
IAS.209,214 Distinction between dissective and nondissec-
tive causes of arterial narrowing and thrombosis may be 
diffi cult, with variables including the imaging technology 
used (e.g., CT with angiography, MR angiography, cere-
bral angiography), the timing in relation to the event, and 
the experience of the neuroradiologist. Dissection may 
be due to head/neck trauma or may be spontaneous; 
limited data suggest that the prevalence of underlying 
connective tissue disorders may be increased in IAS cases 
associated with spontaneous dissection, but further con-
trolled studies are needed.215 Although some studies have 
indicated that antecedent head trauma appears to be 
prevalent in pediatric IAS cases, minor head trauma is 
not infrequent in active children, and there is also con-
siderable potential for recall bias in such studies. A 
minority of cases of childhood IAS with vasculopathy 
represent moyamoya syndrome (defi ned as stenosis in 
the terminal portion of the internal carotid arteries bilat-
erally with the formation of collateral arteries, which 
produces the classic angiographic “puff of smoke”) or 
possible moyamoya syndrome (recently characterized as 
either unilateral stenosis in the terminal segment of an 
internal carotid artery with collaterals or the presence of 
bilateral stenosis of the terminal portion of the internal 
carotid arteries without collaterals205). Other causes of 
nondissective cerebral arteriopathy in children include a 
history of recent varicella-zoster infection (i.e., within the 
previous year),189 neurofi bromatosis type 1, and cranial 
irradiation for malignancy.205,216 Despite the high preva-
lence of vasculopathy in IAS, its etiology in most cases 

remains unclear and cannot be attributed to moyamoya, 
dissection, or defi ned infections such as varicella. Efforts 
to further defi ne the causes and natural history of vascu-
lopathy-associated IAS will be fundamental to determin-
ing optimal therapeutic interventions in the future.

Infection as an underlying cause of pediatric IAS has 
been classically associated with tuberculous meningitis, 
human immunodefi ciency virus infection, and primary 
herpes simplex and varicella virus infection, as well as 
secondary herpes zoster and varicella-zoster infections. 
Local bacterial and fungal infections of the head and 
neck may also contribute to the development of IAS in 
some pediatric patients. The pathophysiologic mecha-
nisms of infection-associated IAS in children may include 
direct angioinvasion by the pathogen, local arteritis 
without direct angioinvasion, and systemic infl ammatory 
and hypercoagulative responses. It is likely that in many 
instances more than one process contributes to the 
genesis of IAS. To what extent vasculopathy in pediatric 
IAS is para-infectious in nature remains poorly 
understood.

Thrombophilia Risk Factors. Thrombophilia may con-
tribute to risk for IAS by arterial thrombosis or by cere-
bral embolism of a venous thrombus via a cardiac lesion 
with a right-to-left shunt. Thrombophilia risk factors in 
children with IAS include anticoagulant defi ciencies 
(particularly defi ciency of protein C210), APAs (particu-
larly anticardiolipin antibodies211,213), and hyperhomo-
cysteinemia.217,218 In some cases of IAS developing after 
acute varicella infection, antibody-mediated acquired 
protein S defi ciency has been demonstrated.219 It is likely 
that as is the case for VTE in children, anticoagulant 
defi ciencies are most commonly acquired in the setting 
of pediatric IAS and are most often para-infectious in 
nature. However, as in VTE, severe congenital anticoagu-
lant defi ciencies may be most likely to be manifested as 
IAS at an early age. Although homozygosity for the factor 
V Leiden or prothrombin 20210 mutation is a strong risk 
factor for VTE in children and hence is probably a risk 
factor for thromboembolic IAS, it remains unclear 
whether heterozygosity for the factor V Leiden or pro-
thrombin 20210 mutation confers a meaningful increase 
in the risk for pediatric IAS.210-213 Markedly elevated 
levels of homocysteine are classically associated with 
metabolic disorders such as homocysteinuria (secondary 
to cystathionine β-synthase defi ciency) and appear to be 
rare in individuals possessing the thermolabile variant of 
methylenetetrahydrofolate reductase (MTHFR C677T) 
in countries in which routine folate supplementation of 
the diet is undertaken. Therefore, most evidence suggests 
that this highly prevalent polymorphism is not an inde-
pendent risk factor for IAS. Although a recent single-
institutional U.S. study220 may contradict this evidence, 
no contemporaneous control group was used, and further 
study is therefore necessary. It remains possible that an 
alternative mechanism other than hyperhomocysteinemia 
may mediate the risk for IAS, if substantiated.
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Another thrombophilia trait, an elevated lipoprotein(a) 
concentration, has been associated with increased odds 
for spontaneous IAS (i.e., IAS occurring in the absence 
of identifi ed clinical risk factors) in non-neonatal German 
children212 when a conventional lipoprotein(a) threshold 
of the 75th percentile derived from previous data in 
healthy adults was used. This work was recently sup-
ported by fi ndings in a U.S. case-control study of poren-
cephaly and IAS in children in which the same 
lipoprotein(a) threshold was used.221 However, the mag-
nitude of risk for acute neonatal and childhood IAS (both 
in the majority of cases with and in the minority without 
identifi ed clinical risk factors) conferred by elevated 
levels of lipoprotein(a) remains unclear. In addition, it is 
unknown whether the adult-derived threshold for 
lipoprotein(a) concentration historically used clinically 
and in case-control and cohort studies is appropriate for 
children. These are key clinically relevant issues that 
warrant further study.

Clinical Manifestations

The clinical fi ndings in neonates and older children 
with IAS are largely dependent on the territory and 
extent of the CNS affected by ischemia/infarction. The 
most common manifestation of perinatal and neonatal 
IAS is seizure, sometimes associated with subtle hemipa-
resis when IAS involves a unilateral middle cerebral 
artery distribution. Apnea and poor feeding in a term 
infant should also raise concern for possible perinatal/
neonatal IAS. Prenatal IAS in the distribution of the 
middle cerebral artery, by contrast, is frequently asymp-
tomatic until noted by parents as one-sided weakness, 
spasticity, or disuse as development of motor activity 
progresses, frequently with asymmetric reaching for 
objects or gross motor delay between 4 and 12 months 
of age.

Manifestations of acute IAS occurring after the neo-
natal period (i.e., later childhood) include acute- or sub-
acute-onset focal neurologic defi cit (e.g., hemiparesis, 
cranial nerve palsy, dysphasia, incoordination), severe 
headache, or unexplained new-onset seizure, sometimes 
accompanied by altered mental status. In cases of dissec-
tion-associated IAS in children, a recent history of head/
neck trauma is common (see also “Etiology,” earlier). 
Interestingly, a recent single-center retrospective series of 
IAS in non-neonatal children found that a “nonabrupt” 
pattern of neurologic symptoms/signs (including those in 
whom the maximum severity of symptoms/signs in acute 
IAS developed more than 30 minutes after the onset of 
symptoms, the symptoms/signs were waxing and waning 
or were preceded by recurrent transient symptoms/signs 
with intercurrent resolution) was signifi cantly associated 
with fi ndings of arteriopathy on diagnostic neuroimag-
ing.222 Ischemic stroke that is not clearly arterial in dis-
tribution (i.e., is not AIS) may be due to global 
hypoxic-ischemic injury (e.g., with a watershed distribu-
tion), may be a regional complication of CNS venous 
thrombosis, or might be metabolic in etiology.

A classic example of ischemic stroke of metabolic 
etiology occurs in the syndrome of mitochondrial myopa-
thy, encephalopathy, lactic acidosis, and stroke-like epi-
sodes (MELAS). MELAS is caused by mitochondrial 
DNA defects encoding tRNA involved in the generation 
of adenosine triphosphate via the electronic transport 
chain in the mitochondrion. The clinical manifestation of 
MELAS is ischemic stroke, often recurrent in nature, in 
preschool or school-age children. Imaging most often 
reveals persistent ischemia or an infarct in the posterior 
cerebral hemispheres, with relative sparing of the deep 
white matter; the affected territory often results in hemi-
anopia.223 Unlike the cerebral lesions in patients with 
acute IAS, acute abnormalities at the time of stroke in 
those with MELAS are bright on apparent diffusion coef-
fi cient (ADC) maps of diffusion-weighted MRI.224 Asso-
ciated symptoms and signs in MELAS, which are of 
varying severity and penetrance in affected individuals 
because of a threshold effect and heteroplasmy in mito-
chondrial DNA disorders,225 include short stature, 
hearing loss, recurrent seizure, proximal muscle weak-
ness, and optic atrophy.223

Diagnosis

Imaging Studies. Diagnostic evaluation for suspected 
acute IAS in children involves either urgent CT of the 
head with CT angiography of the head and neck or, 
alternatively, MRI of the brain with diffusion-weighted 
imaging and MR angiography of the head and neck. 
Although routine CT and MRI studies evaluate for 
ischemia, hemorrhage, mass/mass effect, and other 
non-IAS pathologies, the addition of angiography 
permits evaluation for arteriopathy, including dissection, 
stenosis, irregular contour, or intra-arterial thrombo -
sis. CT is often more readily available on an urgent 
basis than MRI is; however, CT engenders greater 
radiation exposure than MRI does (especially if 
angiography is performed) and is less sensitive for the 
diagnosis of IAS, especially in the acute phase. For 
the latter reason, if CT is performed initially and is 
unremarkable in the setting of an acute focal neurologic 
defi cit of unclear etiology, it should be followed by 
MRI of the brain with diffusion-weighted imaging 
and MR angiography of the head and neck. In circum-
stances in which the presence or extent of vasculopathy 
is unclear or in cases of moyamoya syndrome, the more 
invasive approach of cerebral angiography is warranted 
to establish a defi nitive diagnosis and guide subsequent 
management.

The pattern of ischemia/infarction may be informa-
tive with respect to etiology and consequent management 
of IAS. For example, multifocal infarction may suggest a 
thromboembolic cause. A subcortical distribution of 
ischemia/infarction may suggest disease of small arteries. 
A watershed distribution of ischemia/infarction may 
suggest an alternative diagnosis of hypoxic-ischemic 
injury related to hypotension and other global causes of 
poor perfusion.
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An additional important component of diagnostic 
imaging in pediatric IAS is echocardiography (either 
transthoracic, with peripheral intravenous saline injec-
tion, or transesophageal) to evaluate for a right-to-left 
shunting cardiac lesion, with potential implications for 
management.

Laboratory Studies. Diagnostic laboratory evaluation 
in children with acute IAS involves a complete blood 
count, toxicology screen, complete metabolic panel, 
erythrocyte sedimentation rate/C-reactive protein, β-
HCG testing in postmenarchal females, fasting lipid 
profi le, and a comprehensive thrombophilia panel (see 
the section on VTE diagnosis, earlier). Given that TE is 
a mechanism for IA and that the cause and pathogenesis 
of IAS in children are often unclear at the time of diag-
nosis, thrombophilia testing during diagnostic evaluation 
for IAS should probably consist of the same comprehen-
sive assessment recommended for acute VTE in children 
by the Subcommittee for Perinatal and Pediatric Throm-
bosis of the Scientifi c and Standardization Committee of 
the International Society of Thrombosis and Haemosta-
sis (see Table 34-1). As clinical/translational research 
studies demonstrate the validity of additional IAS-
specifi c thrombophilia risk factors, these should be 
included as well.

A particularly important issue of thrombophilia 
testing specifi c to perinatal IAS involves APA testing. 
When APA is positive in a neonate with IAS, it is infor-
mative to evaluate for APA in the mother to establish a 
possible cause of vertical (i.e., transplacental) transmis-
sion of IgG APA. It is plausible that in some instances 
APA may be induced by an infl ammatory response 
to IAS rather than representing the cause of the IAS; 
in such instances, the APA may persist longer than 
observed for a vertically acquired APA. In IAS with 
vasculopathy, consideration should be given to investiga-
tion for infectious diseases, including serology for viral 
infections such as varicella-zoster virus, herpes simplex 
virus, Epstein-Barr virus, parvovirus, and enterovirus; a 
thorough workup may also include enteroviral cultures 
of the mouth and rectum and blood testing for Helico-
bacter pylori. If there is associated meningitis or relevant 
clinical risk factors, testing for tuberculosis should also 
be undertaken. In the setting of arteritis, rheumatologic 
evaluation should be considered, including testing for 
antinuclear antibodies and other markers as warranted. 
In certain circumstances, additional studies may be war-
ranted, including evaluation for metabolic (including 
mitochondrial DNA–based) disorders, particularly in 
IAS with encephalopathy of unclear etiology, nonarterial 
distribution, lactic acidosis, or other multisystem disor-
ders of unclear cause (e.g., hearing loss, myalgia, 
endocrinopathy).

The role of lumbar puncture, especially when weighed 
against the need to withhold anticoagulation periproce-
durally, is controversial. Unfortunately, the circumstances 
in which risk for progression or early recurrence of IAS 

is among the greatest (e.g., acute/subacute period of 
IAS with vasculopathy) and therefore in which mainte-
nance of effective anticoagulation may be most critical 
are also the same circumstances in which lumbar punc-
ture for investigation of infectious diseases would be 
among the most informative (yet requires suspension of 
anticoagulation).

Treatment

Initial management of IAS in children must emphasize 
appropriate control of blood pressure, temperature, gly-
cemia, oxygenation, and hydration. Unfortunately, there 
is no evidence from clinical trials on which to base spe-
cifi c interventions for acute IAS in children who do not 
have sickle cell disease. Nevertheless, pediatric IAS treat-
ment recommendations131,226 have been developed on the 
basis of registry and cohort study data in neonates and 
older children, as well as to some extent on evidence 
extrapolated from studies in adult IAS.

In the absence of a thromboembolic etiology, under-
lying vasculopathy, or potent thrombophilia, antithrom-
botic therapy is rarely used for perinatal/neonatal IAS, as 
appropriate for the low risk (cumulative incidence of 
approximately 3% at a median follow-up duration of 3.5 
years227) for recurrent IAS/VTE. Therefore, for most 
cases of perinatal IAS, an emphasis on future treatments 
directed toward minimization of infarction during the 
acute and subacute period of IAS is likely to be more 
benefi cial than reduction in risk for recurrent IAS.

In contrast to neonates, antithrombotic intervention 
in older children with acute IAS is generally recom-
mended as secondary IAS prophylaxis, given the rela-
tively high recurrence rate (cumulative incidence of 
approximately 40% at 5 years209). A nonrandomized pro-
spective cohort-based study of LMWH versus aspirin as 
secondary IAS prophylaxis detected no signifi cant differ-
ence in the cumulative incidence of recurrent IAS between 
the these two therapies.228 The optimal type of antithrom-
botic strategy and duration of antithrombotic therapy for 
a given IAS subtype in this age group remain unclear in 
the absence of evidence from randomized controlled 
trials. Antiplatelet therapy with daily aspirin is widely 
used in childhood IAS, with variable intensity (e.g., 1 to 
5 mg/kg per dose) and duration (3 months, 1 year, indefi -
nitely). In the setting of childhood IAS with non–
moyamoya-associated vasculopathy, either antiplatelet 
therapy or therapeutic anticoagulation with LMWH or 
warfarin (often initially with unfractionated heparin in 
the acute period given its rapid reversibility should bleed-
ing complications arise) is often considered for a period 
of at least 3 months, especially in the presence of throm-
bophilia. Patients who experience recurrent IAS while 
maintained on antiplatelet therapy should be considered 
for therapeutic anticoagulation.

Pediatric IAS with moyamoya syndrome presents a 
particular challenge in optimal management. Anticoagu-
lation and antiplatelet agents have been considered pos-
sible therapies. However, in view of the heightened risk 
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for recurrent IAS, neurosurgical approaches at revascu-
larization (including indirect means, such as encephalo-
duroarteriomyosynangiosis [EDAMS],229 and direct 
means, such as superfi cial temporal artery branch–to–
middle cerebral artery branch or anterior cerebral artery 
branch bypass230) are generally preferred, and anticoagu-
lation or antiplatelet therapy is perhaps best reserved for 
children with appropriately defi ned “possible moyamoya” 
in the absence of recurrent symptoms or recurrent IAS/
TIA events.

Thrombolytic approaches have been used in isolated 
cases of pediatric IAS.231 Because only a minute propor-
tion of cases of acute IAS in children are diagnosed 
within the fi rst few hours of symptomatic onset, a multi-
center collaborative clinical trial approach with stringent 
uniform exclusion criteria will be required to address 
whether adult evidence for a benefi cial role of systemic 
administration of tissue plasminogen activator in the 
immediate period after onset of IAS may also apply to 
children. Other thrombolytic approaches include inter-
ventional pharmacomechanical thrombolysis/thrombec-
tomy for acute IAS associated with arterial thrombosis. 
However, technical limitations (i.e., size constraints) are 
posed by the small-caliber pediatric cerebral vasculature, 
and the safety and effi cacy of this approach warrant 
formal study.

In the subacute period after IAS in children and over 
the long term, treatment to optimize outcomes includes 
rehabilitation services (physical therapy, occupational 
therapy, speech therapy) and neuropsychological inter-
ventions (educational, vocational, and mental health ser-
vices). The need for these services should be assessed on 
a case-by-case basis and provided in accordance with the 
fi ndings of comprehensive multidisciplinary assessment 
involving the expertise of pediatric neurology, rehabilita-
tion medicine, and neuropsychology. Furthermore, the 
impact of rehabilitative and neuropsychological interven-
tions on the progress and future need of pediatric IAS 

patients should be regularly reassessed in extended 
follow-up.

Outcomes

Complications. Complications of IAS can occur both 
acutely and over the long term. Short-term adverse out-
comes include death from uncontrolled increased intra-
cranial pressure with uncal herniation, status epilepticus, 
or hemodynamic instability in patients with extensive 
intracardiac thrombosis associated with cardioembolic 
IAS and major hemorrhagic complications, including 
those related to antithrombotic interventions, as well as 
postischemic CNS hemorrhage, acute neurologic defi -
cits, and early recurrence of IAS or VTE. Long-term 
sequelae of IAS in children include residual neurologic 
defi cits, cognitive impairments, and recurrent IAS or 
VTE.

The outcomes of pediatric IAS, stratifi ed by diagno-
sis in the neonatal period versus older childhood, are 
summarized in Tables 34-5 and 34-6.189,200,209,214,227,232-236 
In brief, death as a result of perinatal/neonatal IAS is 
quite rare, and for childhood IAS the case fatality rate 
(i.e., cumulative incidence) ranges between 2% and 16% 
in various analyses, although the time period over which 
death was attributable to IAS has not been well delin-
eated in most studies. The risk (i.e., cumulative inci-
dence) of recurrent IAS/VTE in perinatal/neonatal IAS 
is approximately 3% at a median follow-up duration of 
3.5 years,227 whereas the risk for recurrence after non-
neonatal IAS varies widely between 19% and 40% at a 
fi xed follow-up duration of 5 years. With regard to neu-
rologic and rehabilitative (neuromotor, speech) out-
comes, the prevalence of neuromotor defi cits after 
perinatal/neonatal IAS varies widely between 36% at a 
median follow-up of 19 months and approximately 60% 
at average follow-up times of 2 to 6 years across studies. 
Furthermore, the prevalence of either hemiplegia or 
asymmetric tone without hemiplegia has been shown in 

TABLE 34-5 Outcomes of Neonatal Ischemic Arterial Stroke

Author
Year of 
Publication Country # Cases

Average 
Duration of 
Follow-up

Recurrent 
IAS

Persistent 
Neuromotor 
Defi cits

Persistent 
Cognitive 
Defi cits

IAS-
Related 
Mortality

deVeber 
et al.189

2000 Canada  33 2 yr N/A 64%  3% 0%

Kurnik 
et al.227

2003 Germany 215 3.5 yr 2% N/A N/A N/A

Mercuri 
et al.232

2004 UK  22 ≈6 yr N/A 59% 14% 2%

Steinlin 
et al.200

2005 Switzerland  19 6 mo N/A 58% N/A 0%

Kirton 
et al.233

2007 Canada  14 19 mo N/A 36% N/A N/A

Fullerton 
et al.234

2007 USA  84 6 yr 0% N/A N/A 2%

Note: Expressive speech defi cits were evaluated in one study,62 with a defi ned prevalence of 12%.
IAS, ischemic arterial stroke; N/A, not available.



1612 HEMOSTASIS

one study to be 30% at approximately 5 to 7 years of 
age.236 By comparison, the prevalence of persistent neu-
romotor defi cits for IAS diagnosed in later childhood 
is approximately 70% at average follow-up durations 
ranging from 6 months to 2.5 years across studies. 
Expressive speech impairments have been noted in 12% 
of perinatal/neonatal and 18% of non-neonatal IAS cases 
in one study.189 As for neuropsychological outcomes, cog-
nitive or behavioral defi cits have been discerned in a few 
studies in 3% to 14% of children with perinatal/neonatal 
IAS at 2 to 6 years’ average follow-up and in 17% of 
children at 2 years’ follow-up in whom IAS occurred later 
in childhood.

Long-Term Outcomes. As in pediatric VTE, the ability 
to predict clinically relevant long-term outcomes of IAS 
at diagnosis and during the acute phase of treatment is 
essential to the development of appropriate management 
paradigms in children. However, such efforts have been 
particularly challenged by the relative infrequency of 
pediatric IAS cases and the heterogeneity in causes and 
IAS subtypes in this complex disorder. In perinatal/neo-
natal ischemic stroke, a cohort study237 of 24 neonates 
with ischemic stroke, including IAS mostly in the middle 
cerebral artery territory but some with primarily water-
shed area involvement, suggested that an abnormal back-
ground on early neonatal encephalography (as opposed 
to focal epileptiform discharges) and a distribution that 
includes a cerebral hemisphere along with both the inter-
nal capsule and basal ganglia (as opposed to only one or 
two of these regions) serve as factors that are each associ-
ated with the development of a persistent neurologic 
defi cit. The defi cits consisted of either hemiplegia or 
asymmetry of tone without hemiplegia. These data were 
subsequently substantiated at later follow-up in early 
childhood.232 In a smaller series, the presence of signal 
abnormalities in the posterior limb of the internal capsule 

or in the cerebral peduncles on MRI with diffusion-
weighted imaging and ADC mapping in acute perinatal/
neonatal IAS was recently found to be associated with 
the development of either hemiplegia or asymmetry of 
tone without hemiplegia at a median follow-up of longer 
than 18 months238 and is supported by similar fi ndings 
in a separate cohort at a median follow-up of 5.5 years. 
Most recently, the use of computer-assisted quantitation 
of the degree of descending corticospinal tract signal 
abnormality on MRI with diffusion-weighted imaging in 
a series of 14 neonates with IAS demonstrated that the 
proportion of the cerebral peduncle affected and the total 
length of the descending corticospinal tract involved cor-
relate with the development of hemiparesis.233 Whereas 
correlates of neuromotor outcome in perinatal/neonatal 
IAS are becoming better defi ned, predictors of recurrent 
stroke in this group have been elusive, particularly given 
the infrequency of recurrent IAS after perinatal/neonatal 
IAS.

Prognostic Indicators. A single-center retrospective 
study in the 1990s demonstrated a statistically signifi cant 
increase in the odds of recurrent IAS in patients with 
more than one IAS risk factor (e.g., vasculopathy, throm-
bophilia traits, cardiac disorders, infection) identifi ed at 
the time of the acute event as opposed to children with 
one or no risk factors.232 In addition, patients with moya-
moya are at greatly increased risk for recurrent IAS and 
persistent neurologic defi cits.209,214,239 In a large single-
center cohort study of mixed prospective-retrospective 
design,209 moyamoya was one of only two independent 
risk factors for recurrent ischemic events (consisting of 
IAS, TIA, or death with reinfarction). The association of 
vasculopathy with increased risk for recurrent IAS in 
children has recently been demonstrated in a U.S. popu-
lation-based cohort,234 thus confi rming previous fi ndings 
from a large multicenter German prospective cohort 

TABLE 34-6 Outcomes of Non-neonatal Childhood Ischemic Arterial Stroke

Author
Year of 
Publication Country

# 
Cases

Average 
Duration of 
Follow-up

Recurrent 
IAS

Persistent 
Neuromotor 
Defi cits

Persistent 
Cognitive 
Defi cits

IAS-
Related 
Mortality

deVeber 
et al.189

2000 Canada  90 2 yr 11% 67% 17% 0%

Lanthier 
et al.235

2000 Canada  46 N/A 17% 41% N/A N/A

Chabrier 
et al.214

2000 France  59 2.5 yr 22% 73% N/A N/A

Sträter et al.236 2002 Germany 301 3.7 yr  7% N/A N/A 2%
Steinlin 
et al.200

2005 Switzerland  38 6 mo N/A 74% N/A 3%

Ganesan 
et al.209

2006 UK 212 2.2 yr 41% (5 yr) N/A N/A 2%

Fullerton 
et al.234

2007 USA  92 5 yr 19% (5 yr) N/A N/A 4%

Note: Expressive speech defi cits were evaluated in one study,62 with a defi ned prevalence of 18%.
IAS, ischemic arterial stroke; N/A, not available.
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study of childhood IAS.227 In the German study, elevated 
serum levels of lipoprotein(a), congenital protein C defi -
ciency, and vasculopathy were each found to be indepen-
dent risk factors for recurrent IAS. Although APAs were 
not evaluated in the multivariate model of the German 
cohort study, a two-center British-Canadian cohort study 
of non-neonatal IAS in 185 children reported that no 
increased risk for recurrent IAS appears to exist with 
respect to persistently positive IgG-type anticardiolipin 
antibody titers.240 Although the statistically nonsignifi -
cant unadjusted difference in 3-year recurrence rates 
between groups positive and negative for anticardiolipin 
IgG, 38% versus 26%, might nevertheless be considered 
clinically meaningful, the difference in proportional 
hazard functions for recurrence of IAS between the two 
groups was also not statistically signifi cant after adjust-
ment for covariates of IAS causes and treatment types. 
However, few cases of high-titer antibodies were repre-
sented in the cohort. Clearly, further basic and transla-
tional research is needed to discern which subtypes of 
anticardiolipin antibodies may be most vasculopathic and 
thrombogenic, and such research will probably involve 
secondary characterization of APAs with functional 
assays.

Future studies should seek to validate the predictive 
capacity of these potentially quite meaningful associa-
tions in pediatric IAS cohorts distinct from those in 
which these associations have been derived. Collaborative 
multicenter cohort studies and trials groups, such as the 
International Pediatric Stroke Study Group, offer opti-
mism for the establishment of more robust evidence of 
predictors of outcome in neonatal and childhood IAS 
according to common causes and vascular pathologies so 
that risk-stratifi ed approaches to the management of 
pediatric IAS in future years can be optimized.
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Transfusion medicine focuses on the administration of 
blood, blood components, and purifi ed blood proteins to 
patients for therapeutic purposes. Red blood cells (RBCs) 
are the most frequently used blood component, and 
RBC transfusions have been studied extensively. In this 
chapter, RBC transfusions are discussed fi rst and issues 
that pertain to all transfusions, such as transfusion reac-
tions and transfusion-transmitted diseases, are discussed 
in this section. Platelets are often transfused to some 
patients such as oncology patients and are discussed in 
the next section of this chapter. Hematopoietic progeni-
tor cells (HPCs) are the most recently blood-derived 
component to be developed for transfusion. Although 
these cells are often said to be transplanted rather than 
transfused, they are also discussed in this chapter. Finally, 
granulocyte components collected by apheresis for trans-
fusion and other apheresis procedures that allow simul-
taneous removal and transfusion of blood components 
are discussed at the end of the chapter.

RED BLOOD CELL TRANSFUSIONS

Indications for Transfusion

The primary function of RBCs is to bind oxygen as they 
circulate through the pulmonary bed and to release oxygen 
in the capillaries at a pressure high enough for diffusion 
into tissues. The confi guration of the oxyhemoglobin dis-
sociation curve provides proper diffusion as long as only 
part of the oxygen is released during capillary transit. The 
oxygen tension of fully oxygenated blood in the arteries is 
approximately 100 mm Hg; release of 20% of the oxygen 
in the capillaries maintains a pressure of 40 mm Hg, 
which is suffi cient to propel oxygen to all cells within a 
truncated cone segment around the capillary.1 RBCs 
compensate for a loss in oxygen-carrying capacity rela-
tively rapidly by a shift in the oxyhemoglobin dissociation 
curve to the right, which decreases oxygen’s affi nity for 
hemoglobin. In addition, cardiac output increases. On a 
more chronic basis, blood volume, the size of the vascular 
bed, and the rate of production of RBCs increases. These 
compensatory mechanisms permit states of mild to 
moderate anemia without signifi cant symptoms.

For most patients the only indication for RBC trans-
fusion is to provide a patient with suffi cient RBCs to 
prevent or reverse tissue hypoxia as a result of insuffi cient 
compensation. One large multicenter randomized con-
trolled study of adult critically ill patients is probably 
applicable to some pediatric patients, especially adoles-
cents.2 That trial compared a liberal transfusion strategy, 
in which patients received RBC transfusions when their 
hemoglobin level was less than 10.0 g/dL, with a restric-
tive transfusion strategy, in which patients were trans-
fused when their hemoglobin was less than 7.0 g/dL. 
Among patients younger than 55 years, those who were 
transfused according to the more restrictive strategy had 
signifi cantly lower 30-day mortality. A similar study of 

stable critically ill pediatric patients in intensive care 
units found similar outcomes in patients transfused at a 
hemoglobin level of 7 g/dL or less and patients transfused 
at level of 9.5 g/dL or less.3 Additionally, experience with 
sickle cell patients undergoing surgery in Jamaica sug-
gests that otherwise healthy young people can tolerate a 
hematocrit of 20% without experiencing short-term 
adverse consequences.4

Two prospective randomized controlled studies have 
compared transfusion strategies for low-weight prema-
ture infants. The triggers used for transfusion depended 
on the oxygen support requirements in both studies,5,6 as 
well as the baby’s age in one of the studies.6 One study 
by Bell and colleagues found in that neonates on the 
liberal transfusion strategy, intraventricular hemorrhage 
or periventricular leukomalacia was less likely to develop 
and the neonates were less likely to have more than one 
apnea episode per day.5 Patients randomized to the liberal 
transfusion strategy were transfused when their hemato-
crit was less than 46% if they were tracheally intubated 
for assisted ventilation. They received transfusions when 
their hematocrit was less than 38% if they were receiving 
nasal continuous positive airway pressure or supplemen-
tal oxygen, and transfusions were administered when 
their hematocrit was less than 30% if they required no 
oxygen support. The other study by Kirpalani and associ-
ates used different liberal and restrictive transfusion algo-
rithms and found no differences in outcomes between 
patients assigned to liberal and restrictive groups.6 
Because neonates often receive multiple aliquots from 
the same RBC unit, there was no statistically signifi cant 
difference in donor exposure between the liberal and 
restrictive transfusion groups in either study. As no harm 
has been seen with a more liberal transfusion strategy in 
premature infants, some have argued that it is safer to 
transfuse more liberally for premature infants, especially 
since one study found a neurologic risk associated with 
undertransfusion.7

Children who are chronically anemic from thalasse-
mia may also benefi t from a more liberal transfusion 
policy. These patients benefi t from a hypertransfusion 
program that maintains their hemoglobin level higher 
than 9 to 10 g/dL. Hypertransfusion of these patients 
allows them to attain normal height and weight and 
improves hepatosplenomegaly, osteoporosis, and cardiac 
dilation.8-12 Transfusions benefi t these patients by increas-
ing tissue oxygenation and particularly by suppressing 
endogenous erythropoiesis.

Acute Blood Loss

RBC transfusions are frequently used to replace blood 
lost either in the operating room or after trauma. In 
practice, diagnosis of the presence and degree of blood 
loss is quite diffi cult, especially in a young, otherwise 
healthy child. In fact, a child may sustain a relatively large 
hemorrhage with few external signs of distress. Signs of 
impending shock, such as pallor, anxiety, and tachypnea, 
are frequently subtle and easily overlooked or attributed 
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to other causes. By the time that signs of cardiovascular 
compromise become evident (i.e., stupor, tachycardia or 
bradycardia, hypotension, coolness of the extremities, 
weak peripheral pulses, and decreased capillary fi lling), 
the patient has most probably lost at least 25% of total 
blood volume. Hypotension is one useful clinical sign of 
moderate to severe blood loss. Patients who have lost 
more than 25% of their blood volume frequently mani-
fest age-related systolic hypotension: less than 65 mm Hg 
in children younger than 4 years, less than 75 mm Hg in 
children 5 to 8 years of age, less than 85 mm Hg in chil-
dren 9 to 12 years of age, and less than 95 mm Hg in 
adolescents and adults.

Chronic Transfusion Therapy

In chronic anemia, the body is defi cient in RBCs, whereas 
plasma volume is normal or increased. Box 35-1 lists the 
childhood conditions that are likely to require intermit-
tent or long-term transfusion therapy.

The following guidelines apply when planning for 
chronic transfusions (months to years):

1. If possible, transfusion should be avoided or mini-
mized by aggressive treatment of the underlying dis-
order (e.g., administration of recombinant human 
erythropoietin to patients maintained on dialysis or 
with chronic renal failure).

2. Leukocyte-reduced RBCs should be used to avert or 
delay sensitization to leukocyte alloantigens, the most 
common cause of febrile nonhemolytic transfusion 
reactions.

3. RBCs should be administered in an amount suffi cient 
to prevent symptomatic anemia and allow normal 
growth.

4. The patient’s iron status should be monitored by 
determination of serum ferritin, iron, and iron-binding 
capacity and liver iron stores.

Packed Red Blood Cells

A packed cell product is the component of choice for 
replacement during surgery, red cell loss, and chronic 
transfusion therapy. The hematocrit of the cells varies 

with the preservative solution used by the collection 
facility. Blood collected in citrate-phosphate-dextrose-
adenosine (CPDA-1) and stored as red cells has an average 
hematocrit of approximately 75%.13 Red cells stored in an 
additive nutrient solution such as Adsol or Nutricel have 
a hematocrit of 50% to 60%. Adsol contains mannitol. 
Some institutions avoid units containing Adsol for large 
transfusions to neonates because of concerns about the 
effects of mannitol. However, mannitol has no adverse 
consequences with standard simple transfusions of 5 to 
20 mL/kg per dose in premature infants.14

Blood Storage

During storage, red cell metabolism continues and some 
leakage through red cell membranes occurs. This results 
in changes such as decreasing plasma dextrose and 
increasing plasma potassium. These changes are accept-
able for most transfusions, but in some situations the 
increased potassium in solution may cause problems. In 
such cases, fresh blood (<7 to 10 days old) may be ben-
efi cial and is indicated when small patients receive large 
amounts of blood, such as neonates undergoing exchange 
transfusion or infants receiving large transfusions rapidly 
during surgery. However, neonates can tolerate 5- to 
20-mL/kg transfusions of older units of RBCs, and some 
blood banks dedicate a unit of blood for repeated transfu-
sions to one infant to minimize the number of donors to 
which the infant is exposed.14

Leukoreduction of Red Cells

Transfusion of allogeneic cellular blood products is asso-
ciated with deleterious effects caused by the presence 
of residual leukocytes, including alloimmunization to 
histocompatibility antigens, transmission of viruses, 
febrile reactions, and graft-versus-host disease 
(GVHD).15,16 Filters are used to reduce the number of 
leukocytes in whole blood, red cells, and platelets.17,18 
Routine leukoreduction of red cells to less than 5 × 106 
leukocytes per unit reduces the frequency of febrile non-
hemolytic transfusion reactions in patients who are trans-
fusion dependent.19,20 Removal of leukocytes from blood 
also reduces the risk of leukocyte-associated transmission 
of viruses such as cytomegalovirus (CMV). Leukoreduc-
tion of red cells and platelets to a level less than 5 × 106 
has been demonstrated to substantially reduce CMV 
transmission in neonates and transplant patients.21,22

In addition, allogeneic lymphocytes may modulate 
the immune system and be immunosuppressive.23 The 
use of leukoreduction has been recommended to prevent 
immune modulation in neonates and surgical patients, 
especially those undergoing surgery for a malignancy. 
Until more defi nitive studies have been performed, 
these situations can be considered only possible 
indications.24,25

Irradiation of Red Cells

Transfusion-associated GVHD is a rare complication 
after the transfusion of cellular products. Patients most 

Box 35-1  Diseases Requiring Intermittent or 
Chronic Red Cell Transfusion in 
Childhood

Chronic renal failure
Thalassemia
Sickle cell disease
Aplastic anemia
 Constitutional
 Acquired
 Oncologic (leukemia, solid tumors)
 Diamond-Blackfan anemia
 Transient erythroblastopenia
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susceptible to GVHD include premature neonates, some 
patients with congenital immunodefi ciency syndromes, 
immunosuppressed oncology patients undergoing che-
motherapy or radiation therapy (or both), and patients 
receiving certain immunosuppressive drugs after solid 
organ transplantation and some other indications.26-28 In 
addition, normal recipients who are heterozygous for 
HLA antigens do not reject lymphocytes that are trans-
fused from a donor who is homozygous for one of the 
recipient’s haplotypes.29 This is not merely theoretical 
because transfusion-associated GVHD has developed in 
normal recipients undergoing surgery who received unir-
radiated directed donor blood from a fi rst-order rela-
tive.30,31 Because of the wide variety of patients at risk for 
GVHD, some transfusion services have chosen to irradi-
ate all cellular blood products to ensure that this life-
threatening complication does not develop in any 
patient.

Immunologic Considerations

Multiple antigens expressed on erythrocyte cell surfaces 
can be recognized by the immune system of a transfusion 
recipient. Before an RBC transfusion, erythrocytes that 
are immunologically compatible with the patient must be 
identifi ed. Erythrocyte antigens are polymorphic inher-
ited structural characteristics located on proteins, glyco-
proteins, or glycolipids on the outside surface of the RBC 
membrane. Erythrocyte antigens are clinically important 
in the immune destruction of RBCs in allogeneic blood 
transfusions, maternal-fetal blood group incompatibility, 
autoimmune hemolytic anemia, and organ transplanta-
tion. Our ability to detect and identify antibodies to 
erythrocyte antigens and identify compatible donor RBCs 
lacking the specifi c antigens has contributed signifi cantly 
to the safe supportive blood transfusion practices used 
today.

The ABO and H System

The H Antigen

A and B antigens on RBCs are defi ned by a terminal 
sugar attached to a carbohydrate chain on membrane 
glycosphingolipids. The H antigen is the precursor mol-
ecule on which A and B antigens are built. The H antigen 
on RBCs is defi ned by fucose at the terminus of carbo-
hydrate chains.32 Expression of the H antigen is deter-
mined by a fucosyltransferase that transfers a fucose to 
an oligosaccharide side chain attached to integral mem-
brane proteins on red cells. This fucoslytransferase is 
encoded by a gene on chromosome 19.33,34 The fucosyl-
transferase and thus the H antigen are present in all 
persons except those with the rare Bombay (Oh) 
phenotype.35

The A and B Antigens

Transferases responsible for the A or B antigens add 
N-acetylgalactosamine or galactose, respectively, to the 

precursor chain carrying the H antigen (Fig. 35-1).32,36-40 
The genes encoding these transferases reside on chromo-
some 9.41 The genes for the A and B blood group antigens 
are codominant because people with both transferases 
will transfer galactosamine and galactose and thus express 
A and B antigens. Group O is the amorph of the ABO 
blood group system. RBCs from group O persons have 
H antigens but lack A and B antigens.42 It is likely that 
falciparum malaria has shaped the distribution of the 
ABO blood groups in humans.43

Although ABO antigens are detectable on the RBCs 
of 5- to 6-week-old embryos, these antigens are not fully 
developed until 2 to 4 years of age.44-47 RBCs from infants 
carry A, B, and H antigens on linear oligosaccharide 
chains that have only one terminus to which the A, B, 
and H sugars can be added.32,36,38,48-50 The fact that the 
A and B antigens are not fully developed at birth may be 
a reason why ABO hemolytic disease of the newborn 
(HDN) is usually a mild disease.50,51 As the infants grow 
older, the oligosaccharides branch and create additional 
termini to which the A, B, and H sugars can be added.39 

H antigen
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Fuc
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Gal
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FIGURE 35-1. Structure of the precursor H structure and the A and 
B antigens. GlcNAc, N-acetylglucosamine.
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After 2 to 4 years of age, expression of A and B antigens 
remains fairly constant throughout life.

Antibodies to A and B antigens, also known as iso-
hemagglutinins, may develop as a result of environmental 
stimulants, such as bacteria that carry similar antigens.52 
Because isohemagglutinins are naturally occurring, it is 
essential to select ABO-compatible blood for transfu-
sion.53 Indeed, ABO incompatibility is the most frequent 
cause of fatal hemolytic transfusion reactions.

Isohemagglutinin production begins several months 
after birth, reaches a peak at 5 to 10 years of age, and 
declines with increasing age.54 Thus, infants younger than 
4 months who have isohemagglutinins will have acquired 
them through placental transfer of maternal IgG anti-A, 
anti-B, or anti-A,B.50

Isohemagglutinins from group A and B individuals 
are predominantly IgM and do not usually cross the 
placenta and cause HDN.55 However, because group O 
serum contains IgG isohemagglutinins, ABO HDN is 
most frequently seen in non–group O infants of group O 
mothers.

The Lewis System

The Lewis antigens, Lea and Leb, are not intrinsic to 
RBCs but instead are carried on plasma glycosphingo-
lipids that are adsorbed onto the red cell membrane.56 
These antigens are structurally related, with the Leb 
antigen containing an additional fucose that is not present 
on the Lea antigen. Furthermore, the one additional 
fucose present on the Leb antigen is not very different 
from the Lea antigen. Thus, Lea individuals rarely make 
anti-Leb. Hence, in most cases Lewis antibodies are made 
only in individuals who are Le(a−b−).50

In most cases, Lewis antibodies do not cause hemol-
ysis, and donor RBCs lacking the Lewis antigens do not 
usually need to be selected.50 However, rare hemolytic 
transfusion reactions have been reported when Le(a+) 
RBCs were transfused to recipients with anti-Lea.57 This 
may occur when the antibody reacts at 37º C. In such 
cases it is not diffi cult to identify Le(a−) donor units 
because the RBCs in almost 80% of donors are Le(a−).58 
Anti-Lea and anti-Leb are not known to cause HDN; they 
are usually IgM, and fetal RBCs have the phenotype 
Le(a−b−).50 Interestingly, Lewis antigens are also 
expressed on Helicobacter pylori, a causative agent of 
gastric ulcers, and play a role in adhesion and coloniza-
tion of the bacteria in the gastric mucosa.59,60

The Ii Collection

The I and i antigens reside in the subterminal portions 
of carbohydrate chains on glycolipids or glycoproteins of 
the RBC membrane. The i antigen appears on fetal RBCs 
when disaccharide units are linked in a straight chain.61 
In the fi rst 2 years of life, many of these linear chains are 
modifi ed into branched chains.39 I specifi city results at 
the expense of i antigens when the branched structures 
appear. Adults have RBCs with predominantly I antigen 
and little or no i antigen, whereas newborns have RBCs 

with strong expression of i antigen and small amounts of 
I antigen.62

Anti-I is a common autoantibody that is reactive at 
room temperature and below and generally produces no 
hemolysis.63,64 In cold agglutinin disease, anti-I causes in 
vivo hemolysis, and such pathologic autoantibodies often 
react at 30º C in albumin.65 Adult I-negative RBCs are 
not readily available for transfusion, and patients with 
cold agglutinin disease secondary to anti-I are transfused 
with I-positive RBCs through a blood warmer.50 The titer 
and thermal range of anti-I are often increased after 
infection with Mycoplasma pneumoniae.50 The presence 
of a cold agglutinin secondary to an anti-I antibody 
frequently occurs in M. pneumoniae infection, but this 
fi nding is neither a specifi c nor a sensitive test for this 
infection.66

Analogously, cold agglutinins caused by anti-i anti-
bodies are sometimes present in Epstein-Barr virus 
(EBV) infection, but this is also neither a sensitive nor a 
specifi c test for this infection.67

Levels of the i antigen can aid in differentiating 
Diamond-Blackfan anemia from transient erythroblasto-
penia of childhood. The i antigen is enhanced on RBCs 
from patients with Diamond-Blackfan anemia and is 
absent or of reduced strength on RBCs from children 
with transient erythroblastopenia of childhood.68-70 
However, the enhanced i antigen associated with 
Diamond-Blackfan anemia refl ects stress hematopoiesis71 
and is not a specifi c aspect of the disease. In transient 
erythroblastopenia of childhood, the reduced levels 
of I antigen refl ect the selective suppression of erythro-
poiesis secondary to infection, but during recovery 
from this disorder, the patient’s marrow is active and 
the I antigen may be enhanced as a result of hemato-
poietic stress.70

The P System

Like the A, B, and H antigens, the P blood group antigens 
are defi ned by sugars added to precursor glycosphingo-
lipids. Antigens in this group include P1, P, and Pk. 
Among whites, 21% have the P1-negative phenotype and 
they commonly produce anti-P1. This cold reactive IgM 
antibody does not cross the placenta and has rarely been 
reported to cause hemolysis in vivo.72 An autoantibody, 
autoanti-P, is found in patients with paroxysmal cold 
hemoglobinuria and in some patients with acquired 
immune hemolytic anemia. It is called the Donath-Land-
steiner antibody and is most frequently seen in children.73 
This IgG autoantibody is a biphasic hemolysin that binds 
to RBCs in the cold and then hemolyzes them when 
warmed. The patient’s serum causes hemolysis of RBCs 
that have been incubated fi rst in melting ice and then at 
37º C.74 This antibody should be considered when the 
patient has hemoglobinuria and C3 alone is present on 
the RBCs.

The P antigen serves as a receptor for parvovirus 
B1975 and pyelonephritic Escherichia coli.76,77 Persons 
with the very rare p phenotype lack the antigens P1, P, 
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and Pk and are not susceptible to infection by parvovirus 
B19.

People with the rare p phenotype may produce anti-
P1+P+Pk, a potent hemolytic IgM antibody that can 
cause immediate hemolytic transfusion reactions.50,78 
This antibody has also been associated with HDN, fetal 
death, and miscarriages during early pregnancy in women 
whose RBCs have the p phenotype.79

The Rh System

The Rh blood group system includes D, C, c, E, e, and 
40 other antigens.80 The terms Rh positive and Rh negative 
refer to the presence and absence of the D antigen, 
respectively. The D antigen is, after A and B, the most 
important RBC antigen in transfusion practice. Persons 
who lack the D antigen do not have anti-D unless exposed 
to D antigen by pregnancy or transfusion. In more than 
80% of persons who lack the D antigen, anti-D will 
develop after transfusion of a unit of D-positive donor 
blood.81,82 Although this statistic probably does not apply 
to infants younger than 4 months, some young infants 
can probably respond to the Rh(D) antigen.83

The RBCs of 0.2% to 1% of white individuals and 
a greater percentage of African Americans carry reduced 
expression of the D antigen known as weak D. Weak D 
that is not detected by routine anti-D reagents can be 
identifi ed by a more sensitive test, the indirect antiglobu-
lin test. There is no hard and fast line between D and 
weak D; weak D RBCs are merely ones with a relatively 
smaller number of D antigen sites84 that is usually due to 
point mutations in the gene encoding the Rh(D) antigen, 
the RHD gene.85,86 Most patients with the weak D phe-
notype can safely receive blood transfusions from indi-
viduals who are Rh(D) positive. However, there are 
different types of weak D based on the specifi c genetic 
polymorphisms that are present, and patients with two 
weak D types can make anti-D antibodies.87 Often only 
reference laboratories can determine the specifi c type of 
weak D that is present; sometimes molecular testing that 
is not yet widely available is necessary to determine the 
weak D type. All D-negative donor blood is tested for 
weak D by the antiglobulin test.52 Donor RBCs that are 
agglutinated by this test are labeled Rh(D)+, and RBCs 
that are not agglutinated by this test are labeled Rh− for 
transfusion.

There are rare reports of fetuses with weak D having 
HDN when born to a mother with anti-D formed during 
an earlier pregnancy.50 In practice, an infant at birth is 
designated Rh(D) negative when negative results are 
obtained with the routine anti-D test, as well as anti-
globulin tests.51 Similarly, during and after pregnancy, a 
woman is designated Rh negative only if negative results 
are obtained with the routine anti-D test, as well as by 
the indirect antiglobulin test.53 This is to prevent possible 
misinterpretation of the D typing result in the event of 
fetal-maternal hemorrhage.42,50

Rh antigens are carried on Rh proteins that pass 
through the RBC membrane 12 times and are encoded by 

at least two genes on chromosome 1.88-91 These Rh pro-
teins associate with the RhAG protein required for cell 
surface expression of the Rh antigens D, C, c, E, and e, 
which are associated with specifi c amino acid sub stitutions 
on the Rh proteins.90,91 Erythrocytes totally defi cient in 
Rh proteins exhibit spherocytosis and stomatocytosis and 
have a diminished life span that results in a mildly hemo-
lytic state known as Rh defi ciency syndrome.92,93 Although 
the function of the Rh proteins is unknown, RhAG may 
play a role in ammonium transport.94

The MNS System

The M, N, S, s, and U antigens are carried on sialogly-
coproteins on the RBC membrane. M and N are encoded 
by paired allelic forms of the glycophorin A gene (GPA) 
and are the result of amino acid substitutions at residues 
1 and 5 of GPA.95-97 Human RBCs type as M+N−, M−
N+, or M+N+, which represents homozygosity for M, 
homozygosity for N, and heterozygosity for both genes, 
respectively. S and s antigens are encoded by alternative 
forms of the glycophorin B gene (GPB). GPA and GPB 
are encoded by homologous genes on chromosome 4q28-
q31.98 GPA binds E. coli 99 and plays a role in malarial 
invasion of RBCs. RBCs lacking glycophorin A, B, or C 
are resistant to invasion by Plasmodium falciparum to 
varying degrees.100

Anti-M and anti-N can be IgG, IgM, or a mixture of 
both. These antibodies are usually clinically insignifi cant 
and are often present in persons who have not previously 
been transfused or pregnant. Antibodies that react at 
37º C may cause hemolysis of transfused cells. Antibodies 
to S, s, and U usually occur after stimulation and are 
capable of causing hemolytic transfusion reactions and 
HDN.50

The Kell System

The Kell system antigens reside on two transmembrane 
proteins, the Kell protein and the XK protein, that are 
linked by a single disulfi de bond. The Kell protein is a 
93-kd glycoprotein that carries more than 20 antigens, 
and the XK protein is a 440–amino acid protein that 
carries just one antigen known as Kx.

The major antigen of the Kell blood group system 
resides on the Kell protein. This antigen is the K antigen, 
which is present in 9% of white donors.78 Anti-K is the 
most common immune RBC antibody after those in the 
ABO and Rh systems. However, because more than 90% 
of donors are K−, it is not diffi cult to fi nd compatible 
blood for patients with anti-K antibodies. The molecular 
basis of antithetical K and k antigens has been shown to 
be an amino acid substitution of methionine to threonine 
at residue 193 of the Kell protein.101 This allows prenatal 
testing for K and k antigens on amniocytes from a mother 
whose fetus is at risk for HDN because of anti-K or anti-
k. Antibodies to other antigens on the Kell protein, such 
as Kpa, Kpb, Jsa, and Jsb, are less common but are also 
clinically signifi cant.78,102 The Kell protein is a member 
of a large family of zinc-dependent endopeptidases.103
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The other protein of the Kell system, the XK protein, 
carries one antigen, the Kx antigen.104 The function of 
the XK protein is unknown, but its absence, known as 
the McLeod phenotype, is associated with a variety of 
abnormalities. Absence of membrane XK protein results 
in diminished expression of Kell protein on the mem-
brane and reduced expression of all antigens in the Kell 
blood group system. In addition, these patients have 
acanthocytotic erythrocytes and hemolytic anemia. The 
McLeod phenotype is X-linked because the gene for 
the XK protein resides on the X gene. Some patients 
with the X-linked McLeod phenotype have concomitant 
chronic granulomatous disease (CGD) as a result of 
deletion of a region of the X chromosome that includes 
genes encoding XK and the gene associated with CGD.102 
Patients with CGD and McLeod’s syndrome usually 
make antibodies to the XK and Kell proteins if they are 
transfused with RBCs containing the XK and Kell pro-
teins. This can lead to major problems in transfusing 
these patients.105 To avoid this problem, patients with 
McLeod’s syndrome should be transfused with blood of 
the McLeod phenotype. Ko blood that lacks the Kell 
protein is not appropriate because such RBCs have 
increased expression of the Kx antigen that is expressed 
on the XK protein. However, males with the McLeod 
phenotype and no concomitant CGD (non-CGD 
McLeod’s syndrome) do not make anti-Kx and can be 
transfused with McLeod- or Ko-type blood.102,106

The Duffy System

The Duffy antigens are epitopes present on a cell surface 
glycoprotein. The Duffy glycoprotein is a chemokine 
receptor that is expressed on many cell types and can 
bind a variety of chemokines.107 Although the Duffy 
chemokine receptor can bind chemokines, its function is 
unknown and people lacking the receptor on their red 
cells, or on all cells, are totally healthy.108

The two most common alleles in people of European 
or Asian descent are Fya and Fyb, which differ by a single 
amino acid substitution. Anti-Fya and anti-Fyb have been 
implicated in transfusion reactions.50 Anti-Fya has caused 
mild HDN, but anti-Fyb has not been implicated.50 Anti-
Fya is commonly encountered, but because a third of 
donors are Fy(a−), compatible blood is not diffi cult to 
fi nd.

The red cells of many people of African descent lack 
the Fya and Fyb antigens (Fy[a−b−]) on their erythrocytes. 
However, the Fyb allele is usually expressed in the lung, 
colon, and spleen of these individuals.109 Thus, these indi-
viduals cannot mount an immune response to the Fyb 
antigen but can produce anti-Fya.50,78 In West Africa, most 
blacks are Fy(a−b−) because of natural selection; these 
RBCs are resistant to Plasmodium vivax malaria because 
the Duffy protein is a receptor for P. vivax.107,109-111

The Kidd System

The Kidd gene encodes two antigens, Jka and Jkb, that 
represent a single amino acid substitution (Asp280Asn) 

in the Kidd glycoprotein.112 They are usually expressed 
in one of three phenotypes: Jk(a+b−), Jk(a−b+), or 
Jk(a+b+). The fourth phenotype, Jk(a−b−), is exceedingly 
rare.78 Antibodies to both Kidd antigens can cause 
delayed hemolytic transfusion reactions. Because these 
antibodies are often weak and may become undetectable 
over time, they may escape detection in a sensitized 
patient’s serum before transfusion. If the patient is then 
transfused with antigen-positive RBCs, the anamnestic 
response causes an increase in titer of the antibody and 
hemolysis of the transfused antigen-positive RBCs.50 
Once the antibody is identifi ed, compatible blood is not 
diffi cult to fi nd because a fourth of donors are negative 
for each antigen.

The Kidd glycoprotein is a urea transporter that 
prevents red cells from shrinking and swelling as they 
pass into and out of the high urea concentration of the 
renal medulla.113-115 The Kidd urea transporter also pre-
vents red cells from carrying urea away from the renal 
medulla and decreasing the urea-concentrating effi ciency 
of the kidney.115 Individuals who have RBCs with the 
Jk(a−b−) phenotype are unable to concentrate urine 
as effi ciently as those who have the Kidd glyco -
protein.116-118

The Lutheran System

The Lutheran blood group antigens are carried on a cell 
surface glycoprotein. The Lua antigen is present on the 
RBCs of 8% of people, whereas the antithetical antigen, 
Lub, is present in more than 99% of random blood 
samples. Antibodies in this system are variable and rarely 
encountered.50 The glycoprotein carrying these antigens 
has fi ve extracellular immunoglobulin superfamily 
domains that serve as laminin-binding receptors.119,120 
The Lu(a−b−) phenotype of the dominant type is associ-
ated with acanthocytosis.121

Other Systems

Other systems are included in Table 35-1.80 Antibodies 
to antigens in these systems are less common than those 
just described, and information regarding their clinical 
signifi cance is summarized in Table 35-2.

Maturation of Blood Group Antigens

Several blood group antigens are not expressed or are 
only weakly expressed on cord RBCs and have usually 
reached adult levels in children 2 years of age. Antibodies 
to these antigens are unlikely to cause HDN. Cord RBCs 
do not express Lea, Sda, Ch, Rg, or AnWj antigens. Cord 
RBCs express the following antigens more weakly than 
RBCs from adults do: A, B, H, I, Leb, P1, Lua (but not 
Lub), Yta, Vel, Doa, Dob, Gya, Hy, Joa, Xga, and Bg.50,78,122

Clinical Signifi cance of Blood 
Group Antibodies

A blood group antigen has no immediate untoward effect 
on blood transfusion. It is the corresponding antibody 
that has clinical relevance and dictates the need for tests 
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in a transfusion service to detect blood group 
antibodies.

Antibodies recognizing antigens in the ABO blood 
group system are by far the most clinically signifi cant. 
With antibodies in the other blood group systems, as a 
general rule, the more immunogenic an antigen, the more 
clinically signifi cant its corresponding alloantibody. Other 
clinically signifi cant antibodies occur in the following 
order, from most to least commonly encountered in 
transfusion practice: anti-D, anti-K, anti-E, anti-c, anti-
Fya, anti-C, anti-Jka, anti-S, anti-Jkb.123,124 All other clini-
cally signifi cant antibodies occur at an incidence of less 
than 1% of serum-containing antibodies,123,124 which 
explains why orders for blood lacking different combina-
tions of the aforementioned antigens are by far the most 
common. Anti-P1, anti-M, anti-N, anti-Lua (Lutheran), 
anti-Lea, anti-Leb, and anti-Sda are all considered clini-
cally insignifi cant unless the alloantibodies are reactive in 
tests performed strictly at 37º C.50,122 Clinically insignifi -
cant antibodies that react at 37º C by the indirect anti-
globulin test are those of the Knops and Ch/Rg systems 
and anti-JMH.50,123 Other alloantibodies are clinically 
signifi cant in some patients but not in others; examples 

are anti-Vel, anti-Ge (Gerbich), anti-Yta, and anti-Coa 
(Colton).50 Table 35-2 summarizes the clinical signifi -
cance of antibodies to RBC blood group antigens.

The clinical signifi cance of an antibody to a low-
incidence antigen depends on whether it was found 
during crossmatching or prenatal testing. Such an anti-
body detected during compatibility testing need not be 
identifi ed to locate antigen-negative blood with which to 
transfuse that patient because the full crossmatch will be 
positive in the rare event that another unit of donor blood 
from the stock supply carries the low-incidence antigen. 
In contrast, if an antibody to an uncommon antigen is 
detected in the serum of a pregnant woman, identifi ca-
tion of the antibody or determination of the antigen 
carried by fetal or paternal RBCs can be used as a predic-
tor of the likelihood and severity of HDN. Blood for 
exchange transfusion will not be hard to fi nd.50

If a patient’s serum contains alloantibodies to a high-
incidence antigen, blood may be hard to fi nd. Examples 
are anti-U, anti-Kpb, anti-Jsb, anti-Lub, and all antigens 
in the high series recognized by the International Society 
for Blood Transfusion (ISBT) working party.80 Regard-
less of whether the investigation is for transfusion pur-
poses or prediction of HDN, the antibody should be 
identifi ed to aid in both assessing its clinical signifi cance 
and locating appropriate blood for transfusion.

Blood group antibodies in donor plasma present 
almost no hazard to an antigen-positive recipient. Donor 
blood is always tested for the presence of blood group 
antibodies in plasma.

Sera from some patients contain autoantibodies 
that recognize antigenic determinants on RBCs from the 
majority of individuals, as well as their own. In such cases 
it may be impossible to locate compatible blood and only 
incompatible blood will be available. Instances in which 
this situation may arise include autoimmune hemolytic 
anemia, cold agglutinin disease, and paroxysmal cold 
hemoglobinuria, and these scenarios are discussed later 
in this chapter.50

Testing Donor Blood

Donor blood is routinely tested for its ABO and Rh blood 
group status. More extensive typing for other antigens 
is performed either when antigen-negative RBCs are 
required for a recipient whose serum contains clinically 
signifi cant antibodies or when building an inventory of 
donors with certain antigenic profi les for future use, such 
as in the transfusion management of sickle cell disease 
(see later). In a patient with multiple alloantibodies, it is 
useful to estimate the time needed to locate compatible 
blood. The more alloantibodies present, especially to 
high-frequency antigens, the longer the time needed to 
locate compatible units.

Compatibility Procedures

The routine approaches used involve testing a blood 
sample from a prospective recipient for ABO and Rh 

TABLE 35-1  Blood Group Systems with Associated 
Gene Product

Blood Group 
System Gene Product

CARBOHYDRATE ANTIGENS
ABO Glycosyltransferase
P Glycosyltransferase
Lewis Glycosyltransferase
Hh Glycosyltransferase

PROTEIN ANTIGENS
MNS Glycophorin A, glycophorin B
Rh D polypeptide

RHCE polypeptide
CcEe polypeptide

Lutheran Lutheran glycoprotein
Kell Kell glycoprotein
Kx Xk glycoprotein
Duffy Fy glycoprotein
Kidd Jk glycoprotein
Diego Band 3 (AE1)
Yt Acetylcholinesterase
Xg Xga glycoprotein
Scianna Sc glycoprotein
Dombrock Glycoprotein (possibly 

adenosine 5′-diphosphate [ADP]- 
ribosyltransferase)

Colton Channel-forming integral 
protein

LW Glycoprotein
Chido/Rodgers C′ component 4 (C4)
Gerbich Glycophorin C, glycophorin D
Cromer CD55 (DAF)
Knops CD35 (CRI)
Indian CD44



 Chapter 35 • Transfusion Medicine 1631

blood groups and for detection of blood group anti-
bodies.53 In most cases no unexpected antibodies are 
detected, and donor RBCs of the appropriate ABO and 
Rh blood type will be selected for transfusion. A sample 
of this blood may be crossmatched with the patient’s 
serum by an immediate spin procedure or an “electronic 
crossmatch” in which a validated computer system 
verifi es that the patient is receiving an RBC unit that is 
ABO and Rh(D) compatible with the patient’s blood 
group.

When an antibody is detected, it should be identifi ed 
if possible. Knowing the specifi city of an antibody will 
establish whether it is likely to be clinically signifi cant and 
the approach that will be necessary to provide an ade-
quate supply of compatible blood.

Compatibility in ABO and Rh

Determination of the ABO and Rh(D) type of the patient 
is the fi rst step in compatibility testing. In neonates, the 
ABO group is determined by testing the neonate’s RBCs 
only because the plasma may contain maternal antibod-
ies and young neonates’ immune systems do not make 
isohemaglutinins. In patients older than 4 months, the 

ABO group is determined by testing both the patient’s 
RBCs (forward group) and the plasma or serum (reverse 
group). The forward and reverse groups should corre-
spond, except that infants younger than 9 months may 
not yet be making isohemaglutinins. In all other patients, 
until any discrepancy is resolved, only group O RBCs 
and AB plasma should be given.

Blood and blood components must be selected to be 
ABO and Rh compatible (Table 35-3). In general, for 
patients older than 4 months, type-specifi c RBCs and 
whole blood are selected, which means that the donor 
and recipient have the same ABO and Rh type; it is 
acceptable to transfuse ABO- and Rh-compatible but not 
identical RBCs. For transfusion of a fetus, group O 
Rh(D−), irradiated, CMV antibody–negative or leukore-
duced RBCs (or both) are usually given regardless of the 
ABO group of the recipient. For neonates, some centers 
transfuse type-specifi c whereas others transfuse group O 
RBCs to all infants. If the RBCs selected for transfusion 
are not group O, the neonate’s serum or plasma should 
be tested for anti-A and anti-B.53 If anti-A or anti-B 
is detected, ABO-compatible RBCs should be 
transfused.53

TABLE 35-2 Clinical Signifi cance of Selected Alloantibodies to Antigens in Blood Group Systems

Antibody IgG IgM Complement Transfusion Reaction Binding HDN*

ABO Some Most Common Mild to severe; immediate Moderate
MNS
 MN Some Some Rare Extremely rare Extremely rare
 SsU Most Some Rare Immediate or delayed Rare
P1 Rare Most Rare None None
RH Most Some No Immediate or delayed Mild/severe
Lutheran
 Lua Most Some No None None
 Lub Most Rare No Mild; delayed Mild/rare
Kell Most Some Some Immediate or delayed Mild/severe
Lewis
 Lea Some Most Some Rare; immediate None
 Leb Rare Most None None
Duffy
 Fya Most Rare Rare Delayed Mild
 Fyb Most No Mild; delayed None
Kidd Most Few Common Immediate or delayed Mild/rare
Diego Most Delayed Mild/severe
Yt Most Some; mild None
Xg Most Some None None
Scianna Most None None
Dombrock Most Delayed Mild
Colton Most Mild; delayed Mild/rare
LW Most Mild; delayed Mild
Ch/RG Most None None
H Rare Most None (except in Oh) None
XK Most None known Delayed None
Gerbich Most Some Some Immediate or delayed None
Cromer Most Delayed Mild
Knops Most None None
Indian Most None None

*The most severe form of hemolytic disease of the newborn (HDN) that has been reported is indicated. Remember that exceptions exist.
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Treatment with Rh immune globulin for prevention 
of immunization to D may be appropriate for a Rh(D−) 
patient who has received Rh(D+) RBCs, including those 
transfused with platelet or granulocyte products because 
these products contain RBCs.53

Compatibility in Other Blood Groups

Compatibility testing for blood groups other than ABO 
is achieved by antibody screen and crossmatch (Figs. 35-
2 and 35-3). These tests detect unexpected RBC antibod-
ies in the patient’s serum. The patient’s serum or plasma 
or, in the case of a neonate, maternal serum or plasma 
may be used for the antibody screen.53 In the antibody 
screen, the patient’s serum is mixed with group O reagent 
RBCs, which have most of the important blood group 
antigens. Because neonates are unlikely to produce new 
antibodies, the antibody screen needs to be performed 
only once per admission if the initial antibody screen is 
negative.53 In the crossmatch, the patient’s serum is 
mixed with donor RBCs or “electronically” crossmatched 
with a validated computer system.53 In patients older 
than 4 months, crossmatch is performed for every unit 
of RBCs or whole blood transfused. In neonates, if the 

initial antibody screen is negative, it is unnecessary to 
crossmatch donor RBCs.53

If a blood group alloantibody is detected in the 
recipient’s serum, every attempt should be made to iden-
tify the antibody. The clinical signifi cance of an antibody 
is based on knowledge of the specifi city of the alloanti-
body and the reported experience in other patients whose 
serum contains the same antibody specifi city (see Table 
35-2).50 If the antibody has potential clinical signifi cance, 
antigen-negative blood should be selected and cross-
matched by a procedure that includes the antiglobulin 
phase.42,53

Selection of Blood for Transfusion to 
Patients with Blood Group Alloantibodies

Many alloantibodies detected in vitro in human sera do 
not have the potential to induce in vivo destruction of 
incompatible RBCs. No technical procedure is able to 
differentiate, with certainty, between clinically benign 
and clinically signifi cant antibodies. Although the in vitro 
characteristics of an antibody may not refl ect its behavior 

TABLE 35-3 Compatible Donors for Red Blood Cell Transfusion

Patients 
ABO/D

COMPATIBLE DONORS*

O 
Positive

O 
Negative

A 
Positive

A 
Negative

B 
Positive

B 
Negative

AB 
Positive

AB 
Negative

O positive + +
O negative +
A positive + + + +
A negative + +
B positive + + + +
B negative + +
AB positive + + + + + + + +
AB negative + + + +

*For massive transfusions and directed donor transfusions, compatible red blood cells (RBCs) may be used when type-specifi c RBCs are unavailable. Crossmatch-
compatible group O Rh(D−) donor RBCs can be given to any recipient. Group AB Rh(D+) patients can receive RBCs of any ABO and Rh type.
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Antibody in pt’s
serum
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sera

Reagent RBCs Sensitized RBCs Agglutination

Coombs’ reagent

FIGURE 35-2. Antibody screen. Reagent red blood cells 
(RBCs) of known antigenic phenotypes are mixed with a 
patient’s serum and Coombs’ reagent. If the patient’s cells 
agglutinate, the patient has an antibody to an antigen 
present on the reagent cells.
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in vivo, the following features can be used to help estab-
lish its potential signifi cance in that patient. In general, 
antibodies of the IgG class are more clinically signifi cant 
than those of the IgM class.50 In addition, the higher the 
titer of an antibody, the more likely it is to destroy 
antigen-positive RBCs in vivo. An antibody that causes 
in vitro hemolysis because of complement activation (see 
Table 35-2) of antigen-positive RBCs is likely to be clini-
cally signifi cant. Antibodies that react at 37º C are more 
likely to be clinically signifi cant than those that do not.50 
For cold-reacting IgM antibodies, the wider the thermal 
range of reactivity in vitro, the more clinically signifi cant 
it is likely to be. Alloantibodies that react in the cold and 
are not usually clinically signifi cant include antibodies to 
M, N, P1, Lea, and Leb antigens.123 In diffi cult cases, a 
few reference laboratories can also perform a monocyte 
monolayer assay, which has some value in predicting 
whether an antibody will cause a hemolytic transfusion 
reaction.125

Once a patient is actively immunized to an RBC 
antigen and produces a clinically signifi cant alloantibody, 
the patient is considered immunized for life and must be 
transfused with antigen-negative RBCs for life. Neonates 
with passively acquired maternal antibody are not actively 

immunized and thus need to be transfused with antigen-
negative RBCs only while the antibody is still present.

Emergency Need

When RBC transfusion is urgently needed in a rapidly 
bleeding patient, compatibility testing should be abbrevi-
ated so that transfusion is not delayed. The clinician 
should indicate the need for emergency release of blood. 
A pretransfusion sample is obtained from the patient, the 
blood bank rapidly determines the ABO and D type on 
this sample, and the patient receives type-specifi c blood. 
However, if time is not available, the blood bank will issue 
group O Rh(D−) RBCs and AB plasma. In some cases 
of severe inventory shortages, these patients, especially 
males, may receive group O Rh(D+) RBCs. In cases of 
emergency transfusion, the antibody screen and cross-
match may be performed after the blood has been trans-
fused, and the clinician is notifi ed if any antibodies are 
identifi ed.53

Massive Transfusion

When a child or neonate is massively transfused (i.e., one 
blood volume or more within 24 hours), the usual guide-
lines for selection of compatible blood may not apply. For 
alloimmunized patients, blood not tested for antigen may 
be used during an acute bleeding period and antigen-
negative blood reserved for the late transfusion period.53 
If the supply of Rh(D−) blood is very limited, the patient’s 
clinical situation should be assessed. If the expected 
amount of further bleeding is small, such as at the end 
of a surgical procedure, every effort should be made to 
avoid transfusion of Rh(D+) blood. However, in some 
cases the expected amount of further bleeding is large 
and the patient’s transfusion needs clearly cannot be met 
by the limited amount of Rh(D−) blood available. In such 
cases it may be better for the Rh(D−) patient to switch 
to Rh(D+) RBCs early during the period of bleeding and 
reserve the Rh(D−) RBCs for the end of the bleeding 
episode.

Autologous Blood

Autologous blood transfusion is possible for some chil-
dren who undergo elective surgery for which transfusion 
is anticipated. Transfusion of such blood reduces the risk 
of transfusion-transmitted viral diseases, but no blood 
transfusion is without risk. For example, autologous 
blood transfusions can be contaminated with bacteria or 
can cause volume overload, and there is always the risk 
that an incorrect unit could be transfused. Intraoperative 
RBC salvage can be used if tumor cells or bacteria are 
not expected to contaminate the surgical fi eld.

To donate autologous blood before surgery, a child 
must meet the size or age requirements of the blood 
donor center, have adequate venous access, and have a 
hemoglobin concentration of 11 g/dL or greater and a 
hematocrit of 33% or greater.53 Some blood donor centers 
will collect small units that are proportional to the child’s 
size. Donation should begin 4 to 5 weeks before surgery 
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RBCs from
donor unit

No agglutination–immediate
spin crossmatch compatible

No agglutination–fully
crossmatch compatible

Patient’s serum Agglutination (incompatible
by immediate spin)

Agglutination (incompatible)

Coombs’ reagent

FIGURE 35-3. Compatibility procedures. Red blood cells (RBCs) 
from a donor unit are mixed with a patient’s serum. If agglutination of 
the cells occurs, the cells are incompatible by the immediate spin tech-
nique. If a full crossmatch is performed, Coombs’ reagent is added to 
the cells and serum and the cells are examined for agglutination.
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to allow time for RBC regeneration. Oral iron supple-
mentation should be given. Recombinant erythropoietin 
is not routinely recommended for autologous blood 
donors and has not been licensed by the Food and Drug 
Administration (FDA) for autologous donation. However, 
it may be useful in selected circumstances.126-129

Directed Donations

Some institutions allow family and friends to direct their 
blood donations to be used for a child or infant. This is 
no safer than random banked blood and adds additional 
administrative expense. GVHD can occur when the 
patient shares an HLA haplotype with an HLA homozy-
gous blood donor, and it is more likely to occur if a 
patient receive blood from a relative.30,31,130 Hence, 
directed donations from blood relatives should be irradi-
ated, and most institutions irradiate all blood donated by 
directed donors.

Choice of Blood for the Fetus

For intrauterine transfusions, group O Rh(D−) (and 
antigen negative if mother has an alloantibody) blood 
should be used. To prevent graft-versus-fetus disease, 
the blood is irradiated. To prevent CMV infection, CMV 
antibody–negative blood or leukocyte-reduced blood, or 
both, should be used.

Choice of Blood for the Neonate

Cellular components should be selected from CMV anti-
body–negative donors for neonate recipients weighing 
less than 1200 g at birth if their mothers are CMV anti-
body negative.1310 Alternatively, leukocyte-reduced blood 
can also be used to prevent CMV infection if the blood 
product has less than 5 × 106 donor leukocytes.132 Cel-
lular blood components should be irradiated to prevent 
GVHD in these low-weight premature infants.133

In exchange transfusions for a neonate with HDN, 
the RBCs used must be negative for the implicated 
antibody (e.g., Rh[D−] RBCs when hemolysis is due 
to anti-Rh[D]). In terms of ABO group selection, group 
O RBCs and plasma of the infant’s ABO group are 
often used. Group-compatible RBCs and plasma can 
likewise be used if the RBCs are also compatible with any 
maternal antibodies that are present in the infant’s 
circulation.50

Choice of Blood for Patients with Sickle 
Cell Anemia

Two important principles must be followed in the trans-
fusion of sickle cell patients: (1) avoidance of excessive 
viscosity and (2) prevention of sensitization to red cell 
antigens.

Sickle cells are intrinsically less deformable than 
normal cells; thus, elevating the hematocrit without sig-
nifi cantly reducing the proportion of sickle cells may raise 
blood viscosity to dangerous levels.134 Simple transfusion 
must be used with caution, particularly in children with 
hematocrits greater than 30%.

The question of what to use for transfusion of patients 
with sickle cell anemia has been the subject of many 
heated debates.135-137 There is still no consensus regarding 
the best and most practical approach. Sickle cell patients, 
like all patients, are at risk for the development of allo-
antibodies, and alloantibodies may pose specifi c hazards 
to patients with sickle cell disease. Sickle cell patients 
usually need many transfusions throughout their lives, 
and an antibody to a blood group alloantigen that devel-
ops in childhood may be undetectable later in their lives. 
If they are then transfused with blood expressing that 
antigen, an anamnestic response to the antigen and a 
delayed hemolytic transfusion reaction are likely to 
develop. Sickle cell patients have been reported to suffer 
painful crises secondary to delayed hemolytic transfusion 
reactions. Additionally, a sickle cell patient in whom red 
cell alloantibodies develop may be at increased risk for 
the development of red cell autoantibodies, which can 
signifi cantly complicate the disease.137 For these reasons, 
some transfusion services provide phenotype-matched 
blood for sickle cell patients. Approaches that are used 
include those described in Table 35-4. Note that none of 
these approaches will prevent the production of antibod-
ies to high-incidence antigens, such as U, Jsb, Cra, hrS, 
and hrB. African Americans tend to be null for antigens 
commonly expressed in the general donor population, 
which consists of mostly whites in the United States. For 
this reason, some blood donor facilities have programs to 
recruit African Americans to donate blood to support the 
transfusion needs of sickle cell patients.

Choice of Blood for Patients with Thalassemia

In thalassemia, the goals of transfusion therapy are pre-
vention of anemia and maintenance of a circulating 
hemoglobin level that is suffi cient to suppress endoge-
nous erythropoiesis. For most patients, maintenance of a 
pretransfusion hemoglobin level of 9 to 10 g/100 mL is 
suffi cient.138 Red cell alloantibodies are not a signifi cant 
problem in most thalassemia patients, probably because 
transfusions are usually initiated at an early age when 
tolerance may develop. Therefore, most institutions in the 
United States do not provide red cells that are phenotypi-
cally matched to the patient’s red cells.139,140

Choice of Blood for Allogeneic Hematopoietic 
Progenitor Cell Transplants

Because an HLA-identical donor is usually required for 
allogeneic HPC transplantation, the donor may not have 
the same ABO and Rh type as the patient.42 In major 
ABO incompatibility, the recipient has antibodies against 
donor RBCs (e.g., the recipient is group O and has anti-
A and anti-B; the donor is group A). In minor ABO 
incompatibility, the donor has antibodies against the 
recipient’s RBCs (e.g., the donor is group O and has 
anti-A and anti-B; the recipient is group A). These incom-
patibilities may produce hemolysis,50 but the hemolysis 
is often minimized by proper selection of blood products 
for transfusion.



 Chapter 35 • Transfusion Medicine 1635

In major ABO incompatibility (e.g., the donor is 
group A; the recipient is group O), host-versus-graft 
reactions can cause delayed erythropoiesis and even 
RBC aplasia.141 To prevent recipient destruction of donor 
RBCs at the time of HPC infusion, donor RBCs are 
removed from the HPC preparation before infusion. A 
group O recipient may continue to produce anti-A and 
anti-B after transplantation, which can cause hemolysis 
of the newly produced donor group A RBCs. If transfu-
sions are necessary during this period, group O RBCs 
can be given (Table 35-5). Before transplantation, the 
group O recipient has anti-A and anti-B. After engraft-
ment of group A donor marrow, the anti-B will persist 
but the anti-A will become undetectable. Donor group A 
RBCs are given only after the recipient stops producing 
anti-A, that is, when the recipient’s group O blood type 
changes to the donor group A and anti-A is not detected 
in the patient’s serum.

In minor ABO incompatibility, hemolysis of recipient 
RBCs by donor antibody is usually preventable. To 
prevent hemolysis of recipient RBCs by passively trans-
fused donor antibody during HPC infusion, plasma is 
removed from the HPC preparation before infusion. In 
addition, passenger B lymphocytes in the donor HPC 
unit may produce antibodies that could destroy the recip-
ient RBCs. To prevent hemolysis of transfused RBCs, 
group O RBCs are used for transfusion during the post-
transplant period if the antibody is detected. If the donor 
or recipient has a clinically signifi cant antibody to an 
erythrocyte antigen, blood lacking the antigen should be 
given after transplantation.53

Choice of Blood for Organ Transplantation

The ABO antigens are strong histocompatibility anti -
gens and thus are of major importance in organ trans-
plantation. Because ABO antigens are expressed on 
vascular endothelium, the recipient can reject and damage 
the vascular endothelium of a donor organ that is a 
major ABO mismatch. For this reason, major ABO-
incompatible vascular organ transplants (liver, kidney, 
heart, lungs, pancreas) are not usually performed. 
However, ABO-incompatible heart transplants may be 
performed in infants and young children who have not 
yet produced isohemagglutinins or who have produced 
only low levels of isohemagglutinins.142

TABLE 35-4 Approaches to Antigen Typing of Blood for Patients with Sickle Cell Disease

Approach Advantages Disadvantages

Treat like other patients (i.e., avoid 
antigens to which the patient has made 
antibodies)

Simple. Avoids unnecessary work Some patients will make antibodies 
that can result in serious transfusion 
reactions that may be especially 
dangerous in these patients

Patients are probably at increased risk 
for the development of autoantibodies

Provide fully antigen-matched blood 
before the patient makes antibodies 
(i.e., matched for D, C, E, c, e, K, Fya, 
Fyb, Jka, and Jkb antigens). Note that 
antigen matching for Fyb is not needed 
for patients of African descent who are 
Fy(a−b−) because they have the FYB 
gene, which is expressed in the lung 
and colon, and do not mount an 
immune response to the Fyb antigen on 
transfusion of Fy(b+) RBCs

Reduces the risk of alloantibody 
and autoantibody formation and 
the risks associated with these 
antibodies

Signifi cant work to reduce the risk for 
an antibody that may never develop

There may be diffi culty identifying 
units with extended phenotype 
matches

Provide antigen-matched blood after the 
fi rst antibody is made

Reduces the chance of multiple 
antibodies with less work than 
extended phenotype matching 
for all patients

Some patients will make multiple 
antibodies quickly

Provide partially antigen-matched blood 
(i.e., matched for D, C, E, and K 
antigens)

Reduces the chance of multiple 
antibodies with less work than 
extended phenotype matching 
that includes antigens that are 
not very immunogenic

Some patients will make antibodies 
against unmatched antigens

TABLE 35-5  Choice of Blood for Bone Marrow 
Transplant Patients

Recipient Donor Red Cells

A O O
A B O
A AB A or O
B O O
B A O
B AB B or O
AB O O
AB B B or O
AB A A or O
O A O
O B O
O AB O
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When organ transplants are performed in the pres-
ence of minor ABO incompatibility, the same hemolytic 
problems as in HPC transplantation may occur.143 Pas-
senger B lymphocytes may produce antibodies against 
the recipient’s RBCs. Hemolysis of transfused RBCs can 
usually be prevented when an antibody is detected by 
transfusion of group O RBCs for ABO incompatibility 
and transfusion of antigen-negative RBCs for incom-
patibility caused by other blood groups.

Selection of Blood for Transfusion to 
Patients with Blood Group Autoantibodies

Autoimmune hemolytic anemia is described in detail in 
Chapter 14. In hemolytic anemia secondary to warm-
reactive autoantibodies, no compatible blood can usually 
be found. The direct antiglobulin test (DAT, Fig. 35-4) 
will almost always be positive in autoimmune hemolytic 
anemia. Blood bank serologic testing is aimed at deter-
mining whether any underlying clinically signifi cant allo-
antibodies are present and identifying the specifi city of 
any such antibodies that are detected. This can be deter-
mined, with time, at a hospital transfusion service, which 
may need to have the testing performed at an immuno-
hematology reference laboratory. Patients without a 
history of immunization are unlikely to have underlying 
alloantibodies. Transfused RBC units should be compat-
ible with any underlying clinically signifi cant alloantibod-
ies. However, the blood is still usually incompatible with 
the patient’s serum, and the clinically necessary amount 
of red cells should be transfused with careful monitoring 
but without delay. In some patients, the warm autoanti-
body has a clear-cut specifi city for an antigen, and 
antigen-negative RBCs may be compatible in the cross-
match test.144

In paroxysmal cold hemoglobinuria associated with 
the Donath-Landsteiner antibody, transfusion is rarely 
necessary. The antibody binds RBCs only at cold tem-

peratures (<20º C). In theory, it is reasonable to transfuse 
blood through a blood warmer; however, in practice, 
crossmatch-compatible, unwarmed random RBCs have 
been given without problem.145 Only rarely is transfusion 
of RBCs of the rare phenotype p needed.146,147 Most cases 
of paroxysmal cold hemoglobinuria in children are 
transient and occur after viral infection.

In cold agglutinin disease, a rare condition in chil-
dren, RBCs should be transfused through a blood warmer. 
As described previously, the same issue of testing for 
underlying alloantibodies pertains here.

Adverse Effects of Transfusion

All reactions other than mild allergic (urticarial) reac-
tions require immediate cessation of the transfusion and 
delivery of a fresh blood sample from the patient to the 
blood bank for serologic evaluation.

Allergic Reactions

The typical urticarial reaction is characterized by itching 
and hives. Localized urticaria simply requires interrupt-
ing the transfusion and administering an antihistamine. 
If the symptoms resolve within 30 minutes, the transfu-
sion can be continued. Recurrent allergic reactions may 
require pretreatment with antihistamine.

Some children exhibit more severe allergic reactions, 
such as laryngospasm and bronchospasm. These patients 
may require steroids or epinephrine, or both (Table 
35-6). The same unit of blood should not be restarted, 
even after the symptoms have responded to treatment. 
Saline-washed blood products may be helpful in patients 
with severe or recurrent allergic reactions. Anaphylactic 
reactions may occur if the patient is IgA defi cient and has 
formed an IgE anti-IgA antibody. In these cases, either 
washed blood products or products drawn from rare 
IgA-defi cient donors are indicated.

Febrile Nonhemolytic Reactions

The occurrence of fever, chills, or diaphoresis is usually 
due to cytokines released from leukocytes. Cytokines can 
be released from leukocytes during storage or on infusion 
in a patient who has antibodies that react with antigens 
on foreign white blood cells. Febrile nonhemolytic trans-
fusion reactions are not associated with serious sequelae 
and may be treated with antipyretics. Of note, fever 
during a transfusion may represent another, more serious 
type of transfusion reaction: acute hemolysis, sepsis from 
a bacterially contaminated unit, or transfusion-related 
acute lung injury.

Acute Hemolytic Transfusion Reactions

Acute hemolytic transfusion reactions are most often due 
to donor-recipient ABO incompatibility. These reactions 
are generally caused by managerial errors, such as mis-
identifi cation of a transfusion recipient.148,149 The clinical 
manifestations of acute hemolytic transfusion reactions 
vary. Signs and symptoms may include any or all of the 
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FIGURE 35-4. Direct antiglobulin test (DAT). Red blood cells (RBCs) 
are incubated with Coombs’ reagent; if the cells agglutinate after incu-
bation, the DAT is positive.
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following: fever, chills, dyspnea, tachycardia, hypoten-
sion, fl ank pain, abdominal pain, pain at the infusion site, 
apprehension, nausea, vomiting, and hemoglobinuria. 
Other serious sequelae may include acute renal failure, 
shock, or disseminated intravascular coagulation (DIC), 
which may be manifested as bleeding. Some acute hemo-
lytic reactions are characterized by only minor initial 
symptoms. In anesthetized recipients, the only fi ndings 
may be diffuse bleeding (secondary to DIC) or red urine 
(hemoglobinuria). When an acute hemolytic transfusion 
reaction is suspected, the transfusion should be stopped 
immediately and an investigation initiated. The identity 
of the patient and unit should be reconfi rmed. The 
remainder of the unit and a fresh blood sample should 
be sent to the blood bank, where the required workup 
includes (1) a clerical check, (2) visual inspection of the 
recipient’s plasma for hemolysis, and (3) a DAT. If there 
is no visible hemolysis in the patient’s plasma and the 
DAT result is negative, immune-mediated hemolysis can 
be excluded. A fresh urine specimen should be tested for 
hemoglobinuria.

Therapy for an acute hemolytic reaction is suppor-
tive. Depending on the size of the child, urine output of 
40 to 100 mL/hr should be maintained. Early consulta-
tion with a nephrologist is warranted. Intravenous admin-
istration of furosemide or mannitol, which increase renal 
blood fl ow, may be required.

Delayed Hemolytic Transfusion Reactions

Delayed hemolytic transfusion reactions consist of two 
types: primary immunization and anamnestic response. 
Primary immunization is mild and occurs weeks after 
transfusion. It rarely causes signifi cant hemolysis and 
may be suspected after an unexplained decrease in the 
patient’s hemoglobin level 2 to 3 weeks after 
transfusion.

Secondary immune responses occur in patients who 
have been sensitized to one or more non-ABO blood 
group antigens during a previous transfusion or preg-
nancy. When a patient is re-exposed to the antigen, an 
anamnestic response occurs and results in a rapid rise in 
antibody level and accelerated clearance of the transfused 

TABLE 35-6 Guidelines for the Management of Transfusion Reactions

Agent Use Dose Comment

Diphenhydramine Treating pruritus and rash 
(hives)

6.25-25 mg IV over 
period of 10-20 min

Diphenhydramine cannot prevent 
and has no place in the 
treatment of severe transfusion 
reactions

Epinephrine Severe reactions characterized by 
bronchospasm, hypotension, 
and shock

0.1-0.4 mg SC (or IV 
if the patient is 
hypotensive)

For patients in shock not 
responding to epinephrine, 
treatment with an initial fl uid 
bolus should be initiated. As in 
patients with shock from other 
causes, fl uids, vasopressors, 
airway protection, and 
oxygenation should also be used

1 : 20 Aqueous 
suspension of 
epinephrine

After stabilization with 
epinephrine

0.05-0.2 mg SC

Fluids For hypotensive patients, a bolus 
of 20 mL/kg of normal saline 
should be administered 
simultaneously with epinephrine 
and steroids

Narcotics Specifi c and effective treatment 
of rigors

0.1 mg/kg of morphine 
IV (or equivalent dose 
of meperidine 
hydrochloride)

Acetaminophen 
(Tylenol)

Prevention or reversal of 
elevations in temperature in 
mild to moderate febrile 
reactions

Appropriate for age

Steroids In moderate to severe reactions; 
may occasionally be required 
for severe urticaria; indicated in 
all reactions characterized by 
fever, shaking chills, 
diaphoresis, and pallor

1-2 mg/kg of 
methylprednisolone 
(or equivalent dose of 
dexamethasone or 
hydrocortisone by IV 
push)

IV, intravenously; SC, subcutaneously.
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antigen-positive red cells. These patients experience some 
of the symptoms of a hemolytic reaction 3 to 10 days after 
transfusion. The clinical syndrome is generally mild, but 
delayed transfusion reactions can result in profound 
anemia. These reactions should be suspected in patients 
who have received multiple transfusions and unexplained 
anemia, bilirubinemia, or both develop 3 to 10 days after 
transfusion. The diagnosis is confi rmed by a positive DAT 
result and identifi cation of red cell alloantibodies in the 
patient’s serum or on the patient’s RBCs, or both.

Transfusion-Transmitted Diseases

Because of improvements in both donor screening 
and product testing, blood products are currently 
extremely safe. However, although the risks of transfu-
sion-transmitted disease have been greatly reduced, they 
have not been eliminated entirely. Currently, all blood 
donations in the United States are tested for the presence 
of human immunodefi ciency virus 1 and 2 (HIV-1/2), 
hepatitis B virus (HBV), hepatitis C virus (HCV), human 
T-cell lymphotropic virus 1 and 2 (HTLV-1/2), West Nile 
virus (WNV), and syphilis, and testing for Chagas’ disease 
(Trypanosoma cruzi ) is initiated. The battery of tests per-
formed includes a combination of serologic testing and 
nucleic acid testing (NAT). The tests are exquisitely sen-
sitive. However, very recent infections may be missed 
(so-called window period donations). The risks listed in 
the following sections and summarized in Table 35-7 are 
based on mathematical models estimating the number of 
infectious donors whose blood tests negative for a disease 
because they are in the window period.

Post-transfusion Hepatitis

Hepatitis B Virus. The estimated risk of post-
transfusion HBV infection is presently 1 in 200,000 to 1 
in 500,000 units transfused.150 Acute HBV infection is 
symptomatic in about 50% of adults, and 5% to 10% of 
those infected become chronic carriers. In contrast, HBV 
infection acquired in early childhood is usually asymp-
tomatic and leads to a chronic carrier state in more than 
70% of those infected.151

Hepatitis C Virus. With the routine use of screening by 
NAT, the per-unit risk for HCV infection is currently 

estimated to be about 1 in 2,000,000.150 Children who 
receive HCV-infected blood products have a 30% to 50% 
chance of spontaneously clearing their infection.152 Most 
others become chronically infected. In approximately 
20% of children who have been infected with HCV, signs 
of cirrhosis develop after 18 years of age.153,154

Human Immunodefi ciency Virus

All units are tested for HIV-1/2 by immunoassay, as well 
as by NAT. With NAT, the window period for HIV has 
been reduced to about 10 days. The per-unit risk of HIV 
infection is currently estimated to be 1 in 2,000,000.150

Human T-Cell Lymphotropic Virus

HTLV is the causative agent of both adult T-cell leukemia 
and endemic spastic myelopathy.155,156 Most cases have 
been reported in residents of or emigrants from Japan, 
Africa, and the Caribbean region. The most comprehen-
sive report of transfusion-transmitted HTLV indicated 
that 65% of patients who received whole blood or cellular 
products from HTLV antibody–positive donors serocon-
verted. Blood from all donations is tested for HTLV-1/2; 
the current per-unit risk is estimated to be 1 in 
641,000.157

West Nile Virus

West Nile virus (WNV) is a fl avivirus common in Africa, 
western Asia, and the Middle East. A febrile illness will 
develop in appro ximately 20% of infected individuals. 
Rarely, WNV infection causes an encephalitis syndrome; 
elderly and immunocompromised individuals are those 
primarily at risk. WNV has recently become established 
in North America. The vast majority of cases are trans-
mitted by mosquito bites, but transfusion-related trans-
mission does occur rarely. In 2003, nationwide routine 
screening for WNV by NAT was begun. As with HIV and 
HCV, NAT has almost completely eliminated WNV from 
the U.S. blood supply.

Cytomegalovirus

CMV is carried in and transmitted via lymphocytes. In 
most patients, transfusion-associated CMV infection 
causes no symptoms, although it may induce a mild 
mononucleosis-type illness 3 to 4 weeks after transfusion. 
Transfusion of CMV-containing blood products into an 
immunocompromised host with no serologic evidence of 
previous exposure to CMV can result in a lethal systemic 
infection. Patients at risk for severe CMV infection 
include bone marrow transplant patients, organ trans-
plant candidates and recipients, and high-risk neonates. 
Therefore, patients who have never been infected with 
CMV and have an inherited or acquired immunodefi -
ciency states should receive CMV-negative or leukore-
duced red cells.158

Bacteria (Platelet Units)

Platelets are associated with the same range of infectious 
pathogens as any other blood component, but septic 

TABLE 35-7  Estimated Risk of Transfusion-
Transmitted Diseases

Agent Number of Infections/Million Units

HIV 0.5
HCV 0.5
HBV 2-5
HTLV 0.5-4

HBV, hepatitis B virus; HCV, hepatitis C virus; HIV, human immunodefi -
ciency virus; HTLV, human T-cell lymphotropic virus.
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transfusion reactions, caused by bacterially contaminated 
units, are a unique risk of platelet transfusion. In contrast 
to all other blood components, which are either stored at 
4º C or frozen, platelets are stored at room temperature. 
The reason is that if platelets are chilled before transfu-
sion, they are cleared rapidly from the recipient’s circula-
tion.159 Although room-temperature storage dramatically 
improves platelet survival in vivo, it also tends to promote 
bacterial growth. Currently, bacteria can be cultured 
from approximately 1 in 5000 apheresis platelet units.160 
In the United States, large donor centers generally use 
culture methods to screen for bacteria in all platelet 
products. With current screening methods, the per-unit 
risk of a clinically apparent septic transfusion reaction is 
estimated to be 1 in 75,000 platelet transfusions.150

PLATELET TRANSFUSION

Platelets are prepared for transfusion from a single unit 
of freshly collected whole blood (a platelet concentrate) 
or from apheresis by means of continuous-fl ow centrifu-
gation (single-donor platelets). Regardless of the tech-
nique used, platelets must always be collected and stored 
at 20º C to 24º C and in anticoagulant containing citrate-
phosphate-dextrose (CPD) or CPDA-1. Citrate antico-
agulates the blood by binding plasma calcium, whereas 
dextrose is a nutrient source for actively metabolizing 
platelets.

Random-Donor Platelet Concentrates

In the United States, platelet concentrates are prepared 
from whole blood by the platelet-rich plasma (PRP) 
method. PRP is separated from packed RBCs by cen-
trifugation of whole blood (“soft spin”). The PRP is then 
centrifuged again (“hard spin”). All but 50 to 70 mL of 
the platelet-poor plasma is transferred to an adjoining 
bag to be used for the production of fresh frozen plasma 
or other blood components such as cryoprecipitate or 
albumin. When optimal centrifugation techniques are 
used, approximately 85% of the platelets (5.0 to 7.0 × 
1010 platelets) are recovered from a unit of whole 
blood.161-163 In Canada and Europe, the alternative “buffy 
coat” method is used to generate platelet concentrates 
from whole blood.

Single-Donor Apheresis Platelets

Automated blood collection for the production of apher-
esis platelets may be accomplished with either continu-
ous or discontinuous fl ow centrifugation.164,165 Apheresis 
platelets from one individual should yield more than 3.0 
× 1011 platelets in 200 to 300 mL of plasma. This prepa-
ration may also be called single-donor apheresis platelets 
as opposed to pooled platelet concentrates from random 
donors. Modern apheresis equipment is often able to 
yield more than 6.5 × 1011 platelets per procedure and 

typically incorporates a leukoreduction step that leaves 
fewer than 1 × 106 leukocytes per product. This allows 
units to be split into two doses, each with six platelet 
concentrate equivalents.

Once they are processed, platelet units are stored on 
elliptical, circular, or fl at-bed agitators.166,167 This constant 
mild agitation prevents platelet clumping or activation as 
platelets settle to the bottom of the bag.168,169 Constant 
agitation also facilitates gas exchange, which is important 
for maintaining an optimal pH range for platelet metabo-
lism and function at 20º C.170 Because of the risk of bacte-
rial growth associated with room-temperature storage, 
platelet units are generally stored for only 5 days. In some 
settings, the FDA has allowed bacterially tested platelets 
to be stored for up to 7 days.171

Prophylactic Platelet Transfusion

Today, the vast majority of platelet transfusions are 
given prophylactically to prevent bleeding in nonbleeding 
patients, as opposed to therapeutically to treat active 
bleeding. If there is no evidence of platelet dysfunction, 
patients do not usually experience active bleeding if 
the platelet count is greater than 10,000/mm3 and have 
minimal risk for spontaneous life-threatening hemor-
rhage until the count is 5000/mm3 or less.172-176 However, 
additional coagulation abnormalities, such as acquired or 
congenital platelet dysfunction, clotting protein defi cien-
cies, or vascular or tissue defects, require more aggressive 
platelet support to decrease the risk for hemorrhage.

Risk assessment for surgical patients is somewhat 
more diffi cult. Retrospective data suggest that a platelet 
count of 50,000/mm3 or greater is acceptable for a patient 
to undergo major surgery.177 Certain circumstances may 
warrant more aggressive correction of thrombocytopenia 
before or after surgery. In areas in which even a small 
amount of bleeding might cause permanent defi cits, such 
as the eye or central nervous system, it is traditional to 
aim for a platelet count of greater than 100,000/mm3. 
During prolonged procedures in which the patient will 
be maintained on cardiopulmonary bypass or extracor-
poreal membrane oxygenation (ECMO), platelets may 
be dysfunctional because of activation after passage 
through the extracorporeal perfusion equipment. In 
general, there is no need to administer platelets to patients 
after extracorporeal circulation if there is no evidence 
of bleeding and the platelet count is at least 50,000/
mm3.178-180 When bleeding is present, it is more com-
monly due to heparin, inadequate protamine correction, 
fi brinolysis, or problems with surgical closure.

Minor procedures such as liver biopsy have been 
performed safely with platelet counts greater than 25,000/
mm3.181 Similarly, lumbar puncture has been shown to 
be safe in the setting of thrombocytopenia. Howard and 
co-workers182 reported a series of 956 consecutive pedi-
atric patients with newly diagnosed acute lymphoblastic 
leukemia who underwent lumbar puncture. No serious 
bleeding complications occurred in 5223 lumbar 
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punctures, including 170 performed when the platelet 
count was 11,000 to 20,000/μL. The authors concluded 
that prophylactic platelet transfusion was unnecessary in 
patients with platelet counts above 10,000/μL. These 
procedures were performed in only 29 patients with 
platelet counts of 10,000/μL or less, so it was not possible 
to assess the risk of bleeding in patients with extremely 
low platelet counts with confi dence.

Platelet Dosing

Guidelines for determining the platelet dose have been 
published in a number of reviews.183-185 In general, 1 unit 
of random-donor platelets (5.0 to 7.0 × 1010 platelets) 
per 10 kg of body weight should increase the platelet 
count by 40,000 to 50,000/mm3 within 1 hour after the 
infusion. In an average-sized adolescent or adult, 6 units 
of platelet concentrate, or 1 single-donor apheresis unit 
(3 to 5 × 1011), will increase the platelet count by 50,000/
mm3 or greater.

To determine the effectiveness of platelet transfu -
sion, a platelet count should be obtained before infusion, 
at 1 hour, and at 24 hours after infusion. There is no 
signifi cant difference in the post-transfusion platelet 
count when measured 10 minutes versus 60 minutes 
after transfusion.186 These estimates assume normal 
spleen function and size; approximately 30% of trans-
fused platelets are removed from circulation in the 
spleen.185,187

Normally, a third of the platelets released into circu-
lation from the bone marrow are stored in the spleen. 
This platelet pool is mobilized when patients are treated 
with corticosteroids, which results in an increase in cir-
culating platelet number. Hypersplenism causes a larger 
percentage of transfused platelets to be sequestered in 
the spleen. This condition results in a decrease in platelet 
recovery immediately after platelet infusion but does not 
have an effect on platelet survival once a steady state has 
been achieved.188

Since the mid-1950s, clinicians have recognized that 
fever may reduce platelet recovery by 20% to 40%.189,190 
In one study, decreased platelet recovery was documented 
in bone marrow transplant patients with fever and nega-
tive blood cultures. Although occult infection cannot be 
ruled out, fever alone was the only change associated with 
poor platelet increment in these patients.190

Consumptive coagulopathy (DIC) refers to excessive 
activation of thrombin resulting in accelerated conversion 
of fi brinogen to fi brin. This process may be acute and 
accompanied by rapid consumption of procoagulant 
factors and platelets in association with extensive bleed-
ing, as in sepsis, shock, or certain forms of malig-
nancy.191,192 A chronic form of DIC may occur if the 
procoagulant consumption is slow enough for the liver to 
compensate for limited consumption, as found in hem-
angiomas or a necrotic lesion in the lung or brain, for 
example. In either form of DIC, recovery plus survival of 
transfused platelets is shortened.193-195 Diseases associ-

ated with primary endothelial cell damage, such as 
hemolytic-uremic syndrome (HUS) and thrombotic 
thrombocytopenic purpura (TTP), are also associated 
with decreased platelet recovery because of the formation 
of microaggregates in areas of vascular damage.196 Addi-
tional bleeding may be seen with these syndromes as 
result of the acquired platelet dysfunction associated with 
renal failure and uremia.184,197

Errors in calculating the expected increment in plate-
let count may occur if one overestimates the number of 
platelets in a platelet concentrate or single-donor unit. 
Local manipulation in hospital pharmacies or blood 
services, such as fi ltering, concentrating, or washing of 
platelets, results in a variable amount of platelet loss, thus 
making calculations of platelet increment diffi cult.

Older platelets may not remain in circulation as 
long as freshly collected platelet concentrates because 
of excessive activation during storage or the metabolic 
effects of acidosis.170 Platelets also express small amounts 
of ABO antigens, which makes ABO-incompatible trans-
fusions less effective than ABO-matched transfusions. 
Finally, analysis of multiply transfused patients shows 
that there is a tendency for decreased average count 
increments with successive transfusions. A patient’s 1st 
platelet transfusion may result in a 30% higher count 
increment than their 15th transfusion despite equal 
numbers of platelets being transfused and the absence of 
other factors. No defi nitive cause of this decrease has 
been discerned other than the hypothesis that patients 
subjected to multiple rounds of chemotherapy may 
sustain subtle endothelial damage that consumes trans-
fused platelets.198

To compare the effectiveness of platelet transfusion 
on different occasions or with different donors and recip-
ients, a commonly used ratio is the corrected count incre-
ment (CCI):

CCI
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With this equation one can correct for the variations in 
number of platelets infused and for differences in patient 
size.184,185 For example, if the platelet count is increased 
from 5000 to 65,000/mm3 after the transfusion of 3 × 
1011 platelets in a child with a body surface area of 
1.2 m2,
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This formula is most commonly used to defi ne platelet 
refractoriness (CCI < 5000 at 1 hour), but it has limited 
use in comparing single tranfusions directly because it 
does not factor in the multitude of other issues that 
may affect platelet count increments, as outlined earlier 
(Table 35-8).
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Clinical Indications for Transfusion

Bone Marrow Failure

Bone marrow failure resulting in thrombocytopenia is the 
major reason for patients to receive platelet transfusions. 
Iatrogenic induction of bone marrow failure, secondary to 
chemotherapy or irradiation, is the most common cause 
of bone marrow failure in all age groups. Patients with 
malignancies involving the bone marrow (e.g., leukemia, 
lymphoma, neuroblastoma, metastatic disease from solid 
tumors, or myelofi brosis) may also require platelet 
support. The decreased marrow production in these dis-
eases is due to displacement of megakaryocytes by malig-
nant elements. In some cases, the tumor cells produce 
substances (e.g., tumor necrosis factor) that inhibit 
the growth of normal marrow cells. In the absence of 
other coagulation defi ciencies, uremia, or vascular disease, 
patients do not have signifi cant spontaneous bleeding 
until the platelet count is less than 20,000/mm3.172,173 The 
original studies that examined the utility of prophylactic 
platelet transfusion in children with thrombocytopenia 
secondary to chemotherapy were published in 1962. 
During this period, aspirin was used routinely for man-
agement of pain and fever in all thrombocytopenic 
patients. Similarly, blood donors were not aware of the 
detrimental effects of aspirin ingestion on platelet func-
tion. Now that aspirin use is less prevalent in both patients 
and donors, it should be possible to lower the level for 
prophylactic infusion to 10,000/mm3.175,200

Patients with primary bone marrow failure caused 
by a constitutional defect such as Fanconi’s anemia will 
also be thrombocytopenic. However, platelets are usually 
withheld from these patients unless they are actively 
bleeding because they are rapidly alloimmunized, which 
in turn will signifi cantly reduce the success of future 
transfusions. The incidence of sensitization to platelets is 
higher in patients with aplastic anemia because prior to 

defi nitive treatment these patients are not receiving 
immunosuppressive chemotherapy concurrent with 
platelet transfusions, as is the case with oncology patients. 
Furthermore, long-term cure for aplastic anemia, regard-
less of the cause, is best achieved with bone marrow 
transplantation.200 Studies before the introduction of 
modern leukoreduction fi lters found that exposure to 
more than fi ve platelet donors results in a signifi cant 
reduction in successful transplantation because of rejec-
tion of donor bone marrow.201 Although it is unclear 
whether this fi nding applies to current leukoreduced 
platelets, it is still recommended that if these patients do 
require therapy for bleeding, it is best to use irradiated, 
single-donor, fi ltered platelets in an attempt to minimize 
sensitization. The decision to transfuse a patient with 
newly diagnosed aplastic anemia should not be taken 
lightly because even a single exposure to transfused plate-
lets may adversely affect long-term survival if bone 
marrow transplantation fails. Once the patient has become 
refractory to single-donor and HLA-matched platelets, 
family donors might also undergo plateletpheresis if these 
patients are not candidates for bone marrow 
transplantation.

Platelet Destruction

Shortened platelet survival may be due to immune-
mediated destruction or nonimmune mechanisms that 
result in accelerated platelet consumption. In general, 
prophylactic platelet transfusions are contraindicated in 
these patients because the infused platelets are rapidly 
destroyed and thus a “safe” platelet count cannot be 
maintained. Therefore, platelet transfusions are reserved 
for episodes of active bleeding or in preparation for surgi-
cal procedures.

Nonimmune Mechanisms

Nonimmune mechanisms include the consumption of 
platelets in areas of endothelial damage, such as occurs 
with HUS, TTP, or necrotizing enterocolitis. DIC results 
in decreased platelet life span as a result of consumption 
of platelets and activated clotting factors, such as fi brino-
gen in the formation of microthrombi in association with 
sepsis, shock, acidosis, or severe head trauma. In these 
syndromes it is essential to assess the risk for bleeding 
when determining the need for transfusion. Infants with 
necrotizing enterocolitis are transfused more aggressively 
because many demonstrate marked gastrointestinal blood 
loss and may have a preexisting central nervous system 
hemorrhage associated with prematurity. Similarly, even 
though their counts may not be less than 10,000/mm3, 
patients with DIC are often given platelets because of 
consumption of clotting factors and evidence of ongoing 
bleeding. Successful outcomes for these patients depend 
on elimination of the underlying disease, for example, 
treating sepsis with antibiotics, restoration of organ 
perfusion in states of shock, or removal of necrotic 
tissue. Patients with large cavernous sinus hemangiomas 
(Kasabach-Merritt syndrome) have a localized consump-

TABLE 35-8  Variables Resulting in Decreased Post-
transfusion Platelet Counts

Platelet Component Clinical Condition

Donor platelet count
Technique of platelet 
collection

Temperature of storage
Platelet component age
Storage conditions
Infusion time
Blood fi lter type
Leukocyte removal
Reducing platelet 
plasma volume

Washing platelets
ABO match

Fever
Sepsis
Amphotericin B therapy
Disseminated intravascular 
coagulation

Hepatosplenomegaly
Alloantibodies
Autoantibodies
Massive blood loss
Hemolytic-uremic syndrome
Thrombotic 
thrombocytopenic purpura

Necrotizing enterocolitis
Multiple previous platelet 
transfusions
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tion of platelets and clotting factors that results in a labo-
ratory picture of DIC.193-195 Until the lesion is removed 
or begins to involute, the platelet and clotting factor 
consumption will continue. These patients do not usually 
require transfusion for thrombocytopenia because the 
high rate of platelet turnover results in younger and more 
hemostatically effective platelets in the circulation. 
Finally, in TTP and HUS, platelet infusions are withheld 
as long as possible because it is thought that the infused 
platelets would lead to further hemolysis and organ 
damage by contributing to the formation of microthrombi 
in areas of endothelial damage.196 Many of these patients 
have renal involvement and may be uremic with second-
ary platelet dysfunction. In this setting, patients undergo-
ing peritoneal catheter placement often require platelet 
transfusions to control active bleeding.

Hypersplenism may result in poor platelet survival as 
a result of trapping of platelets in the expanded splenic 
bed. A more complex clinical situation arises with acute 
or chronic liver disease.192 Splenic pooling, DIC, and 
poor platelet production may all contribute to the throm-
bocytopenia of hepatic disease. The presence of portal 
hypertension and esophageal varices from cirrhosis may 
push clinicians to consider platelet transfusion in the 
presence of gastrointestinal bleeding or when the platelet 
count falls below 20,000/mm3.181,202 Acquired platelet 
dysfunction is associated with both acute and chronic 
liver disease secondary to decreased hepatic clearance of 
circulating fi brin degradation products. When platelet 
transfusion is required, splenomegaly may affect initial 
platelet recovery measured in the fi rst hour after transfu-
sion, but not platelet survival as determined by the plate-
let count 24 hours later.181,188,197,202

Immune-Mediated Thrombocytopenia

Immune thrombocytopenia is mediated by antibodies 
that bind to epitopes on the platelet membrane and result 
in their rapid removal from the circulation. These anti-
bodies are either “self-reactive” autoantibodies or specifi c 
for alloantigens, polymorphic epitopes expressed on 
platelet membrane receptors. Alloantibodies cause throm-
bocytopenia in neonatal alloimmune thrombocytopenia 
(NATP) and post-transfusion purpura (PTP), both of 
which are discussed later in this chapter. Alloantibodies 
responsible for poor response to platelet transfusion are 
discussed in the section on the platelet refractory state.

Autoantibody-Mediated Thrombocytopenia

Autoantibody to platelets may be present in association 
with other diseases such as systemic lupus erythemato-
sus, EBV infection, CMV infection, varicella virus infec-
tion, multiple sclerosis, diabetes, thyroid disease, or 
drug-induced autoantibody as seen with valproic acid. It 
may also be present without other disease associations, 
as in idiopathic thrombocytopenic purpura. In either 
setting there is rapid removal of antibody-coated platelets 
in the spleen and, to a lesser extent, in the liver. Immune 
complexes may nonspecifi cally adhere or bind by means 

of Fc receptors on the platelet surface. A particularly 
interesting example of the latter is the entity heparin-
induced thrombocytopenia.203 In this case patients 
exposed to heparin therapy produce antibodies directed 
to platelet factor 4 (PF4) bound to heparin. Immune 
complexes of PF4-heparin and antibody bind via Fc 
receptors to platelets and cause platelet activation and a 
prothrombotic state in which platelets are consumed. 
This could be a devastating complication of heparin 
therapy that may be suspected in patients with falling 
platelet counts a few days after initiating heparin therapy. 
Platelet transfusions are generally contraindicated because 
they may exacerbate the prothrombotic state.

In states that increase platelet turnover, bone marrow 
responds by increasing megakaryocyte number, size, and 
ploidy. This, in turn, results in fresher platelets that are 
slightly larger in size and represent a younger population 
than normal because of the rapid turnover of thrombo-
cytes. Thus, the bleeding time in patients with immune-
mediated thrombocytopenia is shortened relative to the 
absolute number of platelets, and they rarely experience 
major bleeding even though the platelet count may fall 
below 10,000/mm3.204 Autoantibodies that interfere with 
functional epitopes on platelet glycoprotein receptors, 
such as in acquired Glanzmann’s thrombasthenia, are a 
notable exception to this rule. In this setting, patients 
manifest bleeding even with platelet counts greater than 
20,000/mm3.

In patients with rapid consumption of platelets by 
autoantibody, physicians withhold transfusions until 
there is evidence of bleeding, regardless of the platelet 
count. Central nervous system and gastrointestinal bleed-
ing may be the initial feature of autoantibody-mediated 
thrombocytopenia and requires immediate aggressive 
therapy, including platelet transfusion. Although the 
platelets are consumed rapidly, active bleeding may stop 
or decrease signifi cantly. Platelet transfusions should be 
used judiciously in combination with therapy aimed at 
reducing autoantibody production and blocking reticu-
loendothelial cell clearance of antibody-coated cells. 
Therapy for immune-mediated thrombocytopenia is 
discussed at length elsewhere in this textbook.

When medical management fails, splenectomy may 
be required to decrease platelet destruction and autoan-
tibody production. Administration of intravenous immu-
noglobulin (IVIG) before surgery may obviate the need 
for platelet transfusion; however, in patients who are pro-
foundly thrombocytopenic, platelets may be given to 
decrease the risk for major bleeding. If possible, platelets 
should be given after clamping of the splenic pedicle 
because survival of the transfused platelets is markedly 
improved once the splenic circulation is blocked.

Alloantibody-Mediated Thrombocytopenia

Neonatal Alloimmune Thrombocytopenic Purpura

In NATP, maternal antiplatelet alloantibody has crossed 
the placenta and caused thrombocytopenia in the fetus 
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or neonate. Harrington and associates fi rst reported the 
observation that pregnant women may become alloim-
munized to antigens expressed on fetal platelets.205 Even 
during the fi rst pregnancy, maternal antiplatelet alloan-
tibodies can cross the placenta and cause profound 
thrombocytopenia in the fetus and newborn. In North 
America, the alloantibodies identifi ed are most com-
monly directed against PlA1. A complete list of platelet 
alloantigens and their frequency in populations that have 
been studied thus far are listed in Table 35-9. The fi nding 
of thrombocytopenia in a healthy infant whose mother 
has a normal platelet count is often due to maternal 
alloantibodies.

The diagnosis of NATP is made with the demonstra-
tion of antiplatelet antibody in maternal plasma that is 
reactive with paternal platelets. Maternal plasma is also 
screened to rule out the presence of autoantibody. More 
than 50% of the platelet-specifi c alloantibodies in NATP 
are reactive with the PlA1 epitope on glycoprotein IIIa, 
which is also known as human platelet antigen 1 (HPA-
1).206 The predominance of PlA1 alloantibodies in reported 
cases of NATP suggest that this epitope is more immu-
nogenic than other platelet alloantigens. Based on the 
high probability that these PlA1-negative women, who 
constitute less than 2% of the population, would marry 
PlA1-positive men, it is surprising that the actual inci-
dence of NATP is so low at 1 to 4 per 10,000 live 
births.207,208 Perhaps mild cases of NATP are missed in 
the absence of routine screening of newborn platelet 
counts. Healthy infants may not bleed or exhibit pete-
chiae until the platelet count drops below 20,000/mm3. 

Reports suggest that immune response genes may also 
play a role in platelet alloimmunization.209-211 Based on 
these studies, there appears to be an increased incidence 
of alloimmunization against PlA1 in mothers positive for 
HLA-B8 and HLA-DR3.

The diagnosis of maternal alloimmunization is usually 
made after the birth of her fi rst thrombocytopenic infant. 
Women who are then identifi ed as being sensitized to a 
platelet-specifi c alloantigen should be monitored very 
closely throughout subsequent pregnancies. Intermittent 
screening of maternal serum should be performed similar 
to prenatal Coombs’ testing in women who are Rh nega-
tive. All women in the mother’s family should also be 
evaluated before or during their pregnancies to determine 
whether they might likewise be at risk for alloimmuniza-
tion. If a PlA1-negative woman is also positive for HLA-
DR3 (DRw52), she has a greatly increased risk of 
alloimmunization, even during her fi rst pregnancy.211-213

To determine whether the infant is at risk for throm-
bocytopenia secondary to maternal alloantibody, it is 
advantageous to establish the platelet phenotype of the 
fetus early in pregnancy. As early as the eighth week of 
gestation, DNA from nucleated cells obtained from cho-
rionic villus sampling can be amplifi ed through the use 
of polymerase chain reaction. DNA typing is then deter-
mined with glycoprotein-specifi c oligonucleotide primers 
and probes unique for each alloantigen sequence or 
phenotype.213-215 A prospective study reported 100% cor-
relation between DNA typing and subsequent serologic 
response in mothers with alloantibodies to PlA1 or Bak.216 
This technique is useful only when the nucleotide 

TABLE 35-9 Platelet Alloantigen Phenotype and Frequency

Alloantigen System Glycoprotein Location Allelic Forms Phenotypic Frequency

HPA-1 (P1A, Zw) GPIIIa Leu–Pro33 HPA-1a (P1A1)/HPA-1b (P1A2) 72% a/a
26% a/b
2% b/b

HPA-2 (Ko, Sib) GP1b Thr–Met145 HPA-2a (Kob)/HPA-2b (Koa) 85% a/a
14% a/b
1% b/b

HPA-3 (Bak, Lek) GPIIb Ile–Ser843 HPA-3a (Baka)/HPA-3b(Bakb) 37% a/a
48% b/b
15% b/b

HPA-4 (Pen, Yuk) GPIIIa Arg–Gln143 HPA-4a (Pena)/HPA-4b(Penb) 99% a/a
<0.1% a/b
<0.1% b/b

HPA-5 (Br, Hc, Zav) GPIa Glu–Lys505 HPA-5a (Brb)/HPA-5b (Bra) 80% a/a
19% a/b
1% b/b

HPA-6 (Ca, Tu) GPIIIa Arg–Gln489 HPA-6a (Cab)/HPA-6b (Caa) 99% a/a
<1% a/b
<1% b/b

HPA-7 (Mo) GPIIIa Pro–Ala407 HPA-7a (Mob)/HPA-7b (Moa) 99% a/a
<1% a/b
<1% b/b

HPA-8 (Sra) GPIIIa Arg–Cys636 HPA-8a (Srb)/HPA-8b (Sra) 99% a/a
<1% a/b
<1% b/b
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sequences that defi ne the polymorphisms are known, as 
listed in Table 35-9.214 This is an important technologic 
advance because if the obstetrician knows that the fetal 
phenotype is negative for these alloantigens, it is not nec-
essary to obtain cord blood samples to monitor fetal 
thrombocytopenia, a procedure that is associated with 
risks for both the mother and child.

Because of the high frequency of these alloantigens, 
random-donor platelets are usually ineffective in treating 
alloimmune thrombocytopenia in the neonate. When 
platelets are given, it is best to use washed, irradiated 
maternal apheresis platelets because they lack the alloan-
tigen. Washing is required to remove maternal plasma 
that contains the alloantibody. Irradiation is routinely per-
formed on all blood products from fi rst-degree relatives when 
there is an increased risk for GVHD, particularly in neonates. 
When severe thrombocytopenia is anticipated in the 
newborn, maternal platelets may be harvested before 
elective delivery and made available for transfusion 
shortly after birth to infants with NATP diagnosed pre-
natally. Alternatively, many blood donor centers maintain 
lists of PlA1-negative donors who may be called on at 
short notice to donate. IVIG has also been used suc-
cessfully in the newborn and is particularly helpful in 
areas in which plateletpheresis and washing are unavail-
able.217-220 In families with a history of prenatal intracra-
nial hemorrhage, the fetal platelet count should be 
monitored closely and ultrasonography performed to rule 
out bleeding before delivery.221

Post-transfusion Purpura

PTP occurs 7 to 10 days after blood product infusion in 
a patient who has previously been transfused or preg-
nant.207 Paradoxically, alloantibodies are produced that 
destroy not only any transfused platelets but also the 
patient’s own platelets. Though extremely rare, PTP 
occurs most commonly in the less than 2% of the popula-
tion who are PlA1 negative.206 The post-transfusion plasma 
usually has high-titer anti-PlA1 activity, but the mecha-
nism of autologous platelet destruction is unclear. Hypoth-
eses suggesting the presence of a cross-reactive alloantibody 
that binds to autoepitopes in close proximity to the PlA1 
site have yet to be proved. There are individual cases 
reported of PTP secondary to alloantibody to Baka and 
Pena and two cases of anti-PlA2 antibody.222-224 Of the 
approximately 100 cases reported since its description 
in 1959, only four men have been described as having 
PTP.206 A series of PTP patients with anti-PlA1 alloanti-
body were HLA-typed, and more than 90% were HLA-
DR3 positive, with the supertype HLA-DRw52 
predominating in these individuals.210,211 Patients are 
usually in their late forties or older, but PTP has been 
reported in a 16-year-old girl not previously pregnant.224

Platelet transfusions are contraindicated in PTP 
patients, in whom the treatment of choice is IVIG or 
plasmapheresis, or both.225 The frequency of transfusion 
reactions in these patients is quite high, with 46% expe-
riencing chills and fever during blood product infusion. 

Therefore, red cells should be washed and fi ltered when-
ever possible. If platelets must be given for life-threaten-
ing hemorrhage, they should be PlA1 negative, washed, 
and fi ltered. Further discussion of therapy and possible 
mechanisms of autologous platelet destruction in PTP is 
more thoroughly addressed in two extensive reviews of 
this disorder.207,214

Platelet Transfusion in Selected 
Clinical Situations

Patients with congenital platelet dysfunction, such as 
Glanzmann’s thrombocytopathy or Bernard-Soulier 
syndrome, may experience episodes of profuse bleeding. 
In this setting, platelets may be administered to control 
massive hemorrhage. Because normal platelets express 
proteins that these individuals lack, isoantibodies to these 
receptors develop in some patients and they eventually 
become refractory to all platelet transfusions. Efforts to 
minimize menstrual bleeding by hormonal suppression 
may decrease the number of platelet infusions in women. 
Bleeding in patients with congenital platelet dysfunction 
secondary to abnormal platelet secretion may respond to 
desmopressin, thereby avoiding exposure to blood.226,227

Acquired platelet dysfunction in children is most 
commonly due to drugs, chronic renal failure, or anti-
platelet antibodies. Rarely, children exhibit platelet dys-
function as a manifestation of myelodysplastic syndrome 
or chronic leukemia. Platelet transfusions may be used if 
the patient is actively bleeding, but eventually the trans-
fused platelets will be affected by exposure to drug, 
uremia, or antiplatelet antibodies, which limits their sur-
vival and function. For this reason, platelets are not given 
prophylactically to these patients. Every effort should be 
made to ameliorate the platelet dysfunction so that expo-
sure to blood product is avoided. Patients with uremia 
may respond to infusion of desmopressin, and those with 
antiplatelet autoantibodies may respond to immunoglob-
ulin infusion or corticosteroid therapy. When possible, 
alternative medications should replace those known to 
cause platelet dysfunction.

Neonatal Thrombocytopenia

Platelet transfusions in the neonatal unit are a common 
event. In acutely ill premature infants, DIC or platelet 
consumption often develops in association with perinatal 
asphyxia, respiratory distress syndrome, sepsis, intracra-
nial hemorrhage, necrotizing enterocolitis, and acidosis. 
A chronically ill newborn with poor caloric intake and 
growth may also require platelet support because of inad-
equate platelet production. Platelets are often given after 
double-volume exchange transfusion if dilutional throm-
bocytopenia occurs. To minimize the problems of blood-
borne infection and possible GVHD from transfused 
lymphocytes in an immunocompromised host, platelets 
given to newborns are CMV negative and irradiated. In 
centers in which single-donor platelets are available, units 
can be split, similar to packed RBCs, and transfused over 
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a period of 4 days to minimize exposure to multiple 
donors.

Platelet Refractory State

When a patient no longer achieves the expected rise in 
platelet count after a platelet transfusion, one must fi rst 
assess whether the shortened platelet recovery and sur-
vival are due to immune or nonimmune mechanisms. 
Examples of nonimmune mechanisms are listed in Table 
35-8; they are responsible for the majority of cases in 
which post-transfusion count increments are lower than 
expected. The most notable of these mechanisms includes 
splenomegaly, DIC, and fever.

Alloimmune Mechanisms

Alloimmunization is characterized by increasingly poor 
recovery and survival of platelets in a multiply transfused 
patient. The majority of alloantibodies react to determi-
nants on HLA class I molecules, ABO blood group anti-
gens, and platelet-specifi c antigens expressed primarily 
on membrane glycoproteins.228 Although alloantibody 
does not not develop in every patient exposed to platelets, 
those who eventually become refractory present a very 
serious challenge to the skills of physicians and blood 
centers. Production of antiplatelet alloantibodies does 
not depend on the number of exposures or transfusions. 
However, there is an association with the underlying 

disease state. For example, only 30% to 60% of patients 
with leukemia become alloimmunized, in contrast to 
80% to 90% of aplastic anemia patients.29,230 This sug-
gests that the aggressive chemotherapy used to eliminate 
the malignant cells also plays a role in prevention of 
alloimmunization. Thus, it would appear that the true 
rate of alloimmunization is further infl uenced by the 
individual’s immune responsiveness and competence.

Unlike RBCs, it is not practical or effi cient to cross-
match platelet donors and recipients in most blood 
centers or hospitals. The antigens known to elicit an 
immune response on platelets are allelic molecules. Such 
antigens include a variety of class I HLA alloantigens, 
platelet-specifi c alloepitopes such as PlA1, and blood 
group antigens. There is rarely any problem in providing 
ABO-compatible platelets in most blood centers. 
However, it is not reasonable to match all donors and 
recipients for HLA or platelet-specifi c alloantigens. As 
seen in Table 35-9, the platelet-specifi c alloepitopes are 
diallelic with a high frequency of expression of one allele 
in the general population. Therefore, the incidence of 
alloimmunization to platelet-specifi c antigens after a 
single transfusion may be a serious problem for only a 
very small percentage of the population, depending on 
which epitope is involved.185,230 An algorithm for dealing 
with patients who appear to be refractory to platelet 
transfusions is presented in Figure 35-5. The role of 

Post-transfusion (15–60 minutes)
platelet CCI <5000

Exclude/treat clinical factors
(e.g., fever, sepsis, DIC)
Request fresh, ABO-matched
platelets

Repeat post-transfusion CCI

Nonimmune refractoriness

Perform panel-reactivity assay
for anti-HLA antibodies

CCI
>5000

CCI
<5000

Positive

Negative

Perform antiplatelet
antibody assay

Give standard platelets

Give HLA-matched platelets

Give crossmatched platelets

Positive

Negative

FIGURE 35-5. Algorithm for 
the management of patients 
refractory to platelet transfusion. 
CCI, corrected count increment; 
DIC, disseminated intravascular 
coagulation.
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platelet-specifi c alloantibodies in NATP was discussed 
in the section on clinical indications for platelet 
transfusions.

The majority of alloantibodies that mediate rapid 
clearance of transfused platelets in a refractory patient 
bind to epitopes on class I HLA molecules. Platelets 
express the class I (HLA-A, -B, and -C) gene products,231 
but class II molecules (HLA-DR, -DP, -DQ) have been 
shown only on platelets in a high-turnover state, such as 
immune thrombocytopenic purpura, in which the major-
ity of circulating platelets have just been released from 
the bone marrow.232 As with other precursor cells, early 
megakaryoblasts express HLA-DR in normal indivi-
duals233,234; however, this antigen is not generally detect-
able on circulating platelets.

Initially, class I HLA alloantigens were defi ned sero-
logically, that is, with plasma from patients or postpartum 
women with high-titer alloantibodies. Subsequently, 
molecular typing and monoclonal antibodies (MoAbs) 
helped clarify the number and types of epitopes associ-
ated with the HLA-A, HLA-B, and HLA-C loci. Interest-
ingly, it is the serologic defi nitions that are important in 
platelet refractoriness. In categorizing the alloantigens 
serologically, it became clear that two categories of epi-
topes were expressed. The fi rst group of alloantibodies 
recognizes private epitopes, or antigens that are uniquely 
associated with only one HLA gene product. The second 
category contains alloantibodies that recognize public 
epitopes, or those expressed on more than one class I 
HLA gene product. The broad reactivity associated with 
the platelet refractory state is most commonly caused by 
alloantibodies that recognize public epitopes shared by 
many HLA gene products.235,236 By categorizing HLA-A 
and HLA-B loci according to these public epitopes or 
cross-reactive groups (CREGs), blood centers may be 
able to provide single-donor platelets based on reactivity 
to CREG subsets. Blood centers take advantage of this 
observation to provide “HLA-compatible” platelets (type 
B matches) when HLA-identical donors are limited in 
number.237 Although the platelets may not be identical at 
the HLA-A or HLA-B loci, if the CREGs shared by a 
subset of class I allotypes can be avoided, non–HLA-
identical product can still be used with adequate platelet 
recovery and survival. By using this system, blood centers 
can expand their pool of volunteers and provide single-
donor platelets for multiply transfused patients; however, 
it remains diffi cult to provide fully HLA-matched plate-
lets consistently. Consequently, the overall success rate 
for attaining suitable post-transfusion count increments 
with HLA-matched platelets is only about 50% in alloim-
munized patients, even in major centers.237

Methods for Preventing 
Platelet Alloantibodies

When a physician can anticipate that an individual 
will be multiply transfused, every effort to prevent 

alloimmunization will ultimately result in better recovery 
and survival of later platelet transfusions and may delay 
the onset of platelet refractoriness. Three blood proce-
dures have been introduced to reduce alloimmunization: 
(1) single-donor pheresis platelets, (2) leukocyte-poor 
platelets, and (3) ultraviolet (UV)-irradiated platelets. 
Although UV irradiation has been shown to be effective 
in preventing alloimmunization, it is no more effec -
tive than the use of leukocyte-reduced products and 
has not been introduced into widespread clinical 
practice.238

Supported by a huge network of community volun-
teers, many centers can provide single-donor platelets to 
patients who have not been previously transfused. As 
single-donor platelets became more readily available, 
prospective trials were initiated to assess relative rates of 
alloimmunization. These studies demonstrated that in 
patients receiving ABO-matched, single-donor platelets, 
lymphocytotoxic antibodies were less likely to develop 
than in individuals receiving pooled platelet concen-
trates.239 This seems inherently obvious because the 
exposure rate to alloantigens with single-donor platelets 
would be roughly a sixth to an eighth that seen in patients 
receiving pooled platelet concentrates.240 However, these 
studies were performed in patients with acute leukemia 
in Europe, where patients receive very few platelet trans-
fusions in comparison to practice in the United States. 
Additionally, the rate of alloimmunization is relatively 
low in acute leukemia patients because of the immuno-
suppressive effect of their chemotherapy.241,242 Probably 
for these reasons, similar results have not been demon-
strated in the United States; nevertheless, the additional 
benefi t of decreased exposure to blood-borne pathogens 
in single-donor units makes this a preferred product, 
particularly for younger patients.

Although platelets express class I gene products, 
it is the class II molecules expressed on contaminating 
leukocytes that are primarily responsible for the induc-
tion of alloantibodies.243,244 With the use of washed plate-
lets devoid of white cells, lymphocytotoxic antibodies 
failed to develop in multiply transfused animals.245,246 
These studies were eventually repeated in patients with 
the use of pooled random-donor platelets, with or without 
leukocyte depletion. At least 90% of the contaminating 
leukocytes had to be removed (<106 remaining), but 
there was a striking decrease in the rate of alloimmuniza-
tion from 93% to 24%.247-251 Prospective studies in 
humans suggest that the leukocyte threshold for alloim-
munization is 5.0 × 106 cells or less per infusion. As out-
lined earlier, the Trial to Reduce Alloimmunization to 
Platelets (TRAP)238 has conclusively demonstrated in a 
randomized, prospective study that the use of leukocyte-
reduced products can effectively decrease but not elimi-
nate the risk of alloimmunization. Most centers 
recommend leukoreduction in the blood center during 
collection,252 which may also decrease the accumula -
tion of cytokines produced by white cells during 
storage.253,254
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PRINCIPLES OF HEMATOPOIETIC 
CELLULAR THERAPY

With advancement of molecular technology, better 
understanding of human immunology, and increased 
interest in regenerative medicine, the use of cellular 
therapy is no longer limited to HPC transplantation. 
Current applications have expanded to include the use 
of cells as adoptive immunotherapy and cancer vaccines. 
Future applications may also include the use of cells as 
drug delivery vehicles or as source of tissue engineering 
for regenerative medicine.255 However, HPC transplanta-
tion is still the best-established type of hematopoietic-
based cellular therapy. In this section, the sources, 
processing, and complications associated with hemato-
poietic cell–based therapy are reviewed.

Hematopoietic Cell Sources

Donors of therapeutic hematopoietic cells can be autolo-
gous or allogeneic. Autologous donors are usually patients 
who will be undergoing HPC transplantation. These 
donors have their own cells collected and cryopreserved, 
and their own cells are infused during transplantation. 
Because the donor and recipient are the same, complica-
tions from major histocompatibility complex (MHC) or 
human leukocyte antigens (HLA) disparities are negligi-
ble for autologous cell infusion. The MHC/HLA mole-
cules are displayed on cell surfaces and are responsible for 
lymphocyte recognition and “antigen presentation.” They 
control the immune responses through recognition of 
“self” and “nonself” and, consequently, serve as targets in 
transplantation. However, during allogeneic transplanta-
tion, the degree of HLA disparity is extremely important 
for donor selection because large numbers of lympho-
cytes are transfused. These donor lymphocytes can recog-
nize the recipient’s tissue as foreign or “nonself” and 
mediate GVHD. In humans, HLA molecules are located 
on chromosome 6. There are two classes of HLA antigens, 
class I and class II. The class I antigens HLA-A and HLA-
B and the class II antigen HLA-DR are the three most 
important molecules contributing to GVHD. Given that 
each person has two alleles of chromosomes, a minimum 

of six out of six HLA antigen matches are often required 
for transplantation. Donors of allogeneic HPCs are often 
siblings of the recipients and are referred to as related 
donors. For patients who do not have related donors, cells 
from HLA-matched unrelated donors are used frequently. 
These donors are obtained from international donor reg-
istries such as the National Marrow and Donor Program 
(NMDP), and the amount of time spent searching for 
appropriate and available donors can be unpredictable. 
Because only 50% to 60% of patients have an HLA-
matched sibling or unrelated donor, not all patients who 
may benefi t from an HPC transplant can proceed to 
transplantation. Timely search for an appropriate donor is 
essential for successful allogeneic HPC transplantation.256 
A prolonged donor search period can lead to death, 
increased risk, or ineligibility of patients. The incidence of 
GVHD is also signifi cantly increased when HPC trans-
plantation is performed with unrelated donors.257,258

Bone marrow, cytokine-stimulated peripheral blood, 
and umbilical cord blood (UCB) are the sources of HPCs 
for transplantations. Unstimulated peripheral blood cells 
are either used in an unmanipulated state or can be 
further processed to be used as adoptive immunotherapy. 
Characteristic differences between various HPC sources 
will be discussed individually in detail.

HPC transplants can be performed with unmanipu-
lated bone marrow, peripheral blood, or UCB. Depend-
ing on the source of cellular products used, they can be 
contaminated with different degrees of RBCs and leuko-
cytes. When compared with peripheral blood–derived 
HPCs, bone marrow products have higher RBC contami-
nation and lower T-cell and CD34+ HPC content. The 
original HPC transplants were performed with bone 
marrow. In recent years, investigators have routinely 
use mobilized peripheral blood for transplantation259-261 
because of a higher CD34+ HPC content and faster post-
transplant hematopoietic recovery (Table 35-10).

Mobilized peripheral blood collected by leuka -
pheresis has become the most commonly used HPC 
component for both autologous and allogeneic HPC 
transplantation because of the ease of collection and 
ample number of CD34+ stem cells.262 In the autologous 
setting, the benefi ts of peripheral blood over bone marrow 

TABLE 35-10 Differences in Transplanted Cell Dose and Hematopoietic Recovery between Cell Sources

Hematopoietic 
Stem Cell Source

TOTAL CELL DOSE TRANSPLANTED

DAYS TO 
HEMATOPOIETIC 

RECOVERY

Mononuclear Cells/kg (¥108) CD34+ Cells/kg (¥106) Neutrophil Platelets

G-CSF–stimulated peripheral 
blood

  9.6 ± 6.1   9.3 ± 7.0 13 ± 4 17 ± 15

Bone marrow   2.6 ± 1.5   1.8 ± 1.2 19 ± 5 23 ± 12
Umbilical cord blood 0.44 ± 0.12 0.23 ± 0.14 29 ± 16 52 ± 23

G-CSF, granulocyte colony-stimulating factor.
From Dana-Farber Cancer Institute adult hematopoietic stem cell data, 2005.
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have been well documented263 and include more rapid 
engraftment, decreased need for transfusions, decreased 
incidence of infection and antibiotic use, and shorter 
hospital stay. To mobilize stem cells into the peripheral 
blood, patients are treated with cytokines such as granu-
locyte colony-stimulating factor (G-CSF) or granulo-
cyte-macrophage colony-stimulating factor (GM-CSF), 
in many cases after receiving chemotherapy, and the cells 
are collected in the outpatient setting. After chemother-
apy, patients undergo leukapheresis when their cell counts 
recover from the nadir. Circulating peripheral blood 
CD34+ cell levels may be used to predict yield.264,265 If 
cytokines are used in patients without previous chemo-
therapy, collection is begun on a predetermined day 
during the course of administration. In approximately 
10% of autologous donors, peripheral blood stem cell 
cannot be mobilized successfully. Risk factors for poor 
mobilization include patients’ disease status, noncon-
ducive marrow environment secondary to a history of 
heavy chemotherapy, and radiation therapy.266-269 In these 
patients the risks for delayed engraftment is higher, 
and they are often deferred from autologous HPC 
transplantation.

If peripheral blood collections are used for allogeneic 
transplantation, collection is begun on the fourth or fi fth 
day of G-CSF administration. As in the autologous 
setting, engraftment may be more rapid with allogeneic 
peripheral blood than with bone marrow. However, 
peripheral blood components typically contain at least 1 
log more T cells than bone marrow components do, thus 
potentially increasing the risk for GVHD. Nonetheless, 
the incidence of acute GVHD has not been found to be 
signifi cantly elevated.270 This may be due in part to effects 
of the G-CSF used for mobilization on the T cells. 
However, reports have suggested that chronic GVHD 
may be more frequent in recipients of peripheral blood 
components.271

The biology of CD34+ stem cell mobilization is now 
better understood. The bone marrow environment heavily 
regulates the movement of these CD34+ HPCs. Cyto-
kines such as G-CSF stimulate the generation of granu-
locytes in both bone marrow and peripheral blood.272,273 
These granulocytes release serum proteases such as 
cathepsin G and neutrophil elastase. Studies have 
reported that accumulation of these serum proteases 
coincides with increased inhibition of adhesion molecule 
interaction between the very late antigen 4 (VLA-4) on 
the CD34+ HPCs and the vascular cell adhesion mole-
cule 1 (VCAM-1) on the surface of bone marrow stromal 
cells.274 This adhesion molecule disruption allows the 
CD34+ HPCs to fl oat free within the bone marrow envi-
ronment, and their movement can then be infl uenced by 
chemokines. Interestingly, proteolysis of the chemokine 
receptor CXCR4 on the CD34+ cell surface and the 
chemokine stromal cell–derived factor 1 (SDF-1), also 
known as CXCL12, was also observed to coincide with 
accumulation of serum proteases during G-CSF treat-
ment and chemotherapy such as cyclophosphamide 

in human bone marrow.275 With decreased chemotaxis 
signals within the marrow, the free-fl oating CD34+ HPCs 
can traffi c toward the peripheral blood compartment.276 
With G-CSF and chemotherapy mobilization, peripheral 
blood circulating CD34+ HPCs can be increased to 
approximately 10- to 100-fold.

Many centers are also evaluating the use of UCB as 
a source of allogeneic HPCs. The use of UCB as an 
alternate source of allogeneic HPCs was fi rst reported by 
Gluckman and co-authors in 1989.277 Since that time, 
hundreds of UCB transplants have been performed in 
North America and Europe.278 Because of the success of 
UCB transplantation in both related and unrelated donor 
settings, many cord blood banks (CBBs) have been estab-
lished worldwide. UCB is collected from the umbilical 
cord or placental veins (or both) after delivery of the 
infant and is therefore a readily available component. 
Parents/mothers have the option of banking the cells for 
their own use in a private CBB or donate to a public 
CBB. If the UCB samples are donated to public CBBs, 
these cells will undergo stringent quality control evalua-
tion and only qualifi ed products will be processed and 
cryopreserved for use. The UCB products stored in 
public CBBs will be available for public use when 
requested and prescribed by appropriate transplanta -
tion physicians. As UCB transplantation becomes 
more widely accepted, the number of CBBs and the size 
of the inventory within the CBBs have been increasing.279 
There are at least 15 public CBBs in the United States. 
UBC transplantation offers many advantages, and various 
reports have suggested that UCB is less immunogenic 
and transplants may be performed across HLA barriers 
with less GVHD than would be anticipated if a bone 
marrow donor with the same HLA type were used.280 The 
low dose of UCB may contribute to the decreased inci-
dence of GVHD. Therefore, UCB transplantation is an 
attractive alternative for patients requiring allogeneic 
transplantation who do not have an HLA-matched donor. 
From a donor’s point of view, when compared with mobi-
lized peripheral blood stem cells and bone marrow, col-
lection of UCB after birth carries no risk for the donor. 
The collected UCB is HLA-typed, tested for infectious 
agents, and banked for use; it is therefore available imme-
diately on request and can be shipped to any transplant 
center in the world. Despite the ease of availability and 
safety of the donation procedure, UCB transplants have 
their limitations. Studies continue to show that an appro-
priate stem cell infusion dose is essential for speedy 
hematopoietic cell engraftment and successful transplan-
tation.280-283 The limited cell dose in the UCB products 
poses problems, especially for large adult recipients. In 
the case of disease progression or relapse, it is also impos-
sible to go back to the original UCB donor for lympho-
cyte or additional stem cell collections. Research working 
on expansion of cord blood stem cells is ongoing.284,285 
Most recently, the successful use of double UCB trans-
plantation in adult patients may overcome the dosing 
limitation issues.286
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Infusion-Related Toxicities

Infusion of HSC products can be associated with either 
immediate reactions or long-term side effects. The imme-
diate infusion toxicities are similar to blood transfusion 
reactions and include febrile reactions from the infusion 
of a large number of leukocytes and related cytokines, 
allergic reactions secondary to plasma protein content, 
and occasional hemolytic reactions as a result of donor-
recipient erythrocyte ABO incompatibility. To reduce the 
occurrence of febrile and allergic reactions, patients are 
always premedicated with antipyretic medication and 
antihistamines before HSC infusion. Special manipula-
tion to reduce the erythrocyte contents can be performed 
to prevent hemolytic reactions. The type of manipula-
tions used to reduce the erythrocyte content is described 
in detail later. For HSC products or lymphocytes that are 
cryopreserved in dimethyl sulfoxide (DMSO) for storage 
in liquid nitrogen, infusion of thawed products can lead 
to frequent DMSO-related toxicities. In the Dana-Farber 
Cancer Institute, DMSO-related toxicity is a frequently 
described reaction related to HSC infusion. Common 
symptoms attributed to DMSO include nausea, vomit-
ing, fl ushing, and headaches. Anaphylactoid symptoms 
caused by the release of histamine are also common. 
Embolic events associated with the infusion of bone 
marrow and apheresed HSC products have been reported. 
Most of the cases described involved infusion of products 
with particulate matter secondary to cell clumps or bone 
débridement in recipients with congenital cardiac septal 
defects.287,288

GVHD is the most common long-term toxicity asso-
ciated with allogeneic HSC transplantation. Approxi-
mately 30% to 70% of patients undergoing allogeneic 
HSC transplantation can anticipate experiencing 
GVHD.289 GVHD is mediated primarily through donor 
graft lymphocytes (T-cell population). Graft lymphocytes 
target tissues with alloantigens and cause alloimmune 
reactions in recipient organs.290,291 Severe GVHD is 
observed when donors are not fully identical with the 
recipient at MHC antigens (HLA-A, -B, -DR). However, 
most allogeneic HSC transplantations are conducted 
with donors and recipients who are identical at MHC 
antigens. In these recipients, minor histocompatibility 
antigens (mHAs) are thought to be the primary targets 
of donor alloimmunity.292-294 Studies have shown that 
mHAs can be expressed on hematopoietic tumor cells. 
When donor T cells target leukemia mHAs, alloimmunity 
results in a graft-versus-leukemia effect and can con-
tribute to eradication of leukemia cells.295,296 The use 
of donor lymphocytes as adoptive immunotherapy for 
patients with relapse of chronic myelogenic leukemia has 
shown to be successful in a population of patients with 
cytogenetic relapse after allogeneic HSC transplanta-
tion.297-299 Conversely, depletion of T-cell content in the 
graft has been shown to reduce the incidence of GVHD, 
but at the expense of losing the graft-versus-leukemia 
effect.291

Component Assessment

For customized cell therapy such as HSC transplanta-
tion, each product is donor-patient specifi c. The quality 
of the product can vary for different donors and even 
changes daily for a product that came from the same 
donor. As mentioned earlier, the content of the product 
can lead to various types of infusion reactions, immuno-
logic effects, and time to hematopoietic cell engraftment. 
Most importantly, like any blood product, infusion of 
products with microbial or viral contamination can lead 
to transmission of infectious diseases.

Achieving rapid hematopoietic cell engraftment is 
essential for successful HSC transplantation. Insuffi cient 
infusion of HSCs is linked to prolonged hematopoietic 
cell recovery. Patients who experienced delayed hemato-
poietic engraftment will require long-term blood compo-
nent support and are more likely to contract severe 
bacterial, fungal, and other opportunistic infectious 
diseases because of prolonged neutropenia and lack of 
proper immune function. Functional assays such as gran-
ulocyte-macrophage colony-forming unit (CFU-GM), 
granulocyte-erythrocyte-macrophage-megakaryocyte 
colony-forming unit (CFU-GEMM), and long-term 
culture–initiating cell (LTC-IC) content have been 
described as measures of HSC quality and content. 
The results of these assays correlate well with post-
transplantation hematopoietic recovery. However, these 
culture-based assays have a long turnaround time and are 
unable to rapidly quantify the number of stem cells. 
Enumeration of CD34+ cells via fl ow cytometry analysis 
is now commonly performed as a measure of HSC 
content because of its fast turnaround time and proven 
correlation with clinical engraftment data. As with other 
assays, CD34+ cell enumeration methods vary between 
centers, thus making characterization of an HSC com-
ponent adequate to achieve hematologic engraftment dif-
fi cult.300,301 Standardized protocols for CD34+ cell 
enumeration have been proposed in an attempt to limit 
variability and permit comparison of the HSC content of 
components collected and infused at different centers.302 
Methodologies to determine absolute cell concentrations 
instead of percentages may further improve the accuracy 
of the CD34+ cell enumeration procedure.303 Analysis of 
graft T-cell content by fl ow cytometry in HSC or donor 
lymphocyte products is now also used to correlate with 
GVHD outcome.

In addition to quantifying HPC content, compo-
nents must be tested for contaminants. Contamination 
rate increases with component manipulation, such as ex 
vivo cell isolation or depletion and long-term cell culture, 
and may be associated with adverse clinical sequelae. 
This emphasizes the need to include bacterial cultures 
as a component of quality control of hematopoietic cell 
collection, processing, cryopreservation, thawing, and 
reinfusion procedures.304

Finally, critical evaluation of the donor of the product 
is also an essential quality assessment of the product. All 
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allogeneic and autologous donors should be tested for 
infectious disease markers just like routine blood donors. 
Donor who are positive for certain viral markers can still 
donate their cells for transplantation if the transplanta-
tion was deemed to be the only lifesaving procedure and 
the patient was informed of the risk by the transplant 
physicians. However, the practice of using high-risk 
allogeneic donors for transplantation should be 
discouraged.

Processing and Storage of Hematopoietic 
Progenitor Cell Components

Autologous and, occasionally, allogeneic HPC compo-
nents are collected before the patient receives myeloabla-
tive therapy and are cryopreserved. Cells are suspended 
in a mixture of an electrolyte solution, a protein source, 
and a cryoprotectant such as DMSO or hydroxyethyl 
starch.305 Cryopreserved cells are infused rapidly when 
thawed, with the freezing solution being infused along 
with the cells. Premedication is required to minimize 
toxicity.306-308

In the allogeneic setting, processing may be per-
formed to avoid acute hemolysis associated with the infu-
sion of an ABO-incompatible component.309 If there is a 
major ABO incompatibility, defi ned as the recipient’s 
plasma containing antibodies against donor red cells, 
many centers will deplete the donor component of RBCs. 
If there is a minor ABO incompatibility in which the 
donor plasma contains antibodies against recipient red 
cells, the component will be washed or volume-reduced 
to remove plasma. Alternatives to these procedures 
include plasma or red cell exchange in the recipient, as 
well as the infusion of sources of donor blood group 
antigens to absorb recipient antibodies.310,311

Laboratories are increasingly performing more 
extensive procedures in an attempt to deplete unwanted 
cell populations from the HSC component. Tumor 
cells are removed from autologous components in an 
effort to decrease the risk of relapse, whereas T lympho-
cytes are removed from allogeneic components to abro-
gate acute GVHD. The majority of these procedures are 
performed with either negative or positive selection 
methods.

Negative selection targets the cells to be removed 
from the component while preserving other cell popula-
tions.312 Methods for negative selection that have been 
used include attempts to separate cells based on physical 
characteristics, in vitro sensitivity to chemotherapeutic 
agents, and MoAb-mediated separation or damage. 
Density gradient centrifugation and centrifugal elutria-
tion have been used to separate cells based on size. Trials 
have used 4-hydroxycyclophosphamide or mafosfamide 
to kill tumor cells. Cells can bind to MoAbs conjugated 
to magnetic beads, dense particles, or surfaces and be 
physically separated from the other cell populations 
within a component. In addition, MoAbs may be used to 

destroy tumor cells or T cells by conjugation with toxins 
or complement-mediated lysis.313

In contrast, positive selection enriches the cell popu-
lation to be retained while nonspecifi cally depleting all 
other cell populations. The systems currently available 
for positive selection use MoAbs directed against various 
hematopoietic cell surface antigens. Cells are incubated 
with the MoAbs, and separation is achieved by biotin-
avidin, magnetic bead, or high-speed cell sorting 
methods.314-317 Most of these cell manipulation tech-
niques were initially designed to reduce the incidence of 
GVHD or disease relapse associated with HSC trans-
plantation. Recently, some of these techniques have 
also been applied to the development of cell-based 
immunotherapy. For example, monocytes or CD34+ cells 
from peripheral blood can be isolated by selection 
techniques and educated ex vivo into potent antigen-
presenting cells called dendritic cells. Animal models 
have shown that dendritic cells can act as tumor vaccines 
to stimulate and enhance cell-mediated immunity in 
patients who may have defective tumor immunity.318-320 
Specialized lymphocytes can also be isolated and 
expanded with appropriate growth factors and antigen 
stimulation to target specifi c tumor cells or infectious 
agents. Most of the cell-based immunotherapies are 
still under investigation and considered experimental. 
Encouragingly, early clinical data on dendritic cell therapy 
in melanoma, prostate cancer, and EBV-specifi c T cells 
targeting post-transplant lymphoproliferative diseases 
have shown immunologic responses with potential 
clinical effects.321-324

Standards and Regulations

The use of various types of cellular therapy has increased 
over the last few decades as a result of abundant research 
fi ndings, the development of novel technologies, and 
interest in innovative therapeutic modalities. Conse-
quently, the regulations associated with processing and 
administration of cell-based therapy are in evolution. 
Principles of current good manufacturing practice 
(cGMP) and total quality management should be applied 
to the production of therapeutic cellular products. In 
1991, the 14th edition of Standards for Blood Banks and 
Transfusion Services by the American Association of Blood 
Banks (AABB) was extended to include HPCs. In 1996, 
the AABB published a separate Standards for Hematopoi-
etic Progenitor Cells.325,326 These standards include sections 
concerning donor selection, component collection, pro-
cessing, testing, labeling, storage, transportation, issue, 
infusion, and record keeping for HPCs, including autolo-
gous as well as allogeneic bone marrow, peripheral blood 
progenitor cells, and cord blood. Furthermore, the Foun-
dation for the Accreditation of Cell Therapy (FACT) was 
formed in 1993 and created programs for inspection and 
accreditation of HSC collection and processing facilities, 
as well as transplantation programs. The FACT stan-
dards represent a consensus document of several organi-
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zations working together in the fi eld of clinical conduct 
of HPC transplantation, including the International 
Society for Hematotherapy and Graft Engineering 
(ISHAGE), the American Society for Blood and Marrow 
Transplantation (ASBMT), and nine others.327 The U.S. 
FDA has been recognizing the need for regulatory over-
sight of these products and fi nally published, in the 
Federal Register on November 24, 2004, a document 
that represents a comprehensive system for regulating 
human cells and cellular and tissue-based products 
referred to as the Current Good Tissue Practice for 
Human Cell, Tissue and Cellular and Tissue-based 
Product Establishments; Inspection and Enforcement; 
Final Rule (cGTP rule). The purpose of the cGTP rule 
is to prevent documented evidence of transmission of 
communicable disease to recipients of infected donor 
tissue through tissue and organ transplantation, as well 
as bacterial and fungal infections. Second, this regulation 
will provide more oversight for a therapeutic cell-based 
industry with its increased demand for international 
commerce and increased risk of intercontinental trans-
mission of disease. Finally, the cGTP rule will legally 
enforce the voluntary standards established by cell 
therapy organizations not uniformly followed by all 
cell-processing facilities.327-329

Future Directions

Several areas regarding the use of hematopoietic stem 
cells are actively being investigated. First, defi nitive trials 
are necessary to clarify whether there is any clinical 
benefi t associated with CD34+ cell selection or tumor cell 
or T-cell depletion. Second, by building on platforms in 
which cells have been expanded but differentiated,330 it 
may be possible to expand primitive hematopoietic stem 
cells as new cytokines are identifi ed and new systems are 
developed. Expanded populations of primitive cells would 
be useful for infusion in patients whose autologous graft 
contains insuffi cient numbers for transplantation. In 
addition, the ability to expand HSCs could make UCB 
components available to larger recipients with less per-
ceived risk. Furthermore, expanded cells may be useful 
for gene therapy approaches.

Much effort has taken place in recent years to use 
HPCs as a strategy for clinical gene therapy or to use 
other cells therapeutically. Stable expression of a trans-
gene in a primitive HPC would, in theory, be an ideal 
method to replace missing gene products in a patient. 
However, despite numerous attempts, until very recently 
there were no durable results. Consequently, when 
Cavazzana-Calvo and co-workers reported successful 
treatment of severe combined immune defi ciency (SCID) 
with gene therapy,331 interest was renewed. Unfortu-
nately, some SCID patients who received genetically 
engineered autologous HPCs later suffered leukemia 
because of insertional mutagenesis of CD34+ cells. The 
occurrence of these adverse events raises the safety 
concern of gene therapy.332

APHERESIS

Apheresis (from the Greek aphairesis, meaning “removal”) 
refers to a technique of drawing peripheral blood, sepa-
rating it, and selectively removing one or more of the 
components while returning the remainder. Apheresis 
techniques may be manual or automated, and the phases 
of drawing, separating, removing, and returning blood 
and components may be continuous or discontinuous. 
The technique of apheresis may be used for collecting 
transfusable blood components from donors, and it may 
be used to treat patients with conditions for which 
removal or replacement of a portion of the blood may be 
therapeutic. The terms cytapheresis, erythrocytapheresis, 
leukapheresis, plateletpheresis, and plasmapheresis refer 
to the use of apheresis to remove, respectively, cells, 
RBCs, white cells, platelets, and plasma. The terms 
plasma exchange and RBC exchange imply that the 
component removed is replaced in like amount with 
normal plasma or RBCs. In practice, nearly all donor and 
therapeutic apheresis is performed via automated tech-
niques with specialized programmable separation devices 
designed for this purpose.

The principle by which most apheresis instruments 
fractionate the components of whole blood is simple 
density centrifugation. The instrument contains a sterile, 
closed, and disposable centrifugation chamber in which 
whole blood is separated into RBC, plasma, and buffy 
coat layers. The densest component (RBCs) is segregated 
to the bottom of the centrifugal fi eld, the least dense 
component (plasma) is pushed to the top, and the other 
layer of cellular components remains in between, as 
shown in Figure 35-6. The effi ciency of separation 
depends not only on the density of the components but 
also on the geometry and rotational speed of the centrifu-
gal chamber, as well as the specifi c technique for isolating 
the separated layers. Pure separation of plasma from 
RBCs and concentrated suspensions of platelets nearly 
devoid of RBCs can be achieved reliably. Because the 
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white cell layer is much smaller than either the RBC or 
plasma layer and close in density to the RBC layer, both 
the RBC and the platelet components will contain leu-
kocytes. For the same reason, although it is possible to 
use apheresis to isolate leukocyte fractions that are 
enriched in granulocytes or mononuclear cells, these 
fractions will also contain other types of white cells, as 
well as RBCs and platelets.

Apheresis instruments also exist that separate blood 
by fi ltration rather than centrifugation. Because this tech-
nique cannot separate cellular elements, it is used pri-
marily in donor applications for collection of plasma.

Donor Apheresis

Overall, the most common medical use of automated 
apheresis technology is for donor procedures, that is, col-
lection of platelet concentrates or plasma from individual 
volunteer donors. The principal reason to use apheresis 
techniques to collect these products, rather than deriving 
them from whole blood donations, is that the yield per 
donation is much higher. Six to eight times the number 
of platelets can be harvested in one apheresis donation 
than can be isolated from 1 unit of whole blood. Auto-
mated systems can be programmed to collect two or even 
three separate blood components (i.e., units of packed 
cells, plasma, or single-donor platelets) from one donor 
during a single apheresis procedure. The same advantage 
applies to these apheresis collection techniques—a much 
larger yield is obtained per donation, with little or no 
compromise in donor safety. The blood products derived 
from these donor procedures have slightly different 
quality control characteristics from whole blood–derived 
components, but in clinical use they are as effi cacious as 
those derived from whole blood donations.

Granulocyte concentrates drawn by apheresis tech-
nology to treat refractory fungal or bacterial infections in 
patients with profound neutropenia are once again being 
evaluated.333 Studies in the 1970s showed that granulo-
cyte transfusions had limited effi cacy and considerable 
toxicity. However, the advent of a granulocyte-specifi c 
hematopoietic cytokine (G-CSF) in concert with apher-
esis technology has made it possible to collect up to 10-
fold more granulocytes for transfusion than were available 
for the older studies.334 Unlike products from unstimu-
lated donors, granulocyte concentrates collected with 
cytokine stimulation of the donor can yield substantial 
increments in peripheral granulocyte counts in the recipi-
ent.335,336 Whether these greater increments correspond 
to greater effi cacy has yet to be proved.337-340

Apheresis technology can also facilitate obtaining 
multiple units of plasma from the same donor to provide 
single-donor plasma support to a recipient with a con-
genital coagulation factor defi ciency treatable with 
plasma, such as factor X or XIII defi ciency.

Although adult donor apheresis, especially for plate-
let collection, has a large impact on the blood banks that 
supply blood products for pediatric patients, child donor 

apheresis is rarely used. The one exception is donor 
apheresis collections of peripheral blood progenitor cells, 
described later.

Therapeutic Apheresis

A broad spectrum of indications exist for automated 
apheresis used for therapeutic effect in children. For 
some indications, the mechanism of the therapeutic 
benefi t is readily apparent and the effi cacy of the treat-
ment well substantiated. For many other indications, the 
rationale for the use of apheresis to treat a disease condi-
tion is less clear and based on extrapolation from studies 
in adults or on anecdotal evidence. It is important to 
remember that the therapeutic value may be derived from 
removal of a portion of the patient’s blood, from admin-
istration of a fl uid to replace what was removed, or from 
both. In some cases, the therapeutic value of an apheresis 
procedure is derived from the ability to control the 
patient’s blood volume independent of the rate and total 
volume of blood product administered, as with complete 
exchange of the RBC mass or plasma volume.

Manual Apheresis

Although it is theoretically possible to carry out most 
apheresis procedures by entirely manual techniques, with 
steps analogous to those used to derive blood compo-
nents from donated whole blood, in practice, manual 
methods are usually reserved for situations in which the 
automatic equipment is not available or the volume of 
blood to be processed is too small to warrant use of the 
automated cell separator. For example, for a newborn 
with isoimmune thrombocytopenia, it might be possible 
to obtain an adequate dose of platelets by drawing 1 unit 
of whole blood from the mother, isolating the platelets 
manually, and transfusing the residual RBCs and plasma 
back into the mother rather than subjecting the mother 
to an automated plateletpheresis procedure. Another 
manual apheresis procedure is whole blood exchange for 
neonatal hyperbilirubinemia, typically performed in a 
discontinuous fashion with reconstituted whole blood, an 
empty blood collection bag, a three-way stopcock, and a 
syringe to remove and replace blood in 10-mL cycles. 
Occasionally, manual exchange of red cells or plasma 
may be the only alternative in a patient whose venous 
access is inadequate for automated exchange and for 
whom a simple transfusion is not an alternative.

Automated Apheresis

The development of mechanical devices to perform 
selective collections and blood component exchanges was 
truly an individual inspiration. The son of IBM engineer 
George Jackson contracted leukemia and was treated at 
the National Cancer Institute. Recognizing the need for 
a better way to produce the large number of platelet 
concentrates required by oncology patients, Jackson 
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developed the fi rst mechanical blood cell separator. Over 
the subsequent 3 decades, numerous improvements have 
led to the automated units found in every blood center 
today.341 Modern blood separators offer the advantages 
of a sterile, closed, single-use system, automated control 
of volume balance, traps to prevent air embolism, and 
other safety features. Each machine can perform several 
types of apheresis procedures, with highly automatic 
modes as well as the capacity to modify procedure param-
eters for individual patient needs. By comparison, manual 
exchanges are more awkward to perform, generally use 
open systems, involve manual tracking of intake and 
output, and are therefore potentially less safe.

Apheresis devices may be either continuous or dis-
continuous. A discontinuous device withdraws a volume 
of blood, separates it, removes the selected component, 
and returns the remainder, all in serial steps. The sole 
advantage of a discontinuous device is that it requires 
only a single site of vascular access. In the donor setting, 
this is often reason enough to use a discontinuous device. 
However, when compared with a continuous device, the 
discontinuous apheresis technique requires longer pro-
cessing time and involves larger volume shifts in the 
donor or patient. The latter consideration may be criti-
cally important in pediatric patients and imposes a prac-
tical limitation on the use of these devices in children. In 
contrast, continuous devices withdraw, separate, and 
return blood simultaneously, thus permitting apheresis 
procedures that affect the patient’s intravascular volume 
only minimally. Separators that operate in a continuous 
mode include the COBE Spectra, the Baxter-Fenwal CS 
3000, the Fresenius AS104, and the Amicus. The COBE 
Spectra and the Amicus can be operated in either con-
tinuous or discontinuous mode.

For any apheresis procedure, there is a fi xed extra-
corporeal blood volume and extracorporeal RBC mass 
that must be taken into account in planning the proce-
dure. The extracorporeal blood volume depends on the 
specifi c make and model, as well as the type of procedure 
planned, but all devices fall into a range of 200 to 400 mL. 
A detailed comparison of the features of each automated 
cell separator is beyond the scope of this chapter.

Unique Aspects of Apheresis in Pediatrics

Performing apheresis procedures in pediatric patients is 
often more challenging than performing analogous pro-
cedures in adults. Specifi c challenges include vascular 
access, anticoagulation, volume shifts, hypothermia, and 
patient cooperation.

Vascular Access

The vessel used for the apheresis draw line, through 
which whole blood is drawn into the extracorporeal 
system, must be large and resilient enough to accommo-
date a large catheter and sustain the required fl ow rate 
without collapsing. When peripheral veins are used, a 
rigid needle, 18 gauge or larger, is used for drawing the 

blood. In adults and older children, it is usually possible 
to fi nd veins in the antecubital fossae large enough to 
accommodate this needle, but children younger than 7 
years often do not have adequate access. Because access 
requirements for returning blood are less demanding, a 
smaller-gauge (20- to 22-gauge) fl exible catheter may be 
used. Although every child undergoing apheresis should 
be evaluated fi rst for peripheral access, it is often neces-
sary to obtain access to a larger central vessel. Such 
access may be accomplished in several ways: a single-
lumen central venous catheter or an arterial line to draw 
the blood and a peripheral vein to return it, or a double-
lumen venous catheter. The catheters, often referred to 
as “dialysis catheters” because the same access issues 
apply in hemodialysis, may be designed either for tem-
porary placement (usually stiff, straight catheters intended 
for bedside percutaneous placement) or for permanent 
placement (softer, tunneled catheters with cuffs that 
require placement in the operating room).342 Temporary 
polyurethane catheters as small as 7 French are available 
for patients as small as 5 to 10 kg. Permanent catheters 
designed for apheresis are available in sizes as small as 8 
French for children as small as 10 to 12 kg.343 It is impor-
tant to realize that most of the double- and triple-lumen 
catheters available for general purpose central access in 
children may fail under the draw pressure of an apheresis 
procedure because the lumen is too small or the catheter 
wall too soft. Some multiple-lumen catheters also have 
inadequate separation of the openings of the lumens, 
thereby permitting recirculation and decreasing the effi -
ciency of apheresis.343 Hence, it is imperative to consider 
the possibility that apheresis will be required before 
placement of a central catheter. Finally, there is grow -
ing experience with successful use of implanted access 
devices (ports) to support chronic apheresis therapy in 
children.344,345

Anticoagulation

Because the blood is exposed to artifi cial surfaces, 
apheresis procedures usually require an anticoagulant to 
prevent activation of platelets, initiation of the coagula-
tion cascade, and the formation of clots within the extra-
corporeal circuit. The standard anticoagulants used in 
apheresis are sodium citrate, heparin, or combinations of 
these two. The anticoagulant is added to the circuit at a 
controlled rate just at the point where the blood is drawn, 
and a portion of the anticoagulant is eventually returned 
to the patient. The amount of anticoagulant that the 
patient receives depends on the type of procedure, the 
replacement fl uid, and the rates of blood drawing and 
replacement.

Citrate chelates the available calcium, a necessary 
cofactor for the clotting cascade, and also prevents plate-
let aggregation. The infusion of citrated plasma or blood 
does not cause systemic anticoagulation in the donor or 
patient, but it may reduce the ionized calcium level in 
plasma. Pediatric patients are particularly subject to 
citrate toxicity, in part because the fl ow rates used during 
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apheresis procedures—and therefore the citrate doses—
are often higher on a per-kilogram basis than for adults. 
Citrate toxicity is fi rst manifested as tingling around the 
mouth and fi ngers and sometimes nausea and abdominal 
discomfort. More serious citrate toxicity includes hypo-
tension and cardiac rhythm disturbances.346 Because a 
young or critically ill child may be unable to inform the 
operator about the earlier warning signs of citrate toxic-
ity, the use of citrate as an anticoagulant requires careful 
attention to ionized calcium levels, calcium replace -
ment by mouth or intravenous infusion,95 and cardiac 
monitoring.

Alternatively, citrate may be either replaced or sup-
plemented with heparin anticoagulation, which may be 
monitored by the activated clotting time, a crude measure 
of whole blood clotting time.347,348 Heparin anticoagula-
tion may be achieved with a bolus, with or without sub-
sequent continuous infusion. The dose of heparin used 
for an apheresis procedure is similar to those used for 
therapeutic anticoagulation, and the patient may be 
expected to have a systemic anticoagulation effect lasting 
4 to 6 hours after the end of the procedure, a side effect 
that may be signifi cant in a patient who has recently 
undergone surgery or is otherwise at risk for bleeding.

Volume Considerations

The extracorporeal volume for an apheresis procedure, 
including the centrifugation chamber, tubing, fi lters, air 
traps, and possibly a blood warmer, may exceed 400 mL, 
depending on the machine and tubing confi guration. 
Because the majority of this extracorporeal volume will 
consist of whole blood or packed cells within the cen-
trifugation chamber, there is also an obligate extracor-
poreal RBC mass. Discontinuous machines carry out 
stepwise cycles of removal and return of extracorporeal 
volume. In a continuous apheresis machine, extracorpo-
real volume is fi lled at the start by drawing blood from 
the patient and remains fi xed through the duration of the 
procedure. An older child or an adult with a blood volume 
of around 5000 mL can generally tolerate the temporary 
loss of 300 to 400 mL of blood in either a discontinuous 
or a continuous technique. At the other extreme, for a 
child of 12 kg with a blood volume of about 800 mL, 
the extracorporeal volume represents roughly half the 
patient’s blood. Thus, for younger children, the discon-
tinuous apheresis technique is not feasible, and continu-
ous apheresis procedures may require priming with 
exogenous RBCs to compensate for the extracorporeal 
volume and RBC mass.

Many apheresis devices have automated modes that 
at completion of the procedure return the RBCs in the 
circuit to the patient by fl ushing with saline. This return 
cycle results in the rapid reinfusion of up to 450 mL over 
a period of several minutes. An older child or adult who 
was able to tolerate the temporary loss of volume and 
RBC mass incurred during a discontinuous or unprimed 
continuous apheresis procedure will usually tolerate rapid 
return of the volume. However, a younger patient may 

not tolerate the return cycle, so some or all of the obligate 
extracorporeal RBC mass must be left in the machine. 
This loss of RBC mass must be compensated for by using 
packed RBCs as the priming fl uid at the start of the 
procedure.

Beyond the principles that have been described here, 
there are also strategies to avoid fl uid overload without 
the use of RBC priming, to administer or remove intra-
vascular fl uid, and to administer blood products during 
the course of an apheresis procedure. The apheresis 
physician must take into consideration the patient’s size, 
the extracorporeal volume of the apparatus in use, the 
patient’s RBC mass and volume status, and disease 
factors that may affect the patient’s ability to tolerate 
rapid changes in blood volume and RBC mass. Manage-
ment of volume and RBC balance during apheresis 
procedures in children requires careful, individualized 
planning and thorough understanding of the operation 
and programming of the automated cell separator.

Hypothermia

Because a portion of the patient’s blood volume circu-
lates outside the body during apheresis, considerable heat 
loss to the environment can occur. Adult platelet donors 
may lose enough heat to require blankets by the end of 
a 90-minute collection. For children undergoing aphere-
sis, the physiologic impact of this heat loss is much 
greater, and the use of a blood warmer may be required 
to prevent life-threatening hypothermia. The amount of 
heat loss is a function of (1) the ratio of extracorporeal 
volume to the patient’s blood volume, (2) the rate of 
blood removal or replacement, and (3) the thermal prop-
erties of the system. A blood warmer reduces this heat 
loss at the expense of increasing the extracorporeal 
volume, albeit modestly. Only approved devices should 
be used to warm the blood.

Other hazards of therapeutic apheresis are rare. Some 
severe complications can occur, but they appear to be 
largely related to the underlying disorder as opposed to 
the apheresis itself.3489,349 This is consistent with the rarity 
of serious complications in apheresis platelet donors. 
Pediatric series have also reported complications. 
However, more were related to the need for vascular 
access than the procedure itself.347,350

Cooperation

The staff of a pediatric apheresis unit must be facile 
with age-appropriate communication and psychosocial 
support. The aspects of the apheresis procedure that are 
most upsetting to children are needle sticks, the need to 
remain seated, immobilization of one or both arms, fre-
quent squeezing of the blood pressure cuff, and boredom 
with a prolonged procedure. Expertise in phlebotomy 
and intravenous line placement is a basic requirement for 
the staff. The other issues can usually be managed with 
age-appropriate explanations, parental involvement, and 
distracting entertainment. Sedation is almost never nec-
essary, except for extremely uncooperative patients, such 
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as those with a signifi cant psychiatric diagnosis or move-
ment disorder.

Indications

Every 7 years a consensus committee of the American 
Society for Apheresis has reviewed the apheresis litera-
ture supporting and refuting the use of apheresis-based 
therapies in a variety of disorders in which it has been 
tried (Table 35-11).351-353 For each disorder, the strength 
of the evidence supporting the effi cacy of apheresis was 
evaluated and the indication placed into one of fi ve cat-
egories. Category I means that effi cacy is well docu-
mented and the use of therapeutic apheresis is “standard 
and acceptable”; in category II, apheresis is probably 
effi cacious and its use is “generally accepted,” but as an 
adjunct to primary therapy; in category III, effi cacy is 
debatable, and the evidence is mostly anecdotal or con-
fl icting; in category IV, apheresis has been shown to be 
ineffective and use of apheresis should be “discouraged”; 
and in category P (for pending), an apheresis device is 
not approved for use in the United States, although trials 
may be under way. Table 35-11 is excerpted from the 
consensus review, with only diagnoses listed that are 
usually encountered in the practice of pediatric 
apheresis.354

Erythrocytapheresis: Red Cell Exchange

Sickle Cell Disease

In sickle cell disease, small vessels become occluded 
when RBCs deformed (sickled) by polymerized hemo-
globin S obstruct blood fl ow in capillaries. If the percent-
age of cells that can be deformed in this way is reduced 
below 30% to 50% by transfusion with normal RBCs, 
there is usually a substantial decrease in many of the 
clinical manifestations of sickling. Such reduction can be 
accomplished either by serial simple transfusion or by 
erythrocytapheresis. When rapid reduction in the per-
centage of hemoglobin S–containing cells is desirable, 
such as in the acute management of stroke or chest syn-
drome or in preparation for emergency surgery, erythro-
cytapheresis is the method of choice. A series of two to 
four simple transfusions given over a period of 2 to 3 
weeks can also reduce the percentage of hemoglobin S–
containing cells to less than 30%, an approach suitable 
for preparation for elective surgery.

Acute Chest Syndrome

Acute chest syndrome is a leading cause of premature 
death in patients with sickle cell disease. Transfusion with 

TABLE 35-11 Indications for Therapeutic Apheresis in Pediatrics

Disorders Therapeutic Procedure Category*

AUTOIMMUNE
Catastrophic antiphospholipid syndrome Plasma exchange III
Systemic lupus erythematosus, nephritis Plasma exchange IV
Systemic lupus erythematosus, other Plasma exchange III
Polymyositis-dermatomyositis Plasma exchange IV
Rheumatoid arthritis Lymphocytapheresis II

Immunoadsorption II

HEMATOLOGY AND ONCOLOGY
ABO-incompatible stem cell transplant Plasma exchange (recipient) II
Aplastic anemia/red cell aplasia Plasma exchange III
Autoimmune hemolytic anemia Plasma exchange III
Babesiosis, severe Erythrocytapheresis II
Coagulation factor inhibitors Plasma exchange III

Immunoadsorption III
Erythrocytosis/polycythemia vera Erythrocytapheresis II
Graft-versus-host disease, skin Extracorporeal photopheresis II
Graft-versus-host disease, nonskin Extracorporeal photopheresis III
Hyperleukocytosis, leukostasis Leukapheresis I
Hyperleukocytosis, prophylaxis Leukapheresis III
Idiopathic thrombocytopenic purpura, refractory Immunoadsorption II
Idiopathic thrombocytopenic purpura, any Plasma exchange IV
Malaria, severe Erythrocytapheresis II
Sickle cell disease, life or organ threatening Erythrocytapheresis I
Sickle cell disease, stroke prophylaxis Erythrocytapheresis II
Sickle cell disease, prevention of iron overload Erythrocytapheresis II
Thrombocytosis, symptomatic Thrombocytapheresis II
Thrombocytosis, prophylactic or secondary Thrombocytapheresis III
Thrombotic thrombocytopenic purpura Plasma exchange I
Platelet refractoriness Plasma exchange III

Staphylococcal protein A adsorption III

Continues
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TABLE 35-11 Indications for Therapeutic Apheresis in Pediatrics—cont’d

Disorders Therapeutic Procedure Category*

METABOLIC
Acute liver failure Plasma exchange III
Familial hypercholesterolemia, homozygotes Selective removal I
Familial hypercholesterolemia, heterozygotes Plasma exchange, selective removal II
Hypertriglyceridemic pancreatitis Plasma exchange III
Mushroom poisoning Plasma exchange II
Other poisoning and overdoses Plasma exchange III
Phytanic acid storage disease (Refsum’s) Plasma exchange II
Sepsis Plasma exchange III
Thyrotoxicosis Plasma exchange III
Miscellaneous
 Dilated cardiomyopathy Immunoadsorption P
 Infl ammatory bowel disease Adoptive cytapheresis P

NEUROLOGY
Acute disseminated encephalomyelitis Plasma exchange III
Acute Guillain-Barré syndrome Plasma exchange I
Chronic infl ammatory demyelinating polyneuropathy Plasma exchange I
Lambert-Eaton myasthenic syndrome Plasma exchange II
Multiple sclerosis, Devic’s syndrome Plasma exchange III
Myasthenia gravis Plasma exchange I
PANDAS, severe Plasma exchange I
Sydenham’s chorea, severe Plasma exchange I
Rasmussen’s encephalitis Plasma exchange II

RENAL
ANCA-associated RPGN (Wegener’s) Plasma exchange II
Focal segmental glomerulosclerosis Plasma exchange III
Goodpasture’s disease (anti-GBM) Plasma exchange I
Hemolytic-uremic syndrome, diarrhea associated Plasma exchange IV
Hemolytic-uremic syndrome, other Plasma exchange III
Rapidly progressive nephritis (without anti-GBM) Plasma exchange III
Renal allograft rejection, antibody mediated Plasma exchange II
Renal allograft HLA desensitization Plasma exchange II

RHEUMATIC
Scleroderma Plasma exchange III
Scleroderma Extracorporeal photopheresis IV

TRANSPLANTATION
ABO-incompatible solid organ transplant
 Kidney Plasma exchange II
 Heart (infants) Plasma exchange II
 Liver Plasma exchange III
Heart allograft rejection, prophylaxis Extracorporeal photopheresis I
Heart allograft rejection, treatment Extracorporeal photopheresis II
Heart allograft rejection, treatment Plasma exchange III
Lung transplant Extracorporeal photopheresis III

*I: Therapeutic apheresis is standard and acceptable, either as primary therapy or as a valuable fi rst-line adjunct to other initial therapies. Effi cacy is documented 
by controlled clinical trials and published experience.

II: Therapeutic apheresis is generally accepted as supportive to other more defi nitive treatments; there is some literature support of its effi cacy.
III: Anecdotal reports may suggest the use of therapeutic apheresis; however, no controlled trials have documented its effi cacy. No consensus can be reached 

regarding its risk-benefi t ratio.
IV: Controlled trials show lack of effi cacy of therapeutic apheresis. Anecdotal studies suggesting effi cacy have not been reproduced.
P: Pending.
ANCA, antineutrophil cytoplasmic antibody; GBM, glomerular basement membrane; NS, not specifi ed; PANDAS, pediatric autoimmune neuropsychiatric 

disorders associated with streptococcal infections; RPGN, rapidly progressive glomerulonephritis.
From Shaz BH, Linenberger ML, Bandarenko N, et al. Category IV indications for therapeutic apheresis: ASFA fourth special issue. J Clin Apheresis. 

2007;22:176-180.

RBCs is commonly used to treat acute chest syndrome 
both to increase the oxygen-carrying capacity of the 
blood and to reduce the percentage of hemoglobin S. 
Although controversy exists about the advantages of 
exchange transfusion over simple transfusion (see Chapter 
19), their effi cacy in acute chest syndrome is probably 

similar.355 In practice, exchange transfusion by automated 
apheresis is often performed in patients with severe acute 
chest syndrome to reduce the hemoglobin S percentage 
in a shorter time than possible with simple transfusion 
or manual exchange and without the accompanying fl uid 
loading.135
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Stroke

The observed incidence of stroke in sickle cell patients 
varies from 6% to 34%. Although transfusion therapy is 
not thought to affect the neurologic outcome of com-
pleted strokes, it remains the mainstay of acute manage-
ment as a measure to halt progression of cerebral 
vasculopathy. Considerable evidence exists that long-
term transfusion after a central nervous system event is 
effective prophylaxis against progression of central 
nervous system disease and against recurrence of clinical 
stroke (secondary stroke prevention).356 Transfusion has 
also been shown to be effective in primary prevention of 
stroke in patients with sickle cell disease who have been 
identifi ed as high risk based on transcranial Doppler 
ultrasound studies of blood fl ow velocity in the circle of 
Willis.357 Although the standard target hemoglobin S 
percentage for prevention of stroke is less than 30%, for 
secondary stroke prevention, some neurologically stable 
patients may be maintained safely at a target hemoglobin 
S of less than 50%, which is generally easily achievable 
with a program of chronic erythrocytapheresis.358 For 
primary stroke prevention, the standard approach is to 
maintain the hemoglobin S percentage at less than 30%, 
which is also achievable with erythrocytapheresis. Very 
recent published evidence suggests that hydroxyurea 
treratment may reduce the risk for stroke, as well as the 
need for chronic apheresis or chronic simple RBC 
transfusion.359

Priapism

Although prepubescent priapism has a good prognosis 
for eventual potency, episodes of postpubescent priapism 
are associated with eventual impotence. In addition, there 
is some correlation with the duration of the episode of 
priapism and loss of erectile function. Whether this is due 
to effi cacious therapeutic intervention or simply because 
the worst cases last longer and are more likely to cause 
irreversible damage remains unclear. Some authors advo-
cate RBC exchange for severe cases,360 but the effi cacy 
of exchange transfusion for priapism in patients with 
sickle cell disease is unclear.

Transfusion before General Anesthesia

Although it has been a widely accepted practice to 
perform RBC transfusions or exchanges in patients with 
sickle cell anemia before most surgical procedures that 
require general anesthesia, it is increasingly apparent that 
not all procedures warrant such large exposure to blood. 
In one study that examined postoperative complications 
in patients subjected to surgery without prior transfusion, 
the complications tended to occur after procedures that 
adversely affected postoperative oxygenation, specifi cally, 
procedures affecting the airway (e.g., tonsillectomy/ade-
noidectomy) or major abdominal surgery.361 Investigators 
in one study prospectively randomized patients with 
sickle cell disease undergoing surgery either to aggressive 
transfusion, with a therapeutic goal of a hemoglobin S 

content of less than 30%, or to simple transfusion, with 
a therapeutic goal of a hemoglobin level above 10 g/dL. 
They observed no benefi t with the more aggressive trans-
fusion regimen, which was complicated by a higher rate 
of alloimmunization and hemolytic transfusion reaction 
(acute and delayed).362

Red Cell Exchange for Chronic Transfusion

Erythrocytapheresis has an important role to play in 
chronic transfusion therapy for patients with sickle cell 
disease. Children with sickle cell disease in whom com-
plications develop for which chronic, lifelong RBC trans-
fusion is indicated are at risk for the development of 
transfusional iron overload. Although this can be success-
fully managed by chelation therapy with deferoxamine, 
compliance with nightly infusions of the chelator must 
be high to achieve negative iron balance. Compliance 
with the oral iron chelator deferasirox may prove to be 
better. Even though the effi cacy and safety of this agent 
in sickle cell disease have not yet been well established, 
it is likely that this orally active drug will largely replace 
deferoxamine. The iron overloading of long-term simple 
transfusion therapy can be substantially reduced or 
eliminated by a program of erythrocytapheresis.363 This 
approach involves removal and replacement of approxi-
mately half of the patient’s RBC mass every 3 to 4 weeks. 
Transfusion by erythrocytapheresis will generally require 
23% to 73% more donor units and exposure than is the 
case with simple transfusion. Because the general risk 
for transmission of infectious disease and for transfusion 
reactions is low, the additional risk of these donor expo-
sures may be outweighed by the benefi t of reducing or 
avoiding iron overload and chelation therapy. Of greater 
concern is the relatively high risk for RBC alloantibody 
formation in patients with sickle cell disease. It is not 
clear whether patients chronically transfused by erythro-
cytapheresis have a greater risk for alloimmunization 
than do those treated by simple transfusion because both 
populations will eventually be exposed to a large number 
of donors.

Normovolemic Red Cell Transfusion. RBC transfusion 
in hemodynamically unstable patients may be accom-
plished in a normovolemic fashion with apheresis tech-
nology. For example, thalassemia patients with end-stage 
cardiac failure secondary to transfusional iron overload 
may better tolerate transfusion to raise the hemoglobin 
level if the blood volume is not increased rapidly. 
Exchange transfusion in the setting of overwhelming 
hemolysis has also been advocated when transfusion 
requirements would exceed the patient’s ability to handle 
the volume to be transfused. This may occur in autoim-
mune hemolytic processes (especially IgM mediated), as 
well as in infectious hemolytic processes, including 
malaria and babesiosis.364,365

Erythrocytapheresis may also be used to remove 
RBCs from a patient or donor. Patients with polycythe-
mia secondary to chronic cyanotic congenital heart 
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disease complicated by Eisenmenger’s syndrome may 
have improved hemodynamic function and symptomatic 
relief after phlebotomy, which is well tolerated with 
apheresis technology.366 Finally, more than 1 unit of 
RBCs at a time can be drawn safely from a donor if 
normovolemia is maintained.367 This technique is being 
used increasingly in routine red cell collection368,369 and 
autologous red cell collection160 and is especially useful 
when obtaining rare blood from donors or from a single 
donor to support a specifi c recipient.

Leukapheresis

Leukocytosis is a negative prognostic indicator in child-
hood leukemia, especially when the initial white cell count 
exceeds 200,000/μL. In many centers it is standard prac-
tice to perform leukapheresis or whole blood exchange in 
patients who have extremely high counts with the goal of 
treating or preventing symptoms related to hyperviscosity 
and tumor lysis syndrome.370 Although the leukocyte 
count can be reduced rapidly, typically dropping by 50% 
to 75% immediately after the procedure, a long-term 
survival advantage for patients treated by leukapheresis 
for hyperleukocytosis has not been demonstrated. The 
value of this intervention may depend in part on the initial 
immunophenotype. Specifi cally, complications of hyper-
leukocytosis, such as cerebral thrombosis and hemor-
rhage, may be more common in acute myeloblastic 
leukemia than in acute lymphoblastic leukemia.371 Fur-
thermore, in one retrospective study, electrolyte abnor-
malities during induction chemotherapy were reduced in 
the group of patients with acute lymphoblastic leukemia 
and hyperleukocytosis who underwent leukapheresis or 
exchange transfusion, thus suggesting that leukapheresis 
may reduce the severity of tumor lysis syndrome.372 Some 
authors propose that all patients with acute myeloblastic 
leukemia or acute undifferentiated leukemia with initial 
white blood cell counts in excess of 200,000/μL undergo 
exchange or leukapheresis and that only selective patients 
with acute lymphoblastic leukemia require this interven-
tion.373 Technically, leukapheresis may be performed 
either by using specifi c tubing sets designed to remove the 
buffy coat layer or by using the tubing set for plasmapher-
esis and collecting down into the RBC interface. It is often 
desirable to maintain a relatively low hematocrit during 
therapeutic leukapheresis because the RBC mass contrib-
utes to viscosity of the blood.

PERIPHERAL BLOOD PROGENITOR CELLS

Peripheral blood progenitor cells, or stem cells, are hema-
topoietic progenitors with potential for self-renewal that 
circulate in the blood. At steady state they are present in 
very low numbers, but during the early phase of recovery 
from chemotherapy-induced myelosuppression or as a 
result of exogenous hematopoietic cytokine mobilization 
(e.g., G-CSF), their relative numbers may increase 10- to 

100-fold. This observation has made it possible to collect 
suffi cient numbers of progenitor cells by apheresis to 
allow autologous hematopoietic rescue after high-dose 
chemotherapy and to serve as the sole source of stem 
cells, in lieu of bone marrow, for allogeneic transplanta-
tion.374-377 Collection of peripheral progenitor cells for 
autologous transplantation in children has been reported 
by several centers.375-378 Early engraftment of granulo-
cytes and platelets after high-dose chemotherapy was 
observed, similar to the fi ndings in adult trials.378 (See 
Chapter 9 for discussion of the role of HSC transplants 
and evaluation of progenitor harvests.) Growth in the 
number of clinical protocols involving their use has had 
a profound effect on most clinical apheresis units.379 
Hence, some discussion of the unique aspects of pediatric 
peripheral progenitor cell apheresis is warranted.

Because almost all pediatric peripheral blood pro-
genitor protocols are directed toward treatment of aggres-
sive cancer with a high risk of relapse (advanced-stage 
neuroblastoma, leukemia, relapsed lymphoma, high-risk 
brain tumors), the protocols have most commonly timed 
the collection of cells to occur during the initial rise in 
white blood cell count after chemotherapy-induced 
myelosuppression. Most protocols also use mobiliza -
tion with a hematopoietic cytokine (GM-CSF or G-
CSF).380-384 The general considerations for access for 
progenitor cell collections are the same as have previously 
been described. Because many of the candidates for 
peripheral blood progenitor cell collections will have 
central lines for their chemotherapy and supportive care 
placed at the time of diagnosis or relapse, it is important 
to select a catheter stiff enough to use for leukapheresis. 
As with large-volume leukapheresis collections in adults, 
four to seven blood volumes may be processed by the cell 
separator in a single 4-hour apheresis collection. More 
prolonged collections are technically feasible and do 
increase the net yield, but they may tax the patience of 
the child and apheresis staff. The adequacy and quality 
of collections are usually monitored with a complete 
blood cell count and a measure of progenitor content 
consisting of tissue culture assays for CFU-GM or, more 
commonly, counts of CD34+ cells by fl uorescence-acti-
vated cell sorter analysis, or both. A typical yield from a 
single collection might be 2.5 × 106 CD34+ cells per 
kilogram of recipient body weight. Actual yields vary 
widely, depending on factors such as a history of previous 
chemotherapy, timing of collections, intercurrent illness, 
precollection counts, and other factors.381-384 Cytopenias, 
especially thrombocytopenia, have been reported after 
progenitor cell collections,385 but catheter-related prob-
lems such as mechanical obstruction, thrombosis, and 
infection are the most common diffi culties.386

Extracorporeal Photopheresis

Extracorporeal photopheresis is a therapeutic use of 
apheresis technology that takes advantage of the conver-
sion by UVA light (spectrum, 320 to 400 nm) of 
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8-methoxypsoralen from an inactive molecule to an agent 
that can induce irreversible lesions in the DNA of leuko-
cytes. The intended target for this DNA damage is T cells 
that may have a role in pathogenesis. Disorders mediated 
by excessive autoreactivity or alloreactivity might theo-
retically be treated by this approach. Some photopheresis 
protocols involve performing leukapheresis to collect 
mononuclear cells, ex vivo psoralen treatment and UV 
irradiation of the cells, and reinfusion of the treated cells. 
In other protocols, the patient is treated with the psoralen 
systemically before leukapheresis and UV irradiation of 
the product. The best-documented therapeutic effect of 
photopheresis is in the treatment of cutaneous T-cell lym-
phomas (Sezary’s syndrome found exclusively in adults), 
in which response rates greater than 60% and cure rates 
of 10% to 15% have been achieved.387

More recently, photopheresis has been applied to 
treat rejection of solid organ grafts in which immunosup-
pressive interventions have failed and to treat chronic 
GVHD, especially skin GVHD, after bone marrow trans-
plantation, including treatment in children.388-393 Anec-
dotal reports have described striking responses in patients 
with cardiac rejection refractory to standard treatment, 
and a randomized pilot study demonstrated the effi cacy 
of photopheresis in preventing cardiac allograft rejec-
tion.394 Controlled trials are needed before the effi cacy 
of this application can be evaluated.395 Additional reports 
of control of rejection of other solid organ transplants 
(including lung transplants) by extracorporeal photo-
pheresis have emerged.396,397 Wider application of this 
technology in pediatrics is currently limited in the United 
States by the lack of an approved photopheresis instru-
ment that uses continuous-fl ow cell separation.

PLASMA EXCHANGE

Plasma exchange is performed either to remove harmful 
constituents of plasma (such as autoantibodies or excess 
cholesterol) or to replace missing plasma proteins, such 
as coagulation factors in liver failure. The extent of 
removal of a particular molecule or compound by plas-
mapheresis is a function of the amount of plasma removed 
and the distribution of the molecule in the body. The 
most effi cient clearance is achieved for substances (such 
as IgM) that are limited to the intravascular compart-
ment. If the molecule is distributed within the compart-
ment defi ned by extracellular water (such as IgG), the 
effi ciency of removal is also affected by the rate of re-
equilibration between the extravascular and the intravas-
cular space. Plasmapheresis is least effi cient when the 
molecule targeted for removal is distributed over the 
entire body (many drugs and toxins). Similarly, the effi -
ciency of replacement of missing plasma factors is a 
function of the factors’ distribution and ongoing rate of 
consumption.345

For some indications, the underlying mechanism of 
an observed therapeutic effect of plasmapheresis may be 

unknown. For example, in TTP, controlled clinical 
trials387 have documented the superiority of plasma 
exchange over simple plasma transfusion well before the 
pathogenesis of the disease was understood. This result 
was commonly extrapolated to the treatment of HUS 
because it shares certain clinical features with TTP, 
even though the empirical evidence supporting the use 
of plasma exchange in adult HUS398 and pediatric 
HUS347,399,400 was not well founded. In light of the dem-
onstration in patients with TTP (but not HUS) of an 
autoantibody that removes the activity of a serum metal-
loproteinase responsible for cleaving von Willebrand 
factor,401-403 it appears that plasma exchange treats TTP 
by removal of the autoantibody, as well as by replacement 
of the serum metalloproteinase and normal von Wille-
brand factor. Although this discovery has provided a 
sound explanation of how plasma exchange helps in TTP, 
it has invalidated the previous assumption that HUS and 
TTP represent a spectrum of a single disease process that 
will respond to plasma exchange.

The role of plasma exchange in liver failure is con-
troversial. In acute severe liver failure, metabolic toxins 
(the so-called middle molecules, which are not effectively 
removed by conventional dialysis) accumulate and lead 
to hepatic encephalopathy, coma, and death. Further-
more, failure of production of intravascular proteins, 
including albumin and coagulation factors, leads to 
ascites, edema, and bleeding. Plasma exchange can offer 
temporizing supportive care by providing the missing 
plasma components in larger doses than could be deliv-
ered by simple transfusion. However, plasmapheresis is 
ineffi cient for removal of the toxins that accumulate in 
liver failure and has not been shown to prevent or fore-
stall the development of hepatic encephalopathy. The use 
of plasma exchange to provide a bridge to support patients 
awaiting liver transplantation or to normalize coagulation 
parameters immediately before transplant surgery is well 
documented.404

Autoimmune Disorders

Guillain-Barré Syndrome

Several controlled studies comparing plasmapheresis 
with conventional therapy for Guillain-Barré syndrome 
(GBS) have documented a therapeutic benefi t from plas-
mapheresis, especially when initiated early in the course 
of the illness.405 Lack of a uniform response to plasma-
pheresis had led some researchers to speculate whether 
the syndrome may be a common outcome of diverse 
causes.406 Because children with GBS have a somewhat 
better prognosis than adults do, plasmapheresis is gener-
ally reserved for those who deteriorate rapidly or who 
require ventilator assistance.407 High-dose IVIG has also 
been shown to have effi cacy in treatment of GBS, and a 
randomized trial in adults demonstrated that IVIG may 
be slightly superior to plasma exchange for GBS.408 This 
result has led neurologists to treat with IVIG fi rst and 
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reserve plasmapheresis for refractory or especially severe 
cases. Both IVIG and plasmapheresis have effi cacy in 
childhood GBS but have not been compared in a ran-
domized trial.409,410 Patients with chronic infl ammatory 
demyelinating polyradiculopathy, an insidious peripheral 
neuropathy with a waxing and waning course and 
some similarities to GBS, may also benefi t from 
plasmapheresis.411,412

Myasthenia Gravis

Myasthenia gravis is a neuromuscular disorder character-
ized by progressive proximal muscle weakness. It follows 
damage to motor end plates caused by an autoantibody 
directed against postsynaptic acetylcholine receptors. 
Plasmapheresis has been shown to provide acute tempo-
rary relief of myasthenic crises and to be a useful adjunct 
along with immunosuppressive therapies for longer-term 
treatment.413,414

Systemic Lupus Erythematosus

Systemic lupus erythematosus is an autoimmune disor-
der with protean manifestations that may affect many 
organ systems, especially the skin, kidney, central nervous 
system, and blood. Controlled trials of plasmapheresis in 
systemic lupus erythematosus have generally failed to 
show long-term benefi t.415 Nonetheless, some authors 
advocate the use of plasmapheresis to treat certain acute 
fl ares of the disease, especially when they are severe or 
threaten the function of vital organs (kidney, central 
nervous system). Flares during pregnancy, for example, 
when other more toxic treatments might be contraindi-
cated, have been proposed as appropriate indications for 
apheresis.416

Immune Hemolysis

Cold agglutinin disease, a form of autoimmune hemo-
lytic anemia mediated by an RBC antibody of the IgM 
isotype, may be effectively treated in the acute phase by 
plasmapheresis because IgM antibodies are effi ciently 
removed by plasmapheresis.417 Plasmapheresis has also 
been used in life-threatening IgG-mediated autoimmune 
hemolysis, even though removal of IgG is much less effi -
cient. The reduction in hemolysis is transient in either 
case, and in general, apheresis is warranted only to buy 
time until other treatments, such as splenectomy, can 
be performed or to treat disease refractory to other 
therapies.418

Other Autoimmune Disorders

Rasmussen’s encephalitis, a rare disease resulting in 
an intractable seizure disorder previously treated by 
hemispherectomy, has been shown to result from auto-
antibodies directed against the glutamate receptor 
(GluR3) in the brain.419 The antibodies reportedly act as 
constitutive agonists and result in excessive neuronal 
activation and subsequent seizures.420,421 Case reports 
suggest that plasmapheresis has a role in acute treatment. 
A syndrome called pediatric autoimmune neuropsy-

chiatric disorders associated with streptococcal infections 
(PANDAS) consists of a movement disorder with invol-
untary tics and a behavioral disorder with obsessive-
compulsive features.422 The pathophysiology is thought 
to involve group A β-hemolytic streptococci triggering 
antibodies that cross-react with the basal ganglia of 
genetically susceptible individuals, a mechanism parallel 
to the pathophysiology of Sydenham’s chorea.423 One 
randomized trial has demonstrated that both IVIG and 
plasma exchange have effi cacy in treating the symptoms 
of PANDAS,424 and another trial suggested that plasma-
pheresis and IVIG may have effi cacy in Sydenham’s 
chorea.425

Hyper-IgE syndrome (Job’s syndrome) is a rare auto-
somal recessive disorder characterized by extremely high 
IgE levels, recurrent infections (typically with Staphylo-
coccus), and chronic dermatitis. Plasmapheresis results in 
a reduction in IgE levels and correspondingly decreases 
infl ammatory lesions. It is generally reserved for patients 
who have failed to respond to other therapies, including 
antibiotics and IVIG replacement.426 An unusual com-
plication of hyper-IgE syndrome is keratoconjunctivitis, 
which may threaten vision; it has reportedly been 
improved with apheresis.427

Other Coagulopathies

A preexisting coagulopathy has historically been a con-
traindication to managing a patient by ECMO because 
of the additional anticoagulation required to prevent 
clotting in the membrane oxygenation circuit and the 
high risk of intracranial hemorrhage. Several centers have 
observed that it is possible to perform plasmapheresis via 
the ECMO circuit itself, thereby replacing the missing 
coagulation factors in the hope of decreasing the risk for 
hemorrhage.428,429

Renal Disease. Cryoglobulinemia, a disorder rare in 
pediatrics, involves the pathologic production of proteins 
that reversibly precipitate or gel on exposure to cold. In 
general, they are antibodies, although they are not neces-
sarily limited to the IgM class. These immune complexes 
may be deposited in the kidney and result in end-organ 
damage. Because immune complexes are largely intravas-
cular, they are effi ciently cleared by apheresis.430 Apher-
esis has also been advocated in Goodpasture’s syndrome, 
an autoimmune disorder caused by antibodies against 
glomerular basement membranes. Controlled trials to 
measure the effi cacy of plasmapheresis, often as an 
adjunct to other immunosuppressive agents, have yielded 
confl icting results. Some appear to show clear benefi t,431 
whereas the benefi t in other studies appears to be 
marginal.432

Although plasmapheresis has not been shown to 
prevent renal allograft rejection, it may prove useful as 
an adjunctive therapy in preventing recurrence of corti-
costeroid-resistant nephrotic syndrome with focal scle-
rosing glomerulosclerosis (FSGS) in the transplanted 
kidney when used in conjunction with cyclophosphamide 
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and pulse corticosteroids.433,434 The mechanism of this 
therapeutic effect is thought to be removal of a protein 
permeability factor in plasma that mediates the renal 
injury in FSGS.

Hypercholesterolemia. Genetic absence of the low-
density lipoprotein receptor results in extreme hypercho-
lesterolemia and the development of severe atherosclerotic 
complications within the fi rst several decades. Choles-
terol-lowering drugs are largely ineffective in patients 
with completely absent of receptors or nonfunctional 
receptors. Hence, plasmapheresis is the treatment of fi rst 
choice. It may be performed by simply removing plasma 
and replacing it with albumin or by selective lipid absorp-
tion columns. The reported advantages of the latter treat-
ment are the greater volumes that may be processed with 
less depletion of coagulation factors, immunoglobulins, 
and high-density lipoproteins. Columns come in many 
varieties, and the most commonly used are disposable 
dextran sulfate columns. A dual-column method has 
been developed that cannot be saturated; the lipid col-
lected is eluted from one column while the second is 
collecting. This system has been shown to be effective in 
pediatric patients.435 Disadvantages of using columns 
include additional extracorporeal volume (150 to 
400 mL) added to the system and some reports of adverse 
side effects.

Transplantation

ABO-incompatible bone marrow or solid organ transplan-
tation is most problematic when the recipient has IgM 
antibodies against the donor ABO type.436 Apheresis can 
be used to deplete isohemagglutinins (naturally occurring 
anti-A, anti-B antibodies).437 Although this approach is 
effective in reducing IgM titers, the requirement for several 
daily procedures often results in a large number of donor 
exposures.438 Most bone marrow transplant programs 
have switched to depleting the donor marrow of RBCs, a 
one-time procedure that has not been shown to compro-
mise engraftment. For ABO-incompatible cardiac trans-
plantation in neonates, however, plasmapheresis, either as 
a separate procedure or incorporated into cardiopulmo-
nary bypass, may be used immediately before or after 
transplant surgery to remove isohemagglutinins.142 Plas-
mapheresis has also been used to reduce HLA antibodies 
in patients who are candidates for renal transplantation 
but who have high degrees of HLA sensitization that 
restrict the availability of compatible organs and increase 
the risk of hyperacute rejection.439

Disseminated Intravascular 
Coagulation/Purpura Fulminans

Plasmapheresis may be used in desperate situations. Spe-
cifi cally, the dramatic coagulopathy of purpura fulminans 
associated with meningococcal sepsis can be treated by 
plasmapheresis. In trials using historical controls, 
improved survival and correction of coagulopathy have 
been documented, but because the trials had no concur-

rent controls, it is impossible to be sure that plasmapher-
esis contributed to the improvement.440

Special Applications and 
Selective Adsorption

Plasmapheresis allows the selective removal of compo-
nents within plasma by additional processing of the sepa-
rated plasma. Various devices such as immunoadsorbent 
columns may be incorporated in series into the plasma 
fl ow. For example, the plasma can be exposed to beads 
coated with antigen to remove a specifi c antibody or 
with staphylococcal protein A to remove IgG. Therapeu-
tic protein A immunoadsorption has been applied to an 
array of hematologic disorders, including autoimmune 
thrombocytopenic purpura and alloimmune platelet 
transfusion refractoriness.441 Coagulation factor VIII 
alloantibodies have also been treated extensively with this 
technique.

Types of Columns

Two general types of staphylococcal protein A columns 
for clinical use exist: disposable columns intended for 
single use and renewable columns that are part of a 
system to remove IgG continuously.441 Both techniques 
use staphylococcal protein A attached to a solid matrix 
to permit selective removal of IgG antibodies, including 
subclasses IgG1, IgG2, and IgG4, either as free antibody 
or as immune complexes. IgG3 and immunoglobulins of 
other classes are less avidly bound to protein A and hence 
are less effi ciently removed by these devices.442

An inherent limitation of this adsorption chromatog-
raphy is saturation of the staphylococcal protein A binding 
sites. For example, the disposable column is saturated 
after 200 to 250 mL of plasma has passed over the 
column. A method to circumvent this problem of rapid 
saturation has been developed whereby two columns are 
used alternatively, collecting on one while eluting (fl ush-
ing with a low pH solution) from the other column. 
Clinical studies using each of these systems have been 
performed, but only the disposable column is licensed 
for use in idiopathic thrombocytopenic purpura and the 
two-column system is available only for research 
protocols.443

Both types of staphylococcal protein A columns have 
been used to treat platelet refractoriness (platelet alloim-
munization), but the clinical value of such intervention 
is not well established.

Use in Congenital Hemophilia with Inhibitors

The two-column immunoabsorption system has demon-
strated effi cacy for removal of coagulation factor inhibi-
tors, either acquired or secondary to congenital defi ciency 
(hemophilia A or B). One study of 22 patients used 
staphylococcal protein A adsorption to treat patients with 
a wide array of starting inhibitor titers. A majority 
achieved greater than 90% reduction in inhibitor titer; 
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however, a starting titer of greater than 200 Bethesda 
units (BU) typically resulted in postadsorption titers 
greater than 5.444 Below this level one can overwhelm an 
inhibitor simply by giving larger doses of factor concen-
trate. For short-term removal of coagulation factor inhib-
itors, the technique has documented effi cacy. In the 
Malmö protocol, staphylococcal protein A adsorption is 
used as the initial stage of inhibitor ablation therapy to 
reduce the initial titer to less than 10 BU, followed by the 
administration of IVIG, cyclophosphamide, and high 
doses of the missing coagulation factor (VIII or IX). In 
a published series, 8 of 11 inhibitor patients achieved 
durable responses to this inhibitor ablation protocol.445 
Limiting factors for generalized application of this 
protocol include both unavailability of the two-column 
system and the large quantities of factor concentrates 
used, issues that result in considerable expense when 
carrying out the protocol.

Other Autoimmune Diseases

Staphylococcal protein A columns have been applied 
to numerous different autoimmune disorders.446 The 
common fi nding is that antibody can be removed with 
the system, but conclusions regarding whether staphylo-
coccal protein A apheresis is warranted in each of these 
disorders must await prospective clinical trials.

Another selective-removal apheresis methodology 
has been developed to target the removal of some popula-
tions of granulocytes and monocytes based on their 
adherence to cellulose acetate beads. There are several 
reports from Japan of the effi cacy and safety of this form 
of granulocytapheresis in the treatment of ulcerative 
colitis, but the device is not currently available in the 
United States.447-449

CONCLUSION

The addition of mechanical apheresis devices to the ther-
apeutic armamentarium of transfusion medicine special-
ists has allowed dramatic interventions in both acute and 
chronic disorders. The complexity of the clinical settings 
in which apheresis is sometimes used often makes it dif-
fi cult to assess the value of apheresis-based therapies. As 
economic constraints increasingly encroach on the appli-
cation of medical technologies, it is imperative to design 
well-controlled studies to document the effi cacy of the 
intervention. Consensus statements provide an opportu-
nity to pose testable questions for interventions in mul-
ticenter trials. The involvement of pediatric transfusion 
medicine specialists early in the design of such trials is 
warranted because of the technical complexity of the 
procedures and the unique requirements of pediatric 
patients. Producers of apheresis devices must also be 
mindful of these unique requirements lest protocols 
designed for adults not be applicable for children. Reduc-
tion of extracorporeal volume, for example, may be 
benefi cial to adults as well as pediatric patients.
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Evaluation of almost any patient who seeks medical 
attention, particularly in a hospital setting, includes the 
obligatory complete white blood cell count. In fact, the 
vast majority of patients do not have a primary hemato-
logic problem. So the question is what information can 
be gleaned from this test and how can it inform the clini-
cian about systemic diseases? There are many patho-
physiologic paradigms that have secondary effects on 
hematopoiesis and many ways to approach the problem. 
The most satisfying is to dissect the mechanism whereby 
a systemic disease affects the complete blood count or 
results in a defect in coagulation. In this chapter an organ 
system approach is used, together with identifi cation of 
certain diseases in which the diagnostic clue may lie in 
examination of the peripheral blood smear. In addition, 
some common infections, usually viral, that result in 
characteristic hematologic responses are discussed. 
Finally, the newly recognized application of a class of 
serum proteins as markers of systemic disease that 
play a role in host defense and serve as modulators 
of infl ammation is addressed. A chapter on the hemato-
logic manifestations of systemic diseases includes infor-
mation that overlaps other sections of this book, and thus 
readers are encouraged to refer to other relevant 
chapters.

CARDIAC DISEASE

The focus of this section is on the three major hemato-
logic complications of cardiac disease—hemolytic anemia, 
coagulopathy, and increased platelet turnover.

Hemolysis

A number of instances of continuing hemolysis and pro-
gressive anemia have been reported after the insertion of 

prosthetic valves, particularly in the aortic area.1,2 These 
conditions may also occur postoperatively when intracar-
diac patches have been placed (the “Waring blender” 
syndrome). They are also being recognized as an increas-
ing problem after endoluminal closure of the ductus arte-
riosus3,4 and occasionally after repair of a ventriculoseptal 
defect.5 The mechanism of such erythrocyte destruction 
has been related to failure of endothelialization of patches, 
thrombosis or perforation of prosthetic valves, and 
improper placement of prosthetic valves, especially when 
insuffi ciency develops at the suture lines. Erythrocyte 
destruction and ensuing hemolysis, however, have been 
described in the absence of these complications and been 
attributed to red blood cell mechanical trauma associated 
with apparently normal function of the prosthetic 
valve.6,7

Red cell survival studies have clearly shown that 
prosthetic valve and patch hemolysis is due to an extra-
corpuscular defect.8 In general, hemolytic anemia results 
from fragmentation of the red cells as they are mechani-
cally “battered” against a distorted vascular surface.9 In 
some instances it has been postulated that the red cell 
fragmentation may be caused by contact with fi brin 
deposited in small blood vessels as a result of localized 
intravascular coagulation.10 Most times, however, hemo-
lysis is the result of direct mechanical trauma. Nevaril 
and associates9 demonstrated that a shearing stress of 
300 dynes/cm2 causes hemolysis in vitro whereas less 
stress may result in deformed red cell morphologically 
similar in appearance to cells in cardiac hemolytic anemia 
and microangiopathic hemolytic anemia.9

The consequence of the process is hemolytic anemia 
of the intravascular type associated with hemoglobinemia 
and often hemoglobinuria. Iron defi ciency develops 
quickly in patients with this disorder as a result of 
increased loss of body iron in the form of hemosiderin, 
which is shed within the renal tubular cells into urine.11,12 
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The onset of iron defi ciency may be of clinical impor-
tance. The microcytic hypochromic cell in iron defi ciency 
is more rigid, thereby leading to an accelerated rate of 
hemolysis from mechanical shearing in the microvascu-
lature.13 Plasma haptoglobin and hemopexin levels fall. 
Large quantities of red cell lactate dehydrogenase are 
released into serum, and a close correlation exists between 
the logarithm of serum lactate dehydrogenase and the 
half-life of chromium-labeled erythrocytes.14 The rate of 
hemolysis may or may not result in anemia. If surgical 
correction of the defect causing hemolysis is not possible, 
the patient should be treated with both iron and folate, 
as well as red cell transfusion. The latter is intended to 
correct anemia, reduce stroke volume, and presumably 
reduce shear force. Sears and Crosby15 observed that the 
severity of hemolysis is directly related to physical activ-
ity. This fi nding has been used as a test to determine 
whether the hemolysis is of cardiac origin because if it is, 
rest also diminishes the rate of hemolysis. If the source 
of the problem cannot be corrected surgically, proprano-
lol, which reduces the shearing stress between red blood 
cells and the vascular wall by slowing the velocity of the 
circulation, may be given.16

Mechanical injury to red cells may result in loss of 
pieces of cell membrane, with or without loss of hemo-
globin. Such loss will lead to the formation of sphero-
cytes. Consequently, in many patients with heart valve 
hemolysis, results of the red cell osmotic fragility test may 
be abnormal.16 Mechanical destruction of red blood cells 
on abnormal surfaces of the vasculature can result in 
hyperkalemia. This has been reported to cause ventricu-
lar arrhythmias.17

Occasionally, autoimmune hemolytic anemia is 
observed after cardiac surgery involving the placement of 
foreign material within the vascular system.18 This condi-
tion may also occur in association with subacute bacterial 
endocarditis.

Erythrocyte disturbances in children with cardiac 
disease must be understood in the context of compensa-
tory states or the context of iron defi ciency as a compli-
cation. For example, infants with cyanotic congenital 
heart disease have erythropoietin-induced compensatory 
polycythemia. Aortic oxygen saturation higher than 80% 
is usually associated with low erythropoietin titers and 
hemoglobin levels that will not cause hyperviscosity. Even 
with moderate degrees of hypoxemia, elevated erythro-
poietin levels are not seen; presumably, the modest ele-
vation in hemoglobin levels provides adequate tissue 
oxygenation.19-21 Infants with cyanotic congenital heart 
disease have higher iron requirements because of the 
greater hemoglobin mass. Diminished iron stores in 
patients with cyanotic congenital heart disease are associ-
ated with a more right-shifted oxyhemoglobin disso-
ciation curve.22 Most children with cyanotic congenital 
heart disease have evidence of mild macrocytosis. A mean 
corpuscular volume greater than the 90th percentile for 
age and sex nearly eliminates the possibility of iron 
defi ciency.22

Coagulation Abnormalities

Many investigations have suggested that a coagulopathy 
exists in some patients with cyanotic congenital heart 
disease. Newborns with protein C activity at or below the 
lower limit of the normal neonatal range may have a 
greater risk for either consumptive coagulopathy or major 
thrombosis.23 Thrombocytopenia, low plasma fi brinogen 
levels, defective clot retraction, hypoprothrombinemia, 
factor V and VIII defi ciency, and evidence of fi brin deg-
radation products in serum have been reported.24-28 
Marked derangements in coagulation often accompany 
surgery involving cardiopulmonary bypass.29 Manage-
ment of the coagulation problems with heparin requires 
very careful and regular monitoring.30

Dennis and associates31 were the fi rst to report fi ve 
patients with cyanotic congenital heart disease associated 
with coagulation abnormalities that were correctable by 
heparin.31 Consumptive coagulopathy was thought to be 
responsible, but technical problems cast doubt on that 
interpretation.32

It is now generally thought that the presence of coag-
ulation abnormalities correlates best with the extent of 
polycythemia.33 The exact mechanism producing the 
coagulopathy, when present, is not known.

Hyperviscosity may lead to tissue hypoxemia, which 
then triggers a consumptive process.34 Confl icting data 
suggest that the coagulation defects associated with cya-
notic congenital heart disease must be multifactorial in 
origin. Therefore, each child should be studied individu-
ally. Data suggest that certain forms of heart disease may 
be associated with specifi c abnormalities. For example, 
subjects with mitral valve prolapse may experience factor 
VIII complex abnormalities.35

Platelet Abnormalities

Quantitative and qualitative platelet abnormalities are 
commonly associated with cardiac disease. In one series, 
the mean platelet count in cyanotic patients with an arte-
rial oxygen saturation of less than 60% was 185,000 
cells/mm3 as compared with 315,000 cells/mm3 in patients 
with an arterial oxygen saturation greater than 60%.36,37 
These abnormalities are readily noted on preoperative 
evaluation of the coagulation status of individuals about 
to undergo surgery.38 Examination of bone marrow has 
failed to demonstrate any quantitative changes in mega-
karyocytes to account for these platelet differences.36 
This, together with the fi nding of shortened platelet sur-
vival in many patients, has suggested that the mechanism 
of the thrombocytopenia is destructive. Some patients, 
especially those with minimal cyanosis, may have elevated 
platelet counts. It should be noted that although iron 
defi ciency is commonly associated with cyanotic con-
genital heart disease, the quantitative platelet abnormali-
ties are not related to iron status.

Qualitative platelet defects associated with cyanotic 
congenital heart disease may include prolonged bleeding 
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times and abnormal aggregation in response to adenosine 
diphosphate, epinephrine, and collagen.39 In as many 
as 70% of patients, either a delayed or no second wave 
of platelet aggregation and disaggregation is observed.40 
These platelet functional abnormalities appear to be due 
to a defective platelet release mechanism because dimin-
ished release of [14C]serotonin occurs in response to 
adenosine diphosphate whereas uptake of [14C]serotonin 
is normal.41 Platelet release abnormalities are more 
common in patients older than 4 years, in those with a 
hematocrit greater than 60%, and in those with platelet 
counts less than 175,000 cells/mm3. There is no correla-
tion between abnormalities in platelet aggregation and 
release and the abnormal bleeding time.

Treatment

Management of these hemostatic defects is not settled. 
It is agreed that they may predispose patients to postop-
erative hemorrhage, but they are rarely associated with 
preoperative clinical bleeding tendencies. Suggested 
management procedures have included the use of 
heparin31 to lower viscosity, erythrocytapheresis with 
plasma exchange,34,42 and ε-aminocaproic acid to inhibit 
fi brinolysis.43 Whether any of these modalities are indi-
cated and, indeed, whether they might be uniformly 
effective is speculative. If erythrocytapheresis is chosen, 
the procedure should be done with great care in cyanotic 
patients. Withdrawal of red cells must be accompanied 
by infusion of an equal volume of fresh frozen plasma. 
Simple removal of red cells without volume replacement 
in polycythemic individuals may cause an acute increase 
in viscosity, vascular collapse, seizures, and even stroke.44 
Because of the high incidence of cerebrovascular acci-
dents in children with cyanotic congenital heart disease, 
some workers have thought that a “hypercoagulable” 
state exists. Hyperviscosity alone may account for some 
ischemic infarctions. The clinician should be alert to the 
possibility of iron defi ciency predisposing patients to 
stroke in the presence of polycythemia. Several children 
in whom neurologic defi cits developed after the onset of 
iron defi ciency in the presence of polycythemia have been 
described.45,46 Card and Weintraub47 showed that red 
blood cells from animals with iron defi ciency have 
decreased deformability. Altered deformability in the 
presence of increased blood viscosity could theoretically 
result in vascular ischemia.

Shortening of platelet survival with or without throm-
bocytopenia has been observed in both children and 
adults with prosthetic heart valves.48 The increased plate-
let turnover may result from a combination of mechanical 
damage to the platelet and adhesion to the foreign mate-
rial. The use of anti–platelet-aggregating agents may 
correct this shortened survival, although clinical benefi t 
of the use of this class of drug has not been established. 
Drugs such as acetylsalicylic acid, dipyridamole, and 
sulfi npyrazone have been used either singly or in 
combination.49-51

Miscellaneous Hematologic Manifestations 
of Heart Disease

Subacute bacterial endocarditis may be associated with 
a variety of hematologic manifestations. Anemia is often 
present and is usually the result of chronic infection. The 
white blood cell count is generally normal, although 
marked leukocytosis or leukopenia may occur. A 25-year 
review of the evolving pattern of pediatric endocarditis 
shows that anemia is present in 40% of children with 
endocarditis and leukocytosis in 30% of such patients.52 
Pancytopenia has been reported,53 and thrombocytope-
nia has been noted in a few patients.54,55

Congestive heart failure may result in suffi cient 
hypoxia to cause nucleated red blood cells to appear in 
the peripheral blood in association with mild reticulocy-
tosis.56 Thrombocytopenia may be present but is almost 
exclusively the result of hypersplenism.57

Cyanotic heart disease may result in poor perfusion 
of the spleen and subsequent functional hyposplenism 
manifested by Howell-Jolly bodies in peripheral blood.58 
This fi nding is likely to lead to the mistaken conclusion 
that a child may have the asplenia syndrome (absence of 
the spleen, cardiovascular malformations, abdominal 
situs inversus, and other anatomic malformations), which 
is associated with a poor prognosis.

GASTROINTESTINAL DISEASE

Hematologic complications of gastrointestinal disease 
appear in many disorders. This section does not include 
the wide range of situations in which blood loss from the 
gastrointestinal tract occurs but rather focuses on specifi c 
diseases and their hematologic complications.

Diseases of the Upper 
Gastrointestinal Tract

Esophagus

Plummer-Vinson syndrome (dysphagia, postcricoid 
webs, and iron defi ciency)59 occurs in older individuals. 
It is rarely seen in young adults. Iron defi ciency anemia 
may be the only manifestation of gastroesophageal 
refl ux; thus, endoscopy is important in the evaluation 
of unexplained iron defi ciency anemia.60 Chronic 
gastroesophageal refl ux may cause Barrett’s esophagus 
with its attendant risk for the development of 
adenocarcinoma.61

Stomach

The gastric mucosa is important in both vitamin B12 and 
iron absorption, and disorders of the gastric mucosa may 
cause defective absorption of either of these nutrients.

Chronic atrophic gastritis is usually a disorder of 
older adults but occasionally is seen in young adults. The 
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accompanying iron defi ciency results from a combination 
of blood loss and iron malabsorption secondary to achlor-
hydria.62 Vitamin B12 absorption defects may occur in 
association with chronic atrophic gastritis.63

Gastric resection may also result in iron or vitamin 
B12 defi ciency—the former from bleeding at sites of anas-
tomosis and the latter, years later, from lack of intrinsic 
factor. Vitamin B12 defi ciency may develop in infants 
breast-fed by women who have undergone gastric or 
intestinal bypass procedures.64 Macrocytic, megaloblastic 
anemia resulting from vitamin B12 defi ciency has been 
reported in association with gastric trichobezoars.65 This 
is presumed to be due to bacterial overgrowth of the 
upper gastrointestinal tract.

In congenital intrinsic factor defi ciency, gastric biopsy 
results are normal, and no antibodies to parietal cells or 
intrinsic factor are present.66

Zollinger-Ellison syndrome is a disorder associated 
with increased parietal cell production of hydrochloric 
acid. This excess acid may cause iron defi ciency as a 
result of mucosal ulceration. Carcinoid syndrome may 
cause a similar problem. In both conditions, vitamin B12 
malabsorption may occur because of reduced pH in the 
ileum.

Small Bowel

Celiac disease may cause a panmalabsorption syndrome. 
Isolated iron defi ciency results from blood loss secondary 
to ulcerations at the origins of the loop, and vitamin B12 
defi ciency may be due to consumption of this vitamin by 
stagnant intestinal bacteria.67 Iron defi ciency is quite 
common in patients with celiac disease.68 It may be the 
sole initial manifestation of celiac disease.69 The iron 
defi ciency is generally mild and is readily corrected with 
a gluten-free diet.70,71 Separate from iron defi ciency, 
pica may be a symptom of childhood celiac disease.72 
Folate defi ciency may also be seen.73 Blind loops created 
surgically for the treatment of obesity have been reported 
to cause an unusual autoimmune disorder in young 
adults74 characterized by immune intravascular hemo-
lysis, neutropenia, and thrombocytopenia. Immune 
complex–mediated complement activation apparently 
accounts for the blood cell destruction, perhaps as a 
result of bacterial antigens that enter the blood and 
initiate immune complex formation. Hyposplenism is 
also associated with celiac disease.75,76 The incidence of 
carcinoma and lymphoma is increased in adult patients 
with celiac disease.77 Before the onset of lymphoma, ele-
vations in placental ferritin, a tumor-associated antigen, 
may be found.78

Ileal resection may result in vitamin B12 defi ciency if 
receptors for the vitamin B12–intrinsic factor complex 
have been removed.

Regional enteritis may cause iron defi ciency from 
blood loss, as well as vitamin B12 defi ciency from infl am-
matory disease of the terminal ileum or from develop-
ment of the blind loop syndrome as small bowel fi stulas 
form. Low factor XIII levels have been observed in active 

disease associated with regional enteritis.79 An abnormal-
ity in arachidonic acid metabolism may occur in patients 
with chronic infl ammatory bowel disease, including 
regional enteritis. This may result in alterations in platelet 
function.80 Diminished neutrophil function may be seen 
in both regional enteritis and other forms of infl amma-
tory bowel disease. The condition may be identifi ed by 
decreased oxidative metabolism and low superoxide dis-
mutase content of neutrophils.81 Perinuclear antineutro-
phil cytoplasmic antibodies are commonly found in 
patients with infl ammatory bowel disease.82,83

Disorders such as tropical sprue, dermatitis herpeti-
formis, bowel lymphoma, amyloidosis, and connective 
tissue disturbances (including Ehlers-Danlos syndrome 
and pseudoxanthoma elasticum) may produce panselec-
tive or selective malabsorption. Certain disorders such as 
intestinal lymphangiectasia may cause protein loss of a 
magnitude suffi cient to impair globin chain synthesis. 
Protein loss may also be associated with selective loss of 
thymic-dependent (T) lymphocytes into the bowel lumen, 
which causes lymphopenia and altered delayed-type 
hypersensitivity. This lymphopenia may be associated 
with hypogammaglobulinemia.84

Eosinophilic gastroenteritis is a disorder most 
often characterized by recurrent bouts of abdominal 
pain, nausea, vomiting, diarrhea, and an elevated periph-
eral blood eosinophil count for which there is no other 
explanation.85 The gut wall may be infi ltrated by 
eosinophils.85

Common diarrheal illnesses during infancy may 
result in life-threatening methemoglobinemia, especially 
if the diet has been high in nitrates.86-89

Diseases of the Lower 
Gastrointestinal Tract

Ulcerative colitis is often associated with iron defi ciency 
anemia as a result of blood loss. Immune hemolytic 
anemia is also observed. Autoimmune hemolytic anemia 
identifi ed by positive results on a Coombs test is a rela-
tively rare complication of ulcerative colitis, however, and 
develops in less than 1% of patients.90 Occasionally, 
vitamin B12 defi ciency occurs after many years if a “back-
wash” ileitis is present. Polymorphonuclear leukocytosis 
is common. Occasionally, an increase in plasma fi brino-
lytic activity will be observed. A signifi cant decrease in 
antithrombin III levels may be found.91 Some clinicians 
have treated this complication with ε-aminocaproic 
acid.92 Platelet functional abnormalities may exist and are 
discussed elsewhere. Alterations in T-cell subsets may 
also be seen in children with infl ammatory bowel 
disease.93

Constipation has been reported to cause an increase 
in sulfmethemoglobin levels.94 It has been suggested 
that excess nitrite absorption from the gut may be present 
in some patients as a result of abnormal bowel 
function.95
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Symptoms of Peutz-Jeghers syndrome (gastrointesti-
nal polyposis and mucocutaneous pigmentation) may 
occur in early childhood.96 The increased risk for intesti-
nal cancer associated with this syndrome may also be 
manifested in childhood.97

Hereditary hemorrhagic telangiectasia (Osler-Weber-
Rendu disease) may result in iron defi ciency from 
gastrointestinal bleeding. Alterations in hemostasis 
(disseminated intravascular coagulation [DIC], platelet 
dysfunction, and factor XI defi ciency) have been 
reported.98 An association between this disorder and von 
Willebrand disease may exist.99

PANCREATIC DISEASE

Acute hemorrhagic pancreatitis may cause acute anemia 
during the fi rst week of the illness as a result of hemodilu-
tion, intravascular coagulation, and blood loss.100 Anemia 
may also be seen with pancreatic insuffi ciency in associa-
tion with the Shwachman syndrome (congenital exocrine 
pancreatic insuffi ciency and neutropenia). Defects in 
neutrophil chemotaxis are likewise seen in the Shwach-
man syndrome,101 as well as anemia and abnormalities of 
the ribs and metaphyses of long bones.102 Leukocytosis 
with neutrophilia is a usual fi nding. Markedly elevated 
levels of fi brin split products usually suggest that a con-
sumptive coagulopathy is present. A concomitant decrease 
in platelet count is also common.103 High levels of met-
hemalbumin are common in the ascitic fl uid of individu-
als with hemorrhagic pancreatitis104 and can be used to 
distinguish this disorder from nonhemorrhagic pancreati-
tis. Patients with ascitic fl uid are the ones most likely to 
have evidence of consumptive coagulopathy. For example, 
fi brin degradation products are seen in 40% of subjects 
with fulminant pancreatitis without ascites but in 100% 
of patients with clinically apparent peritoneal fl uid.105

Cystic fi brosis may cause malabsorption, which pro-
duces the expected hematologic abnormalities. A specifi c 
pattern of anemia in association with edema and hypo-
proteinemia may be observed in some children with 
cystic fi brosis. It is found most commonly in children 
who have low dietary intake of nitrogen, such as those 
who receive their protein primarily from breast milk or 
soybean formula.106 The edema is caused by hypoalbu-
minemia. The anemia responds to adequate dietary 
protein enrichment and pancreatic enzyme supplementa-
tion but not to iron administration. Cystic fi brosis may 
also be associated with malabsorption of fat-soluble vita-
mins, and the consequent coagulopathy is related to 
vitamin K defi ciency. Vitamin E defi ciency may also 
occur and is manifested by mild hemolytic anemia and 
abnormal red cell peroxide hemolysis, as well as by hyper-
aggregation of platelets.107

In 1979, Pearson described a syndrome in which the 
main symptoms were severe sideroblastic anemia and 
exocrine pancreatic dysfunction.108 Pearson’s syndrome 
is not confi ned to the bone marrow and pancreas but is 

a multiorgan disorder associated with deletions in mito-
chondrial DNA.109-111

LIVER DISEASE

Red Blood Cell Disturbances

Anemia is common in acute and chronic liver disease and 
apparently has a diverse etiology.112 Erythropoietin levels 
are elevated in the anemia associated with liver 
disease.113

The red blood cells in liver disease are often macro-
cytic, with mean corpuscular volumes in the range of 100 
to 110/m3. Target cells and acanthocytes or spur cells are 
commonly observed.114,115 Stomatocytosis has been 
reported in alcoholic liver disease.116 These morphologic 
abnormalities appear to be in direct proportion to the 
increase in red cell membrane phospholipid and choles-
terol that may accompany liver disease whenever any 
obstructive component is present.117-119 Such membrane 
lipid alterations result in an increase in red cell mem-
brane area, which accounts for the target and spur cells. 
Increased osmotic resistance is a consequence of this 
increased surface area.

Shortened red cell survival may be observed in some 
patients with no evidence of blood loss.120,121 Acute he -
molysis has also been observed in patients with acute 
liver disease who have glucose-6-phosphate dehydroge-
nase defi ciency as well.

The exact mechanism by which red blood cell sur-
vival is shortened is unclear. Erythrocytes from patients 
with active liver disease have an increased tendency to 
form Heinz bodies after incubation with an oxidant 
chemical such as acetylphenylhydrazine or sodium ascor-
bate. This increase in Heinz body formation is associated 
with increased instability of red cell reduced glutathione, 
decreased hexose monophosphate shunt activity, and 
reduced glucose recycling through the hexose mono-
phosphate shunt.122 It has not been possible to demon-
strate any decreased activity of red cell glutathione 
reductase, glutathione peroxidase, glucose-6-phosphate 
dehydrogenase, 6-phosphogluconate dehydrogenase, or 
transketolase.123 Activation of superoxide dismutase and 
glutathione reductase may be observed in the red blood 
cells of patients with profound liver disease. This may 
partially explain the alterations in the antioxidant system 
noted with these disorders.124 The hemolytic anemia 
associated with liver disease secondary to Wilson’s disease 
is especially severe.125 The same is true of the hemolytic 
anemia related to protoporphyria.126

The exact signifi cance of these metabolic alterations 
has not yet been determined. Red cell metabolism appears 
to return to normal within a few weeks after an insult to 
the liver. All of the metabolic consequences of liver 
disease can be reproduced in normal intact red cells by 
prolonged incubation in plasma from patients with active 
liver disease.
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In patients with active liver disease, it may be wise to 
withhold any drug that has the potential to present an 
oxidant challenge to the red blood cell. Similar acquired 
abnormalities in hexose monophosphate shunt activity 
have been associated with drug-induced hemolysis in 
patients with uremia. Yawata and associates127 have 
reported that primaquine therapy results in accelerated 
hemolysis in such patients.

Coagulation Abnormalities

Because the liver is involved to some extent in the syn-
thesis of most of the coagulation factors, it is not unex-
pected that liver dysfunction would be associated with 
the presence of abnormal clotting studies. In most 
instances these abnormalities are a laboratory fi nding 
only. Less commonly, severe aberrations in clotting are 
seen and result in a serious risk of bleeding. The coagula-
tion abnormalities common in patients with fulminant 
hepatic failure have been reviewed in detail.128,129

Factor I (Fibrinogen)

Fibrinogen levels are usually normal in liver disease. This 
may be accounted for by the fact that although fi brinogen 
synthesis has been demonstrated in liver cells, it is also 
produced in extrahepatic sites.130

Low levels of fi brinogen may be observed in fulmi-
nant acute liver failure. In these circumstances it has been 
speculated that intravascular coagulation contributes to 
the coagulation disturbance by depletion of some of the 
clotting factors.

An increased catabolic rate of labeled fi brinogen has 
been noted in acute and chronic active hepatitis despite 
normal levels of plasma fi brinogen.131 In chronic active 
hepatitis, the rate of fi brinogen catabolism appears to 
correlate with the activity of the disease as assessed by 
variations in plasma aminotransferase levels.131 This situ-
ation is less clear in acute hepatitis. Altered rates of fi  -
brinogen catabolism may be the result of primary 
fi brinogenolysis or intravascular coagulation. In 1949, 
Ratnoff132 documented primary fi brinolysis in cirrhosis 
of the liver, although more recent studies have failed to 
note this fi nding consistently. DIC in patients with liver 
disease is a complex and controversial area that is dis-
cussed later.

High levels of fi brinogen are occasionally observed 
in liver disease, mainly because fi brinogen is an acute 
phase reactant. Elevated levels of fi brinogen commonly 
accompany obstructive jaundice, biliary cirrhosis, and 
hepatoma.133

An abnormal fi brin monomer aggregate has been 
described in a number of patients with liver dysfunc-
tion.134 The appearance of clotting defects involving pro-
longation of reptilase and thrombin clotting times, despite 
a normal fi brinogen concentration, should suggest that 
dysfi brinogenemia is present. Examination by sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis of 
isolated fi brin from patients with liver disease failed to 

detect any molecular or structural defect associated with 
the polypeptide chains of fi brinogen.135 An increase in 
sialic acid in the carbohydrate moiety of fi brinogen has 
been noted.136

Factors II, VII, IX, and X (Vitamin 
K–Dependent Factors)

Levels of vitamin K–dependent factors are often reduced 
in patients with liver disease.137 This appears to result 
primarily from impaired synthesis. When hepatocellular 
damage is minimal (e.g., in mild acute or chronic hepa-
titis, obstructive jaundice, or biliary cirrhosis), these 
factors may be normal or increased.138,139

In acute and chronic liver disease, factor VII activity 
is generally reduced fi rst and factor IX activity last.140

Of all the factors that may refl ect hepatocellular 
damage, factor VII appears to be the most sensitive. Factor 
VII is synthesized almost exclusively in the liver and has 
the most rapid half-life (about 2 hours) of all the liver-
dependent factors. In a study of patients with acute liver 
failure, it appeared that all those with factor VII activity 
exceeding 8% survived whereas the others died.141 It is 
unfortunate that a direct factor VII assay is not available in 
many clinical laboratories, although some indication of 
factor VII activity is implied from the prothrombin time.

Factor V

Factor V activity usually parallels the activity of factors 
II and X in liver disease when the defect appears to be 
solely one of hepatic synthesis.142 If DIC occurs in asso-
ciation with liver disease, the factor V level may be sig-
nifi cantly depressed. Markedly elevated levels of factor V 
may be seen in obstructive liver disease, again as an acute 
phase reactant phenomenon.138

Factor VIII

Factor VIII procoagulant activity is generally normal or 
elevated in liver disease of all types.143 Factor VIII antigen 
activity follows a similar pattern, except that antigenic 
activity will often exceed procoagulant activity by sever-
alfold.144 The explanation for this fi nding is not known.

Factors XI and XII

Factor XI activity is usually normal in hepatocellular 
disease but may be decreased.145 The same is true of 
factor XII activity. The activity of both these factors may 
be elevated when the primary insult is obstructive.138

Factor XIII (Fibrin-Stabilizing Factor)

There are confl icting reports concerning factor XIII 
levels in liver disease. Reports of low activity have been 
based primarily on results of clot solubility tests146; 
however, when immunologic or radioisotopic techniques 
are used, more varied results are found.147

Plasminogen

Plasminogen levels are commonly decreased in liver 
disease. In one study, such levels were depressed in 45% 
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of patients with liver disease but without hepatic failure, 
whereas all patients with hepatic failure had diminished 
plasminogen levels.142

Antithrombin III

Antithrombin III levels are often decreased in patients 
with acute and chronic liver disease, whereas elevations 
may be observed in those with obstructive disease.138,148

α2-Macroglobulin

Levels of this inhibitor of thrombin and plasmin have 
been found to be elevated in liver cirrhosis.

Tests for Coagulation Disturbances

Screening tests for coagulation disturbances often fail to 
give any indication that liver dysfunction exists. The sen-
sitivity of both the prothrombin time and partial throm-
boplastin time for detecting mild to moderate depressions 
of factor levels varies markedly from laboratory to 
laboratory.

Although most studies have failed to show good cor-
relation between clotting tests and cholesterol, trans -
aminase, or γ-globulin levels, the prothrombin time still 
appears to be the most convenient clotting test for moni-
toring liver function.

As noted earlier, factor VIII antigen activity increases 
to very high levels with hepatocellular dysfunction. The 
level of factor VIII antigen can therefore be used to deter-
mine whether chronic active hepatitis is present because 
in uncomplicated acute hepatitis, antigen activity returns 
to normal within a few months.

Disseminated Intravascular Coagulation

Patients with liver disease commonly manifest a spec-
trum of coagulation abnormalities that are highly sugges-
tive of DIC.149,150 Findings consistent with DIC include 
hypofi brinogenemia, thrombocytopenia, increased fi brin-
ogen catabolism, increased levels of fi brin degradation 
products, and depressed levels of other coagulation 
factors. This pattern of abnormalities is not specifi c for 
DIC and may simply refl ect the severity of the hepatocel-
lular disease process. For example, fi brinogen levels may 
be depressed on a synthetic basis alone. Increased catab-
olism of fi brinogen may refl ect distribution in extravas-
cular spaces, such as the formation of ascitic fl uid or 
proteolysis by enzymes other than thrombin. Thrombo-
cytopenia may occur for a variety of reasons and fre-
quently is not present when other signs of DIC are seen. 
Changes in levels of factors V and VIII are varied and 
nonspecifi c. Because fi brin degradation products are 
cleared by the liver, severe liver dysfunction itself may 
cause elevations of these products without implicating 
DIC.129 Studies reporting that heparin corrects DIC 
in liver disease are also open to some criticism because 
there is no evidence that the conditions of the patients 
studied were in a steady state at the time of heparin 
therapy.

Whether true DIC occurs in liver disease will prob-
ably remain a controversial subject for some time to 
come. As yet, no general recommendation for the use 
of heparin can be made. In the only controlled trial of 
heparin therapy in acute hepatic necrosis to date, no dif-
ference was found in recovery rates with or without 
heparin.151 Fresh frozen plasma factor concentrates and 
platelet transfusions remain the treatment of choice. Care 
must be taken when factor concentrates are used because 
if contaminated by activated factor X, they may cause 
diffuse thrombosis.152

RENAL DISEASE

Renal disease may produce disturbances in red cells, 
white cells, platelets, and coagulation factors. In many 
instances the abnormalities that are found do not parallel 
the status of renal function but rather refl ect the activity 
of the disease process that results in renal dysfunction. 
The hematologic aspects of renal insuffi ciency have been 
reviewed in detail.153

The Red Blood Cell

Anemia

Anemia is a common fi nding in renal disease. The eryth-
rocytes of patients with renal disease are generally nor-
mochromic and normocytic without any distinguishing 
morphologic characteristics. Occasionally, scalloped or 
burr cells are observed, usually in association with uremia 
secondary to specifi c causes or related to specifi c syn-
drome complexes such as hemolytic-uremic syndrome.154 
In diseases associated with microangiopathic hemolytic 
anemia, red cell fragmentation is common. It may be 
observed in patients with malignant hypertension, renal 
cortical necrosis, polyarteritis nodosa, hemolytic-uremic 
syndrome, systemic lupus erythematosus, and throm-
botic thrombocytopenic purpura.

The anemia of renal disease can have many causes, 
including a decreased rate of red blood cell production 
(the “anemia of chronic disorders”), shortened red blood 
cell survival, and nutritional factors.

In renal disease, unlike many other chronic disease 
states, close correlation exists between erythrocyte mass 
and erythrocyte survival.155 This implies that shortening 
of red cell survival has an important role in the develop-
ment of anemia in these patients. About 70% of patients 
with renal disease have shortened red cell survival related 
to a host of potential alterations. These cells demonstrate 
increased mechanical fragility, autohemolysis, diminished 
deformability, and a variety of metabolic defects.156,157

Decreased red cell production is, however, the major 
cause of the anemia of chronic renal failure. A defi ciency 
in erythropoietin production is probably the pri -
mary cause,158,159 but toxic suppression of hematopoiesis 
is also a contributing factor. In patients with acute or 
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chronic renal failure as a result of nephrectomy, normal 
or even increased erythropoietin production can be 
maintained.160

The red cells of patients with uremia have either a 
normal or an increased rate of glucose utilization. The 
increased glycolytic rate appears to be primarily a result 
of the associated hyperphosphatemia because inorganic 
phosphorus is a well-recognized stimulant of red cell 
glucose utilization.161

In uremic states, the level of hemoglobin A1 (HbA1) 
is elevated.162 The increased HbA1 level in uremia corre-
lates with the level of blood urea nitrogen and results 
from carbamylation of hemoglobin by urea-derived 
cyanate. Most interestingly, the carbamylated hemoglo-
bin level integrates the average blood urea nitrogen 
levels—a situation analogous to that seen in glycosylation 
of hemoglobin in diabetes.162

A circulating inhibitor of red cell metabolism accu-
mulates in some, but not all uremic patients. This inhibi-
tor diminishes recycling of glucose through the hexose 
monophosphate shunt,156 a defect that may be clinically 
important. There are several reports of severe hemolytic 
disease in uremic patients given sulfa drugs. In patients 
with renal disease who have undergone splenectomy, 
Heinz bodies are commonly observed. Because of this 
problem, caution in the use of oxidant drugs is advised 
in those with azotemia.163 The decreased shunt activity 
may be secondary to a metabolic defect within the shunt 
itself or due to a block within the main glycolytic pathway. 
When erythrocytes from patients with renal insuffi ciency 
are stressed with oxidant compounds such as sodium 
ascorbate, glucose consumption and lactate formation 
are abnormally increased, whereas lactate-to-pyruvate 
ratios are abnormally diminished. Red cell glycolytic 
intermediates—including fructose 1,6-diphosphate, glyc-
eraldehyde 3-phosphate, 3-phosphoglycerate, phospho-
enolpyruvate, and pyruvate—markedly accumulate. No 
increase in 2-phosphoglycerate occurs, thus suggesting 
that ineffi cient phosphoglyceromutase activity may 
underlie this defective glucose reutilization.156

Adenosine triphosphate levels are signifi cantly 
increased in uremic red blood cells. This increase may 
not result solely from elevated serum phosphorus levels 
because red cells from uremic patients incubated in 
medium with an artifi cially low phosphate concentration 
demonstrate increased adenosine triphosphate synthesis 
activity.164 Pyruvate kinase activity is signifi cantly 
increased in uremic as opposed to normal red cells, thus 
suggesting the presence of a younger red blood cell 
population.164

Red blood cell 2,3-diphosphoglycerate (2,3-DPG) 
levels are increased as well for similar reasons.165 This 
increase results in a signifi cant shift to the right in the 
hemoglobin-oxygen dissociation curve, which favors 
oxygen release. After dialysis with correction of acidosis 
and hyperphosphatemia, there is a sharp increase in arte-
rial pH and a decrease in red cell 2,3-DPG levels. Both 
these changes result in an acute change in the oxygen 

dissociation characteristics of red cells. Whether this 
produces any physiologic impairment after dialysis is 
unclear.164 Recombinant human erythropoietin adminis-
tered two to three times weekly is extremely effective in 
eliminating the need for transfusion in subjects with 
chronic renal failure.166 This has been shown in children 
as well as adults.167

Other incidental causes of hemolysis may be observed 
during hemodialysis. Contaminants such as copper, 
nitrate, and chloramines in hemodialysis baths may cause 
varying degrees of hemolysis.168-170

Anemia associated with megaloblastic changes in 
bone marrow is not uncommon in chronic renal failure. 
This anemia is usually due to folate defi ciency171 caused 
by poor dietary intake, hemodialysis, peritoneal dialysis, 
or the effects of immunosuppressive drugs. In addition, 
defective protein-mediated folate transport may be 
present.172 Serum from uremic patients may contain an 
increased concentration of folic acid–binding protein.172 
Folate defi ciency is usually suspected when large numbers 
of macro-ovalocytes are seen in association with hyper-
segmentation of polymorphonuclear leukocytes on the 
peripheral blood smear.

Treatment may be needed for the anemia associated 
with renal disease. In chronic renal disease, anemia is 
partially compensated for by improved oxygen unloading 
as a result of the high red cell content of 2,3-DPG. The 
treatment of choice for the anemia of chronic renal failure 
is the use of recombinant erythropoietin.173,174 Recent 
studies, however, have challenged its effi cacy in stage 3 
and 4 chronic kidney disease. A randomized controlled 
trial enrolled 603 patients with chronic kidney disease 
and found that raising the hemoglobin to 14 g and higher 
did not improved cardiovascular outcomes.175 In fact, a 
meta-analysis revealed that hemoglobin concentrations 
higher than 12 g/L place patients at increased risk for 
death, and thus the guidelines have been modifi ed accord-
ingly.176 Iron therapy may be required as well.177 The 
possible benefi ts of androgen therapy must be weighed 
against the side effects of this class of drugs.

Polycythemia

Erythrocytosis is a well-recognized complication of 
hydronephrosis178 and has occasionally been noted in 
association with chronic glomerulonephritis, pyelone-
phritis, nephrosclerosis, and nephrotic syndrome in 
adults.179 Erythrocytosis is a common fi nding after 
renal transplantation.180 The cause of the elevated red cell 
mass in most patients appears to be mediated by 
erythropoietin.

The White Blood Cell

Azotemia and uremia per se appear to have relatively 
little effect on white blood cell function. Granulocytope-
nia is common during hemodialysis181 and appears to be 
due to transient sequestration of granulocytes in the pul-
monary vascular bed followed by later release back into 
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the circulation. After hemodialysis, a transient augmenta-
tion in granulocyte adherence coincides with the time 
of sequestration of the pulmonary vascular bed.182 The 
adherence-augmenting factor in the plasma of patients 
undergoing dialysis is heat stable. Craddock and co-
workers183 believe that this factor is complement acti-
vated by contact with the dialysis coil. However, the use 
of 5-hydroxyindole-3-acetic acid, a complement inhibi-
tor, fails to block the granulocytopenia associated with 
dialysis.184

Neutropenia as a result of folate defi ciency may be 
present in patients with renal failure. The cause of the 
neutrophil nuclear hypersegmentation associated with 
uremia is unknown and should not be attributed to folate 
defi ciency.

Coagulation Abnormalities

Patients with uremia may have varied changes in some 
coagulation factors. Among the most common abnor-
malities observed are mild to moderate depressions in 
factors V, VII, IX, and X.185,186 These abnormalities are 
related to the high incidence of hepatic dysfunction in 
patients with uremia or vitamin K defi ciency.39 The level 
of fi brinogen is regularly elevated because it is an acute 
phase reactant.187-189 Increased fi brinogen turnover has 
been demonstrated in experimental models,190 and exces-
sive fi brin degradation products have been found in the 
urine and serum of uremic patients.191 When a decrease 
in one or more consumable clotting factors (factors I, II, 
V, or VIII) is also present, it may signify the existence of 
consumptive coagulopathy.185,186,192 Because fi brin depo-
sition may occur in the absence of such a coagulopathy, 
it is often helpful to determine whether high-molecular-
weight fi brin degradation products are present in the 
urine and serum. If found only in the urine, such prod-
ucts are probably derived from the dissolution of fi brin 
deposits in the kidneys. If demonstrable simultaneously 
in urine and serum, their presence indicates renal injury 
because such degradation products cannot be demon-
strated in the urine of patients with streptokinase-induced 
fi brinolysis who have no renal disease.193,194 Fibrin deg-
radation products in the urine and serum usually indicate 
active renal disease, although other reasons for this 
fi nding may be seen in patients with renal disease. Fibrin 
degradation products may also result from concomitant 
liver disease or from an external shunt used for hemodi-
alysis.47 Urinary fi brinolytic activity is either diminished 
or absent in renal failure, and inhibitors of urokinase-
induced plasminogen activation are demonstrable.193

Nephrotic syndrome is often accompanied by changes 
in a number of coagulation factors.195 Increased levels of 
fi brinogen, factor VIII, and the factor VII-X complex are 
commonly present.196 A prolonged partial thromboplastin 
time is often observed and is usually due to a decrease in 
the plasma level of factor IX.197 Factor IX is consistently 
found in urine containing more than 10 g of protein per 
24 hours in patients with nephrotic syndrome.198 Plasma 

levels of factor IX rarely decrease to less than 10%, and 
clinical bleeding episodes are unusual. With resolution of 
the proteinuria in patients receiving corticosteroid therapy, 
levels of factor IX increase. Factors II and VII have also 
been identifi ed in considerable quantity in the urine of 
patients with nephrotic syndrome despite normal levels of 
these factors in plasma.199 This fi nding suggests that loss 
of some coagulation factors into urine can be fully com-
pensated for by an increased rate of synthesis. A pro-
longed partial thromboplastin time may also be due to a 
low level of Hageman factor (factor XII).200 Hageman 
factor has a molecular mass of approximately 75,000 kd, 
similar to that of albumin, and losses in urine are to be 
expected.201 Although factor XII levels may decrease to 
less than 10%, as with congenital defi ciency of this factor, 
bleeding is not a problem. Patients with nephrotic syn-
drome appear to have a substantially higher risk for 
thromboembolic complications,193 although the exact 
reasons are still mainly unknown. Enhanced platelet func-
tion characterized by hyperaggregability has been 
observed.202 An identical defect is seen in diabetics203 and 
many patients with advanced cirrhosis of the liver.204 Such 
changes may relate to alterations in plasma lipid fractions 
and are discussed in detail in Chapter 29. The coagulation 
defects associated with nephrotic syndrome have been 
reviewed by Kaufmann and colleagues.205

The hypercoagulable state seen in many forms of 
renal disease may be compounded by the occurrence of 
lupus-like anticoagulants. This is common in a variety of 
end-stage renal diseases, with a rate of occurrence as high 
as 22%.206 Whether therapy focused on prevention of 
fi brin deposition within the kidney is of benefi t to patients 
with certain forms of glomerulonephritis remains uncer-
tain. Kincaid-Smith207,208 used a combination of an anti-
coagulant, dipyridamole, and cyclophosphamide in a 
series of patients with membranoproliferative glomerulo-
nephritis. A similar approach was reported by Robson 
and associates,209 but with azathioprine substituted for 
cyclophosphamide. In both studies it was suggested that 
these therapies produced improvement in the patients’ 
clinical course. The concept of anticoagulation therapy 
for these disorders has been reviewed.210 The pathophysi-
ology and management of hemolytic-uremic syndrome 
are discussed in Chapter 29.

Platelet Abnormalities

Mild thrombocytopenia occurs in approximately 25% of 
patients with acute renal failure and 10% of those with 
chronic renal disease.211 The thrombocytopenia is most 
likely due to impaired production because platelet life 
span in uremia is generally normal.188 Platelet function is 
abnormal in patients with renal failure. The standardized 
Ivy bleeding time is usually prolonged and generally cor-
relates with the clinical tendency for bleeding in these 
patients.212 Platelet adhesion and platelet factor 3 avail-
ability are diminished in acute and chronic uremia.213 
Impaired aggregation of platelet-rich plasma in the pres-
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ence of adenosine diphosphate,214 epinephrine,215 throm-
bin,215 and collagen215 has been observed by various 
workers. Clinical bleeding episodes related to these plate-
let abnormalities can usually be managed with 1-deamino-
8-D-arginine vasopressin given intravenously.216 
Long-term administration of recombinant erythropoietin 
also improves the biochemical and functional changes in 
the platelets of uremic patients.217

Platelet functional abnormalities are not due to an 
intrinsic platelet defect because dialysis quickly reverses 
these changes and incubation of normal platelets in 
plasma from uremic patients promptly induces functional 
aberrations. Rather, platelet dysfunction appears to be 
due to the interaction of intrinsically normal platelets 
with various abnormal dialyzable metabolites found in 
the plasma of uremic patients.218 If urea and creatinine 
levels are elevated, some of these fi ndings can be repro-
duced.218 Phenols187 and guanidinosuccinic acid,219 which 
accumulate in the plasma of uremic patients, can also 
account for platelet functional abnormalities. These fi nd-
ings are discussed in detail in Chapter 29.

Several hereditary disorders have been reported in 
which quantitative or qualitative platelet abnormalities 
occur in association with nephritis. In 1972, Epstein and 
associates220 described a family with hereditary macro-
thrombopathia, nephritis, and deafness. The renal patho-
logic fi ndings are identical to those described in patients 
with classic hereditary nephritis and nerve deafness 
(Alport’s syndrome) and consist of sclerosing and prolif-
erative glomerulonephritis and interstitial nephritis with 
fi brosis. Members of these families have large platelets, 
prolonged bleeding times, defective platelet factor 3 
activity, and defective platelet aggregation in the presence 
of adenosine diphosphate, collagen, and epinephrine. 
Coexpression of May-Hegglin anomaly and hereditary 
nephritis has been described in several families.221 Throm-
bocytopenia is also present in this autosomal dominant 
disorder.222 A similar disorder, but with normal platelet 
function, has been described by Eckstein and associ-
ates.223 In these families, platelet survival studies have 
been normal.

Vascular occlusion of the kidney may result in eosin-
ophilia. Approximately 80% of adult subjects with 
embolic renal disease have eosinophil counts ranging 
from 540 to 2000 cells/mm3.224

ENDOCRINE DISORDERS

Disturbances in endocrine balance tend to produce real, 
but relatively mild hematologic abnormalities. The most 
thoroughly evaluated of these abnormalities are those 
caused by thyroid disorders.

Thyroid Gland

Thyroid hormone appears to have many hematologic 
effects (Table 36-1), with the most impressive being its 

effect on erythropoiesis. Although thyroid hormone 
slightly stimulates erythropoiesis in vitro,225 the anemia 
caused by thyroid hormone defi ciency is a secondary 
fi nding. Autoimmune hemolytic anemia may be seen in 
association with Graves’ disease.226 Most workers have 
correlated the erythropoietic effects of thyroid hormones 
with their calorigenic properties. Thyroid hormone 
increases oxygen consumption, which results in increased 
renal production of erythropoietin and stimulation of 
erythropoiesis. However, the erythropoietic stimulatory 
effect may, in fact, occur independently of erythropoietin. 
Administration of triiodothyronine and thyroxine to 
nephrectomized rats produces an increase in bone marrow 
erythroid precursors.227

The anemia of hypothyroidism is usually normo-
chromic and normocytic and occasionally mildly macro-
cytic.228 Small numbers of irregularly contracted red 
blood cells may be noted on the peripheral blood smear 
(Fig. 36-1).229 Red cell survival is normal, and ferroki-
netic studies demonstrate a decreased rate of iron clear-
ance. In adults with hypothyroidism, an unusually high 
incidence of iron defi ciency230 and pernicious anemia is 
found.231 A single confounding occurrence of erythrocy-
tosis in association with hypothyroidism has been 
described.232 Subsequent to this case report, a series of 
23 patients with congenital hypothyroidism have been 

TABLE 36-1  Hematologic Effects of Thyroid 
Hormone

↑ Thyroid Hormone ↓ Thyroid Hormone

↑ PRBC volume
Variable effect on RBCs
↑  Glucose utilization and 

hexose monophosphate 
shunt activity

↓  RBC glutathione, 
reduced

↑  Red cell 
2,3-diphosphoglycerate

↓ O2 affi nity
↑  Diphosphoglycerate 

mutase activity
↑  Glyceraldehyde-3-

phosphate 
dehydrogenase

↑  Glucose 6-phosphate 
activity

↓ RBC carbonic anhydrase
↓ RBC zinc
↑ RBC Na2+

↑ (Slight) platelet turnover
↑ Platelet adhesion
↑ Platelet aggregability
↑ Factor VIII activity
↓ Plasminogen activation
↑ Capillary fragility

↓ PRBC volume
↑  Or normal MCV; 

spiculated RBCs
↑ O2 affi nity
↓ 2,3-Diphosphoglycerate
↓ RBC Na+

↓ Platelet adhesion
↓  (Slight) platelet 

aggregability
↓ Factor VIII activity
↑ Fibrinolytic activity
↑ Plasminogen
↑ Plasminogen activation
↓ Plasminogen activation
↓ Capillary fragility
↑  Factors VIII, VII, IX, 

XI activity

MCV, mean corpuscular volume; PRBC, packed red blood cell; RBC, red 
blood cell.
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evaluated for the presence of anemia. Of these infants, 
26% had elevated hemoglobin levels, some of which were 
marked.233

Somewhat opposite fi ndings are noted in uncompli-
cated hyperthyroidism. Anemia is rare, and red blood cell 
indices are normal. There is usually an increase in red 
blood cell mass that does not result in signifi cant increases 
in hemoglobin concentration because a similar elevation 
in plasma volume also occurs.234 Erythrocyte survival 
is normal or mildly diminished, especially in thyrotoxic 
children.235 Peripheral blood and bone marrow lympho-
cyte counts may be increased.

Thyroid hormone may play a role in the regulation 
of red cell metabolism. Thyroxine has been reported to 
increase red cell glycolysis.236 It helps regulate red cell 
carbonic anhydrase I concentrations.237 Hexose mono-
phosphate shunt activity may increase in the presence of 
triiodothyronine.238 The activity of glucose-6-phosphate 
dehydrogenase is consistently elevated in thyrotoxicosis, 
whereas normal levels are found in most patients with 
mild hyperthyroidism.239 Glutathione levels are usually 
depressed in hyperthyroidism. Thyroid hormone may 
affect the activities of several other red cell enzymes. This 
hormone stimulates diphosphoglycerate mutase and 
glyceraldehyde-3-phosphate dehydrogenase.240 These 
effects may be the cause of the elevated levels of red cell 
2,3-DPG that are seen in patients with hyperthyroidism 
and that result in decreased whole blood oxygen affi nity 
and a shift to the right in the hemoglobin-oxygen disso-
ciation curve.241 Opposite effects are seen in hypothyroid-
ism. The carbonic anhydrase activity of erythrocytes is 
diminished in hyperthyroidism and increased in hypothy-
roidism. Because red cell zinc is almost exclusively con-

tained in carbonic anhydrase, hyperthyroidism will result 
in a decrease in total red cell zinc levels.242

The red blood cells of patients with hyperthyroidism 
may have increased osmotic resistance.243 The red cell 
sodium concentration is signifi cantly increased in hyper-
thyroidism, and decreased sodium pump activity may be 
present.244

Neutropenia may occur in approximately 5% of chil-
dren with hyperthyroidism.245 The mechanism of this 
abnormality is unclear, although some patients will have 
antineutrophil antibodies.246

Multiple effects on platelets and blood coagulation 
factors may occur in thyroid disease states. Marked 
hyperthyroidism may reduce platelet survival.247 
Egeberg248 reported on a patient with hypothyroidism 
who had a prolonged bleeding time and low factor VIII 
activity, similar to fi ndings in von Willebrand’s disease. 
Autoimmune thrombocytopenia has been observed in 
association with hyperthyroidism249 and is related to 
increases in mean platelet volume.250

Simone and associates251 reported on patients with 
hypothyroidism who had multiple coagulation factor 
defi ciencies. Diminished platelet responsiveness to epi-
nephrine and low platelet adhesiveness may be present 
as well.252 Impressively low levels of factor VIII occur 
occasionally, with milder depression of factors VII, IX, 
and XI being found either alone or in combination.253 In 
hypothyroidism, increased plasma fi brinolytic activity 
may result from an elevation in plasma plasminogen and 
a decrease in an inhibitor of plasminogen activation.253,254 
This may account for the mild to moderate increase in 
levels of fi brinogen and fi brin split products occasionally 
found in patients with hypothyroidism.253 Menorrhagia 
secondary to acquired hypothyroidism-related von Wil-
lebrand’s disease has been reported.255

Adrenal Gland

Adrenal cortical steroid hormones appear to have a stim-
ulatory effect on erythropoiesis. In Addison’s disease, the 
adrenal insuffi ciency may cause mild to moderate anemia, 
probably as a result of reduced basal metabolism. In most 
patients, a decrease in plasma volume masks the decreased 
red cell mass. After treatment of adrenal insuffi ciency, the 
plasma volume corrects quickly, whereas the red cell 
mass responds over a period of several weeks. The usual 
effect of treatment is therefore a prompt decrease 
in hemoglobin concentration followed by a gradual 
increase.256

Erythrocytosis may occur in Cushing’s syndrome, 
but in most patients the reported increase has been 
slight.

A variety of effects on leukocytes occur after steroid 
administration or endogenous overproduction of a 
steroid, including granulocytosis, a reduced lymphocyte 
count, involution of lymphatic tissue, and a decrease in 
peripheral blood eosinophils and monocytes. In Addi-
son’s disease, neutropenia, eosinophilia, and lymphocy-

FIGURE 36-1. Red blood cell morphologic features in hypo-
thyroidism. (From Wardrop C, Hutchinson HE. Red cell shape in hypothy-
roidism. Lancet. 1969;2:1243.)
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tosis appear.257 Coagulation abnormalities suggesting a 
hypercoagulable state may be seen in patients with Cush-
ing’s syndrome.258

Glucocorticosteroids affect lymphoid cells in many 
ways. The effects, however, are species specifi c. The 
mouse, rat, hamster, and rabbit are steroid sensitive; 
many of their lymphoid cells are easily lysed by steroids, 
and in these species, steroids inhibit antibody produc-
tion. Human, simian, and guinea pig lymphoid cells are 
not easily lysed by steroids; in these species, it is diffi cult 
to demonstrate profound steroid inhibition of antibody 
production.259 Cellular metabolism, including nucleic 
acid synthesis and glucose uptake, is inhibited.

The mechanism by which endogenous or exogenous 
steroids lower the number of circulating eosinophils is 
unknown.

Testes and Ovaries

Hematologic abnormalities are rare in association with 
gonadal dysfunction. This does not mean that the gonadal 
hormones play no role in hematopoiesis. Androgens stim-
ulate erythropoiesis, whereas estrogens, in general, 
depress red cell production. Castration of the adult male 
results in a defi nite decrease in red cell mass.260 In disor-
ders associated with androgen excess, such as Cushing’s 
syndrome and congenital adrenal hyperplasia, the hemo-
globin concentration may exceed normal values. Exoge-
nous androgen administration may cause polycythemia 
and may also increase red cell 2,3-DPG.261 Androgens 
appear to stimulate erythropoiesis by increasing erythro-
poietin production, as well as by having a direct effect on 
bone marrow stem cells.

The normal menstrual cycle is associated with hema-
tologic variations. Delivoria-Papadopoulos and col-
leagues262 described cyclic variations in endogenous 
carbon monoxide production during the menstrual cycle 
of fertile women and suggested that heme catabolism was 
increased during the progesterone phase. It has been 
known for some time that reticulocyte counts are 
increased during the progesterone phase.263 A cyclic vari-
ation in erythrocyte deformability also occurs during the 
menstrual cycle.264 The relationship between decreased 
red cell deformability, reticulocytosis, and increased 
heme catabolism is speculative. A similar decrease in 
deformability occurs during the last trimester of preg-
nancy and with the use of oral contraceptives.265,266

Pregnancy causes increases in levels of several coagu-
lation factors, including factors I, VII, VIII, IX, and X.267 
Carriers of genes for classic hemophilia and von Wille-
brand’s disease may have signifi cantly increased factor 
VIII activity during pregnancy.267 Plasma fi brinolytic 
activity diminishes during pregnancy.

Pituitary Gland

The hematologic effects of pituitary disease are usually a 
consequence of the action of trophic hormone on target 

endocrine organ function. For example, anemia is 
common in patients with hypopituitarism.268 This 
normochromic, normocytic anemia is associated with 
fi ndings of lymphocytosis and eosinophilia, which 
indicate that this effect of hypopituitarism results 
from adrenal insuffi ciency. Erythropoietin production 
may be diminished as a consequence of a lower metabolic 
rate.

Growth hormone may play an important role in 
erythropoiesis.269 This hormone stimulates erythropoiesis 
directly and indirectly by increased production of eryth-
ropoietin. The red blood cell count may decrease with 
isolated growth hormone defi ciency.270 Erythrocyte 
glucose-6-phosphate dehydrogenase activity is low in 
hypopituitarism and increases with growth hormone 
administration.271 Growth hormone depresses erythro-
cyte glycolysis.272

Megaloblastic and sideroblastic anemia, neutrope-
nia, and thrombocytopenia have been reported in chil-
dren with the DIDMOAD syndrome (diabetes insipidus, 
diabetes mellitus, optic atrophy, and deafness). It is 
thought to be an inherited abnormality of thiamine 
metabolism.273

PULMONARY DISEASE

Hypoxia may be caused by a wide variety of pulmonary 
disorders and, in turn, results in a form of secondary 
polycythemia and compensatory shifts in the hemoglo-
bin-oxygen dissociation curve that can be attributed 
to an increase in the red cell content of 2,3-DPG. 
Rarely, the polycythemia results in a state of extreme 
hyperviscosity and decreased tissue blood fl ow. Other 
than polycythemia, the hematologic fi ndings of specifi c 
pulmonary disorders tend to be unique to those 
disorders.

Idiopathic Pulmonary Hemosiderosis

Idiopathic pulmonary hemosiderosis (IPH) is an uncom-
mon chronic disease that usually affects children and 
young adults. However, the age at onset may be as early 
as the newborn period.274 IPH is characterized by recur-
rent intrapulmonary hemorrhage and may result in 
hemoptysis and pulmonary insuffi ciency. The hemato-
logic manifestation of this disorder is iron defi ciency 
anemia.

The etiology of IPH is not known. A hereditary 
or familial tendency has been suggested. An immuno-
logic cause seems likely because other occasional fi nd -
ings include positive Coombs’ test results, the presence 
of cold agglutinins, and an increased number of mast 
and plasma cells in the lungs. Various etiologic hypo-
theses such as congenital weakness or fragility of 
the capillaries, milk allergy, and abnormal growth and 
function of alveolar epithelial cells have all been 
suggested.275 Cow’s milk pulmonary vasculitis as the 
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cause of pulmonary hemosiderosis remains a popular 
theory.276

The most helpful clinical signs for identifying IPH 
are iron defi ciency anemia and recurrent or chronic 
cough, hemoptysis, dyspnea, wheezing, and frequently 
cyanosis. Any single feature may be present without the 
others. For example, occasionally the only clinical sign is 
iron defi ciency anemia.277 Pulmonary symptoms may be 
present without radiologic fi ndings and vice versa. When 
pulmonary symptoms are predominant, there may be 
associated fever, tachycardia, tachypnea, leukocytosis, an 
elevated sedimentation rate, and occasionally, abdominal 
pain.278 Roentgenographic abnormalities vary from 
minimal transient infi ltrates to massive parenchymal 
involvement with atelectasis, emphysema, and hilar 
adenopathy.279,280

The anemia refl ects an iron defi ciency state resulting 
from excessive accumulation of iron in the lungs. This 
iron is usually sequestered in alveolar macrophages and 
is largely unavailable for new red cell formation. With 
time, however, the iron is eventually lost from the lungs.281 
In some patients, iron administration fails to correct the 
anemia. This is usually a refl ection of inadequate heme 
synthesis resulting from the anemia of chronic disorders. 
Immune hemolytic anemia may occur, and cold aggluti-
nins are often present. Eosinophilia is found in 15% to 
20% of children with IPH.

A diagnosis of IPH may be made by the fi nding of 
siderophages in the gastric aspirate. Siderophages will 
stain positive with Prussian blue dye. If the diagnosis of 
IPH is seriously being considered, it may be necessary to 
perform a lung biopsy. Typical fi ndings include alveolar 
epithelial hyperplasia, degeneration with excessive shed-
ding of cells, large numbers of siderocytes, varying 
amounts of interstitial fi brosis and mast cell accumula-
tion, elastic fi ber degeneration, and sclerotic vascular 
changes.282 Electron microscopic examination shows no 
evidence of subendothelial deposits or basement mem-
brane lesions.283 No evidence for localization of immu-
noglobulin G (IgG), IgM, B1c, C1q, or fi brinogen has 
been found.281 The results of needle aspiration or needle 
biopsy may also provide a diagnosis,284 although some 
workers have considered these procedures to be 
hazardous.

Treatment of IPH continues to be a controversial 
subject. Corticosteroid therapy will sometimes produce 
a remission of disease activity.285,286 Immunosuppressive 
therapy may be useful, but the results of such treatment 
are unpredictable.287,288 In 1962, Heiner and associates289 
reported the presence of precipitating antibodies to a 
small number of cow’s milk antigens in the sera of several 
children with IPH. Reversal of symptoms followed with-
drawal of cow’s milk, and recurrence was noted with 
reinstitution of cow’s milk in the diet. Although many, if 
not most children with IPH fail to show these responses, 
a trial of removal of cow’s milk from the diet is appropri-
ate in most instances.290 Abstinence should be continued 
for 2 to 3 months.

Pulmonary Hemosiderosis from 
Other Causes

Clinical fi ndings of hypochromic and microcytic anemia 
and pulmonary infi ltrates may be seen in association with 
glomerulonephritis (Goodpasture’s syndrome), collagen 
vascular disease (especially periarteritis nodosa), Wege-
ner’s granulomatosis, and occasionally, systemic lupus 
erythematosus.291-294 Similar fi ndings in association with 
anaphylactoid purpura have been noted. Episodes of pul-
monary hemosiderosis have been described in subjects 
with cystic fi brosis and celiac disease.295,296

Hematologic Findings in Other 
Pulmonary Disorders

Sarcoidosis does not usually cause specifi c hematologic 
disturbances, although a higher than average incidence of 
blood group antigen A has been reported in this disor-
der.297,298 Anemia and leukopenia have been reported in 
sarcoidosis. One study has suggested that 87% of affected 
patients will have hematologic abnormalities, the most 
common of which is anemia (28%). Bone marrow granu-
lomas are noted occasionally.299 The signifi cance of this 
fi nding is not known, but the altered immune response of 
these patients300 and an association of sarcoidosis with 
hemolytic anemia301 and immune thrombocytopenia302-304 
suggest that sarcoidosis represents a generalized autoim-
mune disorder and that it may be related to abnormal 
balance of T-cell subset production. Severe thrombocyto-
penia may occur in subjects with sarcoidosis.305

Eosinophilia may be observed in a variety of pulmo-
nary disorders, including asthma, Löffl er’s syndrome, 
tropical pulmonary eosinophilia, polyarteritis nodosa, 
and sarcoidosis.

Patients with cystic fi brosis demonstrate a signifi cant 
impairment in erythropoietic response to hypoxemia.306 
There is neither an appropriate increase in hemoglobin 
level nor an adequate shift in the red cell–oxygen affi nity 
curve. Failure of the hemoglobin-oxygen dissociation 
curve to compensate means that such patients may be 
more symptomatic at any given hemoglobin level than 
patients who have anemia and other disorders. Distur-
bances in erythropoietin regulation, as seen in the anemia 
of chronic disorders and iron defi ciency, appear to be the 
principal cause of the relative anemia in children with 
cystic fi brosis.307 If a severe hemolytic anemia is observed 
in a subject with cystic fi brosis, it may be related to 
vitamin E defi ciency.308

COLLAGEN VASCULAR DISEASES AND THE 
ANEMIA OF CHRONIC DISORDERS

The anemia of chronic disorders and its concomitant 
reticuloendothelial siderosis are associated with a wide 
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variety of illnesses, including cancer, lymphoma, collagen 
vascular disease, severe tissue injuries, renal failure, and 
infectious processes.309 Unfortunately, each of these dis-
orders may be associated with multiple sources of anemia, 
including blood loss, hemolysis, and drug suppression. A 
diagnosis of anemia of chronic disorders should not be 
made without consideration of other potential causes.

The anemia of chronic disorders is usually mild. It 
is characterized by decreased plasma iron levels, decreased 
total iron-binding capacity of plasma, decreased satura-
tion of transferrin by iron, reduced numbers of bone 
marrow sideroblasts, and normal or increased levels of 
reticuloendothelial iron (Table 36-2).310

The anemia, when it occurs, develops slowly over a 
period of a month or longer until a plateau is reached. 
The hematocrit rarely decreases to less than 30% in 
adults and the low 20% range in children. The anemia is 
most often normochromic and normocytic with a low or 
normal percentage of reticulocytes. Occasionally, hypo-
chromic and normocytic anemia is observed; less often, 
hypochromia and microcytosis are found.309 In contrast 
to the situation in iron defi ciency anemia, the uncom -
mon microcytosis of chronic disorders is rarely propor-
tional to the degree of anemia associated with these 
conditions.

The pathophysiologic processes that cause the anemia 
of chronic disorders are complex. At least three factors 
are commonly operating: shortened red cell survival, 
impaired marrow response to anemia, and impaired fl ow 
of iron from reticuloendothelial cells to the bone 
marrow.

The shortening of red cell survival is not seen in the 
anemia of all chronic disorders.311 Autologous survival 
may be mildly shortened, but when the red blood cells 
of an affected individual are transfused into normal recip-
ients, survival is normal.312 The nature of the extracor-
puscular defect has not been defi ned.

Bone marrow fails to develop an erythropoietic 
response to the anemia. Although normal bone marrow 
can increase red blood cell production sixfold to eight-
fold, the maximum response in the anemia of chronic 
disorders is one to two times normal.

Studies of the release of erythropoietin have pro-
duced confl icting results. In some cases there appears to 
be defective production or release of erythropoietin.313

Response to erythropoietin has been noted in rats 
with chronic infl ammatory reactions.314 Cobalt, which 
acts by means of the production of cellular hypoxia and 
release of erythropoietin, improves the anemia of infec-
tion in dogs and humans.315,316 However, some resistance 
to the effects of erythropoietin is seen that probably 
relates to the block of iron release to transferrin.317

An impairment in iron release from the reticuloen-
dothelial system accounts for the iron-defi cient type of 
erythropoiesis seen in these disorders. This block in iron 
utilization is most easily demonstrated by iron kinetic 
studies in which plasma iron clearance is normal but the 
presence of iron in circulating red blood cells (utilization) 
is markedly diminished.318,319 The consequences of this 
blockage are a decrease in plasma iron levels, a decrease 
in marrow sideroblasts, and an increase in red cell pro-
toporphyrin concentration, all in the presence of normal 
or increased reticuloendothelial iron.

Iron absorption in the anemia of chronic disorders 
may be either normal or diminished. Diminished absorp-
tion is not due to defective uptake of iron into intestinal 
cells but rather results from an inability to release intra-
cellular iron.320 In any event, suffi cient iron is absorbed 
to maintain adequate reticuloendothelial stores.

The reduced levels of plasma transferrin so com-
monly noted may be due to diminished production or to 
increased binding to iron-overloaded reticuloendothelial 
cells.309 The latter cause may, in fact, be more important 
because transferrin levels tend to increase in the anemia 
of chronic disorders if iron defi ciency develops.

There has been a common clinical impression that 
the degree of anemia associated with infl ammation may 
vary with the specifi c cause of the infl ammation. If the 
cause of the infl ammation is infectious, this impression 
may not be true. Subjects with meningitis, cellulitis, mas-
toiditis, septic arthritis, osteomyelitis, bacterial endocar-
ditis, and streptococcal pharyngitis all experience a mean 
decrease in hemoglobin concentration of 1.8 g/dL during 
active infl ammation over a 6-day period.321 The anemia 
of mild viral infection is associated with a decrease in 
hemoglobin of 1.0 g/dL in 9% of individuals and greater 
than 0.6 g/dL in 24%. After the administration of live 
attenuated measles vaccine, 22% of infants overall are 
expected to be anemic. This anemia persists for 14 to 31 
days.322

Diagnosis of the anemia of chronic disorders is based 
on the typical fi ndings of a low plasma iron level, low 
plasma transferrin concentration, and a low percentage 
of marrow sideroblasts despite normal or increased retic-
uloendothelial iron levels (see Table 36-2). Bone marrow 
examination is not critical in establishing the diagnosis if 
a serum ferritin determination is obtained because the 
serum ferritin level is normal or increased in the anemia 
of chronic disorders,323 even in the presence of hypofer-
remia. Plasma copper levels are usually increased.

TABLE 36-2  Findings in the Anemia of Chronic 
Disorders and Iron Defi ciency

Factor
Chronic 
Disease

Iron 
Defi ciency

Plasma iron ↓ ↓
Iron-binding capacity ↓ ↑
Transferrin saturation ↓ ↓
Marrow sideroblasts ↓ ↓
Reticuloendothelial iron Normal or ↑ ↓
Free erythrocyte 
protoporphyrin

↑ ↑

Serum ferritin Normal ↓
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No specifi c therapy is available for this anemia other 
than treatment of the basic disease. Iron therapy is of no 
value because when given either orally or by intramuscu-
lar injection, the iron is fi rst cleared in the reticuloendo-
thelial system. Intravenous iron infusions would most 
probably improve marrow iron delivery but are neither 
practical nor therapeutically indicated for this problem. 
Occasionally, a patient with the anemia of chronic disor-
ders is also iron defi cient, particularly one with rheuma-
toid arthritis,324 in whom gastrointestinal bleeding caused 
by aspirin therapy is common. Such a patient may 
respond partially to iron therapy.

Readers interested in a comprehensive review of the 
anemia of chronic disorders are referred to Hansen’s 
1983 report325 and Chapter 12.

Hematologic Aspects of Collagen 
Vascular Disease

Many of the hematologic manifestations of the various 
collagen vascular diseases are similar. However, the char-
acteristics that are unique to each syndrome are empha-
sized in this section.

Rheumatoid Arthritis

The most common causes of anemia in rheumatoid 
arthritis are the anemia of chronic disorders and iron 
defi ciency. These two causes can be diffi cult to distin-
guish because of overlap in many of the laboratory fi nd-
ings. In both instances, the serum iron level is depressed, 
and free erythrocyte protoporphyrin levels are elevated. 
The serum ferritin level may be normal in the iron defi -
ciency associated with rheumatoid arthritis.324 In the 
absence of iron defi ciency, the anemia of rheumatoid 
arthritis can be corrected with recombinant erythropoi-
etin therapy.326

A high incidence of iron defi ciency is seen in children 
with rheumatoid arthritis, possibly secondary to the 
ingestion of large quantities of aspirin or in part to defec-
tive iron absorption. Koerper and co-workers324 found 
that a serum ferritin concentration less than 25 ng/mL 
was useful in predicting a response to oral iron, but 
a value greater than 25 ng/mL does not preclude a 
response.325 Laboratory tests often fail to distinguish 
between iron defi ciency and the anemia of chronic dis-
orders, so a clinical trial of iron therapy may be necessary. 
Because medicinal iron may be absorbed poorly in sub-
jects with chronic infl ammatory states, low-dose intrave-
nous iron may be used effectively.327

Microcytosis is very common in juvenile chronic 
forms of arthritis, with a rate of occurrence of about 40%. 
The degree of microcytosis relates directly to disease 
activity.328 Occasionally, macrocytic anemia develops in 
patients with juvenile rheumatoid arthritis.329 Although 
abnormal vitamin B12 metabolism has been suggested as 
a cause, this is not seen in children. Folate metabolism 
may, however, be abnormal. Some children with rheuma-

toid arthritis have diminished plasma and red cell folate 
levels.330 Increased folic acid plasma clearance and 
reduced protein binding have also been observed.331

A few patients have had mild shortening of red cell 
survival as a result of an extracorpuscular defect.332 More 
severe hemolytic anemia is much less common than in 
other collagen vascular diseases. Erythroid aplasia respon-
sive to corticosteroid therapy has been reported in a child 
with juvenile rheumatoid arthritis.333 Circulating inhibi-
tors of erythropoiesis have also been noted.334

Leukocytosis and neutrophilia are common during 
acute fl are-ups of juvenile rheumatoid arthritis; however, 
this is uncommon in the adult form of the disorder. 
Neutrophil chemotaxis may be mildly diminished.335 
Phagocytosis is normal or mildly impaired.336 Nitroblue 
tetrazolium dye reduction may be increased during active 
phases of this disease.337 These minimal alterations in 
white cell function do not produce any clinical distur-
bances. Wound healing, for example, is normal even after 
surgery in patients who have not been receiving high-
dose corticosteroid therapy.338 A peripheral blood eosino-
phil count greater than 5% has been noted in slightly 
more than 50% of children with juvenile rheumatoid 
arthritis.339 Some will also demonstrate basophilia and 
plasmacytoid lymphocytes.340,341

A consumptive coagulopathy may be seen in associa-
tion with systemic juvenile rheumatoid arthritis.342-344 
Acquired circulating inhibitor to factor VIII has been 
described in juvenile rheumatoid arthritis and may cause 
bleeding.343 Clinical problems related to coagulation 
abnormalities in this disorder are rare, however.344

Transient thrombocytopenia may be observed in sys-
temic-onset juvenile rheumatoid arthritis. It need not be 
an autoimmune form of thrombocytopenia.345

The symptoms and signs of rheumatoid arthritis can 
be very similar to those of acute lymphatic leukemia and 
include fever, joint pain, and anemia. Therefore, the diag-
nosis of acute lymphatic leukemia should be excluded 
before treatment of rheumatoid arthritis is instituted.

Elevated platelet counts occur in many patients with 
juvenile rheumatoid arthritis. No consistent functional 
defects have been described.

Felty’s Syndrome

Felty346 originally described the triad of rheumatoid 
arthritis, splenomegaly, and neutropenia in 1924. Whether 
Felty’s syndrome occurs with juvenile rheumatoid arthri-
tis is unclear. Splenomegaly is seen in about 20% of all 
children with rheumatoid arthritis and especially in those 
with the acute extra-articular exacerbations of this disease. 
However, splenomegaly alone does not suggest Felty’s 
syndrome.

The neutropenia of Felty’s syndrome is not a conse-
quence of hypersplenism per se because only 60% of 
adults who undergo splenectomy experience resolution 
of their neutropenia.347 In some patients, bone marrow 
demonstrates granulocyte arrest. Neutropenia in associa-
tion with cytotoxic lymphocytes directed against granu-
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locyte progenitors has also been reported.348 Lower than 
normal levels of granulocyte colony-stimulating activity 
have been reported rarely.349 The neutropenia of Felty’s 
syndrome may represent, in part, an immunologic phe-
nomenon because IgG antibodies directed against neu-
trophils have been observed in the sera of patients with 
rheumatoid arthritis.350,351

The neutropenia may be associated with serious 
infections. Splenectomy may be indicated in these cir-
cumstances because a favorable response may be 
observed, but the response is variable. The most consis-
tent result is a reduction in serum granulocyte-binding 
immunoglobulin.352 An alternative to splenectomy is the 
use of granulocyte colony-stimulating factor, which has 
been effective in some patients.353-355

Systemic Lupus Erythematosus

Anemia is the most common hematologic abnormality in 
systemic lupus erythematosus.356,357 There are multiple 
causes of anemia in this disease, although the anemia of 
chronic disorders is probably the most common.

Acquired immune hemolytic anemia may precede 
the onset of active lupus. Although positive results on an 
antiglobulin test are common (either to γ-globulin, com-
plement, or both), true hemolysis is seen in less than 10% 
of patients.358

Aplastic anemia has been reported in association 
with lupus but appears to be more common in 
scleroderma.359

A reduction in the total white blood cell count is seen 
in most patients but is more common in adults than 
children. The leukopenia is usually caused by a combina-
tion of decreased numbers of granulocytes and lympho-
cytes.360 Antibodies to granulocytes have been proposed 
as one mechanism for the granulocytopenia. Granulocyte 
antibodies and peripheral granulocyte destruction have 
been observed.361 Bone marrow depression of granulo-
cyte formation may also occur. Sera from patients with 
systemic lupus erythematosus can inhibit mouse bone 
marrow colony-forming units.362 Qualitative abnormali-
ties in granulocyte function have also been noted. 
Although several investigators have found no abnormali-
ties in chemotaxis,335,363 others have observed abnormal 
migration by the skin window technique and diminished 
in vitro phagocytosis.364,365 These defects parallel the 
observed depressions in complement. The qualitative 
defects in granulocyte function may be the result of 
altered humoral factors rather than defects in the phago-
cytic cells themselves.

Lymphopenia may be severe in lupus366 and is some-
times due to IgG or IgM antilymphocyte antibodies.367-369 
In contrast to the depression of T and B cells, the per-
centage and absolute number of null cells increase.370 
The magnitude of the reduction in T cells parallels disease 
activity and is associated with defects in cellular immu-
nity as measured by skin tests of delayed hypersensitivity, 
blast transformation in response to mitogen (phytohe-
magglutinin and concanavalin A), and macrophage-

inhibiting factor production.366,371 Unlike T-cell function, 
B-cell function is increased despite the decrease in the 
absolute number of B cells.372,373 There is actually an 
increase in IgG-synthesizing peripheral blood lympho-
cytes, as well as elevated numbers of cells capable of 
binding native DNA and elevated numbers of IgM- and 
IgG-producing cells with antibody specifi city against 
DNA antigen.374,375 These changes in peripheral blood 
lymphocytes are associated with certain morphologic 
alterations. A strongly basophilic cytoplasm and a high 
nuclear-to-cytoplasmic ratio are noted in many lympho-
cytes thought to be “immunoblasts.”376 On electron 
microscopic examination, inclusions are identifi ed within 
lymphocytes that appear as undulating tubules charac-
teristically associated with the endoplasmic reticulum.

Platelet survival is shortened, and there are increased 
numbers of bone marrow megakaryocytes. The platelet 
antibody is an IgG with a molecular mass of 150,000 to 
330,000 daltons, and it binds complement.377 The latter 
feature distinguishes the immune thrombocytopenia of 
systemic lupus erythematosus from that of idiopathic 
thrombocytopenic purpura.378,379 Danazol may have 
several serologic effects in patients with systemic lupus 
erythematosus, including a decrease in DNA antibodies 
and antiplatelet antibodies. This drug has shown some 
therapeutic effectiveness in patients with this disease who 
have immune complex–mediated thrombocytopenia.380 
A qualitative defect in platelet function may also be 
present.381 Patients with systemic lupus erythematosus 
may have a serum inhibitor of platelet aggregation.382 
Thrombocytopenia may be seen in association with 
systemic lupus erythematosus and the lupus 
anticoagulant.383

Patients with systemic lupus erythematosus may also 
have a circulating anticoagulant in their plasma.384,385 The 
incidence of this anticoagulant in children is unknown, 
but it is seen in 5% to 10% of adults with this disease.386 
The prevalence of thrombosis in children with lupus 
anticoagulant is not known. In adults, the prevalence of 
thrombosis is about 30%, with the predominant site 
being the legs in 66%, followed by the peripheral arteries 
in 10% and the cerebral arteries in 2%.387 The anticoagu-
lant inhibits the interaction between the prothrombin 
activator (factor V, factor Xa, phospholipid, and calcium 
complex) and prothrombin, but the exact molecular sub-
strate against which it is directed is not known.388 Most 
investigators have reported that lupus anticoagulant is an 
immunoglobulin that may be of the IgG, IgM, or mixed 
IgG-IgM class.389-392 In addition to the inhibitor itself, a 
cofactor in normal plasma is necessary for maximal 
action of the lupus anticoagulant. This cofactor, which 
may be a γ-globulin, potentiates the inhibitory action of 
lupus anticoagulant.393

The partial thromboplastin time is invariably pro-
longed in patients with the lupus anticoagulant and is 
considered to be the most sensitive screening test.386 The 
inhibitor is suspected when the addition of normal plasma 
to the patient’s plasma fails to correct the defect.389
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The prothrombin time in patients with the lupus 
anticoagulant is often normal or minimally prolonged 
because of the infl uence of the inhibitor. True prothrom-
bin defi ciency may occur in patients with the inhibitor, 
but it is rare.394,395

Prolonged thrombin times in the absence of elevated 
levels of fi brin split products may occasionally be seen.396 
The exact signifi cance of this fi nding is unclear.

Lupus anticoagulant is usually found coincidentally 
on routine coagulation screening.397 Bleeding is a rare 
manifestation, and patients have undergone surgery 
without unusual postoperative bleeding.398 In fact, some 
patients with lupus anticoagulant may manifest throm-
botic events, a situation observed with other inhibitors,399 
particularly if the inhibitor has activity against antithrom-
bin III.

Renal involvement with some types of microangiopa-
thy has been associated with the presence of antiphos-
pholipid antibodies in patients with systemic lupus 
erythematosus and in those with other types of connec-
tive tissue disorders.400

Because bleeding is rarely a problem as a conse-
quence of the presence of the inhibitor, specifi c therapy 
is not generally indicated.

Polyarteritis Nodosa

Anemia resulting from a chronic disease state is seen 
occasionally in patients with polyarteritis nodosa. A more 
common occurrence is microangiopathic hemolytic 
anemia in association with renal disease or hypertensive 
crises. The hemolytic process in these circumstances par-
allels disease activity. Neutropenia occurs and is associ-
ated with the presence of antineutrophil cytoplasmic 
antibodies.401

Neutrophilia and eosinophilia are also common. The 
eosinophilia may be extensive, with levels suggesting 
eosinophilic leukemia or Löffl er’s endocarditis often 
being reached. Marked eosinophilia is generally re -
stricted to patients with clinically apparent pulmonary 
involvement.

Wegener’s Granulomatosis

Wegener’s granulomatosis, characterized by necrotizing 
vasculitis (particularly in the lungs and kidneys), is rare 
but can affect children.402,403 The disease can also occur 
in the newborn period.404 The course of the disease is 
marked by fever, cough, hemoptysis, epistaxis, nasal 
discharge, obliteration of the nasal sinuses, and nodular 
pulmonary infi ltrates. Renal failure may occur. As with 
most chronic disease states, normochromic, normocytic 
anemia develops.405 The peripheral blood smear may 
demonstrate anisocytosis, poikilocytosis, and marked 
fragmentation refl ective of a microangiopathic process 
associated with vasculitis.406 Hemolytic anemia with sple-
nomegaly that gives negative Coombs’ test results may 
be present.405 The white blood cell count is elevated, and 
eosinophilia can occur.407 The disease is characterized by 
marked thrombocytosis.405 Various immunosuppressive 

therapies have been attempted. Cyclophosphamide is 
occasionally effective in the management of children with 
Wegener’s granulomatosis.408 Autoantibodies directed 
against cytoplasmic components of neutrophil granulo-
cytes and monocytes have been described as a disease-
specifi c marker for Wegener’s granulomatosis.409,410

The hematologic manifestations of these disorders 
are relatively nonspecifi c. No consistent hematologic 
abnormalities are recorded in polymyositis and dermato-
myositis. Scleroderma may result in malabsorption of 
vitamin B12, but this disease is rare in children. Coagula-
tion abnormalities may be seen with scleroderma. Eleva-
tions in levels of factor VIII–related antigen and 
β-thromboglobulin are often noted. Additionally, about 
half of subjects with active disease show elevations in 
levels of fi brin degradation products.411 Autoimmune 
hemolytic anemia and thrombocytopenia may also be 
seen in patients with scleroderma,412 and some will have 
autoimmune neutropenia.413 The hematologic manifesta-
tions of scleroderma, particularly the magnitude of ele-
vated factor VIII–related antigen levels, may be used as a 
marker for disease activity.414

INFECTIONS

General Hematologic Signs of Infection

Red Blood Cell Disturbances

The pathophysiologic fi ndings of the anemia of chronic 
infection are similar to those of the anemia of chronic 
disorders. Although some infections, particularly viral 
ones, cause transient bone marrow aplasia or selective 
erythroid aplasia, anemia from this cause is rare because 
of the long life span of red blood cells. In contrast, patients 
with hemolytic anemia may experience a rapid decrease 
in hemoglobin concentration during viral and some bac-
terial infections. This is especially common in association 
with infectious episodes caused by parvovirus. Such 
infections should be considered in any child with a con-
genital hemolytic anemia who experiences an “aplastic” 
crisis.

Even common childhood infections, especially those 
associated with infl ammation, will cause a decline in 
hemoglobin concentration. During active infl ammation, 
the hemoglobin concentration declines about 13%, 
usually within 1 week, followed by an increase of nearly 
25% during resolution of the active infl ammation.321

Severe hemolytic anemia may be observed in certain 
types of infections. Clostridial infections may result in a 
high titer of hemolysins and cause severe anemia with 
hemoglobinemia and hemoglobinuria.415 A similar severe 
anemia may result from sepsis related to other bacterial 
organisms, including staphylococci, streptococci, pneu-
mococci, and Haemophilus infl uenzae.416 Immune hemo-
lytic anemia mediated by a cold agglutinin may be 
observed with Listeria and Mycoplasma infections417 and 
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occasionally with infections by other organisms such as 
Epstein-Barr virus (EBV).

Many viral illnesses may be associated with what 
appears to be a mild hemolytic anemia for which no 
pathologic mechanism has been defi ned. The most 
common morphologic fi nding in these circumstances is 
poikilocytosis. Certain viruses, such as most strains of 
infl uenza virus, contain neuraminidase activity, which is, 
at least theoretically, capable of affecting the sialic acid 
content of the red cell membrane. Whether this plays any 
signifi cant role in the hemolysis associated with some 
viral diseases is not known.

Many congenital infections, including cytomegalovi-
rus, herpes simplex, rubella, toxoplasmosis, and syphilis, 
produce profound hemolytic anemia in the newborn 
period, even though these same agents may not signifi -
cantly alter red cell survival at other times of life. The 
explanation for this fi nding is also unclear.

Finally, anemia may result from blood loss associated 
with intestinal parasitic infestation.

White Blood Cell Disturbances

The white blood cell count may be normal, low, or high 
with infection. Viral illnesses may be associated with leu-
kocyte counts lower than 5000 cells/mm3, although bac-
terial diseases of certain types or overwhelming sepsis 
of any type may also cause leukopenia. The most common 
viral illnesses associated with leukopenia are infectious 
hepatitis, infectious mononucleosis, rubella, measles, and 
occasionally, infl uenza. Of the bacterial infections, shigel-
losis may produce leukopenia with a marked increase in 
band cell forms. Sepsis caused by meningococci, pneu-
mococci, staphylococci, and a few other bacterial patho-
gens may also cause leukopenia.

Neutrophilia, with or without an increase in band cell 
count, is a common result of bacterial infection. White 
blood cell counts do not differ between white and black 
children with bacteremia, and the total white blood cell 
count and neutrophil counts may be interpreted without 
regard to race.418 Occasionally, viral illness will also ini-
tially be manifested as neutrophilia. A variety of morpho-
logic changes may appear in the neutrophils of patients 
with infection. Döhle bodies, pale blue cyst-like inclusion 
bodies usually located in the periphery of the cytoplasm 
of neutrophils, may appear in bacterial infections.419 They 
are occasionally associated with viral illness but are also 
commonly seen in patients with burns, massive trauma, 
and cancer, as well as in pregnancy and after the use of 
cyclophosphamide.419 In addition, Döhle bodies are seen 
in the May-Hegglin anomaly.420 Increased size of neutro-
phil granules (“toxic granulation”) may be seen in both 
bacterial and viral illnesses, as well as in many of the 
other disorders associated with the presence of Döhle 
bodies. Vacuolization of the cytoplasm of neutrophils is 
the next most common morphologic abnormality of neu-
trophils in patients with signifi cant bacteremia. In a study 
of the neutrophils of patients with bacteremia, Zipursky 
and associates421 found toxic granulation, Döhle bodies, 

and vacuolization in 75%, 29%, and 24%, respectively, 
of the patients studied.

Increased neutrophil alkaline phosphatase activity 
and nitroblue tetrazolium dye reduction may also 
occur,422,423 but neither of these characteristics is specifi c 
for bacterial infection. Infections may be associated with 
development of the Pelger-Huët anomaly, in which gran-
ulocytes and eosinophils have one or two lobes per 
nucleus and assume a round, dumbbell, or peanut 
shape.424 This is most commonly observed with tubercu-
losis. The Pelger-Huët anomaly is seen in 1 in 6000 
people as an autosomal disorder and is also occasionally 
observed in patients with preleukemia, leukemia, and 
other cancers and in those taking colchicine and sulfon-
amide medications.424

In newborns, especially those born prematurely, an 
increase in total white cell or mature neutrophil counts 
may not be seen in the presence of infection. In fact, a 
decrease in the neutrophil count often occurs. The most 
helpful signs of septicemia in this age group are an 
increase in the band cell count and the presence of toxic 
granulations and Döhle bodies.421,425

Leukocytosis may result from lymphocytosis. The 
most common infections producing the greatest increases 
in lymphocyte counts are infectious mononucleosis, cat-
scratch disease, “acute infectious lymphocytosis of child-
hood,” and pertussis. Many other viral illnesses such as 
cytomegalovirus, rubella, mumps, and hepatitis may also 
cause an increase in the lymphocyte count. T lymphope-
nia is a common fi nding after measles infection. It 
is predominantly due to suppression of OKT4+ 
lymphocytes.426

Eosinophilia may refl ect the presence of parasitic 
infections. In the United States, the most common cause 
of marked elevations in eosinophil counts is Toxocara 
infestation, which is often accompanied by high titers of 
isohemagglutinins. Other parasites commonly causing 
eosinophilia include organisms belonging to Trichinella, 
Echinococcus, Filaria, Strongyloides, Schistosoma, Entero-
bius, and Ancylostoma and tapeworms other than Echino-
coccus. Allergic sensitization to mites may cause 
eosinophilia, as well as fungal infections, especially asper-
gillosis.427 Eosinophilia is, of course, not specifi c for infes-
tation. Marked degrees of eosinophilia may occur in 
association with prematurity. An absolute eosinophilia 
may be expected in about 75% of low-birth-weight 
infants.428 In some, the eosinophilia is marked (>3000 
cells/mm3), and the maximal increase seems to occur at 
about the time that birth weight is regained, although this 
is not true in all infants.429

Monocytosis is occasionally seen with specifi c infec-
tions, especially tuberculosis, syphilis, and subacute bac-
terial endocarditis. Monocytosis is often noted early in 
the course of many infections and again on recovery, 
particularly if it is associated with granulocytopenia.

Basophilia is rarely seen in infection but has been 
reported with tuberculosis, infl uenza, and hookworm 
infestation.430
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Clotting Abnormalities and 
Thrombocytopenia

DIC may be triggered by infectious processes. Of the 
infectious causes, gram-negative septicemia is probably 
most common. Meningococcus, Escherichia coli, Proteus, 
Pseudomonas, Aerobacter, and Klebsiella are among the 
most common etiologic agents recovered from the blood-
stream.431,432 Gram-positive septicemia can cause a similar 
picture. The most common offender is Diplococcus pneu-
moniae, especially in asplenic individuals. Other gram-
positive agents causing DIC include Staphylococcus aureus, 
Streptococcus, and Clostridium. A wide range of viral infec-
tions may cause a consumptive coagulopathy that often 
leads to purpura fulminans. Among the most common 
agents are those that cause infectious hepatitis, measles, 
rubella, varicella, and infectious mononucleosis. Less 
common causes of DIC are severe mycoplasmal, rickett-
sial, and malarial infections.

Thrombocytopenia occurring separately from a true 
disseminated consumptive process is quite common in 
many infectious processes, especially in association with 
infectious mononucleosis, cytomegalovirus infection, 
rubella, measles, gram-negative bacteria, and rickettsial 
diseases. Congenital viral infections and congenital syphi-
lis and toxoplasmosis, if clinically apparent, are almost 
invariably associated with increased platelet turnover with 
or without thrombocytopenia. Thrombocytopenia may 
occur after immunization with live viral vaccines, particu-
larly measles vaccines.433 Corrigan434 found that throm-
bocytopenia without consumptive coagulopathy is an 
extremely common fi nding in infants and children with 
septicemia. In contrast, thrombocytosis is often present 
during the active phases of infectious processes. The plate-
let distribution width and mean platelet volume may be 
helpful in predicting whether the thrombocytopenia is due 
to infection. In the late neonatal period, thrombocytope-
nia associated with an infection dramatically increases the 
mean platelet volume and platelet distribution width as 
determined by electronic counting equipment.435

Immune complex–mediated thrombocytopenia is 
commonly associated with a variety of infectious 
agents.436

Hematologic Aspects of Selected 
Specifi c Infections

Certain infectious processes are associated with specifi c 
or unique hematologic fi ndings distinct from those 
described in the preceding section. Such infections 
include Bordetella pertussis (pertussis or whooping cough), 
Salmonella typhi (typhoid fever), Mycobacterium tuberculo-
sis (tuberculosis), Plasmodium falciparum (malaria), Clos-
tridium perfringens, and Bartonella bacilliformis (bartonellosis 
or Carrión’s disease).

Typhoid fever produces remarkable leukopenia and 
neutropenia early in the course of the illness. The number 

of bone marrow precursor cells is increased. A high white 
blood cell count in this disease usually suggests a second-
ary bacterial infection. The leukopenia of typhoid fever 
is often associated with thrombocytopenia. Shigellosis 
may also be associated with leukopenia. The hallmark of 
Shigella infection, however, is a sharp increase in the band 
cell count.

In the pediatric age group, C. perfringens infections 
are most common in adolescent girls who have under-
gone septic abortion. This organism has a potent exo-
toxin, a lecithinase, that disrupts cell membranes and 
liberates hemolytic material such as lysolecithins. Such 
disruption may result in fatal intravascular hemolytic 
anemia with spherocytosis.415

Pertussis may cause a marked increase in the white 
blood cell count, with elevations to 40,000 cells/mm3 or 
higher, most of which is due to an increase in the lym-
phocyte count.

Tuberculosis produces a variety of hematologic 
abnormalities. Leukemoid reactions mimicking myelo-
proliferative disorders are common.437 Bone marrow 
involvement in miliary tuberculosis may result in a leu-
koerythroblastic pattern with teardrop-shaped red cells, 
nucleated red cells, and myeloblasts apparent on the 
peripheral blood smear.438 In this respect, the manifesta-
tion of tuberculosis is similar to some occurrences of 
sarcoidosis. Bone marrow biopsy may show evidence of 
granulomas. Monocytosis is common, and thrombocyto-
penia and pancytopenia have been reported.439

Bartonellosis is a disease transmitted by the sandfl y 
and is associated with potentially severe hemolytic 
anemia. It was fi rst recognized in 1885 when a medical 
student inoculated himself with the Bartonella organism. 
The student, Daniel Carrión, died of severe hemolytic 
anemia. For this reason, human bartonellosis caused by 
B. bacilliformis is still called Carrión’s disease.440 This 
organism infects red blood cells, coats them (Fig. 36-2), 
and causes them to be rapidly removed from the circula-

FIGURE 36-2. Parasitism of red blood cells in human Bartonella 
infection. (From Ricketts WE. Bartonella bacilliformis anemia [Oroya 
fever]: a study of thirty cases. Blood. 1948;3:1025-1049.)
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tion. Unlike malarial organisms, Bartonella organisms do 
not invade the red blood cell.441

Hemolysis is common in malaria, especially with 
infection by P. falciparum.442 This disease, transmitted by 
Anopheles mosquitoes, results in parasitization with organ-
isms at the merozoite stage within the red cell. The para-
sitization causes altered permeability and increased 
osmotic fragility.443 The presence of the organism within 
the cell is also refl ected in a defect in red cell membrane 
shape. Hemolysis in malaria has been attributed to direct 
damage to the red cell by the parasite, to autoimmune 
destruction, to hypersplenism, to splenic pitting with the 
formation of microspherocytes, and to loss of the cell 
surface negative charge resulting from alteration of the 
cell’s metabolic function by the parasite.444-446 In addition 
to destroying infected cells, the spleen may merely remove 
the offending organisms and leave membrane pits or 
cavities that may be seen on scanning electron micro-
scopic examination.447 A particularly severe form of 
hemolysis called blackwater fever may occur with P. fal-
ciparum infection. The basis of the massive hemolysis is 
unknown. Babesia and Babesia-like infections produce 
intraerythrocytic merozoite forms similar to those seen 
in malaria. These infections may also cause hemolytic 
anemia and DIC.448

Infectious Mononucleosis

There is unequivocal evidence that links infectious mono-
nucleosis to EBV. Before etiologic evidence was estab-
lished, the diagnosis of infectious mononucleosis was 
based on the triad of (1) a classic clinical picture, (2) 
atypical lymphocytosis, and (3) positive results on a het-
erophil antibody test.449 It was maintained that absence 
of any one of these three would negate the diagnosis. 
Serologic testing for EBV has helped explain certain puz-
zling diagnostic features. For example, it was previously 
not recognized that children younger than 5 years often 
contract infectious mononucleosis. The results of a het-
erophil antibody test are usually negative in this age 
group, but antibody to EBV is seen. This specifi c sero-
logic test also explains some occurrences in adults who 
seem to have a typical clinical picture of infectious mono-
nucleosis and demonstrate atypical lymphocytosis but 
whose heterophil test results are negative. The masquer-
ading disease is cytomegalovirus infection in most 
instances.

History

The major landmarks in the diagnosis of infectious 
mononucleosis have occurred in three areas. The fi rst was 
the emergence of this disease as a separate clinical entity. 
The second was establishment of a diagnostic test, the 
heterophil antibody test, and the third was identifi cation 
of EBV as an etiologic agent.

The history spans about 100 years. The earliest clini-
cal descriptions are found in writings of Filatov450 in 1885 
and Pfeiffer451 in 1889. The disease was initially termed 

glandular fever until 1920, when Sprunt and Evans,452 
appreciating the presence of the now well-known atypi -
cal lymphocytosis, coined the name infectious 
mononucleosis.

The serendipitous discovery of the heterophil anti-
body was surpassed only by that of EBV as an etiologic 
agent. By the 1920s, the occurrence of sheep cell anti-
bodies in serum sickness was well known. Because of 
similarities in the symptomatology of serum sickness and 
rheumatic fever, Paul453 began to look for these antibod-
ies in patients with rheumatic fever. Little came of the 
primary purpose of this study, but one day, as part of this 
investigation, Paul and Bunnell454 found that a control 
serum sample had an extraordinarily high titer of hetero-
phil antibody. This control serum was from a medical 
student who had typical infectious mononucleosis. 
Davidsohn and Lee455 completed this phase of the story 
in 1937 when they organized the differential absorption 
procedures.

The etiologic agent of infectious mononucleosis 
eluded investigators for half a century. In 1958, Burkitt456 
described African children with the lymphoma now 
bearing his name. Because the distribution pattern of the 
disease coincided with the African mosquito belt, many 
investigators believed that a viral agent might be the 
cause of this lymphoma. After successful culturing of this 
tumor tissue in 1964, Epstein and associates457 noted 
herpes-like virus particles in the tissues of patients with 
this lymphoma. By 1966, the Henles and their associ-
ates458,459 had developed an indirect immunofl uorescence 
test to detect this viral particle, which was already called 
the Epstein-Barr virus. With this test, EBV antibody was 
found to be present in many healthy American children. 
A fortunate chance occurrence was observed when infec-
tious mononucleosis developed in a technician in the 
Henles’ laboratory. Her white cells, which previously 
could not be grown in culture, now grew in continuous 
culture, and demonstrable EBV antibody was noted. 
With sera that had been obtained previously from Yale 
University students, a clear correlation linking EBV with 
the clinical appearance of infectious mononucleosis was 
found.460

Epidemiology

EBV infection is acquired at an early age in lower socio-
economic groups. In economically privileged children, 
infection is often delayed until adolescence and young 
adulthood. About 40% of American children are sero-
positive for EBV by 5 years of age.461-463 In a report from 
the U.S. Military Academy at West Point, 63.5% of enter-
ing cadets had EBV antibody, indicative of previous 
infection.464 During the college years, the infection rate 
among susceptible individuals is 12% to 15% per year. 
The pattern of infection in different groups of susceptible 
persons is probably best explained by transmission of this 
virus in throat secretions. Low titers of infectious virus 
in throat specimens account for the moderate con-
tagiousness of this infection and the requirement of 
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intimate contact for transmission. Thus, infection might 
be more common at younger ages in lower socioeco-
nomic groups because of a greater opportunity for oral 
or oral/fecal transmission.

Another possible route of transmission of EBV is 
transfusion. EBV is carried in circulating white blood 
cells. In 1942, Wising465 suggested that infectious mono-
nucleosis could be transferred by blood transfusions. 
Subsequently, it was demonstrated that in approximately 
8% of individuals undergoing cardiopulmonary bypass, 
EBV antibody developed in the postoperative period.466 
EBV does not appear, however, to be the cause of post-
perfusion syndrome, which is most likely due to cyto-
megalovirus. Except for a rare instance in which a clinical 
manifestation of infectious mononucleosis appeared after 
transfusion of blood from a donor with this disorder, 
clinical disease from transfusion-transmitted EBV is 
largely unknown.

EBV is present in the saliva of most patients with 
infectious mononucleosis, in up to 20% of healthy persons 
with EBV antibodies, and in 50% or more of seropositive 
patients receiving immunosuppressive drugs. The ease 
with which EBV is recovered from the oral secretions of 
persons with primary or reactivated EBV infection sug-
gests that a cell type that freely permits EBV replication 
exists in the oropharynx. The oropharyngeal epithelial 
cell may be the target cell type that is productively infected 
in infectious mononucleosis.467 Transmission requires 
intimate contact, so there is no signifi cant spread of EBV 
in the school setting. Intrafamilial spread, however, does 
occur frequently, and in this setting an incubation period 
of 4 to 6 weeks has been demonstrated.468

It has been suggested that EBV infection may be 
transmitted congenitally.469,470 A fatal illness in a 2-week-
old infant in whom EBV genomes were detected in a 
lymph node biopsy specimen has been described.471 Such 
occurrences, if representative of true congenital EBV 
infection, must be rare. A study of 4063 pregnant women 
showed that only 1.1% were susceptible to infection early 
in gestation and less than 0.1% showed seroconversion. 
Two of three infants born of women who seroconverted 
were normal, but one had tricuspid atresia. None of the 
infants could be demonstrated to be actively infected.472,473 
Similar fi ndings have been found by others.474

The relationship of infectious mononucleosis to 
other disorders known to be associated with EBV infec-
tion or virus isolation is unclear. Such disorders include 
nasopharyngeal carcinoma, in addition to Burkitt’s 
African lymphoma.475 A higher than anticipated associa-
tion of EBV with sarcoidosis,476 leprosy,477 and systemic 
lupus erythematosus478 has been observed, although 
any specifi c relationship to these disorders remains 
speculative.479

In patients who undergo renal transplantation, a 
spectrum of lymphoproliferative diseases may occur as a 
result of activation of EBV. These diseases may vary from 
an infectious mononucleosis–like polyclonal B-cell pro-
liferation to a monoclonal B-cell lymphoma. Therapeutic 

approaches to this problem usually fail.480 Acyclovir 
therapy may be helpful early in the course of illness. 
When frank malignancy has developed, chemotherapy is 
suggested.

Clinical Features

The classic clinical manifestation of infectious mononu-
cleosis is generally seen only in adolescents and young 
adults. Younger children rarely exhibit the typical fi ndings 
of this disease, and most generally have only a mild viral 
respiratory illness.461-463

The onset of typical illness is usually a subtle pro-
drome consisting of fatigue, malaise, sweating, feverish-
ness, and anorexia. As with infectious hepatitis, a distaste 
for cigarettes is common. Headache, nausea, and vomit-
ing are seen frequently. The most common symptom 
during this period is a sore throat, which begins slowly 
and increases in intensity over a 1-week period. The usual 
fi ndings of infectious mononucleosis then follow (Table 
36-3). The course of fever often follows a specifi c pattern, 
with no temperature elevation in the morning but daily 

TABLE 36-3  Infectious Mononucleosis—
Approximate Rate of Occurrence 
of Various Signs and Symptoms in 
Young Adults

Symptom or Sign %

Adenopathy 100
Malaise and fatigue  90-100
Fever  80-95
Sweats  80-95
Sore throat, dysphagia  80-95
Pharyngitis  65-85
Anorexia  50-80
Nausea  50-70
Splenomegaly  50-60
Headache  40-70
Chills  40-60
Bradycardia  35-50
Cough  30-50
Periorbital edema  25-40
Palatal enanthema  25-35
Liver or splenic tenderness  15-30
Myalgia  12-30
Hepatomegaly  15-25
Rhinitis  10-25
Ocular muscle pain  10-20
Chest pain  5-20
Jaundice  5-10
Arthralgia  5-10
Diarrhea or soft stools  5-10
Photophobia  5-10
Rash  3-6
Conjunctivitis  5
Abdominal pain  5
Gingivitis  3
Pneumonitis  3
Epistaxis  3

From Finch SC. Clinical symptoms and signs of infectious mononucleosis. 
In Carter RL, Penman HG (eds). Infectious Mononucleosis. Oxford, Blackwell 
Scientifi c, 1969, p 35.
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afternoon or evening peaks of 38.3º C to 39.4º C (101º 
F to 103º F). Occasionally, higher temperatures are 
observed. The fever usually lasts about 2 weeks.

Lymphadenopathy is seen in all patients. Symmetri-
cal, moderately enlarged, discrete, slightly tender nodes, 
especially in the posterior cervical region, are most char-
acteristic. Adenopathy is common in the axillary, epi-
trochlear, and inguinal areas. The nodes are not matted 
and do not show signs of heat, redness, or fl uctuation. 
Rarely, enlargement of the mediastinal glands constitutes 
the only evidence of adenopathy and may be confused 
with a lymphomatous process.

Splenomegaly occurs in more than 50% of patients 
with infectious mononucleosis. The spleen is usually just 
barely palpable but on rare occasion may be quite large. 
It is smooth, soft to fi rm, and sometimes slightly tender. 
In a few patients, splenomegaly persists for months, but 
the most common situation is resolution by 2 to 3 weeks 
after onset of the illness.

Hepatomegaly occurs in about 20% of patients, and 
clinical jaundice is seen in 10%. The jaundice is invari-
ably mild. Despite the low rate of occurrence of apparent 
hepatic dysfunction, virtually all patients with infectious 
mononucleosis demonstrate abnormal liver enzyme 
levels. Except in rare patients with acute liver failure, the 
hepatitis associated with this illness is self-limited. There 
is no evidence that chronic liver disease or cirrhosis 
results from infectious mononucleosis. Reye’s syn -
drome has been reported in a child with infectious 
mononucleosis.481

Rashes occur occasionally, and their manifestation 
follows no particular pattern. The rash may be a diffuse, 
faint, erythematous or maculopapular eruption, or it may 
be urticarial, scarlatiniform, petechial, or herpetiform. In 
general, the rashes of infectious mononucleosis have no 

unique features and are of little or no help for diagno -
sis. Circulating immune complexes and complement 
sequence activation occur only when rashes are present.482 
If ampicillin is administered to patients with infectious 
mononucleosis, a rash will develop in 69% to 100%.483 
Other penicillins may cause this response, but less often. 
This rash is not a reagin-mediated allergic reaction, and 
these antibiotics may be administered subsequently 
without ill effect.

Only a few patients with infectious mononucleosis 
have no pharyngitis. Almost all demonstrate hyperplasia 
of the pharyngeal lymphoid follicles. The presence of an 
exudate is common, and membrane formation occurs 
frequently. The infl ammation may be severe enough to 
cause respiratory obstruction. Peritonsillar abscesses may 
complicate the course of the illness.484 A palatal enan-
thema is seen in about a third of patients and consists of 
crops of sharply circumscribed petechiae, symmetrically 
distributed at the junction of the soft palate. Unfortu-
nately, such petechiae are not specifi c for infectious 
mononucleosis and have been described in rubella and 
other viral disorders. In fact, the entire pharyngeal mani-
festation of infectious mononucleosis is clinically indis-
tinguishable from that of streptococcal disease.

Periorbital edema is not rare and occasionally leads 
to the erroneous suspicion that renal disease or hypopro-
teinemia is present. The edema is self-limited and lasts 
only a few days.

Complications

Much attention is paid to the complications associated 
with infectious mononucleosis, although their overall 
occurrence is low (Table 36-4).

The incidence of the neurologic complications 
reported varies from 0.37% to 7.3%, depending on the 

TABLE 36-4 Infectious Mononucleosis—Reported Complications

Type of Complication Diagnosis or Description of Abnormalities

Neurologic Bell’s palsy, cerebellar syndrome, encephalitis, encephalomyelitis, encephalomyelopathy, 
Guillain-Barré syndrome, meningitis, meningoencephalitis, myelitis, optic neuritis, peripheral 
neuritis, psychosis, radiculoneuritis

Ataxia, positive Babinski’s sign, coma, convulsions, diplopia, extraocular palsy, facial diplegia, 
hemiplegia, hyperesthesia, meningismus, mental confusion, nystagmus, papilledema, psychotic 
reaction, ptosis, respiratory paralysis, positive Romberg’s sign, seizure, status epilepticus, 
scotomas

Cardiac Electrocardiographic changes, myocarditis, pericarditis
Ocular Conjunctivitis, diplopia, cyclic edema, hemianopia, lacrimal pericyclitis, nystagmus, optic 

neuritis, ptosis, retinal edema, retinal hemorrhage, retro-orbital pain, scotomas, uveitis
Respiratory Laryngeal obstruction, peritonsillar abscess, pharyngeal edema, pleural effusion, pleuritis, 

pneumonitis
Hematologic Acquired hemolytic anemia, agranulocytosis, eosinophilia, fi brinolysis, pancytopenia, splenic 

rupture, thrombocytopenia
Digestive Esophageal varices, gingivitis, hepatic dysfunction, hepatic necrosis, jaundice, melena
Renal Hematuria, hemoglobinuria, nephritis, nephrotic syndrome, porphyrinuria, proteinuria
Other Bullous myringitis, endocervicitis, orchitis, otitis media, pancreatitis, porphyria, rashes

From Finch SC. Clinical symptoms and signs of infectious mononucleosis. In Carter RL, Penman HG (eds). Infectious Mononucleosis. Oxford, Blackwell Sci-
entifi c, 1969, p 35.
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series.485 A not rare occurrence in adolescence is the 
“Alice in Wonderland” phenomenon in which objects are 
visualized in a very distorted fashion, with exaggerations 
in size, being either too large or too small.486,487 A trans-
verse myelopathy characterized by a sudden onset of 
profound weakness of the lower extremities and urinary 
retention may complicate the clinical course of infectious 
mononucleosis.488 A list of the neurologic complications 
appears in Table 36-4.

Cardiac complications are rare and occur in 1% to 
6% of reported series. They usually consist of only non-
specifi c T-wave changes or minor conduction abnormali-
ties. Myocarditis and pericarditis are also rare.

Liver function abnormalities are rarely severe, 
although enzyme changes are common. Primary EBV 
infection has been associated with a Reye syndrome–like 
illness.489 Severe liver dysfunction causing death is a 
common complication of EBV infection in the X-linked 
lymphoproliferative syndrome. Hepatic dysfunction is 
uniformly present with this disorder at the time of death 
and is the cause of death in about a third of such 
patients.490 An unusual manifestation of infectious mono-
nucleosis may be intense jaundice. It generally results 
from a combination of hemolysis and mild hepatitis.491 
Spontaneous rupture of the spleen may occur.492 Respira-
tory diffi culties usually consist of upper airway obstruc-
tion. Transient interstitial infi ltrations, some with 
effusions, have been recorded. Infectious mononucleosis 
should be considered in the differential diagnosis of any 
child with pleural effusions.493 Renal complications of 
infectious mononucleosis generally consist of hematuria 
associated with a mild nephritis. Not all occurrences have 
been clearly separated from poststreptococcal glomeru-
lonephritis. Severe rhabdomyolysis can be associated 
on rare occasion with EBV infection.494 Eye fi ndings in 
infectious mononucleosis are unusual but may be signifi -
cant when they do occur. Severe retinochoroiditis is such 
an ocular complication.495 In some patients with infec-
tious mononucleosis, a chronic fatigue syndrome will 
develop in which lethargy, particularly daytime lethargy, 
is seen for prolonged periods, often longer than a year.496 
The mechanism is not known, but the lethargy is often 
associated with serologic evidence of persistent infec-
tion.497,498 Hematologic complications of infectious 
mononucleosis include disturbances resulting in anemia, 
granulocytopenia, thrombocytopenia, and occasional 
coagulation defects.

Anemia is rare. In approximately 3% of West Point 
cadets with infectious mononucleosis, anemia of the 
immune hemolytic type developed.464 When hemolysis 
does occur, it usually begins 1 to 2 weeks into the course 
of the illness. The majority of occurrences terminate in 
less than 1 month, and chronic hemolysis is rare. Though 
usually mild, hemolysis occasionally occurs rapidly and 
can then result in severe anemia. Jenkins and associates 
in 1965499 reported the fi rst instance of hemolytic anemia 
in infectious mononucleosis that was mediated by the 
temporary induction of a high–thermal amplitude cold 

agglutinin of anti-i specifi city.500 Since then, several series 
have verifi ed the high incidence of anti-i antibody as the 
cause of hemolysis in infectious mononucleosis. It should 
be noted that although hemolysis is not common in infec-
tious mononucleosis, the presence of anti-i in serum is 
seen in as many as 50% of all patients. Not all instances 
of immune hemolysis in infectious mononucleosis are 
caused by anti-i antibodies. Anti-N antibodies have also 
been reported, and in some patients the nature of the 
antibody has not been identifi ed.501

Aplastic anemia has been reported to follow the 
onset of infectious mononucleosis.502 Aplastic anemia 
caused by EBV infection has also been reported after 
bone marrow transplantation.503 Localization of EBV in 
the bone marrow of some patients with aplastic anemia 
supports a causative role of the virus in this disorder.504

Granulocytopenia is common during the acute phase 
of infectious mononucleosis. It is rarely severe but on 
occasion is a cause of secondary bacterial infection.505 
Bone marrow myeloid hyperplasia with myeloid arrest is 
the most typical fi nding.506 Spontaneous resolution is the 
rule.

Immune thrombocytopenia occurs rarely in infec-
tious mononucleosis.507 The peak age at incidence is 
between 10 and 30 years with a male preponderance. 
Most occurrences of thrombocytopenia are mild.508 The 
signs and symptoms of severe occurrences are similar to 
those of idiopathic thrombocytopenic purpura, except 
that in infectious mononucleosis hemorrhagic bullae may 
develop in the mouth. Platelet counts as low as 3000/L 
have been reported in association with EBV infection.509 
This is a rare fi nding in idiopathic thrombocytopenic 
purpura. The usual duration of thrombocytopenia is 4 to 
8 weeks. Severe hemorrhagic complications are rare.510

The thrombocytopenia of infectious mononucleosis 
appears to be immune in nature and has been associated 
with the presence of antiplatelet antibodies in several 
patients.

Treatment of the thrombocytopenia of infectious 
mononucleosis should be expectant. Severe occurrences 
may be treated with corticosteroid therapy, which gener-
ally increases the platelet count promptly.511 The rate of 
occurrence of these hematologic abnormalities is shown 
in Table 36-5.

The total spectrum of the rare complications and 
unusual syndromes associated with EBV infection have 
been reviewed by Timár and colleagues.512

Laboratory Diagnosis

Atypical lymphocytosis is the hallmark of infectious 
mononucleosis (Fig. 36-3). Several attempts have been 
made to classify these abnormal cells on morphologic 
grounds, the best known method being that of Downey 
and McKinlay.513 However, it is clear that atypical lym-
phocytes cannot be easily classifi ed into separate catego-
ries and that a spectrum of cell types exists. Undue 
emphasis on minor morphologic detail in stained fi lms is 
not very rewarding. In general, the atypical lymphocytes 
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The vast majority of atypical lymphocytes from 
patients with infectious mononucleosis are thymus 
derived.515,516 These atypical cells possess human T-lym-
phocyte–specifi c antigens, as well as sheep erythrocyte 
receptors.515 T lymphocytes appear to lack receptors for 
EBV, and it would appear that only B lymphocytes are 
infected by this virus.516,517 A possible unifying interpreta-
tion of the role of T lymphocytes is that these cells rep-
resent an immune reaction that protects against this 
potentially oncogenic virus. Increased numbers of B cells 
are found during the fi rst week of illness and decline to 
normal levels in 3 weeks. T lymphocytes reach their peak 
later, usually 10 to 14 days after the onset of symptoms, 
and remain elevated for 5 weeks.518 There may be an early 
reversal of the ratio of T to B lymphocytes, with a sub-
sequent increase in the percentage of T cells during the 
second through fi fth weeks of illness. It is possible that 
both T and B cells may be “transformed” into atypical 
lymphocytes—B cells by infection with EBV and T cells 
by an immunologic response to viral antigen itself—or 
the B cells may respond to altered antigens on their 
surface. EBV-infected B lymphocytes account for only a 
minority of the atypical lymphocytes found in peripheral 
blood. In the very early stages of symptomatic illness, 
however, nearly 20% of all B cells in the circulation may 
be infected with the virus. The majority of atypical lym-
phocytes are T lymphocytes. Natural killer (NK) cell 
activity has been shown to be present during the acute 
phase of infectious mononucleosis. Interferons, which are 
inducers of NK cell activity, may have an inhibitory effect 
on the outgrowth of EBV-infected B lymphocytes in 
vitro. Signifi cant anergy and diminished lymphocyte 
responsiveness in vitro to mitogens and antigens exist 
during the fi rst week of illness. These lymphocyte changes 
are refl ected in a great increase in uric acid turnover, with 
55% of infected patients having serum uric acid levels of 
8 mg/dL or higher.519

Patients with infectious mononucleosis have lymph 
node pathologic fi ndings that are easily confused with 

TABLE 36-5  Infectious Mononucleosis—
Laboratory Features

Findings % Positive

Lymphocytosis, relative and absolute 100
Atypical lymphocytes, defi nite* 100
Epstein-Barr virus antibody in serum 100
Heterophile antibody 80-100
Liver enzyme abnormalities 80-100
Leukocytosis 60-80
Neutropenia 60-80
Hyperbilirubinemia 30-50
Bone marrow granulomas 50
Slight thrombocytopenia 25-50
Increased cold agglutinins 10-50
Occult hemolysis 20-40
Hyperuricemia 15-20
Leukopenia 10-20
Severe thrombocytopenia with bleeding Rare
Positive direct Coombs’ test results Rare
Signifi cant anemia (usually caused by 
hemolysis)

Rare

*Twenty percent or more of white blood cells in peripheral blood.
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FIGURE 36-3. Major laboratory fi ndings in infectious 
mononucleosis. (Redrawn from Finch SC. Laboratory fi nd-
ings in infectious mononucleosis. In Carter RL, Penman HG 
[eds]. Infectious Mononucleosis. Oxford, Blackwell Scientifi c, 
1969, p 47.)

of infectious mononucleosis are large, but they vary in 
size considerably. Their outlines are irregular, and many 
cells show a characteristic tendency to fl ow around adja-
cent erythrocytes. Nuclei are large and usually eccentri-
cally located and pleomorphic, with abundant coarse 
chromatin and occasional nucleoli. The cytoplasm is gen-
erally abundant and typically basophilic. Cytoplasmic 
vacuoles may be seen. These types of cells are not mor-
phologically specifi c for infectious mononucleosis. Mor-
phologic characteristics similar to these are associated 
with infections such as cytomegalovirus, infectious hepa-
titis, rubella, rubeola, and herpes simplex; after the 
administration of certain drugs such as phenytoin and 
p-aminosalicylic acid; and after a number of chemical 
intoxications.514
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lymphoma. The nodal architecture is distorted by large, 
dark lymphoid cells, and the capsule may be infi ltrated. 
Reed-Sternberg cells have been reported on several occa-
sions.520,521 Pathologic changes are not confi ned to lym-
phoid tissue, however. Perivascular cuffi ng of the brain 
vasculature, infl ammation of the liver, and infl ammatory 
infi ltration of the kidney and bone marrow have been 
repeatedly observed.

The heterophil antibody is so named because the 
antigen to which the antibody reacts is found in more 
than one species. The antibody, like anti-i, is an IgM 
macroglobulin. It agglutinates sheep red cells and can be 
removed completely from serum by preincubation with 
beef red cells but not with guinea pig kidney. Heterophil 
antibody titers usually increase after the third day of 
illness, peak at 2 weeks, and may remain positive for 
several months before ultimately becoming negative 
(unlike the antibody specifi c for EBV).522 This traditional 
Paul-Bunnell serologic agglutination method has been 
largely replaced for screening purposes by the spot test, 
in which fi nely ground guinea pig kidney or beef red cell 
stroma is added to serum on a slide, followed by a drop 
of horse cells.523 Results of the test are considered positive 
if agglutination occurs in the presence of guinea pig 
kidney (which absorbs out Forssman antibody but not 
heterophil antibody) but are negative with beef red cell 
stroma. The spot test requires only 2 minutes and is 96% 
to 99% accurate. Results of both the Paul-Bunnell test 
and the spot test are usually negative in preschool-aged 
children, in whom heterophil antibody production is 

limited.524 This age group does produce diagnostic levels 
of EBV-specifi c antibody.

EBV is a herpes-like DNA virus. It is a relatively 
complex virus, and a variety of virus-associated antigens 
have been described.525 Antibodies to viral capsid antigen 
(VCA) and early antigen (EA) are detected early after 
the onset of EBV-associated infectious mononucleosis.526 
Levels of antibodies to VCA reach their peak at about 3 
weeks after the onset of clinical illness. Their levels decline 
somewhat thereafter, but they remain for life.527 Antibod-
ies to EA usually last 2 to 4 months. EA has two com-
ponents that are differentiated by their immunofl uorescent 
staining: “D” for diffuse and “R” for restricted staining. 
A technique for determining EBV-specifi c IgM has been 
described.528 EBV-specifi c IgM almost always occurs in 
the acute phase of infectious mononucleosis. It rarely 
persists more than 2 to 3 months. During this period, 
virus shedding from the oropharynx is easily 
demonstrable.529

Figure 36-4 shows the characteristic antibody pat-
terns observed in young adults with EBV-induced infec-
tious mononucleosis.530 Before infection, no antibodies 
are present. During the acute phase of illness, high titers 
of IgM and IgG antibodies to VCA are seen. IgM anti-
bodies are transient and disappear after 1 to 2 months. 
Antibodies appearing against EA disappear after a few 
weeks to months. Antibodies against Epstein-Barr nuclear 
antigen are the last to appear and are seen 1 to 2 months 
after the illness. In young infants, VCA IgM is found in 
only 60% of patients, and EA antibody is identifi ed in 
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only 50%. The only persistent antibody response should 
be VCA IgG and antibodies to Epstein-Barr nuclear 
antigen. Polymerase chain reaction (PCR) analysis for 
the EBV genome in peripheral blood is a more sensitive 
test than heterophile antibody in children, but it is more 
costly and it is wise to perform the serologic erythropoi-
etin tests as a screen.531

Association with Malignancy

In 1974 and 1975, three families were described in whom 
fatal infectious mononucleosis caused by EBV occurred 
in young male members of these kindreds.532-534 Subse-
quently, many families have been described. Acquired 
immunodefi ciency and lymphoproliferative disorders 
occur at a higher than expected incidence in susceptible 
males. Of males who become affected, approximately 
70% die of fatal infectious mononucleosis. Of those who 
survive the initial infection, a lymphoproliferative disor-
der will develop in up to 40%. Virtually all patients who 
survive are immunocompromised. Sullivan and col-
leagues535 have found that those with common variable 
immunodefi ciency demonstrate hypogammaglobulinemia 
and abnormal immune responses to in vivo immuniza-
tion with various phage types of Staphylococcus.535 NK 
cell activity is diminished and unresponsive to interferon 
therapy. This presumably leaves affected individuals with 
little defense against lymphoproliferative disorders char-
acterized by multiplication of malignant cells containing 
the EBV genome. Of males who survive the initial infec-
tion, 80% have absent or abnormal humoral immune 
responses to EBV.536 Before EBV infection, susceptible 
males usually had no history of recurrent infections or 
diffi culty in limiting infections.

Recognition of X-linked lymphoproliferative syn-
drome has led to wider understanding of the effect of 
EBV infection and its immunologic consequences in 
other states. Transient immunodefi ciency during asymp-
tomatic EBV infection may occur in otherwise healthy 
children.537 A non–X-linked susceptibility to severe EBV 
infection has now been described.538-540 X-linked lym-
phoproliferative syndrome was fi rst described in 1975. 
Fatal or severe infectious mononucleosis, acquired hypo-
gammaglobulinemia, and malignant lymphoma are the 
three major phenotypes in X-linked lymphoproliferative 
syndrome. Fatal infectious mononucleosis occurs in two 
thirds of these individuals, with an overall mortality rate 
of 85%.

Recently, three different groups independently iden-
tifi ed mutations in a novel gene in families with X-linked 
lymphoproliferative syndrome. The gene encodes for a 
cytoplasmic protein that has a 128–amino acid intra-
cytoplasmic domain termed Src homology 2 domain–
containing protein (SH2D1A) or signaling lymphocyte 
activation molecule (SLAM)-associated molecule.541-543 
It appears that this molecule acts as a regulator of at least 
two CD2-like lymphocyte receptors, in particular, 2B4. 
The 2B4 receptor is expressed primarily on NK cells and 
a subset of CD8+ T cells. Ligation of 2B4 in NK cells by 

its natural ligand CD48 on target cells results in selective 
activation of NK cells. SH2D1A seems to be required for 
activation of 2B4. It appears that NK cells from patients 
with X-linked lymphoproliferative syndrome have abnor-
mal 2B4 activation and are unable to lyse EBV-infected 
targets.544

As noted, the outcome in susceptible individuals 
with the infection is extremely guarded.545 Acyclovir 
treatment of two subjects with life-threatening EBV 
infection (one of whom had X-linked lymphoproliferative 
syndrome) produced no apparent improvement.546 There 
may be a role for acyclovir very early in the course of 
serious complications of infectious mononucleosis when 
EBV induces polyclonal B-cell activation. Treatment sub-
sequently is not likely to be effective.547 Trials with inter-
feron are under way. Bone marrow transplantation has 
been used successfully in the management of X-linked 
lymphoproliferative syndrome.548

A variety of other malignancies have been linked to 
EBV, including clonal T-cell proliferations.549 EBV infec-
tion can also result in a hemophagocytic syndrome.550 
The interaction between EBV and human immuno-
defi ciency virus (HIV) is discussed elsewhere in this 
chapter.

Management

There is no evidence that bed rest or rest in general 
shortens the clinical course of infectious mononucleosis. 
Patients will determine their own level of activity. The 
most signifi cant risk during acute illness is splenic rupture, 
but its incidence is extremely low.

Corticosteroid therapy is often used for infectious 
mononucleosis. Although these agents may produce 
improvement of symptoms, enhancement of general 
well-being, and reduction of fever, their use for 
these purposes should be restricted.532 Less controversial 
is the use of corticosteroid therapy for patients 
with airway obstruction secondary to tonsillar hypertro-
phy, severe hemolytic anemia, and hemorrhagic 
thrombocytopenia.551*

The hematologic and oncologic consequences of 
EBV-host interactions have been reviewed.552

METABOLIC DISEASES

Discussion in this section is restricted to the hematologic 
consequences of diabetes mellitus, some of the lipid 

*Editor’s comment: Young adolescents with persistent but non–
life-threatening viral infections may be seen with symptoms and signs 
suggesting serious systemic diseases, such as tuberculosis or lymphoma. 
The symptoms may persist for weeks and include sweating, weight loss, 
fatigue, anorexia, low-grade fever, lymphadenopathy, and splenomegaly. 
There may be mild microcytic anemia, particularly in young women. 
Thrombocytosis with an elevated sedimentation rate and rare lympho-
blasts with basophilic cytoplasm may be detected in peripheral blood, 
particularly in smokers.



1706 HEMATOLOGIC MANIFESTATIONS OF SYSTEMIC DISEASES

disorders of metabolic origin, and methylmalonic and 
orotic aciduria.

Diabetes Mellitus

That diabetic patients are prone to anemia,553 infec-
tion,554 and thrombotic episodes with macrovascular and 
microvascular sequelae555 has long been recognized.

An unusual hemoglobin component in hemolysates 
prepared from the blood of some diabetic patients was 
fi rst noted by Rahbar.556 A component that migrated near 
the position of fetal hemoglobin was described on agar 
gel electrophoresis at pH 6.2 in citrate buffers. This 
hemoglobin is present in normal individuals; it consti-
tutes 5% to 7% of total hemoglobin557 and is called 
HbA1c. Rahbar’s group observed a twofold increase in 
this hemoglobin fraction in some diabetic patients.558 
Structurally, HbA1c is a condensation product, by means 
of a Schiff base, between 1 molecule of HbA and 1 mol-
ecule of an aldehyde or ketone, linked at the N-terminals 
of β chains. The aldehyde or ketone group appears to be 
one or more hexoses, thus making HbA1c a glycohemo-
globin. Bunn and Briehl559 have shown that the oxygen 
affi nity of HbA1c is little affected by the addition of 2,3-
DPG, which leads to decreased oxygen affi nity when 
added to HbA. Although an early study failed to demon-
strate any correlation between the degree of elevation 
in HbA1c and clinical parameters of disease activity,557 
other investigations have shown highly signifi cant rela-
tionships between the percentage of HbA1c and the 
response to an oral glucose tolerance test and overall 
diabetic control, as refl ected in quantitative urinary 
glucose determinations.560,561 In this sense, measurement 
of the glycohemoglobin provides an insight into diabetic 
control over many days. Although HbA1c is a glycohemo-
globin and an unusual glycoprotein has been found in 
the basement membrane material of kidneys of diabetic 
patients, correlation between these fi ndings has yet to be 
found.560

Red blood cell survival, as measured by chromium 
(51Cr) labeling, may be mildly impaired during periods 
of poor diabetic control (mean erythrocyte half-life of 27 
days). With improvement of diabetic control, red cell 
survival will increase (mean half-life of 31 days).562 
During episodes of ketoacidosis, rapid shifts in the oxygen 
affi nity of hemoglobin may also occur. A decrease in pH 
causes a shift to the right with an increase in oxygen 
unloading. Very rapid correction of pH may impede 
oxygen delivery. A prompt decrease in red cell 2,3-DPG 
levels occurs at these times.563 This decrease is probably 
compensatory—an attempt to correct the oxygen affi nity 
disturbances caused by the acidosis. A decrease in red 
cell 2,3-DPG levels may also result from hypophospha-
temia, if it occurs during insulin treatment.

Other red cell abnormalities have been found in dia-
betic subjects. The red blood cells of such individuals 
show evidence of lipid peroxidation and antiperoxidative 
enzyme changes when compared with those of healthy 

subjects.564 An increase in the glycosylated form of eryth-
rocyte superoxide dismutase has been found in diabetic 
subjects and is related to nonenzymatic glycosylation of 
this enzyme.565 Erythrocytes from diabetic subjects also 
show sodium infl ux.566 Red blood cell sorbitol concentra-
tions will increase in subject with poorly controlled dia-
betes; the amount of red blood cell sorbitol is related to 
the degree of diabetic control.567 Finally, if electronic 
counting equipment is used to determine the mean cor-
puscular volume of red cells, artifactual elevations in 
mean corpuscular volume may be seen in subjects with 
hyperglycemia.568

Anemia in diabetes is usually an example of the 
anemia of chronic disorders (discussed earlier). Adult 
diabetic patients have a higher incidence of pernicious 
anemia than normal individuals do. A thiamine-respon-
sive anemia, neutropenia, and thrombocytopenia have 
been reported in the DIDMOAD syndrome.569

Polymorphonuclear cell function may be disturbed 
in diabetic patients. Leukocyte adherence is diminished 
in individuals with poor control of diabetes, as is phago-
cytic capacity.570 Chemotaxis may also be abnormal, but 
this does not correlate with the status of diabetic 
control.571 Impaired cellular metabolism and DNA syn-
thesis have been reported in the lymphocytes of some 
patients with diabetes.572 Increased superoxide produc-
tion by mononuclear cells is observed in patients with 
diabetes and hypertriglyceridemia.573

A variety of coagulation and platelet abnormalities 
have been described in diabetic patients. A state of hyper-
coagulability associated with changes in clotting factors 
and platelet function has been postulated to be important 
in the increased thrombotic complications in diabetic 
patients. Approximately a third of patients with diabetes 
will show abnormally increased factor VIII coagulant 
activity and diminished antithrombin III levels. Abnor-
malities in fi brinolysis do not appear to be common.574 
In addition to this, factor XI and factor XII levels are 
higher in some diabetic patients with evidence that the 
kallikrein-prekallikrein system has been activated.575 
Ketoacidosis may be associated with DIC.576 Altered 
levels of factors V and VIII and diminished fi brinolytic 
activity have been reported in a few patients.577

Many studies have emphasized the abnormalities 
in platelet adhesion and aggregation in patients with dia-
betes. The fi nding that enhanced platelet aggregation 
occurs before clinical evidence of diabetic vascular disease 
suggested that this defect may be acquired early in the 
natural history of diabetes and could underlie the vascu-
lar disease.578 Platelet aggregation in diabetic subjects 
is characterized by a shortened adenosine diphosphate–
induced aggregation time.579 Increased platelet adhesive-
ness and platelet factor 3 and 4 activity also occur.562,580 
Normal platelets incubated in the plasma of diabetic 
patients will become abnormal. This aggregation-
enhancing activity is present in both plasma and 
serum and is nondialyzable and heat resistant.579 In 
patients with this plasma factor, von Willebrand factor 
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activity is also increased, thus suggesting that the two 
are related.581 The enhanced in vitro responsiveness 
of platelets from diabetic patients can be decreased by 
prostaglandin synthetase inhibitors.578,582 Platelets from 
diabetic patients demonstrate increased activity of the 
prostaglandin synthetase system, which results in 
increased synthesis of prostaglandin endoperoxides and, 
therefore, of prostaglandin E2.583 When induced to aggre-
gate with arachidonic acid, the platelets of diabetic 
patients with vascular disease tend to produce more 
thromboxane A2 than those of normal subjects do.584 A 
lower prevalence and severity of diabetic retinopathy have 
been observed in a group of diabetic patients with con-
current rheumatoid arthritis who were taking high doses 
of aspirin. This fi nding suggests that inhibition of platelet 
aggregation and prostaglandin synthesis may be desirable 
in the management of diabetic patients.585 The increased 
glycosylation of connective tissue proteins in diabetic 
patients has been suggested to increase their aggregation 
potency.586

The hematologic consequences of diabetes also 
extend to infants born of diabetic mothers. An increased 
incidence of thrombosis or thromboembolic phenomena 
is well recognized in these infants.587 Complications such 
as renal vein thrombosis, peripheral gangrene secondary 
to vascular occlusion, and cerebral thrombosis may 
occur.588

It may be diffi cult to resist the urge to perform lymph 
node biopsy or abdominal exploration in such patients. 
However, most of them should be treated expectantly 
with simple home remedies, such as white meat of chicken 
or chicken soup.589

Abnormalities in Lipid Metabolism

Abetalipoproteinemia is an autosomal recessive disorder 
that results in abnormalities in plasma lipids. Plasma 
levels of triglycerides, cholesterol, and phospholipids are 
diminished.590 These fi ndings are associated with the 
presence of acanthocytic red blood cells. The cholesterol 
content of the red cell is normal or slightly increased, 
whereas the phospholipid content refl ects that of serum.590 
Autohemolysis591 and peroxidative hemolysis592 may be 
increased, but osmotic fragility591 and rates of glycoly-
sis591 are normal. Anemia, if present, is mild.

Patients with familial hyperbetalipoproteinemia 
(type II hyperlipoproteinemia) have abnormal platelet 
function593 characterized by increased sensitivity to 
aggregating agents and release of increased amounts 
of nucleotides in response to aggregating agents. These 
changes are associated with platelet plasma membrane 
ultrastructural changes, particularly in type IIa hypercho-
lesterolemia.594 Such subjects may truly demonstrate a 
“hypercoagulable state.” The latter has been demon-
strated in severely hypertriglyceridemic conditions.595 
These fi ndings suggest the possibility that platelet func-
tion may be involved in the thrombotic complications 
of familial hyperbetalipoproteinemia. Erythrocytes from 

patients with various disorders in lipoprotein metabolism 
have abnormal red blood cell morphologic characteris-
tics, including acanthocytes, stomatocytes, and crenated 
cells.596,597

Essential fatty acid defi ciency will result in a variety 
of characteristic changes in plasma lipids. Decreased 
prostaglandin formation in in vitro platelet studies involv-
ing animals with essential fatty acid defi ciency has been 
reported.598 This results in a thrombocytopathy with 
impaired platelet aggregation and may refl ect a defi ciency 
of arachidonic acid necessary for the formation of throm-
boxane A2.598 Clinically, essential fatty acid defi ciency is 
being recognized more often as a result of prolonged fat-
free parenteral nutrition.599 Several infants have been 
described with hemorrhagic complications from this 
disorder.598

Other Metabolic Disorders

A single infant with methylmalonic aciduria was found 
to have neutropenia.600 The mechanism of neutropenia 
in this child is unclear. More commonly, excessive urinary 
excretion of methylmalonic acid occurs as a result of 
vitamin B12 defi ciency.601

A child has been described with altered vitamin B12 
metabolism in association with megaloblastic anemia and 
homocystinuria secondary to a defect in methionine bio-
synthesis.602 Homocystinuria and megaloblastic anemia 
responsive to vitamin B12 therapy have also been reported 
as an inborn error of metabolism caused by a defect 
in cobalamin metabolism.603 Infants and children with 
orotic aciduria, hyperglycinemia, and hyperglycinuria 
may have neutropenia.604 Patients with orotic aciduria 
may exhibit megaloblastic changes in bone marrow and 
have macrocytic indices.

NEUROLOGIC AND PSYCHIATRIC 
DISORDERS

Muscular Dystrophy

Roses and Appel605 reported decreased levels of red 
cell membrane protein phosphorylation in patients 
with myotonic muscular dystrophy. As a further example 
of the usefulness of red cells as biopsy tissue and also 
as possible additional evidence for the clinical impor-
tance of membrane protein phosphorylation, increased 
phosphorylation of red cell spectrin has been reported to 
occur in patients with Duchenne’s muscular dystrophy.606 
These observations have prompted the hypothesis that 
the muscular defects in dystrophic patients may represent 
specifi c manifestations of a generalized membrane 
disorder.607 In addition, the red cells of patients with 
muscular dystrophy may demonstrate decreased 
deformability.608,609 Increased osmotic fragility is seen 
in almost 85% of patients.610 It has been suggested that 
analysis of intramembrane particles in freeze-fractured 
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erythrocyte plasma membranes will show the same 
abnormalities in carriers of human Duchenne’s muscular 
dystrophy as in affected subjects and may be used as a 
rapid, simple, and highly accurate diagnostic tool for 
such carrier detection.611 The Pelger-Huët anomaly has 
been associated with the autosomal dominant form of 
muscular dystrophy in one family,612 as has the Jordan 
anomaly.613 All these fi ndings are subtle and require 
careful evaluation and confi rmation. Structural platelet 
membrane abnormalities have also been described in 
subjects with muscular dystrophy, although this fi nding 
is not universal.614,615

Myasthenia Gravis

Because both myasthenia gravis and acquired pure red 
cell aplasia have been associated with the presence of 
thymoma, occasional reports of patients with myasthenia 
gravis and concomitant pure red cell aplasia have 
appeared.616 Pancytopenia may also occur. Such occur-
rences in children are rare. In addition, there is a higher 
than average incidence of autoimmune hemolytic anemia 
in patients with myasthenia gravis.617 Antibody-mediated 
pure neutrophil aplasia may result from recurrent myas-
thenia gravis and thymoma.618

Lesch-Nyhan Syndrome

The Lesch-Nyhan syndrome is an X-linked recessive dis-
order characterized by mental retardation, choreoathe-
tosis, hyperuricemia, and self-mutilation. Cells from 
affected individuals are unable to convert hypoxanthine 
and guanine to the corresponding nucleotides because of 
an inactive phosphoribosyltransferase. A patient with this 
syndrome has been described in whom megaloblastic 
anemia developed, presumably as a result of defi cient 
nucleic acid synthesis because the administration of large 
amounts of adenine reversed the process.619 The enzyme 
is present in red cells, but its defi ciency does not generally 
alter the function or survival of mature red cells.620 On 
an experimental basis, erythrocyte transfusions have been 
used as a source of enzyme replacement in Lesch-Nyhan 
syndrome.621

Rivard and associates622 have shown that in patients 
with Lesch-Nyhan syndrome, radioactive hypoxanthine 
cannot be incorporated into platelet nucleotides. This 
results in a signifi cantly lower adenosine triphosphate 
platelet content. Nonetheless, platelet function and 
number are normal in Lesch-Nyhan syndrome.

Brain Trauma

Brain tissue from all mammalian species is rich in throm-
boplastin activity. Severe injury to the brain that disrupts 
the brain architecture may release this material into the 
circulation. This most commonly occurs after gunshot 
wounds or crush injury to the head and has resulted in 
acute DIC.

Anorexia Nervosa

Patients with anorexia nervosa may demonstrate many of 
the hematologic manifestations of severe malnutrition. In 
one patient with anorexia nervosa, the total amount of 
red cell lipids was normal, but there was an increased 
proportion of the long-chain polyunsaturated fatty acids 
associated with starvation.623 Small numbers of irregu-
larly shaped red blood cells are often seen.624 The sedi-
mentation rate is low. About a third of subjects will have 
a normochromic, normocytic anemia.625 Slight to moder-
ate leukopenia and neutropenia develop in about half 
of the patients who are severely malnourished. This 
may be associated with an increased risk for infection.626 
The bone marrow may become hypoplastic and fi lled 
with gelatinous material and fat.627 Leukocyte response 
to bacterial infection may be suboptimal. Several 
months may be needed for the white cell abnormalities 
in anorexia nervosa to resolve after adequate caloric 
intake. Platelet counts are generally normal, but mild 
depressions and occasionally severe depressions are 
observed.628 A marked increase in platelet hyperaggre-
gability may be found.629

SKIN DISEASES

Skin diseases are only rarely a direct cause of hematologic 
disturbances. More often than not, the hematologic alter-
ations refl ect a simultaneous disturbance in more than 
one developmental system, such as the skin and blood. 
Certain disorders that affect the hematologic system in a 
major way, such as Wiskott-Aldrich syndrome, are 
described in Chapter 23.

Eczema and Psoriasis

Patients with extensive eczema or psoriasis commonly 
have a mild anemia.630 The anemia is usually normochro-
mic and normocytic, although microcytosis may occur. 
Typically, this anemia is associated with a low serum iron 
level and normal or decreased iron-binding capacity. 
Because the level of iron in bone marrow is not dimin-
ished, the anemia is best classifi ed as an anemia of chronic 
disorders.630 A defect in red blood cell deformability 
resulting in decreased deformability in eczematous 
patients has been reported.631 Some individuals with 
extensive rash will have greatly expanded whole blood 
and plasma volumes, which may result in a dilutional 
anemia.621,633 In rare patients with eczema or psoriasis, 
long-standing steatorrhea may develop and cause folate 
malabsorption and macrocytic anemia.634 Psoriasis may 
be a widespread membrane disorder. Alterations in red 
blood cell sodium and potassium fl uxes are seen, as well 
as alterations in membrane lipid composition (an increase 
in arachidonic acid and unsaturated fatty acid 
content).635,636 The increased erythrocyte membrane 
arachidonate and platelet malondialdehyde production 
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noted in patients with psoriasis may normalize after treat-
ment with fi sh oil.637

Dermatitis Herpetiformis

Anemia may result from the malabsorption syndrome 
found in many individuals with dermatitis herpetiformis. 
It usually causes a megaloblastic anemia.638 Splenic hypo-
function and atrophy may also occur639 and are detect-
able by the presence of Howell-Jolly bodies on the 
peripheral blood smear. This lymphoreticular dysfunc-
tion probably relates to the high incidence of celiac 
disease found in association with dermatitis herpetifor-
mis. Hyposplenism is also common in children and adults 
with celiac disease.640 In any event, it is generally held 
that the hematologic consequences of dermatitis herpeti-
formis are simply a result of the nutritional problems 
produced by this disease.641

Dyskeratosis Congenita

An illness resembling Fanconi’s aplastic anemia may 
occur in patients with dyskeratosis congenita.642 Before 
onset of the skin problem, thrombocytopenia, macrocy-
tosis, and elevations in fetal hemoglobin may be seen.643 
These abnormalities, which result in hypoplastic anemia, 
appear to be a stem cell defect because they are preceded 
by a prolonged period characterized by a decrease in the 
number of precursor cells in both the bone marrow and 
peripheral blood of such patients.644 Interested readers 
are referred to Chapter 8 for recent fi ndings in this 
disorder.

Hereditary Hemorrhagic Telangiectasia

This inherited structural abnormality of the vasculature 
is characterized by mucocutaneous telangiectases caused 
by localized dilation and convolution of venules and cap-
illaries. It is an autosomal dominant disorder that results 
in a bleeding tendency because of the friable blood 
vessels. Telangiectases predominate on the lips, buccal 
mucosa, gingivae, palate, tongue, and skin of the face and 
upper parts of the body and may be present in visceral 
organs as well. Pulmonary arteriovenous fi stulas are not 
rare but tend to appear later in life. Easy bruisability, 
epistaxis, and respiratory and gastrointestinal bleeding 
may be caused by these telangiectases.

Ehlers-Danlos Syndrome and Other 
Connective Tissue Disorders

The elastic tissue defects seen in Ehlers-Danlos syn-
drome may result in an increased bleeding tendency. A 
somewhat similar problem occurs in association with 
pseudoxanthoma elasticum and Marfan’s syndrome. 
Platelet dysfunction in the form of reduced aggregation 
in the presence of adenosine diphosphate, collagen, and 

norepinephrine has been described in both Ehlers-Danlos 
and Marfan’s syndrome. A defective fi bronectin has been 
proposed as the cause of the hypermobility and plate -
let dysfunction.645 An unusual sensitivity to aspirin has 
been noted in one family with Ehlers-Danlos type IV 
syndrome.646

Mast Cell Disease

In this disorder, large numbers of mast cells are found, 
often diffusely located in the skin or the gastrointestinal 
tract.647 These cells periodically release histamine and 
heparin-like substances.647,648 Trauma to involved areas 
may trigger release of these substances and may also 
cause urticaria and blistering of affected parts of the 
body. A coagulation defect is the hematologic manifesta-
tion of mast cell disease. Laboratory testing demonstrates 
a heparin-like effect. Because fatal hemorrhage may 
result from this excessive anticoagulant effect, treatment 
with protamine sulfate may be necessary.

Urticaria pigmentosa is one form of mast cell disease. 
On rare occasion, mast cell disease and urticaria pigmen-
tosa precede the onset of mast cell leukemia.649

LEUKOCYTE VARIATIONS IN 
DISEASE STATES

Since the recognition by Huët650 in 1931 that a nuclear 
segmentation defect, now called the Pelger-Huët anomaly, 
was inherited, a wide variety of morphologic variations 
in leukocytes have been found. Many of these alterations 
are discussed in detail in other chapters.

Nuclear Changes

Pelger-Huët Anomaly

In this anomaly, segmentation of lobes in neutrophilic 
leukocytes is limited (Fig. 36-5). The anomaly was 
described fi rst by Pelger in 1928, who thought that the 
fi nding was a manifestation of tuberculosis.651 Huët650 
recognized that it appeared to be inherited as an autoso-
mal dominant trait. Individuals with this disorder rarely 
have neutrophils or eosinophils with more than two lobes. 
In heterozygotes, the neutrophils are unsegmented, 
dumbbell shaped, or bilobed in the nuclei. In homozy-
gotes, the vast majority of neutrophils have round 
nuclei.

This anomaly affects 1 in 6000 individuals. Although 
neutrophil migration may be minimally impaired, granu-
locyte function is otherwise normal, and individuals with 
this inherited anomaly suffer no adverse effects. The 
Pelger-Huët anomaly is inherited in an autosomal domi-
nant fashion and is due to mutations within the lamin B 
receptor, a member of the sterol reductase family.652 
Expression of the lamin B receptor affects neutrophil 
nuclear shape and chromatin distribution.
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A Pelger-Huët–like change in granulocyte morpho-
logic characteristics may occur as an acquired condition 
in several disease states, such as chronic infections of the 
bowel, glandular fever, malaria, leukemia, and diffuse 
metastatic disease.653,654 This same fi nding may be pro-
duced by toxins and certain drugs such as colchicine.655 
A reversible Pelger-Huët anomaly has been seen with 
acute gastroenteritis caused by Salmonella group D.656 
Not only does leukemia potentially result in a Pelger-
Huët anomaly, but non-Hodgkin’s lymphoma may as 
well.657 Pelger-Huët anomaly has been reported in asso-
ciation with Sjögren’s syndrome.658 It has also been found 
in some patients with trisomy 18 syndrome.659 A transient 
acquired Pelger-Huët anomaly may be observed with 
Mycoplasma pneumoniae infection.660 Valproic acid toxic-
ity may be associated with the anomaly.661 Bilobed nuclei 
are common in many other animal species, most notably 
in the rabbit.

Hereditary Constitutional 
Hypersegmentation of Neutrophils

In this autosomal dominant condition, the mean number 
of neutrophil nuclear lobes is approximately four as com-
pared with the approximately three lobes found in normal 
neutrophils.662 This hereditary form of neutrophil hyper-
segmentation is not associated with any adverse effects 
and appears to be more common than previously thought. 
It must be distinguished from more signifi cant disorders 
such as vitamin B12 and folate defi ciency and myelopro-
liferative states.

Hereditary Constitutional 
Hypersegmentation of Eosinophils

This is probably an autosomal disorder in which the 
mean lobe count of eosinophils is between 3 and 4, unlike 
the mean lobe count of normal eosinophils, which is 2.3. 
Affected individuals are otherwise normal.663

Hereditary Giant Neutrophils

Normal neutrophils have an average cell size of 12.7 μm. 
In this hereditary autosomal dominant disorder, neutro-
phil diameter is about 17 μm, which represents an 
approximate doubling of white cell size.664 There are 
usually 6 to 10 nuclear lobes. In actuality, only relatively 
few neutrophils demonstrate these morphologic abnor-
malities in affected individuals, but they are clearly dis-
tinguished from the normal population because these 
fi ndings never occur otherwise.

Hereditary Prevalence of 
Nuclear Appendages

In general, thread-like and other small projections from 
the nucleus of neutrophils are relatively nonspecifi c. 
Excessive numbers of projections may be seen in various 
forms of carcinoma, in trisomy 13-15, and as a hereditary 
phenomenon (Fig. 36-6).665

These disorders must be distinguished from those 
that increase the number of neutrophil drumsticks, which 
are female-specifi c nuclear appendages. In normal 
women, drumsticks are present in 2% to 10% of mature 
neutrophils.666 At least six drumsticks per 500 neutro-
phils must be present for the sex to be determined as 
female. Pseudodrumsticks in males generally occur, if at 

FIGURE 36-5. Pelger-Huët anomaly.

FIGURE 36-6. Increased nuclear appendages in a neutrophil of a 
patient with trisomy 13-15. (From Huehns ER, Lutzner M, Hechte F. 
Nuclear abnormalities of the neutrophils in D-(13-15)-trisomy syndrome. 
Lancet. 1964;1:589-590.)
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all, in fewer than 6 of 500 neutrophils. Drumstick number 
is increased in any condition with an increased average 
number of lobes per cell—for example, in the hyperseg-
mentation anomaly, when there are multiple X chro-
mosomes in the karyotype, and when there is an 
isochromosome of the long arms of an X chromosome 
(X-iso X). The presence of a Y chromosome reduces 
the drumstick number when there are supernumerary X 
chromosomes (XXY, XXXY, or XXXXY). The normal 
drumstick head is 1.5 μm in diameter. The diameter is 
increased in females with a long-arm isochromosome.

Cytoplasmic Abnormalities

Granulation Disturbances

Alder-Reilly Anomaly

This anomaly, described independently by Alder and 
Reilly, is discussed in detail in Chapter 24.667 It is a 
hematologic manifestation of Hurler’s syndrome in which 
prominent granules (often called Reilly bodies) are found 
in neutrophils that stain positively with metachromatic 
stains (Fig. 36-7). Increased numbers of dense cytoplas-
mic granules may also be seen in other mucopolysac-
charidoses. Lymphocytes, monocytes, and plasma cells 
may also be affected.

May-Hegglin Anomaly

In this rare autosomal dominant disorder, large (up 
to 5 μm) pale blue–staining inclusions are found in 
the cytoplasm of neutrophils, eosinophils, basophils, 
and monocytes.668 Thrombocytopenia and giant platelets 
are also observed. The inclusions consist of material 
derived from the endoplasmic reticulum, and their gross 

appearance is similar to that of Döhle bodies. 
Ultrastructural and functional abnormalities of platelets 
may be observed in patients with the May-Hegglin 
anomaly.669

The May-Hegglin anomaly is only one of three forms 
of hereditary thrombocytopenia seen in association with 
giant platelets and inclusion bodies in leukocytes. 
Fechtner’s syndrome is a variant of Alport’s syndrome 
with inclusion bodies consisting of dispersed fi laments, 
ribosomes, and a few segments of rough and smooth 
endoplasmic reticulum. The Sebastian platelet syndrome 
shows the same platelet and leukocyte morphologic char-
acteristics observed in Fechtner’s syndrome, but the 
anomalies of Alport’s syndrome are lacking.670

Chédiak-Higashi Syndrome

This disorder is discussed in detail in Chapter 21. Giant 
granules give the cytoplasm of the neutrophil a bizarre 
appearance. The granules seen in the neutrophils of 
patients with Chédiak-Higashi syndrome are not specifi -
cally isolated to the neutrophil. The granule abnormality 
is due to a defect in the LYST1 gene, which predisposes 
these patients to hemophagocytosis.671 Giant membrane-
bound cytoplasmic granules have been observed in the 
epidermal Langerhans cells of a patient with Chédiak-
Higashi syndrome.672

Batten-Spielmeyer-Vogt Disease

This degenerative neurologic disease was noted by 
Strouth and colleagues673 in 1966 to be associated with 
coarse azurophilic granulation in neutrophils. Because 
these granules do not exhibit metachromasia, they can 
be easily differentiated from those observed in the 
mucopolysaccharidoses.

A B

FIGURE 36-7. Reilly bodies in 
the cytoplasm of neutrophils (A) 
and lymphocytes (B) in a patient 
with Hurler’s syndrome. Vacuoles 
are also present in the cytoplasm 
of the neutrophil.
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Hereditary Dense Granulation of Neutrophils

It should be emphasized that several normal individuals 
have been described who demonstrate dense granulation 
of neutrophils.

Hermansky-Pudlak Syndrome

Hermansky-Pudlak syndrome (HPS) is a rare familial 
disorder characterized by albinism, a bleeding problem 
related to platelet dysfunction and accumulation of 
ceroid-like pigment in bone marrow macrophages, and 
the presence of lipopigment bodies, as well as other dense 
inclusions.674,675 Similar ceroid deposition may be found 
within dermal macrophages.676 The bleeding time abnor-
mality seen in HPS may be correctable by the administra-
tion of 1-desamino-8-d-arginine vasopressin. HPS is a 
heterogeneous group of disorders that result from defec-
tive lysosome-related organelle formation. Lysosome-
related organelles are found in melanosomes, platelets, 
and cytotoxic T cells, and defects in seven genes in 
humans disrupt the function of protein complexes such 
as BLOC-1, BLOC-2, BLOC-3, and AP3. This disorder 
has been important in defi ning key components of intra-
cellular organelle traffi cking.677

Vacuolization

Small vacuoles are not uncommonly associated with 
granules in the cytoplasm of normal lymphocytes. Large 
vacuoles in both lymphocytes and neutrophils develop 
rapidly in specimens collected in anticoagulants, espe-
cially ethylenediaminetetraacetic acid. Cytoplasmic vacu-
olization may occur in response to certain stresses, such 
as burns and infections. Vacuolization of lymphocytes is 
noted in a variety of inherited disorders, including Tay-
Sachs disease, Niemann-Pick disease, and some instances 
of Hurler’s syndrome, possibly after the disappearance of 
specifi c granules.678-680 Some patients with type II glyco-
gen storage disease (Pompe’s disease) have vacuolated 
lymphocytes. In this disease, a high percentage of the 
vacuoles stain with the periodic acid–Schiff reaction.

A familial vacuolization of leukocytes (Jordan’s 
anomaly) has been described in which vacuoles are 
present in the cytoplasm of granulocytes, monocytes, and 
occasionally lymphocytes and plasma cells.681 These vac-
uoles contain lipids and range in size from 2 to 5 μm. 
Members of some affected families have had ichthyosis, 
whereas others have had a progressive form of muscular 
dystrophy.682

Eosinopenia and Eosinophilia

The lowest normal eosinophil counts are found in the 
immediate newborn period, after which such values in 
infants, children, and adults are remarkably similar.683 
The mean absolute eosinophil count of children and 
adults is 150 cells/mm3, with values of up to 700 cells/
mm3.684 A diurnal variation in the eosinophil count exists, 
and the highest value is seen in the evening. These changes 

probably refl ect varying activity in the production of 
adrenal corticosteroids. Premature infants commonly 
demonstrate eosinophilia.428,429 Infection with falciparum 
malaria can result in eosinopenia.685

Eosinopenia may occur as a result of adrenocortical 
hyperfunction or after the administration of pharmaco-
logic doses of corticosteroids.686 Some children with 
Down syndrome also have eosinopenia.

There are many causes of eosinophilia (Box 36-1). 
In the United States, allergy is the single most common 
cause of this fi nding. All types of allergy may result 
in eosinophilia, including asthma, hay fever, urticaria, 
eczema, serum sickness, and angioneurotic edema.

Drug exposure is frequently a cause of eosinophilia. 
In most instances, no specifi c signs of drug allergy 
are present, and eosinophilia is noted coincidentally. 
Although some drugs are associated with a higher inci-
dence of associated eosinophilia, any drug may poten-
tially cause this fi nding.

Parasitic infections are the most common causes of 
eosinophilia on a worldwide basis. A general rule is that 
whereas helminthic infections often cause eosinophilia, 
protozoal infections (with the exception of malaria) do 
not. Of the helminthic infections, those associated with 
tissue invasion rather than those remaining within the 
bowel lumen cause the greatest degree of eosinophilia. 
Among the infectious causes of eosinophilia, visceral 
larva migrans produces the most profound elevations in 
eosinophil counts, with white blood cell counts greater 
than 100,000 cells/mm3 not being uncommon. Parasitic 
infection as a cause of eosinophilia cannot be excluded 
because of failure to demonstrate larvae or eggs in feces. 
In children with blood groups other than type AB, a 

Box 36-1 Causes of Eosinophilia

Allergic disorders: Asthma, urticaria, hay fever, 
angioneurotic edema, occasional drug sensitivity, or 
simple exposure

Parasitic infections: Usual in invasive helminthic infections 
such as Toxocara infections, trichinosis, echinococcal 
infections, and ascariasis and less common in intestinal 
parasitism; rare in protozoal infection except for 
malaria

Skin disorders: Pemphigus, dermatitis herpetiformis
Hematologic and oncologic disorders: Hodgkin’s disease, 

acute lymphatic leukemia, chronic myelogenous 
leukemia, pernicious anemia, postsplenectomy effects, 
immunodefi ciency syndromes, polycythemia vera and 
other chronic myeloproliferative states, some solid 
tumors

Infectious disorders other than parasitism: Scarlet fever, 
chorea, erythema multiforme, chlamydial infections

Inherited eosinophilia
Miscellaneous disorders: Rheumatoid arthritis, periarteritis 

nodosa, sarcoidosis, radiation therapy, peritoneal 
dialysis, cirrhosis, Löffl er’s syndrome (including 
pulmonary infi ltration with eosinophilia syndrome)
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marked increase in isohemagglutinin titer is highly sug-
gestive of infection with Toxocara organisms.

Hypereosinophilic syndrome, which is characterized 
by pulmonary infi ltrates, cardiomegaly, congestive heart 
failure, and an elevated eosinophil count, is a well-
described but poorly understood entity.687 The eosino-
philia in this disorder is marked. Hypereosinophilic 
syndrome is a term that encompasses disorders such 
as Löffl er’s syndrome, eosinophilic leukemoid reaction, 
endocarditis parietalis fi broplastica, pulmonary infi ltrates 
with eosinophilia, disseminated eosinophilic collagen 
disease, and eosinophilic leukemia. The etiology of these 
syndromes is controversial, and the possibility exists that 
these disorders represent a spectrum of a similar patho-
logic process. Eosinophilia has been noted in association 
with acute lymphoblastic leukemia.688 In several of the 
patients described, an illness similar to Löffl er’s syn-
drome preceded the onset of leukemia.689 The eosino-
philia in these patients is an interesting fi nding because 
it is thought to be mediated by interleukin-5 (IL-5) 
released by thymus-dependent lymphocytes, which in 
turn stimulates eosinophil proliferation.690,691 In the last 
5 years great progress has been made in recognizing that 
fusion of tyrosine kinases FIPIL1-PDGFRA leads to the 
proliferation of T cells that secrete IL-5. This understand-
ing has opened the way for targeted therapy with anti–IL-
5 antibody or kinase inhibitors.692

There are many other causes of eosinophilia, includ-
ing collagen vascular disease, malignancy, cirrhosis, and 
certain skin disorders. Eosinophilia may also be observed 
as an autosomal dominant familial trait in some 
families.693

Basophilia

Basophilia is usually said to occur when the basophil 
count exceeds 100 to 150 cells/mm3.694 Adrenocortico-
steroids, infection, hyperthyroidism, and irradiation will 
decrease the basophil count. A wide variety of disorders 
may increase the basophil count, including ulcerative 
colitis, smallpox, varicella, and some occurrences of 
nephrosis.695 Basophilia is extremely common in associa-
tion with myeloproliferative disorders such as chronic 
myelogenous leukemia, polycythemia vera, and myeloid 
metaplasia.696 Basophilia is occasionally seen in Hodg-
kin’s disease and some hemolytic anemias (Box 
36-2).697

Although increased numbers of basophils in the bone 
marrow and certain other tissues are found in urticaria 
pigmentosa and mast cell disease, numbers of blood 
basophils are not usually increased.

Monocytosis

Monocytosis is common in many protozoal and rickett-
sial infections and is one of the hematologic hallmarks of 
certain bacterial infections, especially tuberculosis, sub-
acute bacterial endocarditis, and syphilis.698 In any process 

that is associated with granulocytopenia, monocytosis 
will usually precede and herald recovery. Monocytosis 
parallels disease activity in some patients with systemic 
lupus erythematosus and rheumatoid arthritis.699 Several 
hematologic malignancies may be associated with periph-
eral blood monocytosis (Box 36-3).

Lymphocytosis

Except for pertussis, acute bacterial infections are rarely 
associated with lymphocytosis. Lymphocytosis should 
not be expected to be uniformly present in infants younger 
than 6 months who have pertussis.700 Only 25% of these 
infants will have an elevated lymphocyte count suggestive 
of pertussis. Chronic bacterial infections such as tuber-
culosis and brucellosis may cause a sustained lymphocy-
tosis. Although many nonspecifi c viral infections may 
cause a mild lymphocytosis with the presence of transient 
atypical lymphocytes, infectious mononucleosis and 
cytomegalovirus infection are the only probable causes 
of persistent atypical lymphocytosis. Markedly increased 
lymphocyte counts are sometimes seen in association 
with a disorder known as “acute infectious lymphocyto-
sis.” Marker analysis of the blood of such individuals has 
shown that the increased lymphocytes are predominantly 
T cells associated with a rise in the helper-inducer 

Box 36-2 Causes of Basophilia

Hematologic and oncologic disorders: Some hemolytic 
anemias, Hodgkin’s disease, many chronic 
myeloproliferative disorders, including chronic 
myelogenous leukemia and polycythemia vera

Infections: Chronic sinusitis, smallpox, varicella
Endocrine disorders: Hypothyroidism, ovulation, pregnancy
Drugs: Estrogens, antithyroid medications
Miscellaneous: Stress, nephrosis, radiation (may also 

decrease the basophil count)

Box 36-3 Causes of Monocytosis

Bacterial infections: Syphilis, tuberculosis, subacute 
bacterial endocarditis, brucellosis

Nonbacterial infections: Rocky Mountain spotted fever, 
typhus, malaria, kala-azar, trypanosomiasis

Hematologic and oncologic disorders: Hodgkin’s disease, 
preleukemia, leukemia, non-Hodgkin’s lymphomas, 
myeloproliferative disorders, congenital and acquired 
neutropenia, some hemolytic anemias, metastatic solid 
tumors, splenectomy

Collagen vascular diseases: Systemic lupus erythematosus, 
rheumatoid arthritis, polyarteritis nodosa

Miscellaneous: Ulcerative colitis, regional enteritis, 
sarcoidosis, tetrachlorethane poisoning, Hand-Schüller-
Christian syndrome
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phenotype (CD4+) population of lymphocytes.701 Thyro-
toxicosis in both children and adults will also cause lym-
phocytosis (Box 36-4).702

Causes of lymphocytopenia are summarized in Box 
36-5.

ACQUIRED IMMUNODEFICIENCY 
SYNDROME

In the early 1980s a newly described constellation of 
symptoms that resulted from immune compromise and 
led to death from opportunistic infections and unusual 
malignancies was recognized in a cluster of homosexual 
males.703-705 These early descriptions of what is now 
known as acquired immunodefi ciency syndrome (AIDS) 
heralded the beginning of what has become one of the 
major medical, public health, and social issues of our 
time. Identifi cation of the retrovirus HIV as the etiologic 
agent that transmits the disease706,707 has led to major 
advances in understanding the pathogenesis of AIDS. At 
least two types of HIV, HIV-1706,707 and HIV-2,708 exist; 
both are considered lentiviruses based on similarities in 
genetic composition, mechanisms of replication, and 
interaction with their hosts.709 A characteristic of lentivi-
rus infections is that they cause slowly progressive disease 
with an incubation period of months to years before clini-
cal symptoms appear. Although this concept is new with 
respect to human viral diseases, it is well established in 
lentivirus infections of domestic animals such as sheep, 
in which maedi-visna develops, or in goats infected with 
caprine-arthritis-encephalitis virus.710 The worldwide 
spread of AIDS has led to a plethora of information 

about the biology of the virus and its epidemiology and 
incidence projections in different countries, as well as a 
concerted search for effective means of prevention and 
treatment. Increasing numbers of infected adults, in par-
ticular women of childbearing age, have highlighted a 
rapidly growing pediatric population with AIDS. A dis-
cussion of the hematologic complications and manifesta-
tions of this disorder must include comments about the 
epidemiology, biology, and transmission of HIV infection 
because all are germane to the clinical fi ndings, diagnosis, 
and treatment in children.

Epidemiology

The fi rst occurrences of AIDS in the pediatric population 
in the United States took place in children born to 
mothers infected with HIV or in children, especially neo-
nates, who had received blood products contaminated 
with HIV.711 The actual number of children infected with 
HIV in the United States is unknown, but increasing 
spread into the pediatric population refl ects a change in 
the demographics of the adult infection. Greater numbers 
of women of childbearing age are at risk of being infected, 
either from illicit drug use and direct contact from con-
taminated needles or from sexual relations with an 
infected person.712,713 A 1988 study examining HIV infec-
tion in the United States reported 737 occurrences of 
AIDS in children younger than 13 years, a 64% increase 
over the number found in the previous year. In 75% of 
these patients the disease was acquired perinatally, in 
13% it was associated with transfusions, and in 5% it 
occurred in children with hemophilia.714 More than 70% 
of cases of AIDS acquired perinatally were related to 
intravenous drug use by the child’s mother or the moth-
er’s sexual partner.714 In July 1989, 1600 cases of perina-
tal AIDS in the United States had been reported to the 
Centers for Disease Control and Prevention, and a rise 
to 10,000 to 20,000 cases was predicted for the next few 
years.715 The fi ndings of the HIV Survey in Childbearing 
Women716 estimated that 7000 HIV-infected women gave 
birth to infants in the United States in 1993. If a perinatal 
transmission rate of 15% to 30% is assumed, approxi-
mately 1000 to 2000 infants were infected with HIV 
perinatally in 1993.717 HIV infection is increasing in 
urban women throughout Europe and is having a dra-
matic impact in central and eastern Africa and Haiti. In 
Zaire, 5% to 10% of women of childbearing age are 
seropositive for HIV, and heterosexual transmission unre-
lated to drug abuse accounts for nearly all of the reported 
cases.718 Of interest is the fact that initially the western 
Africa population seemed to be relatively free of AIDS 
until reports of patients with typical symptoms started to 
appear.719-721 Unexpectedly, these patients were seronega-
tive for HIV-1 antigens but were found to be infected 
with a related virus termed HIV-2. The sequence of HIV-
2 differs signifi cantly from that of HIV-1 and is remark-
ably similar to that of a virus isolated from captive 
macaques, termed simian immunodefi ciency virus (SIV) 

Box 36-4 Causes of Lymphocytosis

Infection: Pertussis, infectious mononucleosis, infectious 
lymphocytosis, infectious hepatitis, cytomegalovirus 
(including postperfusion syndrome), toxoplasmosis, 
syphilis, brucellosis, many common viral illnesses

Hematologic disorders: Lymphocytic leukemias, neutropenia 
(a relative lymphocytosis)

Miscellaneous: Thyrotoxicosis, Addison’s disease (a relative 
lymphocytosis)

Box 36-5 Causes of Lymphocytopenia

Infection: Active tuberculosis, malaria (sometimes)
Collagen vascular disease: Systemic lupus erythematosus, 

regional enteritis
Certain immunodefi ciency syndromes
Endocrine disorders: Hyperadrenalism and adrenal 

corticosteroid administration
Hematologic and oncologic disorders: Hodgkin’s disease, solid 

tumors (some), aplastic anemia
Excessive loss: Thoracic duct drainage, intestinal 

lymphangiectasia
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mac.722,723 This noted similarity has led to an interesting 
discourse on the origins of HIV, and debate still contin-
ues on whether HIV-1 and HIV-2 could indeed have a 
common ancestor that resided in the genome of nonhu-
man primates or whether the related viruses evolved from 
two separate horizontal infections in humans.724 Although 
the origins of HIV are not known, certain routes of trans-
mission are understood, and it is anticipated that with 
control of the blood supply in most developed countries, 
vertical transmission from mother to child will be the sole 
route of pediatric HIV infection in the future.

The AIDS pandemic in Africa and, in particular, 
southern Africa has reached catastrophic proportions. 
The rising incidence of the disease in eastern Europe, 
India, and Thailand and throughout most of the Third 
World poses many political, social, and medical chal-
lenges that are beyond the scope of this chapter.

Transmission

Transmitted primarily through contact with infected 
lymphocytes and monocytes, HIV may be found in blood, 
semen, and vaginal secretions.725,726 Isolation of the virus 
from 13- and 15-week abortuses, placenta, and cord 
blood provides strong support for intrauterine infec-
tion.711,727-729 AIDS has developed in children born by 
cesarean section who were never again in contact with 
their mothers,730 and the fact that life-threatening illness 
is often manifested within the fi rst few months of life 
favors vertical transmission in utero. Maternal-fetal trans-
fusion at delivery remains another possible route of infec-
tion.731 Postpartum transmission via breast milk, though 
possible, appears to be rare. Accordingly, in countries in 
which safe feeding substitutes are not readily available, 
breast-feeding should not be curtailed; however, in devel-
oped countries where alternatives exist, breast-feeding by 
HIV-infected women is discouraged.

The rate of transmission from mother to child is 
estimated to be about 25% based on several studies from 
the United States and Europe.732-735 Factors that infl u-
ence transmission are related to maternal health, with 
asymptomatic mothers experiencing a lower rate of 
infected children. Transmission from mother to child can 
be reduced from 25% to 2% by the use of antiretroviral 
therapy during pregnancy, labor, and the neonatal period. 
Although it is clear that breast milk may be a source of 
maternal transfer of virus from mother to child, the risk-
benefi t ratio is dependent on the socioeconomic status of 
the mother and child.731

Major advances in screening and testing of the blood 
supply in the United States after 1985 led to a reduction 
in the risk of receiving a contaminated single transfusion 
in 1988 to 1 in 250,000.736 The fi rst screening test is a 
questionnaire to exclude people who engage in high-risk 
activities. The next step is an enzyme-linked immunosor-
bent assay for detection of antibodies to HIV antigens. 
In rare individuals who are infected but seronegative, 
HIV can escape detection, but newer, sensitive screening 

tests detect the viral genome by PCR.737 In addition, 
routine screening for cytomegalovirus antibody serves as 
a surrogate screening test for HIV because it is also 
present in 95% of HIV-infected donors.738

Tragically, individuals with bleeding disorders such 
as hemophilia A and B who received clotting factors from 
a large donor pool for a single infusion have had an 
increased likelihood of acquiring AIDS. In large metro-
politan areas, the number of these patients who are 
affected approaches 90%. Recognition of the problem 
and the availability of heat-pasteurized preparations of 
factor concentrates and recombinant factor preparations 
should eliminate the risk in patients with newly diag-
nosed AIDS.

Sexually active adolescents are at risk to the same 
degree as adults, and younger children have been infected 
as a result of sexual abuse.711

Biology

The genome of HIV encodes the structural proteins 
GAG, POL, and ENV, which are common to all replica-
tion-competent retroviruses.738 The life cycle of the virus 
begins with entry into a susceptible cell. Infection by HIV 
appears to be initiated by binding of gp120 of the viral 
envelope protein (encoded by the ENV gene) to the CD4 
antigen.739-741 Cell surface expression of CD4 is necessary 
and suffi cient for viral infection of human cells in vitro.742 
Interaction between CD4 and HIV envelope proteins 
mediates the formation of syncytia, which are multinu-
cleate collections of fused infected and uninfected cells.743 
The interaction between gp120 and CD4 triggers a con-
formational change in gp120 that promotes engagement 
of the HIV coreceptors CCR5 or CXCR4. These events 
result in gp41 envelope protein–mediated fusion of viral 
and cellular membranes. Fusion then allows the HIV 
capsid component to be inserted into the cell. Viral entry 
appears to occur through coated pit–dependent and 
coated pit–independent pathways; however, the precise 
subcellular compartments of viral uncoating remain 
unresolved. After uncoating is complete, the HIV prein-
tegration complex is formed with the loss of some viral 
core proteins. The preintegration complex components 
include the double-stranded DNA version of the viral 
genome, as well as the reverse transcriptase, matrix, inte-
grase, and Vpr proteins.744 It was initially thought that G0 
cells lacked the cellular factors necessary for complete 
synthesis of the DNA provirus and were probably unable 
to support effective DNA provirus integration into the 
host genome.745,746 Recent work has shown that both 
nondividing macrophages and naïve T cells serve as 
important targets for HIV infection in vivo. It now appears 
that nuclear import signals in the viral integrase, matrix, 
and Vpr proteins, as well as a DNA fl ap produced during 
reverse transcription, play a key role in allowing the HIV 
preintegration complex to enter the nucleus. It also 
appears that activation of HIV-1 provirus in dividing cells 
is infl uenced by the action of constitutively expressed 
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host transcription factors, such as Sp1, TDFII, CTF/
NFI, and LBP-1,747 and inducible cellular transcription 
factors, such as NFκB and NFAT-1.748 The HIV-1 long 
terminal repeat (LTR) contains cis-acting motifs that act 
as signatures to which these trans-acting proteins can 
bind. In particular, the LTR has a duplicated NFκB site 
to which NFκB, which is induced by T-cell activation, is 
able to trans-activate the expression of viral genes. In this 
way, the HIV LTR acts like a T-cell activation gene.748

The HIV genome also codes for two different proteins 
required for viral morphogenesis and maturation (VF and 
VPU) and three nonstructural regulatory proteins (TAT, 
REV, and NEF).749 The TAT protein is a very effective 
trans-activator of all genes linked to the LTR, including the 
TAT gene itself.750,751 The target sequence for TAT recog-
nition coincides with a predicted RNA secondary struc-
ture,7525 and the so-called trans-activation response element 
appears to be present within all HIV transcripts. The REV 
gene product is a 19-kd phosphorylated protein753 that 
appears to regulate nuclear export of the incompletely 
spliced viral RNA that is normally excluded from the cell 
cytoplasm.754 During the initial course of infection only 
spliced viral RNA is transported to the cytoplasm for the 
translation of TAT, REV, and NEF proteins. The TAT 
protein induces a positive feedback on transcription, 
whereas the REV protein recognizes a REV response 
element that enhances the transport of singly spliced or 
unspliced RNA to the cytoplasm. These latter transcripts 
encode structural proteins, and it has been proposed that 
the action of REV restricts the expression of viral struc-
tural protein to a relatively short period, thereby diminish-
ing the host’s ability to recognize infected cells.748 The 
critical roles of these regulatory proteins in the HIV life 
cycle may provide targets for future antiviral agents, and 
in this regard, trans-dominant mutants of REV have been 
shown to be effective in vitro.755

Mononuclear phagocytes harbor HIV-1, and it has 
been suggested that their tropism contributes to the 
latency of the infection.756 Megakaryocytes also harbor 
the virus.757,758 Indeed, tropism of macrophages is via 
CCR5 tropic strains, and CXCR4 tropic virus predomi-
nately infects nondividing T cells. Direct in vitro infection 
of microglia cells759 and epithelial cells, especially in the 
gut, may partly explain some of the clinical manifesta-
tions of HIV infection, which are most likely a result of 
a direct cytopathic effect of the virus and the conse-
quences of immune suppression.

Work has focused on the biologic and immunologic 
characterization of long-term survivors of patients 
infected with HIV-1.760,7661 These studies have to be 
viewed in the context of a new understanding that has 
modifi ed thought pertaining to the dynamics of HIV 
replication and host responses during the early phases of 
the disease.762 It was previously assumed that the latent 
phase of HIV infection involved less extensive viral turn-
over. Two articles have indicated that HIV viremia is a 
balance between continuous rounds of de novo viral 
infection and replication and vigorous induction of CD4+ 

and CD8+ lymphocytes that attempt to induce sterilizing 
immunity.763,764 Mathematical modeling has allowed a 
projection that billions of virions escape; however, when 
they do, they rapidly acquire resistance to single-drug 
therapy. These studies raise the hope for combination 
antiviral therapy and the possibility that sterilization 
immunity may occur. In fact, Bryson and colleagues765 
described an infant who was infected with HIV perina-
tally, but the infection subsequently resolved. HIV infec-
tion was not detectable in this child 5 years later. The 
authors of this study convincingly demonstrated that 
the child was indeed infected, but it is not clear how the 
infection was resolved.766 The question of effective immu-
nity to HIV infection has also been studied in a subgroup 
of patients who remain asymptomatic despite HIV infec-
tion. In one study it appeared that asymptomatic long-
term survivors have a decreased viral load in their plasma 
and low levels of HIV in their lymphoid tissue.761 Fur-
thermore, lymphoid architecture and immune function 
appeared to be intact in 15 subjects with nonprogressive 
HIV infection as compared with 18 subjects who had 
progressive disease. The implication of these fi ndings is 
that therapies focused on induction of some degree of 
viral attenuation in combination with stimulation of 
immune responses may offer the best hope for curtailing 
HIV infection.

The idea that a reduction in viral load is an important 
hallmark of therapy is further bolstered by a study that 
showed a reduction in maternal-infant transmission of 
HIV with zidovudine treatment.767 In a study of 363 HIV-
positive pregnant women, 180 were randomly assigned to 
receive zidovudine and 183 to receive placebo; 13 infants 
in the zidovudine group and 40 in the placebo group were 
infected with HIV. The results strongly suggest that a 
regimen of antepartum zidovudine treatment reduces the 
risk of maternal-infant HIV transmission by approxi-
mately two thirds.767 More recent studies involving prote-
ase inhibitors used with other agents strongly suggest that 
combination therapy is the appropriate approach to the 
treatment of this pernicious disease.768 The latest study 
revealed that combination therapy with protease inhibi-
tors has reduced the mortality from 5.3% in 1996 to 
0.7% in 1999 in a cohort of HIV-infected children from 
0 to 20 years of age in the United States. Furthermore, 
the combination of HIV screening in pregnancy and the 
use of antiviral therapy has reduced the risk of vertical 
transmission in the United States from 25% to 1.4% such 
that the incidence of HIV infection in infants is 300 per 
year.768 This should be contrasted to the situation in Third 
World countries, where it is estimated that 1700 new 
pediatric infections occur per day.770

Clinical Features

General

Infection with HIV results in a spectrum of disease from 
an asymptomatic state to severe immunodefi ciency 
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involving multiple organ systems. The heterogeneity of 
symptoms is explained by the underlying pathophysio-
logic course in that (1) the incubation period may be 
weeks, months, or years; (2) the direct cytopathic effect 
on target cells, predominantly CD4+ lymphocytes, mono-
cytes, and accessory cells, results in dysregulation of the 
immune system; and (3) the viral elimination phase that 
is accompanied by a host response to infection varies 
with the immune competence of the host. Because many 
children are infected congenitally, they show signs early 
in life and often have constitutional symptoms such 
as unexplained diarrhea, fever, night sweats, generalized 
lymphadenopathy, and hepatosplenomegaly. Failure to 
thrive and developmental delay are often prominent early 
manifestations of HIV infection in children. Susceptibil-
ity to recurrent infections by common bacterial and viral 
pathogens, as well as to opportunistic infections, increases 

Box 36-6 Clinical Manifestations

PRIMARY MANIFESTATIONS OF HIV INFECTION

Hematologic and Immune Abnormalities
Hypergammaglobulinemia
Lymphopenia (CD4+ cells decrease)
Decreased CD4/CD8 ratio
Thrombocytopenia
Anemia
Neutropenia
Drug allergies (e.g., trimethoprim in 40% to 60% of 

patients)

Nonspecifi c Findings (includes children with two 
or more unexplained fi ndings for more than 
2 months)
Failure to thrive
Hepatosplenomegaly
Generalized lymphadenopathy
Parotitis
Diarrhea (three or more loose stools per day)

Neurologic Disease
Loss of intellectual ability or developmental milestones
Impaired brain growth (acquired microcephaly, brain 

atrophy, or both)
Progressive systemic motor defects
 Paresis
 Abnormal tone
 Pathologic refl exes
 Ataxia or gait disturbance

Cardiovascular Disease
Cardiomyopathy
Arrhythmias

Other Diseases
Hepatitis
Nephropathy (sclerosing glomerulonephritis)
Dermatologic diseases (most commonly seborrheic 

dermatitis)

SECONDARY MANIFESTATIONS OF HIV INFECTION

Secondary Infections
Pneumocystis carinii pneumonia
Chronic cryptosporidiosis
Disseminated toxoplasmosis (onset after 1 month of age)
Extraintestinal strongyloidiasis
Chronic isosporiasis
Candidiasis (esophageal, bronchial, and pulmonary)
Extrapulmonary cryptococcosis
Disseminated histoplasmosis
Mycobacterial infection
Cytomegalovirus infection (onset after 1 month of age)
Coccidioidomycosis
Nocardiosis
Progressive multifocal leukoencephalopathy
Lymphocytic interstitial pneumonitis

Secondary Cancers
Kaposi’s sarcoma
B-cell non-Hodgkin’s lymphoma
Primary lymphoma of the brain

HIV, human immunodefi ciency virus.
From Centers for Disease Control and Prevention (CDC). Classifi cation systems for human immunodefi ciency virus (HIV) in children 

under 13 years of age. MMWR Morbid Mortal Wkly Rep. 1987;36(15):225-230, 235-236.

the index of suspicion that the underlying disorder is in 
fact AIDS. These and other manifestations of HIV infec-
tion are summarized in Box 36-6.

Hematologic Findings

The hematopoietic dysfunction that is invariably associ-
ated with HIV infection results from global dysregulation 
of the physiologic cascades of antibody formation, coagu-
lation and complement, and direct infection of key regula-
tory cells. Acute and chronic infections and therapies 
for the underlying disorder also affect hematopoiesis. 
Although for the purposes of discussion it is simpler to 
view these changes according to cell lineage, it should be 
stressed that these events rarely occur in isolation. Exami-
nation of the peripheral blood smear from the majority of 
AIDS patients reveals anemia and granulocytopenia and, 
in a third of patients, associated thrombocytopenia.771
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Bone Marrow Findings

In several studies, the bone marrow morphologic changes 
in patients with AIDS were reported.772 The most 
common fi ndings were hypercellularity, lymphoid aggre-
gates, plasmacytosis, and dysplasia. When thrombocyto-
penia is present, the marrow often contains adequate 
megakaryocytes, thus suggesting an immune mechanism 
of platelet destruction (see later). The anemia and granu-
locytopenia appear to be related to the dysplastic bone 
marrow and result from ineffective hematopoiesis. 
Increases in reticulum and fi brosis have been reported in 
association with Mycobacterium avium infection.

Thrombocytopenia

The underlying mechanism of thrombocytopenia, which 
can be the initial fi nding of HIV infection in children, 
appears to be immune destruction of platelets. Several 
studies have identifi ed a high incidence of cytophilic anti-
bodies773,774 and have highlighted concomitant comple-
ment deposition on the platelet.775 In addition, a 25-kd 
platelet-associated antigen has been detected in throm-
bocytopenic adults and children with AIDS776; however, 
the presence of the antibody in serum does not invariably 
lead to thrombocytopenia because 15 of 16 nonthrom-
bocytopenic patients with AIDS and generalized adenop-
athy also had this antibody. Purifi ed platelet eluates from 
homosexuals and narcotic addicts with AIDS and throm-
bocytopenia contain anti-HIV antibodies; however, no 
viral antigens were detected on the platelet surface, and 
PCR failed to detect provirus.777 In 1983, an idiopathic 
thrombocytopenic purpura syndrome in patients with 
hemophilia was reported,778 and it was subsequently rec-
ognized that these patients, like many older patients with 
hemophilia, had AIDS. The mechanisms of platelet 
destruction in hemophilia, as with that in other AIDS 
populations, remain an open question and as such pose 
a challenge in the design of rational treatment regimens. 
Spontaneous recovery from thrombocytopenia does 
occur; for instance, in one study, 8 of 25 patients with 
thrombocytopenia recovered.779 Treatment is often con-
sidered when the platelet count decreases to less than 
20,000/mL or a clinical bleeding episode is encountered. 
The question whether prednisone therapy worsens the 
underlying disease remains unanswered, but prednisone 
has been used as the initial therapy for thrombocytopenia 
in homosexual men. In 16 of 17 patients with a mean 
platelet count of 21,000/mL who were treated with 60 to 
100 mg/day of prednisone, platelet counts increased to 
greater than 50,000/mL. However, platelet counts 
decreased to pretreatment levels with a reduction of the 
prednisone dose.780 Similar fi ndings were observed in 
another study in which 19 of 24 patients responded 
initially to prednisone treatment, but the improvement 
was sustained in only 2 when prednisone therapy 
was stopped.781 Several studies have indicated that sple-
nectomy is effective in most patients whose platelet 
counts decline after prednisone therapy, and it is often 

considered in patients with hemophilia and 
thrombocytopenia.775

High-dose intravenous immunoglobulin, 1 g/kg on 
days 1, 2, and 15 and every 3 weeks, resulted in a tran-
sient increase in platelet count.781 However, all patients 
experienced relapse during the 3-week maintenance 
therapy period. Other modalities include danazol anti-Rh 
immunoglobulin782 and zidovudine, which has been used 
in patients who are asymptomatic and have mild throm-
bocytopenia (50,000/mL),783-785 as well as in patients 
with lower platelet counts who are asymptomatic.

Some consensus can be drawn from these studies. 
Immediate treatment of patients with platelet counts 
below 20,000/mL or clinical bleeding appears to be pred-
nisone, 30 to 40 mg daily, and possibly high-dose intra-
venous gamma globulin, with splenectomy being a good 
option for long-term control. Zidovudine and other new 
treatment modalities should also be considered as main-
tenance therapy.

Anemia and Granulocytopenia

Anemia and granulocytopenia are found in most patients 
with AIDS and refl ect, in large part, ineffective hemato-
poiesis. The anemia is typically normochromic and nor-
mocytic, with a low reticulocyte count and mild to severe 
anisocytosis and poikilocytosis. Up to 40% of patients 
with AIDS may have positive fi ndings on a direct Coombs 
test as a result of absorbed immunoglobulin. Although 
antibodies have been detected on the surface of granulo-
cytes,786,787 the mechanism for granulocytopenia ap -
pears to be suppression of bone marrow progenitors. 
Bone marrow from patients with HIV infection exhibits 
colony formation (colony-forming units–granulocyte-
macrophage and burst forming units–erythroid) similar 
to that in HIV-seronegative control subjects when culti-
vated in serum from an HIV-seronegative donor. However, 
there is selective suppression of colony formation in bone 
marrow derived from a patient with HIV infection versus 
bone marrow from seronegative donors when cultivated 
in seropositive sera. This suggests that progenitor cells 
and progeny are able to be infected with HIV and express 
HIV antigens on their surface that are recognized by HIV 
antibodies, thus accounting for the suppression. Further 
support for this hypothesis comes from the demonstra-
tion of provirus in megakaryocytes from the bone marrow 
of patients with AIDS.788,789

Alloantibodies are detected in 30% to 60% of patients 
with AIDS in different series, with anti-i and anti-I being 
the most common.786 Anti-i has also been associated with 
EBV and cytomegalovirus infections, both of which often 
coexist with HIV infection and may account for the pres-
ence of specifi c red cell antibodies. Antibodies to Le, PL, 
E, K, Lu, and Sd all have been found, although their 
relationship to the pathophysiologic course of the anemia 
in HIV, which in large part does not appear to be hemo-
lytic, remains an open question.

Zidovudine is now widely used in pediatric patients 
with AIDS,790 and therefore treatment often causes 
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anemia and neutropenia. Macrocytosis with 25- to 40-
unit increases in mean corpuscular volume is observed 
in 74% of patients receiving zidovudine. The macrocyto-
sis is not usually accompanied by anemia, but when it 
does occur, the anemia is usually mild and dose related. 
In a subgroup of patients, anemia caused by bone marrow 
suppression is observed. A depressed reticulocyte count 
is an early sign of toxicity and is accompanied by normal 
to elevated serum folate and vitamin B12 levels. In patients 
with advanced disease, maintenance of zidovudine 
therapy requires regular blood transfusions.791

Neutropenia (absolute neutrophil count of 750 to 
1000) is seen early in zidovudine treatment and is often 
dose limiting. More severe neutropenia is observed in 
patients with advanced disease and can be reversed by 
cessation of therapy. Pancytopenia has also been described 
but does not seem to resolve after withdrawal of 
treatment.791

Mitochondrial myopathy may result from long-term 
treatment.792

Coagulation Defects

In 1984, four homosexual patients with AIDS were 
reported to have prolonged partial thromboplastin times 
in the absence of any factor defi ciency.793 Because these 
defects were not correctable with kaolin or normal serum 
and were accompanied by a prolonged Russell viper 
venom time, they appeared to be due to the presence of 
lupus anticoagulant. Although one of these patients had 
documented deep venous thrombosis and pulmonary 
embolism, no other sequelae related to lupus anticoagu-
lant have been reported. The lupus anticoagulant is a 
member of a family of antiphospholipid antibodies 
that includes anticardiolipin antibody and the Venereal 
Disease Research Laboratory (VDRL) test for syphilis. 
The antibody may be an IgG or an IgM and may be 
directed against the phospholipid components of the pro-
thrombin activator complex and hence is capable of pro-
longing the lipid-dependent coagulation tests. Although 
it has been proposed that the presence of antiphospho-
lipid antibodies is strongly associated with Pneumocystis 
infection, the signifi cance of this claim remains open to 
doubt.772 In short, therefore, coagulopathies do not 
appear to be of great clinical importance in AIDS, 
but they can be part of DIC in an associated 
superinfection.

Diagnosis in Infants and Children

Detection of antibodies to HIV antigens is a standard 
approach to the diagnosis of HIV infection. The fi rst 
screen is an enzyme-linked immunosorbent assay; posi-
tive results may be confi rmed by a specifi c immunoblot. 
However, the presence of anti-HIV immunoglobulin of 
the IgG subclass in an infant does not necessarily indicate 
that the infant is infected with HIV because maternal IgG 
crosses the placenta and has a half-life of 28 days. In fact, 
persistence of maternal IgG has been detected beyond 

15 months of age.733 In contrast, several seronegative 
HIV-infected children have been reported.794-796 Although 
IgM or IgA anti-HIV antibodies are better indicators of 
active infection in children because these subclasses of 
antibody do not cross the placenta, the sensitivity and 
specifi city of the enzyme-linked immunosorbent assays 
for these antibody isotypes are much lower than those for 
IgG anti-HIV. Defi nitive proof of HIV infection rests 
with viral culture and demonstration of the provirus via 
the very sensitive PCR.796 The importance of early diag-
nosis, which combines laboratory tests and clinical fi nd-
ings, lies in the possibility and hope that early antiviral 
therapy may alter the natural history of the disease in 
children. Thus, the search for novel therapies is being 
actively pursued, and it appears that the newer nucleo-
side analogues may be associated with less bone marrow 
toxicity than seen with zidovudine. Current U.S. treat-
ment guidelines for pediatric HIV infection advocate 
aggressive therapy with a combination of antiretroviral 
regimens. The goal is durable suppression of viral replica-
tion with preservation of immune function. A combina-
tion of a protease inhibitor and dual nucleoside reverse 
transcriptase inhibitors (NRTIs) is the most commonly 
used form of highly active antiretroviral therapy (HAART) 
in children.797 The expense and diffi culty of adhering to 
this regimen limit access to the vast majority of infected 
children in the world. Prevention and education remain 
the most effective short-term modes of limiting the spread 
of AIDS.798
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Diagnosis and management of hematologic disorders in 
children in developing countries pose a number of prob-
lems that are not encountered in advanced Western soci-
eties.1,2 Although all the conditions that have been 
described in this book are seen in these populations, their 
clinical features may be modifi ed to a varying degree by 
the coexistence of malnutrition, chronic bacterial infec-
tion, or parasitic illness. Furthermore, many of the 
common killers, particularly in tropical climates, produce 
their own complicated hematologic manifestations.

It therefore follows that the study of hematologic 
disease in these populations presents a particular chal-
lenge to hematologists. It is often very diffi cult to defi ne 
the clinical features and pathophysiology of a single 
hematologic disorder in this setting. Sickle cell anemia is 
a good example. This disorder, as described in Chapter 
19, usually produces a well-defi ned clinical and hemato-
logic picture in North American or European children. 
However, the disease may be different in the rural popu-
lations of Africa, where its course is generally compli-
cated by diarrheal illness, malnutrition, endemic malaria, 
and as yet ill-defi ned climatic effects on the clinical phe-
notype. It is very diffi cult to separate the environmental 
and genetic factors that must underlie the extraordinarily 
varied severity of this condition in different parts of the 
world.

The same problems are posed when attempts are 
made to defi ne the hematologic manifestations of disor-
ders that are peculiar to tropical climates. For example, 
despite many years of intensive investigation it is still not 
possible to provide a clear picture of the pathophysiologic 
cause of the anemia of malaria caused by Plasmodium 
falciparum infection. Although there are many reasons, 
the major one for those who wish to study this important 
problem is fi nding patients with malaria who do not have 
other diseases that may cloud the clinical picture, such 
as chronic bacterial infection, human immunodefi ciency 
virus (HIV) infection, malnutrition, hemoglobinopathies, 
or red cell glucose-6-phosphate dehydrogenase (G6PD) 
defi ciency (see Chapter 17).

Despite these diffi culties, in recent years it has been 
possible to start to understand the pathogenesis of some 
of the hematologic manifestations of systemic disease in 
children in the Third World. In this chapter some of the 

progress that has been made in this extremely important 
area of childhood hematology is reviewed.

PREVALENCE AND MULTIPLE CAUSES 
OF ANEMIA IN THE THIRD WORLD

Numerous surveys have been conducted to determine 
the prevalence of anemia in tropical populations.3-6 
However, because of differences in methodology and 
demographic design, it is very diffi cult to interpret the 
results and compare one study with another. Representa-
tive data from several countries, using the World Health 
Organization defi nition of anemia (Table 37-1),7 are 
shown in Table 37-2. It is clear that in many populations 
the prevalence of anemia in preschool children is 
extremely high, and in some locations almost 100% of 
the population is affected. Although the data shown in 
Table 37-2 were compiled more than 20 years ago, the 
situation does not seem to have improved. In 2002, the 
World Health Organization reported that 0.8 million 
(1.5%) deaths worldwide are attributable to iron defi -
ciency, 1.3% of male deaths and 1.8% of female deaths. 
Attributable disability-adjusted life years (DALYs), the 
current measure of health burden, is even greater and 
amounts to the loss of about 35 million healthy life 
years.8

It is equally diffi cult to determine the relative impor-
tance of different causes of anemia in the tropics. Most 

TABLE 37-1  World Health Organization Criteria for 
Hemoglobin Concentrations below 
Which Anemia Is Considered to Be 
Present in Populations at Sea Level

Age
Hemoglobin 
Concentration (g/dL)

Children, 6 mo-6 yr 11
Children, 6-14 yr 12
Adult males 13
Adult females (nonpregnant) 12
Adult females (pregnant) 11

From World Health Organization: Nutritional anemias. Report of a WHO 
group of experts. World Health Organ Tech Rep Ser 1972;503:1-29.

TABLE 37-2 Prevalence (%) of Anemia (World Health Organization Criteria) in Different Populations

Geographic Area Preschool Children Nonpregnant Women Pregnant Women Adult Males

Latin America (7 countries) — 17 24  4
Chile 35 — — —
Nigeria 63 46 52 36
Northern India 90 84 80 48
Southern India 76 81 88 56
Burma 3-27 5-15 82 1-5
Philippines 42 37 72  7

From Weatherall DJ, Ledingham (eds). The Oxford Textbook of Medicine. Oxford, Oxford University Press, 1987. Copyright © 1987 by D. J. Weatherall, J. G. 
G. Ledingham, and D. A. Warell, Used by permission of Oxford University Press, Inc.
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surveys have concentrated on only one mechanism, such 
as iron or folate defi ciency. However, to get a true picture 
of the cause of anemia in a particular population it is 
necessary to obtain consecutive data over a substantial 
period. For example, studies in Gambia have shown that 
mean hemoglobin levels in children vary signifi cantly at 
different times of the year; anemia is much more common 
in the wet season when malaria transmission it at its 
highest (Fig. 37-1).5 This is also the time when diarrhea 
and malnutrition are most common because heavy rains 
after many dry months have profound effects on the com-
munity, sanitation measures are disrupted, and food 
stores are at a low point in the annual cycle.9 Although 
these observations emphasize the multifactorial etiology 
of anemia, it is clear that iron defi ciency, which affects at 
least 20% of the world’s population, is the major factor 
and that the numerous other diseases that may exacer-
bate anemia are often operating in the setting of low body 
iron stores.

Iron defi ciency and anemia are less common in 
groups that have persisted as hunter-gatherers, for 
example, the Hadza in Tanzania and the pastoralists who 
eat blood and meat, such as the Masai in Kenya.2 On the 
other hand, absorption of nonheme iron, except from 
breast milk, is comparatively restricted, and the content 
of iron in breast milk is very low. Therefore, iron defi -
ciency is common in communities whose food is pre-
dominantly of vegetable origin.10 The three great staples 
in these populations are rice, wheat, and maize. Sorghum 
and millet are also important in some areas of Africa and 
Asia. Soy and similar legumes are major sources of protein 

in many countries. The iron content of these diets is 
generally low and absorption is inhibited by fi ber, phy-
tates, phosphates, and polyphenols, which are all found 
at high levels in these largely vegetarian diets.10 Loss of 
iron from chronic hemorrhage secondary to hookworm 
infection or schistosomiasis further contributes to the 
high incidence of iron defi ciency anemia in the develop-
ing world.

The infants of mothers with iron defi ciency have low 
iron stores, their folate status at birth refl ects that of their 
mother, and the folate content of breast milk is dimin-
ished by maternal defi ciency and maternal malaria.11-13

In many populations anemia may be associated with 
folate defi ciency.3,4,13 Again, the reasons are complex and 
multifactorial. Although intake of folate varies widely 
among different populations, depending on the way in 
which food is prepared and the temperature at which it 
is cooked, it is clear that low intake is not necessarily the 
result of lack of folate in the diet. Work in Africa suggests 
that the continuous anorexia associated with recurrent 
infections such as malaria or tuberculosis is the most 
important cause of folate defi ciency in children.2 As dis-
cussed later, postinfective malabsorption is a particularly 
common cause of folate defi ciency, especially in the 
Indian subcontinent. Folate defi ciency may be exacer-
bated by erythroid hyperplasia associated with chronic 
malarial infection or hemoglobinopathy.14

Although nutritional vitamin B12 defi ciency is uncom-
mon, Indian infants born to mothers with sprue (see 
later) who are fed breast milk or goat milk containing 
insuffi cient vitamin B12 may be susceptible to megalo-
blastic anemia with locomotor complications during the 
early months of life.2 This syndrome, which is often fatal, 
appears to be complicated by a marked predisposition to 
infection.

Although many of the population surveys on the 
prevalence of anemia in tropical countries have concen-
trated on one particular cause and intercurrent illness has 
not been assessed, studies in Africa, in which attempts 
have been made to assess body iron stores, folate levels, 
and the presence of intercurrent infection, indicate that 
chronic recurrent malaria, without other important com-
plicating factors, is the major cause of anemia in these 
populations.

A major issue is whether iron supplementation is the 
most effective way to prevent anemia in regions where 
malaria is highly endemic. For example, a study in Tan-
zania showed that either iron supplementation or malaria 
chemoprophylaxis could be used to reduce the incidence 
of anemia in the fi rst year of life but that the benefi ts of 
malaria prophylaxis were outweighed by increased risk 
for both malaria and anemia after the prophylaxis was 
stopped, thus suggesting that iron supplementation is the 
better option.15 Then again, a reduction in iron levels is 
part of natural host defense against infection, and there 
is long-standing debate about whether supplementation 
has adverse consequences, particularly on mortality from 
infectious diseases.
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FIGURE 37-1. Admissions to the children’s ward of a hospital in 
Gambia, where malaria transmission is confi ned to the rainy season. 
The incidence of severe malarial anemia corresponds to seasonal epi-
demics of malaria fever and cerebral malaria. Gastroenteritis and mal-
nutrition also reach a peak incidence in the early part of the rainy season 
and thus contribute to the multifactorial etiology of the anemia. (Data 
from Brewster DR, Greenwood BM. Seasonal variation of paediatric diseases 
in The Gambia, West Africa. Ann Trop Paediatr. 1993;13:133-146.)
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Studies with a large sample size are needed to address 
this issue, and two have recently been published. On 
Pemba Island, Zanzibar, where malaria is endemic, an 
initial study found that iron supplementation improved 
motor and language development,16 but a subsequent 
larger study involving 24,000 children found that deaths 
and hospital admissions were signifi cantly higher in those 
who received iron and folate supplementation than in 
those who did not.17 Although the cause of increased 
deaths in those receiving supplementation was not pre-
cisely defi ned, malaria appeared to play a major role. In 
contrast, a study of 25,000 preschool children in south-
ern Nepal found that children who received iron and folic 
acid had no signifi cant difference in mortality from those 
who did not, but there was a suggestion of modest pro-
tective effects against diarrhea, dysentery, and acute 
respiratory illness.18

Iannotti and colleagues19 reviewed 26 randomized 
controlled trials of preventive oral iron supplementation 
in children younger than 5 years. Their general conclu-
sion is that iron-defi cient children may need to be identi-
fi ed to ensure that iron supplementation programs are 
effectively targeted to improve hemoglobin levels and 
cognitive and motor development. Although most studies 
found no effect on morbidity, few had adequate sample 
size or study design to resolve this issue. The outcome of 
a supplementation program may depend greatly on the 
pattern of endemic disease in the population.

HEMATOLOGIC CHANGES ASSOCIATED 
WITH SPECIFIC INFECTIONS IN THE TROPICS

Malaria

Malaria is the most important parasitic illness of 
humans.20 The total burden of disease has recently been 
estimated to be 515 million episodes annually, and 
malaria is responsible for 18% of all childhood deaths in 
sub-Saharan Africa, equivalent to 800,000 deaths each 
year.21,22 With increasing drug resistance of the malarial 
parasite, the problems of both treatment and control are 
becoming more complex, and this disease remains one 
of the major unsolved world health problems, although 
the widespread use of insecticide and bed nets appears 
to be reducing the incidence of severe malaria in many 
parts of Africa.

Life Cycle and Species

Because of its peculiar life cycle (Fig. 37-2), the malarial 
parasite is particularly prone to cause hematologic mani-
festations. Female anopheline mosquitos, during a blood 
meal, inject sporozoites that disappear from the circula-
tion after about 1 hour and enter liver parenchymal cells, 
where they proliferate into thousands of merozoites. The 
period of development in liver cells varies between species. 
Merozoites rupture from liver cells, pour into the blood-
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FIGURE 37-2. The life cycle of malarial parasites. The duration of the 
erythrocyte cycle is 48 hours for all human malaria parasites except 
Plasmodium malariae, which has a 72-hour cycle.

stream, and invade erythrocytes. Further development of 
the intraerythrocytic parasite follows one of two path-
ways: asexual differentiation or differentiation into sexual 
parasites called gametocytes. The latter continue their 
development within anopheline mosquitos. Asexual para-
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sites develop from young ring forms through trophozoites 
to dividing forms called schizonts. On rupture of infected 
erythrocytes, forms called merozoites are released, invade 
other erythrocytes, and thus continue the erythrocyte 
cycle. When billions of schizonts rupture simultaneously 
and release cytokine-inducing toxins, they cause parox-
ysms of malarial fever.

When a child is infected with malaria for the fi rst 
time, the result is usually an intermittent febrile illness 
lasting a few weeks, but complete eradication of malarial 
parasites from the bloodstream may take months or years. 
In the phase between cessation of the fever and fi nal 
resolution of the infection, the child may appear well, but 
the destruction of red cells continues. From a hemato-
logic viewpoint, the major question is how soon will the 
child be reinfected, for in some communities reinfection 
occurs almost every day, and immunity to malaria is 
slowly acquired and never complete. In regions of high 
transmission, children eventually acquire the ability to 
maintain a parasite density below the level that causes 
fever, but chronic or repeated infections cause a state of 
chronic anemia.

Four species of Plasmodium infect humans—P. falci-
parum, P. vivax, P. ovale, and P. malariae—and a fi fth 
species, P. knowlesi, normally restricted to macaque 
monkeys, has recently been discovered in the human 
population in Borneo.23 Each has particular morphologic 
and biologic properties and clinical manifestations. P. 
falciparum is the predominant cause of clinical malaria in 
Africa and much of Southeast Asia, whereas P. vivax 
tends to predominate in Central America and the Indian 
subcontinent, but their distribution overlaps considerably 
and multiple infections are not uncommon. P. vivax is 
essentially absent in populations of Central and West 
Africa because their erythrocytes fail to express the Duffy 
antigen or interleukin-8 (IL-8) receptor, to which the 
merozoites of this species attach during invasion.24,25

Another peculiarity of P. vivax, shared also with P. 
ovale, is the ability to form hypnozoites, which can remain 
dormant in cells for months or years. This ability results 
in relapsing infections that are often associated with mild 
chronic anemia. However, profound anemia and other 
grave complications are almost always seen with P. falci-
parum malaria, and the following sections apply mainly 
to this particular species.

Severe Malaria

Life-threatening complications are estimated to occur in 
about 1% of episodes of P. falciparum infection in African 
children, and it has been estimated that a child in rural 
Africa has a 15% lifetime risk of a malaria infection 
requiring hospital admission as a result of complica-
tions.26 Such complications include profound anemia, 
cerebral malaria (a syndrome of unrousable coma, often 
accompanied by severe convulsions), hypoglycemia, 
jaundice, renal failure, pulmonary edema, and coagula-
tion abnormalities. There are important and as yet largely 
unexplained differences in the clinical spectrum of severe 

P. falciparum malaria in different parts of the world.27 In 
Southeast Asia, all the aforementioned complications are 
commonly seen, whereas in Africa, where cerebral malaria 
and severe malarial anemia together account for about 1 
million deaths per year and hypoglycemia is also common, 
the other complications of P. falciparum malaria are sur-
prisingly rare. Malarial illness affects mostly children in 
Africa, whereas adults are more commonly affected in 
some other parts of the world; it has been suggested that 
much of the variation in clinical symptomatology is 
related to age. However, this does not provide a full 
explanation. Even among African children there are 
regional differences, and there is a growing impression 
that higher rates of malarial transmission lead to a greater 
prevalence of anemia but, paradoxically, a low incidence 
of cerebral malaria.28

The lethality of P. falciparum as compared with other 
species of Plasmodium probably stems from two biologic 
properties. First, the parasite density that it achieves is 
typically a hundred times higher than that of other species 
before its growth is curtailed by host defense mecha-
nisms.29 Second, mature intraerythrocytic forms of P. 
falciparum adhere to the endothelium of postcapillary 
venules and thus sequester in tissues. Because these 
properties are common to all strains of P. falciparum, the 
greater puzzle is why lethal complications arise in only a 
minority of infected individuals. Some important clues 
have emerged recently. Parasite sequestration is mediated 
by a parasite-derived molecule known as PfEMP1 that is 
expressed on the surface of a mature infected erythrocyte 
and binds to a variety of endothelial adhesion molecules, 
including CD36, intracellular adhesion molecule 1, E-
selectin, and vascular cell adhesion molecule.30 Whether 
a parasite will bind to a specifi c endothelial adhesion 
molecule is determined by its PfEMP1 type, and this 
shows an extraordinary degree of phenotypic variability.31 
Expression of endothelial adhesion molecules varies 
between organs and is regulated by cytokines released by 
the host in response to the infection, such as tumor 
necrosis factor (TNF). There is evidence that genetic 
variation in the host TNF response infl uences suscepti-
bility to cerebral malaria.32 Another potentially important 
pathophysiologic mechanism is vascular sludging, which 
results from the clumping of parasitized erythrocytes, 
either with platelets (“autoagglutination” or “clumps”) 
or with unparasitized erythrocytes (“rosettes”). Both 
phenomena are strain specifi c and have been associated 
with the severity of malaria. As usual, the parasite uses 
diverse adhesive mechanisms; complement receptor-1 is 
a key binding target for some rosetting parasites,33 whereas 
the platelet glycoprotein CD36 and other as yet unknown 
proteins are used in the formation of autoagglutinates or 
clumps.34

There is an association between salmonellosis and 
malarial infection.35 This association goes beyond the 
growing recognition that a signifi cant proportion of cases 
of severe malaria in the tropics are bacteremic36 in that 
salmonellosis in Africa seems to be specifi cally associated 
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with malarial anemia.37 It remains open to speculation 
whether Salmonella infection aggravates malarial anemia, 
anemia is a marker of chronic malarial infections that 
favor salmonellosis, or there is some other explanation 
for this curious and striking relationship.38

Malarial Anemia

The pattern of hematologic changes in malaria varies 
considerably, depending on the type of patient. During 
an acute attack of P. falciparum malaria in a nonimmune 
person, the hematocrit starts to decrease after 1 or 2 days 
and continues to decrease for about 1 week after antima-
larial treatment.39,40 Subsequently, there is usually a 
steady increase in the hematocrit, although it may take 
several weeks before the hematologic picture is back to 
normal. The anemia, which is not usually life threatening, 
is characterized by both hemolysis and an ineffective 
marrow response,39,40 features that have also been docu-
mented in acute P. vivax infection. When profound anemia 
occurs with acute P. falciparum malaria, it is often associ-
ated with multiorgan failure, although it can also occur 
as an isolated complication.

From the perspective of tropical child health, the 
most important hematologic problem is seen in a child 
chronically infected with P. falciparum, whose anemia is 
debilitating and sometimes fatal. Although this problem 
most commonly occurs in areas of high malarial trans-
mission, it is a growing problem in regions of lower 
transmission because of the increase in resistance to anti-
malarial drugs, which has served to prolong the average 
duration of infection. Attempts to investigate the problem 
of chronic malarial anemia are often hampered by the 
coexistence of iron or folate defi ciency and hemoglobin-
opathies. In a study in which patients with these con-
ditions were carefully excluded, the most striking 
pathophysiologic fi ndings were hemolysis, hypersplen-
ism, and a suboptimal bone marrow response.40 In the 
sections that follow, some of the mechanisms for these 
components of the anemia of malaria are discussed in 
more detail.

Role of Hemolysis

Normal children living in rural Africa typically have 
extremely low levels of haptoglobin that increase signifi -
cantly after malaria prevention programs,40,41 thus pro-
viding some indication of the burden of chronic hemolysis 
that malaria causes in many tropical communities. The 
mechanisms of red cell destruction in P. falciparum malaria 
are complex and not fully understood.42 Clearly, eryth-
rocytes are destroyed when schizonts rupture and release 
their progeny, and depending on the state of immunity, 
a proportion of the parasitized erythrocytes are destroyed 
by the host before schizont rupture can take place. Both 
mechanisms can have devastating consequences if the 
patient is hyperparasitemic (sometimes more than 50% 
of erythrocytes are infected), but such patients are rare. 
In most infections, less than 1% of erythrocytes are 
infected, a loss that is important in the context of chronic 

infection but would not account for the severity of anemia 
that is commonly observed. Both mathematical modeling 
and clinical observation suggest that 10 times as many 
uninfected erythrocytes are removed from the circulation 
for each infected erythrocyte.43 Indeed, cross-transfusion 
experiments clearly indicate that erythrocyte survival is 
shortened both in the acute phase of malaria and during 
convalescence.44,45

Role of the Spleen

Some degree of splenomegaly is a normal feature of 
malarial infection, and the prevalence of splenomegaly in 
regions of malarial transmission is used as a major indica-
tor of the level of malarial endemicity. The importance 
of the spleen in host defense against malaria has been 
demonstrated in experimental systems, and individuals 
whose spleens have been surgically removed are thought 
to be more susceptible to severe infection (see later). The 
phenomenon of parasitic sequestration, discussed earlier, 
is thought to have evolved primarily as an immune evasion 
strategy whereby the mature parasite can avoid passing 
through the spleen.46

Several studies have attempted to defi ne the patho-
physiologic changes in the spleen during acute malaria. 
In animal models, malaria is accompanied by increased 
intravascular clearance of infected or rigid heat-treated 
cells by the spleen,47 alterations in the splenic microcir-
culation,48 and recruitment of myelomonocytes to the 
spleen and liver.49 In studies of human malaria it has been 
found that increased splenic clearance of heated red cells 
occurs during acute attacks.50 Reduced deformability of 
uninfected red cells is observed in P. falciparum malaria 
and is a signifi cant predictor of the severity of anemia, 
consistent with the notion that these cells are being 
removed by the spleen51 (see later). It has also been found 
that immunoglobulin G (IgG)-sensitized red cells are 
rapidly removed from the circulation by the spleen and 
that unusually rapid clearance persists well into the con-
valescent phase.52 Undoubtedly, the activity and number 
of macrophages are increased during human malarial 
infection, and this may therefore contribute to the 
increased removal of uninfected cells.53-55

In rodent malaria, a model of chronic anemia has 
been developed in which Plasmodium berghei–infected 
semi-immune mice show a 5- to 10-fold increase in the 
clearance of uninfected erythrocytes, although the extent 
of parasitemia remains below 1%.56 In this study, clear-
ance of uninfected red cells was delayed in mice depleted 
of macrophages, thus supporting the view that removal 
of uninfected erythrocytes is an important factor in 
anemia.

All the available evidence, therefore, points to 
increased reticuloendothelial clearance in P. falciparum 
malaria that persists long after recovery. These changes 
are presumably a host defense mechanism to maximize 
the clearance of parasitized erythrocytes. Clinical studies 
have also uncovered a curious phenomenon whereby 
some erythrocytes appear to be returned to the circula-
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tion after having had their parasites removed,57 but killing 
parasites usually means destroying erythrocytes, and it 
appears that the survival of uninfected red cells is reduced 
in the process.

These observations in patients are consistent with 
fi ndings at the cellular level. Active erythrophagocytosis 
is a conspicuous feature within the bone marrow during 
P. vivax and P. falciparum malaria,58,59 and it is highly 
probable that it also occurs within the spleen. Children 
with acute P. falciparum malaria have high circulating 
levels of interferon-γ and TNF,60 a synergistic combina-
tion of cytokines that activate macrophages.61 Transgenic 
mice that constitutively overexpress human TNF are 
anemic and show enhanced clearance of autologous 
erythrocytes, which is presumed (though not proved) to 
be due to erythrophagocytosis.62 When infected with 
Plasmodium yoelii or P. berghei, transgenic mice suppress 
parasite density much more effectively than their lit-
termates do. This fi nding supports the notion that with 
relatively nonspecifi c effector mechanisms such as eryth-
rophagocytosis within the spleen, anemia is part of the 
price that the host has to pay for protection against over-
whelming parasitemia.

Massive Intravascular Hemolysis

A peculiar example of malaria-associated hemolysis is 
blackwater fever.42,63 The classic form of this syndrome, 
often reported in colonial times among Europeans living 
in Africa, was characterized by fever and massive intra-
vascular hemolysis associated with low or no parasitemia; 
it led to renal failure and was associated with high mor-
tality. It was suspected that intermittent quinine ingestion 
might have led to a drug-induced immune hemolysis, 
although this mechanism was never proved and recent 
reports have implicated newer antimalarial drugs such 
as halofantrine and mefl oquine/artemisinin combina-
tions.64,65 Classic blackwater fever is now much less 
common, but it is important to remember that massive 
intravascular hemolysis with hemoglobinuria remains an 
important complication of P. falciparum malaria in South-
east Asia in both children and adults.39 Blackwater fever 
is sometimes associated with high parasitemia or destruc-
tion of G6PD-defi cient red cells by oxidant antimalarial 
drugs. A survey of cases in Vietnam found considerable 
overlap of quinine ingestion, G6PD defi ciency, and con-
current malaria, thus suggesting that these different 
factors may interact but certainly do not all have to be 
present for blackwater fever to occur.66 It is conceivable 
that hemolysis is caused by the rupture of a large number 
of sequestered parasites, but the possibility of another 
hemolytic process has yet to be ruled out.

Decreased Erythrocyte Deformability

The increased clearance of uninfected erythrocytes is due 
not only to the activation of splenic macrophages but also 
to extrinsic and intrinsic factors that enhance their rec-
ognition and phagocytosis. Uninfected erythrocytes have 
reduced deformability, which leads to enhanced clear-

ance in the spleen. The mechanism responsible for the 
loss of deformability is not completely understood, 
however. Increased oxidation of membranes in unin-
fected erythrocytes has been demonstrated in children 
with severe P. falciparum malaria, and the ongoing infl am-
matory insults associated with acute malaria (proinfl am-
matory cytokines) or the direct effects of parasite products 
have been shown to cause loss of red cell deformabil-
ity.54,67,68 Intriguingly, a severe reduction in red cell 
deformability measured on admission is also a strong 
predictor not just for anemia but also for mortality, both 
in adults and children with severe malaria.51,69

Immune Complex–Mediated Hemolysis

It is also possible that at least part of the hemolysis in P. 
falciparum malaria might have an immune basis. A posi-
tive direct Coombs antiglobulin test (DAT) is seen in 
some patients with malaria.40,70-76 Like all studies on 
malaria, there seem to be considerable differences in the 
incidence of positive DAT results in malarial infection in 
different populations and at different ages. For example, 
in Thai children or adults during their fi rst attack or with 
subsequent attacks in those who live in areas where a 
degree of immunity has not developed, DAT results are 
invariably negative.75 Furthermore, studies using labeled 
immunoglobulin have shown that the number of antibod-
ies bound to the red cells of patients with malaria of this 
type is no different from that in uninfected control 
patients of the same age and in the same location.75

The position is different in African children who have 
suffered repeated attacks of malaria. Positive DAT results 
have been found in up to 50% of these children, and 
the incidence is signifi cantly higher in children with 
active malarial infection than in those who are not 
infected.71-74,76 The phenomenon is age related and is 
more common in young children. DAT results may remain 
positive for several weeks after an acute infection. With 
specifi c antisera it has been found that the most common 
type of red cell sensitization occurs with C3; other speci-
fi cities include IgG alone, IgG plus C3, IgG plus C3 and 
C4, and various other combinations of IgG with comple-
ment components.71-75 The IgG that can be eluted from 
these cells has specifi c activity against P. falciparum schiz-
ont antigen.71 This suggests that the erythrocyte coating 
results from passive attachment of circulating comple-
ment-fi xing malarial antigen-antibody complexes. It is 
therefore likely that the development of positive DAT 
results is part of the immune response to P. falciparum.

Recent studies have suggested that the P. falciparum 
ring surface protein 2 (RSP-2) may be one component 
of the immunoglobulin-antigen complexes deposited on 
uninfected erythrocytes. This protein is expressed on 
infected erythrocytes shortly after merozoite invasion and 
may mediate some adhesion of infected erythrocytes to 
endothelial cells. RSP-2 is also deposited on uninfected 
erythrocytes and forms immune complexes that contrib-
ute to the phagocytosis of uninfected erythrocytes. 
Limited clinical studies have shown that high levels of 
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anti–RSP-2 antibodies are found in the sera of immune 
adults and children with severe anemia.77 This antigen is 
also present on the surface of erythroblasts in the bone 
marrow of P. falciparum–infected patients, thus indicating 
that clearance or damage to developing erythroid cells by 
RSP-2 and anti–RSP-2 could contribute to the develop-
ment of anemia.

However, it is far from clear whether the presence of 
positive DAT results indicates that immune destruction 
of red cells occurs in African children with malaria. 
Several studies have shown that there is no correlation 
between the degree of anemia and positive DAT 
results,75,76 and other measured parameters of hemolysis 
have not correlated with coating of red cells. Nonetheless, 
immune destruction may occasionally be of importance. 
A small number of patients have been described with 
severe anemia and positive DAT results who had active 
C3 components on their red cells.72 In these patients, 
striking monocyte erythrophagocytosis of nonparasitized 
erythrocytes was seen.

In some patients with P. falciparum infection, IgM 
antibodies have been reported to develop against triose-
phosphate isomerase, and disappearance of the antibod-
ies coincides with disappearance of the hemolysis. 
Because these antibodies can induce erythrocyte lysis 
and complement activation in vitro, it has been postu-
lated that they may contribute to a hemolytic process in 
vivo.78

In short, there is little evidence for immune destruc-
tion of red cells in P. falciparum malarial infections in 
nonimmune adults. Although a varying proportion of 
children with chronic malaria in Africa have positive 
DAT results, only occasionally is evidence of genuine 
immune destruction of red cells seen. It is possible, of 
course, that a sensitized red cell population is very rapidly 
destroyed and subsequent serologic studies have missed 

this event. However, the persistence of shortened red cell 
survival of nonparasitized cells in the absence of any 
consistent serologic abnormalities suggests that there 
must be another factor involved in the shortened red cell 
survival in malaria. This factor appears to be nonspecifi c 
“overactivity” of the monocyte/macrophage populations 
of the spleen and liver, as discussed earlier.

Defective Marrow Response

In addition to the hemolytic components of the anemia 
of P. falciparum malaria, there is undoubtedly an inap-
propriate marrow response.39,40,42,79,80 That the reticulo-
cytosis in response to the decrease in hematocrit is often 
inappropriately low and delayed has been noted for many 
years (Fig. 37-3). It remains unclear whether defective 
erythropoietin production is a signifi cant cause, with 
some studies suggesting an appropriate rise81 or even 
enhanced response80 and others observing a blunted 
response,82,83 but there is no question that signifi cant 
dysfunction of marrow takes place and appears to have 
a complex multifactorial basis.

Some of the features of iron metabolism and bone 
marrow morphology and function in acute malaria 
resemble those of other acute infections. Thus, the serum 
iron level rapidly decreases and iron appears to be seques-
trated into the storage compartments of the marrow.39,40 
Serum ferritin levels are extremely high during the acute 
phase, although studies of isoferritins suggest a complex 
source; in many instances it appears that much of the 
ferritin is released as a consequence of liver damage.39

During acute malarial infections there may be marked 
dyserythropoietic changes in the bone marrow.39,40 
Although changes are most marked in African children 
with chronic relapsing malaria,40 they have also been 
observed in nonimmune Thais39 and in travelers return-
ing to the United Kingdom.42 These morphologic abnor-
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malities, which have been studied by both light and 
electron microscopy, consist of erythroblast multinucle-
arity, karyorrhexis, incomplete and unequal amitotic 
nuclear divisions, and cytoplasmic bridging (Fig. 37-4).40 
On electron microscopic examination, binucleate or mul-
tinucleate erythroblasts, bizarre myelination with loss of 
parts of the nuclear membrane, and widening of the 
space between the two layers of the nuclear membrane 
have been observed.40,59 There appears to be some degree 
of iron loading of the mitochondria and a reduction in 
electron density of the cytoplasmic matrix, together with 
a paucity of ribosomes. In addition, in acute infection 
there is widespread sequestration of erythrocytes in the 
sinuses of the bone marrow.59

With [3H]thymidine autoradiography and Feulgen 
microspectrophotometry it is clear that a signifi cant 
abnormality of red cell proliferation in the bone marrow 
occurs in acute malaria. Changes include an increased 
proportion of red cell precursors in the G2 phase and 
arrest in progress of cells in the S phase. These fi ndings 
are nonspecifi c and have been observed in other condi-
tions associated with ineffective erythropoiesis.79

In addition to these dyserythropoietic changes, eryth-
rophagocytosis is particularly common in the bone 
marrow in P. falciparum malaria.40 This phenomenon is 
not restricted to the marrow and may be seen in the 
spleen and other organs and, as mentioned earlier, may 
play a role in the hemolytic component of the disease.

Although the mechanism of these dyserythropoietic 
changes is unknown, it is possible that they are an exag-
gerated example of the bone marrow suppression that 
occurs in other situations of chronic infection. An impor-
tant factor may be the high levels of TNF production that 
occur during malarial infection because this cytokine has 
been strongly implicated in the anemia of chronic infec-
tion and severe malarial anemia has been associated with 
certain TNF promoter polymorphisms.84 TNF suppresses 
the proliferation of erythroid progenitor cells in human 
marrow culture, although the effect declines as the cells 
differentiate.85 On the other hand, TNF stimulates fi bro-
blasts to secrete growth factors for colony-forming unit 
(CFU)–granulocyte-erythrocyte-monocyte-macrophage 
and burst-forming unit–erythrocyte (BFU-E).86 In nude 
mice implanted with transfected Chinese hamster ovary 
cells that can constitutively express the human TNF 

gene, erythropoiesis is preferentially suppressed, with a 
marked reduction of CFU-E and BFU-E in the marrow 
and spleen.87 Chronic malaria has specifi c features that 
might augment these effects because huge numbers of 
pigment particles are ingested by the resident macro-
phages of the spleen and marrow, thereby providing a 
sustained stimulus for TNF production at the site of 
erythropoiesis.88 Furthermore, experimental fi ndings in 
mice are consistent with a role for TNF in the dyseryth-
ropoietic changes of malaria.89

Other cytokines have also been implicated. IL-10 is 
an anti-infl ammatory cytokine that inhibits TNF, and 
two clinical studies in African children with severe malar-
ial anemia have found a low ratio of IL-10 to TNF in 
plasma, thus leading the investigators to propose that 
defective IL-10 production may pave the way to marrow 
suppression by TNF.90,91 IL-12 protects against severe 
anemia in experimental murine malaria,92 which might 
refl ect both its antiparasitic actions and effects on 
erythropoiesis.93

Several studies have suggested that a parasite by-
product of hemoglobin digestion, hemozoin, may have an 
indirect or direct role in impaired erythroid develop-
ment.80 Hemozoin stimulates the secretion of biologically 
active endoperoxides from monocytes, such as 15(S)-
hydroxyeicosatetraenoic acid (HETE) and hydroxynon-
enal (HNE), via oxidation of membrane lipids,94,95 which 
may affect erythroid growth.96

Hemozoin and TNF-α also have additive effects on 
erythropoiesis in vitro, and in a clinical study hemozoin-
containing macrophages and plasma hemozoin were 
associated with anemia and reticulocyte suppression.80 
Moreover, bone marrow sections from children who died 
with severe malaria show a signifi cant association between 
the quantity of hemozoin (located in erythroid precursors 
and macrophages) and the proportion of erythroid cells 
that were abnormal. These fi ndings are consistent with a 
direct inhibitory effect of hemozoin on erythropoiesis.

Coagulation Abnormalities

Modest thrombocytopenia is not uncommon during 
acute P. falciparum attacks, and occasionally the platelet 
count decreases to as low as 10,000 to 20,000/mL.39 The 
mechanisms have not been determined but probably 
involve platelet activation and adhesion of infected eryth-

A B

FIGURE 37-4. Bone marrow in 
Plasmodium falciparum malaria. 
A, Multinucleate red cell precur-
sors. B, Intercytoplasmic bridging 
(Leishman stain, magnifi cation 
×500).
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rocytes to platelets, and experimental studies in mice 
suggest that platelets sequester in venules during malarial 
infection.97 Adherence of platelets to epithelium appears 
to be mediated through a specifi c receptor-ligand interac-
tion involving lymphocyte function antigen-1. There is 
also evidence to indicate reduced thrombopoiesis during 
acute infection.

In some patients with severe P. falciparum malaria, a 
severe bleeding diathesis may develop during the acute 
phase of the illness. Although it has been suggested that 
the diathesis results from disseminated intravascular 
coagulation, studies in Thailand have not substantiated 
this supposition.39 Rather, the bleeding appears to refl ect 
gross thrombocytopenia together with liver damage. 
However, it is becoming apparent that approximately 
10% of African children with severe malaria also have 
bacteremia,36 so when disseminated intravascular coagu-
lation occurs, the etiology may be complex.

Malaria in Pregnancy

In endemic regions, malaria in pregnancy is extremely 
common. The placenta provides a favorable environment 
for parasite replication, and specifi c pathways of adhesion 
of infected erythrocytes to the surface of syncytiotropho-
blasts have now been unraveled. A specifi c variant antigen, 
PfEMP1, expressed on the surface of infected erythro-
cytes (varCSA-2), mediates adhesion of infected eryth-
rocytes to chondroitin sulfate. Primigravidae are 
particularly susceptible to malarial infection and may 
become systemically unwell, but immunity to this variant 
antigen modulates the duration and severity of infection 
in subsequent confi nements. These observations suggest 
that varCSA-2 may be an excellent candidate antigen for 
a pregnancy-specifi c malaria vaccine. Apart from effects 
on the mother, it is an important cause of low birth 
weight and increased perinatal mortality. Studies of cord 
hemoglobin levels indicate that it is also a signifi cant 
cause of fetal anemia. Because the severity of the fetal 
anemia is out of proportion to the degree of maternal 
anemia, it has been suggested that intrauterine hemolysis 
may be involved.98 Malaria in pregnancy is a preventable 
illness, although it has become more diffi cult to control 
with the rise of resistance to antimalarial drugs. Studies 
in different parts of Africa have found placental malaria 
to be an important risk factor for anemia in the fi rst 6 
months of life.99,100

Given the high prevalence of malaria in pregnancy 
and the strong association of placental malaria with 
infantile anemia, it is surprising how few infants have 
overt symptoms of congenital malaria in the tropics. On 
the rare occasions when it does occur, it can result in a 
perplexing hematologic disorder. The manifestations of 
malaria may not be seen until several months after birth, 
presumably because of passive immunization from the 
mother and possibly the fact that P. falciparum tends to 
grow less effectively in cells containing relatively large 
amounts of fetal hemoglobin. The disease is character-
ized by a febrile illness associated with anemia that may 

often be profound.98 As in conventionally acquired 
malaria, the pathophysiologic course of the anemia is a 
complex combination of hemolysis and marrow suppres-
sion. Thus, it is important to obtain a careful travel history 
from the parents of any infant with unexplained hemo-
lysis. This condition is commonly misdiagnosed because 
it is not considered.

Malaria in Splenectomized Patients

Although it is generally believed that malaria may be 
associated with particularly severe infections in individu-
als who have been splenectomized, in a review101 of this 
important question no clear evidence was found. Until 
this problem is resolved, it is wise to advise visitors to the 
tropics who have had their spleens removed and splenec-
tomized patients who live in regions where malaria is 
endemic to be particularly careful about continuing to 
maintain malaria prophylaxis.

Hyperreactive Malarial Splenomegaly 
Syndrome

Although splenomegaly is a feature of many tropical dis-
orders, there is increasing evidence, particularly from 
work in East and West Africa and Papua New Guinea, 
that a specifi c entity, formerly known as tropical spleno-
megaly syndrome, occurs widely throughout Africa, 
India, and Southeast Asia.1,102,103 This condition is char-
acterized by gross splenomegaly, high malarial antibody 
titer, and serum IgM levels at least 2 SD above the local 
mean. The classic syndrome regresses after prolonged 
antimalarial prophylaxis with proguanil, a dihydrofolate 
reductase inhibitor marketed outside the United States 
as Paludrine.

Etiology and Pathophysiology

Evidence that malaria plays an important role in this 
syndrome is increasing. Epidemiologic studies indicate 
that its prevalence is related to patterns of malarial trans-
mission and that affected individuals have higher malarial 
antibody titer than do those who live in the same environ-
ment and are unaffected; this seems to involve IgM rather 
than IgG. These observations, together with the partial 
clinical response to treatment with antimalarial drugs 
and the fact that individuals with sickle cell trait seem to 
be partially protected, suggest that the condition proba-
bly results from an unusual form of immune response to 
chronic malarial infection. For this reason it is now com-
monly referred to as hyperreactive malarial splenomegaly 
(HMS).

With progressive splenomegaly, there is pooling of 
the formed elements of blood; in patients with particu-
larly large spleens, a third to half of the total circulating 
red cell mass may be sequestered. Such sequestration 
produces a dilutional anemia that is made worse by an 
absolute increase in plasma volume. There is also pooling 
of neutrophils and platelets, so the hematologic picture 
is characterized by pancytopenia. No characteristic 
changes in bone marrow are seen.
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Some evidence of a genetic predisposition to HMS 
exists.104 A recent study in Ghana found that spleno-
megaly, high IgM levels, and anemia were more common 
in relatives of HMS patients than in the general popula-
tion, but there was no clear pattern of mendelian segrega-
tion, thus suggesting that the etiology in this population 
is likely to be complex and involve multiple genetic and 
environmental factors.105 For some years researchers 
have debated about whether HMS is premalignant 
because it sometimes becomes refractory to antimalarial 
treatment, and it can also be associated with a lympho-
cytosis resembling chronic lymphocytic leukemia (CLL). 
Clonal rearrangements of the JH region of the immuno-
globulin gene have been noted in some patients whose 
clinical syndrome appears to be intermediate between 
HMS and CLL, thus suggesting that HMS has prema-
lignant potential.106

Clinical Features

The clinical picture of HMS is typical and consists of 
massive splenomegaly, weight loss, and a variable degree 
of anemia.102,103 Serum IgM levels are high, and a relative 
increase in T lymphocytes in peripheral blood may be 
seen. Serum may also show increased cold agglutinin 
titers and an increase in rheumatoid factor, antibodies 
to thyroglobulin and antinuclear factor, and circulating 
immune complexes.

The prognosis for patients with this condition is 
remarkably poor in parts of Africa, with up to 50% 
mortality in some populations. It is managed by long-
term antimalarial prophylaxis, most commonly with 
proguanil.

Visceral Leishmaniasis (Kala-azar)

Leishmaniasis is an infection caused by intracellular pro-
tozoan parasites transmitted by various species of sand-
fl ies.107,108 Human infections can result in three main 
forms of disease: cutaneous, mucocutaneous, and vis-
ceral (kala-azar). The important hematologic manifesta-
tions of leishmanial infection are found in the visceral 
forms.

The generalized form of leishmanial disease involves 
the liver, spleen, bone marrow, and lymph nodes and is 
caused by organisms belonging to the Leishmania don-
ovani complex. The parent species, L. donovani, is found 
throughout Asia and Africa and can affect individuals 
of all ages. However, the parasite that causes kala-azar 
in countries bordering the Mediterranean, in southern 
Europe, and in North Africa affects primarily young chil-
dren and infants. It differs from L. donovani to such an 
extent that it warrants the designation of a special species 
and is called Leishmania infantum. Similarly, in the 
Western Hemisphere, kala-azar is also a disease of very 
young children; the causative organism is Leishmania 
chagasi.

Although visceral leishmaniasis is primarily a disease 
of indigenous populations, it may be contracted on short-

term visits. For example, in the United Kingdom it is 
being recognized increasingly after return from Mediter-
ranean holidays, and particularly in young children, it can 
cause considerable diagnostic diffi culty; occurrences have 
been mislabeled as leukemia when the diagnosis of leish-
maniasis was not considered. The risk for leishmaniasis 
is greatly increased in individuals infected with HIV.109

Although the incubation period is usually 1 to 3 
months, it can be as short as a few weeks. The onset is 
usually insidious and consists of fever, sweating, malaise, 
and anorexia, although a much more acute onset may be 
seen. As the disease progresses, the acute symptoms 
abate, but there is gradual enlargement of the spleen and 
liver for several months. By this time there may be marked 
splenomegaly, cachexia, and anorexia. Generalized 
lymphadenopathy is also present.

Hematologic fi ndings in later stages of the illness 
include anemia, neutropenia, and thrombocytopenia, 
manifestations characteristic of hypersplenism. The bone 
marrow is hyperplastic with dyserythropoietic changes, 
and the diagnosis can usually be made by fi nding Leish-
man-Donovan bodies—macrophages containing intra-
cellular organisms with characteristic staining properties. 
The diagnosis can also be made by splenic or lymph node 
puncture.

Red cell survival studies and ferrokinetic analyses 
have suggested that hemolysis is the major cause of 
anemia in leishmaniasis110-112 but that there may also be 
plasma volume expansion associated with the massively 
enlarged spleen.112 Surprisingly, ferrokinetic studies have 
shown very little evidence of ineffective erythropoiesis, 
but a reduced plasma iron level in the presence of greatly 
increased iron stores suggests that the reticuloendothelial 
hyperplasia is accompanied by abnormal iron retention 
by macrophages, typical of the anemia of chronic dis-
orders.112 This may limit the marrow response to 
hemolysis.

In babies or young children with acute visceral leish-
maniasis, the clinical and hematologic fi ndings may differ 
from those described earlier. For example, in Mediterra-
nean populations a very rapid onset of anemia with severe 
hemolysis is commonly observed.113 Occasionally, both 
IgG and complement components are found on the red 
cells, but this fi nding is not consistent and its signifi cance 
remains to be determined. In most instances there is no 
evidence of immune hemolysis, and it appears that non-
sensitized red cells are destroyed by macrophages 
recruited to the spleen and liver as part of the infl amma-
tory response to the parasite. Severe neutropenia may 
also occur in young children, and this, together with 
dyserythropoietic changes in the marrow, marked eryth-
rophagocytosis, and bizarre mononuclear infi ltrates, may 
cause confusion with leukemia.

Schistosomiasis

The schistosomes are a group of trematodes that cause 
major health problems in many parts of the developing 
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world.114 The major human parasites include Schistosoma 
haematobium, Schistosoma mansoni, and Schistosoma japon-
icum. Schistosomiasis affects mainly children and young 
adults. Two hundred million people worldwide are esti-
mated to have schistosomiasis, 80% in sub-Saharan 
Africa.115

The location of adult worms in the human host varies 
with the parasite species: S. hematobium in the veins of 
the bladder, S. mansoni in the superior mesenteric veins, 
and S. japonicum in the inferior mesenteric veins. Sexual 
maturity of female schistosomes depends on their inter-
action with living male worms. Egg deposition occurs in 
the small venules of the bladder or portal venous system. 
When freshly deposited, the ova are partially developed. 
Hatching of the eggs leads to the liberation of miracidia. 
Further development occurs when miracidia penetrate a 
snail intermediate host. After two generations, cercariae 
are released that are capable of penetrating intact skin 
and migrating through tissues to reach their fi nal home.

S. haematobium infections occur in Africa and the 
Middle East, whereas S. mansoni is found in Africa, the 
Middle East, and parts of South America. S. japonicum 
occurs in Japan, the Philippines, and together with the 
related species Schistosoma mekongi, in mainland 
Indochina.

The most consistent hematologic changes are found 
in association with S. mansoni infection. The acute phase 
is characterized by fever, myalgia, and progressive hepa-
tosplenomegaly. At this time the most common fi nding 
in peripheral blood is eosinophilia. As the disease pro-
gresses, there may be massive hepatosplenomegaly asso-
ciated with anemia, neutropenia, and thrombocytopenia.116 
Good descriptions of the appearance of bone marrow in 
this condition are few, and the data available suggest that 
the anemia is predominantly due to hypersplenism and 
hemodilution from the massive splenomegaly.

S. haematobium infection leads to urinary tract symp-
toms, in particular, hematuria and dysuria. The hematu-
ria may be gross and persistent and lead to iron defi ciency 
anemia. In addition, affected children have typical fea-
tures of the anemia of chronic disorders.

A major advance in control of schistosomiasis is the 
availability of a highly effective drug, praziquantel, which 
is safe in both children and pregnant women. The cost 
of control programs may be reduced by combination 
therapy for schistosomiasis, gastrointestinal helminths, 
and fi lariasis; in 2001 the World Health Assembly resolved 
that at least 75% of school-aged children in high-burden 
areas should be treated for schistosomiasis and soil-
transmitted helminth infections by 2010 to reduce 
morbidity.115

Trypanosomiasis

Trypanosomal infections are a major cause of ill health 
throughout the world. The disease syndromes produced 
by these infections vary widely but, in general, are divided 
into the American and African forms.117-119

American Trypanosomiasis (Chagas’ Disease)

American trypanosomiasis is a zoonosis caused by Try-
panosoma cruzi, which is transmitted to humans by blood-
sucking insects. It was fi rst described by Carlos Chagas 
in 1909.

In its invertebrate host, T. cruzi grows extracellularly. 
Epimastigotes divide in the insect gut and differentiate 
into metacyclic trypomastigotes, which are the infective 
form for mammalian hosts. They are released close to the 
site of a bite and enter the host via the skin or mucous 
membranes. After invasion they enter cells, where they 
replicate as rounded amastigote forms that differentiate 
into trypomastigotes, which are released into the circula-
tion and tissues. A variety of organs are involved, but the 
most important pathophysiologic result is a chronic 
cardiomyopathy.

There are characteristic clinical fi ndings at each of 
these different stages of infection. After penetration of 
the skin, a local cutaneous lesion called an inoculation 
chagoma develops and is accompanied by swelling of the 
local lymph glands. Occasionally, the route of inoculation 
is through the eye, where the initial lesion is characterized 
by unilateral conjunctivitis with edema of the eyelids. 
Invasion may or may not be followed by an acute phase 
consisting of fever, generalized lymphadenopathy, hepa-
tosplenomegaly, and acute myocarditis.

The chronic phase of Chagas’ disease takes several 
forms. If cardiac involvement is predominant, a slowly 
progressive cardiomyopathy with heart failure, arrhyth-
mias, and embolic complications is seen. In other patients, 
gastrointestinal symptoms predominate as a result of 
denervation and destruction of the myenteric plexus, 
which may give rise to megaesophagus or megacolon.

A congenital form of Chagas’ disease may occur. The 
organism can traverse the placental villi and from there 
be released into the fetal circulation. The most common 
fi ndings include growth retardation; hepatosplenomeg-
aly; acute myocarditis; neurologic lesions, including a 
meningoencephalitic picture with tremors and convul-
sions; and occasionally, a generalized hemorrhagic ten-
dency with purpura or more widespread bleeding. The 
prognosis for patients with congenital Chagas’ disease is 
poor, and most infants die during the fi rst week of life.

The hematologic changes in Chagas’ disease are non-
specifi c. In the acute phase, mild anemia and lymphocyto-
sis may occur. At this stage the parasite can be found in the 
blood or in leukocyte concentrates. Parasites may be con-
centrated by sedimentation of heparinized blood cells with 
the addition of phytohemagglutinin. Similarly, it is possi-
ble to fi nd amastigote forms of T. cruzi in muscle or lymph 
node biopsy samples. The results of serologic tests for 
anti–T. cruzi IgM antibodies typically become positive 
about 20 to 40 days after the onset of symptoms.

African Trypanosomiasis

In Africa these conditions are caused by subspecies of the 
hemofl agellate Trypanosoma brucei known as T. brucei 
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gambiense, which causes a chronic illness called sleeping 
sickness, and T. brucei rhodesiense, which is associated with 
a more acute illness. T. brucei is transmitted by the tsetse 
fl y Glossina, in which it undergoes a variety of develop-
mental changes.

At the site of the tsetse bite a small nodule called a 
trypanosomal chancre forms from which organisms may 
be isolated. After this self-limited lesion subsides, the 
parasite invades and multiplies extracellularly in the 
blood, which leads to the systemic phase of the illness 
characterized by fever, lymphadenopathy, and spleno-
megaly. In the later phase of African trypanosomiasis, 
invasion of the central nervous system takes place and 
results in meningoencephalitis.

During the acute phase, normochromic normocytic 
anemia associated with hypoalbuminemia may be present. 
Occasionally, patients have hemorrhagic manifestations 
and evidence of disseminated intravascular coagulation. 
The total white blood cell count is either normal or ele-
vated with relative lymphocytosis. The sedimentation rate 
is markedly elevated, and circulating immune complexes 
may be present together with rheumatoid factor.

The parasite can often be demonstrated in thin or 
thick blood fi lms stained with Giemsa or Field stain. 
Several concentration techniques have been developed to 
increase the likelihood of fi nding the parasite. A variety 
of immunodiagnostic tests are available, notably indirect 
immunofl uorescence and enzyme-linked immunosorbent 
assay, but visualization of the parasite is necessary for 
a confi dent diagnosis. In the more chronic stage, it is 
important to examine cerebrospinal fl uid, which often 
shows lymphocytosis, an elevated protein level, and the 
presence of morular cells of Mott or motile trypano-
somes. High levels of IgM in cerebrospinal fl uid may 
suggest the diagnosis in advanced disease if trypano-
somes have not been found.

A novel test for African trypanosomiasis involves 
analysis of serum samples by mass spectrometry to detect 
distinct proteomic signatures; this test appears to provide 
more sensitive and specifi c detection than other diagnos-
tic tests.120

Hookworm

It has been estimated that more than 900 million people 
are infected with hookworms.121 There are two main 
species, Ancylostoma duodenale and Necator americanus, 
sometimes called the Old World and the New World 
hookworms, respectively. Both species are widely distrib-
uted in tropical and subtropical Asia and Africa. The 
prevalence of infection ranges from 80% to 90% in rural 
areas in the moist parts of the tropics, such as west 
Bengal, to 10% to 20% in relatively dry countries, such 
as those of the Middle East and Pakistan.

Both species of hookworm produce enormous 
numbers of eggs—approximately 20,000 per day per 
female. The eggs are discharged into the intestinal lumen, 
where they undergo a number of cell divisions before 

being passed in stool. Given appropriate conditions, the 
eggs develop further and hatch, with liberation of larvae. 
These free-living stages go through a series of develop-
ments designated L1 to L3, after which they penetrate 
the skin and the infective fi larial larval forms migrate to 
the intestinal tract via the circulation, lungs, and respira-
tory tract. The fi nal larval stage, L4, and the adult worms 
are found in the small intestine.

Hookworms attach to the mucosa of the upper intes-
tine by their buccal capsules. Although they are found 
mainly in the jejunum, in very heavy infections they may 
be distributed as low as the ileum. Attachment of the 
worm results in bleeding into the gastrointestinal tract.

The worms change their attachment site every few 
hours. Continuous or intermittent suction causes tissue 
and blood to be drawn into the worm’s intestinal tract.122 
Only about 50% of the iron lost as hemoglobin into the 
gut may be reabsorbed. Therefore, there is a marked 
increase in fecal iron concentration that is related directly 
to the worm load, which can be assessed by the fecal egg 
count. Direct recordings of blood loss have given values 
on the order of 0.03 mL/day per worm for N. americanus 
and up to 0.26 mL/day per worm for A. duodenale,122 and 
the latter species tends to cause more profound levels of 
iron defi ciency in the community.123

The hematologic fi ndings in children or adults with 
heavy hookworm infections are characteristic. Because 
the condition is usually chronic, anemia is the major 
clinical feature. In severe cases, hemoglobin values of 
2 to 5 g/dL are common.124 The blood fi lm shows the 
typical changes of iron defi ciency anemia, such as micro-
cytosis, hypochromia, and a normal reticulocyte count. 
The serum iron level is low, and iron is absent from bone 
marrow stores. Because of associated protein loss, these 
children often have hypoalbuminemia.124-127 Mild eosino-
philia may be present124 in patients with established 
illness, although very high eosinophil counts may occur 
during the phase of the illness in which the worms are 
migrating from the skin to the gastrointestinal tract (see 
later).

The diagnosis is made by analysis of stool for eggs. 
In heavy infections, a fecal fi lm can be examined directly 
after the sample is mounted in saline or iodine solution. 
In lighter infections, concentration by zinc sulfate fl ota-
tion is required.

Affected children require oral iron treatment to 
restore the iron stores, as well as treatment with anthel-
mintic drugs. Although many of these children are severely 
anemic, they have had chronic anemia for many years, 
and rapid restoration of the hemoglobin level is not 
usually required. However, in profoundly anemic chil-
dren with high-output failure and associated hypoalbu-
minemia, it may be necessary to administer red cells 
slowly, together with appropriate diuretics. These chil-
dren may have greatly increased blood volume, and it is 
easy to precipitate circulatory overload and cardiac 
failure. For patients with severe heart failure, an exchange 
transfusion consisting of removal of blood from one arm 
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while infusing red cells into the other may be helpful. 
Whatever method is chosen, monitoring of the patient’s 
central venous pressure is essential.

In recent years a growing number of tropical coun-
tries have made concerted efforts to reduce the effects of 
hookworm infection by anthelmintic strategies in the 
community. For example, mass administration of meben-
dazole to 30,000 schoolchildren in Zanzibar was esti-
mated to prevent 1260 cases of moderate to severe anemia 
and 276 cases of severe anemia in 1 year, although it 
appeared that at least two doses per year would be neces-
sary to maintain this level of protection, thus raising the 
issue of long-term sustainability.128

Bartonellosis

Bartonellosis (Carrión’s disease, Oroya fever) is an infec-
tious disease that is endemic in the western Andes of Peru 
and is seen occasionally in Colombia and Ecuador.129 It 
results from infection by an aerobic, gram-negative 
bacillus, Bartonella bacilliformis. It is usually transmitted 
through a sandfl y bite. After inoculation, the organism 
multiplies in endothelial and red blood cells. In severe 
disease, almost 100% of red cells are infected with numer-
ous bacteria. Hence the major feature of the disease is 
profound anemia resulting from the infection and subse-
quent phagocytosis of red cells. Although the precise 
mechanisms of the anemia are not fully understood, it 
seems to have many of the features of anemia of acute 
malarial infection. Survival of infected and noninfected 
red cells is shortened, and a limited response to the 
hemolysis associated with dyserythropoietic changes in 
the bone marrow is seen.

The disease has two stages, anemic and eruptive, 
with an asymptomatic period between the stages. After 
an incubation period of approximately 60 days, the onset 
of the condition is acute and consists of malaise, chills, 
fever, and headache. The clinical picture is then domi-
nated by severe hemolytic anemia associated with hepa-
tosplenomegaly, lymphadenopathy, and occasionally a 
fi ne petechial rash. In the later eruptive stage, nodule 
lesions of varying size appear on the face, trunk, and 
limbs. Arthralgia and fever may also be present. The 
lesions, which are widespread on the arms and legs, may 
be confused with leprosy, yaws, or even Kaposi’s sarcoma. 
Although the infection is often present for a prolonged 
period, the eruptive phase tends to regress 
spontaneously.

During the anemic stage, moderate to severe hemo-
lytic anemia is seen with reticulocyte counts in the 5% 
to 10% range. The organisms can be seen on thick and 
thin blood fi lms stained with Giemsa, Wright, or related 
stains. The bone marrow is hyperactive with dyserythro-
poietic changes. The white blood cell count is not usually 
elevated, but thrombocytopenia is common.

The principal complication of this disease, apart 
from profound anemia, is superinfection with other 
organisms, particularly Salmonella typhi and Mycobacte-

rium tuberculosis. Fortunately, B. bacilliformis is extremely 
sensitive to chloramphenicol, penicillin, and tetracyclines. 
Supportive treatment includes regular transfusion 
through the anemic phase of the illness.

Complex Hematology of Childhood Human 
Immunodefi ciency Virus Infection in the 
Developing Countries

The devastating impact of perinatally acquired HIV 
infection in an increasing number of developing coun-
tries is mirrored by the complexity of the hematologic 
complications of this disease in these populations. In 
some central African countries, seroprevalence rates in 
pregnant mothers in 1990 ranged from 20% to 30%, and 
in several others they exceeded 10%.130 In India and 
Southeast Asia, the fi gures are presently much lower than 
this but are rapidly rising. Perinatal transmission rates 
have been diffi cult to establish with certainty but seem 
to be considerably higher than in the West. In 1989, an 
estimated fi gure in Zaire was 39%.131 Although some 
children are infected through breast-feeding, the current 
consensus is that the benefi ts of breast-feeding probably 
outweigh the risk in countries where infectious diseases 
are the major cause of infant mortality.

The clinical picture of childhood HIV infection in 
the tropics does not differ greatly from that seen else-
where, except that protein-energy malnutrition occurs 
much earlier. Tuberculosis and measles, both major 
causes of mortality by themselves, are more severe in 
HIV-infected children, but surprisingly, the severity of 
malaria does not seem to be affected. In Malawi, it is 
estimated that approximately half of perinatally infected 
infants die in the fi rst year of life,132 a considerably earlier 
mortality than seen in the West.133

HIV infection provides yet another example of the 
complex pathogenesis of hematologic problems in the 
tropics. The virus can infect hematopoietic precur-
sors,134,135 as well as bone marrow macrophages and 
stromal fi broblasts, an observation that may explain the 
marked dyserythropoiesis that is commonly observed in 
the bone marrow of affected children, but these changes 
may also be complicated by opportunistic infection, mal-
nutrition, and drug toxicity. Anemia with a low reticulo-
cyte count and a microcytic hypochromic blood picture 
is common and may refl ect both coexistent iron defi -
ciency and the anemia of chronic disorders.133,136,137 HIV 
may cause immune thrombocytopenia early in the course 
of the disease, but this is not regarded as an adverse 
prognostic feature. Thrombocytopenia may also be 
accompanied by microangiopathic hemolytic anemia as 
part of thrombotic thrombocytopenic purpura, which in 
the context of HIV infection responds well to plasma 
infusion. Later, in addition to the progressive lymphope-
nia that characterizes acquired immunodefi ciency syn-
drome, both reduced production and increased cellular 
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clearance may contribute to neutropenia and thrombo-
cytopenia.137,138 Finally, advancing immunodefi ciency 
contributes to a greatly increased risk for lymphoid neo-
plasms, particularly lymphoma.

The wide spectrum of hematologic complications 
associated with HIV and the high prevalence of infection 
make HIV testing an essential part of the investigation of 
cytopenia in most tropical areas. One of the most diffi cult 
dilemmas that HIV infection poses for pediatricians in 
the tropics is management of a child with life-threatening 
anemia. The conventional approach would be blood 
transfusion, but in many regions this is now a major risk 
factor for HIV infection that is not adequately prevented 
by the available screening programs.139,140 This problem 
is discussed further in a later section.

TROPICAL EOSINOPHILIA

The structure and function of eosinophils are described 
in Chapter 21. Here the importance of eosinophilia in 
the tropics is discussed.

After anemia, eosinophilia is probably the next most 
common hematologic abnormality in children in the 
tropics.141 An increase in eosinophils in bone marrow and 
peripheral blood, as well as in tissues, is a major feature 
of infections caused by worms that migrate through 
extraintestinal organs. There is a strong association 
between eosinophilia and infection with tissue nema-
todes, trematodes, or cestodes. In contrast, however, 
there is no well-documented evidence that worms that 
do not invade tissues or protozoal infections are associ-
ated with elevated eosinophil counts.

Some common causes of eosinophilia in the tropics 
are summarized in Box 37-1. A functional role for eosino-
phils in host protection against some invasive helminths 
has been demonstrated. For example, incubation of 
human eosinophils with the larval forms of S. mansoni or 
Trichinella spiralis, together with specifi c antibodies or 
complement, causes the destruction of these organisms. 
These in vitro studies have been confi rmed by in vivo 
experiments in mice depleted of eosinophils; animals 
treated in this manner lose resistance to these helminths. 
It appears that killing of these organisms is initiated by 
attachment of eosinophils to the parasite surface, fol-
lowed by extracellular degranulation and deposition of 
electron-dense material.

An absolute elevation in the peripheral blood reticu-
locyte count may occur in any of the conditions listed in 
Box 37-1. However, the term tropical eosinophilic syndrome 
was fi rst used in the 1940s to describe patients with a 
paroxysmal cough and wheezing, particularly at night, 
scanty sputum production, weight loss, low-grade fever, 
lymphadenopathy, and extreme blood eosinophilia 
(>3000/μL). Later, this syndrome was discovered to be 
due to fi larial infection.

Hypereosinophilic syndrome is seen in children or 
young adults and is found most commonly in India, 

Indonesia, Sri Lanka, Pakistan, and Southeast Asia, 
although it may occur in any area where human fi lariasis 
is common.142-145 In addition to typical clinical and hema-
tologic fi ndings, these patients have very high levels of 
serum IgE together with increased levels of specifi c anti-
fi larial antibodies. Although it is usually easy to make this 
diagnosis in a tropical setting, if patients with these symp-
toms return to nontropical countries, other conditions 
that cause eosinophilia have to be considered, including 
chronic eosinophilic pneumonia, allergic aspergillosis, 
vasculitic syndromes, and idiopathic hypereosinophilic 
syndrome. The major distinguishing features of tropical 
hypereosinophilic syndrome are a marked elevation in 
antifi larial antibody and very high IgE levels. It may be 
possible to identify fi laria on blood fi lms. Traditionally, 
better results have been obtained with fi lms prepared 
from blood samples taken at night, although some studies 
suggest that this may not be necessary.145

What is the best approach to determine a diagnosis 
in a child who has spent time in the tropics and who has 
persistent eosinophilia? It is important to determine 
which parts of the tropics have been visited. A careful 
respiratory history should be taken. Detailed studies of 
stool for cysts and ova should be performed several times 
by an experienced observer. Serologic studies for Filaria, 
Toxocara, and Trichinella infection should be carried out, 
and immunoglobulin levels should be determined. If a 
diagnosis has not been determined after these investiga-
tions, it is important to exclude nontropical causes of 
eosinophilia, including collagen vascular disease, allergy, 
drug reactions, lymphoma, and leukemia associated with 
an eosinophil response. It may be necessary to initiate a 
trial of the antifi larial drug diethylcarbamazine under 
careful medical supervision as part of the diagnostic 
workup.

Box 37-1  Causes of Eosinophilia in Tropical 
Populations

TISSUE NEMATODES

Wuchereria bancrofti
Loa loa
Onchocerca volvulus
Ankylostoma braziliense
Strongyloides
Ascaris lumbricoides
Necator americanus
Toxocara
Trichinella spiralis

TISSUE TREMATODES

Schistosoma
Fasciola hepaticum

TISSUE CESTODES

Echinococcus granulosus



1756 HEMATOLOGIC MANIFESTATIONS OF SYSTEMIC DISEASES

HEMATOLOGIC ASPECTS OF 
MALABSORPTION IN THE TROPICS

One of the major diffi culties in discussing the problem 
of malabsorption in the tropics is defi nition.146 A large 
proportion of people in tropical climates, both indige-
nous populations and expatriates who have lived and 
worked in rural areas, have mild abnormalities of the 
intestinal mucosa, often associated with impairment of 
absorption. These structural and functional alterations of 
the gut have been called tropical enteropathy.147-149 It is 
likely that they refl ect an adaptation to life in the con-
taminated environment of the tropics with its recurrent 
enteric infections and peculiarities of diet. Interestingly, 
similar morphologic lesions have been demonstrated in 
the colon of otherwise healthy residents of southern 
India. After expatriates return to temperate climates, 
these changes in the gut revert to normal.150

The more severe malabsorption syndromes, sprue and 
postinfective malabsorption, are associated with chronic 
diarrhea, wasting, and a variety of hematologic changes.

The term sprue was fi rst coined by the English physi-
cian Manson while working in China; it is an Angliciza-
tion of the Dutch term indische sprouw. During the 19th 
and 20th centuries, tropical sprue was thought to be a 
disease of expatriates, but during World War II it became 
apparent that similar syndromes commonly occur in 
indigenous populations. The occurrence of severe malab-
sorption syndromes is not distributed evenly in the tropi-
cal world.150-152 They are particularly common in the 
Indian subcontinent, Burma, Malaysia, Vietnam, Borneo, 
Indonesia, and the Philippines. They are also seen in the 
West Indies, in parts of Central America (particularly 
Puerto Rico, Cuba, and the Dominican Republic), and 
in northern parts of South America. There are a few 
reports from the Middle East and temperate areas. Tropi-
cal Africa seems to be spared.

These syndromes are believed to originate from an 
infection.153,154 They usually start as an acute attack of 
diarrhea, which then becomes chronic. Many well-docu-
mented epidemics of sprue have been reported both in 
southern India and in the Philippines among American 
military personnel. However, despite a vast amount of 
work and the establishment of units specifi cally assigned 
to study the problem, no organism has been isolated that 
could even approach meeting Koch’s postulates. It may 
be that these disorders can follow infection with a variety 
of agents, but the reason for the peculiar geographic dis-
tribution remains unexplained. Remarkably, genetic 
factors have been almost totally ignored in the investiga-
tion of this disease.

Tropical malabsorption syndromes can occur in indi-
viduals of any age. They are characterized by intermittent 
diarrhea, weight loss, and anemia. Varying degrees of 
mucosal damage are found on biopsy of the small intes-
tine, although an absolutely fl at mucosa, as seen in 
gluten-induced enteropathy, is rare. Hematologic fi nd-
ings in patients with tropical malabsorption syndromes 

vary considerably. In more advanced disease, megaloblas-
tic anemia is common. It is usually caused by folate 
defi ciency but may also be complicated by vitamin B12 
defi ciency. Frequently, bizarre mixed pictures of iron and 
folic acid defi ciency are found.

Interestingly, although much of the data derive from 
uncontrolled studies, many of the symptoms and hema-
tologic changes associated with these syndromes can be 
reversed by a course of oral tetracycline. However, recov-
ery is much more rapid if folate or vitamin B12 treatment 
is given as well.

In a tropical setting, malabsorption can also result 
from colonization of the small bowel by specifi c parasites, 
including Giardia lamblia, Strongyloides stercoralis, Crypto-
sporidium, and others. Furthermore, abdominal tubercu-
losis with malabsorption is particularly common, and in 
Africa, HIV infection may be an important cause of mal-
absorption.155,156 The local name “slim disease” acknowl-
edges the severe wasting that can occur with HIV 
infection.155

Hematologists without experience in the tropics 
should be aware that the clinical and hematologic fi nd-
ings of tropical malabsorption syndromes can be extreme. 
In young children particularly, a good history of diarrheal 
illness may not always be available, and in many tropical 
populations recurrent diarrheal illness is the norm anyway. 
Folate defi ciency, as well as producing anemia, may give 
rise to severe neutropenia and thrombocytopenia with 
associated infection or bleeding. If intercurrent infection 
is present, as is often seen in severely affected children, 
the bone marrow appearance may be deceiving, although 
there is nearly always some megaloblastic change even if 
overall the bone marrow is much less hyperplastic than 
usually observed with folate or B12 defi ciency in Western 
settings.

A major diagnostic problem that is often encoun-
tered in children returning from the tropics with persis-
tent diarrhea and malabsorption is determining whether 
they have postinfective malabsorption or celiac disease. 
If symptoms do not resolve, it may be necessary to initiate 
a trial of a gluten-free diet and then reintroduce gluten 
at a later date while monitoring progress with repeated 
small bowel biopsies.

HEMOSTATIC FAILURE AS A 
MANIFESTATION OF SYSTEMIC DISEASE 
IN THE TROPICS

Many tropical infections or other hazards produce serious 
bleeding disorders. Malaria was considered in an earlier 
section. Here, a few other causes of bleeding disorders 
that are seen in the tropics are discussed.

Dengue

The dengue viruses are four antigenically related but 
distinct organisms that are transmitted to humans by 



 Chapter 37 • Hematologic Manifestations of Systemic Diseases in Children of the Developing World 1757

mosquitos of the species Aedes aegypti.157 The clinical 
manifestations of this very common infection vary in dif-
ferent parts of the world. In American, African, and 
Indian populations the disease is characterized by classic 
dengue fever, but in Southeast Asia a much more serious 
condition develops in many children, dengue hemor-
rhagic fever (DHF)/dengue shock syndrome (DSS). The 
latter develops in infants born to dengue-immune 
mothers during initial infections or in children older than 
1 year during secondary infections. It appears that this 
curious paradox refl ects enhancement of dengue viral 
infection in mononuclear phagocytes mediated by sub-
neutralizing concentrations of dengue antibody.

The pathophysiologic course of DHF/DSS is quite 
remarkable.157,158 Dengue viruses appear to be parasites 
of mononuclear phagocytes. Furthermore, they use anti-
body as a specifi c receptor for gaining entry to these cells. 
Such antibodies are known as infection-enhancing anti-
bodies. Epidemiologic studies have shown that children 
1 year or older always have detectable dengue antibody 
before acquiring a subsequent infection that results in 
DHF/DSS. Infants who acquire dengue antibody pas-
sively from their mothers are also at risk for development 
of the syndrome. DHF/DSS is characterized by simulta-
neous activation of the complement and hemostatic 
systems, together with a marked increase in vascular per-
meability.158-160 It appears that complement activation 
follows both the classical and alternative pathways. The 
hemostatic abnormalities include gross thrombocytope-
nia, prolonged bleeding time, elevated prothrombin time, 
and a reduction in the levels of factors II, V, VII, and IX, 
together with marked hypofi brinogenemia and an increase 
in fi brin degradation products. The abnormalities in vas-
cular permeability are characterized by an elevated hema-
tocrit, normal or low serum protein levels because of 
selective loss of albumin, and variable serous effusions.

Precisely what triggers these remarkable events is not 
clear. However, it seems likely that the mediators are the 
product of dengue virus–infected mononuclear phago-
cytes. Studies in Thailand have suggested that low levels 
of heterotypic neutralizing antibody from a single previ-
ous infection prevent the illness in those who acquire 
dengue 2 infections.157,160 On the other hand, children 
with circulating dengue-enhancing antibodies but no 
neutralizing antibodies are at high risk.

Once DHF has been triggered, however, the immune 
disturbance is not confi ned to antibodies. Both the CD4+ 
and CD8+ subpopulations of T lymphocytes are more 
intensively activated in DHF than in uncomplicated 
dengue fever.161 High levels of TNF and other procoagu-
lant cytokines may also contribute to the pathologic 
changes.162 A further factor might be antibodies to plas-
minogen, which are found in a signifi cant proportion of 
dengue infections, particularly if hemorrhage is present.163 
These antibodies are thought to arise because of struc-
tural homology between plasminogen and the dengue 
envelope glycoprotein.164 Findings in Vietnamese 
children with DSS suggest that rather than causing true 

disseminated intravascular coagulation, the virus may 
act to directly degrade fi brinogen and thereby result in 
secondary activation of procoagulant homeostatic 
mechanisms.165

The clinical fi ndings of DHF/DSS consist of fever, 
malaise, and anorexia, and about 2 to 5 days later a 
second phase occurs in which there are widespread hem-
orrhagic phenomena, including purpura, large spontane-
ous ecchymoses, and bleeding from previous venipuncture 
sites. These children then enter a phase of profound 
shock. The hematologic fi ndings are characterized by a 
normal or even high hematocrit associated with gross 
thrombocytopenia and evidence of disseminated intra-
vascular coagulation.

The fact that the most serious pathophysiologic 
mechanism in this disease is fl uid loss rather than hemor-
rhage has focused attention on the development of treat-
ment regimens similar to those used for the management 
of severe diarrheal illnesses in children in the tropics. A 
study in Vietnamese children concluded that initial resus-
citation with lactated Ringer’s solution was appropriate 
for moderately severe DSS whereas hydroxyethyl starch 
had fewer adverse reactions than dextran for colloid 
treatment of severe DSS.166 Clinical trials of heparin 
treatment to counteract disseminated intravascular coag-
ulation have not produced impressive results.

Other Viral Hemorrhagic Fevers

Severe hemorrhagic fevers caused by viruses occur 
throughout the tropical world and are encountered on 
every continent except Australia and North America.167 
They are the result of RNA viruses of four distinct fami-
lies, each of which is a zoonosis with typical epidemio-
logic features. They are transmitted by a variety of agents, 
including tics and mosquitos. In many instances the res-
ervoirs and vectors are unknown. These diseases are asso-
ciated with specifi c clinical entities in different parts of 
the world, such are Rift Valley fever, Lassa fever, Argen-
tine hemorrhagic fever, Bolivian hemorrhagic fever, and 
others.

Many of these conditions are accompanied by hem-
orrhagic diatheses of varying severity ranging from mild 
purpura to severe hemostatic failure.168 As with dengue, 
shock is a major feature and is often associated with an 
elevated hematocrit. The bleeding manifestations refl ect 
both increased vascular permeability and consumptive 
coagulopathy. There have been few extensive coagulation 
studies performed in patients with these disorders, 
although disseminated intravascular coagulation has been 
implicated as the basis for the hemostatic failure.

Snake Bite

Snake bite is an important and neglected problem in the 
rural tropics; its incidence is underestimated because of 
the lack of reliable epidemiologic data.169 In northern 
Ghana, the carpet viper (Echis complex of species) is 
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responsible for some 86 bites per 100,000 population per 
year, with 28% mortality. This particular snake, whose 
geographic range extends throughout the northern half 
of Africa and the Middle East to India, probably bites 
and kills more people than any other species. In the 
Indian subcontinent, the most important species are the 
cobra (Naja naja), the common krait (Bungarus caeru-
leus), Russell’s viper (Vipera russelli), and Echis species. In 
Sri Lanka there are about 60,000 bites and 900 deaths 
(6 per 10,000 population) each year. In Southeast Asia, 
the Malayan pit viper (Calloselasma rhodostoma), D. 
russelli, and green pit vipers cause most bites and deaths. 
In Burma, Russell’s viper bite has been the fi fth major 
cause of death, with an annual mortality of about 15 per 
100,000 population. Snake bite is also a common public 
health problem in Central and South America.

The hematologic complications of snake bite are a 
refl ection of the complex chemistry of venoms.170-172 
Although much work remains to be done, at least some 
components of snake venom have been well defi ned. 
Venom may contain 20 or more different components. 
More than 90% of the dry weight of venom is protein in 
the form of enzymes, nonenzymatic polypeptide toxins, 
and nontoxic proteins. The mechanisms of envenomation 
have been most clearly defi ned for some of the venom 
procoagulants. For example, V. russelli venom contains a 
glycoprotein that activates factor X and an arginine ester 
hydrolase that activates factor V. Echis venom contains a 
zinc metalloprotein called ecarin that activates prothrom-
bin. Many crotaline venoms contain proteases that cleave 
fi brinogen (e.g., arvin and reptilase). Some venoms 
contain phospholipase A2 (lecithinase), which probably 
contributes to their neurotoxicity, cardiotoxicity, and 
hemolysis and is also responsible for increasing vascular 
permeability.

After a snake bite, swelling and bruising of the limb 
result from increased permeability induced by proteases, 
phospholipase, polypeptide toxins, and hyaluronidase, as 
well as by endogenous activators released by the venom 
such as histamine, 5-hydroxytryptamine, and kinins. The 
acute hemostatic failure that may follow envenomation is 
mediated in several ways.173,174 Bites from snakes that 
produce procoagulants that activate factors V or X or 
prothrombin are associated with a rapid consumptive 
coagulopathy. In other instances there may be rapid defi -
brinogenation that is due to either direct attack on fi brin-
ogen or activation of the endogenous fi brinolytic system. 
Thrombocytopenia results from either aggregation or 
consumption. The bleeding is potentiated by damage to 
vascular endothelium. The combination of defi brination, 
thrombocytopenia, and increased vessel wall permeabil-
ity leads to massive bleeding, which is a common cause 
of death.

Although as mentioned earlier, many venoms are 
hemolytic in vitro, massive intravascular hemolysis is seen 
rarely and usually in association with bites by V. russelli.

Management of snake bite includes supportive treat-
ment, careful correction of the coagulation abnormali-

ties, appropriate respiratory support if the venom is 
associated with neurotoxins, and judicious use of appro-
priate antivenin. Hemostatic disturbances usually respond 
well to antivenin treatment, and replacement therapy 
with fresh whole blood, fresh frozen plasma, specifi c 
factors, or platelet concentrates is not generally required. 
Even though a theoretical case can be made for the use 
of heparin in patients bitten by Russell’s viper, particu-
larly if there is defi nite evidence of disseminated intravas-
cular coagulation, thus far clinical trials have not shown 
any benefi t.

Although the long-term prognosis for those who 
recover from a snake bite is good, work in Burma has 
shown that chronic pituitary failure and renal failure may 
develop later. These conditions are believed to be caused 
by infarction of the pituitary gland during the phase of 
intravascular coagulation, similar in pathophysiology to 
that observed after childbirth and called, in this setting, 
Sheehan’s syndrome.175 It may be accompanied by a mild 
normochromic anemia.

GEOGRAPHIC VARIABILITY IN THE 
DISTRIBUTION AND EXPRESSION 
OF HEMATOLOGIC DISEASE

In addition to the unique hematologic problems caused 
by disorders that are specifi c to the tropics or other parts 
of the developing world, the pattern of distribution of 
primary disorders of the blood varies considerably among 
different populations. Furthermore, there are some 
hematologic syndromes, as yet ill defi ned, that are unique 
to certain parts of the developing world.

Lymphoma and Leukemia

The pathophysiologic and clinical features of the lym-
phomas and childhood leukemias176,177 are described 
elsewhere in this book. Burkitt’s lymphoma is endemic 
throughout large regions of sub-Saharan Africa and in 
Papua New Guinea. In Burkitt’s classic descriptions of 
the tumor, he pointed out that its occurrence is related 
closely to altitude, temperature, and rainfall, features that 
are similar in sub-Saharan Africa and Papua New Guinea. 
Although this distribution, together with work relating 
this B-cell tumor to infection with Epstein-Barr virus and 
evidence for loss of immunologic control of Epstein-Barr 
virus during acute attacks of malaria,168,178 relates the 
prevalence of the tumor to malaria, this is certainly not 
the whole story. For example, it is not found in Zanzibar, 
although it is very common in the coastal regions of 
neighboring Tanzania.

The T-cell leukemia/lymphoma syndrome, fi rst rec-
ognized in southern Japan and now known to be due to 
infection with human T-cell leukemia/lymphoma virus 
type 1 (HTLV-1), has a very restricted distribution in 
southern Japan and the Caribbean.177 It is not yet clear 
which particular lymphocyte populations are involved in 
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the very common histiocytic lymphomas that occur 
throughout the Middle East and across parts of Central 
and South America.

The curious syndrome of primary upper intestinal 
lymphoma (Mediterranean lymphoma) and immunopro-
liferative disease of the small intestine has to be distin-
guished from the rare primary intestinal lymphomas that 
occur sporadically throughout the world, usually in 
elderly patients.179,180 In endemic regions, primary upper 
intestinal lymphoma and immunoproliferative disease of 
the small intestine occur in much younger age groups, 
usually of poor socioeconomic background. The patho-
logic lesions are found predominantly in the upper part 
of the small intestine and are associated with a clinical 
picture characterized by malabsorption, which often pre-
cedes development of the tumor.

Although this condition is still known as Mediterra-
nean lymphoma, it was fi rst described in Peru. However, 
the largest epidemic area is the region of the Mediterra-
nean and the Middle East, and many cases have now 
been reported from Israel, Lebanon, Iraq, Syria, and 
Iran, as well as Greece.

Studies of the population distribution of classic 
Hodgkin’s disease have also shown some discrepan-
cies.176,181 High rates are found in most affl uent western-
ized countries and lower rates in poorer countries and 
the tropics; this does not seem to be due entirely to 
ascertainment bias. Interestingly, particularly low rates 
are seen in Japan and also in China, India, and Malaysia. 
In addition, there are considerable variations in age dis-
tribution and histologic subtype in different parts of the 
world. In poorer or lesser developed countries, Hodgkin’s 
disease occurs at a younger age and is usually the histo-
logic type with a poorer prognosis.

Some interesting differences in rate of occurrence 
and type of acute leukemia throughout the world are also 
seen.176,182 In North America and Europe and in all other 
westernized populations, acute lymphoblastic leukemia 
(ALL) accounts for a high proportion of acute leukemia 
in children between the ages of 2 and 5. In contrast, ALL 
is uncommon in the tropics, particularly in sub-Saharan 
Africa, where Burkitt’s lymphoma is the predominant 
childhood tumor. On the other hand, in older children 
the incidence of acute myeloid leukemia and various 
subtypes of ALL is similar to that in Western societies.

Hereditary Blood Disorders

The distribution of hemoglobin disorders in the world is 
described elsewhere in this book. Particularly as develop-
ing countries pass through the epidemiologic transition 
toward a reduction in childhood mortality secondary to 
malnutrition and infection, children with these condi-
tions tend to survive long enough to be evaluated for 
treatment. Hence they are producing an increasingly 
serious burden on health care resources in many of the 
developing countries. For environmental and cultural 
reasons, their diagnosis, management, and control raise 

problems in many developing countries completely dif-
ferent from those encountered in developed countries. A 
full description of these complex issues is beyond the 
scope of this chapter; they have been covered in detail in 
two recent monographs.183,184

The manifestations of G6PD defi ciency in some 
developing countries also differ from those seen in the 
West. The problems of drug-induced hemolysis and 
favism are discussed elsewhere in this book. It is impor-
tant to point out, however, that in parts of Southeast Asia, 
Greece, and Africa, G6PD defi ciency appears to be asso-
ciated with neonatal jaundice.185-187 This is not a common 
problem in G6PD defi ciency in advanced Western societ-
ies. Although this observation was fi rst made more than 
30 years ago, the precise mechanism of the neonatal 
jaundice is not clear. In Singapore it is enough of a public 
health problem to have led to routine screening of all 
newborn babies for G6PD levels.

The high frequency of the hemoglobin disorders and 
G6PD defi ciency refl ects relative protection of carriers 
against malaria. This mechanism is also responsible for 
the unusually high frequency of ovalocytosis in Melane-
sia, a condition that is relatively rare in Western po -
pulations. Melanesian ovalocytosis is asymptomatic in 
heterozygotes, although the absence of reported homo-
zygotes suggests that it may have a much more severe 
phenotype. There is clear evidence that it has reached 
high frequencies in Melanesia by protection against 
malaria, particularly cerebral malaria.188

Aplastic Anemia

Although more data are needed for confi rmation, there 
is growing evidence that aplastic anemia, particularly in 
childhood, is much more common in parts of Southeast 
Asia and South America than in developed Western 
countries.189 The ease of availability of potentially toxic 
agents such as chloramphenicol may be refl ected by this 
fi nding, but this is probably not the whole story. The 
possibility exists that that it refl ects the action of an as 
yet unidentifi ed infectious agent. This challenging ques-
tion certainly requires further detailed prospective studies 
because a full hematologic workup, including bone 
marrow trephine biopsy, is rarely available in many parts 
of the world, even at tertiary referral hospitals.

Hematologic Disorders Unique 
to Certain Countries

A number of ill-defi ned hematologic disorders appear to 
be common to particular countries. In Thailand, for 
example, there is a well-recognized disorder called 
acquired prothrombin complex defi ciency, a condition 
seen mainly in infants who have been breast-fed.190 
Despite a great deal of work, the etiology is not yet 
known, although it is suspected that mothers may have 
ingested substances antagonistic to prothrombin.
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Also in Thailand, a very curious condition called 
acquired platelet dysfunction with eosinophilia is seen.191 
It is a pediatric disorder characterized by bleeding and 
ecchymoses. There is associated eosinophilia and abnor-
mal platelet function test results. The etiology is unknown, 
and current efforts are focused on trying to defi ne a 
parasitic cause.

In India an increase has been seen in hemolytic 
disease of the newborn, which appears to be due to feto-
maternal ABO incompatibility.192 Evidence showing that 
this may be related to the administration of tetanus 
toxoids to pregnant women to prevent the major problem 
of tetanus neonatorum in that population is increasing; 
there is a marked increase in the maternal titer of anti-
A/anti-B antibodies after the injection of tetanus toxoid.

ASPECTS OF CLINICAL MANAGEMENT

Treatment of Severe Anemia in the Tropics

The defi nition of severe anemia depends on the clinical 
context, and the normal level of hemoglobin in the com-
munity has to be considered. In an African child with 
malaria, a hemoglobin level of approximately 5 g/dL is 
commonly used as the criterion for transfusion, although 
a transfusion would normally be given sooner if the para-
sitemia were extremely high. The fatality rate for severe 
malarial anemia varies widely between clinics, but a 
typical fi gure is approximately 7%.193 Until recently, most 
tropical pediatricians have endeavored to improve sur-
vival by improving the availability of transfusion.

The situation has altered dramatically as a result of 
the signifi cant risk of HIV infection that now accompa-
nies blood transfusion in many tropical regions.139,194 
Apart from the logistic and fi nancial diffi culties of screen-
ing blood donations, these screening procedures are an 
unreliable means of preventing transfusion-associated 
HIV infection in the developing world140 (see later). There 
are also other problems with blood transfusion that tend 
to be ignored. Cross-matching can be erratic in a clinic 
with inadequate resources, and the infusion is often 
unsupervised. Occasionally, the consciousness level of a 
child with malaria deteriorates dramatically after the 
transfusion. Such occurrences are rare, but there are 
theoretical reasons why transfusion might worsen seques-
tration, such as the blood group favoring the formation 
of erythrocyte rosettes.195

An urgent need exists to defi ne the clinical criteria 
that make transfusion absolutely essential. Decision trees 
have been devised,196 but the underlying risk-benefi t 
equation may vary from place to place, and a meta-analy-
sis found no clear evidence of benefi t for transfusion in 
anemic children whose conditions are clinically stable.197 
One issue that has become clear is the prognostic impor-
tance of respiratory distress. For example, in Kenyan 
children, malarial anemia rarely causes death unless 
respiratory distress is present,198 and the only clear evi-

dence that blood transfusion is benefi cial is seen in the 
group of children who have both anemia and respiratory 
distress.199

Investigations into the clinical physiologic course of 
severe malarial anemia in African children have yielded 
important insight into the management of this condition. 
Lactic acidosis appears to be the main cause of the rela-
tionship between anemia and respiratory distress,200 and 
there is a substantial oxygen debt.201 Rapid transfusion 
may be lifesaving, not only because it increases hemoglo-
bin but also because volume repletion reduces acidosis,200 
and a careful study in Kenya showed no evidence that it 
was likely to cause fl uid overload. This is contrary to the 
notion that a severely anemic child is likely to be in high-
output failure and should therefore be depleted of fl uids 
or undergo diuresis before transfusion. However, before 
rewriting the textbook on the management of severe 
anemia, we need data from other parts of the tropics, 
where different pathophysiologic factors may be 
operative.202

With the steady increase in levels of resistance to 
antimalarial drugs worldwide, the incidence of severe 
childhood anemia in the tropics is expected to increase. 
As the criteria for transfusion become stricter, there is a 
need for more data on optimal hematinic therapy for 
children with malarial anemia. The practices of pediatri-
cians vary, but many prescribe both iron and folic acid 
in addition to antimalarial therapy. One concern has been 
that iron defi ciency may help suppress parasite growth, 
and in some studies203,204 but not others,15 iron repletion 
has been found to increase the risk for subsequent infec-
tion. Another concern has been that folic acid supple-
ments might reduce the effi cacy of the antifolate drugs 
that are increasingly being used to treat chloroquine-
resistant malaria in the community.205 These issues were 
addressed in a study of moderately anemic Gambian 
children with P. falciparum infection.206 Supplementary 
iron therapy was found to result in a small, but signifi cant 
improvement in hemoglobin levels after 1 month and did 
not increase the risk for reinfection within this period. 
Folic acid supplements failed to improve hemoglobin 
levels and increased the risk for parasite recrudescence if 
sulfadoxine-pyrimethamine was used to treat the infec-
tion. However, it cannot be assumed that these fi ndings 
would necessarily apply to regions with different rates of 
malarial transmission and different nutritional problems, 
and the need for locally based research into this type of 
problem cannot be overemphasized.

Problems with Blood-Borne Infection 
and Blood Transfusion

The risk of contracting an infection after blood transfu-
sion is increasing and becoming a major economic burden 
for developing countries. Whereas the most important 
infections are those resulting from blood-borne HIV and 
hepatitis B and C viruses, the incidence of other infec-
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tions is increasing. As mentioned earlier, although donor 
screening has had a major effect in reducing the occur-
rence of HIV infection in patients who are receiving 
regular blood transfusions, such as those with thalasse-
mia, even if blood is screened adequately, the risk for 
infection remains. Hepatitis C is becoming a major 
problem throughout the southern Mediterranean region, 
the Indian subcontinent, and Southeast Asia, whereas 
hepatitis B remains a problem in many of the poorer 
countries. With the reappearance of malaria as a major 
problem in parts of the Indian subcontinent and South-
east Asia, post-transfusion malarial infection is increas-
ing. Indeed, in many clinics it is becoming standard 
practice to treat recipients of transfusions with antima-
larial drugs prophylactically.

In addition to these common viral and parasitic 
infections, the risk of blood-borne disease caused by 
other bacteria and parasites must always be considered, 
particularly in places where these infectious diseases are 
endemic. For example, Chagas’ disease is often transmit-
ted through blood transfusion, although remarkably, pre-
treatment of blood with gentian violet seems to result in 
a major reduction of this complication. In parts of South 
America, transfusion-borne infections with Bartonella 
may occur. Diseases associated with HTLV-1 and HTLV-
2, notably tropical spastic paraparesis and adult T-cell 
leukemia, which seem to be restricted mainly to the 
Caribbean and certain Japanese populations, can also be 
transmitted by blood transfusion.

Clearly, screening programs must be tailored to the 
particular infections that are common in individual com-
munities, and blood should be administered only when 
absolutely necessary in these populations.

Management of Imported Malaria

The most important part of the management of malaria 
is to be constantly aware of the possibility of the diagno-
sis.207 Obtaining an accurate travel history is critical. 
Children who have fl own from one nonmalarious region 
to another may have had a brief stopover during which 
they could have been infected. It is vital to obtain a 
detailed account of all countries visited and the use of 
malaria prophylaxis. Clinical symptoms are usually seen 
within a month of infection, but they can occasionally 
appear after several months if the infection has been 
partially suppressed by a prophylactic drug with a long 
half-life such as mefl oquine. In a child who has previously 
been infected with P. vivax or P. malariae and parasites in 
the dormant stage in the liver have not been eradicated, 
symptoms may recur years after the initial infection. If 
malaria is suspected, it is important to not discard the 
diagnosis if parasites are not found at fi rst, and thick 
blood fi lm stains may have to be repeated several times, 
ideally during episodes of fever. Results with thin fi lms 
are unreliable for diagnostic screening, but they can be 
useful for determining the species of parasite when infec-
tion has been confi rmed. Dipstick assays based on detec-

tion of P. falciparum antigens in serum are now available. 
The most commonly used is based on P. falciparum lactate 
dehydrogenase, which is present in blood at the time of 
infection but is cleared rapidly.208 An alternative is based 
on P. falciparum histidine-rich protein 2, which persists 
for some time after infection.209 A positive result with this 
test may be helpful in a medical emergency, but the thick 
blood fi lm remains the diagnostic “gold standard.”

A child with malaria may lack the classic symptoms 
of paroxysmal fever and body pain. The presence of vom-
iting, diarrhea, cough, or tachypnea can be particularly 
misleading. Febrile convulsions are common and need to 
be distinguished from the seizures that accompany cere-
bral malaria, the defi ning feature of which is coma sec-
ondary to P. falciparum from which patients cannot be 
aroused. Hypoglycemia sometimes contributes to the 
coma and must be immediately excluded. Other poten-
tial problems include severe anemia, jaundice, circulatory 
collapse, pulmonary edema, renal failure, and coagula-
tion abnormalities. Vigilance is needed because although 
these potentially lethal complications occur in only a 
minority of infections, they can arise after treatment has 
commenced.

The choice of antimalarial treatment depends on the 
species of parasite, the geographic source of infection, the 
age of child, and the severity of infection. Here it is only 
possible to outline the general principles involved, and 
specifi c recommendations should be sought from an up-
to-date formulary or reference center. Oral chloroquine 
is generally the drug of choice for all species other than 
P. falciparum, although it is important to be aware of the 
increasing prevalence of chloroquine-resistant P. vivax in 
Papua New Guinea and Indonesia.210 With P. vivax or P. 
ovale infection, it is also necessary to destroy the dormant 
liver forms with primaquine. The child’s G6PD activity 
should be checked before giving this drug; if it is defi -
cient, a lower dose of primaquine may be given over a 
longer period. If the infective species is not known, treat-
ment should initially be the same as for falciparum 
malaria because this is the most dangerous form.

The presence of chloroquine-resistant forms of P. 
falciparum is now so widespread that chloroquine can no 
longer be recommended for imported infections with this 
species. For uncomplicated infection, several alternative 
treatments are available. The most convenient are com-
bination therapies: proguanil with atovaquone (Malar-
one) or artemether with lumefantrine (Riamet). The 
alternative and classic method is a course of oral quinine, 
but this needs to be followed by a course of either pyri-
methamine-sulfadoxine (Fansidar) if from an area where 
the parasites are likely to be sensitive, doxycycline if older 
than 12 years, or clindamycin.

For severe malaria, the standard therapy is quinine 
or quinidine given by carefully controlled intravenous 
infusion. The use of intravenous infusion is impractical 
for many pediatric wards in the tropics because of nursing 
shortages and inadequate infusion equipment. In this 
situation, quinine is commonly given intramuscularly 
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(diluted to reduce the likelihood of abscess formation),211 
and there is increasing use of artemisinin (qinqhaosu) 
derivatives because of their rapid antimalarial 
action.212,213

The principles of intensive management for compli-
cations of P. falciparum infection are the same as those for 
any other serious systemic infection. Dextrose infusion is 
often required to maintain blood glucose levels, which 
may be suppressed by quinine or by the infection.214 
Renal function and hemoglobin levels need to be closely 
monitored. In a child with cerebral malaria, overt seizures 
are usually controlled by diazepam and phenobarbital, 
but subclinical seizures are common and may be highly 
refractory to treatment. If high doses of anticonvulsant 
are necessary, it is important to recognize that the child’s 
system is often trying to compensate for metabolic aci-
dosis and that respiratory arrest is the most common 
mode of death215; indeed, high doses of phenobarbital 
have been shown to increase mortality.216

Fluid management of a child with severe malaria has 
been the focus of considerable recent debate. Studies in 
Kenyan children with severe malaria have concluded that 
overall volume status is generally low and that relatively 
aggressive fl uid replacement may be benefi cial,200 with 
preliminary evidence that volume replacement with 
albumin results in lower fatality rates than replacement 
with saline does.217 In contrast, studies of Gabonese chil-
dren with severe malaria found no evidence of signifi cant 
hypovolemia,218 and these authors recommend that fl uid 
replacement regimens be relatively conservative because 
intracranial pressure tends to be moderately elevated.219 
Use of steroids does not improve the outcome for adult 
cerebral malaria; whether this is true for children remains 
unknown. There is no conclusive evidence that any other 
form of adjunctive therapy is benefi cial in childhood 
cerebral malaria. Exchange transfusion is sometimes 
used in patients with very high parasitemia, although its 
effi cacy has not been evaluated in a controlled trial. More 
effective forms of treatment of severe malaria are badly 
needed.

Leishmaniasis

Leishmaniasis may be contracted on short visits to coun-
tries where the condition is endemic. It is a disease that 
may cause considerable diagnostic diffi culty when seen 
in the setting of a hospital in the developed world. In 
children with this disorder, a primary hematologic disor-
der such as leukemia may be misdiagnosed if the diag-
nosis of visceral leishmaniasis is not considered. It may 
be manifested as an acute disorder with fever, hepato-
splenomegaly, and hemolysis or as a more chronic condi-
tion characterized by increasing hepatosplenomegaly, 
lymphadenopathy, and pancytopenia. The hematologic 
and diagnostic features were mentioned earlier in this 
chapter.

Treatment remains diffi cult, with several different 
drugs to chose from, all of which have potential toxic 

effects, so expert advice should be sought.220-222 For many 
years pentavalent antimony has been the drug of choice; 
the preparation that is available in the United States, sti-
bogluconate (Pentostam), is classifi ed as an investiga-
tional drug and is obtained from the Centers for Disease 
Control and Prevention in Atlanta, Georgia, which pro-
vides advice on dosage schedules for particular prepara-
tions. However, signifi cant resistance is emerging, 
particularly in patients with kala-azar in India, and even 
in patients who show a good response to treatment, 
relapses may occur. Pentamidine has long been used as 
alternative for antimonial-resistant visceral leishmaniasis, 
but it is relatively toxic.

The past decade has seen the introduction of new 
therapies, including liposomal amphotericin, oral milte-
fosine, and paromomycin.222 Although these are signifi -
cant advances, they are not ideal drugs, and cheaper and 
less toxic therapies are still needed. Liposomal ampho-
tericin has been shown to be is at least as effective and 
less toxic than antimony-containing compounds for the 
treatment of visceral leishmaniasis, and it is now licensed 
in the United States for that purpose, although its high 
cost is a signifi cant impediment to use in the developing 
world. It has been used successfully for the treatment of 
visceral leishmaniasis in children.223 Miltefosine, an alkyl 
phospholipid developed for use in cancer treatment, has 
been demonstrated to be an effective oral treatment of 
visceral leishmaniasis, including antimony-resistant infec-
tion.224 A recent comparison of the different regimens for 
visceral leishmaniasis concluded that sodium stibogluco-
nate is the most cost-effective option in areas with high 
response rates to antimonials; in other areas, miltefosine 
is most cost-effective, but its use as a fi rst-line drug is 
limited by teratogenicity and the rapid development of 
resistance; and liposomal amphotericin remains an 
expensive option for poor countries where the disease is 
endemic.225
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APPENDIX 1  Hematologic Values in Normal Fetuses at Different Gestational Ages

From Forestier F, Daffos F, Catherine N, et al: Developmental hematopoiesis in normal human fetal blood. Blood 1991; 77:2360.

APPENDIX 2  White Cell Manual Differential Counts in Normal Fetuses at Different Gestational Ages

From Forestier F, Daffos F, Catherine N, et al: Developmental hematopoiesis in normal human fetal blood. Blood 1991; 77:2360.

APPENDIX 3  Hematologic Parameters in Normal, Full-Term Cord Blood

Paterakis et al. (1993)* Diagne et al. (1995)† Boulot et al. (1993)‡

Hemoglobin (g/dL) 15.6 ± 1.2 15.3 ± 1.3 13.9 ± 1.6
RBCs (×106/μL) 4.42 ± 0.35 4.30 ± 0.4 —
Hematocrit (%) 51.0 ± 4.5 49 ± 5 41.3 ± 4.9
Mean Corpuscular Volume (fL) 119.1 ± 4.8 112 ± 6 109 ± 9.8
Mean Corpuscular Hemoglobin (pg) 36.4 ± 1.6 36.2 ± 2.2 38.7 ± 4.0
Mean Corpuscular Hemoglobin 
 Concentration (g/dL)

30.6 ± 1.3 30.9 ± 1.3 33.3 ± 1.4

Data are expressed as mean ± SD.
*Paterakis GS, Lykopoulou L, Papassotiriou J, et al: Flow-cytometric analysis of reticulocytes in normal cord blood. Acta Haematol 1993; 90:182. Data obtained 

in 35 specimens with H*1 Technicon analyzer.
†Diagne I, Archambeaud MP, Diallo D, et al: Parametres erythrocytaires et reservés en fer dans le sang du cordon. Arch Fr Pediatr 1995; 2:208. Data obtained 

in 142 specimens with H*2 Technicon analyzer.
‡Boulot P, Cattaneo A, Taib J, et al: Hematologic values of fetal blood obtained by means of cordocentesis. Fetal Diagn Ther 1993; 8:309.

APPENDIX 4 Erythroblast and Leukocyte Counts in Umbilical Cord Blood

Type of Delivery Erythroblast Count (×109/L) Leukocyte Count (×109/L)

Spontaneous, vaginal (n = 55) 0.75 (0.0-5.3) 13.8 (7.25-48.0)
Elective cesarean section (n = 39) 0.30 (0.0-0.49) 10.6 (6.2-17.7)
Emergency cesarean section (n = 55) 1.10 (0.0-15.9) 13.5 (4.2-40.3)

Values are expressed as mean (range). Erythroblast counts were signifi cantly higher in the spontaneous vaginal and emergency cesarean section groups compared 
with the elective cesarean delivery group.

From Thilaganathan B, Athanasiou S, Ozmen S, et al: Umbilical cord blood erythroblast count as an index of intrauterine hypoxia. Arch Dis Child 1994; 70:
F192.
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APPENDIX 6. Reference range for circulating neutro-
phil counts in healthy very-low-birth-weight neonates.
Based on 160 neutrophil counts obtained in 63 infants 
without perinatal complications at 0 to 60 hours of age. 
Birth weight was 1220 ± 203 g, gestational age 29.9 ± 2.3 
weeks (± SD). A, Neutrophil count at birth to 60 hours of 
life. B, Neutrophil count at 61 hours to 28 days of life. Bold 
(A) and dotted (B) lines represent the envelopes bounding 
these data, respectively. (Redrawn from Mouzinho A, 
Rosenfeld CR, Sanchez PJ, et al: Revised reference ranges for 
circulating neutrophils in very-low-birth-weight neonates. 
Pediatrics 1994; 94:76. Reproduced by permission of 
Pediatrics, Copyright 1994.)

APPENDIX 5  Hematologic Values for Normal Cord Blood

Mean ± SD

RED BLOOD CELLS
Hb (g/dL) 15.3 ± 1.3
Hct (%) 49 ± 5
RBC (×106/μL) 4.3 ± 0.4
MCV (fL) 112 ± 6
MCH (pg) 36.2 ± 2.2
MCHC (g/dL) 30.9 ± 1.3
CHCM (g/dL) 30.4 ± 1.2
% HYPO (MCHC < 28 g/dL) 17.3 ± 11.9
% HYPER (MCHC > 41 g/dL) 0.6 ± 0.3
% MICRO (MCV < 61 fL) 0.8 ± 0.3
% MACRO (MCV > 120 fL) 31.8 ± 9.7

RETICULOCYTES
% 3.63 ± 1.11
Absolute reticulocytes (×109/L) 156.1 ± 47.7
MCVr (fL) 125.8 ± 7.3
CHCMr (g/dL) 25.6 ± 1.2
CHr (pg) 31.3 ± 1.4

MCV = mean corpuscular volume; MCHC = mean corpuscular hemoglobin concentration; MCH = mean corpuscular hemoglobin; CHCM = cell hemoglobin 
concentration mean; % HYPO = % hypochromic red cells; % HYPER = % hyperchromic red cells; % MICRO = % microcytic red cells; % MACRO = % macrocytic 
red cells; MCVr = reticulocyte mean corpuscular volume; CHCMr = reticulocyte cell hemoglobin concentration mean; CHr = reticulocyte hemoglobin content. Values 
obtained with Technicon H*2 and H*3 Hematology analyzers (Bayer Diagnostics) in neonates delivered at term with weight ≥ 2500 g.

Adapted from Diagne I, Archambeaud MP, Diallo D, et al: Parametres erythrocytaires et reservés en fer dans le sang du cordon. Arch Fr Pediatr 1995; 2:208, 
and from G Tchernia, personal communication. Data obtained in 142 specimens with H*2 Technicon analyzer.
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≥37 APPENDIX 7. Changes in polymorphonuclear neutrophils after 

birth in three groups with different gestational ages. Total WBC 
counts were obtained with a Coulter S analyzer; manual differential 
counts were performed on 200 nucleated cells. (Redrawn from Coulom-
bel L, Dehan M, Tchernia G, et al: The number of polymorphonuclear 
leukocytes in relation to gestational age in the newborn. Acta Paediatr 
Scand 1979; 68:709.)

APPENDIX 8 Normal Hematologic Values During the First 2 Weeks of Life in the Term Infant*

Value Cord Blood Day 1 Day 3 Day 7 Day 14

Hemoglobin (g/dL)  16.8  18.4  17.8  17.0  16.8
Hematocrit (%)  53.0  58.0  55.0  54.0  52.0
Red cells (mm3)  5.25  5.8  5.6  5.2  5.1
MCV (fL) 107 108  99.0  98.0  96.0
MCH (pg)  34  35  33  32.5  31.5
MCHC (g/dL)  31.7  32.5  33  33  33
Reticulocytes (%)  3-7  3-7  1-3  0-1  0-1
Nucleated RBCs (/mm3) 500 200  0-5  0  0
Platelets (1000’s/mm3) 290 192 213 248 252

MCV = mean corpuscular volume; MCH = mean corpuscular hemoglobin; MCHC = mean corpuscular hemoglobin concentration.
*During the fi rst 2 weeks of life a venous hemoglobin value below 13.0 g/dL or a capillary hemoglobin value below 14.5 g/dL should be regarded as anemic.
From Oski FA, Naiman JL: Hematologic Problems in the Newborn. 2nd ed. Philadelphia, W.B. Saunders Co., 1972, p 13.

APPENDIX 9 Normal Hematologic Values During the First Year of Life in Healthy Term Infants*

n

AGE (mo)

0.5
(n = 232)

1
(n = 240)

2
(n = 241)

4
(n = 52)

6
(n = 52)

9
(n = 56)

12
(n = 56)

Hemoglobin (mean ± 
SE)

16.6 ± 0.11 13.9 ± 0.10 11.2 ± 0.06 12.2 ± 0.14 12.6 ± 0.10 12.7 ± 0.09 12.7 ± 0.09

 −2 SD 13.4 10.7 9.4 10.3 11.1 11.4 11.3
Hematocrit (mean ± 
SE)

53 ± 0.4 44 ± 0.3 35 ± 0.2 38 ± 0.4 36 ± 0.3 36 ± 0.3 37 ± 0.3

 −2 SD 41 33 28 32 31 32 33
RBC count (mean ± 
SE)

4.9 ± 0.03 4.3 ± 0.03 3.7 ± 0.02 4.3 ± 0.06 4.7 ± 0.05 4.7 ± 0.04 4.7 ± 0.04

 −2 SD +2 SD 3.9-5.9 3.3-5.3 3.1-4.3 3.5-5.1 3.9-5.5 4.0-5.3 4.1-5.3
MCH (mean ± SE) 33.6 ± 0.1 32.5 ± 0.1 30.4 ± 0.1 28.6 ± 0.2 26.8 ± 0.2 27.3 ± 0.2 26.8 ± 0.2
 −2 SD 30 29 27 25 24 25 24
MCV (mean ± SE) 105.3 ± 0.6 101.3 ± 0.3 94.8 ± 0.3 86.7 ± 0.8 76.3 ± 0.6 77.7 ± 0.5 77.7 ± 0.5
 −2 SD 88 91 84 76 68 70 71
MCHC (mean ± SE) 314 ± 1.1 318 ± 1.2 318 ± 1.1 327 ± 2.7 350 ± 1.7 349 ± 1.6 343 ± 1.5
 −2 SD 281 281 283 288 327 324 321

MCH = mean corpuscular hemoglobin; MCV = mean corpuscular volume; MCHC = mean corpuscular hemoglobin concentration.
*These values were obtained from a selected group of 256 healthy term infants followed at the Helsinki University Central Hospital who were receiving continu-

ous iron supplementation and who had normal values for transferrin saturation and serum ferritin.
Values at the ages of 0.5, 1, and 2 months were obtained from the entire group, and those at the later ages were obtained from the iron-supplemented infant 

group after exclusion of iron defi ciency.
From Saarinen UM, Siimes MA: Developmental changes in red blood cell counts and indices of infants after exclusion of iron defi ciency by laboratory criteria 

and continuous iron supplementation. J Pediatr 1978; 92:414.
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APPENDIX 10 Hemoglobin Concentration During the First 6 Months of Life in Iron-Suffi cient Preterm Infants*

Age

BIRTH WEIGHT

No. 1000-1500 g 1501-2000 g

2 wk 17, 39 16.3 (11.7-18.4) 14.8 (11.8-19.6)
1 mo 15, 42 10.9 (8.7-15.2) 11.5 (8.2-15.0)
2 mo 17, 47  8.8 (7.1-11.5)  9.4 (8.0-11.4)
3 mo 16, 41  9.8 (8.9-11.2) 10.2 (9.3-11.8)
4 mo 13, 37 11.3 (9.1-13.1) 11.3 (9.1-13.1)
5 mo  8, 21 11.6 (10.2-14.3) 11.8 (10.4-13.0)
6 mo  9, 21 12.0 (9.4-13.8) 11.8 (10.7-12.6)

*These infants were admitted to the Helsinki Children’s Hospital during a 15-month period. None had a complicated course during the fi rst 2 weeks of life or 
had undergone an exchange transfusion. All infants were iron suffi cient, as indicated by a serum ferritin ≥ 10 ng/mL.

From Lundstrom U, Siimes MA, Dallman PR: At what age does iron supplementation become necessary in low birth weight infants? J Pediatr 1977; 91:882.

APPENDIX 11 Normal Hematologic Values in Children*

From Dallman PR: In Rudolph A (ed): Pediatrics, 16th ed. New York, Appleton-Century-Crofts, 1977, p 1111.
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APPENDIX 12. Hemoglobin and mean conpuscular volume (MCV) percentile curves for girls and boys. A, Hemoglo-
bin and MCV percentile curves for girls. B, Hemoglobin and MCV percentile curves for boys. These fi gures were obtained 
from populations of nonindigent white children residing in either northern California or Finland. Hemoglobin values were 
derived from a total of 9946 children and MCV values from 2314 children. The reference population excluded subjects with 
laboratory evidence of iron defi ciency, thalassemia minor, and hemoglobinopathy. (Redrawn from Dallman PR, Siimes MA: 
Percentile curves for hemoglobin and red cell volume in infancy and childhood. J Pediatr 1979; 94:28.)

APPENDIX 13 Hemoglobin Concentration in White, Black, and East Asian Children*

From Dallman PR, Barr GD, Allen CM, et al: Hemoglobin concentration in white, black, and Oriental children: is there a need for separate criteria in screening 
for anemia? Am J Clin Nutr 1978; 31:379. © Am J Clin Nutr, American Society for Clinical Nutrition.
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APPENDIX 14 Activities of Red Cell Enzymes

Enzyme Activity at 37º C (mean ± SD)

Acetylcholinesterase 36.93 ± 3.83
Adenosine deaminase 1.11 ± 0.23
Adenylate kinase 258 ± 29.3
Aldolase 3.19 ± 0.86
Bisphosphoglyceromutase (2,3-diphosphoglyceromutase) 4.78 ± 0.65
Catalase 15.3 ± 2.4 × 104

Enolase 5.39 ± 0.83
Epimerase 0.23 ± 0.06
Galactokinase 0.029 ± 0.004
Galactose-1-phosphate uridyl transferase 28.4 ± 6.94
Glucose phosphate isomerase 60.8 ± 11.0
Glucose-6-phosphate dehydrogenase 8.34 ± 1.59
 WHO method 12.1 ± 2.09
Glutamic oxaloacetic transaminase without PLP 3.02 ± 0.67
Glutamic oxaloacetic transaminase with PLP 5.04 ± 0.90
γ-Glutamyl-cysteine synthetase 0.43 ± 0.04
Glutathione peroxidase* 30.82 ± 4.65
Glutathione reductase without FAD 7.18 ± 1.09
Glutathione reductase with FAD 10.4 ± 1.50
Glutathione-S-transferase 6.66 ± 1.81
Glyceraldehyde phosphate dehydrogenase 226 ± 41.9
Hexokinase 1.78 ± 0.38
Hypoxanthine phosphoribosyl-transferase 1.72 ± 0.30
Lactate dehydrogenase 200 ± 26.5
Methemoglobin reductase 2.60 ± 0.71
Monophosphoglyceromutase 37.71 ± 5.56
NADH-methemoglobin reductase 19.2 ± 3.85 (30º)
NADPH diaphorase 2.26 ± 0.16
Phosphofructokinase 11.01 ± 2.33
Phosphoglucomutase 5.50 ± 0.62
Phosphoglycerate kinase 320 ± 36.1
Phosphoglycolate phosphatase 1.23 ± 0.10
Pyrimidine 5′ nucleotidase 0.11 ± 0.03
Pyruvate kinase 15.0 ± 1.99
6-Phosphogluconate dehydrogenase 8.78 ± 0.78
Triose phosphate isomerase 2111 ± 397

*From Beutler E, Blum KG: In Altman PL, Dittmer DS (eds): Human Health and Disease. Bethesda, MD, Federation of American Societies for Experimental 
Biology, 1977, p 156; and Beutler E. Red cell metabolism: a manual of biochemical methods. 3rd ed. Orlando, FL, Grune & Stratton, 1984.

APPENDIX 15 Levels of Intermediate Metabolites in Normal Adult Erythrocytes

Metabolite

CONCENTRATION (mean ± 1 SD)

Abbreviation nmol/g Hb nmol/mL Red Cells mmol/L in Whole Blood

Adenosine-5′-diphosphate ADP 6635 ± 105 216 ± 36 —
Adenosine-5′-monophosphate AMP 62 ± 10 21.1 ± 3.4 —
Adenosine-5′-triphosphate ATP 4230 ± 290 (whites) 1438 ± 99 —

3530 ± 301 (blacks) 1200 ± 102 —
2,3-Diphosphoglycerate 2,3-DPG 1227 ± 1870 4171 ± 636 —
Glutathione GSH 6570 ± 1040 2234 ± 354 —
Glutathione (oxidized) GSSG 12.3 ± 4.5 4.2 ± 1.53 —
Glucose-6-phosphate G6P 82 ± 22 27.8 ± 7.5 —
Fructose-6-phosphate F6P 27 ± 5.8 9.3 ± 2.0 —
Fructose-6-diphosphate FDP 5.6 ± 1.8 1.9 ± 0.6 —
Dihydroxyacetone phosphate DHAP 27.6 ± 8.2 9.4 ± 2.8 —
3-Phosphoglyceric acid 3-PGA 132 ± 15.0 44.9 ± 5.1 —
2-Phosphoglyceric acid 2-PGA 21.5 ± 7.35 7.3 ± 2.5 —
Phosphoenolpyruvate PEP 35.9 ± 6.47 12.2 ± 2.2 —
Creatine 1310 ± 310 (male) 445 ± 105 —

1500 ± 250 (female) 510 ± 85 —
Lactate — — 932 ± 211
Pyruvate — — 53.3 ± 21.5

From Beutler E: Red Cell Metabolism: A Manual of Biochemical Methods. 3rd ed. Orlando, FL, Grune & Stratton, 1984.
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APPENDIX 16 Red Cell Enzyme Activity in Adults and Term Infants*

Enzyme Adults (20) Infants (10)

Hexokinase 12.9 ± 2.1 34.0 ± 6.0
Phosphoglucose isomerase 406 ± 37 560 ± 112
Phosphofructokinase 148 ± 24.5 84.5 ± 24
Aldolase 24.5 ± 3.7 42.0 ± 10.0
Glyceraldehyde-3-phosphate dehydrogenase 885 ± 127 884 ± 245
Triosephosphate isomerase 26,323 ± 3240 29,111 ± 4100
Phosphoglycerate kinase 2795 ± 144 3926 ± 528
Phosphoglycerate mutase 751 ± 99 1049 ± 160
Enolase 252 ± 54 517 ± 121
Pyruvate kinase 179 ± 16 256 ± 50
Lactic dehydrogenase 2033 ± 287 2756 ± 425
Glucose-6-phosphate dehydrogenase 215 ± 18 328 ± 40

*Infant samples were obtained from newborns weighing more than 2800 g whose gestational age was 39 weeks or greater. Blood was drawn within 24 hours of 
birth. All the newborns were clinically healthy. Adult samples were obtained from healthy, normal volunteers.

From Oski FA: Red cell metabolism in the newborn infant: V. Glycolytic intermediates and glycolytic enzymes. Pediatrics 1969; 44:89. Reproduced by permission 
of Pediatrics, Copyright 1969.

APPENDIX 17  Red Cell Glycolytic Intermediate Metabolites in Normal Adults, Term Infants, 
and Premature Infants*

Metabolite Normal Adults (10) Term Infants (10) Premature Infants (11) Normals (5)

Glucose-6-phosphate 24.8 ± 9.8 45.2 ± 8.7 66.8 ± 34.8 27 ± 2.4
Fructose-6-phosphate 5.4 ± 1.0 9.9 ± 2.3 20.5 ± 8.9 11 ± 2.5
Fructose, 1,6-diphosphate 4.6 ± 1.0 3.8 ± 0.7 3.6 ± 0.8 5 ± 0.9
Dihydroxyacetone phosphate 4.9 ± 3.5 11.9 ± 5.0 18.6 ± 10.7 12 ± 3.7
Glyceraldehyde-3-phosphate 2.6 ± 0.7 1.9 ± 1.6 6.5 ± 3.2 4 ± 1.5
3-Phosphoglycerate 61.6 ± 12.4 58.2 ± 14.4 47.5 ± 14.2 48 ± 16.1
2-Phosphoglycerate 4.3 ± 1.8 4.9 ± 1.6 4.4 ± 2.5 7 ± 1.7
Phosphoenolpyruvate 8.8 ± 2.6 7.6 ± 2.9 7.4 ± 3.0 12 ± 0.9
Pyruvate 73.5 ± 33.1 70.4 ± 32.3 78.4 ± 4.15 71 ± 17.7
2,3-Diphosphoglycerate 4423 ± 1907 3609 ± 800 3152 ± 2133 4000

*Samples from normal adults and term infants were identical to those described in Appendix 18. Premature infants had birth weights below 2200 g and gestational 
age less than 37 weeks. These premature infants were healthy at the time of investigation.

From Oski FA: Red cell metabolism in the newborn infant: V. Glycolytic intermediates and glycolytic enzymes. Pediatrics 1969; 44:87. Reproduced with permis-
sion of Pediatrics, Copyright 1969.

APPENDIX 18 Red Cell Enzyme Activity Levels in Cord Blood and 4th-Day Blood

Cord 4th Day P

Glucose-6-phosphate dehydrogenase 8.51 ± 1.20 6.23 ± 1.45 .005
Glutathione peroxidase 12.73 ± 1.32 14.01 ± 1.10 .001
Glutathione reductase 5.27 ± 1.21 6.49 ± 1.15 .004
Catalase 11.36 ± 1.28 12.73 ± 1.12 .025
Superoxide dismutase 1.21 ± 0.09 1.20 ± 0.08 NS

Data expressed in IU/g Hb as mean ± SD; n = 36.
From Buonocore G, Berni S, Gioia D, et al: Characteristics and functional properties of red cells during the fi rst days of life. Biol Neonate 1991; 60:137. Repro-

duced with permission of S. Karger AG, Basel.
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APPENDIX 19 Hemoglobin A Content (%) in Blood of Male and Female Newborns According to Birth Weight

 
From Galacteros F, Guilloud-Bataille M, Feingold J: Sex, gestational age, and weight dependency of adult hemoglobin concentration in normal newborns. Blood 

1991; 78:1121.
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APPENDIX 20. Relative concentration of 
hemoglobin F in infants and its variation with 
age. The region between the curved lines contains 
120 observations in 17 normal children. (Redrawn 
from Garby L, Sjolin S: Development of erythropoi-
esis. Acta Paediatr 1962; 51:245.)

APPENDIX 21 Percentage of Hemoglobins F and A2 in the Newborn and Adult*

From Charache S: In Altman PL, Dittmer DS (eds): Human Health and Disease. Bethesda, MD, Federation of American Societies for Experimental Biology, 
1977, p 159.
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APPENDIX 23 Membrane Lipid Composition of Fetal Erythrocytes

APPENDIX 22 Methemoglobin Levels in Normal Children*

No. 
Cases

No.
Det.

METHEMOGLOBIN (g/dL)

No. 
Cases

No.
Det.

METHEMOGLOBIN AS 
PERCENTAGE OF TOTAL 

HEMOGLOBIN

Mean Range
Standard 
Dev. Mean Range

Standard 
Dev.

Prematures (birth-7 days) 29 34 0.43 (0.02-0.83) ±0.07 24 28 2.3 (0.08-4.4) ±1.26
Prematures (7-72 days) 21 29 0.31 (0.02-0.78) ±0.19 18 23 2.2 (0.02-4.7) ±1.07
Prematures (total) 50 63 0.38 (0.02-0.83) ±0.10 42 51 2.2 (0.08-4.7) ±1.10
Cook County Hospital, 
prematures (1-14 days)

 8  8 0.52 (0.18-0.83) ±0.08 — — — — —

Newborns (1-10 days) 39 39 0.22 (0.00-0.58) ±0.17 25 30 1.5 (0.00-2.8) ±0.81
Infants (1 month-1 year)  8  8 0.14 (0.02-0.29) ±0.09  8  8 1.2 (0.17-2.4) ±0.78
Children (1-14 years) 35 35 0.11 (0.00-0.33) ±0.09 35 35 0.79 (0.00-2.4) ±0.62
Adults (14-78 years) 30 30 0.11 (0.00-0.28) ±0.09 27 27 0.82 (0.00-1.9) ±0.63

*The premature and full-term infants were free of known disease. None had respiratory distress or cyanosis. Analysis of milk and water ingested by these infants 
revealed a nitrate level less than 0.027 ppm. The premature infants routinely received vitamin C orally each day from the seventh day of life.

From Kravitz H, Elegant LD, Kaiser E, et al: Methemoglobin values in premature and mature infants and children. Am J Dis Child 1956; 91:2. Copyright 1956, 
American Medical Association.

Continues
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From Colin FC, Gallois Y, Rapid D, et al: Impaired fetal erythrocytes’ fi lterability: relationship with cell size, membrane fl uidity, and membrane lipid composition. 

Blood 1992; 79:2148.

APPENDIX 23 Membrane Lipid Composition of Fetal Erythrocytes—cont’d

APPENDIX 24 Geometric Data for Unfractionated, Top, and Bottom Neonatal and Adult Erythrocytes

From Linderkamp O, Friederichs E, Meiselman HJ: Mechanical and geometrical properties of density-separated neonatal and adult erythrocytes. Pediatr Res 
1993; 34:688.
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APPENDIX 25 Estimated Blood Volumes

From Price DC, Ries C: In Handmaker H, Lowenstein JM (eds): Nuclear Medicine in Clinical Pediatrics. New York, Society of Nuclear Medicine, 1975, 
p 279.

APPENDIX 26 Reference Ranges for Leukocyte Counts in Children*

From Dallman PR: In Rudolph AM (ed): Pediatrics, 16th ed. New York, Appleton-Century-Crofts, 1977, p 1178.
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APPENDIX 27 Reference Ranges for Pediatric Lymphocyte Subsets at Different Ages

APPENDIX 28 Lymphocyte Subsets in Term and Premature Neonates in the First Week of Life

Term
(n = 21)

Premature
(n = 104)

Healthy Premature 
(n = 36)

Sick Premature 
(n = 68)

Total leukocytes — 15.44 ± 1.42 13.63 ± 0.94 13.81 ± 1.12 13.54 ± 1.32
Lymphocytes — 3.51 ± 0.38 5.47 ± 0.23 6.04 ± 0.36 5.18 ± 0.28
CD2 % 67 ± 4 72 ± 1.5 77 ± 3 70 ± 2

A 2.65 ± 0.34 3.97 ± 0.20 4.61 ± 0.33 3.63 ± 0.24
CD4 % 45 ± 2 47 ± 1.5 52 ± 2 45 ± 2

A 1.56 ± 0.20 2.58 ± 0.14 3.16 ± 0.14 2.29 ± 0.17
CD8 % 13 ± 1 12 ± 0.5 12.6 ± 0.7 12 ± 0.6

A 0.57 ± 0.13 0.67 ± 0.04 0.73 ± 0.07 0.64 ± 0.05
CD20 % 5.3 ± 0.4 6.4 ± 0.4 5.6 ± 0.4 6.8 ± 0.6

A 0.18 ± 0.03 0.34 ± 0.03 0.34 ± 0.04 0.34 ± 0.03
CD21 % 9.1 ± 0.6 8.6 ± 0.5 6.8 ± 0.6 9.5 ± 0.7

A 0.33 ± 0.06 0.44 ± 0.03 0.39 ± 0.04 0.47 ± 0.05

Values are expressed as mean ± SEM; %, relative %; A, Absolute cell count × 109/L.
From Series IM, Pichette J, Carrier C, et al: Quantitative analysis of T and B cell subsets in healthy and sick premature infants. Early Hum Develop 1991; 

26:143.

Age
Total 
Lymphocytes CD4 CD8 CD2 CD3 CD19

Helper/
Suppressor
Ratio

0-6 mo % 0.62-0.72 0.50-0.57 0.08-0.31 0.55-0.88 0.55-0.82 0.11-0.45 1.17
 (n = 10) A 5.4-7.2 2.8-3.9 0.35-2.5 3.9-5.3 3.5-5.0 0.43-3.3 6.22
6-12 mo % 0.60-0.69 0.49-0.55 0.08-0.31 0.55-0.88 0.55-0.82 0.11-0.45 1.17
 (n = 9) A 5.3-6.7 2.6-3.5 0.35-2.5 3.8-4.9 3.4-4.6 0.43-3.3 6.22
12-18 mo % 0.56-0.63 0.46-0.51 0.08-0.31 0.55-0.88 0.55-0.82 0.11-0.45 1.17
 (n = 9) A 4.9-5.9 2.3-2.9 0.35-2.5 3.5-4.2 3.2-3.9 0.43-3.3 6.22
18-24 mo % 0.52-0.59 0.42-0.48 0.08-0.31 0.55-0.88 0.55-0.82 0.11-0.45 1.17
 (n = 10) A 4.4-5.5 1.9-2.5 0.35-2.5 3.1-3.9 2.8-3.5 0.43-3.3 6.22
24-30 mo % 0.45-0.57 0.38-0.46 0.08-0.31 0.55-0.88 0.55-0.82 0.11-0.45 1.17
 (n = 9) A 3.9-5.2 1.5-2.2 0.35-2.5 2.6-3.6 2.3-3.3 0.43-3.3 6.22
30-36 mo % 0.39-0.53 0.33-0.44 0.08-0.31 0.55-0.88 0.55-0.82 0.11-0.45 1.17
 (n = 10) A 3.3-5.1 1.2-2.0 0.35-2.5 2.2-3.5 1.9-3.1 0.43-3.3 6.22
3 years % 0.22-0.69 0.27-0.57 0.14-0.34 0.65-0.84 0.55-0.82 0.09-0.29 0.98
 (n = 73) A 1.6-5.4 0.56-2.7 0.33-1.4 1.2-4.1 1.0-3.9 0.20-1.3 3.24

Values are expressed as 95th percentile reference range; %, relative %; A, Absolute cell count × 109/L.
From Kotylo PK, Finenberg NS, Freeman KS, et al: Reference ranges for lymphocyte subsets in pediatric patients. Am J Clin Pathol 1993; 100:111. See also 

Denny T, Yogev R, Gelman R, et al: Lymphocyte subsets in healthy children during the fi rst 5 years of life. JAMA 1992; 267:1484.
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APPENDIX 30. Platelet counts as a function of 
gestational age. Reference range (mean ± 2SD) for 
fetal platelet counts as a function of gestational age 
in 229 pregnancies. (Redrawn from Van den Hof 
MC, Nicolaides KH: Platelet count in normal, small 
and anemic fetuses. Am J Obstet Gynecol 1990; 
162:735.)

APPENDIX 31 Circulating Platelet Counts and Serum Thrombopoietin (TPO) Levels at Different Ages

Age Categories Platelet Count (109/L) Serum TPO (fmol/L)

Cord blood 288 ± 53 3.73 ± 1.48 (1.44-6.74)
2 days 303 ± 48 5.92 ± 1.4 (4.33-9.18)
5 days 338 ± 59 4.32 ± 0.94 (2.38-5.76)
1 month 343 ± 72 3.77 ± 1.45 (2.25-7.60)
2-11 months 365 ± 49 2.10 ± 0.69 (1.04-4.24)
1-2 years 314 ± 78 2.23 ± 0.89 (0.43-4.54)
3-4 years 304 ± 66 1.97 ± 0.67 (0.98-3.73)
5-6 years 303 ± 65 1.67 ± 0.66 (0.58-3.14)
7-10 years 295 ± 58 1.39 ± 0.63 (0.53-2.94)
11-15 years 251 ± 40 1.24 ± 0.40 (0.49-1.99)
Adult 234 ± 48 0.83 ± 0.36 (0.25-1.72)

Data are expressed as mean ± SD. The range of values for TPO is reported in ( ).
All children values are signifi cantly different (P < 0.001, Mann-Whitney U test) from adult values.
From Ishiguro, A, Nakahata T, Matsubara K, et al. (1999). Age-related changes in thrombopoietin in children: reference interval for serum thrombopoietin levels. 

Br J Haematol 106(4):884-888.

APPENDIX 32 Comparison of Selected Coagulation Factor Values in Newborns

Age
Fibrinogen
(mg/dL)

F II
(U/mL)

F VIII
(U/mL)

F IX
(U/mL)

F XII
(U/mL)

Antithrombin
(U/mL)

Protein C
(U/mL)

TERM
Hathaway and Bonnar 240 (150) 0.52 (0.25) 1.5 (0.55) 0.35 (0.15) 0.44 (0.16) 0.56 (0.32) 0.32 (0.16)
 (1987) and
 Manco-Johnson et al.
 (1988)*
Andrew et al. 283 (177) 0.48 (0.26) 1.0 (0.50) 0.53 (0.25) 0.53 (0.20) 0.63 (0.25) 0.35 (0.17)
 (1987, 1988)†

Corrigan (1992)‡ 246 (150) 0.45 (0.22) 1.68 (0.50) 0.40 (0.20) 0.44 (0.16) 0.52 (0.20) 0.31 (0.17)

PRETERM
Hathaway and Bonnar
 (1987) and 300 (120) 0.45 (0.26) 0.93 (0.54) 0.41 (0.20) 0.33 (0.23) 0.40 (0.25) 0.24 (0.18)
 Manco-Johnson et al.
 (1988)*
Andrew et al. 243 (150) 0.45 (0.20) 1.1 (0.50) 0.35 (0.19) 0.38 (0.10) 0.38 (0.14) 0.28 (0.12)
 (1987, 1988)†

Corrigan (1992)‡ 240 (150) 0.35 (0.21) 1.36 (0.21) 0.35 (0.10) 0.22 (0.09) 0.35 (0.10) 0.28 (0.12)

Data are expressed as mean and lower limits of normal. Preterm, 30-36 wk gestational age.
From Hathaway W, Corrigan J: Report of scientifi c and standardization subcommittee on neonatal hemostasis. Thromb Haemost 1991; 65:323.
*Hathaway W, Bonnar J: Hemostatic Disorders of the Pregnant Woman and Newborn Infant. New York, Elsevier Science Publishing Co., 1987; Manco-Johnson 

M, Marlar R, et al: Severe protein C defi ciency in newborn infants. J Pediatr 1988; 113:359.
†Andrew M, Paes B, Milner R, et al: Development of the human coagulation system in the full-term infant. Blood 1987; 70:165; Andrew M, Paes B, Milner R, 

et al: Development of the human coagulation system in the healthy premature infant. Blood 1988; 72:1651.
‡Corrigan JJ Jr: Normal hemostasis in fetus and newborn. Coagulation. In Polin RA, Fox WW (eds): Fetal and Neonatal Physiology. Philadelphia, WB Saunders, 

1992, pp 1368-1371.
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APPENDIX 33  Changes in Prothrombin Time, Activated Partial Thromboplastin Time, and Thrombin Time in Term 
and Premature Infants

From Hathaway W, Corrigan J: Report of scientifi c and standardization subcommittee on neonatal hemostasis. Thromb Haemost 1991; 65:323.

APPENDIX 34  Reference Values for Coagulation 
Tests in Healthy, Full-Term Newborns 
Compared with Normal Adults

From Cerneca F, de Vonderweid U, Simeone R, et al: The importance of 
hematocrit in the interpretation of coagulation tests in the full-term newborn 
infant. Haematologica 1994; 79:25.

APPENDIX 35 Bleeding Time in Children

Age (y) Number of Subjects Bleeding Time (s)

0-2  33 180 ± 30
2-4  33 240 ± 60
4-9  75 300 ± 60
9-18  66 300 ± 70
0-18 201 270 ± 60
Adults  90 320 ± 90

Values are expressed as mean ± SD, using a Disposable Simplate method.
From Aversa LA, Vázquez A, Peñalver JA, et al: Bleeding time in normal 

children. J Pediatr Hematol Oncol 1995; 17:25.
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From Andrew M, Vegh P, Johnston M, et al: Maturation of the hemostatic system during childhood. Blood 1992; 80:1998.

APPENDIX 36  Reference Values for Coagulation Tests in Healthy Children Aged 1 to 16 Years Compared 
with Adults

From Andrew M, Vegh P, Johnston M, et al: Maturation of the hemostatic system during childhood. Blood 1992; 80:1998.

APPENDIX 37  Reference Values for the Inhibitors of Coagulation in Healthy Children Aged 1 to 16 Years 
Compared with Adults
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APPENDIX 39  Endogenous Plasma Concentrations of Thrombin–Antithrombin Complexes (TATs) and Prothrombin 
Fragment 1.2 (F1.2) in Children and Adults

From Andrew M, Mitchell L, Vegh P, et al: Thrombin regulation in children differs from adults in the absence and presence of heparin. Thromb Haemost 
1994; 72:836.

APPENDIX 40 Coagulation Screening Tests and Factor Levels in Fetuses and Full-Term Newborns

From Reverdiau Moalic P, Delahousse B, Body G, et al: Evaluation of blood coagulation activators and inhibitors in the healthy human fetus. Blood 1996; 
88:900.

APPENDIX 38  Reference Values for the Fibrinolytic System in Healthy Children Aged 1 to 16 Years Compared 
with Adults

From Andrew M, Vegh P, Johnston M, et al: Maturation of the hemostatic system during childhood. Blood 1992; 80:1998.
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APPENDIX 41 Coagulation Inhibitors in Fetuses and Full-Term Newborns

From Reverdiau Moalic P, Delahousse B, Body G, et al: Evaluation of blood coagulation activators and inhibitors in the healthy human fetus. Blood 1996; 
88:900.

APPENDIX 42  Hemoglobin, Serum Transferrin Saturation, Serum Ferritin, and Red Cell Indices in Adolescents 
(15-16 Years of Age)

.
From Hallberg L, Hultén L, Lindstedt G, et al: Prevalence of iron defi ciency in Swedish adolescents. Pediatr Res 1993; 34:680-687.

APPENDIX 43  Values of Serum Iron (SI), Total Iron-Binding Capacity (TIBC), and Transferrin Saturation (S%) from 
Infants During the First Year of Life*

AGE (mo)

0.5 1 2 4 6 9 12

SI Median μmol/L  22  22  16  15  14  15 14
95% range  11-36  10-31  3-29  3-29  5-24  6-24 6-28

μg/dL 120 125  87  84  77  84 78
 63-201  58-172  15-159  18-164  28-135  34-135 35-155

TIBC (mean ± SD) μmol/L  34 ± 8  36 ± 8  44 ± 10  54 ± 7  58 ± 9  61 ± 7 64 ± 7
μg/dL 191 ± 43 199 ± 43 246 ± 55 300 ± 39 321 ± 51 341 ± 42 358 ± 38

S% Median  68  63  34  27  23  25 23
95% range  30-99  35-94  21-63  7-53  10-43  10-39 10-47

*These data were obtained from a group of healthy, full-term infants who were born at the Helsinki University Central Hospital. Infants received iron supple-
mentation in formula and cereal throughout the 12-month period. Infants with hemoglobin below 110 g/dL, mean corpuscular volume of red blood cells below 71 μ3, 
or serum ferritin below 10 ng/mL, were excluded from the study. The 95% range of the transferrin saturation values indicates that the lower limit of normal is about 
10% after 4 months of age.

From Saarinen UM, Siimes MA: Serum iron and transferrin in iron defi ciency. J Pediatr 1977; 91:876.
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APPENDIX 44 Serum Ferritin, Iron, Total Iron-Binding Capacity, and Transferrin Saturation

Age Male Subjects Female Subjects

FERRITIN ng/mL mg/L ng/mL mg/L

1-30 d† 6-400 6-400 6-515 6-515
1-6 mo† 6-410 6-410 6-340 6-340
7-12 m† 6-80 6-80 6-45 6-45
1-5 y*‡ 6-24 6-24 6-24 6-24
6-9 y*‡ 10-55 10-55 10-55 10-55
10-14 y‡ 23-70 23-70 6-40 6-40
14-19 y‡ 23-70 23-70 6-40 6-40

IRON mg/dL mmol/L mg/dL mmol/L
1-5 y*‡ 22-136 4-25 22-136 4-25
6-9 y*‡ 39-136 7-25 39-136 7-25
10-14 y‡ 28-134 5-24 45-145 8-26
14-19 y‡ 34-162 6-29 28-184 5-33

IRON-BINDING CAPACITY
1-5 y*‡ 268-441 48-79 268-441 48-79
6-9 y*‡ 240-508 43-91 240-508 43-91
10-14 y‡ 302-508 54-91 318-575 57-103
14-19 y‡ 290-570 52-102 302-564 52-101

TRANSFERRIN SATURATION
1-5 y*‡ 0.07-0.44 0.07-0.44
6-9 y*‡ 0.17-0.42 0.17-0.42
10-14 y‡ 0.11-0.36 0.02-0.40
14-19 y‡ 0.06-0.33 0.06-0.33

TRANSFERRIN U/L (males and females)
1.43-4.46
2.18-3.47
2.08-3.78
2.25-3.61
2.24-4.42
2.33-4.44

0-5 d§

1-3 y§

4-6 y§

7-9 y§

10-13 y§

14-19 y§

*No signifi cant differences between males and females; range derived from combined data.
†Soldin SJ, Morales A, Albalos F, et al: Pediatric reference ranges on the Abbott IMx for FSH, LH, prolactin, TSH, T4, T3, free T3, T-uptake, IgE, and ferritin. 

Clin Biochem 1995; 28:603. Study based on hospitalized patients; values represent 2.5 and 97.5th percentiles.
‡Lockitch G, Halstead AC, Wadsworth L, et al: Age- and sex-specifi c pediatric reference intervals for zinc, copper, selenium, iron, vitamins A and E and related 

proteins. Clin Chem 1988; 34:1625. Study based on healthy children; values represent the 0.025 and 0.975 fractiles. Transferrin saturation calculated from iron (μmol/
L)/TIBC. Note that the lower reference limits for serum iron and transferrin saturation in this study are below the limits used to defi ne acceptable levels for these two 
analytes (see O’Neal RM, Johnson OC, Schaefer AE: Guidelines for the classifi cation and interpretation of group blood and urine data collected as part of the National 
Nutritional Survey. Pediatr Res 1970; 4:103).

§Lockitch G, Halstead AC, Quigley G, et al: Age- and sex-specifi c pediatric reference intervals: study design and methods illustrated by measurement of serum 
proteins with the Behring LN nephelometer. Clin Chem 1988; 34:1618. Results are 2.5-97.5 percentiles.

APPENDIX 45 Reference Limits for Serum Transferrin Receptor in Children

 .
From Suominen, P, Virtanen A, Lehtonen-Veromaa M, et al. Regression-based reference limits for serum transferrin receptor in children 6 months to 16 years 

of age. Clin Chem 2001;47(5):935-937.
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APPENDIX 46  Plasma Levels of Folic Acid and 
Vitamin B12 in Children

APPENDIX 47  Plasma Levels of Vitamin E 
(a-Tocopherol) in Children

MALES AND FEMALES

Age mmol/L mg/mL

Prematures*  1-8 0.5-3.5
Full term*  2-8 1.0-3.5
2-5 mo*  5-14 2.0-6.0
6-24 mo*  8-19 3.5-8.0
2-12 y* 13-21 5.5-9.0
1-6 y†  7-21 3.0-9.0
7-12 y† 10-21 4.0-9.0
13-19 y† 13-24 6.0-10.1

*Meites S (ed): Pediatric Clinical Chemistry. 3rd ed. Washington, DC, 
AACC Press, 1989, pp 295-296.

†Lockitch G, Halstead AC, Wadsworth L, et al: Age- and sex-specifi c pedi-
atric reference intervals for zinc, copper, selenium, iron, vitamins A and E and 
related proteins. Clin Chem 1988; 34:1625. Study based on healthy children; 
values represent the 0.025 and 0.975 fractiles.

APPENDIX 48 Serum Erythropoietin Levels During the First Year of Life

Days After Birth Erythropoietin (mU/mL) Hemoglobin (g/dL) RBC (×106/mL)

0-6 33.0 ± 31.4 (11) 15.6 ± 2.2 (11) 4.51 ± 0.74 (11)
7-50 11.7 ± 3.6 (7) 12.8 ± 1.1 (5) 3.92 ± 0.35 (5)
51-100 21.1 ± 5.5 (13) 11.4 ± 1.0 (10) 4.09 ± 0.51 (10)
101-150 15.1 ± 3.9 (5) 11.2 ± 1.1 (3) 4.21 ± 0.31 (3)
151-200 17.8 ± 6.3 (6) — —
>201 23.1 ± 9.7 (10) 11.8 ± 0.8 (9) 4.57 ± 0.24 (9)

Values are expressed as mean ± SD; ( ), number of specimens.
From Yamashita H, Kukita J, Ohga S. Serum erythropoietin levels in term and preterm infants during the fi rst year of life. Am J Pediatr Hematol Oncol 1994; 

16:213.

APPENDIX 49  Plasma Erythropoietin Reference Ranges in Children

Age (y)

MALE SUBJECTS FEMALE SUBJECTS

2.5% 97.5% 2.5% 97.5%

 1-3 1.7 17.9 2.1 15.9
 4-6 3.5 21.9 2.9  8.5
 7-9 1.0 13.5 2.1  8.2
10-12 1.0 14.0 1.1  9.1
13-15 2.2 14.4 3.8 20.5
16-18 1.5 15.2 2.0 14.2

Values expressed in mIU/mL. Data obtained from a total of 1122 hospitalized and outpatient children age 1-18 years.
Levels found in anemic patients cannot be compared with normal values. In fact, as long as the erythropoietin-generating apparatus in the kidney is effi cient, 

serum levels increase exponentially as the hematocrit decreases. Serum erythropoietin must therefore be evaluated in relation to the degree of anemia, and every single 
laboratory should determine the exponential regression of serum erythropoietin versus hematocrit (or hemoglobin) in a home-made reference population of anemic 
subjects and defi ne the 95% confi dence limits. The patients gathered to calculate a reference regression equation should have an anemia with a single simple mechanism 
and no evidence of either renal failure or excessive cytokine production (i.e., normal values for C-reactive protein and α2-globulins). Chronic iron defi ciency anemia 
patients due to non-neoplastic and noninfl ammatory chronic blood loss have the advantages of being easily found, unequivocably defi ned, and homogeneous. They 
could become the universal reference population, although patients with hemolytic anemia or thalassemia intermedia also may be studied as reference subjects. Serum 
erythropoietin levels are also much higher for hemoglobin concentration in hypoplastic than in hyperplastic states. Thus, for the same hemoglobin concentration, serum 
erythropoietin levels are lower in thalassemia intermedia than in Diamond-Blackfan anemia.

From Krafte-Jacobs B, Williams J, Soldin SJ: Plasma erythropoietin reference ranges in children. J Pediatr 1995; 126:601.
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APPENDIX 50  Complement Fractions C3 and C4 in 
Males and Females

AGE g/L

C3
Zilow et al (1993)* Healthy infants 0.30-0.98
Lockitch et al (1988)† 0-5 day 0.26-1.04

1-19 yr 0.51-0.95
Adult 0.45-0.83

C4
Lockitch et al (1988)† 0-5 day 0.06-0.37

1-19 yr 0.08-0.44
Adult 0.11-0.41

*Zilow G, Zilow EP, Burger R, et al: Complement activation in newborn 
infants with early onset infection. Pediatr Res 1993; 34:199. Results are 0-100th 
percentiles.

†Lockitch G, Halstead AC, Quigley G, et al: Age- and sex-specifi c pediatric 
reference intervals: study design and methods illustrated by measurement of 
serum proteins with the Behring LN nephelometer. Clin Chem 1988; 34:1618. 
Results are 0.025-0.975 fractiles.

APPENDIX 51  Acute Phase Proteins and 
Complement Activation Products in 
Healthy Newborns

From Zilow G, Zilow EP, Burger R, et al: Complement activation in 
newborn infants with early onset infection. Pediatr Res 1993; 34:199.

APPENDIX 52 Reference Values for Serum C-Reactive Protein (CRP) and Interleukin-6 (IL-6) in Newborns

From Chiesa C, Signore F, Assoma M, et al. Serial measurements of C-reactive protein and interleukin-6 in the immediate postnatal period: reference intervals 
and analysis of maternal and perinatal confounders. Clin Chem 2001;47:1016-1022.
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APPENDIX 54  Plasma Levels of Immunoglobulin A 
in Males and Females

Age g/L mg/dL

Lockitch et al (1988)*
  0-12 mo 0.00-1.00  0-100
  1-3 y 0.24-1.21 24-121
  4-6 y 0.33-2.35 33-235
  7-9 y 0.41-3.68 41-368
  10-11 y 0.64-2.46 64-246
  12-13 y 0.70-4.32 70-432
  14-15 y 0.57-3.00 57-300
  16-19 y 0.74-4.19 74-419
Children’s Hospital†

 Newborn 0.00-0.11  0-11
 1-3 mo 0.06-0.05  6-50
 4-6 mo 0.08-0.90  8-90
 7-12 mo 0.16-1.00 16-100
 1-3 y 0.20-2.30 20-230
 3-6 y 0.50-1.50 50-150
 Adult 0.50-2.00 50-200

*Lockitch G, Halstead AC, Quigley G, et al: Age- and sex-specifi c pediatric 
reference intervals: study design and methods illustrated by measurement of 
serum proteins with the Behring LN nephelometer. Clin Chem 1988; 34:1618. 
Results are 0.025-0.975 percentiles.

†Children’s Hospital, Boston, Massachusetts, by laser nephelometry (Dade-
Behring BN2).

APPENDIX 55  Serum Levels of Immunoglobulin D 
in Males and Females

Age mg/L

Cord blood* 0.04-1.02
Adult†  2.0-173

*Ownby DR, Johnson CC, Peterson EL: Maternal smoking does not infl u-
ence cord serum IgE or IgD concentrations. J Allergy Clin Immunol 1991; 
88:555. Values constitute 95% of the measured samples.

†Tozawa T, Nakata N, Adachi K: Serum IgD concentrations in normal 
individuals 20-39 years of age. Rinsho Byori Jpn J Clin Pathol 1994; 42:656.

APPENDIX 53  Serum Acid Glycoprotein (AGP), α1-Antitrypsin (a1-AT) and Haptoglobin Levels Reference Ranges 
at Different Ages

Age (Years)

ACID GLYCOPROTEIN (g/L) a1-ANTITRYPSIN (g/L) HAPTOGLOBIN (g/L)

2.5th 50th 97.5th 2.5th 50th 97.5th 2.5th 50th 97.5th

MALES
1 0.52 0.88 1.47 0.87 1.40 1.91 0.07 1.11 3.1
4 0.50 0.84 1.42 0.89 1.44 1.96 0.05 0.83 2.31
7 0.49 0.83 1.39 0.90 1.45 1.98 0.04 0.74 2.05
10 0.47 0.80 1.34 0.91 1.46 1.99 0.04 0.68 1.90
14 0.44 0.74 1.25 0.86 1.38 1.88 0.27 0.81 1.63
18 0.46 0.78 1.31 0.83 1.34 1.83 0.31 0.93 1.87
20 0.47 0.80 1.34 0.83 1.33 1.82 0.32 0.98 1.97
30 0.51 0.87 1.46 0.82 1.31 1.79 0.38 1.15 2.31

FEMALES
1 0.63 1.07 1.80 0.92 1.48 2.02 0.08 1.38 3.84
4 0.54 0.92 1.55 0.90 1.44 1.97 0.06 0.95 2.63
7 0.51 0.86 1.45 0.89 1.43 1.95 0.05 0.81 2.26
10 0.49 0.83 1.40 0.88 1.42 1.94 0.04 0.74 2.05
14 0.48 0.80 1.35 0.88 1.41 1.93 0.31 0.95 1.90
18 0.46 0.78 1.31 0.92 1.48 2.02 0.35 1.07 2.14
20 0.46 0.77 1.31 0.92 1.49 2.03 0.37 1.11 2.23
30 0.50 0.83 1.40 0.90 1.45 1.98 0.40 1.22 2.45

From Ritchie, RF, Palomaki GE, Neveux LM, et al: Reference distributions for the positive acute phase proteins, alpha1-acid glycoprotein (orosomucoid), alpha1-
antitrypsin, and haptoglobin: a comparison of a large cohort to the world’s literature. J Clin Lab Anal. 2000;14(6):265-270; see also Ritchie, RF, Palomaki GE, Neveux 
LM, et al: Reference distributions for the positive acute phase serum proteins, alpha1-acid glycoprotein (orosomucoid), alpha1-antitrypsin, and haptoglobin: a practical, 
simple, and clinically relevant approach in a large cohort. J Clin Lab Anal. 2000;14(6):284-292.
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APPENDIX 56  Serum Levels of Immunoglobulin E 
in Males and Females

Age IU/mL

Cord blood* 0.02-2.08
<1 y† 0-6.6
1-2 y† 0-20.0
2-3 y† 0.1-15.8
3-4 y† 0-29.2
4-5 y† 0.3-25.0
5-6 y† 0.2-17.6
6-7 y† 0.2-13.1
7-8 y† 0.3-46.1
8-9 y† 1.8-60.1
9-10 y† 3.6-81.0
10-11 y† 8.0-95.0
11-12 y† 1.5-99.7
12-13 y† 3.9-83.5
13-16 y† 3.3-188.0
<3 y‡ <30
<10 y‡ <200
10-14 y‡ <500
Adult‡ <120

Females (KIU/L) Males (KIU/L)

0-12 mo§ 0-20 2-24
1-3 y§ 2-55 2-149
4-10 y§ 8-279 4-249
11-15 y§ 5-295 7-280
16-18 y§ 7-698 5-268

*Ownby DR, Johnson CC, Peterson EL: Maternal smoking does not infl u-
ence cord serum IgE or IgD concentrations. J Allergy Clin Immunol 1991; 
88:555. Values constitute 95% of the measured samples.

†Lindenberg RE, Arroyave C: Levels of IgE in serum from normal children 
and allergic children as measured by an enzyme immunoassay. J Allergy Clin 
Immunol 1986; 78:614.

‡Children’s Hospital, Boston, Massachusetts.
§Soldin SJ, Morales A, Albalos F, et al: Pediatric reference ranges on the 

Abbott IMx for FSH, LH, prolactin, TSH, T4, T3, free T3, T-uptake, IgE, and 
ferritin. Clin Biochem 1995; 28:603. Study based on hospitalized patients; values 
represent 2.5 and 97.5th percentiles.

APPENDIX 57  Plasma Levels of Immunoglobulin M 
in Males and Females

Age g/L mg/dL

Lockitch et al (1988)*
  0-12 mo  0.0-2.16  0-216
  1-3 y 0.28-2.18 28-218
  4-6 y 0.36-3.14 36-314
  7-9 y 0.47-3.11 47-311
  10-11 y 0.46-2.68 46-268
  12-13 y 0.52-3.57 52-357
  14-15 y 0.23-2.81 23-281
  16-19 y 0.35-3.87 35-387
Children’s Hospital†

 Newborn 0.05-0.30  5-30
 1-3 mo 0.15-0.70 15-70
 4-6 mo 0.10-0.90 10-90
 7-12 mo 0.25-1.15 25-115
 1-3 y 0.30-1.20 30-120
 3-6 y 0.22-1.0 22-100
 Adult 0.50-2.0 50-200

*Lockitch G, Halstead AC, Quigley G, et al: Age- and sex-specifi c pediatric 
reference intervals: study design and methods illustrated by measurement of 
serum proteins with the Behring LN nephelometer. Clin Chem 1988; 34:1618. 
Results are 0.025-0.975 percentiles.

†Children’s Hospital, Boston, Massachusetts, by laser nephelometry (Dade-
Behring BN2).

APPENDIX 58  Plasma Levels of Immunoglobulin G 
in Males and Females

Age g/L mg/dL

Lockitch et al (1988)*
  0-12 mo 2.73-16.60 273-1660
  1-3 y 5.33-10.78 533-1078
  4-6 y 5.93-17.23 593-1723
  7-9 y 6.73-17.34 673-1734
  10-11 y 8.21-18.35 821-1835
  12-13 y 8.93-18.23 893-1823
  14-15 y 8.42-20.13 842-2013
  16-19 y 6.46-18.64 646-1864
Children’s Hospital†

 Newborn 7.0-1.30 700-1300
 1-3 mo 2.80-7.50 280-750
 4-6 mo 2.0-12.0 200-1200
 7-12 mo 3.0-15.0 300-1500
 1-3 y 4.0-13.0 400-1300
 3-6 y 6.0-15.0 600-1500
 Adult 6.0-13.4 600-1344

*Lockitch G, Halstead AC, Quigley G, et al: Age- and sex-specifi c pediatric 
reference intervals: study design and methods illustrated by measurement of 
serum proteins with the Behring LN nephelometer. Clin Chem 1988; 34:1618. 
Results are 0.025-0.975 percentiles.

†Children’s Hospital, Boston, Massachusetts, by laser nephelometry (Dade-
Behring BN2).
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APPENDIX 59 Serum Levels of Immunoglobulin G Subclasses (IgG1, IgG2, IgG3, IgG4)*

Age IgG1 IgG2 IgG3 IgG4

Miles and Riches (1994)†

 Cord blood, preterm 3.4-9.7 0.7-1.7 0.2-0.5 0.2-0.7
 Cord blood, term 5.8-13.7 0.6-5.2 0.2-1.2 0.2-1.0
 5 y 5.6-12.7 0.4-4.4 0.3-1.0 0.1-0.8
 6 y 6.2-11.3 0.5-4.0 0.3-0.8 0.2-0.9
 7 y 5.4-10.5 0.9-3.5 0.3-1.1 0.2-1.1
 8 y 5.6-10.5 0.7-4.5 0.2-1.1 0.1-0.8
 9 y 3.9-11.4 0.7-4.7 0.4-1.2 0.2-1.0
 10 y 4.4-10.8 0.6-4.0 0.3-1.2 0.1-0.9
 11 y 6.4-10.9 0.9-4.3 0.3-0.9 0.2-1.0
 12 y 6.0-11.5 0.9-4.8 0.4-1.0 0.2-0.9
 13 y 6.1-11.5 0.9-7.9 0.2-1.1 0.1-0.8
 Adults 4.8-9.5 1.1-6.9 0.3-0.8 0.2-1.1
Children’s Hospital‡

 Cord 4.35-10.84 1.43-4.53 0.27-1.46 0.01-0.47
 0-2 mo 2.18-4.96 0.40-1.67 0.04-0.23 <0.01-1.20
 3-5 mo 1.43-3.94 0.23-1.47 0.04-1.0 <0.01-1.20
 6-8 mo 1.90-3.88 0.37-0.60 0.12-0.62 <0.01-1.20
 9 mo-2 y 2.86-6.80 0.30-3.27 0.13-0.82 <0.01-1.20
 2-4 y 3.81-8.84 0.70-4.43 0.17-0.90 <0.01-1.20
 4-6 y 2.92-8.16 0.83-5.13 0.08-1.11 0.02-1.12
 6-8 y 4.22-8.02 1.13-4.80 0.15-1.33 <0.01-1.38
 8-10 y 4.56-9.38 1.63-5.13 0.26-1.13 0.01-0.95
 10-12 y 4.56-9.52 1.47-4.93 0.12-1.79 0.01-1.53
 12-14 y 3.47-9.93 1.40-4.40 0.23-1.17 0.01-1.43
 Adults 4.22-12.92 1.17-7.47 0.41-1.29 0.01-0.67

*Values for males and females, expressed in g/L.
†Miles J, Riches P: The determination of IgG subclass concentrations in serum by enzyme linked immunosorbent assay: establishment of age-related reference 

ranges for cord blood samples, children aged 5-13 years and adults. Ann Clin Biochem 1994; 31:245.
‡Children’s Hospital, Boston, Massachusetts, by laser nephelometry (Dade-Behring BN2).

APPENDIX 60  Serum Levels of Immunoglobulin 
Light Chains in Males and Females

From Herkner KR, Salzer H, Bock A, et al: Pediatric and perinatal reference 
intervals for immunoglobulin light chains kappa and lambda. Clin Chem 1992; 
38:548. Ranges are for 10th-90th percentiles.

APPENDIX 61  Conjugated Bilirubin in Males 
and Females

mmol/L mg/dL

Neonates* <10 <0.6
>Neonates* <7 <0.4
Preterm infants† <10 <0.6

*Children’s Hospital, Boston, Massachusetts.
†Lockitch G, Halstead AC, Albersheim S, et al: Age- and sex-specifi c pedi-

atric reference intervals for biochemistry analytes as measured with the Ektachem 
700 analyzer. Clin Chem 1988; 34:1622.

APPENDIX 62 Total Bilirubin in Males and Females

mmol/L mg/dL

Birth-1 d* <103 <6.0
1-3 d* <137 <8.0
3-7 d* <205 <12.0
7 d-1 mo <120 <7.0
1 mo-adult* <21 <1.2
Bottle-fed infants† <212 <12.4
Breast-fed infants† <253 <14.8

*Children’s Hospital, Boston, Massachusetts.
†Maisels MJ, Gifford K: Normal serum bilirubin levels in the newborn and 

the effect of breast feeding. Pediatrics 1986; 78:837.
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APPENDIX 63 Selected Biochemical Parameters in Cord Blood

Cord Blood
(Term)

Cord Blood
(Preterm) Adult or Maternal Blood

ERYTHROCYTES
Magnesium (mmol/L)* 1.76 ± 0.15 (44) — —
Copper (μmol/L)* 12.9 ± 3.0 (39) — —
Zinc (μmol/L)* 40.4 ± 13.6 (44) — —
Ferritin (ag/cell)† 265 (47) 92.7 (47)

SERUM/PLASMA
Ferritin (μg/L)† 56.8 (47) 17.7 (47) —
Free ribofl avin (nM)‡ 20.2 (31)|| 25.0|| 4.7 (31)
Flavocoenzymes (nM)‡ 55.8 (31)|| 71.8|| 90.7 (31)
Vitamin B2 (nM)‡ 77.2 (31)|| 92.6 94.9 (31)
Flavocoenzymes uptake (nmol/min per kg)‡ 0.4 1.5¶ —
Free ribofl avin release (nmol/min per kg)‡ 0.2 0.4¶ —
Selenium (μmol/L)§ 1.04 ± 0.21|| 0.89 ± 0.27|| 1.56 ± 0.27
Retinol (μmol/L)§ 0.66 ± 0.22|| 0.52 ± 0.12|| 1.26 ± 0.45
Alpha-Tocopherol (μmol/L)§ 7.10 ± 2.1|| 8.81 ± 2.8|| 32.4 ± 9.2
Glutathione peroxidase (U/L)§ 456 ± 108|| 305 ± 89|| 873 ± 176

*Speich M. Murat A, Acget JC, et al: Magnesium, total calcium, phosphorus, copper and zinc in plasma and erythrocytes of venous cord blood from infants of 
diabetic mothers: comparison with a reference group by logist discriminant analysis. Clin Chem 1992; 38:2002. Values expressed as mean ± SD; ( ), n of samples.

†Carpani G, Marini F, Ghisoni C, et al: Red cell and plasma ferritin in a group of normal fetuses at different ages of gestation. Eur J Haematol 1992; 49:260. 
Values expressed as mean geometrical value; ( ), n of samples.

‡Zempleni J, Link G, Bitsch I: Intrauterine vitamin B2 uptake of preterm and full-term infants. Pediatr Res 1995; 38:585. Concentrations measured in the umbili-
cal vein are reported in this table; values for umbilical artery are reported in the chapter text as well.

§Dison PJ, Lockitch G, Halstead AC, et al: Infl uence of maternal factors on cord and neonatal plasma micronutrient levels. Am J Perinatol 1993; 10:30. Data 
obtained in 107 term, 23 preterm (<32 wk), and 58 maternal samples.

||P < .05 compared with full term.
¶P < .05 compared with adult/maternal.

APPENDIX 64 Relationship of Serum Protein Levels to Age

Total Proteins
(g/dL)
Mean ± 1 SD
and Range

Albumin (g/dL)
Mean ± 1 SD
and Range

Alpha-1 (g/dL)
Mean ± 1 SD
and Range

Alpha-2 (g/dL)
Mean ± 1 SD
and Range

Beta (g/dL)
Mean ± 1 SD
and Range

Gamma (g/dL)
Mean ± 1 SD
and Range

Cord blood 6.22 ± 1.21 3.23 ± 0.82 0.41 ± 0.10 0.68 ± 0.14 0.74 ± 0.30 1.28 ± 0.23
(4.78-8.04) (2.17-4.04) (0.25-0.66) (0.44-0.94) (0.42-1.56) (0.81-1.16)

1-3 mo 5.64 ± 1.04 3.41 ± 0.72 0.24 ± 0.09 0.74 ± 0.24 0.59 ± 0.20 0.66 ± 0.24
(3.64-7.38) (2.05-4.46) (0.08-0.43) (0.40-1.13) (0.39-1.14) (0.25-1.05)

4-6 mo 5.43 ± 0.84 3.46 ± 0.36 0.17 ± 0.04 0.67 ± 0.11 0.61 ± 0.14 0.61 ± 0.26
(4.29-6.10) (3.17-3.88) (0.12-0.25) (0.52-0.84) (0.44-0.76) (0.24-0.90)

7-12 mo 6.54 ± 0.76 3.62 ± 0.60 0.35 ± 0.15 0.99 ± 0.30 0.79 ± 0.16 0.84 ± 0.36
(5.10-7.31) (3.22-4.31) (0.15-0.55) (0.78-1.46) (0.63-0.91) (0.32-1.18)

13-24 mo 6.66 ± 0.93 3.63 ± 0.80 0.31 ± 0.15 0.88 ± 0.42 0.77 ± 0.31 1.09 ± 0.32
(3.69-7.50) (1.89-5.03) (0.09-0.58) (0.41-1.36) (0.36-1.41) (0.36-1.62)

25-36 mo 6.98 ± 0.66 4.11 ± 0.78 0.23 ± 0.09 0.89 ± 0.14 0.67 ± 0.14 1.08 ± 0.28
(6.38-8.06) (3.57-5.50) (0.19-0.26) (0.68-1.09) (0.47-0.91) (0.73-1.46)

3-5 y 6.65 ± 0.85 3.95 ± 0.57 0.21 ± 0.08 0.70 ± 0.15 0.67 ± 0.11 1.13 ± 0.31
(4.88-8.06) (2.93-5.21) (0.08-0.40) (0.43-0.99) (0.47-1.01) (0.54-1.66)

6-8 y 6.95 ± 0.55 4.03 ± 0.45 0.22 ± 0.09 0.67 ± 0.10 0.72 ± 0.11 1.21 ± 0.32
(5.97-7.94) (3.26-4.95) (0.09-0.45) (0.50-0.83) (0.45-0.93) (0.70-1.95)

9-11 y 7.43 ± 0.84 4.24 ± 0.79 0.30 ± 0.07 0.75 ± 0.27 0.84 ± 0.16 1.46 ± 0.41
(6.32-9.00) (3.16-4.97) (0.12-0.38) (0.67-0.87) (0.63-1.02) (0.79-2.03)

12-16 y 7.25 ± 0.85 4.26 ± 0.64 0.19 ± 0.07 0.71 ± 0.15 0.68 ± 0.15 1.40 ± 0.31
(6.25-8.75) (3.19-5.13) (0.09-0.32) (0.50-0.97) (0.48-0.88) (1.08-1.96)

Adult 7.41 ± 0.96 4.31 ± 0.59 0.23 ± 0.06 0.61 ± 0.14 0.81 ± 0.22 1.45 ± 0.46
(6.44-8.32) (3.46-4.78) (0.16-0.30) (0.51-0.86) (0.59-1.06) (0.68-2.11)

Used and reprinted with permission of Ross Products Division, Abbott Laboratories, Columbus, OH 43216, from Park BH, Ellis EF: In Johnson TR, Moore 
WM (eds): Children Are Different: Developmental Physiology. 2nd ed. Columbus, OH, Ross Laboratories, 1978, p 188. © 1978 Ross Products Division, Abbott 
Laboratories.
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APPENDIX 65. Sedimentation rate in the 
newborn period. The erythrocyte sedimentation 
rate was measured in capillary blood in healthy 
full-term and low-birth-weight newborns. Normal 
values ranged from 1 mm/h at 12 hours of age to 
17 mm/h at 14 days of age. All values of neonates 
with hematocrit values less than 40% were 
corrected to 40%. (Redrawn from Adler SM, 
Denton RL: The erythrocyte sedimentation rate in 
the newborn period. J Pediatr 1975; 86:942.)
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A

A antigens, 1626-1627, 1626f
Aase’s syndrome, Diamond-Blackfan anemia 

and, 356-357
Abdominal pain

in acute intermittent porphyria, 579, 580t
in sickle cell crisis, 967

Abetalipoproteinemia (Bassen-Kornzweig 
syndrome), 773-774

ABO blood group
antigens of, 1626-1627, 1626f
compatibility procedures for, in red blood 

cell transfusion, 1631-1632, 1631t, 
1632t

incompatibility of, 114-115
neonatal, vs. hereditary spherocytosis, 

735
transplant-related, 415-416

ABO hemolytic disease, 91-92. See also 
Hemolytic disease of newborn.

historical perspective on, 4
Absorption

cobalamin, 472-473
tests of, 477

folate, 490-491
Acanthocytes

disorders associated with, 773-779
morphology of, 773, 773f

Acetaminophen, for transfusion reactions, 
1637t

Acid glycoprotein, reference ranges for, 1792
Acid lipase defi ciency, 1349-1351. See also 

Cholesteryl ester storage disease; 
Wolman’s disease.

low cholesterol and triglyceride diets for, 
1350

Acidifi ed glycerol lysis test, for hereditary 
spherocytosis, 715, 733

Aciduria, methylmalonic, 488-489, 1707
Acquired immunodefi ciency syndrome. See 

AIDS/HIV.
Acquired pure red cell aplasia, 293-296. See 

also Pure red cell aplasia, acquired.
Acrodermatitis enteropathica, 1071-1072
Actin, 690-691

adducin binding of, 696
neutrophil, dysfunction of, 1164

Activated partial thromboplastin time (aPTT)
changes in, in term and premature infants, 

1785
in bleeding evaluation, 1453-1454, 1454f
in clotting, 1400
in disseminated intravascular coagulation 

evaluation, 1593
Activated prothrombin complex concentrates, 

for hemophilia A, 1498
Activation receptors, in fi brinolysis, 

1431-1433
Acute abdominal pain, in sickle cell crisis, 

967

Acute chest syndrome
erythrocytapheresis for, 1655-1656
in sickle cell crisis, 965-967

Acute intermittent porphyria, 579-583. See 
also Porphyria(s).

clinical manifestations of, 579-580, 580t
frequency of, 579
gene mutations in, 574t, 579
laboratory diagnosis of, 581-582
pathogenesis of, 580-581, 581b
pregnancy and, 583
treatment of, 582-583

Acute iron poisoning, 546-547
Acute lymphoblastic leukemia

geographic variability of, 1759
Philadelphia chromosome in, 419
recurrence of, 420
treatment of, stem cell transplantation in, 

419-420
Acute megakaryoblastic leukemia, in Down 

syndrome, 157, 169, 350-351
Acute myelogenous leukemia

development of, platelet disorder in, 
170

familial platelet defi ciency with, 
1477-1478

in dyskeratosis congenita, 332
in Fanconi’s anemia, 317

management of, 328
in Shwachman-Diamond syndrome, 345
relapse rates in, 421
risk of, severe congenital neutropenia and, 

1141, 1142
treatment of, stem cell transplantation in, 

420-421
Acyl side chains, lipid, 667-668
ADAMTS13 enzyme

in thrombotic thrombocytopenic purpura, 
641, 1571-1572

von Willebrand factor cleavage by, 157, 642
ADAMTS13 gene, 641

mutations of, in thrombotic 
thrombocytopenic purpura, 1573

Addison’s disease, 1690
Adducin, 695-697, 696f

β
mice lacking, 746
red cell lacking, 697

cell-cell contact of, in nonerythroid cells, 
697

genes for, polymorphism of, 697
red cells lacking, 697
spectrin interaction with, 688

Adenosine deaminase
defi ciency of, in severe combined 

immunodefi ciency, 1257-1259
overproduction of, 866

Adenosine diphosphate (ADP), storage of, 
1472

Adenosine monophosphate (AMP), cyclic, 
957, 1383, 1389

Adenosine triphosphate (ATP)
depletion of, 858-860

in xerocytosis, 769
glycolytic production of, 840
in uremic red blood cells, 1687
P-5′-N defi ciency and, 864

Adenosylcobalamin
and methylcobalamin, combined defi ciency 

of, 486-488
defi ciency of, 488-489
synthesis of, 475

Adenylate kinase (AK) defi ciency, 865-866
Adhesion

disorders of, 1157-1161, 1158t
platelet, 1384, 1385f

Adhesion molecules. See also specifi c type.
selectin family of, 1123, 1123f

Adhesive interactions, during phagocyte 
emigration, 1122, 1122f

Adolescent(s)
cobalamin defi ciency in, 483-484
folate defi ciency in, 496
hemoglobin, serum transferrin, serum 

ferritin, and red cell indices in, 1788
Adrenal gland(s)

congenital hyperplasia of, 1691
disorders of, 1690-1691
iron deposition in, 1064

Adrenocorticotropic hormone (ACTH) levels, 
in thalassemia major, 1064

Adult(s)
coagulation factor levels in, 148t
coagulation inhibitor levels in, 153t
coagulation tests in, reference values for, 

1785
hemoglobin A2 in, 1778
hemoglobin F in, 1778
red cell enzyme activity in, 1777
red cell metabolites in, 1776, 1777
thrombin–antithrombin complexes in, 

endogenous plasma concentrations of, 
1787t

unfractionated erythrocytes in, geometric 
data for, 1780

Afi brinogenemia, 1526
African iron overload syndrome, 544
African trypanosomiasis, 1752-1753
Agammaglobulinemia

autosomal recessive, 1274
X-linked (Bruton’s), 1273-1274

neutropenia associated with, 1149
Age, gestational. See Gestational age.
Age of onset

of bleeding, 1450
of storage diseases, 1304t

Agglutinins, 618
Agonist receptors, in platelet activation, 

1387-1388, 1387f
AIDS/HIV, 1714-1719

alloantibodies in, 1718
anemia in, 279, 1718-1719

Note: Page numbers followed by f, t, or b denote fi gures, tables, or boxes, respectively.
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AIDS/HIV (Continued)
biology of, 1715-1716
bone marrow fi ndings in, 1718
childhood, in tropics, 1754-1755
clinical features of, 1716-1719, 1717b
coagulation defects in, 1719
diagnosis of, 1719
epidemiology of, 1714-1715
granulocytopenia in, 1718-1719
hematologic fi ndings in, 1717-1719
history of, 1714
thrombocytopenia in, 169, 1585, 1718
transmission of, 1715
treatment of

hematopoietic growth factors in, 
241-242

zidovudine in, 1718-1719
AIRE gene, 1237
Albinism-neutropenia syndromes, 1143-1144
Alcoholic liver disease, stomatocytosis and, 

1684
Alcoholism, acquired stomatocytosis and, 768
Alder-Reilly anomaly, 1711, 1711f
Alder-Reilly bodies, in 

mucopolysaccharidoses, 1333
Aldolase defi ciency, 850-851, 850t
Alemutuzumab, for chronic immune 

thrombocytopenic purpura, 1563
Alglucerase infusion, for Gaucher’s disease, 

427
“Alice in Wonderland” phenomenon, in 

infectious mononucleosis, 1702
Alkaline methanolysis, in diagnosis of 

Gilbert’s syndrome, 119
Allergic reactions

eosinophilic response to, 1153
to blood transfusions, 1636, 1637t

Alloantibody(ies)
blood selection for transfusion to patients 

with, 1632-1636, 1633f, 1635t
in AIDS/HIV patients, 1718
in hemolytic disease of newborn

maternal, 89-92, 90t
non-ABO, 91t

platelet, prevention of, 1646
selected, clinical signifi cance of, to blood 

group antigens, 1631t
Alloantibody-mediated thrombocytopenia, 

platelet transfusion for, 1642-1644, 
1643t

Alloimmune thrombocytopenia, neonatal. See 
Neonatal alloimmune thrombocytopenia.

Alloimmunity, 401
Alloimmunization

maternal, management of, 84-89
in neonates with hemolytic disease, 86-

89. See also Hemolytic disease of 
newborn, treatment of. 

induced early delivery in, 16
intrauterine transfusion in, 84-85, 85f, 

86f
blood for, 85-86

suppression in, 84
prevention of, in platelet transfusion, 1646
RhD, 72-76, 73f. See also RhD 

alloimmunization. 
transfusion-induced, 1066

Allosterism, hemoglobin, 917, 918
effectors of, 919-920

Alpha granules, platelet-specifi c, 1385-1386, 
1386b

defects of, 1471f, 1475
AlphaIIbβ3 receptor

biology of, 1464, 1466
structure of, 1465f

Alphanate, for von Willebrand disease, 1509
Alport’s syndrome, 1689, 1711

Amegakaryocytic thrombocytopenia, 310t, 
367t, 369-370, 369b

c-MLP gene in, 370
congenital, 170, 1477
differential diagnosis of, 369
genetic basis of, 369-370
management of, 370

hematopoietic growth factors in, 242
phenotype-genotype correlation in, 370
with radioulnar synostosis, 170

American trypanosomiasis (Chagas’ disease), 
1752

AMG 531 protein, for chronic immune 
thrombocytopenic purpura, 1564-1565

Amino acid(s), in hemoglobin molecule, 
912t-914t

Amino-4-imidazolecarboxamide 
ribonucleotide transformylase defi ciency, 
500-501

Aminocaproic acid, for hemophilia A, 
1496-1497

δ-Aminolevulinate acid, synthesis of, 574, 
574f

δ-Aminolevulinate dehydratase, 575-578, 
576f

gene for, 574t, 575
hexameric and octameric forms of, 

576-577
polymorphism of, 576
reaction catalyzed by, 575, 576f

Aminolevulinate dehydratase defi ciency 
porphyria, 577-578

δ-Aminolevulinate synthases, 574-575
active site of, 575, 575f
alternate splice forms of, 575, 576f
genes for, 574-575, 574t

AMN gene, 472, 484
Amniocentesis, 82-83
Amniotic fl uid

procoagulant activity in, 172
spectrophotometry of, 82-83, 83f

Amphotericin B, associated with neutrophil 
aggregation, 1161

Analgesics, for sickle cell crisis, 984
Ancylostoma duodenale, 1753. See also 

Hookworm.
Androgens, for aplastic anemia, 292-293
Anemia

aplastic. See Aplastic anemia.
associated with unstable hemoglobin, 

937-938
classifi cation of, 456-458

based on red cell size, 457, 459b
physiologic, 458b

congenital dyserthropoietic, 309t, 360-364, 
360b, 361t. See also Congenital 
dyserythropoietic anemia. 

Cooley’s. See Thalassemia major.
defi nition of, 456
diagnostic approach to, 463, 464f, 465, 

465f
Diamond-Blackfan. See Diamond-Blackfan 

anemia.
differential diagnosis of, algorithm for, 463, 

464f
evaluation of, 458-462

automated cell counting in, 458-461, 
459t, 460t, 461t, 462f

blood fi lm in, 461-462, 463b, 464t
historical factors in, 459t
physical fi ndings in, 460t
potential errors in, 459, 460t

Fanconi’s. See Fanconi’s anemia.
fetal, 36-38

causes of, 37-38
in utero treatment of, 37, 38b

hemolytic. See Hemolytic anemia.

Anemia (Continued)
immune-mediated. See Hemolytic 

anemia, autoimmune.
hemolytic process resulting in, 43-48, 

44b
hemorrhage-related, 39-43

fetal-to-maternal, 39-41, 39b, 40t
internal causes of, 41-42
obstetric accidents in, 41
placental malformations in, 41
recognition of, 40t, 43, 43b
twin-twin transfusion syndrome in, 

39b, 41
hepatocellular obstruction and, 92
immunohemolytic, vs. hereditary 

spherocytosis, 735
in AIDS/HIV patients, 1718-1719
in diabetes mellitus, 1706
in different populations, 1742t, 1743
in Felty’s syndrome, 1694-1695
in hemolytic disease of newborn, 92-93
in hemolytic-uremic syndrome, 1574
in hereditary persistence of fetal 

hemoglobin, 1050
in hypothyroidism, 1689-1690, 1690f
in liver disease, 1684
in Pearson’s syndrome, 348, 350
in polyarteritis nodosa, 1696
in renal disease, 1686-1687
in rheumatoid arthritis, 1694
in Shwachman-Diamond syndrome, 345, 

345t
in systemic lupus erythematosus, 

1695-1696
in tropics, treatment of, 1760
in Wegener’s granulomatosis, 1696
iron defi ciency, 534, 539

causes of, 536b
iron-refractory, 536

macrocytic, 459b
neutropenia associated with, 1150

malaria-associated, 1746-1749
treatment of, 1760

megaloblastic. See Megaloblastic anemia.
microcytic, 459b

in erythropoietic protoporphyria, 596
neonatal, 39

blood drawing for laboratory analysis 
and, 42-43, 43f

characteristics of, 40t
clinical manifestations of, 40t, 43, 43b
diagnostic approach to, 49, 50f
hemoglobinopathies and, 44-47, 46t
hemorrhage-related. See Anemia, 

hemorrhage-related.
malaria-associated, 48
methemoglobinemia and

treated with nitric oxide, 47
with diarrhea, 47-48

red cell enzyme defi ciencies and, 48
red cell membrane disorders and, 48

normocytic, 459b
of chronic disorders, 1692-1694, 1693t
of chronic infl ammation, 547
of chronic renal failure, hematopoietic 

growth factors for, 244-245
of copper defi ciency, 551
pernicious, 479-481
physiologic, of prematurity, 49-61

recombinant erythropoietin for, 51-52, 
93, 245

prevalence of, in third world countries, 
1742-1744, 1742t, 1743f

sickle cell. See Sickle cell anemia.
sideroblastic. See Sideroblastic anemia.
spur cell, 776-778, 776f, 777f
X-linked, 1477
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Anemia pseudoleucaemica infantum, 4
Angioedema, hereditary (C1 inhibitory 

defi ciency), 1281-1282
Angiogenesis, platelet activity in, 1390
Angioid streaks, in hereditary spherocytosis, 

738-739
Angiopoietin-like growth factor(s), 212-213
Anion exchange channel, band 3 and, 

675-676
Anion transporter, organic, canalicular 

multispecifi c
Dubin-Johnson syndrome and, 128, 

129
in bilirubin excretion, 108

ANK1 gene, 701
mutations of, 702

ANK2 gene, 701
ANK3 gene, 701
Ankyrin, 698, 699f, 700-702

band 3 and, 673-674
C-terminal domain of, 700
genes for, 701-702
in nonerythroid cells, 701
membrane domain of, 700
phosphorylation of, 701
protein 4.2 interaction with, 703
spectrin domain of, 700
spectrin interaction with, 688-689

Ankyrin mutations
genes in, 702
hereditary spherocytosis secondary to, 

720-722, 721b
in animal and fi sh models, 746

Annexin II, 1429t, 1432-1433
Anorexia nervosa, 776, 1708
Antibiotic(s). See also specifi c agent.

neutropenia caused by, 1146t
platelet aggregation inhibited by, 1579
prophylactic

before splenectomy, 745
for infections in chronic granulomatous 

disease, 1179
Antibody(ies). See also Immunoglobulin(s); 

specifi c antibody.
in hemolytic disease of newborn

detection of, 80
specifi city of, 79-80
transfer to fetus of, 78

monoclonal. See named monoclonal 
antibody.

Antibody binding affi nity, in autoimmune 
hemolytic anemia, 626-627

Antibody defi cient syndrome(s)
calcium modulator defi ciency as, 1276
CD19 defi ciency as, 1276
common variable immunodefi ciency as, 

1274-1276, 1275f, 1275t
cyclophilin ligand interactor defi ciency as, 

1276
immunoglobulin A defi ciency as, 

1276-1277
immunoglobulin G subclass defi ciency as, 

1275f, 1277-1278
inducible T-cell costimulator defi ciency as, 

1276
specifi c, with normal immunoglobulins, 

1278
transient hypogammaglobulinemia of 

infancy as, 1278
transmembrane activator defi ciency as, 

1276
Antibody functional assays, maternal, in 

detection of hemolytic disease of 
newborn, 82

Antibody isotype, in autoimmune hemolytic 
anemia, 624-625, 624t

Antibody screen, 1632f

Antibody titer, maternal, in hemolytic disease 
of newborn, 81-82

Anticoagulant(s). See also specifi c agent.
adverse effects of, 176-177
age-dependent features of, 176
for disseminated intravascular coagulation, 

1594
for homozygous protein C/protein S 

defi ciency, 173
for venous thromboembolism

duration of, 1603-1604
extended therapy with, 1603
initial therapty with, 1602-1603, 

1603t
indications for, 176
lupus, 1695, 1696
therapeutic range and doses of, 176

Anticoagulant defi ciency(ies), ischemic 
arterial stroke associated with, 1608

Anticoagulant pathway, natural, replacement 
of, for disseminated intravascular 
coagulation, 1594

Anticoagulation, apheresis use in, 
1653-1654

Anticonvulsants
aplastic anemia associated with, 278
neutropenia caused by, 1146t

Anti-D immunoglobulin
for immune thrombocytopenic purpura, 

1561, 1563
prophylactic postpartum use of, 75

Antifi brinolytic therapy, for hemophilia A, 
1496-1497

Antifolate drugs, 496, 497-498
Anti-Fy antibodies, 1629
Antigen(s). See also specifi c antigen.

blood group, clinical signifi cance of 
selected alloantibodies to, 1631t

in hemolytic disease of newborn, 
characteristics of, 79

platelet-specifi c, 1556
specifi city of, in autoimmune hemolytic 

anemia, 627
Antihemophilic factor. See Factor VIII.
Anti-I antibody, 1627
Anti-interleukin-2 receptor antibody, 

recombinant, for aplastic anemia, 293
Anti-Lepore globins, 1038, 1038f
Antilymphocyte globulin (ALG), for aplastic 

anemia, 288-289
Anti-M antibody, 1628
Antimetabolites, folate, 497-498
Anti-N antibody, 1628
Antineutrophil antibodies, 1148
Antiphospholipid antibodies, in bleeding 

evaluation, 1456-1457
Antiphospholipid antibody syndrome, 

thrombocytopenia associated with, 
1565

Antiplasmin, 1426, 1428t
defi ciency of, 1435, 1530

Antiplatelet autoantibody(ies), immune 
thrombocytopenia caused by, 168

Antiplatelet therapy, 177
for ischemic arterial stroke, 1610

Antithrombin
characteristics of, 1415
defi ciency of, 1534-1536, 1535t

treatment of, 174, 1544-1545
type I, 1534-1535, 1535t

prevalence of, 1535
type II, 1535, 1535t

half-life of, 1545
in liver disease, 1686
in procoagulant process, 1401, 1401f
neonatal levels of, 155
properties of, 1405t

Antithymocyte globulin (ATG)
components of, 282
for aplastic anemia, 288-289

effi cacy of, 291
with cyclosporine, 289-290, 290t

responses to, 289
Antithyroid agents, neutropenia caused by, 

1146t
α1-Antitrypsin, reference ranges for, 1792
Antitrypsin Pittsburgh, 1530
Anxiety, in acute intermittent porphyria, 580
Aorta-gonad-mesionephros (AGM) region, 

22
AP3B1 gene, in Hermansky-Pudlak 

syndrome, 1143
Apheresis, 1651-1658. See also Plasma 

exchange.
anticoagulation in, 1653-1654
automated, 1652-1653
cooperation for, 1654-1655
donor, 1652
hypothermic considerations in, 1654
indications for, 1655-1658, 1655t-1656t
manual, 1652
platelet, single-donor, 1639
principles of, 1651-1652, 1651f
therapeutic, 1652
unique aspects of, 1653-1658
vascular access for, 1653
volume considerations in, 1654

Aplastic anemia, 276-293
bleeding in, supportive care for, 285-286
causal factor(s) in, 277-280

chemicals as, 278-279
drugs as, 277-278, 277b
immunologic diseases as, 280
infectious agents as, 279
paroxysmal nocturnal hemoglobinuria as, 

280
toxins as, 278-279

classifi cation of, 276, 276b
clinical evaluation of, 283-285, 284t
dyskeratosis congenita and, 341-342
epidemiology of, 276-277
geographic variability of, 1759
history of, 284
in infectious mononucleosis, 1702
in systemic lupus erythematosus, 1695
infections in, supportive care for, 286-287
laboratory studies of, 284-285, 286f
mild or moderate, 276
pathophysiology of, 280-283, 281f

immune system abnormalities in, 
282-283

microenvironment in, 283
stem cells and clonality in, 281-282

physical examination of, 284
prognosis of, 285
scintigraphy of, 204, 205f
severe, 276
spontaneous recovery from, 285
supportive care for, 285-287
treatment of, 287-293

androgens in, 292-293
antilymphocyte globulin/antithymocyte 

globulin in, 288-289
bone marrow transplantation in, 287-

288, 288t
vs. immunosuppression, 291-292

corticosteroids in, 293
cyclophosphamide in, 293
cyclosporine in, 289
hematopoietic growth factors in, 241, 

292
immunosuppression in, 288-291

combination, 289-291, 290t
complications of, 291
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Aplastic anemia (Continued)
relapse after, 291
vs. transplantation, 291-292

mycophenolate mofetil in, 293
recombinant anti-interleukin-2 receptor 

antibody in, 293
splenectomy in, 293
stem cell transplantation in, 418

Aplastic crises, hereditary spherocytosis and, 
737-738, 737f, 737t

Aplastic crisis, sickle-related, 971
Apoferrin production, monitoring of, 1061
Apoptosis, red cell, oxidative damage and, 

665-666
Apple domains, of factor XI, 1409
Aquaporin-1, 682
Aquaporin-3, 682
Aromatic hydrocarbons, aplastic anemia 

associated with, 278
ARSB gene, in Maroteaux-Lamy syndrome, 

1337
Arterial stroke, ischemic, 1607-1613. See also 

Stroke, ischemic arterial.
Arterial thrombosis. See also Thrombosis.

catheter-related, 174
spontaneous, 175

Arteriosclerotic vascular disease, folate and, 
497

Arthropathy, iron overload associated with, 
546

Ascorbic acid, for thalassemia major, 1071
Aspartylglucosaminuria, 1348-1349

chromosome assignment of genes for, 
1303t

clinical features of, 1349
Aspergillus infection, transplant-related, 

416
Aspiration, bone marrow. See Bone marrow 

aspiration.
Aspirin

aplastic anemia associated with, 278
daily, for ischemic arterial stroke, 1610
platelets and, 172

Asplenia
congenital, 617
functional, sickle-related, 971-972

ATA box, 1019
ATA box mutations, in thalassemia, 1024
Ataxia, X-linked sideroblastic anemia with, 

548t, 549
Ataxia-pancytopenia syndrome, dyskeratosis 

congenita and, 342
Ataxia-telangiectasia, 1265t, 1267

vs. Fanconi’s anemia, 319
Atherosclerosis, 1437
Atherothrombosis, platelet activity in, 

1390
ATM gene, 1267
Atrophic gastritis, 1682-1683
Attributable disability-adjusted life years, 

health burden measured by, 1742
Autoantibody(ies)

antiplatelet, immune thrombocytopenia 
caused by, 168

blood selection for transfusion to patients 
with, 1636, 1636f, 1637f

erythrocyte, in autoimmune hemolytic 
anemia, characteristics of, 624-627, 
624t

Autoantibody-mediated thrombocytopenia, 
platelet transfusion for, 1642

Autohemolysis test, for hereditary 
spherocytosis, 733

Autoimmune disease(s). See also specifi c 
disease.

pernicious anemia associated with, 480
plasma exchange for, 1659-1661

Autoimmune disease(s) (Continued)
staphylococcal protein A column applied 

to, 1662
thrombocytopenia complicating, 1566

Autoimmune hemolytic anemia. See 
Hemolytic anemia, autoimmune.

Autoimmune lymphoproliferative syndrome, 
633-634, 1149

thrombocytopenia associated with, 1565
Autoimmune neutropenia, 1145-1147, 

1147b
of childhood, 1148-1149, 1148t

Autoimmune polyendocrinopathy–
candidiasis–ectodermal dystrophy 
(APECED) syndrome, 1237

Autoimmune polyglandular syndrome type 
1, 1271

Autoimmune regulator (AIRE), 1271
Autoimmune thrombocytopenia, 168
Autologous blood transfusion, 1633-1634
Automated cell counters, in evaluation of 

anemia, 458-461, 459t, 460t, 461t, 462f
Automated reticulocyte counters, in 

evaluation of anemia, 461
Autosomal dominant dyskeratosis congenita, 

334
Autosomal dominant familial eosinophilia, 

1154-1155
Autosomal recessive agammaglobulinemia, 

1274
Autosomal recessive dyskeratosis congenita, 

334
Avascular necrosis

in classic dyskeratosis congenita, 331
in sickle cell disease, 977-978, 978f

5-Azacytidine, for thalassemia major, 1073, 
1073f

Azathioprine, for autoimmune hemolytic 
anemia, 629t, 631

Azotemia, 1687

B

B antigens, 1626-1627, 1626f
Babesiosis, after splenectomy, 740
Baclofen, for neuronal ceroid lipofuscinoses, 

1353
Bacteremia

hyperbilirubinemia and, 115
in sickle cell anemia, 971, 972t

Bacteria
producing urobilinoids, in bilirubin 

metabolism, 110
transfusion exposure to, 1638-1639

Bacterial endocarditis, 1682
Baller-Gerold syndrome, vs. Fanconi’s 

anemia, 318
Band 3 protein, 671-678

clustering of, sickle cells and, 954
cytoplasmic domain of, 671, 673-675

acid N-terminal sequence of, 673
denatured hemoglobin molecules 

copolymerizing with, 673
function of, 673-675, 675f
glycolytic metabolon in, 673, 674f
N-terminal portion of, 671, 672f

in nonerythroid tissue, 677-678
malaria and, 677
4.1 membrane binding domain interaction 

with, 693
membrane domain of

extracellular surface of, 677
glycophorin A associated with, 677
ion transport channel exchanges in, 676, 

676f
52-kd, 675-676

Band 3 protein (Continued)
mutations of, 677

hereditary spherocytosis secondary to, 
722-724, 723b, 723f

in animal and fi sh models, 746
in Southeast Asian ovalocytosis, 760

organizational model of, 672f
protein 4.2 interaction with, 702-703

Bantu siderosis, 544
Barrett’s esophagus, 1682
Barth’s syndrome, 1150
Bartonella bacilliformis, 1754
Bartonellosis, 1698-1699, 1698f, 1754
Basophil(s), 1116

specialized function of, 1136
vs. mast cells, 1116

Basophilia, 1156, 1713
causes of, 1713b
disorders associated with, 1156b
infection and, 1697

Basophilic stippling, diagnostic signifi cance 
of, 464t

Basophilopenia, 1156
Bassen-Kornzweig syndrome 

(abetalipoproteinemia), 773-774
Batten’s disease, 1355
Batten-Spielmeyer-Vogt disease, 1711
B-cell(s)

activation of, 1228-1232
BCR triggering and signaling in, 

1229-1230, 1229f
coreceptors involved in, 1230
T-cell’s role in, 1228-1229

characteristics of, 1223f
circulating, in ataxia-telangiectasia, 1267
development of, overview of, 1224, 1224f
differentiation of, 1230-1231

isotype or class switching in, 1231
GC, 1231
in autoimmune hemolytic anemia with, 

632
in infectious mononucleosis, 1703
macrophage interactions with, 1134-1135
maturation of

affi nity, 1231
in bone marrow, 1225-1227
peripheral, 1227-1228

memory, in diagnosis of common variable 
immunodefi ciency, 1275

monoclonal antibodies targeting, 1563
naïve, 1223
ontogeny of, 1224-1228
responses of, thymus-dependent vs. 

thymus-independent, 1228-1229
resting, 1223
signaling pathways of, 1229f
tolerance of, 1231-1232

B-cell linker protein (BLIK), 1230
B-cell precursors, development of, 1228
B-cell proliferative disease, pure red cell 

aplasia associated with, 296
B-cell receptor, signaling cascades from, in 

B-cell activation, 1229-1230, 1229f
Belly spot and tail (Bst), 358
Benzene, aplastic anemia associated with, 278
Berger’s disease, 537
Bernard-Soulier syndrome, 171, 1384, 

1468-1472
classifi cation of, 1470, 1472
clinical features of, 1469-1470
glycoprotein IbIX complex in, biology of, 

1468-1469, 1469f
laboratory diagnosis of, 1470, 1470f, 

1471f, 1472
molecular abnormalities in, 1472

Beta-carotene beadlets, for erythropoietic 
protoporphyrin, 597
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Betaine, for methylenetetrahydrofolate 
reductase (MTHFR) defi ciency, 
500

Bilayer couple hypothesis, of red cell 
membrane lipids, 666-667

Bile
composition of, in Gilbert’s syndrome and 

Crigler-Najjar syndrome I and II, 118, 
118f

excretion of, 108, 109f
Bilirubin

chemical structure of, 104, 105f, 106
conjugation of, 107-108, 107f-109f, 

1794
delta, 110
enterohepatic circulation of, 110, 111f

disorders of, 121-122
excretion of, 108-110

canalicular multispecifi c organic anion 
transporter in, 108

formation of, 104
heme conversion to, 104, 105f
hepatic uptake of, 107
in hepatocytes, 107
metabolism of, 104-110

disorders of. See specifi c disorder, e.g., 
Crigler-Najjar syndrome I and II.

schematic overview of, 106, 106f
neonatal, neurotoxicity of, 112. See also 

Kernicterus. 
production of

bacterial sepsis and, 115
daily rate of, 104
decreased, 122b
increased, 122b. See also 

Hyperbilirubinemia. 
source of, 104

reduction and oxidation of, 110, 111f
serum measurement of, 110-112

in neonate, before hospital discharge, 
123, 123f

solubility of, 104, 106
total, 1794
transport of, 106-107

carrier-mediated, 107
Bilirubin diglucuronide, 107, 107f
Bilirubin stones, in sickle cell disease, 976
Bilirubin uridine 

diphosphate–glucuronosyltransferase
location of, 107-108
regulation of, 108

Bilirubinometry, transcutaneous, 112
Biliverdin, transcutaneous, 104, 105f
Binding agents, oral administration of, for 

Crigler-Najjar syndrome, 121
Bioavailability, of iron, 535-536
Biopsy, liver

for porphyria cutanea tarda, 589, 589f
for storage diseases, 1307

Birth
changes in polymorphonuclear neutrophils 

after, 1773
erythropoiesis after, 27, 27f
hematologic values at, 33-36

blood volume in, 35-36
from umbilical vessels, 34-35, 35t
of hemoglobin, hematocrit, red cell 

count, red cell and reticulocyte 
indices, 36, 36t, 37t, 38f

site of sampling for, 34, 34f
occult hemorrhage before, 39-41, 40t, 

41b
platelet activation during, 159

2,3-Bisphosphoglycerate mutase (BPGM) 
defi ciency, 855-856

Bite(s), snake, 1757-1758
Blackwater fever, 1747

Bleeding
acute, red blood cell transfusion for, 

1624-1625
drug-induced, 1592
in aplastic anemia, supportive care for, 

285-286
in Gaucher’s disease, 1319
in hemophilia, 1489-1492

intramuscular, 1490
joint, 1489-1490
life-threatening, 1490, 1491t
long-term complications of, 1491-1492
miscellaneous, 1490-1491
musculoskeletal, 1489-1490
treatment of, 1491t

intracranial, sickle-related, 969
intraventricular, 42
iron defi ciency caused by

gastrointestinal, 536-537
menstrual, 538
pulmonary, 537-538
urinary, 537

life-threatening, in immune 
thrombocytopenic purpura, 
management of, 1565

neonatal
anemia secondary to, 39-43
blood drawing for laboratory analysis 

and, 42-43, 43f
characteristics of, 40t
fetal-to-maternal bleeding in, 39-41, 39b, 

40t
internal causes of, 41-42
obstetric accidents causing, 41
occult, 39-41
placental malformations in, 41
recognition of, 43, 43f, 43t
types of, 39, 39b

site of, 1450
subaponeurotic, 42
transplacental, 72-73, 73f, 75
uncontrolled, following transfusions, 1597
vitamin K–defi ciency induced, 164-165, 

165t
Bleeding evaluation

activated partial thromboplastin time in, 
1453-1454, 1454f

age of onset in, 1450
clinical manifestations in, 1450, 1450t
drug use in, 1452
family history in, 1451
in neonates, approach to, 1452
laboratory assessments in, 1452-1458

activated partial thromboplastin time in, 
1453-1454, 1454f

antiphospholipid antibodies in, 
1456-1457

bleeding time in, 1455
euglobulin clot lysis time in, 1457
fi brinogen degradation products in, 

1457
fi brinogen in, 1457
fi ndings in, 1458, 1458b, 1459f
PFA-100 in, 1455
platelet count in, 1454-1455
platelet function tests in, 1457
prothrombin time in, 1453, 1454f
sample collections and techniques in, 

1452-1453, 1453b
screening tests in, 1453-1457, 1454f
specifi c coagulation factors in, 

1455-1456
thrombin generation assays in, 1458
thrombin time in, 1454
thromboelastography in, 1457-1458, 

1458f
observed pattern in, 1450

Bleeding evaluation (Continued)
past medical history in, 1450-1451, 1451t
physical examination in, 1452

Bleeding time
in children, 1785
in hemorrhagic disorders, 160
measure of, 1455

Blood
4th-day, red cell enzyme activity in, 1777
circulating, cell types in, 24t
fetal. See Fetal blood.
HIV transmission via, 1715
lead content of, 552
selection of, for transfusion to patients with 

alloantibodies, 1632-1636, 1633f, 
1635t

storage of, for transfusion, 1625
whole, Bohr effect of, 920

Blood chemistry panel, for aplastic anemia, 
285

Blood component therapy, for disseminated 
intravascular coagulation, 1594

Blood donors, for red blood cell transfusion
compatibility procedures for, 1630-1632, 

1631t, 1632f, 1632t, 1633f
directed donations and, 1634
testing of, 1630

Blood fi lm, in evaluation of anemia, 461-462, 
463b, 464t

Blood group(s)
ABO. See ABO blood group.
fetal, determination of, 81
incompatibility of, maternofetal, 68. See 

also Hemolytic disease of newborn. 
Rh, 69-72. See also Rh blood group. 

Blood group antigens
band 3 protein and, 677
clinical signifi cance of selected 

alloantibodies to, 1631t
Lutheran, 957
maturation of, 1629

Blood pressure, in sickle cell anemia patients, 
974, 975t

Blood sample
collection of, 1452-1453, 1453b
site of, from infant, 34, 34f

Blood screening, for HIV, 1715
Blood smear, peripheral

of aplastic anemia, 285
of autoimmune hemolytic anemia, 621, 

622f
of β-thalassemia, 1052f

after splenectomy, 1055f
of hereditary elliptocytosis, 746-747, 747f
of hereditary persistence of fetal 

hemoglobin, 1049, 1049f
of hereditary pyropoikilocytosis, 746-747, 

747f
of hereditary spherocytosis, 715-716, 715f
of hereditary stomatocytosis, 761, 761f
of pyruvate kinase defi ciency, 857, 857f, 

860f
of sickle cell anemia, 955, 955f
of storage diseases, 1305-1306, 1306f
of unstable hemoglobin, 937

Blood transfusion. See Transfusion(s).
Blood vessels

anticoagulant properties of, 159
wall of, 159

Blood volume
estimated, 1781
in premature infants, 35
in term infants, 35-36

Blood-borne infections, transfusions and, in 
developing countries, 1760-1761

Blood-testis barrier, 526
Bloom’s syndrome, vs. Fanconi’s anemia, 319



1802 Index

Blunt trauma, to eye, sickle cell disease and, 
976-977

Body distribution, of iron, 523, 524f
Body stores, of iron, 524
Bohr effect, 919-920, 924
Bone disease

in thalassemia major, 1059, 1060f
radiation-induced, transplant-related, 418

Bone infarction, in sickle cell crisis, 964
Bone marrow

ABO-incompatible, 1661
anatomy of, 196-198, 197f-199f
B-cell maturation in, 1225-1227
biopsy of, 197, 197f
blood cell types in

fi rst appearance of, 24t
of normal infants, 1783

circulation of, 198, 198f
defective response of, in malaria, 1748-

1749, 1748f, 1749f
examination of, 206-207

in aplastic anemia, 285, 286f
in severe congenital neutropenia, 1140

fi broblastoid network of, 197-198
hematopoietic cells in, location of, 198, 

199f
in AIDS/HIV patients, 1718
in dyskeratosis congenita, 332-333, 333b
in Fanconi’s anemia, 313-314
in severe congenital neutropenia, 364, 364f
in storage diseases, 1306-1307, 1306f
infi ltration of, neutropenia and, 1150
kinetic requirement of, in iron deposition, 

1061
macrophages in, 1117-1118
megaloblastic, 469-470, 470f
red, active areas in, 196-197, 197f
vascular sinusoids in, 197, 197f

Bone marrow aspirate, from sideroblastic 
anemia, 547, 547f

Bone marrow aspiration
before transfusion, for cobalamin 

defi ciency, 479
in autoimmune hemolytic anemia, 621

Bone marrow failure syndrome(s)
inherited, 307-371, 309t-311t

associated with isolated cytopenias, 
351-371

amegakaryocytic thrombocytopenia, 
310t, 367t, 368, 368b, 370

congenital dyserthropoietic anemia, 
309t, 360-364, 360b, 361t. See 
also Congenital dyserythropoietic 
anemia. 

Diamond-Blackfan anemia, 309t, 351-
360, 352b. See also Diamond-
Blackfan anemia. 

inherited thrombocytopenia, 367t, 
368, 370-371

severe congenital neutropenia, 309t, 
364-368, 364b. See also 
Neutropenia, severe congenital. 

TAR syndrome, 310t, 367t, 370-371, 
370f

associated with pancytopenia, 312-351
cartilage-hair hypoplasia, 309t, 

347-348
Down syndrome, 349f, 350-351, 350b. 

See also Down syndrome. 
dyskeratosis congenita, 309t, 329-344, 

329b. See also Dyskeratosis 
congenita. 

familial marrow dysfunction, 351
Fanconi’s anemia, 309t, 312-329, 

312b. See also Fanconi’s anemia. 
Pearson’s syndrome, 309t, 348-350. 

See also Pearson’s syndrome. 

Bone marrow failure syndrome(s) (Continued)
Shwachman-Diamond syndrome, 309t, 

344-347, 344b. See also 
Shwachman-Diamond syndrome. 

pathogenetic pathways responsible for, 
308, 312, 312f

prevalence of, 307
rare forms of, 310t-312t
treatment of, hematopoietic growth 

factors in, 242-244
platelet transfusion for, 1641

Bone marrow progenitor assays, in Diamond-
Blackfan anemia, 353

Bone marrow transplantation. See also Stem 
cell transplantation.

allogeneic
for chronic granulomatous disease, 1180
for congenital erythropoietic porphyria, 

586
for storage diseases, 1313-1314, 1314t
for thalassemia major, 1072

complication(s) of, 399b
delayed, 412-418
dental, 415
early, 408-412
endocrine, 417
graft rejection as, 409
graft-versus-host disease as. See Graft-

versus-host disease (GVHD).
hematologic, 415-416
myelodysplasia as, 405
neurologic, 416-417
ophthalmologic, 414-415
osseous, 417-418
pulmonary, 415
renal, 416

conditioning regimens for, 399-401
for aplastic anemia, 287-288, 288t

vs. immunosuppression, 291-292
for galactosialidosis, 1343
for Hunter’s syndrome, 1335
for Hurler-Scheie’s syndromes, 1334
for Maroteaux-Lamy syndrome, 1338
for neuroblastoma, 422
for Niemann-Pick disease, 1324-1325
for paroxysmal nocturnal hemoglobinuria, 

637
for severe combined immunodefi ciency, 

1264-1265
for Sly’s syndrome, 1338
for Wiskott-Aldrich syndrome, 1266
for Wolman’s disease, 1350
hematopoietic growth factors and, 239-240
history of, 398-399
HLA-matched donors in, 401-402

non-relative, 288
sibling, 287

immune reconstitution after, 405-406
pretransplant supportive care in, 406-408
thrombotic microangiopathy associated 

with, 1575
Bone mineral density (BMD), decreased, 

after stem cell transplantation, 417
Bone morphogenetic protein (BMP), in stem 

cell regulation, 213
Borrelia burgdorferi, in Lyme disease, 1438
Brain infarction, in sickle cell crisis, 967-968
Brain trauma, 1708
Brainstem auditory evoked potentials 

(BAEPs), in assessment of bilirubin-
induced CNS changes, 113

BRCA2/FANCD1 gene, 326
Breast cancer, FANC gene mutation and, 326
Breast milk

folate in, 490
iron content of, 541-542
transmission of HIV via, 1715

Breast-feeding
and jaundice, 113-114
frequency of, 127
supplementing, 127

Breech delivery, hemorrhage associated with, 
42

Bromosulfophthalein, hepatic uptake of, 107
Bronchiolitis obliterans, after stem cell 

transplantation, 415
Bronchodilator therapy, for acute chest 

syndrome, 966
Bronchospasm, transfusion-related, 1636, 

1637t
Bruton’s agammaglobulinemia, 1273-1274

neutropenia associated with, 1149
BTK gene, 1274
Buccal cell(s), macrocytosis of, 470
Budd-Chiari syndrome, 635
Bundle of His, iron deposition in, 545
Burkitt’s lymphoma, 1759
Burns, thermal

affecting red cell membrane, 770
causing anemia, 644

Burst-forming unit(s), aplastic anemia and, 
280

Burst-forming unit–erythrocyte (BFU-E), 23, 
25, 199, 233, 234

Busulfan/cyclophosphamide regime
before stem cell transplantation, 400
for thalassemia major, 1073

C

C antigen, 72
C1 defi ciency, 1279
C1 inhibitory defi ciency (hereditary 

angioedema), 1281-1282
C1-INH gene, 1280, 1281
C2 defi ciency, 1279-1280
C3, 1747
C3 defi ciency, 1280
C3 fragment, phagocyte receptors for, 1126-

1127, 1127t
C4, 1747
C4 defi ciency, 1280
Cabot’s rings, diagnostic signifi cance of, 464t
Calcium, effects of, on membrane skeletal 

proteins, 705-706
Calcium channel blockers, platelet 

aggregation inhibited by, 1579
Calcium modulator defi ciency, 1276
Caldesmon, 698
Calmodulin

adducin activity regulated by, 696-697
effects of, on membrane skeletal proteins, 

705-706
CaNaEDTA, for lead poisoning, 554
Canalicular multispecifi c organic anion 

transporter (cMOAT)
in bilirubin excretion, 108
in Dubin-Johnson syndrome, 128, 129

Cancer. See Malignancy; specifi c neoplasm.
Candida infection, in autoimmune 

polyglandular syndrome type 1, 1271
α-Carbon, in bilirubin metabolism, 104
Carbon dioxide, hemoglobin binding to, 920
Carbon dioxide transport, band 3 protein 

function in, 676, 676f
Carbon monoxide, in bilirubin metabolism, 

104
Carbonic anhydrase inhibitors, aplastic 

anemia associated with, 278
Cardiac disease. See also Heart entries.

coagulation abnormalities in, 1681
cyanotic, 1682
erythrocyte disturbances in, 1681
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Cardiac disease (Continued)
hematologic manifestations of

miscellaneous, 1682
treatment of, 1682

hemolysis and, 1680-1681
hereditary spherocytosis and, 738
in iron overload patients, 1062-1063, 

1063b
infectious mononucleosis and, 1701t, 

1702
ischemic, after splenectomy, 741
platelet abnormalities in, 1681-1682

Cardiomyopathy, congestive, iron overload 
causing, 545

Cardiovascular agents, neutropenia caused 
by, 1146t

Cardiovascular system
effect of sickle cell disease on, 974, 975t
remodeling of, 1437

Caries, dental, in classic dyskeratosis 
congenita, 331

Carpet viper bite, 1757-1758
Carrión’s disease, 1754. See also Bartonellosis.
Cartilage-hair hypoplasia, 309t, 347-348, 

1149
vs. Diamond-Blackfan anemia, 353-354

Cataracts, after stem cell transplantation, 
414-415

Catheter-related thrombosis, 174
cblA disorder, 488-489
cblB disorder, 488-489
cblC disorder, 486-487
cblD disorder, 487
cblF disorder, 487-488
cblG disorder, 486
CCAC motif, 1020, 1021
CD1-restricted T cell(s), development and 

function of, 1245
CD2 glycoprotein coreceptor, involved in 

T-cell activation, 1239-1240, 1240f
CD4 glycoprotein coreceptor, involved in 

T-cell activation, 1239, 1240f
CD4+ T cell(s)

in dengue hemorrhagic fever, 1757
in human immunodefi ciency virus, 1715
in lymphocytosis, 1714
maturation of, 1237
selective defi ciency of, in severe combined 

immunodefi ciency, 1262-1263, 1263f
CD4+:CD8+ cell ratio, in common variable 

immunodefi ciency, 1275
CD8 glycoprotein coreceptor, involved in 

T-cell activation, 1239, 1240f
CD8+ T cell(s)

in dengue hemorrhagic fever, 1757
maturation of, 1237
selective defi ciency of, in severe combined 

immunodefi ciency, 1263
CD16, paroxysmal nocturnal hemoglobinuria 

and, 638
CD19 defi ciency, 1276
CD25 defi ciency, in severe combined 

immunodefi ciency, 1261, 1261f
CD28, in T-cell stimulation, 1240
CD28/B7 superfamily, interactions of, 1241, 

1241t
CD33, 200
CD34, 200
CD34 stem cells, 1223, 1647

enumeration of, 1649
mobilization of, 1648

CD40 system, in X-linked immunodefi ciency 
with normal/elevated IgM, 1269

CD41 expression, in hematopoiesis 
development, 25

CD44, 4.1 membrane binding domain 
interaction with, 693

CD45 defi ciency
in severe combined immunodefi ciency, 

1262
in T-cell development and function, 1240

CD45 expression, in hematopoiesis 
development, 25

CD47, protein 4.2 interaction with, 703
CD48, paroxysmal nocturnal hemoglobinuria 

and, 638
CD55, paroxysmal nocturnal hemoglobinuria 

and, 637, 638
CD59, paroxysmal nocturnal hemoglobinuria 

and, 637, 638
CD278, in T-cell stimulation, 1240-1241
CDAN1 gene, 362
CDAN2 gene, 363
Ceftriaxone, for sickle-related infections, 972
Celiac disease, 536, 1683
Cell damage, iron-related catalysis in, 1062
Cell death, activation-induced, 1244
Cell differentiation, role of iron in, 530
Cell proliferation, role of iron in, 529-530
Cell-cell adhesion, mediation of, 197
Cellular dehydration, transport pathways 

leading to, 711, 712f
Cellular disorders, of ingestion, 1166-1167
Cellular immunodefi ciency, 1272
Cellular phenotype

of dyskeratosis congenita cells, 333, 333b
of Fanconi’s anemia, 318, 318t

Cellular receptors, in fi brinolysis
activation, 1431-1433
clearance, 1433

Central nervous system (CNS)
acute event of, in sickle cell crisis, 967-969
bleeding of, in hemophilia, 1490
degeneration of, in Sanfi lippo’s syndrome, 

1335-1336
dysfunction of, in storage diseases, 

1303-1304
effect of sickle cell disease on, 978
infections of, after stem cell 

transplantation, 416
microglial cells in, 1118

Cephalohematomas, 41
Ceprotin, for homozygous protein C 

defi ciency, 173
Ceramidase, defi ciency of, in Farber’s disease, 

1325
Ceramide, chemical structure of, 1317f
Cereal grain products, folic acid fortifi cation 

of, 490
Cerebral sinovenous thrombosis, 1601
Cerebrovascular accident, after stem cell 

transplantation, 416
Cernunnos defi ciency, in severe combined 

immunodefi ciency, 1260
Ceroid lipofuscinoses, neuronal, 1351-1356

adult type of, 1355-1356
baclofen for, 1353
description of, 1351
diagnosis of, 1353
early juvenile type of, 1354-1355
infantile type of, 1353-1354
juvenile type of, 1355
late infantile type of, 1354
phenotypic/genotypic correlations of, 1352t
prenatal diagnosis of, 1353
symptoms of, 1351, 1353
tizanidine for, 1353

Ceruloplasmin, 550
Cestodes, causing tropical eosinophilia, 

1755b
Chagas’ disease (American trypanosomiasis), 

1752
α-Chain structural defects, of hemoglobin, 

44-45

β-Chain structural defects, of hemoglobin, 45
γ-Chain structural defects, of hemoglobin, 45, 

46t
Chaperone-mediated enzyme enhancement, 

for storage diseases, 1313
Charcot-Leyden crystals, 1116
Chédiak-Higashi syndrome, 1113, 1167-

1170, 1167t, 1386, 1474-1475, 1711
diagnosis of, 1169
differential diagnosis of, 1169
gene mutations in, 1168
granule defect in, 1167-1168
hematologic manifestations of, 1168, 

1168b
infections associated with, 1168-1169
neutrophil defects in, 1168
treatment of, 1169-1170

stem cell transplantation in, 426
Chelation therapy, for thalassemia major, 

1068-1071
deferasirox in, 1070-1071
deferiprone in, 1070
deferoxamine in, 1068-1070

Chelators, iron, 530
Chemicals, aplastic anemia associated with, 

278-279
classifi cation of, 277b

Chemoattractants
granulocyte and monocyte, 1121t
phagocyte, 1120-1122

Chemokine(s), 209, 1120-1122
Chemokine receptors, 1121-1122
Chemotaxis, 1125-1126

defi nition of, 1125
disorder(s) of, 1161-1165

clinical conditions associated with, 
1161b

hyperimmunoglobulin E syndrome as, 
1161-1163, 1162t

localized juvenile periodontitis as, 1164
neonatal neutrophilia as, 1165
neutrophil actin dysfunction as, 1164
other, 1165

Chemotherapy, combination, for chronic 
immune thrombocytopenic purpura, 
1564

Cherry-red spot–myoclonus syndrome, 
1340-1341

Children. See also Infant(s); Neonate(s); 
Premature infant(s).

at risk for iron overload, algorithm for, 
543f

autoimmune neutropenia in, 1148-1149, 
1148t

bleeding time in, 1785
coagulation tests in, reference values for, 

151t
from 1-16 years, 153t

cobalamin defi ciency in, 483-484
D-dimer reference values in, 157t
erythropoietin reference ranges in, 1790
folate defi ciency in, 496
folic acid in, 1790
G6PD-defi cient, drugs triggering hemolysis 

in, 892t
hematologic values in, 1774
hemoglobin concentration in, 1775
hemoglobinuria in, 891t
ischemic arterial stroke in, 1607-1613. See 

also Stroke, ischemic arterial. 
lead poisoning in, screening for, 553
leukocyte count in, reference ranges for, 

1781
methemoglobin levels in, 1779
reference values for, 1769-1770
sickle cell anemia in, diagnosis of, 962, 

962t
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Children (Continued)
thrombin–antithrombin complexes in, 

endogenous plasma concentrations of, 
1787t

thromboembolism in. See also 
Thromboembolism. 

characterization of, 1599
transferrin receptor in, reference limits for, 

1789
vitamin B12 in, 1790
vitamin E in, 1790

Chloramphenicol, aplastic anemia associated 
with, 278

Chloroquine, low-dose, for porphyria cutanea 
tarda, 590-591

Cholecystitis, sickle cell crisis and, 967
Cholestasis, sickle cell intrahepatic, 967
Cholesterol

diet low in, for acid lipase defi ciency, 1350
in buffering of phospholipid side chains, 

668
in red cell membrane, 663-664, 663f

depletion of, 668, 669f
Cholesteryl ester storage disease, 1350-1351

chromosome assignment of genes for, 
1303t

low cholesterol and triglyceride diet for, 
1350

Chondroplasia, metaphyseal, 309t, 347-348
Chorea-acanthocytosis syndrome, 774-775
Chorionic villus sampling, risk of sensitization 

after, 73
CHr test, for iron defi ciency, 539-540
Christmas disease. See Hemophilia B.
Christmas factor. See Factor IX.
Chromatin domains, in globin gene 

expression, 1020-1021, 1021f
Chromatography. See also High-pressure 

liquid chromatography (HPLC).
in diagnosis of Gilbert’s syndrome, 119

Chromosome(s), location of
in inherited bone marrow failure 

syndromes, 309t-311t
in inherited thrombocytopenic syndromes, 

367t
in storage diseases, 1303t

Chronic benign neutropenia, 1147-1148
Chronic disease, anemia of, 1692-1694, 

1693t
Chronic fatigue syndrome, in infectious 

mononucleosis, 1702
Chronic granulomatous disease, 1171-1180

chronic conditions associated with, 
1173-1174, 1173t

classifi cation of, 1172t
clinical manifestations of, 1172-1174, 

1173t
complications of, 1174
cytosolic factor mutations in, 1176
diagnosis of, 1176-1177, 1177f, 1184f
fl avocytochrome b mutations in, 

1174-1176
gp91phox in, defects in gene for, 1175
incidence of, 1171
infections associated with, 1172-1173

algorithm for workup of patient with, 
1184f

prevention of, 1179
molecular basis of, 1174-1176
prognosis of, 1177-1178
treatment of, 1178-1180

allogeneic bone marrow transplantation 
in, 1180

antibiotic prophylaxis in, 1179
gene therapy in, 1180
rIFN-γ in, 1179-1180, 1179t
stem cell transplantation in, 426

Chronic granulomatous disease (Continued)
X-linked, 1175

carriers of, 1174
Chronic idiopathic neutropenia, 1150-1151

treatment of, hematopoietic growth factors 
in, 243-244

Chronic immune thrombocytopenic purpura
alemutuzumab for, 1563
azathioprine for, 1563-1564

Chronic myelogenous leukemia
Philadelphia chromosome in, 421
treatment of

stem cell transplantation in, 421-422
tyrosine kinase inhibitor therapy in, 421

CHS1 gene, mutations of, 1168
Cimetidine, aplastic anemia associated with, 

278
Circulation, enterohepatic

of bilirubin, 110, 111f
disorders of, 121-122

of folates, 491
Cis asymmetry, of phospholipids, 666
Clamping, of umbilical cord, 34-35, 35t
Clearance receptors, in fi brinolysis, 1433
Clinical settings, hematopoietic growth factor 

evaluation in, 237-246
human studies of, 237-245

Clofi brate, for unconjugated 
hyperbilirubinemia, 127

Clostridium infection, 1698
hemolytic anemia in, 1696
septic, 770-771

Clot. See Coagulation; Thrombosis; 
Thrombus.

c-MLP gene, in amegakaryocytic 
thrombocytopenia, 368

CNCbl injection
for cobalamin defi ciency, 479
for pernicious anemia, 479

Coagulation
abnormalities of

in AIDS/HIV patients, 1719
in cardiac disease, 1681
in malaria, 1749-1750
in renal disease, 1688
in renal vein thrombosis, 175
in sickle cell disease, 958
infections associated with, 1698

extrinsic pathway of, 1400
fl ow regulation in, 1403, 1403f
inhibitors of

in fetuses and newborns, 1788
levels of, in fetus, full-term infant, and 

adult, 153t
natural, 149, 153t, 154t, 155
reference values for

in healthy children aged 1-16 years, vs. 
adults, 1786

in infants from 0-6 months, 154t
initiation of, 1402-1403, 1402f
intrinsic pathway of, 1400, 1400f
overview of, 1400-1403, 1400f, 1401f
phosphatidylserine triggering, 665
propagation of, 1402f, 1403
termination of, 1403

Coagulation factors, 148-149, 148t, 149f, 
150t, 151t, 152t, 153t. See also specifi c 
factor.

defi ciencies of
clinical fi ndings in, 161
clinical manifestations of, 1450t
diagnosis of, 161-162
hereditary, 161-163
inheritance of, 161
mode of neonatal delivery in, 162
specifi c, 162-163
treatment of, 162

Coagulation factors (Continued)
disorders of, 1526-1530
in bleeding evaluation, 1455-1456
in pregnancy, 1691
multiple, hereditary defi ciencies of, 163
selected values of, in newborns, 1784
vitamin K–dependent, 155-156

Coagulation proteins
acquired inhibitors of, 1597-1599
properties of, 1405t

Coagulation screening tests, 160
reference values for

in fetus and full-term infants, 1787
in full-term infants from 0-6 months, 

150t
in healthy children from 1-16 years, 153t

vs. adults, 1786
in newborns vs. adults, 1785
in premature infants from 0-6 months, 

152t
Coagulopathy(ies)

massive transfusion, 1597
preexisting, plasma exchange for, 

1660-1661
Cobalamin, 470-489. See also Vitamin B12.

absorption of, 472-473
tests of, 477

biochemical effects of, 476
chemistry of, 470-471, 471f
entry of, into cells, 473
excretion of, 472
in folate defi ciency, 478
malabsorption of, 473, 477
nutritional sources of, 471
recommended daily allowance of, 471, 

490t
serum levels of, 476-477
transport and uptake of, inborn errors of, 

484-485
Cobalamin defi ciency

development of, 479-480
diagnosis of, 476-478

deoxyuridine suppression test in, 478
dietary malabsorption in, 477
homocysteine levels in, 477
methylmalonic acid levels in, 477
positive therapeutic test in, 477-478, 

478f
serum cobalamin levels in, 476-477
single-sample fecal excretion test in, 

477
erythrocyte folate levels in, 495
in infants, 482-483
in neonates, 48, 482-483
in older children and adolescents, 

483-484
maternal, 481-482, 485t
pernicious anemia causing, 480-481
treatment of, 478-479

Cobalamin metabolism
cellular, 473-476, 474f

adenosylcobalamin synthesis in, 475
methionine synthase in, 473-474
methionine synthase reductase in, 

474-475
inborn errors of, 485-486, 485t

Cobalamin resistance, defi nition of, 479
Cobalamin tablets, time-release, 479
Cobalamin-binding proteins, 471-472
Cofactor proteins, 1410-1413, 1410f, 

1412f
Cohen’s syndrome, 1144
Colitis, ulcerative, 1683
Collagen vascular disease, 1694-1696

aplastic anemia associated with, 280
Collagen-binding assay, for von Willebrand 

factor, 1504
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Colony-forming cell(s)
erythroid, 202-203, 202f
granulocyte, 203
high–proliferative potential, 200
macrophage, 203
megakaryocyte, 203

Colony-forming unit–culture (CFU-C), 203
Colony-forming unit–erythrocyte (CFU-E), 

233, 234
Colony-forming unit–granulocyte (CFU-G), 

203
Colony-forming unit–macrophage (CFU-M), 

203
Colony-forming units–erythrocyte (CFU-E), 

23
Colony-forming units–granulocyte-erythroid-

monocyte macrophage (CFU-GEMM), 
23, 25

Colony-forming units–granulocyte-
macrophage (CFU-GM), 23, 25

Colony-forming unit–spleen (CFU-S), 
198-200

Colony-stimulating factor (CSF), 207
treatment with, toxicity of, 245-246

Common variable immunodefi ciency, 1274-
1276, 1275f

autoimmune hemolytic anemia associated 
with, 633

classifi cation of, 1275t
diagnosis of, 1275, 1275f
genetic heterogeneity of, 1276
treatment of, 1275-1276

Complement activation products, in 
newborns, 1791

Complement C3 fragment
in males and females, 1791
phagocyte receptors for, 1126-1127, 1127t

Complement C4 fragment, in males and 
females, 1791

Complement defi ciency(ies), 1278-1282, 
1279f

C1 defi ciency as, 1279
C1 inhibitory defi ciency as, 1281-1282
C2 defi ciency as, 1279-1280
C3 defi ciency as, 1280
C4 defi ciency as, 1280
complement regulatory factors defi ciency 

as, 1281-1282
factor D defi ciency as, 1280
factor H defi ciency as, 1282
factor I defi ciency as, 1282
mannose-binding lectin defi ciency as, 

1280-1281
MASP-2 defi ciency as, 1281
properdin defi ciency as, 1280
recurrent infections associated with, 1166
terminal complement component 

defi ciency as, 1281
Complement fi xation, by autoantibodies, in 

autoimmune hemolytic anemia, 625-626, 
626f

Complement pathway
activation of, 1279f
alternative components in, defi ciency of, 

1280
classical components in, defi ciency of, 

1279-1280
defi ciencies of, clinical associations with, 

1279t
Complement regulatory factors, defi ciency of, 

1281-1282
Complementation groups, in Fanconi’s 

anemia, 319, 320t
Comprehensive care, for hemophilia A and B, 

1499
Computed tomography (CT), demonstrating 

iron overload, 1059

Conditioning regimens, for stem cell 
transplantation, 399-401

Congenital adrenal hyperplasia, 1691
Congenital anomalies, in Diamond-Blackfan 

anemia, 352, 352t
Congenital dyserythropoietic anemia, 49, 

309t, 360-364, 360b
additional variants of, 363
associated with thrombocytopenia, 364
differential diagnosis of, 360
features of, 361t
management of, 360
type I, 361t

clinical characteristics of, 360-361
genetic basis of, 362
laboratory fi ndings in, 361, 362f

type II, 361t
clinical characteristics of, 362
genetic basis of, 363
laboratory fi ndings in, 362-363

type III, 361t
laboratory fi ndings in, 363

Congenital erythropoietic porphyria, 584-
586. See also Porphyria(s).

clinical manifestations of, 585-586, 585f
frequency of, 585
pathogenesis of, 586
treatment of, 586

Congenital neutropenia, severe. See 
Neutropenia, severe congenital.

Congenital nonspherocytic hemolytic anemia
aldolase defi ciency in, 850-851, 850t
characteristics of, 840, 840f
clinical course of, 894-895, 895f, 895t
defi cient hexokinase activity in, 841, 842t
diagnosis of, 895-896
pathophysiology of, 895
treatment of, 896

Congestive cardiomyopathy, iron overload 
causing, 545

Congestive heart failure, 1682
Conjunctival vessels, tortuosity and 

sacculation of, in sickle cell disease, 976
Consensus sequence mutations, initiation of, 

in thalassemia, 1026t
Constipation, 1683

associated with storage diseases, 
management of, 1312

Contact factor. See also Factor XII.
defi ciencies of, 1529-1530

Convertin. See Factor VII.
Cooley, Thomas B., 5-6
Cooley’s anemia. See Thalassemia major.
Copper

daily intake of, 550
defi ciency of, hematologic aspects of, 551
metabolism of, defects in, 551
physiology of, 550
transport of, 550-551

Copper sulfate, for copper defi ciency, 551
Coproporphyria, hereditary, 592-593
Coproporphyrin, excretion of

in Dubin-Johnson syndrome, 129
in Rotor’s syndrome, 128

Coproporphyrinogen oxidase, mutations of, 
hereditary coproporphyria caused by, 
592-593

reaction catalyzed by, 591, 592f
Coreceptors

involved in B-cell activation, 1230
involved in T-cell activation, 1239-1240, 

1240f
Corneal clouding, in mucolipidosis IV, 1345
Corticosteroids

for aplastic anemia, 293
for autoimmune hemolytic anemia, 629, 

629t

Corticosteroids (Continued)
for infectious mononucleosis, 1705
hemolysis amelioration with, 635
very-high-dose, lympholytic effects of, 412

Cow’s milk
consumption of, iron defi ciency associated 

with, 535
folate in, 490
removal of, for idiopathic pulmonary 

hemosiderosis, 1692
51Cr half-life, of neonatal red blood cells, 28, 

28t
C-reactive protein, reference values for, in 

newborns, 1791
Crigler-Najjar syndrome I and II, 119-121

diagnosis and treatment of, 120-121
pathophysiology of, 120
UGT1 gene in, 108, 120
vs. Gilbert’s syndrome, 116t

Crohn’s disease, iron defi ciency and, 536
Cryoglobulinemia, 1660
Cryohemolysis test, hypertonic, for hereditary 

spherocytosis, 733
Cryohydrocytosis, 766

classifi cation of, based on temperature 
dependence of cation leaks, 767-768, 
767f, 768f

features of, 762t
Cryoprecipitate, for hemophilia A, 1496
C-terminal domain

of ankyrin, 700
of protein 4.1, 693

Cubam, 472
Cubilin, 472
CUBN gene, 472, 485
Cushing’s syndrome, 1690, 1691
Cyanosis, 931-933, 932f

identifi cation of variants in, 933
pathophysiologic considerations in, 932, 

932f
Cyanotic heart disease, 1682
Cyclic adenosine monophosphate (cAMP), 

957, 1383, 1389
Cyclic neutropenia, 1138-1140, 1139f

treatment of
granulocyte colony-stimulating factor in, 

1140
hematopoietic growth factors in, 243

Cyclooxygenase-2 (COX-2), 1383
Cyclophilin ligand interactor defi ciency, 1276
Cyclophosphamide

for aplastic anemia, 293
for autoimmune hemolytic anemia, 629t, 

631
for chronic immune thrombocytopenic 

purpura, 1564
Cyclosporine

for aplastic anemia, 289
with antithymocyte globulin, 289-290, 

290t
for autoimmune hemolytic anemia, 629t, 

631
for chronic immune thrombocytopenic 

purpura, 1564
prophylactic, for acute graft-versus-host 

disease, 412
Cystic fi brosis, 1684, 1692
Cytidine deaminase, activation-induced, 

mutations in, 1269
Cytidine diphosphate (CDP), 864
Cytidine monophosphate (CMP), 864
Cytidine triphosphate (CTP), 864
Cytokine(s). See also specifi c cytokine.

disorders of, 1183-1185
genomic analysis of, 214, 215f
in aplastic anemia, 283
in infl ammatory response, 1120
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Cytokine(s) (Continued)
lymphohematopoietic, 208-209

defi nition of, 208
role of, in autoimmune hemolytic anemia, 

632
Cytokine receptor common γ chain, 

mutations of, 1260
Cytokine receptor genes, 214, 215f
Cytomegalovirus (CMV)

aplastic anemia associated with, 279
leukocyte-associated transmission of, 1625
transfusion exposure to, 1638

Cytomegalovirus (CMV) infection
after stem cell transplantation, 405
pretransplant prophylaxis and treatment of, 

407
Cytopenia

in classic dyskeratosis congenita, 331
isolated, inherited bone marrow failure 

syndromes associated with, 351-371. 
See also Bone marrow failure 
syndrome(s), associated with isolated 
cytopenias. 

Cytoplasmic domain, band 3 protein, 671, 
672f, 673-675, 674f, 675f

Cytosolic factor mutations, in chronic 
granulomatous disease, 1176

Cytosolic proteins, limiting platelet responses, 
1388-1390

Cytotoxic T cell(s), differentiation and 
function of, 1242-1244

Czerny, 7

D

Dactylitis, in sickle cell crisis, 965
Dalteparin, for venous thromboembolism, 

1603
Danaparoid, for heparin-induced 

thrombocytopenia, 1570
Danazol

for autoimmune hemolytic anemia, 629t, 
631

for chronic immune thrombocytopenic 
purpura, 1564

Darrow, Ruth, 12
DCLRE1C mutations, in severe combined 

immunodefi ciency, 1260
D-Dimer(s), 156, 157t
D-Dimer assay, in bleeding evaluation, 1457
Death, sudden, transfusional iron overload 

associated with, 545-546
Deferasirox chelation

effi cacy of, 1070
for thalassemia major, 1070-1071
toxicity of, 1071

Deferiprone chelation
effi cacy of, 1070
for thalassemia major, 1070
toxicity of, 1070

Deferoxamine chelation
effi cacy of, 1069
for thalassemia major, 1068-1070
toxicity, 1069-1070

Defi brotide, for veno-occlusive liver disease, 
408

Dehydration, cellular, transport pathways 
leading to, 711, 712f

Delayed puberty, in thalassemia major, 1064
Deletion mutations

silent, 1039
α-thalassemia, 1044f, 1045f, 1047
β-thalassemia, 1037t, 1039
γδβ-thalassemia, 1037t, 1040

Delivery, induced early, of fetus with 
hemolytic disease, 84

Dematin (protein 4.9), 697-698
Denaturation, of hemoglobin, 937
Dendritic cell(s)

antigenic properties of, 1118
expression of hematopoietic growth factor 

by, 218-219
Dengue, 1756-1757

aplastic anemia associated with, 279
Dengue hemorrhagic fever, 1757
Dengue shock syndrome, 1757
Dense granules, platelet-specifi c, 1386, 

1386b
defects of, 1471f, 1474-1475

Dental caries, in classic dyskeratosis 
congenita, 331

Dental development, disturbed, after stem 
cell transplantation, 415

Deoxyribonucleic acid. See DNA entries.
Deoxythymidine monophosphate (dTMP), 

864
Deoxyuridine suppression test, of cobalamin 

defi ciency, 478
Dermatan sulfate, enzymatic degradation 

pathways of, in mucopolysaccharidoses, 
1331, 1331f

Dermatitis herpetiformis, 1709
Desmopressin (DDAVP)

for hemophilia A, 1496
for TAR syndrome, 371
for von Willebrand disease, 1508-1509, 

1508f
Dexamethasone, for chronic immune 

thrombocytopenic purpura, 1563
DHFR gene, 497
Diabetes mellitus

hematologic manifestations of, 
1706-1707

in thalassemia major, 1064-1065
Diabetic mother, infant of

hyperbilirubinemia in, 122
platelet reactivity in, 172

Diamond, 9, 10
Diamond-Blackfan anemia, 48, 309t, 351-

360, 352b
animal models of, 357-358
clinical manifestations of, 351-353, 352b
congenital abnormalities in, 352, 352t
diagnostic criteria for, 353, 353t
differential diagnosis of, 353-354
disease pathogenesis in, mechanism of, 

358
diseases related to, 356-357
genes in, function of, 354-356, 354f-356f, 

355b
hematologic abnormalities in, 352-353
i antigen in, 1627
inheritance of, 354
malignancy in, predisposition to, 353
management of, 358-360

alternative therapies in, 359
cancer surveillance/therapy in, 360
glucocorticoids in, 358
hematopoietic growth factors in, 242
in pregnant patient, 359
stem cell transplantation in, 359, 426
transfusion therapy in, 359

molecular diagnosis of, 356
phenotype-genotype correlation of, 356, 

357f
short stature in, 352
spontaneous remission of, 359

Diarrhea
in infancy, 1683
methemoglobinemia with, 47-48

DIDMOAD syndrome, 1691, 1706
Diepoxybutane, hypersensitivity to, in 

Fanconi’s anemia, 317

Diet
and platelet function, 172
macrobiotic, cobalamin defi ciency and, 

482, 483, 484
Dietary factors, infl uencing iron absorption, 

523-524
Dietary sources, of iron, 535
DiGeorge syndrome, 1265t, 1267-1268
Dimercaprol, for lead poisoning, 554
Diphenhydramine, for transfusion reactions, 

1637t
Diphenylhydantoin, maternal use of, for 

unconjugated hyperbilirubinemia, 127
2,3-Diphosphoglycerate (2,3-DPG)

hemoglobin affi nity for oxygen and, 921-
922, 922f

hemoglobin F binding to, 924
in renal disease, 1687
metabolism of, in neonatal red blood cells, 

33
Dipyridamole, platelet dysfunction caused by, 

1579
Direct antiglobulin test (DAT)

for blood transfusions, 1636, 1636f
for malaria, 1747

Disability-adjusted life years (DALY), 
attributable, health burden measured by, 
1742

Disease states, leukocyte variations in, 
1709-1714

Disseminated intravascular coagulation, 
1592-1595

causes of, 1593b
clinical manifestations of, 1593
conditions associated with, 1458b
diagnosis of, 1593-1594
etiology of, 1592-1593, 1593b
in liver disease, 1686
infection and, 1698
laboratory fi ndings in, 1458
pathophysiology of, 1459f
plasmapheresis for, 1661
schistocytic hemolytic anemia and, 642
sepsis with, causing thrombocytopenia, 168
treatment of, 1594-1595

anticoagulants in, 1594
blood component therapy in, 1594
replacement of natural anticoagulant 

pathway in, 1594
Divalent metal transporter 1 (DMT1), 524, 

528
DKC1 gene, 334

mutations of, 336-337, 338f-339f, 339-340
DNA

complementary, 69
in storage diseases, 1311

genomic, amplifi cation of, 752
in hereditary spherocytosis, assessment of, 

734
mitochondrial disorders of, 349, 350b
thalassemia mutation detection in, 1035

DNA fragments, cloning of, 13
DNA ligase IV, defects of, in severe 

combined immunodefi ciency, 1260
DNA ligase IV–defi ciency, 319
DNA polymerase, 13
DNA repair pathways, 322b

FANC proteins in, 321-324, 322f, 323f
DNA sequences, mapping of, 402, 409
DNA synthesis, iron in, 529
DNase, erythroid-specifi c, 1021
Döhle bodies, in May-Hegglin anomaly, 

1697
Dominant β-thalassemia state, in thalassemia 

major, 1057
Donath-Landsteiner autoantibody, 625
Donations, directed, for transfusions, 1634
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Donor
blood. See Blood donors.
HLA-matched, 287-288

Donor apheresis, 1652
Down syndrome, 349f, 350-351, 350b

acute megakaryoblastic leukemia in, 157, 
169, 350-351

folate and, 497
transient myeloproliferative disorder in, 

157, 169, 350, 350b
Downeast anemia, 845
Drug(s). See also named drug or drug group.

aplastic anemia associated with, 277-278
classifi cation of, 277b

causing acquired stomatocytosis, 768
causing acute porphyric attacks, 581, 581b
causing bleeding, 1592
causing hemolytic anemia, 634
causing neutropenia, 1145, 1146t
causing platelet dysfunction, 1578-1579
transplacental passage of, 

thrombocytopenia associated with, 169
triggering hemolysis, in G6PD-defi cient 

children, 892t
usage history of, in bleeding evaluation, 

1452
Drumstick, neutrophil, 1710
Dubin-Johnson syndrome, 128-129

factor VII defi ciency in, 162
vs. Rotor’s syndrome, 116t

Duchenne’s muscular dystrophy, 1707-1708
Duffy antigens, 1629
Duffy glycoprotein, 683
Duodenum, iron absorption in, 524, 525f
Dyserythropoietic anemia, congenital, 49, 

309t, 360-364, 360b, 361t. See also 
Congenital dyserythropoietic anemia.

Dyserythropoiesis, hereditary elliptocytosis 
with, 750

Dysfi brinogenemia, 1526-1527, 1542-1543
Dyskeratosis congenita, 309t, 329-344, 329b, 

1709
animal models of, 342-343
atypical, 330
autosomal dominant, 334
autosomal recessive, 334
classic, 330-331, 332f
clinical features of, prevalence of, 330t
clinical manifestations of, 329-332, 330t, 

331f
diagnosis of, molecular, 341
differential diagnosis of, 334
diseases related to, 341-342
genes in

function of, 334-335, 334f, 335b, 336f, 
337f

mutations of, 336-338, 338f-339f, 
339-341

laboratory fi ndings in, 332-333, 333b, 333f
malignancy in, predisposition to, 331-332
management of

cancer surveillance/therapy in, 344
gene therapy for, 344
hematologic disease and, 343
pulmonary disease and, 343-344

pathogenesis of, mechanism of, 343
phenotype-genotype correlation in, 

339-341
anticipation in, 340, 340b, 341f
of gene mutations, 339-341

silent, 330
sporadic, 334
X-linked, 334

Dyskeratosis congenita cell(s), cellular 
phenotype of, 333, 333b

Dyskerin, 334-335, 334f
pathogenic mutations in, 339f

Dysmorphic facial features, in storage 
diseases, 1303

E

Ear(s), effect of sickle cell disease on, 977
Echinocytes

disorders associated with, 773-779
morphology of, 773, 773f

Eculizumab, hemolysis amelioration with, 
635

Eczema, 1708
EF hand domains, of spectrin, 688, 689f
Ehlers-Danlos syndrome, 1709
Ektacytometry

in hereditary elliptocytosis, 752
in hereditary spherocytosis, 733-734, 

734f
ELA2 gene, 365

mutations of, 366
ELAN2 gene, in severe congenital 

neutropenia, 1140
Elastin-binding protein, in Gm1-gangliosidosis, 

1326
Electrophoresis

hemoglobin, 1048, 1048f
of hemoglobin, 937

Elliptocytosis, hereditary, 746-759
abnormal spectrin structure in, laboratory 

methods defi ning, 751-752
clinical subsets of, 748, 748t
common, 748-750, 748t

heterozygous, 749
homozygous, 750
with chronic hemolysis, 749
with dyserythropoiesis, 750
with infantile poikilocytosis, 749-750
with malaria, 759
with sporadic hemolysis, 749

etiology of, 752-758
glycophorin C defects in, 758
protein 4.1 defects in, 756-758, 757f
spectrin defects in, 752-756, 753f

α-chain, 753-754, 754f
low expression of, 755-756, 756f

β-chain, 755
outside heterodimer self-association 

site, 755
genetics of, 747-749
history of, 747
pathophysiology of, 758
prevalence of, 747-748
red cell permeability in, 758-759
silent carrier state in, 749
spherocytic, 748t, 751
treatment of, 751

Embden-Meyerhof pathway, 840f, 856
enzymes of, 31-32

Embolism. See also Thromboembolism.
pulmonary, associated with venous 

thromboembolism, 1601
Embolization, splenic artery, vs. splenectomy, 

743
Embryo

developing, generations of red blood cells 
in, 22

hemoglobin synthesis in, 927-928
mutations affecting, 928

Emergency(ies), transfusion in, choice of 
blood for, 1633

Encephalitis, Rasmussen’s, plasma exchange 
for, 1660

Encephalopathy
bilirubin, 112-113

risk of, 112
in lead poisoning, 553

Endocarditis
bacterial, 1682
Löffl er’s, 1696

Endocrine disorders
in thalassemia major patients, 1063-1065
of adrenal gland, 1690-1691
of ovary, 1691
of pituitary gland, 1691
of testis, 1691
of thyroid gland, 1689-1690, 1689t
transplant-related, 417

Endocytosis, transferrin receptor-mediated, 
iron uptake by, 528, 528f

Endothelial cell(s)
as source of hematopoietic growth factor, 

219
platelet inhibitors produced by, 1383, 

1383f
Endothelium, red cell adhesion to, 957
Enolase defi ciency, 725, 856-857
Enoxaparin, for venous thromboembolism, 

1603
Enteritis, regional, 1683
Enterohepatic circulation

of bilirubin, 110, 111f
disorders of, 121-122

of folates, 491
Enteropathy, in classic dyskeratosis congenita, 

331
Enucleation, membrane remodeling during, 

707
Enzyme(s)

defi cient activity of
in storage diseases, 1308, 1311
red cell, 48

iron-dependent, 522b
lysosomal, activity of, 1301-1302

Enzyme enhancement, chaperone-mediated, 
for storage diseases, 1313

Enzyme protein(s), mutant, in vitro 
properties of, 840-841, 841t

Enzyme replacement therapy
for galactosialidosis, 1343-1344
for Gaucher’s disease, 1321-1322
for Hunter’s syndrome, 1335
for Hurler-Scheie’s syndromes, 1334
for Maroteaux-Lamy syndrome, 1338
for Sanfi lippo’s syndrome, 1336-1337
for Sly’s syndrome, 1338
for storage diseases, 1312

Enzyme-linked immunosorbent assay 
(ELISA), for von Willebrand factor, 1504

Enzymopathy, glycolytic, 840
Eosinopenia, 1155, 1712
Eosinophil(s), 1115-1116

hypersegmentation of, hereditary 
constitutional, 1710

mature, 1115
specialized function of, 1135-1136, 1135t

Eosinophilia, 1153-1155
allergy causing, 1153
autosomal dominant familial, 1154-1155
causes of, 1153-1154, 1154b, 1712, 1712b
characteristics of, 1154b, 1712-1713
parasitic infections and, 1153-1154, 1154b, 

1697
polyarteritis nodosa and, 1696
tropical, 1755, 1755b

Eosinophilic fasciitis, aplastic anemia 
associated with, 280

Eosinophilic gastroenteritis, 1683
Epidermal growth factor–like domains, of 

vitamin K–dependent proteins, 1404, 
1406f, 1407

Epinephrine, for transfusion reactions, 1637t
Epithelial cell(s), as source of hematopoietic 

growth factor, 219
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Epstein-Barr virus (EBV)
aplastic anemia associated with, 279
in infectious mononucleosis, 1699. See also 

Infectious mononucleosis. 
characteristic antibody response to, 

1704-1705, 1704f
transmission of, 1700

Epstein’s syndrome, 171
Erlenmeyer fl ask deformity, in Gaucher’s 

disease, 1319
Eryptosis, 665-666
Erythroblast(s), 22
Erythroblast count, in umbilical cord blood, 

1771
Erythroblastopenia, transient, 294-295, 294t
Erythroblastosis fetalis. See Fetal hemolytic 

disease; Hemolytic disease of newborn.
Erythrocytapheresis, 1655-1658

before general anesthesia, 1657
for acute chest syndrome, 1655-1656
for chronic transfusion, 1657-1658
for priapism, 1657
for sickle cell disease, 1655
for stroke, 1657

Erythrocyte(s). See Red blood cell(s).
Erythrocyte differential count, 30f
Erythrocyte sedimentation rate, in newborns, 

1796
Erythrocytosis, 929-931

clinical aspects of, 930-931
identifi cation of, 929-930, 930b
structural defects of, 929, 929f

Erythroid cell(s)
development of, 203-204, 204f, 205f

spectrin synthesis in, 690
iron in, 530
maturation of, 204f
pyruvate kinase in, 858

Erythroid colony-forming cell(s), 202-203, 
202f

aplastic anemia and, 280
Erythroid hyperplasia, iron overload caused 

by, 545
Erythroid Krüppel-like factor (EKLF), 1020
Erythroid precursors

in bone marrow, 495
in megaloblastic anemia, 470

Erythroid progenitors, fetal hemoglobin 
produced by, 26, 26t

Erythroid transcription factor, 1020
Erythroleukemia cell(s), K562, nontransferrin 

iron uptake by, 529
Erythromycin ethyl succinate, prophylactic, 

for sickle-related infections, 973
Erythropoiesis

accelerated, increased plasma iron turnover 
and, 525

after birth, 27, 27f
biology of, 233-235
development of, 22-27, 23f, 24f
effective, 527
effects of 5-azacytidine on, in thalassemia 

major patient, 1073, 1073f
fetal, STAT5 in, 26
growth factors and, 234
ineffective, 104, 360b, 527

iron overload caused by, 545
kinetics of, 204, 205f
negative regulation of, 234-235
normoblastic, 22
role of growth hormone in, 1691
sites of, globin biosynthesis and, 1017, 

1018f
T-cell suppression of, pure red cell aplasia 

associated with, 295
transcription factors and, 233-234

Erythropoietic progenitors, 22-23

Erythropoietic protoporphyria, 595-597. 
See also Porphyria(s).

Erythropoietin (EPO)
action of, 210
expression of, effect of hypoxia on, 219-

220, 220f
for anemia of chronic renal failure, 244
for aplastic anemia, 241
for HIV infection, 242
for malignant disease, 238-239
for myelodysplasia, 241
gene disruptions in, 216t, 217
recombinant

for anemia of chronic renal failure, 244
for anemia of prematurity, 51-52, 93, 

245
for Diamond-Blackfan anemia, 242
for neonatal hereditary spherocytosis, 

718
reference ranges for, in children, 1790
serum levels of, during fi rst year of life, 

1790
Erythrostasis, in hereditary spherocytosis, 729
Escherichia coli, in hemolytic-uremic 

syndrome, 1573
treatment of, 1574

Esophagus, Barrett’s, 1682
Ethnic distribution, of β-thalassemia 

mutations, 1035
Ethylenediaminetetraacetic acid (EDTA)–

dependent antibodies, 
pseudothrombocytopenia secondary to, 
1554-1555, 1554f

Euglobulin clot lysis time, in bleeding 
evaluation, 1457

Eukaryotes, cobalamin synthesis and, 471
Evans syndrome, 633

thrombocytopenia associated with, 
1565-1566

Exchange transfusion
for acute infarction, in sickle cell crisis, 968
for autoimmune hemolytic anemia, 629t, 

630
for hemolytic disease of newborn, 87-89

assessment of infant after, 92
complications of, 89
indications for, 87-88
technique of, 88-89

for unconjugated hyperbilirubinemia, 125-
126, 125f

thrombocytopenia associated with, 168
Extracorporeal membrane oxygenation 

(ECMO), increased risk of bleeding in, 
172-173

Extracorporeal photopheresis, 1658-1659
Extrinsic factor Xase (factor VIIa–TF 

complex), 1400, 1402-1403, 1402f
Extrinsic pathway, of coagulation, 1400
Extrinsic pathway proteins, properties of, 

1405t
Eye(s), effect of sickle cell disease on, 

976-977

F

FA gene(s), 322
Fabry’s disease, lesions in, 1317
Facial hypertrichosis, in porphyria cutanea 

tarda, 588, 589f
Facies, dysmorphic, in storage diseases, 1303
F-actin, spectrin interaction with, 688
Factor I

characteristics of, 1416-1418, 1417f, 
1418f

concentration of, in bleeding evaluation, 
1457

Factor I (Continued)
defi ciency of, 162, 1282
degradation of, 1433-1434, 1433f

products of, in bleeding evaluation, 1457
disorders of, 1526-1527
in liver disease, 1685
properties of, 1405t

Factor II
acquired inhibitors to, 1599
activation of, 1406f, 1408-1409
characteristics of, 1410-1411, 1410f
defi ciency of, 162, 1527-1530
G20210A mutation of, 1541
in liver disease, 1685
schematic representation of, 1406f

Factor V
defi ciency of, 162, 1527

factor VIII and, 1527
in liver disease, 1685
properties of, 1405t

Factor V Cambridge, 1540
Factor V Leiden

heterozygosity for, 1540
in venous thromboembolism, 1544
resistance to, 1539-1541

Factor Va, 1411
Factor VII

activation of, 1406f, 1407
defi ciency of, 162-163, 1528
detection of, 148, 149f
in liver disease, 1685
properties of, 1405t
schematic representation of, 1406f

Factor VIIa, recombinant, 1497-1498
for immune thrombocytopenic purpura, 

with life-threatening hemorrhage, 1565
Factor VIII

assay for, 1493
characteristics of, 1410f, 1411-1412
defi ciency of, 163. See also Hemophilia A. 

factor V and, 1527
partial thromboplastin time sensitivity 

for, 1493
detection of, 148, 149f
dosage of, 1491t

calculation of, 1494
immune tolerance to, 1498
in liver disease, 1685
infusions of

continuous, 1497
preoperative, 1490

inhibitory antibodies to, 1493
plasma-derived concentrates, 1495-1496
porcine concentrate, 1497
properties of, 1405t
prophylactic therapy with, 1495
recombinant concentrates, 1495
vWF association with, 1500, 1505, 1506f, 

1507, 1510, 1510f
Factor VIII gene mutation, carriers of, 1492
Factor VIII inhibitor(s)

acquired, 1597-1598
for hemophilia A

high-responding, 1497-1498
low-responding, 1497

Factor VIII inhibitor–bypassing activity 
(FEIBA), 1498

Factor VIIIa, 1411-1412
Factor IX

activation of, 1406f, 1407-1408
assay for, 1493
defi ciency of, 163. See also Hemophilia B. 
detection of, 148, 149f
dosage of, 1491t

calculation of, 1498
in liver disease, 1685
infusions of, preoperative, 1490
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Factor IX (Continued)
inhibitory antibodies to, 1493
plasma-derived concentrates, 1498
properties of, 1405t
recombinant concentrates, 1498
schematic representation of, 1406f

Factor IX inhibitors
acquired, 1598
for hemophilia B, 1499

Factor X
activation of, 1406f, 1408
defi ciency of, 163, 1528
detection of, 148, 149f
half-life of, 1528
in liver disease, 1685
properties of, 1405t
schematic representation of, 1406f

Factor Xa inhibitors, for venous 
thromboembolism, 1604

Factor XI
characteristics of, 1409-1410
defi ciency of, 163, 1529
in liver disease, 1682
properties of, 1405t

Factor XIa, 1410
Factor XII

characteristics of, 1413-1414
defi ciency of, 1530
in liver disease, 1682
low levels of, 1688
properties of, 1405t

Factor XIIa, 1414
Factor XIII

characteristics of, 1416
defi ciency of, 163, 1529
half-life of, 1529
in gastrointestinal disease, 1683
in liver disease, 1685
properties of, 1405t

Factor D, defi ciency of, 1280
Factor H, defi ciency of, 1282
Factor IXa–factor VIIIa complex, 1400-1401, 

1402-1403, 1403f
Factor κB pathway, nuclear, mutations of, 

1269-1270
Factor VIIa–TF complex, 1400, 1402-1403, 

1402f
Familial benign neutropenia, 1144
Familial lecithin-cholesterol acyltransferase 

defi ciency, target cells in, 772
Familial marrow dysfunction, 351
Familial platelet defi ciency/acute 

myelogenous leukemia (FPD/AML), 
1477-1478

Familial pseudohyperkalemia, 765
Family history, in bleeding evaluation, 

1451
FANC gene(s)

identifi cation of, 319, 320t, 321, 321f
immunoblotting for, 317
mutations of, 324, 325t

heterozygous carriers of, 326
somatic, in malignancy, 326-327

FANC proteins, function of, in Fanconi’s 
anemia, 321-324, 322b, 322f, 323f

FANCA gene, mutation of, 324, 325t, 
326

FANCB gene, mutation of, 327
FANCC gene, mutation of, 324, 325t, 

326
FANCD1 gene, mutation of, 326
FANCD1/BRCA2 gene, 317

mutation of, 324, 325t
FANCD2 gene, mutation of, 324, 326
FANCG gene, mutation of, 324, 325t
FANCN gene, mutation of, 326
FANCN/PALB2 gene, 326

Fanconi, Guido, 8-9
Fanconi’s anemia, 309t, 312-329, 312b

clinical manifestations of, 312-317, 
312b

complementation groups in, 319, 320t
congenital anomalies associated with, 

312-313, 313t, 314b, 315f
diagnosis of, 317-318, 318t

molecular, 324, 326, 326f
differential diagnosis of, 318-319
epidemiology of, 312
FANC genes in

identifi cation of, 319, 320t, 321, 321f
immunoblotting for, 317
mutations of, 324, 325t

heterozygous carriers of, 326
somatic, 326

FANC proteins in, function of, 321-324, 
322b, 322f, 323f

fertility and, 313
genotype-phenotype correlation in, 

326-327
hematologic abnormalities associated with, 

313-317
heritability, penetrance, and expressivity of, 

312b
inheritance of, 319
malignancy in

predisposition to, 316-317, 316t
risk of, 326
somatic FANC gene mutations in, 326

management of
cancer surveillance/therapy in, 329
gene therapy in, 329
hematologic disease and, 328-329
hematopoietic growth factors in, 242
stem cell transplantation in, 425-426

mouse models for, 327-328
myelodysplastic syndrome in, 314-316
physical abnormalities in, 313t
short stature in, 313

Fanconi’s anemia cell(s)
phenotype of, 318, 318t
somatic mosaicism and functional reversion 

of, 327, 327b
Farber, Sidney, 12-13
Farber’s disease, 1325-1326

laboratory fi ndings in, 1309t
FAS mutation, 1565
Fatty acid acylation, in phospholipid side 

chain repair, 668, 669f
Favism, 889, 890f

control of, 898, 899f
Fcγ receptor(s)

macrophage and platelet, 1557, 1557f
phagocyte, 1127-1128, 1128t

FcγRIa defi ciency, 1166
FcγRIIa, allelic polymorphisms in, 1167
FcγRIIIb defi ciency, 1166-1167
Febrile nonhemolytic reactions, to red blood 

cell transfusion, 1636
Fecal excretion test, of cobalamin defi ciency, 

477
Fecal protoporphyrin, 597
Fechtner’s syndrome, 171, 1711
Feeding problems, associated with storage 

diseases, 1312
Feeding strategies, for unconjugated 

hyperbilirubinemia, 127
Felty’s syndrome, 1694-1695
Fenton reaction, iron-catalyzed, 523
Ferritin

heteropolymers of, 531
metabolism of, 530-532, 532f
serum, 533-534, 1789

in adolescents, 1788
storage of, 1061

Ferrochelatase, 595
mutations of, erythropoietic protoporphyria 

caused by, 595-597
reaction catalyzed by, 595f

Ferroportin, in iron absorption, 1061
Ferrous gluconate, for iron defi ciency, 540
Ferrous iron. See also Iron.

absorption of, 524
Ferrous sulfate drops, for iron defi ciency, 

540
Fertility, and Fanconi’s anemia, 313
Fetal anemia, 36-38

causes of, 37-38
in utero treatment of, 37, 38b

Fetal blood
examination of erythrocytes in, 30-31
hematopoietic progenitor cells in, 23, 25t
percutaneous sampling of, 83-84
typing of, 81

Fetal erythrocytes, membrane lipid 
composition of, 1779-1780

Fetal hemolytic disease. See also Hemolytic 
disease of newborn.

induced early delivery for, 84
intrauterine transfusion for, 84-85, 85f, 

86f
blood for, 85-86

prediction of, 80-84
severity of, 78t
treatment of, 84-86

Fetal hydrops. See Hydrops fetalis.
Fetal transfusion, choice of blood for, 1634
Fetal-to-maternal hemorrhage, 39-41, 39b

clinical manifestations of, 40, 40t
diagnosis of, 40-41

Fetus
coagulation factors in, 1787

screening tests for, 148t, 1787
coagulation inhibitors in, 153t, 1788
effect of maternal iron defi ciency on, 542
hematologic values in, at different 

gestational ages, 1771
iron stores in, 541-542
sickle cell anemia in, diagnosis of, 961
white cell differential counts in, at different 

gestational ages, 1771
Fibrin, degradation of, 1434

products of, in bleeding evaluation, 1457
Fibrinogen. See Factor I.
Fibrinolysis

basic concepts of, 1426, 1427f
cellular receptors in

activation, 1431-1433
clearance, 1433

defi nition of, 1426
inherited abnormalities of, 1543
inhibitors of, 1430-1431
non–plasmin-mediated, 1438

Fibrinolytic system
component(s) of, 1426-1433, 1428t-1429t

plasminogen activators as, 1427, 1428t, 
1429-1430, 1429f

accessory, 1430
plasminogen as, 1426-1427, 1428t, 

1429f
tissue plasminogen activator as, 1427, 

1428t, 1429-1430, 1429f
urokinase as, 1428t, 1429f, 1430

fetal and neonatal, 156, 156t
gene deletion models of, 1436t
infl ammatory role of, 1438
overview of, 1427f
physiologic functions of, 1434-1438
proteins of, 1428t-1429t
reference values for, in healthy children vs. 

adults, 1787t
Fibrin-stabilizing factor. See Factor XIII.
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Fibroblast(s)
as source of hematopoietic growth factor, 

219
from cblC patients, 487
from cblE and cblG patients, 486

Fibrosis
pulmonary, in dyskeratosis congenita, 331, 

342
management of, 343

tissue, 1435, 1437
Fish tapeworm infestation, cobalamin 

defi ciency due to, 472-473
Fish-eye disease, target cells in, 772
Fitzgerald factor, 1414
Flaviviruses, aplastic anemia associated with, 

279
Flavocytochrome b

mutations of, in chronic granulomatous 
disease, 1174-1176

respiratory burst oxidase, 1131
Fletcher factor (plasma prekallikren), 

1414
Floppase, phospholipid, 664
Foam cell(s), in bone marrow, 1306-1307
Folate, 489-501

absorption of, 490-491
and arteriosclerotic vascular disease, 497
and cancer, 497
and Down syndrome, 497
and neural tube defects, 496
antimetabolites of, 497-498
biochemistry of, 491-494, 492f

one-carbon units in
sources of, 492f, 493-494
utilization of, 494

chemistry of, 489, 489f
entry of, into cells, 491
erythrocyte levels of, in cobalamin 

defi ciency, 495
increased requirements for, subjects with, 

490
nutritional sources of, 489-490
physiology of, 490-491
recommended daily allowance of, 489, 

490t
supplemental

for hemolytic disease of newborn, 87
preconceptual, 496

transport of, 491
inborn errors of, 498-501

Folate defi ciency, 494-496
cobalamin in, 478
diagnosis of, 494-495
in infants, 496
in neonates, 48, 496
in older children and adolescents, 496
maternal, 495-496
treatment of, 495

Folate metabolism
cellular

compartmentalization of, 494
schematic of, 492f

inborn errors of, 498-501, 499t
Folate monoglutamates, 492
Folate polyglutamate synthesis, 492
Folic acid

before splenectomy, 745
for folate defi ciency, 495
for sickle cell anemia, 982
for thalassemia major, 1071
plasma levels of, in children, 1790
recommended daily allowance of, for 

pregnant women, 490
reduction of, 491

Folinic acid, structure of, 489f
FOLR1 gene, 491
FOLR2 gene, 491

Fondaparinux, for venous thromboembolism, 
1604

Food, cobalamin in, 472-473
Formula, iron-fortifi ed, 535
Formula feeding, 127
Fragility tests, for hereditary spherocytosis, 

733
Fresh frozen plasma (FFP)

for coagulation factor defi ciencies, 162
for disseminated intravascular coagulation, 

1594
for hemophilia B, 1499
for homozygous protein C/protein S 

defi ciency, 173
for schistocytic hemolytic anemia, 643
for vitamin K defi ciency, 1596

FTCD gene, 500
FUCA1 gene, in fucosidosis, 1347
FUCA2 gene, in fucosidosis, 1347
Fucosidosis, 1346-1347

chromosome assignment of genes for, 
1303t

clinical manifestations of, 1346
diagnosis of, 1347
laboratory fi ndings in, 1310t

Fy antigens, 1629

G

G protein–coupled receptors, 1465t, 
1472-1473

in platelet activation, 1386-1387, 1387f
Galactosialidosis, 1341-1344

chromosome assignment of genes for, 
1303t

early infantile, 1342
genetic mapping in, 1342
juvenile/adult, 1343
late infantile, 1342-1343
molecular aspects of, 1343
treatment of, 1343-1344

Gallstones
in erythropoietic protoporphyria, 596
in hereditary spherocytosis, 736, 736f
in thalassemia major, 1059
sickle cell crisis and, 967

GALNS gene, in Morquio’s syndrome, 
1337

Gm1-Gangliosidosis, 1326-1329
causative gene in, 1326
chromosome assignment of genes for, 

1303t
defi nition of, 1326
diagnosis of, 1328
elastin-binding protein in, 1326
laboratory fi ndings in, 1309t
pathologic and molecular aspects of, 

1327-1328
treatment of, 1328-1329
type 1 (early infantile), 1327
type 2 (late infantile/juvenile), 1327
type 3 (adult—chronic form), 1327

Gm2-Gangliosidosis, Sandhoff variant of. 
See Sandhoff ’s disease.

Gas6 receptors, in platelet activation, 1387f, 
1388

Gasser cell(s), in mucopolysaccharidoses, 
1333

Gasser, Conrad, 9
Gastric carcinoma, increased risk of, 

pernicious anemia and, 480
Gastritis, atrophic, 1682-1683
Gastroenteritis, eosinophilic, 1683
Gastrointestinal bleeding

in hemophilia, 1491
iron defi ciency caused by, 536-537

Gastrointestinal disorders, 1682-1683
in pernicious anemia, 480
in Shwachman-Diamond syndrome, 345, 

345t, 346f
GATA-1, transcription of, 1020
GATA-1 gene, 234, 1020, 1040

mutations of, 26, 171, 233
in Down syndrome, 169, 169f, 350

Gaucher cell(s), 1317
in bone marrow, 1307

Gaucher’s disease, 1117, 1317-1322
alglucerase infusion for, 427
chromosome assignment of genes for, 

1303t
classifi cation of, 1318-1319
clinical diagnosis of, 1303-1304
incidence of, 1317-1318
laboratory fi ndings in, 1309t
molecular and genetic aspects of, 1321
pathogenesis of, 1302
treatment of, 1321-1322
type 1 (chronic non-neuronopathic—adult), 

1319-1320
type 2 (acute neuronopathic—infantile), 

1320
type 3 (subacute neuronopathic—juvenile), 

1320-1321
Gd gene

genomic level of, 887, 887f
molecular analysis of, 897-898
X-linkage of, 886

Gene(s). See also specifi c gene.
associated with humoral 

immunodefi ciencies, 1272t
δ, in hemoglobin A2, 926

mutational events involving, 926-927
defective, replacement of, in sickle cell 

disease, 981
Gγ, mutations of, in hemoglobin F, 926
in Diamond-Blackfan anemia, function of, 

354-356, 354f-356f, 355b
in dyskeratosis congenita

function of, 334-335, 334f, 335b, 336f, 
337f

mutations of, 336-338, 338-340, 
338f-339f

in hematopoiesis development, 25
in hematopoietic growth factors

defects of, 216t
disruption of, 216-218
regulation of expression of, 218-221

in inherited bone marrow failure 
syndromes, 309t-311t

in inherited thrombocytopenic syndromes, 
367t

retrovirus-mediated transfer of, 229
Gene clusters, T-cell receptor, 1235-1236
Gene deletion models, fi brinolytic, 1436t
Gene therapy

for chronic granulomatous disease, 
1180

for dyskeratosis congenita, 344
for Fanconi’s anemia, 329
for Gaucher’s disease, 1322
for hemophilia A and B, 1499-1500
for Hurler-Scheie’s syndromes, 1334
for Maroteaux-Lamy syndrome, 1338
for Sanfi lippo’s syndrome, 1336
for severe combined immunodefi ciency, 

1265
for Sly’s syndrome, 1338
for storage diseases, 1314-1316
for thalassemia major, 1073-1074
for von Willebrand disease, 1512
in Hunter’s syndrome, 1335

Gene transcription, thalassemia mutations 
affecting, 1023-1024, 1028
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General anesthesia, erythrocytapheresis 
before, 1657

Genetic disease, transplantation in patients 
with, 423-428

Genetic heterogeneity
of common variable immunodefi ciency, 

1276
of thalassemia major, 1057

Genetic mosaicism
defi nition of, 327b
of Fanconi’s anemia cells, 327

Genetic testing
for FANC mutations, 318
for hemophilia, 1493-1494

Gerbich antigen system, glycophorin 
variations affecting, 681

Gestational age
adequate iron stores and, 542
different

fetal hematologic values at, 1771
fetal white cell differential counts at, 

1771
platelet count as function of, 1784

GFI1 gene, mutations of, 367
Gγ genes, mutations of, 926
Gibbs-Donnan equilibrium, 921
GIF gene, 471, 485
Gilbert syndrome

clinical fi ndings in, 117, 117f
diagnosis and treatment of, 118-119
factor VII defi ciency in, 162
hereditary spherocytosis and, 717
pathophysiology of, 117-118, 118f
sickle cell disease and, 976
UGT1 gene in, 108, 118
vs. Crigler-Najjar syndrome I and II, 

116t
Gla domains, of vitamin K–dependent 

proteins, 1403-1404, 1406, 1406f
Glanzmann, 9
Glanzmann’s thrombasthenia

αIIbβ3 receptor in, biology of, 1464, 1465f, 
1466

classifi cation of, 1466-1468
clinical features of, 1466, 1467f
history of, 1464
incidence of, 1466
laboratory diagnosis of, 1466-1468, 1467f

GLB1 gene
in Gm1-gangliosidosis, 1326
in Morquio’s syndrome, 1337

Globin(s). See also Hemoglobin entries.
heme interactions with, mutations 

weakening or modifying, 935
structural variants of, interaction of 

thalassemia major with, 1074-1075
Globin biosynthesis, imbalance of, in 

thalassemia major, 1055, 1055f, 1056f
Globin biosynthetic ratio

in thalassemia, 1048f, 1049
in β-thalassemia trait, 1052

α-Globin chain, unstable, 1027t, 1033
β-Globin chain, unstable, 1027t, 1033
Globin chain stability, thalassemia mutations 

affecting, 1027t, 1030, 1032-1033
β-Globin complex, β-thalassemia mutants 

unlinked to, 1040
α-Globin gene(s)

both, mutations removing, 1045, 1045f
chromosomal organization of, 1017f
deletion of, effect of successive, in β-

thalassemia trait, 1058t
intervening sequence or introns in, 1017-

1018, 1018f, 1019f
mature, conserved features of, 1018-1019
one, mutations removing, 1044-1045, 

1044f

α-Globin gene(s) (Continued)
regulation of, mutations altering, 

1043-1044
structure of, 1017-1019, 1018f

β-Globin gene(s)
chromosomal organization of, 1017f
expression of, 1019f
intervening sequence of introns in, 1017-

1018, 1018f, 1019f
mature, conserved features of, 1018-1019
regulation of, β-thalassemia mutations 

affecting, 1035-1040, 1036f, 1036t, 
1037t

schematic representation of, 1021f
structure of, 1017-1019, 1018f

δ-Globin gene, 1017
γ-Globin gene, 1017

linked to hereditary persistence of fetal 
hemoglobin-1, 1041-1042

ξ-Globin gene, 1016
α-Globin gene cluster, 1016-1017

deletion mutations within, 1036, 1044-
1045, 1044f, 1045f

mutations not linked to, altering globin 
gene expression, 1045-1046

β-Globin gene cluster, 1016, 1017
Globin gene expression

locus control regions and chromatin 
domains in, 1020-1021, 1021f

mutations not linked to, globin gene 
clusters altering, 1045-1046

regulation of, 1019-1022
sequences in, 1019-1020

transcription factors and, 1020
Globin gene switching, 1021-1022
α-Globin inclusions, in thalassemia major, 

1055
δ-Globin synthesis, in β-thalassemia trait, 

1052
Glossitis, iron defi ciency and, 538-539
Glu681, in band 3 protein

chemical modifi cation of, 675
identifi cation of, 675-676

Glucksberg staging criteria, for acute graft-
versus-host disease, 410, 410t

Glucocorticoids
for Diamond-Blackfan anemia, 358
for immune thrombocytopenic purpura, 

1559-1560
with life-threatening hemorrhage, 1565

Glucose consumption, by neonatal red blood 
cells, 32-33

Glucose infusions, intravenous, for acute 
intermittent porphyria, 582

Glucose phosphate isomerase (GPI) 
defi ciency, 845-847

biochemistry of, 845-846
clinical manifestations of, 845
genetics of, 846-847, 847t
heterozygotes, 847t
homozygotes, 847t
inheritance of, 846
treatment of, 847

Glucose-6-phosphate dehydrogenase 
(G6PD)

activity of, in cord/neonatal blood, 33
and glutathione cycle, 884f
biochemistry of, 885-886
enzymatically active form of, 885
genetics of, 886-887. See also Gd gene. 
historical perspective on, 14
in red cell metabolism, 884-889

features of, 887
role of, 884, 884f

mutations of
patterns of, 888
polymorphic, 888, 889f

Glucose-6-phosphate dehydrogenase 
(G6PD) (Continued)

structure of, 884-885, 885f
terminology associated with, 886
variants of, 888, 898

Glucose-6-phosphate dehydrogenase (G6PD) 
defi ciency

and preventive medicine, 898-899, 899f
biochemical mechanism of, 888-889, 890f
clinical manifestations of, 889-896
congenital nonspherocytic hemolytic 

anemia in
clinical course of, 894-895, 895f, 895t
diagnosis of, 895-896
pathophysiology of, 895
treatment of, 896

diagnosis of, 1180-1181
disorders coexisting with, 899-900
epidemiology of, 889, 889f
features of, 1180-1181, 1180t
genotype-phenotype correlations in, 898
geographic distribution of, 889, 889f, 

900
hematologic disease associated with, 900
hemolytic anemia in, 889-893

clinical course of, 891
clinical manifestations of, 889-890, 890f
diagnosis of, 891-892
hemolysis in, triggers and mechanism of, 

892-893, 892t
laboratory fi ndings of, 890-891, 891t
pathophysiology of, 892
treatment of, 893

heterogeneity and clinical expression of, 
886t

in developing countries, 1759
in heterozygotes, 897
in nonerythroid cells, 899
in red blood cell metabolism, 48
laboratory diagnosis of, 896-898, 897t
malaria and, 900, 1747
molecular basis for, 888-889
neonatal jaundice and, 115

clinical features of, 893
nature of association of, 893-894, 893t, 

894t
treatment of, 894

neutrophil, 1180-1181, 1180t
nonhematologic disease associated with, 

900
screening tests for, 896-897
sickle cell anemia and, 959
trauma associated with, 900

Glucosylceramide lipidosis, 1317-1322. See 
also Gaucher’s disease.

Glutamate formiminotransferase defi ciency, 
500

Glutamic acid carboxylation, vitamin 
K–dependent, 155

Glutamic acid plasminogen (Glu-Plg), 1426
Glutathione cycle, glucose-6-phosphate 

dehydrogenase and, 884f
Glutathione metabolism, disorders of, 

1182-1183, 1183t
Glutathione reductase defi ciency, 1183t
Glutathione synthase defi ciency, 1183t
Glutathione-S-transferase, in bilirubin 

transport, 107
Glyceraldehyde-3-phosphate dehydrogenase 

(G-3-PD) defi ciency, 853
Glycerol lysis test, acidifi ed, for hereditary 

spherocytosis, 715, 733
Glycine, breakdown of, in folate metabolism, 

493
Glycogen storage disease, type IB, 1150
Glycogen synthase kinase 3 (GSK3), 1390
Glycolipids, in red cell membrane, 663
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Glycolysis, erythrocyte, in hereditary 
spherocytosis, 726

Glycolytic enzymes, N-terminal sequence 
binding of, 673, 674f

Glycolytic enzymopathy, 840
Glycophorin(s), 678-681

as receptors for malarial invasion, 681
mutations of, 680-681, 680f
variants of, 679t

Glycophorin A, 678-679, 678f, 679t
band 3 protein and, 677
defects of, 680-681

Glycophorin B, 679, 679t
defects of, 680-681

Glycophorin C, 680, 692
defects of, in hereditary elliptocytosis, 758
variations in, 681

Glycophorin D, 680, 692
variations in, 681

Glycophorin E, 679t, 680
defects of, 680-681

Glycoprotein
Duffy, 683
Kell, 683
Kidd, 683
Lutheran, 683
LW, 683-685
reference ranges for, 1792

Glycoprotein IbIX (GPIbIX) complex
biology of, 1468-1469
structure of, 1469f

Glycoprotein IIb-IIIa (GPIIb-IIIa) complex, 
in platelet activation, 1388, 1389f, 1579

Glycoproteinoses, 1339-1349. See also specifi c 
disease.

laboratory fi ndings in, 1310t
laboratory screening for, 1340

Glycosphingolipid synthesis inhibitors, for 
storage diseases, 1312-1313

Glycosphingolipidoses, 1317-1331, 1317f. 
See also specifi c disease.

Glycosylphosphatidylinositol-linked surface 
proteins, paroxysmal nocturnal 
hemoglobinuria and, 637-638

GNPTAB gene, in I-cell disease, 48
GNPTG gene, in I-cell disease, 48
Goat’s milk, folate in, 490
Gonadal failure, after stem cell 

transplantation, 417
Gonadotropin-releasing hormone (GnRH) 

analogues, for acute intermittent 
porphyria, 583

Goodpasture’s syndrome, 537, 1660
Gout, hereditary spherocytosis and, 738
Gp91phox, in chronic granulomatous disease, 

defective gene for, 1175
Graft(s), rejection of

defi nition of, 409
therapeutic options for, 409

Graft-versus-host disease (GVHD)
acute, 409-412

causes of, 409
clinical manifestations of, 410-411
development of, 410
Glucksberg criteria staging of, 410, 410t
International Bone Marrow Transplant 

Registry severity index for, 410, 
411t

outcome and long-term survival for, 412
prophylactic approaches to, 403-404, 

411-412
risk factors for, 411
vs. chronic graft-versus-host disease, 

412t
chronic, 412-414

clinicopathologic features of, 413-414, 
413t

Graft-versus-host disease (GVHD) 
(Continued)
management of, 414
staging of, 414, 414t
vs. acute graft-versus-host disease, 412t

donor directed transfusion–related, 1634
history of, 398
in bone marrow transplantation, 287-288
in stem cell transplantation, 1647-1648, 

1649
red cell transfusion–related, 1625

Granules
neutrophil. See Neutrophil granules.
platelet-specifi c

alpha, 1385-1386, 1386b
defects of, 1471f, 1475

and role in hemostasis, 1384-1386
contents of, 1386b
dense, 1386, 1386b

defects of, 1471f, 1474-1475
lysosome, 1386, 1386b

Granulocyte(s), 1111-1116
chemoattractants for, 1121t
disorder(s) of, 1157-1184

actin dysfunction as, 1164
cellular disorders of ingestion as, 

1166-1167
Chédiak-Higashi syndrome as. See 

Chédiak-Higashi syndrome.
chronic granulomatous disease as. See 

Chronic granulomatous disease.
evaluation of patients with, 1185
glucose-6-phosphate dehydrogenase 

defi ciency as. See Glucose-6-
phosphate dehydrogenase (G6PD) 
defi ciency.

glutathione metabolism dysfunction as, 
1182-1183, 1183t

humoral disorders of opsonization as, 
1166

hyperimmunoglobulin E syndrome as. 
See Hyperimmunoglobulin E 
syndrome.

impaired chemotaxis as, 1161-1165, 
1161b

leukocyte adhesion defi ciency type I as, 
1157-1160, 1158t

leukocyte adhesion defi ciency type II as, 
1160

leukocyte adhesion defi ciency type III as, 
1160

localized juvenile periodontitis as, 1164
myeloperoxidase defi ciency as, 1181-

1182, 1182t
neonatal neutrophilia as, 1165
specifi c (secondary) granule defi ciency 

as, 1170-1171, 1170t
stem cell transplantation for, 426, 426b

neutrophil. See Neutrophil(s).
Granulocyte agglutination test (GAT), 1146, 

1147
Granulocyte colony-forming cell(s), 203
Granulocyte colony-stimulating factor 

(G-CSF)
action of, 210
effect of, on progenitor cells, 245
for aplastic anemia, 241, 292
for autoimmune neutropenia, 1147

of childhood, 1149
for bone marrow transplant recipients, 

239-240
for chronic idiopathic neutropenia, 244
for cyclic neutropenia, 243
for HIV infection, 242
for Kostmann’s disease, 243
for malignant disease, 237-238
for myelodysplasia, 240

Granulocyte colony-stimulating factor 
(G-CSF) (Continued)

for neonatal immune neutropenia, 1149
for severe congenital neutropenia, 367, 

1141
for Shwachman-Diamond syndrome, 347
gene disruptions in, 216, 216t
leukemia promotion by, surveillance and 

controversy of, 368
monocyte/macrophage expression of, 218

Granulocyte immunofl uorescence test 
(GIFT), 1146, 1147

Granulocyte-macrophage colony-stimulating 
factor (GM-CSF)

for aplastic anemia, 241
for bone marrow transplant recipients, 239
for cyclic neutropenia, 243
for Fanconi’s anemia, 242
for HIV infection, 241-242
for Kostmann’s disease, 243
for malignant disease, 238
for myelodysplasia, 240
gene disruptions in, 216t, 217
lineage-specifi c, action of, 210
monocyte/macrophage expression of, 218
multilineage, action of, 210-211

Granulocytopenia
in AIDS/HIV patients, 1718-1719
in infectious mononucleosis, 1702

Granuloma(s), formation of, in chronic 
granulomatous disease, 1173-1174

Granulomatosis, Wegener’s, 1696
Graves’ disease, 1689
Griscelli’s syndrome, 1144, 1263-1264
Growth and development, delayed

in Gaucher’s disease, 1319
in sickle cell disease, 978-980, 979f, 980t

Growth factor(s)
and erythropoietin, 234
and myelopoiesis, 236
and stem cells, 231-233
angiopoietin-like, 212-213
hematopoietic. See Hematopoietic growth 

factor (HGF).
plasmin activation of, 1437
regulating megakaryocyte differentiation, 

1476
Growth hormone (GH), defi ciency of, 

transplant-related, 417
Growth retardation

in Shwachman-Diamond syndrome, 345
in thalassemia major, 1063-1064

Guanosine monophosphate (GMP), cyclic, 
1383, 1389

Guest, George, 6-7
Guillain-Barré syndrome, plasma exchange 

for, 1659-1660
Günther’s disease, 584-586. See also 

Congenital erythropoietic porphyria.

H

H antigens, 1626, 1626f
Haemophilus infl uenzae type b vaccine, 744, 

745t
Hageman factor. See Factor XII.
Haldane, 7
Haldane effect, 919
Haltia-Santavuori syndrome (CNL-1), 

1353-1354
HAMP mutation, in juvenile 

hemochromatosis, 544
Haploid analysis, of β-thalassemia mutations, 

1033-1034, 1034f
Haptocorrin, 472

defi ciency of, 485
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Haptoglobin, reference ranges for, 1792
HAX1 gene, 366

in severe congenital neutropenia, 1140, 
1141

HE1 gene, in Niemann-Pick disease, 1323, 
1324

Health maintenance, routine, for sickle cell 
disease, 982-983, 983t

Hearing loss, sensorineural, in sickle cell 
disease, 977

Heart. See also Cardiac; Cardio- entries.
function of, iron overload affecting, 

545-546
iron deposition in, 1062
prosthetic valves of, 1680, 1682

Heart failure, congestive, 1682
Heart valves, prosthetic, 1680, 1682
Heat stability test, for unstable hemoglobin, 

937
Heel prick, blood sampling via, 34
Heinz bodies, 616, 935

detection of, 937
diagnostic signifi cance of, 464t
in hemolytic anemia, 735, 890, 891
in hereditary persistence of fetal 

hemoglobin, 1049, 1050f
in liver disease, 1684
postsplenectomy, 773

Heinz body hemolytic syndrome, 935-938
clinical characteristics of, 936
unstable hemoglobin variants associated 

with, 935-936
vs. hereditary spherocytosis, 735

Helicobacter pylori, blood testing for, 1610
HELLP syndrome, 642
Helmholtz, 8
Helper T-cell(s), differentiation and function 

of, 1242, 1244f
Hemangioblast(s), 22
Hemangioma(s), associated with 

Kasabach-Merritt syndrome, 1576, 
1577b

Hemarthrosis, 1450
in hemophilia, 1489-1490

long-term complications of, 1491-1492
Hematocrit

citrate appropriate for, calculating formula 
for, 1452, 1453b

cord clamping effects on, 35t
fetal, 38t
infant levels of, 36, 36t, 37t
normal, mean and lower limits of, 456t
reference range of, race-specifi c, 456

Hematocrit ratio, capillary-to-venous, 34, 
34f

Hematologic disorders. See also specifi c 
disorder.

G6PD defi ciency associated with, 900
in Diamond-Blackfan anemia, 352-353
in dyskeratosis congenita, 330-331

management of, 343
in Fanconi’s anemia, 313-317

management of, 328-329
in Shwachman-Diamond syndrome, 

344-345, 345t
transplant-related, 415-416
unique to certain countries, 1759-1760

Hematologic remission, spontaneous, of 
Diamond-Blackfan anemia, 359

Hematopoiesis
biology of, 228-237
development of, 25
extramedullary, in hereditary spherocytosis, 

738
historical description of, 195
in paroxysmal nocturnal hemoglobinuria, 

636

Hematopoiesis (Continued)
inherited disorders of, stem cell 

transplantation for, 424-428
myeloid period of, 23, 24t
negative regulator of, 214
phylogeny of, 195
reconstitution of, after bone marrow 

transplantation, 404-405
sites of, 22, 23f
thrombopoietin production in, 237

Hematopoietic cell(s), 198-207
erythroid colony-forming, 202-203, 202f
granulocyte colony-forming, 203
in marrow sinuses, transfer of, 198, 199f
macrophage colony-forming, 203. See also 

Macrophage(s). 
mature, 203-207
megakaryocyte colony-forming, 203. See 

also Megakaryocyte(s). 
neutrophils as. See also Neutrophil(s). 

production and kinetics of, 204, 206f
precursors of, 203-207

erythroid development in, 203-204, 204f, 
205f

progenitor cells as, 201-203, 202f. See also 
Progenitor cell(s). 

sources of, 1647-1648, 1647t
stem cells as, 198-201. See also Stem 

cell(s). 
transplantation of. See Stem cell 

transplantation.
Hematopoietic growth factor (HGF), 

207-214. See also specifi c growth factor.
action of, 210-214
clinical use of, 237-246

human studies in, 237-245
in amegakaryocytic thrombocytopenia, 

242
in anemia of chronic renal failure, 

244-245
in aplastic anemia, 241
in bone marrow transplant recipients, 

239-240
in Diamond-Blackfan anemia, 242
in Fanconi’s anemia, 242
in HIV infection, 241-242
in inherited bone marrow failure 

syndromes, 242-244
in Kostmann’s disease, 242-243
in malignant disease, 237-239
in myelodysplasia, 240-241
in neutropenia

chronic idiopathic, 243-244
cyclic, 243

in stem and progenitor cell mobilization, 
245

cytokine gene family(ies) in, 208-210
chemokines, 209
interferons, 209-210
interleukin-1, 209
lymphohematopoietic cytokines, 

208-209
receptor tyrosine kinase ligands, 209
transforming growth factor-β, 210
tumor necrosis factor, 209

early-acting, 211-212
for aplastic anemia, 292
genes in

defects of, 216t
disruption of, 216-218
regulation of expression of, 218-221

genomic analysis of, 214, 215f
molecular biology of, 214-221
multilineage, 210-211
predominantly lineage-specifi c, 210
protein structure of, 214-216
stem cell, 212-213

Hematopoietic growth factor (HGF) 
(Continued)

synergistic, 213-214
treatment with, toxicity of, 245-246

Hematopoietic growth factor receptor(s), 
221-228

binding properties of, 221-212, 223f
classes of, 221t
function of, 222-228

lineage-specifi c factors and induction of 
differentiation in, 222-223

signal transduction in, 223-228
activation of STAT proteins and, 225t, 

226
inhibition of, 227-228
phosphatases and receptor signaling 

and, 227
through Ras pathway, 226-227
tyrosine phosphorylation and, 223-

224, 224f, 225f, 225t, 226
structure of, 221-212
types of, 221, 221t, 222f

Hematopoietic progenitor cell(s), in fetal 
blood, 23, 25t

Hematuria
in hemophiliacs, 1491
in infectious mononucleosis, 1702
in sickle cell disease, 975

Heme
conformation change at, 918, 919f
conversion of, to bilirubin, 104, 105f
dietary sources of, 535
globin interactions with, mutations 

weakening or modifying, 935
weak attachments of, 933

Heme biosynthesis
coproporphyrinogen oxidase in, 591-593
early steps in, genomic organization of, 

575, 576f
enzymes involved in, 552-553
ferrochelatase in, 595
of porphyrinogens, 572-573, 573f
porphobilinogen deaminase in, 578
process of, 553
protoporphyrinogen oxidase in, 593
uroporphyrinogen decarboxylase in, 

586-587
uroporphyrinogen III synthase in, 583

Heme oxygenase, forms of, 104, 105f
Heme proteins, 522b
Heme regulatory motifs (HRMs), 574
Heme therapy, for acute intermittent 

porphyria, 582
Hemichrome, 523

formation of, 937, 938f
Hemochromatosis

hereditary, 542-544
hereditary spherocytosis and, 738
juvenile, 544
neonatal, 544-545

Hemoglobin. See also Globin entries.
abnormal, pathophysiology of, 928-942
allostery of, 917, 918

effectors of, 919-920
amino acid structure of, 912, 912t-914t
assembly of, 1030, 1032-1033, 1032f
band 3 binding of, acidic N-terminal 

sequence in, 673
carbon dioxide binding to, 920
α chains of, 912, 915, 915f

defects of, 44-45
β chains of, 915

defects of, 45
γ chains of, defects of, 45, 46t
composition of, 1016-1022, 1017f-1019f, 

1021f
concentration of
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Hemoglobin (Continued)
in preterm infants, during fi rst 6 months, 

1774
in sickle cell syndromes, 955, 955f
in white, black, and East Asian children, 

1775
cooperativity in

molecular basis of, 917-918, 917f
structural events underlying, 917, 918f, 

919f
cord blood, 36, 36t, 38f

analysis of, 49
intrauterine sampling of, 38t
values of, 49

cord clamping effects on, 35t
crossover, β-thalassemia mutations 

affecting, 1036, 1038-1039, 1038f
denaturation of, 673, 937
determination of, site of sampling in, 34, 

34f
electrophoresis of, 937, 1048, 1048f
embryonic, 927-928

mutations affecting, 928
fetal. See Hemoglobin F.
genetics of, 1016-1022, 1017f-1019f, 

1021f
hereditary disorders of, geographic 

variability of, 1759
high–oxygen affi nity, 929-931

clinical aspects of, 930-931
identifi cation of, 929-930, 930b
structural defects of, 929, 929f

hydrogen binding to, Bohr effect in, 
919-920

hyperunstable types of, 936
in adolescents, 1788
in low-birth-weight infants, 52, 52t
infant levels of, 36, 36t, 37t, 38f
low–oxygen affi nity, 931-933, 932f

identifi cation of variants in, 933
pathophysiologic considerations in, 932, 

932f
M, 933-935

clinical aspects of, 934
diagnosis of, 934-935
iron binding to, histidine and tyrosine 

and, 933-934, 934f
oxygen binding properties of, 934
physiologic features of, 933-934
T-to-R transition of, 934
weak heme attachment in, 933

mutant
assembly of, 928-929, 928f
clinically important interactions between, 

939-941
with abnormal assembly, 938-939

nitric oxide binding to, 922-924
chemistry and physiology of, 922-923
clinical relevance of, 923-924

normal, mean and lower limits of, 456t
oxygen binding of, 916-917

allosteric effects modulating, 920, 921f
allostery and cooperativity in, 917-919, 

917f-919f
patterns

in β-thalassemia trait, 1051-1052
in hemoglobin H disease, 1049, 1049f, 

1050f
reference range of, race-specifi c, 456, 

457f
structural defects of, 44-45

α-chain, 44-45
β-chain, 45
γ-chain, 45, 46t

structure of, 912, 912t-914t
quaternary, 915-916, 916f
tertiary, 912, 915, 915f

Hemoglobin (Continued)
subunits of

quaternary structure of, mutations 
interfering with, 935-936

secondary structure of, mutations 
interfering with, 935

tertiary structure of, mutations 
interfering with, 935

synthesis of
defects in, 45-47
rate of, 26, 27f

thermostability of, 937
unstable

anemia associated with, 937-938
blood smear fi ndings in, 937
differential diagnosis of, 936
Heinz body hemolytic syndrome caused 

by. See Heinz body hemolytic 
syndrome.

hyperunstable types of, 936
identifi cation of, 936-937
pigmenturia fi ndings in, 936
structural abnormalities in, 935-936
variants of, 935-938

Hemoglobin A, 1016
characteristics of, 1016
in newborns, 1778
interactions of hemoglobin S with, 953-

954, 953f
Hemoglobin A2

functional and structural aspects of, 926
δ gene in, 926

mutational events involving, 926-927
in adults, 1778
in β-thalassemia, 1048, 1051-1052
in newborns, 1778
levels of, 1032

variation of, 927
Hemoglobin Bart’s, 46, 47, 1047, 1049
Hemoglobin Brockton, 935
Hemoglobin C

binding of, to cell membranes, 940
effect of, on cell density, 939-940
hemoglobin S and, 940-941
origin of, 939
pathogenetic features of, 939
red cells containing, properties of, 939

Hemoglobin C disease, 988
Hemoglobin C gene, origin, selection, and 

distribution of, 939
Hemoglobin C-β-thalassemia, 1074
Hemoglobin C-Georgetown, 987-988
Hemoglobin C-Harlem, 987-988
Hemoglobin Constant Spring, 1048, 1048f
Hemoglobin distribution width, 460
Hemoglobin E disease, 1074-1075
Hemoglobin E-β-thalassemia, 1074
Hemoglobin F

β chains in, 924
sequence difference between γ chain and, 

924
γ chains in, 924

sequence difference between β chain 
and, 924

crystallographic studies of, 924
2,3-diphosphoglycerate binding of, 924
erythroid progenitor producing, 26
Gγ gene mutations in, 926
hemoglobinopathies associated with, 

medical conditions apart from, 
925-926

hereditary persistence of. See Hereditary 
persistence of fetal hemoglobin 
(HPFH).

in adults, 1778
in β-thalassemia, 1048, 1051-1052
in infants, 1778

Hemoglobin F (Continued)
in newborns, 1778
in pregnancy, 925
laboratory determination of, 925
levels of, 1032
ligand binding of, 924-925
production of, 1016

in sickle cell disease, 959-960
stimulation of, 981-982

red blood cells containing, physiology of, 
925

synthesis of
interaction of genetic determinants in, 

1057-1058
pharmacologic manipulation of, 1072-

1073, 1073f
relative, time course of, 27, 27f

Hemoglobin Gower-1, 26, 1017
Hemoglobin Gower-2, 26, 1017
Hemoglobin H disease

acquired, 1045-1046, 1050-1051
clinical features of, 1050
genetics of, 1049
hemoglobin pattern in, 1049, 1049f, 1050f
neonatal, 46
other syndromes of, 1050-1051
pathophysiology of, 1049-1050
treatment of, 1050

Hemoglobin Hasharon, 936
Hemoglobin Kenya, 1036, 1038-1039, 1038f
Hemoglobin Köln, 936
Hemoglobin Lepore, 1036, 1038, 1038f
Hemoglobin M-Boston, 933, 934, 934f
Hemoglobin M-Hyde Park, 933, 934
Hemoglobin M-Iwate, 933
Hemoglobin M-Milwaukee-I, 933, 934
Hemoglobin M-Saskatoon, 933, 934
Hemoglobin O-Arab, 941
Hemoglobin percentile curves, for boys and 

girls, 1775
Hemoglobin Peterborough, 936
Hemoglobin Portland, 26, 47
Hemoglobin S

decreased cell concentration of, 982
gelation of, kinetics of, 952-953
increased solubility of, 982
interactions of, with hemoglobin A and 

hemoglobin F, 953-954, 953f
methemoglobin formation and, 954
micro–Heinz bodies in, 954
mutation of, 950
polymer of

formation of, 952-953, 952f
structure of, 950-952

Hemoglobin S Korle Bu, 987
Hemoglobin S-Antilles, 942, 988
Hemoglobin SC disease, 986-987. See also 

Sickle cell disease.
cation content of, 941
coinheritance of hereditary spherocytosis 

and, 735
correction of, 941
description of, 940
hematology of infants with, 962t
mortality associated with, 980, 980f
pathophysiology of, 940-941
severity of, cellular factors accounting for, 

940-941
α-thalassemia and, 987

Hemoglobin SD, 987
Hemoglobin Shepards Bush, 936
Hemoglobin SO Arab, 987
Hemoglobin S-Oman, 941-942
Hemoglobin SS disease. See also Sickle cell 

disease.
hematology of infants with, 962t
hydroxyurea therapy for, 981-982
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Hemoglobin SS disease (Continued)
mortality associated with, 980, 980f
zinc defi ciency in, 979

Hemoglobin Zurich, 935
Hemoglobinemia, 891
Hemoglobinopathy(ies), 44-47

clinical signifi cance of, 44
structural defects in

α-chain, 44-45
β-chain, 45
γ-chain, 45, 46t

synthesis defects in, 27-29
thalassemic, 1033, 1074-1075

α-Hemoglobin–stabilizing protein (AHSP), 
1032

Hemoglobinuria
in children, 891t
“march,” 644
paroxysmal nocturnal, 635-640

aplastic anemia associated with, 280
biochemical basis of, 637-638, 637b, 

637f, 638f
clinical manifestations of, 635-636, 635b, 

636f
diagnosis of, 636-637
historical perspectives of, 635
molecular basis of, 638-639
pathogenesis of, multistep model for, 

639, 639f
pathophysiology of, PIGA mutations and, 

639-640, 639f
signs and symptoms of, 635b
survival curve for, 636-637
treatment of, 635, 637

Hemojuvelin, 544
Hemolysins, 618
Hemolysis

causes of, 465
chronic, hereditary elliptocytosis with, 749
episodic, phosphofructokinase defi ciency 

in, 849
historical perspective on, 4
immune, plasma exchange for, 1660
in cardiac disease, 1680-1681
in G6PD defi ciency, triggers and 

mechanism of, 892-893, 892t
in infectious mononucleosis, 1702
in malaria, 1699

immune complex–mediated, 1747-1748
massive intravascular, 1747
role of, 1746

in sickle cell disease, 958
in Wilson’s disease, 779
mild, 762t
oxidant, 779
schistiocytic, causes of, 1571b
selective, effect of red cell age and, 897
severe, 762t
sporadic, hereditary elliptocytosis with, 

749
venom-induced, 771

Hemolytic anemia
autoimmune

after cardiac surgery, 1681
classifi cation of, 619-620, 619b
historical perspective of, 618-619
primary, 620-632

clinical manifestations of, 620-621
differential diagnosis of, 623
erythrocyte autoantibodies in

antigenic specifi city of, 627
characteristics of, 624-627, 624t
complement fi xation of, 625-626, 

626f
isotypes of, 624-625, 624t
pathogenesis of, 631-632
thermal reactivity of, 625, 625f

Hemolytic anemia (Continued)
incidence of, 620
laboratory evaluation of

routine, 621-622, 622f
specialized, 622-623, 623f

natural history of, 620
prognosis of, 620
sensitized erythrocytes in, immune 

clearance of, 627-628, 628f
treatment of, 628-631, 629t

azathioprine in, 629t, 631
corticosteroids in, 629, 629t
cyclophosphamide in, 629t, 631
cyclosporine in, 629t, 631
danazol in, 629t, 631
erythrocyte transfusions in, 628-629, 

629t
exchange transfusions in, 629t, 630
IVIG in, 629-630, 629t
splenectomy in, 629t, 630-631
targeted therapy in, 629t, 630
vincristine in, 629t, 631

secondary, 633-634
warm-reactive

characteristics of, 619, 619t
erythrocyte autoantibodies in, 627
immunoglobulin G subclasses in, 624, 

624t
treatment of, 628

classifi cation of, 462, 463b
clinical course of, 891
clinical manifestations of, 889-890, 890f
congenital nonspherocytic

aldolase defi ciency in, 850-851, 850t
characteristics of, 840, 840f
clinical course of, 894-895, 895f, 895t
defi cient hexokinase activity in, 841, 

842t
diagnosis of, 895-896
pathophysiology of, 895
treatment of, 896

defective ankyrin causing, 692
diagnosis of, 891
drug-induced, 634
G6PD defi ciency and, 889-893
glucose phosphate isomerase defi ciency in, 

846, 847t
Heinz body, vs. hereditary spherocytosis, 

735
hemolysis in, triggers and mechanism of, 

892-893, 892t
hexokinase activity in, 843, 843f
hexokinase variants associated with, 842t
high-phosphatidylcholine. See Xerocytosis, 

hereditary.
immune-mediated. See Hemolytic anemia, 

autoimmune.
in infections, 1696-1697
laboratory fi ndings of, 890-891, 891t
microangiopathic, 641, 641f
pathophysiology of, 892
schistocytic, 640-644

clinical settings for, 642-643
genetic basis of, 641-642
large vessel, 643-644
miscellaneous forms of, 644
overview of, 640-641, 640f
treatment of, 643

treatment of, 893
Hemolytic crises, hereditary spherocytosis 

and, 737, 737t
Hemolytic disease of newborn, 67-93

ABO, 91-92, 1626
historical perspective of, 4

antibody detection in
automated analysis in, 80
manual methods of, 80

Hemolytic disease of newborn (Continued)
bleeding in, vitamin K–defi ciency induced, 

164-165, 165t
follow-up care for, 92-93
hepatocellular damage in, 92
historical aspects of, 68-69, 69t
historical background in, 163-164
hydrops in, 77, 77f
induced early delivery of fetus in, 84
intrauterine transfusion for, 84-85, 85f, 86f

blood for, 85-86
Kell antibodies and, 90-91
maternal alloantibodies causing, 89-92, 

90t, 91t
non-ABO alloantibodies causing, 91t
pathogenesis of, 76, 76f
prediction of, 80-84

amniotic fl uid spectrophotometry 
assessment in, 82-83, 83f

blood typing in, 81
maternal antibody functional assays in, 

82
maternal antibody titer in, 81-82
percutaneous fetal blood sampling in, 

83-84
pregnancy history in, 81
ultrasound assessment in, 83, 83t

prophylactic vitamin K administration for, 
164

Rh blood group and, 69-72, 70t, 71f, 72f
RhD alloimmunization and, 72-76, 73f
RhD antibodies and, 90
severity of, 76-80

degrees in, 76-77, 78t
factor(s) affecting, 77-80

antibody characteristics as, 80
antigen characteristics as, 79-80
mechanism of red blood cell hemolysis 

as, 78-79, 79f
transfer of antibody to fetus as, 78

in Manitoba over 32-year period, 91t
prediction of, 81-84

treatment of, 86-89
exchange transfusion in, 87-89

complications of, 89
indications for, 87-88
technique of, 88-89

folate supplement in, 87
general considerations in, 86-87
IVIG in, 87
phototherapy in, 87

treatment of fetus in, 84-86
Hemolytic process

causes of, 44b
clinical manifestations of, 44
defi nition of, 43-44
resulting in anemia, 43-48

Hemolytic transfusion reactions
acute, 1636-1637
delayed, 1637-1638

Hemolytic-uremic syndrome
after cell transplantation, 416
atypical

pathogenesis of, 1574, 1575f
treatment of, 1574-1575

enteropathic
clinical and laboratory features of, 

1574
pathogenesis of, 1573-1574
treatment of, 1574

thrombotic thrombocytopenic purpura 
associated with, 641

Hemophagocytic lymphohistiocytosis, stem 
cell transplantation for, 427

Hemophilia, with inhibitors, staphylococcal 
protein A column immunoabsorption for, 
1661-1662
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Hemophilia A
arthropathy associated with, 1491-1492
bleeding associated with

iliopsoas, 1490
intramuscular, 1490
joint, 1489-1490
life-threatening, 1490, 1491t
long-term complications of, 1491-1492
miscellaneous, 1490-1491
musculoskeletal, 1489-1490
treatment of, 1491t

carriers of, symptomatic, 1492
classifi cation of, 1489
clinical manifestations of, 1489
demographics of, 1489
factor VIII assay for, 1493
genetic testing for, 1493-1494
history of, 1488
inhibitory antibodies to factor VIII in, 1493

treatment of, 1497-1498
laboratory evaluation of, 1492-1494
partial thromboplastin time for, 1493
pathophysiology of, 1488-1489
treatment of, 1494-1498

antifi brinolytic therapy in, 1496-1497
comprehensive care and home therapy 

in, 1499
cryoprecipitate in, 1496
desmopressin in, 1496
factor VIII inhibitors in

high-responding, 1497-1498
low-responding, 1497

factor VIII therapy in
dosage of, 1494
plasma-derived, 1495-1496
prophylactic, 1495
recombinant, 1495

fundamentals of, 1494
gene therapy in, 1499-1500
surgical preparations in, 1490
transfusion therapy in, complications of, 

1499
Hemophilia B

arthropathy associated with, 1491-1492
bleeding associated with

iliopsoas, 1490
intramuscular, 1490
joint, 1489-1490
life-threatening, 1490, 1491t
long-term complications of, 1491-1492
miscellaneous, 1490-1491
musculoskeletal, 1489-1490
treatment of, 1491t

carriers of, symptomatic, 1492
classifi cation of, 1489
clinical manifestations of, 1489
demographics of, 1489
factor IX assay for, 1493
genetic testing for, 1493-1494
history of, 1488
inhibitory antibodies to factor IX in, 1493

treatment of, 1497-1498
laboratory evaluation of, 1492-1494
partial thromboplastin time for, 1493
pathophysiology of, 1488-1489
treatment of

comprehensive care and home therapy 
in, 1499

factor IX in
dosage of, 1498
plasma-derived concentrates, 1498
recombinant concentrates, 1498

factor IX inhibitors in, 1499
fresh frozen plasma in, 1499
gene therapy in, 1499-1500
prothrombin complex concentrates in, 

1499

Hemophilia B (Continued)
surgical preparations in, 1490
transfusion therapy in, complications of, 

1499
Hemophilia B factor. See Factor IX.
Hemophilia C, 163, 1529
Hemorrhage. See Bleeding.
Hemorrhagic disorders, 159-173. See also 

specifi c disorder.
acquired, 1451t, 1592-1599
clinical fi ndings in, 159-160
in newborn, 163-165, 165t. See also 

Hemolytic disease of newborn. 
laboratory evaluation of, 160, 161t
sample collection in, 160

Hemorrhagic fever, aplastic anemia associated 
with, 279

Hemorrhagic lupus anticoagulant syndrome, 
1599

Hemostasis
acquired disorders of, 1591-1613. See also 

Hemorrhagic disorders, acquired; 
Thromboembolic disorders, acquired. 

developmental, 147-177
clinical aspects of, 159-177. See also 

Hemorrhagic disorders; Thrombotic 
disorders. 

coagulation system in, 148-157. See also 
Coagulation entries. 

in neonates vs. older children/adults, 159
platelets in, 157-159

role of fi brinolytic system in, 1434-1435, 
1436t

role of platelet granules in, 1384-1386
Henoch-Schönlein purpura, platelet 

abnormalities associated with, 1580
Heparan sulfate, enzymatic degradation 

pathways of, in mucopolysaccharidoses, 
1331, 1331f

Heparin
adverse effects of, 176
age-dependent features of, 175
anticoagulant activities of, 175
dosing of, 176
for renal vein thrombosis, 175
for venous thromboembolism, duration of, 

1603
low-molecular-weight

for venous thromboembolism, 1602-
1603, 1603t

prophylactic, 1604-1605
use of, 176

prophylactic, for catheter-related 
thrombosis, 174

therapeutic ranges of, 175-176
thrombocytopenia induced by, 1557, 

1570
unfractionated, for venous 

thromboembolism, 1603, 1603t
Heparin cofactor II

characteristics of, 1415-1416
neonatal levels of, 155
properties of, 1405t

Hepatic. See also Liver entries.
Hepatic dysfunction, in infectious 

mononucleosis, 1702
Hepatic folates, 491
Hepatitis

aplastic anemia associated with, 279
post-transfusion, 1638

Hepatitis B, transfusion exposure to, 1638
Hepatitis C

in porphyria cutanea tarda, 588
transfusion exposure to, 1067, 1638

in developing countries, 1761
Hepatobiliary system, effect of sickle cell 

disease on, 976

Hepatocellular syndrome, in hemolytic 
disease of newborn, 92

Hepatocytes, in bilirubin metabolism, 107
Hepatoerythropoietic porphyria, 588
Hepatolenticular degeneration (Wilson’s 

disease), 551, 779-780
Hepatomegaly

in infectious mononucleosis, 1701
in storage diseases, 1303
in veno-occlusive disease of liver, 408
iron overload causing, 545, 1063

Hepcidin
erythroid control of, 525
in iron absorption, 524-525, 1061

Hereditary angioedema (C1 inhibitory 
defi ciency), 1281-1282

Hereditary blood disorders
geographic variability of, 1759
of red cell membrane, 48

Hereditary coagulation factor defi ciencies, 
161-163. See also Coagulation factors, 
defi ciencies of.

Hereditary coproporphyria, 592-593
Hereditary elliptocytosis. See Elliptocytosis, 

hereditary.
Hereditary folate malabsorption, 498, 499t
Hereditary hemochromatosis, 542-544
Hereditary hemorrhagic telangiectasia 

(Osler-Weber-Rendu disease), 537, 1684, 
1709

Hereditary persistence of fetal hemoglobin 
(HPFH), 1040-1043

deletion mutations producing, 1040-1042
mutations associated with, 1035-1036, 

1036t, 1039
nondeletion mutations and, 1041t, 1042-

1043, 1043f
Swiss type, 1046

Hereditary pyropoikilocytosis, 750-751
etiology of, spectrin defects in, 752-756, 

753f, 754f, 756f
pathophysiology of, 758

Hereditary spherocytosis. See Spherocytosis, 
hereditary.

Hereditary stomatocytosis. See 
Stomatocytosis, hereditary.

Hereditary thrombotic disorders, 1534-1541, 
1534b

management of, 1543-1545
Hereditary xerocytosis. See Xerocytosis, 

hereditary.
Hermansky-Pudlak syndrome, 1143-1144, 

1386, 1474, 1712
Heterozygotes, G6PD defi ciency in, 897
Hexokinase (HK) activity, in cell populations, 

843, 843f, 845
Hexokinase (HK) defi ciency, 841-845

biochemistry of, 841, 843-844, 843f
clinical manifestations of, 841, 842t
genetics of, 842t, 844-845
inheritance of, 844
murine model of, 845
treatment of, 845

Hexosaminidase A
defi ciency of, in Tay-Sachs disease, 1329
in Sandhoff ’s disease, 1329
in storage diseases, 1302

Hexosaminidase B
in Sandhoff ’s disease, 1329
in storage diseases, 1302

Hexose monophosphate (HMP) shunt, 844
HF1 gene, 641
HFE gene, in iron overload, 1061
High-A2 β-thalassemia, 1053. See also 

Thalassemia entries.
High-A2 high F β-thalassemia, 1053. See also 

Thalassemia entries.
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Highly active antiretroviral therapy 
(HAART), for AIDS/HIV, 1719

High-molecular-weight kininogen (HMWK), 
1400-1401, 1405t, 1410, 1414

High–oxygen affi nity hemoglobins, 929-
931

clinical aspects of, 930-931
identifi cation of, 929-930, 930b
structural defects of, 929, 929f

High-pressure liquid chromatography 
(HPLC), of total serum bilirubin 
measurement, 111-112

Hirudin, for heparin-induced 
thrombocytopenia, 1570

HJV mutation, 544
HK1 gene, 841, 843
HLA

class I, 1647
defective expression of, in severe 

combined immunodefi ciency, 1263, 
1264f

in platelets, 1556
class II, 1647
typing of, for stem cell transplantation, 

401-402
HLA gene transcription complex mutations, 

in severe combined immunodefi ciency, 
1262-1263, 1263f

HLA-A locus
cross reactivity of, 402
mismatched, graft rejection associated with, 

409
HLA-B locus

cross reactivity of, 402
mismatched, graft rejection associated with, 

409
risk of autoimmune hemolytic anemia with, 

632
HLA-DRB1 locus, mismatched, graft 

rejection associated with, 409
HLA-matched donors

for bone marrow transplantation, 401-402
non-relative, 288
sibling, 287

for stem cell transplantation, Fanconi’s 
anemia and, 328-329

Hodgkin’s disease
geographic variability of, 1759
stem cell transplantation for, 422

Holt-Oram syndrome, vs. Fanconi’s anemia, 
318

Homan’s sign, 1601
Home therapy, for hemophilia A and B, 

1499
Homocysteine, cobalamin defi ciency and, 

477, 483
Homocystinuria, 1541

in methylenetetrahydrofolate reductase 
defi ciency patients, 498

Homeobox (HOX) genes. See HOX genes.
Hookworm, 1753-1754

infestation with, iron defi ciency associated 
with, 537

Host defense mechanisms, 1438
Howell-Jolly bodies, 616, 617, 617f

diagnostic signifi cance of, 464t
in autoimmune hemolytic anemia, 621
in cyanotic heart disease, 1682
in sickle cell anemia, 971
postsplenectomy, 773

HOX genes, transcription factors encoded by, 
230-231

HOXA11 genes, mutations of, 1477
Hoyeraal-Hreidarsson syndrome, dyskeratosis 

congenita and, 342
HPFH mutation, nondeletion, 960
hTERT gene, 281

Human herpesvirus-6
aplastic anemia associated with, 279
thrombocytopenia associated with, 169

Human immunodefi ciency virus (HIV)
genome of, 1715-1716
infection with. See AIDS/HIV.
transfusion exposure to, 1067, 1638

in developing countries, 1761
transmission of, 1715

Human immunodefi ciency virus-1 (HIV-1), 
1714, 1715

Human immunodefi ciency virus-2 (HIV-2), 
1714, 1715

Human leukocyte antigen (HLA). See HLA 
entries.

Human T-cell leukemia/lymphoma virus type 
1 (HTLV-1), 1758

Human T-cell lymphocytic virus (HTLV), 
transfusion exposure to, 1638

Humate-P, for von Willebrand disease, 1509
Humoral immunodefi ciency(ies), 1272-1278, 

1272t
common variable immunodefi ciency as, 

1274-1276, 1275f, 1275t
immunoglobulin A defi ciency as, 

1276-1277
immunoglobulin G subclass defi ciency as, 

1275f, 1277-1278
specifi c antibody defi ciency with 

immunoglobulins as, 1278
transient hypogammaglobulinemia of 

infancy as, 1278
X-linked agammaglobulinemia as, 

1273-1274
Humoral mediators, of infl ammatory 

response, 1119-1122
Hunter’s syndrome, 1335

chromosome assignment of genes for, 
1303t

clinical diagnosis of, 1304
enzyme defect in, 1332t
laboratory fi ndings in, 1309t
treatment of, 1335

Huntington’s disease-like 2, 775
Hurler’s syndrome, 1333-1335, 1711, 1711f

chromosome assignment of genes for, 
1303t

enzyme defect in, 1332t
laboratory fi ndings in, 1309t
stem cell transplantation for, 427
treatment of, 1334-1335

Hurler-Scheie’s syndromes, 1333-1335
Hydrocarbons, aromatic, aplastic anemia 

associated with, 278
Hydrogen, hemoglobin binding to, Bohr 

effect in, 919-920
Hydrops fetalis, 46-47, 1051

erythrocyte membrane disorders in, 760
hereditary spherocytosis and, 717
pathogenesis of, 77, 77f
treatment of, 84-85, 85f

Hydroxyl radicals, 523
Hydroxyurea therapy, for sickle cell patients, 

981-982
Hyperbilirubinemia

conjugated, disorders of, 127-129
diagnosis of, 110-112

total serum bilirubin measurements in, 
110-112

transcutaneous bilirubinometry in, 112
in pyruvate kinase defi ciency, 857
jaundice in, 110. See also Jaundice. 
kernicterus in, 112-113. See also 

Kernicterus. 
neonatal, causes of, 122, 122b
thrombocytopenia associated with, 168
unconjugated

Hyperbilirubinemia (Continued)
drug-induced, 122
hormone-induced, 122
nonpathologic, disorders of, 113-114
pathologic, disorders of

conjugation, 115, 116t, 117-121
enteropathic circulation, 121-122
production, 114-115

prematurity and, 122
toxicity of, 112-114
treatment of, 122-127

drug therapy in, 126-127
exchange transfusion in, 125-126
feeding strategies in, 127
phototherapy in, 122-125, 123f-126f

Hypercarotenemia, 110
Hypercholesterolemia, 1661
Hypercoagulability, after splenectomy, 

mechanisms of, 741-742
Hypercoagulable state, in renal disease, 1688
Hypereosinophilic syndrome, 1155, 1713

in tropics, 1755
Hypergammaglobulinemia, in ataxia-

telangiectasia, 1267
Hyperhomocysteinemia, 1541-1543
Hyper-IgM immunodefi ciency syndrome, 

neutropenia associated with, 1149
Hyperimmunoglobulin E syndrome, 

1271-1272
clinical manifestations of, 1162-1163
diagnosis and treatment of, 1163
features of, 1162t
molecular basis of, 1163
plasma exchange for, 1660

Hyperimmunoglobulin M syndrome, 1269-
1270, 1270f

Hypermutation, somatic, in B-cell 
differentiation, 1231

Hyperphosphatemia, in thalassemia major, 
1065

Hyperpigmentation
in anemias, 460t
in porphyria cutanea tarda, 588, 588f
iron overload causing, 546
neutrophil, 470, 470f

Hyperreactive malarial splenomegaly 
syndrome, 1750-1751

Hypersplenism, 617, 771
thrombocytopenia resulting from, 171, 

1555-1556
Hypertension

pulmonary
in thalassemia major, 1065
postsplenectomy, 741

schistocytic hemolytic anemia and, 
642-643

Hyperthyroidism, 1690
Hypertonic cryohemolysis test, for hereditary 

spherocytosis, 733
Hypertrichosis, facial, in porphyria cutanea 

tarda, 588, 589f
Hyperuricemia, phosphofructokinase 

defi ciency and, 848t, 849
Hyperviscosity syndrome, neonatal, 52
Hypoalbuminemia, 77
Hypocalcemia, in thalassemia major, 1065
Hypofi brinogenemia, 1526
Hyponatremia, in acute intermittent 

porphyria, 580
Hypophosphatemia, affecting red cell 

membrane, 770
Hypospadias, in classic dyskeratosis 

congenita, 331
Hyposthenuria, in sickle cell disease, 974-975
Hypothermia

apheresis considerations in, 1654
thrombocytopenia caused by, 1556
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Hypothyroidism
acanthocytes in, 779
anemia of, 1689-1690, 1690f

Hypotransferrinemia, 529
Hypoxemia, in thalassemia major, 1065
Hypoxia

effect of, on red cell pH, 922, 922f
pulmonary disorders causing, 1691
regulation of erythropoietin expression by, 

219-220, 220f
thrombocytopenia associated with, 168

Hypoxia-inducible factor-1 (HIF-1), 219, 
220f

I

I antigens, 1627
i antigens, 1627
Ibuprofen, aplastic anemia associated with, 

278
I-cell disease, 1344-1345

chromosome assignment of genes for, 
1303t

Icterus, 110. See also Jaundice.
IDS gene, in Hunter’s syndrome, 1335
Iliopsoas bleeding, in hemophilia, 1490
Imerslund-Graesbeck syndrome, 484
Imiglucerase, for Gaucher’s disease, 1321
Immune adherence, affecting red cell 

membrane, 770
Immune response

adaptive, 1222t
control of, 1244
in Rh sensitization, primary and secondary, 

73-74
Immune system

abnormalities of
aplastic anemia associated with, 282-283
neutropenia associated with, 1149-1150

description of, 1222
reconstitution of, after transplantation, 

405-406
Immune thrombocytopenia, 166-168, 

1556-1557
caused by maternal antiplatelet 

autoantibodies, 168
defi nition of, 166
drug-induced, 1569-1570
in infectious mononucleosis, 1702
platelet transfusion for, 1642

Immune thrombocytopenic purpura, 
1557-1565

childhood vs. adult, 1559t
chronic

conditions associated with, 1562b
defi nition of, 1557
management of, 1561-1565

alemutuzumab in, 1563
azathioprine in, 1563-1564
combination chemotherapy in, 1564
cyclophosphamide in, 1564
cyclosporine in, 1564
danazol in, 1564
interferon-α in, 1564
mycophenolate mofetil in, 1564
phagocyte blockade in, 1563
rituximab in, 1563
splenectomy in, 1562, 1563f
tacrolimus in, 1564
thrombopoiesis-stimulating agents in, 

1564-1565
vinca alkaloids in, 1564

clinical features of, 1558
controversial issues involving, 1558b
diagnosis of, 1558-1559
laboratory features of, 1559

Immune thrombocytopenic purpura 
(Continued)

life-threatening hemorrhage in, 
management of, 1565

management of, 1559-1561
anti-D in, 1561
failures in, 1561
glucocorticoids in, 1559-1560
IVIG in, 1560-1561, 1560f
methylprednisolone in, 1560
observation only in, 1559
options in, 1559

pathogenesis of, 1558
Immune tolerance, to factor VIII, 1498
Immune-mediated clearance, of sensitized 

erythrocytes, 627-628, 628f
Immune-mediated hemolytic anemia. See 

Hemolytic anemia, autoimmune.
Immunity

acquired, 1222t
cell-mediated, 1222
humoral, 1222
innate, 1222t

Immunizations. See Vaccinations.
Immunoblotting, for FANCD2 

monoubiquitination, 317
Immunodefi ciency state(s)

ataxia-telangiectasia as, 1265t, 1267
autoimmune hemolytic anemia associated 

with, 633
autoimmune polyglandular syndrome type 

1 as, 1271
cellular, 1272
complement defi ciency(ies) in, 1278-1282, 

1279f
C1 defi ciency, 1279
C1 inhibitory defi ciency, 1281-1282
C2 defi ciency, 1279-1280
C3 defi ciency, 1280
C4 defi ciency, 1280
complement regulatory factors 

defi ciency, 1281-1282
factor D defi ciency, 1280
factor H defi ciency, 1282
factor I defi ciency, 1282
mannose-binding lectin defi ciency, 

1280-1281
MASP-2 defi ciency, 1281
properdin defi ciency, 1280
terminal complement component 

defi ciency, 1281
DiGeorge syndrome as, 1265t, 1267-1268
future of, 1282
humoral, 1272-1278, 1272t

common variable immunodefi ciency as, 
1274-1276, 1275f, 1275t

immunoglobulin A defi ciency as, 
1276-1277

immunoglobulin G subclass defi ciency 
as, 1275f, 1277-1278

specifi c antibody defi ciency with 
immunoglobulins as, 1278

transient hypogammaglobulinemia of 
infancy as, 1278

X-linked agammaglobulinemia as, 
1273-1274

hyperimmunoglobulin E syndrome as, 
1271-1272

hyperimmunoglobulin M syndrome as, 
1269-1270, 1270f

information relevant to, Internet sites with, 
1256t

severe combined immunodefi ciency as, 
1256-1265. See also Severe combined 
immunodefi ciency. 

stem cell transplantation for, 423-424, 
424b

Immunodefi ciency state(s) (Continued)
syndromic, 1272
WHIM syndrome as, 1270
Wiskott-Aldrich syndrome as, 1265-1266, 

1265t. See also Wiskott-Aldrich 
syndrome. 

X-linked, with normal or elevated IgM, 
1265t, 1268-1269, 1269f

X-linked lymphoproliferative disease as, 
1270-1271

Immunoglobulin(s). See also Antibody(ies); 
specifi c antibody.

classes of, 1224-1225, 1225f, 1226t
heavy chains of, 1225, 1226t
intravenous. See Intravenous 

immunoglobulin (IVIG).
light chains of, 1225
normal, specifi c antibody defi ciency with, 

1278
rearrangement of, 1225-1227, 1227f
secreted, function of, 1232
structure of, 1224-1225, 1225f, 1226t

Immunoglobulin A (IgA)
defi ciency of, 1276-1277

defi nition of, 1276
in common variable immunodefi ciency, 

1275, 1276, 1277
plasma levels of, 1792
structure of, 1224, 1226t

Immunoglobulin D (IgD)
plasma levels of, 1792
structure of, 1224, 1226t

Immunoglobulin E (IgE)
plasma levels of, 1793
structure of, 1224, 1226t

Immunoglobulin G (IgG)
high-dose, alloimmunization suppression 

with, 84
in infectious mononucleosis, 1704-1705
in malaria, 1747
plasma levels of, 1793
platelet-associated, 166
structure of, 1224-1225, 1225f, 1226t
subclasses of

defi ciency of, 1275f, 1277-1278
defi nition of, 1277

in autoimmune hemolytic anemia, 624, 
624t

serum levels of, 1794
Immunoglobulin light chains, serum levels of, 

1794
Immunoglobulin M (IgM)

complement fi xation by, 626
in autoimmune hemolytic anemia, 

624-625
in infectious mononucleosis, 1704-1705
in malaria, 1747
normal or elevated, X-linked 

immunodefi ciency with, 1265t, 1268-
1269, 1269f

plasma levels of, 1793
response of, to infection, 627
structure of, 1224, 1226t

Immunoglobulin receptors
phagocyte, 1127-1128, 1128t
superfamily of, 1473

Immunologic diseases, aplastic anemia 
associated with, 280

Immunoprophylaxis, anti-D, postpartum use 
of, 75

Immunoreceptor tyrosine–based inhibitory 
motifs (ITIMs), 1389

Immunosuppression, for aplastic anemia, 
288-291

combination, 289-291
complications of, 291
pediatric studies of, 290t
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Immunosuppression, for aplastic anemia 
(Continued)

relapse after, 291
vs. bone marrow transplantation, 291-292

Inborn errors of metabolism
of cobalamin, 485-486
of folate, 498-501, 499t

Inborn errors of transport
of cobalamin, 484-485
of folate, 498-501

Indocyanine green, hepatic uptake of, 107
Indomethacin

aplastic anemia associated with, 278
platelets and, 172

Infant(s). See also Children; Neonate(s); 
Premature infant(s).

bone marrow cell populations of, 1783
coagulation factor levels in, 148t, 1787
coagulation inhibitor levels in, 153t

from 0-6 months, 154t
coagulation tests in, reference values for, 

151t
from 0-6 months, 150t

cobalamin defi ciency in, 482-483
D-dimer reference values in, 157t
fi brinolytic system in, 156

reference values for, from 0-6 months, 
156t

folate defi ciency in, 496
hemoglobin F in, 1778
iron defi ciency in, iron replacement for, 

540-542
of diabetic mother

hyperbilirubinemia in, 122
platelet reactivity in, 172

reference values for, 1769-1770
serum iron, total iron-binding capacity, and 

transferrin saturation in, 1788
term

blood volume in, 35-36
changes in prothrombin time, activated 

partial thromboplastin time, and 
thrombin time in, 1785

coagulation inhibitors in, 1788
coagulation screening tests in, 1787
hematologic values in

during fi rst 2 weeks, 36t, 1773
during fi rst 12 weeks, 37t
during fi rst year, 1773

lymphocyte subsets in, during fi rst week 
of life, 1782

red cell enzyme activity in, 1777
red cell glycolytic metabolites in, 1777

Infantile osteopetrosis, 1157
Infantile poikilocytosis, hereditary 

elliptocytosis with, 749-750
Infantile pyknocytosis, 29-30, 48, 778
Infarction

bone, in sickle cell crisis, 964
brain, in sickle cell crisis, 967-968

Infection(s). See also specifi c infection; specifi c 
pathogen.

aplastic anemia associated with, 279
supportive care for, 286-287

autoimmune hemolytic anemia and, 634
clotting abnormalities and, 1698
CNS, after stem cell transplantation, 

416
disseminated intravascular coagulation and, 

1698
hematologic signs of, 1696-1698
hyperbilirubinemia and, 115
in chronic granulomatous disease, 1172-

1173, 1173t
algorithm for workup of patient with, 

1184f
prevention of, 1179

Infection(s) (Continued)
in severe congenital neutropenia, 364
in sickle cell disease, 971-974, 972t

prevention of, 973-974
treatment of, 972-973

in tropics, hematologic changes associated 
with, 1744-1755

ischemic arterial stroke caused by, 1608
neutropenia caused by, 1144-1145
opportunistic, iron overload and, 546, 

546b
post-splenectomy, 1067
recurrent, evaluation of patients with, 

1185
red blood cell abnormalities associated 

with, 1696-1697
selected, hematologic aspects of, 1698-

1699, 1699f
thrombocytopenia and, 1576-1577, 1698
viral. See Viral infection(s).
white blood cell abnormalities associated 

with, 1697
Infectious mononucleosis, 1699-1705

clinical features of, 1700-1701, 1700t
complications of, 1701-1702, 1701t
epidemiology of, 1699-1700
Epstein-Barr virus in, 1699

characteristic antibody response to, 
1704-1705, 1704f

history of, 1699
laboratory diagnosis of, 1702-1705, 1703f, 

1703t, 1704f
malignancy associated with, 1705
management of, 1705
signs and symptoms of, 1700t

Infl ammation
anemia associated with, 1693
chronic, anemia of, 547
in sickle cell disease, 958-959
platelet activity in, 1390
role of fi brinolytic system in, 1438

Infl ammatory bowel disease, iron defi ciency 
and, 536

Infl ammatory response
classic signs of, 1119, 1119f
cytokines in, 1120
humoral mediators of, 1119-1122
pathologic consequences of, 1136-1137, 

1136b
Infl uenza, “cytokine,” symptoms of, 292
In(Lu) gene, 779
Ingestion, cellular disorders of, 1166-1167
Inhibitory antibodies, to factor VIII and 

factor IX, 1493
Initiation consensus sequence mutations, in 

thalassemia, 1026t
Integrin(s), 1465t

β2

counter-receptors for, 1124-1125, 1124f
defi cient expression of, in leukocyte 

adhesion defi ciency type I, 1158
leukocyte, 1123-1124, 1124f

in inherited platelet disorders, 1465t, 1466
in platelet activation, 1388, 1389f

Intercellular adhesion molecules (ICAMs), 
957, 1124, 1124f

Interferon(s), types of, 209-210
Interferon-α, for chronic immune 

thrombocytopenic purpura, 1564
Interferon-γ, 209, 1134

defects of, 1183, 1272
in aplastic anemia, 283
recombinant, for chronic granulomatous 

disease, 1179-1180, 1179t
Interleukin-1

genetic family of, 209
hematopoietic properties of, 213

Interleukin-3
action of, 211
for amegakaryocytic thrombocytopenia, 

242
for aplastic anemia, 241
for Diamond-Blackfan anemia, 242
for myelodysplasia, 241
hematopoietic properties of, 213-214

Interleukin-4
action of, 211
in autoimmune hemolytic anemia 

pathophysiology, 632
Interleukin-5

action of, 210
in hypereosinophilic syndrome, 1713

Interleukin-6
for aplastic anemia, 241
for TAR syndrome, 371
gene disruptions in, 216t, 217
hematopoietic properties of, 213-214
in autoimmune hemolytic anemia 

pathophysiology, 632
monocyte/macrophage expression of, 218
reference values for, in newborns, 1791

Interleukin-7 receptor α chain, defects of, in 
severe combined immunodefi ciency, 
1261, 1261f

Interleukin-10, in autoimmune hemolytic 
anemia pathophysiology, 632

Interleukin-11
gene disruptions in, 216t, 217
hematopoietic properties of, 214

Interleukin-12, defects of, 1184, 1272
Interleukin-13, in autoimmune hemolytic 

anemia pathophysiology, 632
Interleukin-23, defects of, 1184, 1272
International Bone Marrow Transplant 

Registry severity index, for acute graft-
versus-host disease, 410, 411t

International normalized ratio (INR), 
therapeutic range for, 173

Intestines, folate uptake by, 490-491
Intracardiac thrombosis, 1601
Intracranial hemorrhage, neonatal, 1452
Intramuscular hemorrhage, in hemophilia, 

1490
Intraperitoneal transfusion, 84-85, 85f

assessment of infants after, 92
vs. intravascular transfusion, 85

Intrauterine transfusion, for fetal hemolytic 
disease, 84-85, 85f, 86f

blood for, 85-86
Intravascular transfusion

assessment of infants after, 92
vs. intraperitoneal transfusion, 85

Intravenous immunoglobulin (IVIG)
complications associated with, 1561
dosages of, 1560
for autoimmune hemolytic anemia, 629-

630, 629t
for chronic immune thrombocytopenic 

purpura, 1563
for common variable immunodefi ciency, 

1275-1276
for hemolytic disease of newborn, 87
for immune thrombocytopenic purpura, 

1560-1561, 1560f
for neonatal alloimmune 

thrombocytopenia, 167
for thrombocytopenia, in AIDS/HIV 

patients, 1718
for X-linked agammaglobulinemia, 1274
mechanism of action of, 1560, 1560f

Intraventricular hemorrhage, neonatal, 42
Intrinsic factor Xase (factor IXa–factor VIIIa 

complex), 1400-1401, 1402-1403, 1403f
Intrinsic pathway, of coagulation, 1400, 1400f
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Intrinsic pathway factors, 1413-1414
Intrinsic pathway proteins, properties of, 

1405t
Introns

in globin gene, 1017-1018, 1018f, 1019f
thalassemia mutations and, 1029, 1031

Ion transport, in sickle cell disease, 956-957
Ionizing radiation, aplastic anemia associated 

with, 278-279
Iron

absorption of, 523-525
body stores regulating, 524
dietary factors infl uencing, 523-524
duodenal, 524, 525f
hepcidin in, 524-525, 1061
in anemia of chronic disease, 1693
in thalassemia patients, 525

balance of, extremes in, 534-547. See also 
Iron defi ciency; Iron overload. 

bioavailability of, poor, 535-536
body distribution of, 523, 524f
dietary sources of, 535
ferrous, absorption of, 524
human body handling of, 1061
in erythroid cells, 530
in sickle cell membrane, 954
intercellular transport of, 525-527
malabsorption of, 536, 536b
metabolism of, 527-529

non–transferrin-bound, 529
regulatory proteins in, 530-534, 532f
transferrin-bound, 527-529, 527f, 528f

oxidation of, 522
M hemoglobin and, 934

physiologic chemistry of, 522-523
role of, in cell proliferation and 

differentiation, 529-530
serum, 1789

in infant during fi rst year of life, 1788
toxicity of, 522-523
transferrin bonding of, 525-527

mechanism of, 526-527
utilization disorders of, 547

Iron chelators, 530
Iron defi ciency, 534-542

anemia caused by, 534, 536b, 539
blood loss causing

gastrointestinal, 536-537
menstrual, 538
pulmonary, 537-538
urinary tract, 537

consequences of, 538-539
development of, phases in, 534-535
diagnosis of, 539-540, 543f
epidemiology of, 534
epithelial changes caused by, 538
etiology of, 535-538

inadequate iron intake in, 535-536
systemic iron loss in, 536-538

frank, 535
hereditary spherocytosis camoufl aged by, 

735
historical perspective on, 7-8
in celiac disease, 1683
in different populations, 1743
in infants, iron replacement for, 540-542
in rheumatoid arthritis, 1694
latent, 535
maternal, affecting fetus, 542
neurocognitive effects of, 538
pica secondary to, 538
prelatent, 535
treatment of, 540-542

in infants, 540-542
oral iron supplementation in, 540, 

540b
parenteral iron replacement in, 540

Iron defi ciency (Continued)
vs. β-thalassemia trait

formulas for, 1053-1054, 1054t
hematologic parameters for, 1054, 

1054t
Iron dextran, replacement dose of, formula 

for, 541
Iron overload, 542-547

acute poisoning due to, 546-547
African syndrome of, 544
arthropathy associated with, 546
children at risk for, algorithm for, 543f
clinical consequences of, 1062
congestive cardiomyopathy caused by, 

545
consequences of, 545-546
erythroid hyperplasia causing, 545
evolutionary advantage of, 542
hepatomegaly caused by, 545
hereditary hemochromatosis and, 542-544
hyperpigmentation caused by, 546
in hereditary persistence of fetal 

hemoglobin, 1050
in thalassemia major, 1059-1065

cardiac disease associated with, 1062-
1063, 1063b

computed tomography demonstrating, 
1059

endocrine abnormalities associated with, 
1063-1065

hepatic abnormalities associated with, 
1063

magnetic resonance imaging of, 
1059-1060

SQUID demonstrating, 1060
ineffective erythropoiesis causing, 545
neonatal hemochromatosis and, 544-545
opportunistic infections and, 546, 546b
pathophysiology of, 1060-1062
pituitary effects of, 546

Iron regulatory proteins (IRPs), mechanism 
of action of, 531-532, 532f

Iron response element (IRE), 531
Iron-protein complexes, 522
Iron-protoporphyrin IX complex, 522
Iron-refractory iron defi ciency anemia 

(IRIDA), 536
Iron-sulfur (Fe/S) cluster, 522
Irradiation

of red blood cells, 1625-1626
total body, before stem cell transplantation, 

400
Ischemic arterial stroke, 1607-1613. See also 

Stroke, ischemic arterial.
Ischemic heart disease, after splenectomy, 

741
Isohemagglutinins, 1627
Isoimmunization, and jaundice, 114-115
Isoprostenoid (IP) receptor, 1383

J

Jacobsen’s syndrome, 170-171
JAK family, 224, 225f, 225t, 226
Jak3 defi ciency, in severe combined 

immunodefi ciency, 1261, 1261f
JAK/STAT pathway

activation of, HGF-induced, 225t
defects in, 1163

Jansky-Bielschowsky disease (CNL-2), 
1354

Jansky-Bielschowsky disease (CNL-5), 
variant, 1354-1355

Jaundice, 110
breast-feeding–induced, 113-114
G6PD defi ciency and, 115

Jaundice (Continued)
hereditary spherocytosis camoufl aged by, 

735
in autoimmune hemolytic anemia, 620-621
maternal blood group incompatibility and, 

114-115
neonatal, G6PD defi ciency associated with, 

115
clinical features of, 893
nature of association of, 893-894, 893t, 

894t
treatment of, 894

phototherapy for, 114
physiologic, 113

historical perspective on, 4
Jk antigens, 1629
Job’s syndrome, 1162, 1271-1272. See also 

Hyperimmunoglobulin E syndrome.
plasma exchange for, 1660

Joint(s), bleeding into. See Hemarthrosis.
Jordan’s anomaly, 1712
Josephs, Hugh, 7-8
Jugular vein, internal, thrombosis of, 

1601-1602
Juvenile hemochromatosis, 544
Juvenile myelomonocytic leukemia, stem cell 

transplantation for, 418-419
Juvenile periodontitis, localized, 1164

K

Kala-azar (visceral leishmaniasis), 1751
Kaplan-Meier survival curves, for thalassemia 

major, 1071, 1071f
Kasabach-Merritt syndrome, 643, 1576-1577, 

1576f
hemangiomas associated with, 1576, 1577b
vascular malformations associated with, 

168
Kell antibodies, 90-91
Kell antigens, 1628-1629
Kell glycoprotein, 683
Kell protein, 1628
Kenya fusion gene, 1038
Kernicterus, 112-113

clinical fi ndings in, 112
re-emergence of, causes for, 122

Kidd antigens, 1629
Kidd glycoprotein, 683
Kidney(s). See Renal entries.
Kininogen

high-molecular-weight, 1400-1401, 1405t, 
1410, 1414

low-molecular-weight, 1405t, 1414
Kleihauer test, for transplacental hemorrhage, 

72-73, 73f
Kleihauer-Betke technique, in diagnosis of 

fetal-to-maternal hemorrhage, 40
Klf6 gene, in hematopoiesis development, 25
Kostmann’s disease, treatment of

hematopoietic growth factors in, 242-243
stem cell transplantation in, 426

Krabbe’s disease, stem cell transplantation 
for, 427-428

Kringles, 1426, 1429f
Kufs’ disease (CNL-4), 1355-1356
Kupffer cell(s), 1117, 1307

L

Labile factor. See Factor V.
Laboratory analysis, drawing blood for, 

anemia caused by, 42-43, 43f
Lacrimation, decreased, after stem cell 

transplantation, 414
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Lactate dehydrogenase (LDH) defi ciency, 
863

LAMAN gene, in mannosidosis, 1347
Large vessel schistocytic hemolytic anemia, 

643-644
Laryngospasm, transfusion-related, 1636, 

1637t
Lead

biochemical effects of, 552
hematologic effects of, 552-553
sources of, 551-552

Lead poisoning
acute, 553
acute encephalopathy caused by, 553
basophilic stippling in, 552
chronic symptoms of, 553
defi nition of, 553
treatment of, 553-554
urinary coproporphyrin levels in, 552-553

Learning disorders, in classic dyskeratosis 
congenita, 331

Lectin pathway complement components, 
defi ciency of, 1280-1281

Leg ulcers
hereditary spherocytosis and, 738
sickle cell disease and, 977

Leishmania donovani, 1751
Leishmania infantum, 1751
Leishmaniasis

imported, management of, 1762
visceral (Kala-azar), 1751

Lemierre’s syndrome, 1601
Lepirudin, for heparin-induced 

thrombocytopenia, 1570
Lesch-Nyhan syndrome, 1708
Leucine, for Diamond-Blackfan anemia, 359
Leucine-rich repeats receptor, 1465t
Leukapheresis, 1658
Leukemia

acute lymphoblastic leukemia. See Acute 
lymphoblastic leukemia.

acute megakaryoblastic, 157, 169
acute myelogenous. See Acute myelogenous 

leukemia.
acute promyelocytic. See Acute 

promyelocytic leukemia.
chronic myelogenous. See Chronic 

myelogenous leukemia.
geographic variability of, 1758-1759
in Fanconi’s anemia, 317
infantile, 169
juvenile myelomonocytic, stem cell 

transplantation for, 418-419
paroxysmal nocturnal hemoglobinuria and, 

636
risk of, immunosuppressive therapy and, 

291
T-cell large granular lymphocyte, 

neutropenia associated with, 1150
treatment of, modern era of, 12-13

Leukemoid reactions, 1153
Leukocyte(s). See also Eosinophil(s); 

Neutrophil(s).
adhesion of, into tissues, 1122-1125, 

1123f, 1124f
bloodstream migration of, 1122, 1122f
cytoplasmic abnormalities of, 1711-1712, 

1711f
disease states affecting, 1709-1714
hexokinase activity in, 845
in infl ammatory response, 1119
vacuolization of, 1712

Leukocyte adhesion defi ciency
type I, 1124

clinical features of, 1157-1159, 1158t
diagnosis of, 1159
molecular basis of, 1159

Leukocyte adhesion defi ciency (Continued)
neutrophil fi ndings in, 1158
treatment of, 426, 1159-1160

type II, 1160
type III, 1160

Leukocyte β2 integrins, 1123-1124, 1124f
Leukocyte count

in children, reference ranges for, 1781
in umbilical cord blood, 1771

Leukocytosis
chronic, of sickle cell disease, 972
infection and, 1697
juvenile rheumatoid arthritis and, 1694

Leukoencephalopathy, after stem cell 
transplantation, 416

Leukopenia
in AIDS patients, 1144
transient

colony-stimulating factor–induced, 245
Leukoplakia, mucosal, in classic dyskeratosis 

congenita, 330
Leukoreduction, of red blood cells, for 

transfusion, 1625
Levine, 12
Lewis antibodies, 1627
Lewis antigens, 1627
Life cycle, of parasites, causing malaria, 

1744-1745, 1744f
Life span, of neonatal red blood cells, 27-28, 

28t
Life-threatening hemorrhage, in hemophilia, 

1490, 1491t
LIG4 gene, 1260
Lipid(s), red cell membrane, 661-668

asymmetry of, 957-958
bilayer couple hypothesis of, 666-667
cholesterol as, 663-664, 663f
composition of, 661-662, 661t, 662f, 663f
defects of, 725
fetal, 1779-1780
glycolipids as, 663
mobility of, 667-668
phosphoinositides as, 667
phospholipids as. See Phospholipid(s).
protein-bound, 666
renewal pathways for, 668, 669f

Lipid metabolism, abnormalities of, 1707
Lipids rafts, 666
Lipofuscinoses, neuronal ceroid, 1351-1356

adult type of, 1355-1356
baclofen for, 1353
description of, 1351
diagnosis of, 1353
early juvenile type of, 1354-1355
infantile type of, 1353-1354
juvenile type of, 1355
late infantile type of, 1354
phenotypic/genotypic correlations of, 

1352t
prenatal diagnosis of, 1353
symptoms of, 1351, 1353
tizanidine for, 1353

Lipogranulomatosis (Farber’s disease), 1309t, 
1325-1326

Lipoprotein(a), 1432
elevated, ischemic arterial stroke associated 

with, 1609
Liver. See also Hepatic; Hepato- entries.

abnormal function of, in porphyria cutanea 
tarda, 588-589, 589f

bilirubin uptake in, 107
blood cell types in, fi rst appearance of, 

24t
discoloration of, in Dubin-Johnson 

syndrome, 128
hematopoiesis in, 22, 23f
macrophages in, 1117

Liver (Continued)
ruptured, neonatal hemorrhage associated 

with, 42
storage disease manifestation in, 1307-

1308
Liver biopsy

for porphyria cutanea tarda, 589, 589f
for storage diseases, 1307

Liver disease
coagulopathies associated with, 165-166, 

1685-1686
tests for, 1686

disseminated intravascular coagulation and, 
1686

hemostatic manifestations of, 1595
treatment of, 1595

in thalassemia major patients, 1063
infl ammatory. See Hepatitis.
obstructive, target cells in, 772
platelet abnormalities associated with, 

1579-1580
red blood cell disturbances in, 1684-1685
severe cholestatic, in erythropoietic 

protoporphyria, 596
LMAN1 gene, 1527
LMO2 gene, 1265
Localized juvenile periodontitis, 1164
Locus control regions (LCRs), 1020-1021, 

1021f
gene interaction with, 1021-1022

Loeys-Dietz syndrome, 210
Löffl er’s endocarditis, 1696
Long-distance runners, acquired 

stomatocytosis in, 768-769
Long-term–reconstituting hematopoietic stem 

cell(s), 199-200
Low-birth-weight (LBW) infant(s), 

hemoglobin levels in, 52, 52t
Low-dose ristocetin-induced platelet 

aggregation (LD-RIPA), 1504
Low-molecular-weight heparin (LMWH). 

See also Heparin.
for venous thromboembolism, 1602-1603, 

1603t
prophylactic, 1604-1605

use of, 176
Low-molecular-weight kininogen (LMWK), 

1405t, 1414
Low–oxygen affi nity hemoglobin mutants, 

931-933, 932f
identifi cation of variants in, 933
pathophysiologic considerations in, 932, 

932f
LRRC8 gene, 1274
Lucy-Driscoll syndrome, 122
Lumbar puncture, role of, in diagnosis of 

ischemic arterial stroke, 1610
Lung(s). See also Pulmonary entries.

diseases of, 1691-1692
hematologic fi ndings in, 1692
in thalassemia major, 1065
obstructive, after stem cell 

transplantation, 415
macrophages in, 1117

Lupus anticoagulant syndrome, hemorrhagic, 
1599

Lupus anticoagulants, 1599
Lupus erythematosus, systemic

autoimmune hemolytic anemia associated 
with, 633

hematologic manifestations of, 1695-1696
plasma exchange for, 1660
schistocytic hemolytic anemia and, 642
thrombocytopenia associated with, 1565

Lutheran antigens, 1629
Lutheran glycoprotein, 683
LW glycoprotein, 683-685
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Lymph nodes, blood cell types in, fi rst 
appearance of, 24t

Lymphadenopathy, in infectious 
mononucleosis, 1701

Lymphocyte(s)
activation of, in ataxia-telangiectasia, 

1267
B. See B-cell(s).
development of, 1222-1223
in aplastic anemia, 282-283
in severe combined immunodefi ciency

abnormal populations of, 1256-1257, 
1257t

development of, 1256, 1257f
normal populations of, 1263-1264

specifi city of, 1223-1224, 1223f
subsets of

from birth to 3 years, 1782
in term and premature infants, during 

fi rst week of life, 1782
T. See T-cell(s).
vacuolated, 1712

Lymphocytopenia, causes of, 1714b
Lymphocytosis, 1697, 1713-1714

causes of, 1714b
in infectious mononucleosis, 1702-1703, 

1703f
Lymphohematopoietins, 208-209, 215

defi nition of, 208
Lymphohistiocytosis, hemophagocytic, stem 

cell transplantation for, 427
Lymphokines, aplastic anemia and, 283
Lymphoma

Burkitt’s, 1759
geographic variability of, 1758-1759
Hodgkin’s

geographic variability of, 1759
stem cell transplantation for, 422

Mediterranean, 1759
non-Hodgkin’s, stem cell transplantation 

for, 422
Lymphopenia, in systemic lupus 

erythematosus, 1695
Lymphoproliferative disease, X-linked, 

1270-1271
EBV infection and, 1705

Lysine plasminogen (Lys-Plg), 1426
Lysosomal storage diseases. See Storage 

diseases; specifi c disease.
Lysosome(s), 1386, 1386b

biosynthesis of, 1301
enzymes of, activity of, 1301-1302

genes coding for, 1303t
morphology and physiology of, 1301

Lysosome-associated membrane proteins, 
1386

M

M hemoglobin, 933-935
clinical aspects of, 934
diagnosis of, 934-935
iron binding to, histidine and tyrosine and, 

933-934, 934f
oxygen binding properties of, 934
physiologic features of, 933-934
T-to-R transition of, 934
weak heme attachment in, 933

Macrobiotic diet, cobalamin defi ciency and, 
482, 483, 484

Macrocytic anemia, 459b
neutropenia associated with, 1150

Macrocytosis
in Diamond-Blackfan anemia, 352-353
in premature infants, 28-29
of buccal cells, 470

α2-Macroglobulin
in liver disease, 1686
thrombin inhibition by, 155

Macrophage(s)
disorders of, stem cell transplantation for, 

426-427, 426b
expression of hematopoietic growth factor 

by, 218
Fcγ receptors on, 1557, 1557f
interactions of, with B and T cells, 

1134-1135
senescent red blood cell destruction by, 

713-714
tissue, 1117-1119
vs. monocytes, 1117

Macrophage colony-forming cell(s), 203
Macrophage colony-stimulating factor 

(M-CSF)
action of, 210
gene disruptions in, 217-218
monocyte/macrophage expression of, 218

Macrophage infl ammatory protein-1, in 
aplastic anemia, 283

Macrothrombocytes, thrombocytopenia 
associated with, 1478

Macrothrombocytopenia, X-linked, 171
Magnetic resonance imaging (MRI), 

demonstrating iron overload, 1059-1060
Major histocompatibility complex (MHC)

class I antigens
characteristics of, 1234f, 1262
composition of, 1234-1235, 1234f
in stem cell transplantation, 401
NK cell interaction with, 1246

class II antigens
characteristics of, 1234f, 1262
defi ciency of, 1262-1263, 1263f
formation of, 1235
in stem cell transplantation, 401

location of, 1222
peptide, T-cell recognition of, 1234-1235, 

1235f
Malabsorption

in classic dyskeratosis congenita, 331
in gastrointestinal disorders, 1683
in tropics, hematologic aspects of, 1756
of cobalamin, 473, 477
of folate, hereditary, 498, 499t
of iron, 536, 536b

Malaria, 1744-1751
after splenectomy, 740, 1750
anemia associated with, 48, 1746-1749
band 3 protein and, 677
blackwater fever and, 1747
bone marrow response in, defective, 1748-

1749, 1748f, 1749f
coagulation abnormalities in, 1749-1750
erythrocyte deformability in, decreased, 

1747
G6PD defi ciency and, 900, 1747
glycophorins as receptors for, 681
hematologic changes in, 1746-1749
hemolysis in, 1699

immune complex–mediated, 1747-1748
massive intravascular, 1747
role of, 1746

hereditary elliptocytosis and, 759
IgG and IgM in, 1747
imported, management of, 1761-1762
in pregnancy, 1750
in splenectomized patients, 1750
infl uence of, on sickle gene, 950
parasites causing

life cycle of, 1744-1745, 1744f
Plasmodium species of, 1745

resistance to, Southeast Asian ovalocytosis 
and, 759

Malaria (Continued)
role of spleen in, 1746-1747
salmonellosis and, 1745-1746
severe, 1745-1746
splenomegaly in, 1746-1747

syndrome of hyperreactive, 1750-1751
thalassemia and, 1022-1023

Malignancy. See also specifi c neoplasm.
autoimmune hemolytic anemia associated 

with, 633
folate and, 497
hematologic, in hereditary spherocytosis, 

738
in Diamond-Blackfan anemia

cancer surveillance/therapy for, 360
predisposition to, 353

in dyskeratosis congenita
predisposition to, 331-332
surveillance/therapy for, 344

in Fanconi’s anemia
predisposition to, 316-317, 316t
risk of, 326
somatic FANC gene mutations in, 326
surveillance/therapy for, 329

in severe congenital neutropenia, 
predisposition to, 365, 365f, 1142

in Shwachman-Diamond syndrome, 
predisposition to, 345

infectious mononucleosis associated with, 
1705

treatment of, hematopoietic growth factors 
in, 237-239

Malnutrition, folate defi ciency–induced, 496
Mannose receptor, 1429t
Mannose-binding lectin (MBL), defi ciency 

of, 1280-1281
α-Mannosidosis, 1347-1348

chromosome assignment of genes for, 
1303t

human recombinant, 1348
laboratory fi ndings in, 1310t

β-Mannosidosis, 1348
chromosome assignment of genes for, 

1303t
Marfan’s syndrome, 1709
Maroteaux-Lamy syndrome

chromosome assignment of genes for, 
1303t

clinical manifestations of, 1337
enzyme defect in, 1332t
laboratory fi ndings in, 1310t
treatment of, 1338

Mast cell(s), vs. basophils, 1116
Mast cell disease, 1709
Maternal alloantibody(ies), causing hemolytic 

disease of newborn, 89-92, 90t, 91t
Maternal alloimmunization, management of, 

84-89. See also Alloimmunization, 
maternal.

Maternal antibody functional assays, in 
detection of hemolytic disease of 
newborn, 82

Maternal antibody titer, in hemolytic disease 
of newborn, 81-82

Maternal cobalamin defi ciency, 481-482, 
485t

Maternal folate defi ciency, 495-496
Maternal iron stores, effect of, on fetus, 541
Maternal Rh sensitization, 72-73, 73f
May-Hegglin anomaly, 171, 1113, 1478, 

1711
Döhle bodies in, 1697

MBL-associated serine proteases-2 
(MASP-2), 1280

defi ciency of, 1281
MCFD2 gene, 1527
McLeod syndrome, 775, 1629
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MCOLN1 gene, in mucolipidosis IV, 1346
Mean corpuscular hemoglobin concentration 

(MCHC), hemoglobin C effects on, 
939-940

Mean corpuscular volume (MCV)
histograms for, 461, 462f
normal, mean and lower limits of, 456t
reference range of, race-specifi c, 456
relationship of red blood cell volume 

distribution width and, in disease 
states, 461t

Mean corpuscular volume concentration 
(MCVC), in thalassemia trait, 1053

Mean corpuscular volume (MCV) percentile 
curves, for boys and girls, 1775

Mean platelet volume (MPV), 1380-1381
during production, 158

Mebendazole, prophylactic, for hookworm, 
1754

Mechanical injury, affecting red cell 
membrane, 770

Mediterranean lymphoma, 1759
Mediterranean stomatocytosis, 769
Medulloblastoma, stem cell transplantation 

for, 423
Megakaryoblast, 1476
Megakaryocyte(s)

characteristics of, 1476
colony-forming, 203
cytologic characteristics of, 206t
development of, 206-207, 207f, 208f
in fetal development, 157-158
in marrow sinuses, 198

Megakaryocytopoiesis
biology of, 236-237
bone marrow examination and, 206-207
circulating platelets in, 237
role of thrombopoietin in, 237

Megaloblast(s), 22
Megaloblastic anemia

buccal cell macrocytosis in, 470
cobalamin defi ciency–induced, 484
defi nition of, 469
erythroid precursors in, 470
folate defi ciency–induced, 494
hematologic fi ndings in, 469-470, 470f
history of, 469
in DIDMOAD syndrome, 1691
in thalassemia major, 1071
myeloid precursors in, 470
neutrophil hyperpigmentation in, 470, 470f
nutritional causes of, 468b. See also 

Cobalamin; Folate. 
thiamine-responsive, 501, 548t, 549

Megaloblastic crises, hereditary spherocytosis 
and, 737t, 738

Membrane domain
of ankyrin, 700
of band 3 protein, 675-677, 676f
of protein 4.1, 693

Membrane pumps, 712
Memory B-cell(s), in diagnosis of common 

variable immunodefi ciency, 1275
Memory T-cell(s), naïve T-cell differentiation 

to, 1242
Menkes’ disease, 551
Menkes’ kinky hair syndrome, 551
Menstrual bleeding, iron defi ciency caused 

by, 538
Menstrual cycle, 1691
Mental retardation

α-thalassemia associated with, 1050
X-linked, 1046

in sialidosis type II, 1341
Messenger RNA. See mRNA.
Metabolic disease, neutropenia associated 

with, 1150

Metabolism
bilirubin, 104-110

schematic overview of, 106, 106f
copper, 550-551
disorders of, 1705-1707. See also specifi c 

disease. 
iron, 527-529

non–transferrin-bound, 529
regulatory proteins in, 530-534, 532f
transferrin-bound, 527-529, 527f, 528f

of neonatal red blood cells, 31-33, 32b
oxidative, disorder(s) of, 1171-1184

chronic granulomatous disease as. See 
Chronic granulomatous disease.

G6PD defi ciency as, 1180-1181, 1180t. 
See also Glucose-6-phosphate 
dehydrogenase (G6PD) defi ciency. 

glutathione metabolism dysfunction as, 
1182-1183, 1183t

myeloperoxidase defi ciency as, 1181-
1182, 1182t

Metabolites, in adult erythrocytes, 1776
Metaphyseal chondroplasia, 309t, 347-348
Methemoglobin

formation of, 954
in children, 1779

Methemoglobinemia
treated with nitric oxide, 47
with diarrhea, 47-48

Methionine metabolism, 475
Methionine synthase, 473-474, 495

defi ciency of, 486
Methionine synthase reductase, 474-475
Methotrexate

cancer cell resistance to, 497
mechanism of action of, 497
prophylactic, for graft-versus-host disease, 

403-404, 412
Methylcobalamin, adenosylcobalamin and, 

combined defi ciency of, 486-488
Methylenetetrahydrofolate reductase 

(MTHFR), 1541-1542
defi ciency of, 498-500, 499t

autopsy fi ndings in, 498-499
diagnosis of, 499
treatment of, 499-500

gene defects in, 1542
Methylmalonic acid, cobalamin defi ciency 

and, 477, 483
Methylmalonic aciduria, 488-489, 1707
Methylmalonyl-CoA-mutase, 475-476

defi ciency of, 488
Methylprednisolone, for immune 

thrombocytopenic purpura, 1560
5-Methyltetrahydrofolic acid, structure of, 

489f
Microalbuminuria, in sickle cell disease, 975
Microangiopathic hemolytic anemia, 641, 

641f
Microangiopathy, thrombotic, 1570-1575, 

1571b. See also Hemolytic-uremic 
syndrome; Thrombotic thrombocytopenic 
purpura.

bone marrow transplant–associated, 1575
Microcytic anemia, 459b

in erythropoietic protoporphyria, 596
Microcytosis, in juvenile rheumatoid arthritis, 

1694
Microenvironment, aplastic anemia and, 283
Microglial cell(s), in central nervous system, 

1118
Micro–Heinz bodies, in hemoglobin S, 954
Microthrombocytes, thrombocytopenia 

associated with, 1478
Microvesiculation, 709, 709f
Miglustat, for Gaucher’s disease, 1322
Milk. See Breast milk; Cow’s milk.

Minor histocompatibility complex, 401
Mitochondrial DNA disorders, 349, 350b
Mitochondrial myopathy with lactic acidosis 

and sideroblastic anemia (MLASA), 
548t, 549-550

Mitomycin C, hypersensitivity to, in 
Fanconi’s anemia, 317

Mittwoch cell(s), in mucopolysaccharidoses, 
1333

MMAA gene, 475, 489
MMAB gene, 475, 489
MMACHC gene, in cblC disorder, 487
MMADHC gene, 487
MNS antigens, 1628
Mobility, of red cell membrane lipids, 

667-668
Molecular analysis, of storage diseases, 1311
Monoclonal antibodies. See named monoclonal 

antibody.
Monocyte(s), 1116-1119

cell surface recptors of, 1117
chemoattractants for, 1121t
circulating, 1116-1117
differentiation of, cytokine-induced, 

1110-1111
expression of hematopoietic growth factor 

by, 218
kinetics of, 1111t
vs. macrophages, 1117

Monocytopenia, 1157
Monocytosis, 1156-1157, 1713

causes of, 1713b
disorders associated with, 1156b
infection and, 1697

Mononuclear-phagocyte system, 1117
Mononucleosis, infectious. See Infectious 

mononucleosis.
Monophosphoglycerate mutase (MPGM) 

defi ciency, 856
Morquio’s syndrome

chromosome assignment of genes for, 
1303t

clinical manifestations of, 1337
enzyme defect in, 1332t
glycosaminoglycan storage in, 1331, 1333f
laboratory fi ndings in, 1309t

Mortality
associated with ischemic arterial stroke, 

1611, 1611t, 1612t
in acute intermittent porphyria, 580
in sickle cell disease, 980-981, 980f

Moyamoya syndrome, ischemic arterial stroke 
with, 1610-1611

MRE11 gene, 1267
mRNA, 13. See also RNA entries.

ferritin, cytoplasmic, 531
formation of mature, 1017-1018, 1019f
in storage diseases, 1311
RhD, 69
transferrin, 526
translation of, 1018-1019

initiation of, thalassemia mutations 
affecting, 1030

MRPR gene, 347
MTHFR gene, 499
MTR gene, 473, 486
MTRR gene, 474, 486
MTX gene, in Gaucher’s disease, 1321
Mucocutaneous features, of dyskeratosis 

congenita, 330
Mucolipidoses, 1339-1349. See also specifi c 

type.
laboratory fi ndings in, 1310t
laboratory screening for, 1340

Mucolipidosis I. See Sialidosis.
Mucolipidosis II, 1303t, 1344-1345
Mucolipidosis III, 1303t, 1345
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Mucopolysaccharidoses, 1331-1339
Alder-Reilly bodies in, 1333
classifi cation of, 1332t
dermatan sulfate and heparan sulfate 

degradation in, pathways of, 1331, 
1331f

Gasser cells in, 1333
laboratory fi ndings in, 1309t-1310t
Mittwoch cells in, 1333
type I. See Hurler’s syndrome; Scheie’s 

syndrome.
type II. See Hunter’s syndrome.
type III. See Sanfi lippo’s syndrome.
type IV. See Morquio’s syndrome.
type VI. See Maroteaux-Lamy syndrome.
type VII. See Sly’s syndrome.

Mucosal leukoplakia, in classic dyskeratosis 
congenita, 330

Mucosulfatidosis (multiple sulfatase 
defi ciency), 1338-1339

chromosome assignment of genes for, 
1303t

Mucous membranes, bleeding from, 1450
Multiple factor defi ciencies, 1530
Multiple sulfatase defi ciency, 1338-1339

chromosome assignment of genes for, 
1303t

Muscle
phosphofructokinase activity in, 848, 848t
rabbit, pyruvate kinase structure in, 858, 

858f
Muscular dystrophy, 1707-1708
Musculoskeletal bleeding, in hemophilia, 

1489-1490
MUT gene, 476, 488
Mutant enzyme protein, in vitro properties 

of, 840-841, 841t
Myasthenia gravis, 1708

plasma exchange for, 1660
Mycophenolate mofetil

for aplastic anemia, 293
for chronic immune thrombocytopenic 

purpura, 1564
Myeloablative regimens, alternative, before 

stem cell transplantation, 400-401
Myeloblast(s), 1111
Myelodysplasia

paroxysmal nocturnal hemoglobinuria and, 
636

treatment of
hematopoietic growth factors in, 

240-241
stem cell transplantation in, 418-419

with deletion of chromosome 5q. See 5q- 
syndrome (preleukemia).

Myelodysplastic syndrome
after autologous stem cell transplantation, 

405
in dyskeratosis congenita, 331
in Fanconi’s anemia, 314-316

management of, 326
in Shwachman-Diamond syndrome, 345
risk of

immunosuppressive therapy and, 291
severe congenital neutropenia and, 1141, 

1142
Myeloid colony-forming cell(s), aplastic 

anemia and, 280
Myeloid differentiation, 1111
Myeloid precursors, in megaloblastic anemia, 

470
Myelokathexis, 1142
Myeloperoxidase, defi ciency of, 1181-1182, 

1182t
Myelopoiesis

biology of, 235-236
growth factors and, 236

Myelopoiesis (Continued)
intrinsic defects in, neutropenia resulting 

from, 1144
phagocyte development in, 235
regulation of, 1110-1111, 1110f
transcription factors and, 235-236

Myeloproliferative disorders, transient, Down 
syndrome and, 157, 169, 350, 350b

MYH9-related disorders, 171
MYO5A gene, 1264
Myoclonus, in sialidosis type I, 1341
Myopathy, encephalopathy, lactic acidosis, 

and strokelike episodes (MELAS), 1609
Myosin, 698

spectrin-actin binding domain interaction 
with, 691

N

Na+ channel, stomatin regulating, 682
Nail dystrophy, in classic dyskeratosis 

congenita, 330
Naïve B-cell(s), 1223
Naïve T-cell(s), 1223

differentiation of, to effector and memory 
T-cells, 1242

Narcotics, for transfusion reactions, 1637t
Natural killer cell(s). See NK cell(s).
NBS1 gene, 1267
NCP1 gene, in Niemann-Pick disease, 1323, 

1324
Necator americanus, 1753. See also 

Hookworm.
Nematodes, causing tropical eosinophilia, 

1755b
Neonatal alloimmune thrombocytopenia

approach to, 1452
causes of, 166-167
clinical and laboratory features of, 1567
platelet alloantigens in, 1566-1567, 1566t
platelet transfusion for, 1567-1568, 1567f, 

1644-1645
treatment of, 167-168, 1567-1568, 1567f

during future pregnancies, 1568
Neonatal alloimmune thrombocytopenic 

purpura, platelet transfusion for, 1642-
1644, 1643t

Neonatal autoimmune thrombocytopenia, 
1568

Neonatal hemochromatosis, 544-545
Neonatal immune neutropenia, 1149
Neonatal jaundice. See also Jaundice.

G6PD defi ciency associated with, 115
clinical features of, 893
nature of association of, 893-894, 893t, 

894t
treatment of, 894

Neonatal neutrophilia, 1165
Neonate(s). See also Children; Infant(s); 

Premature infant(s).
ABO incompatibility in, vs. hereditary 

spherocytosis, 735
anemia in. See Anemia, neonatal.
bilirubin neurotoxicity in, 112. See also 

Kernicterus. 
bleeding in, approach to, 1452
coagulation factor values in, 1784
coagulation tests in, reference values for, 

1785
cobalamin defi ciency in, 48, 482-483
complement activation products in, 1791
C-reactive protein reference values in, 1791
erythrocyte sedimentation rate in, 1796
folate defi ciency in, 48, 496
hematology of, historical perspective on, 

3-4

Neonate(s) (Continued)
hemoglobin A in, 1778
hemoglobin A2 in, 1778
hemoglobin F in, 1778
hemolytic disease in. See Hemolytic disease 

of newborn.
hemorrhage in, 39-43. See also Bleeding, 

neonatal. 
hereditary spherocytosis in, 717-718

recombinant erythropoietin for, 718
interleukin-6 reference values in, 1791
iron stores in, 542
red blood cells in. See Red blood cell(s), 

neonatal.
sickle cell anemia in, diagnosis of, 961-962
α-thalassemia syndromes in, 45-47
thrombocytosis in, 171
transfusion in, choice of blood for, 1634

Nephropathy, chronic, after stem cell 
transplantation, 416

Nephrotic syndrome, 1688
with focal sclerosing glomerulosclerosis, 

plasmapheresis for, 1660-1661
NEU genes, in Sialidosis, 1340
Neural tube defects, folate and, 496
Neuroacanthocytosis, 773-775
Neuroblastoma

bone marrow transplantation for, 422
stem cell transplantation for, 422-423

Neurocognitive dysfunction, iron defi ciency 
and, 538

Neurodegeneration, pantothenate kinase–
associated, 775

Neurofi brillary tangles, in Niemann-Pick 
disease, 1324

Neurologic disease, 1707-1708
infectious mononucleosis and, 1701-1702, 

1701t
pernicious anemia and, 480-481
transplant-related, 416-417

Neuronal ceroid lipofuscinoses, 1351-1356
adult type of, 1355-1356
baclofen for, 1353
description of, 1351
diagnosis of, 1353
early juvenile type of, 1354-1355
infantile type of, 1353-1354
juvenile type of, 1355
late infantile type of, 1354
phenotypic/genotypic correlations of, 

1352t
prenatal diagnosis of, 1353
symptoms of, 1351, 1353
tizanidine for, 1353

Neuronal plasticity, role of tissue plasminogen 
activator in, 1438

Neuropathy, peripheral, in acute intermittent 
porphyria, 580, 580t

Neuropsychological services, after ischemic 
arterial stroke, 1611

Neurovisceral attacks, in hereditary 
coproporphyria, 592

Neutropenia
autoimmune, 1145-1147, 1147b

of childhood, 1148-1149, 1148t
bone marrow infi ltration and, 1150
cause(s) of

extrinsic defects in, 1144-1151
infection as, 1144-1145
intrinsic defects in, 1138-1144

chronic benign, 1147-1148
chronic idiopathic, 1150-1151

treatment of, hematopoietic growth 
factors in, 243-244

classifi cation of, 1137, 1137b
clinical signifi cance of, 1137-1138
cyclic, 1138-1140, 1139f
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Neutropenia (Continued)
treatment of

granulocyte colony-stimulating factor 
in, 1140

hematopoietic growth factors in, 243
defi nition of, 1137
drug-induced, 1145, 1146t
evaluation of patient with, 1151
familial benign, 1144
immune disorders associated with, 

1149-1150
in albinism, 1143-1144
in Cohen’s syndrome, 1144
in Felty’s syndrome, 1694-1695
in Griscelli’s syndrome, 1144
in Hermansky-Pudlak syndrome, 

1143-1144
in hyperthyroidism, 1690
in myelokathexis, 1142
in renal disease, 1688
in Shwachman-Diamond syndrome, 344, 

345t, 1142-1143
in WHIM syndrome, 1142
metabolic disorders associated with, 1150
neonatal immune, 1149
nutritional defi ciencies associated with, 

1150
reticuloendothelial sequestration and, 1150
severe congenital, 364-366, 364b, 368-369, 

369t, 1140-1142. See also Kostmann 
disease. 

bone marrow examination in, 1140
clinical manifestations of, 364-365, 364f
differential diagnosis of, 365, 366t
ELAN2 gene in, 1140
genetic basis of, 365-366, 366f, 368
HAX1 gene in, 1140, 1141
incidence of, 1140
malignancy in, predisposition to, 365, 

365f, 1142
management of, 368-369, 1141

granulocyte colony-stimulating factor 
in, 1141

leukemia surveillance in, 369
stem cell transplantation in, 368-369, 

426
risk of MDS/AML in, 1141, 1142

symptoms of, 1138
treatment of, principles of, 1151-1152
zidovudine-induced, 1719

Neutrophil(s)
actin, dysfunction of, 1164
aggregation of, amphotericin B and, 1161
blood smear of, 1112
cell surface receptors of, 1114-1115, 

1114t
chemoattractant-activated, pseudopod 

extension in, 1126
defects of, in Chédiak-Higashi syndrome, 

1168-1169
differentiation of

cytokine-induced, 1110-1111
morphologic changes in, 1113

giant, hereditary, 1710
hereditary dense granulation of, 1712
hyperpigmentation of, 470, 470f
hypersegmentation of, 1113

hereditary constitutional, 1710
increased adhesiveness of, 1161
kinetics of, 1111t
life span of, 1111
maturation of, 1110f, 1113
migration of, 1123-1125
morphology of, abnormalities in, 1113
nuclear appendages of, hereditary 

prevalence of, 1710-1711, 1710f
polymorphonuclear

Neutrophil(s) (Continued)
changes in, after birth, 1773
in sickle cell crisis, 959

production and kinetics of, 204, 206f
rolling, 1123

Neutrophil counts, circulating, reference 
range for, in very-low-birth-weight 
infant, 1772

Neutrophil granules
azurophilic, 1112t, 1113
biosynthesis of, 1113-1114
classifi cation of, 1113-1114
content of, 1111, 1112t
specifi c, 1112t, 1113-1114

defi ciency of, 1170-1171, 1170t
Neutrophilia

acute, 1152
bacterial infection–related, 1697
chronic, 1152-1153
classifi cation of, 1152b
congenital primary, 1153
in juvenile rheumatoid arthritis, 1694
leukemoid reactions in, 1153
neonatal, 1165

NF-E2, 1020
NF-E4, 1021
NHEJ1 gene, 1260
Nicotinamide adenine dinucleotide phosphate 

(NADPH)
G6PD defi ciency and, 884, 884f, 885-886
respiratory burst oxidase and, 1130-1132, 

1131f, 1132f, 1133t
Nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase, nonphagocyte, 1134
Nicotinic acid infusion, in diagnosis of 

Gilbert’s syndrome, 118-119
Niemann-Pick disease, 1322-1325

acute neuronopathic form of, 1323
adult non-neuronopathic form of, 1324
chromosome assignment of genes for, 

1303t
chronic form of, without CNS involvement, 

1323
chronic neuronopathic form of, 1323-1324
clinical diagnosis of, 1303-1304
genetic fi ndings in, 1323
laboratory fi ndings in, 1309t
neurofi brillary tangles in, 1324
pathogenesis of, 1302
prenatal diagnosis of, 1324
sphingomyelin in, 1323
treatment of, 1324-1325
type A, 1322, 1323
type B, 1322, 1323
type C and D, 1322, 1323-1324

Nijmegen’s breakage syndrome, 1267
vs. Fanconi’s anemia, 319

Nitric oxide
depletion of, in sickle cell patients, 958
effect of, on platelet adhesion, 172
hemoglobin binding to, 922-924

chemistry and physiology of, 922-923
clinical relevance of, 923-924

methemoglobinemia treated with, 47
Nitric oxide synthase, endothelial, 1383
Nitroblue tetrazolium (NBT) slide test, for 

chronic granulomatous disease, 1176, 
1177f

NK cell(s)
activation of, 1270-1271

in infectious mononucleosis, 1703
development and function of, 1245-1246
in immunity, 1222
interaction of, with MCL class I molecules, 

1246
invariant, development and function of, 

1245

NK cell(s) (Continued)
recovery of, after stem cell transplantation, 

405-406
Nocturnal hemoglobinuria, paroxysmal, 

635-640. See also Paroxysmal nocturnal 
hemoglobinuria.

Non-ABO alloantibody(ies), causing 
hemolytic disease of newborn, 91t

Nonerythroid cell(s)
ankyrin in, 701
cell-cell contact in, adducin at sites of, 697
G6PD defi ciency in, 899

Nonerythroid tissue, band 3 protein in, 
677-678

Nonhematologic disease, G6PD defi ciency 
associated with, 900

Non-Hodgkin’s lymphoma, stem cell 
transplantation for, 422

Nonimmune thrombocytopenia, 168-171
causes of, 167t

Nonmyeloablative regimens, before stem cell 
transplantation, 401

Nonreceptor protein tyrosine kinase, 
activation of, HGF-induced, 225t

Nonserpin inhibitors, properties of, 1428t
Nonsteroidal anti-infl ammatory drugs. See 

also specifi c drug.
aplastic anemia associated with, 278
neutropenia caused by, 1146t

NOP10 gene, 335
mutations of, 337

Normal-A2 β-thalassemia, 1053. See also 
Thalassemia entries.

Normocytic anemia, 459b
Notch pathway

in stem cell regulation, 212-213
signaling, 1233

Notch1 gene, in hematopoiesis development, 
25

NSB1 gene, 319
Nuclear appendages, of neutrophils, 

hereditary prevalence of, 1710-1711, 
1710f

Nuclear Factor κB pathway, mutations of, 
1269-1270

Nucleotide metabolism, erythrocyte, 
abnormalities in, 863-866

Nutritional defi ciencies, neutropenia 
associated with, 1150

Nutritional sources
of cobalamin, 471
of folate, 489-490

Nutritional support, pretransplant, 407-408

O

Obstructive liver disease, target cells in, 772
Obstructive lung disease, after stem cell 

transplantation, 415
Ocular disorders

in classic dyskeratosis congenita, 331
infectious mononucleosis and, 1701t, 

1702
OHCbl injection, for pernicious anemia, 479
Oligonucleotide hybridization, allele-specifi c, 

β-thalassemia mutations identifi ed by, 
1035

Oligosaccharide
N-linked, 1426
O-linked, 1426

Omenn’s syndrome, 1260
Ophthalmologic disorders, after stem cell 

transplantation, 414-415
Ophthalmologic manifestations, in 

mucolipidosis IV, 1345-1346
Opioid therapy, for sickle cell crisis, 984
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Opportunistic infections, iron overload and, 
546, 546b

Opsonization
humoral disorders of, 1166
in phagocyte function, 1126-1128

Orai1 protein, defect of, in severe combined 
immunodefi ciency, 1263

Oral bleeding, in hemophilia, 1490-1491
Oral iron supplements, for iron defi ciency, 

540, 540b
Organ damage, chronic, sickle cell disease 

causing, 974-981
Oroya fever, 1754. See also Bartonellosis.
Osler-Weber-Rendu disease, 537, 1684, 1709
Osmotic fragility test, for hereditary 

spherocytosis, 733
Osseous disorders, after stem cell 

transplantation, 417-418
Osteoclast(s), 1118-1119
Osteopenia, in severe congenital neutropenia, 

365
Osteopetrosis

infantile (malignant), 1157
stem cell transplantation for, 427

Osteoporosis, in classic dyskeratosis 
congenita, 331

Ovalocytosis, Southeast Asian, 748t
and resistance to malaria, 759
clinical features and morphology of, 

759-760
etiology of, 759
membrane rigidity in, molecular basis of, 

760
Ovalostomatocytosis, protein 4.2 defi ciency 

causing, 703
Ovary(ies)

cancer of, FANC gene mutation and, 326
hematologic abnormalities affecting, 1691

Overwhelming postsplenectomy infection 
(OPSI), 618

Oxidant-induced injury, in neonatal red 
blood cells, response to, 33

Oxidation
of bilirubin, reduction of, 110, 111f
of iron, 522
of protoporphyrinogen IX, to 

protoporphyrin IX, 593-597
Oxidative stress, red cell apoptosis due to, 

665-666
Oxygen

hemoglobin binding of, 916-917
allosteric effects modulating, 920, 921f
allostery and cooperativity in, 917-919, 

917f-919f
M hemoglobin binding of, 934
transport of

band 3 protein function in, 676, 676f
red cell, 920-922
to tissues, 922

Oxygen equilibrium curves, 917, 917f, 932, 
932f

P

P antigen system, 627, 1627-1628
Packed red blood cell(s), 1625-1626. See also 

Red blood cell(s).
for low-birth-weight infants, 53

Painful events, in sickle cell crisis, 963-965, 
964f

management of, 983-984
Pallor, neonatal, differential diagnosis of, 

43b
Pancreas

diseases of, 1684
effects of iron overload on, 546

Pancreas (Continued)
insuffi ciency of, Shwachman-Diamond 

syndrome and, 345, 346f
iron deposition in, 1064-1065

Pancreatitis, hemorrhagic, 1684
Pancytopenia

causes of, 283b
in inherited bone marrow failure 

syndromes, 312-351
in Shwachman-Diamond syndrome, 345, 

345t
Parasites, causing malaria, life cycle of, 1744-

1745, 1744f
Parasitic infection. See also specifi c infection.

eosinophilia-related, 1153-1154, 1154b, 
1712-1713

Parathyroid glands, iron deposition in, 1065
Parental blood typing, 81
Parenteral iron replacement, for iron 

defi ciency, 540
Paris-Trousseau syndrome, 170-171
Paroxysmal nocturnal hemoglobinuria, 

635-640
aplastic anemia associated with, 280
biochemical basis of, 637-638, 637b, 637f, 

638f
clinical manifestations of, 635-636, 635b, 

636f
diagnosis of, 636-637
historical perspectives of, 635
molecular basis of, 638-639
pathogenesis of, multistep model for, 639, 

639f
pathophysiology of, PIGA mutations and, 

639-640, 639f
signs and symptoms of, 635b
survival curve for, 636-637
treatment of, 635, 637

Parsons, Sir Leonard, 9
Partial thromboplastin time (pTT)

activated, 1400
hemophilia and, 1493
systemic lupus erythematosus and, 1695

Parvovirus B19 infection, 294, 294t
Pearson’s marrow-pancreas syndrome, 548t, 

549
Pearson’s syndrome, 49, 309t, 348-350, 1150, 

1684
clinical manifestations of, 348-349, 348f
differential diagnosis of, 349
genetic basis of, 349-350, 349f
management of, 350, 350b

Pediatric autoimmune neuropsychiatric 
disorders associated with streptococcal 
infection (PANDAS), plasma exchange 
for, 1660

Pediatric hematology, historical perspective 
on, 2-14

Pelger-Huët anomaly, 1113, 1709-1710, 
1710f

infections associated with, 1697
muscular dystrophy associated with, 1708

Penicillin, prophylactic, for sickle-related 
infections, 973

Pentose phosphate pathway, 33
Percutaneous fetal blood sampling, 83-84
Periarterial lymphoid sheath (PALS), 615-616
Periodontitis, localized juvenile, 1164
Permeability, of red cell membrane, 710-712, 

711f, 712f
Permeability barrier, disruption of, in 

abnormal red cells, 711-712
Pernicious anemia

characteristics of, 480
classic fi ndings in, 480-481
CNCbl injection for, 479
OHCbl injection for, 479

Pernicious anemia (Continued)
preclinical, 481
subclinical, 481

Peroxiredoxin-1, 704
Peroxiredoxin-2, 703-704

stomatin interaction with, 682
Pertussis (whooping cough), 1698
Peutz-Jeghers syndrome, 1684
PfEMP1, as parasite-derived molecule, 1745
PFKM gene, 850
PGK gene, 853, 855
pH

intraerythrocytic, red cell oxygen 
equilibrium and, 920-921

red cell, effect of hypoxia on, 922, 922f
PH domain, of spectrin, 690
Phagocyte(s)

activation of, pathologic consequences of, 
1136-1137, 1137b

basophils. See Basophil(s).
development of, 235
distribution and structure of, 1110-1119
eosinophils. See Eosinophil(s).
function of, 1119-1137

chemotaxis in, 1125-1126
complement receptors in, 1126-1127, 

1127t
cytocidal and digestive activity in, 

1129-1134
oxygen-dependent toxicity and, 1130-

1134, 1131f, 1132f, 1133t
oxygen-independent toxicity and, 

1129-1130
immunoglobulin receptors in, 1127-

1128, 1128t
impaired, 1183-1185
infl ammatory response in

chemokines and chemoattractants and, 
1120-1122, 1121t

classic signs of, 1119, 1119f
humoral mediators of, 1119-1122
pathologic consequences of, 1136-

1137, 1136b
leukocyte adhesion and migration in, 

1122-1125, 1123f, 1124f
opsonization in, 1126-1128
pattern recognition receptor in, 1126
phagocytosis in, 1128-1129
specialized, 1134-1135, 1134b
tissue adhesion and migration in, 1122-

1126, 1122f
granulocytes. See Granulocyte(s).
mononuclear, 1116-1119. See also 

Macrophage(s); Monocyte(s). 
function of

sites of, 1118
specialized, 1134-1135, 1134b

HIV-1 in, 1716
products secreted by, 1118t
sites of, 1118

neutrophils. See Neurophil(s).
Phagocyte blockade, for chronic immune 

thrombocytopenic purpura, 1563
Phagocytosis, 1128-1129

phosphatidylserine triggering, 665
Pharyngitis, in infectious mononucleosis, 

1701
Phenobarbital

for Crigler-Najjar syndrome, 120, 121
maternal use of, for unconjugated 

hyperbilirubinemia, 127
Phenotype-genotype correlation

in amegakaryocytic thrombocytopenia, 370
in Diamond-Blackfan anemia, 356, 357f
in dyskeratosis congenita, 338-341

anticipation in, 340-341, 340b, 341f
gene mutations and, 338-340
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PHGDH gene, 501
Philadelphia chromosome

in acute lymphoblastic leukemia, 419
in chronic myelogenous leukemia, 421

Phimosis, in classic dyskeratosis congenita, 
331

Phlebotomy, for porphyria cutanea tarda, 590
Phosphatases, and receptor signaling, 227
Phosphatidylserine, clotting and phagocytosis 

triggered by, 665
Phosphoenolpyruvate transport, 726
Phosphofructokinase (PFK)

activity of, in red blood cells, 31
defi ciency of, 848-850

biochemistry of, 848-849
clinical manifestations of, 848
genetics of, 849-850, 850f
in red blood cells, 32, 33
inheritance of, 850
treatment of, 850
various forms of, 848t

Phosphoglycerate kinase (PGK), defi ciency of
biochemistry of, 853
clinical manifestations of, 853, 854t
genetics and inheritance of, 853, 855, 855f
heterozygote, 854t
homozygote, 854t
treatment of, 855

3-Phosphoglyceride dehydrogenase defi ciency, 
501

Phosphoinositides, in red cell membrane, 667
Phospholipid(s)

approximate orientation of, 663f
asymmetry of, loss of, 665
chemical structure of, 662f
cholesterol buffering of, 668
cis asymmetry of, 666
lateral diffusion of, 668
mobility of, 667-668
purifi ed, 667-668
renewal pathways for, 668, 669f
trans asymmetry of, 664

Phospholipid fl ippase, 664
Phospholipid fl oppase, 664
Phospholipid scramblase, 664-665

defect in, 665
Phosphorylation

adducin activity regulated by, 696-697
ankyrin, 701
membrane protein, 705

diminished, 725
spectrin, 690
tyrosine, HGF-induced, 223-224, 224f, 

225f, 225t, 226
Photochemical analysis, nonenzymatic, of 

total serum bilirubin, 112
Photopheresis, extracorporeal, 1658-1659
Photosensitivity, associated with porphyrias, 

586, 592, 595
Phototherapy

for Crigler-Najjar syndrome, 121
for hemolytic disease of newborn, 87
for jaundice, 114
for unconjugated hyperbilirubinemia, 122-

125, 123f-124f
products of, 123-124, 126f

platelets and, 172
thrombocytopenia associated with, 168

Physiologic anemia of prematurity, 49-52
recombinant erythropoietin for, 51-52, 93, 

245
Pica

in celiac disease, 1683
secondary to iron defi ciency, 538

PIGA gene, 280, 635, 638
mutations of, paroxysmal nocturnal 

hemoglobinuria and, 639-640, 639f

PIGF gene, 638
PIGH gene, 638
PIGM gene, 638, 639
Pigmenturia, absence of, in unstable 

hemoglobin, 936
Pitting, of hemoglobin-containing red cells, 

937
Pituitary, effects of iron overload on, 546
Pituitary disease, hematologic effects of, 1691
PKLR gene, 861
Placenta, cobalamin accumulation in, 483
Plasma

fresh frozen. See Fresh frozen plasma 
(FFP).

total iron-binding capacity of, 527
Plasma concentrations, of thrombin–

antithrombin complexes, in children and 
adults, 1787t

Plasma exchange, 1659-1662. See also 
Apheresis.

for autoimmune disorders, 1659-1661
for disseminated intravascular coagulation, 

1661
for Guillain-Barré syndrome, 1659-1660
for hyper-IgE syndrome, 1660
for immune hemolysis, 1660
for myasthenia gravis, 1660
for nephrotic syndrome with focal 

sclerosing glomerulosclerosis, 
1660-1661

for PANDAS, 1660
for preexisting coagulopathies, 1660-1661
for Rasmussen’s encephalitis, 1660
for schistocytic hemolytic anemia, 643
for systemic lupus erythematosus, 1660
for thrombotic thrombocytopenic purpura, 

1573
in ABO-incompatible transplantation, 

1661
indications for, 1659
special applications and selective 

absorption in, 1661-1662
Plasma iron turnover (PIT), 525
Plasma prekallikren (Fletcher factor), 1414
Plasma-derived factor VIII concentrates, 

1495-1496
Plasma-derived factor IX concentrates, 1498
Plasmapheresis. See Plasma exchange.
Plasmin

fi brinolytic actions of, 1433-1434, 1433f
growth factor activation by, 1437
inhibitors of, 1430-1431
urokinase-mediated generation of, 1434

Plasminogen
activation of, 1426
characteristics of, 1426-1427, 1428t
defi ciency of

congenital, 1434-1435
type 1, 1543

in liver disease, 1685-1686
structure-function relationships of, 1429f

Plasminogen activator
accessory, 1430
tissue, 1427, 1428t, 1429-1430, 1429f. 

See also Tissue plasminogen activator 
(tPA). 

tissue plasminogen activator–mediated, 
1434

urokinase, 1428t, 1429f, 1430
Plasminogen activator inhibitor-1 (PAI-1), 

156, 156t, 1426
characteristics of, 1428t, 1431
defi ciency of, 1435, 1530
effect of, on tumor growth, 1437-1438

Plasminogen activator inhibitor-2 (PAI-2), 
156

characteristics of, 1428t, 1431

Plasminogen activator inhibitor-3 (PAI-3), 
1405t, 1416

Plasminogen gene, 1427
Plasminogen receptors, 1433
Plasmodium falciparum, 1023, 1745. See also 

Malaria.
chloroquine-resistant, 1761
G6PD defi ciency and, 900
lethality of, 1745

Plasmodium knowlesi, 1745
Plasmodium malariae, 1745
Plasmodium ovale, 1745
Plasmodium vivax, 1745
Platelet(s), 157-159

abnormalities of
in cardiac disease, qualitative and 

quantitative, 1681-1682
in diabetes mellitus, 1706-1707
in liver disease, 1579-1580
in renal disease, 1688-1689
in uremia, 1579
in vascular purpuras, 1580, 1580b

activation of
agonist receptors in, 1387-1388, 1387f
during birth process, 159
feed-forward amplifi cation pathways in, 

1386-1388, 1387f
G protein–coupled receptors in, 1386-

1387, 1387f
Gas6 receptors in, 1387f, 1388
GPIIb-IIIa complex in, 1388, 1389f, 

1579
adhesion of, 1384, 1385f
aggregation of

drug-induced inhibition of, 1578-1579
low-dose ristocetin-induced, 1504

cell surface of, 1388-1390
cell surface receptors of, tethering and 

adhesion mediated by, 1384, 1385f
circulating, 237
cytoskeleton of, 1381-1382
destruction of

increased
other causes of, 1575-1576
thrombocytopenia secondary to, 166, 

1556-1577. See also 
Thrombocytopenia. 

nonimmune mechanisms of, 1641-1642
transfusion for, autoantibody-mediated 

thrombocytopenia in, 1641-1642
dosage of, for transfusions, 1640, 1641t
Fcγ receptors of, 1557
function of, 158-159, 158f

acquired defects in, 1578-1580
genomics of, 1382
hexokinase activity in, 845
in systemic lupus erythematosus, 1695
inhibitors of, 1383, 1383f
membrane of, 1464
membrane receptors of, 1465t
morphology of, 1380-1382, 1381f

changes in, 1382
number, size, and survival of, during 

development, 158
production of

decreased, thrombocytopenia secondary 
to, 168-169, 1577. See also 
Thrombocytopenia. 

disordered, 1476-1478
proteomics of, 1382
responses of, cytosolic proteins limiting, 

1388-1390
resting

shape of, 1381, 1381f
size of, 1380

structure of, 158
subcellular organization of, 1380-1382
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Platelet(s) (Continued)
transfusion of. See Platelet transfusion.
vascular physiology of, 1390
vessel wall of, antithrombotic components 

of, 1382-1384, 1383f
Platelet alloantigen systems, 1566-1567, 

1566t
Platelet antibody testing, 1556-1557
Platelet apheresis, single-donor, 1639
Platelet concentrates

random-donor, 1639
single-donor, 1639

Platelet count
as function of gestational age, 1784
circulating, at different ages, 1784
in bleeding evaluation, 1454-1455
in neonatal thrombocytopenia, 171
post-transfusion, 1641t

Platelet disorder(s), 166-173, 1463-1478. See 
also specifi c disorder.

affecting vWF binding, 1502, 1503f
clinical features of, 1464b
drug-induced, 1578-1579
inherited, 169-170, 1464
qualitative, 172-173, 1464-1476

in cardiac disease, 1681-1682
quantitative, 166-171, 1476-1478, 

1554-1577
in cardiac disease, 1681-1682

secondary to transcription factor defects, 
1477-1478

stem cell transplantation for, 426-427, 
426b

Platelet endothelial cell adhesion molecule-1 
(PECAM-1), 1389

Platelet function tests, in bleeding evaluation, 
1457

Platelet Functional Analyzer 100 (PFA-100), 
160, 161t

in bleeding evaluation, 1455
Platelet granules

alpha, 1385-1386, 1386b
defects of, 1471f, 1475

and role in hemostasis, 1384-1386
contents of, 1386b
dense, 1386, 1386b

defects of, 1471f, 1474-1475
lysosomes, 1386, 1386b

Platelet receptors
Fcγ, 1557
inherited defects of, 1472-1474
membrane, 1465t

Platelet refractory state, 1645-1646, 1645f
Platelet transfusion, 1639-1646

alloimmunization prevention in, 1646
dosing for, 1640, 1641t
effectiveness of, 1640
for alloantibody-mediated 

thrombocytopenia, 1642-1644, 1643t
for bone marrow failure, 1641
for immune thrombocytopenic purpura, 

with life-threatening hemorrhage, 1565
for neonatal alloimmune 

thrombocytopenia, 1567-1568, 1567f, 
1644-1645

for platelet destruction
in autoantibody-mediated 

thrombocytopenia, 1642
in immune-mediated thrombocytopenia, 

1642
nonimmune mechanisms of, 1641-1642

for selected situations, 1644
for TAR syndrome, 371
indications for, 1641-1646
platelets for

random-donor, 1639
single-donor apheresis, 1639

Platelet transfusion (Continued)
prophylactic, 1639-1640
refractory state in, 1645-1646, 1645f

Platelet-specifi c antigens, 1556
Platelet-type pseudo–von Willebrand disease, 

1511
Platelet-type von Willebrand disease, 1472
Plummer-Vinson syndrome, 539, 1682
Pneumococcal vaccines, 744, 745t

prophylactic, for sickle-related infections, 
973

Pneumonia, associated with chronic 
granulomatous disease, 1172-1173

Poikilocytosis, infantile, hereditary 
elliptocytosis with, 749-750

Point mutations, causing thalassemia, 1024f, 
1025t-1027t

Polyanions, membrane skeletal proteins and, 
705

Polycythemia
in hyperbilirubinemia, 115
in renal disease, 1687

Polyglandular syndrome type 1, autoimmune, 
1271

Polymerase chain reaction, β-thalassemia 
mutations identifi ed by, 1035

Pompe’s disease
chromosome assignment of genes for, 

1303t
pathogenesis of, 1302

Porcine factor VIII concentrate, 1497
Porphobilinogen deaminase, 578-583

initial reaction cycle of, 583f
mutations of, acute intermittent porphyria 

caused by, 579-583. See also Acute 
intermittent porphyria. 

reaction catalyzed by, 578, 579f
Porphyria(s), 571-597

acute intermittent, 579-583
clinical manifestations of, 579-580, 580t
frequency of, 579
gene mutations in, 574t, 579
laboratory diagnosis of, 581-582
pathogenesis of, 580-581, 581b
pregnancy and, 583
treatment of, 582-583

aminolevulinate dehydratase defi ciency, 
577-578

clinical classifi cation of, 572, 572b
congenital erythropoietic, 584-586

clinical manifestations of, 585-586, 
585f

frequency of, 585
pathogenesis of, 586
treatment of, 586

description of, 572
erythropoietic protoporphyria, 595-597
genes, chromosomal locations, and protein 

codes in, 574t
hepatoerythropoietic, 588
photosensitivity associated with, 586, 592
variegate, 593-595

clinical manifestations of, 594
laboratory diagnosis of, 594-595
treatment of, 595

Porphyria cutanea tarda, 572, 587-591
clinical manifestations of, 588-589, 588f, 

589f
familial, 587-588
frequency of, 588
laboratory diagnosis of, 590
pathogenesis of, 589-590, 590f
sporadic, 588
toxic, 588
treatment of, 590-591
variants of, 587-588

Porphyrin, chemical structure of, 572f

Porphyrinogen(s)
chemical structure of, 572f
heme biosynthetic pathway of, 572-573, 

573f
Portal vein thrombosis, 1601

postsplenectomy, 740-741
Positive therapeutic test, of cobalamin 

defi ciency, 477-478, 478f
Postpartum transmission, of HIV, 1715
Postsplenectomy infection, overwhelming, 

618
Post-thrombotic syndrome, manifestations of, 

1605, 1606f
Post-transfusion purpura, 1568-1569
Precursor cell(s), 203-207

erythroid, 203-204, 204f, 205f
megakaryocyte, 206-207, 206t, 207f, 208f
neutrophil, 204, 206f

Preeclampsia, 159
Pregnancy

acute intermittent porphyria and, 583
coagulation factors in, 1691
Diamond-Blackfan anemia and, 

management of, 359
Fanconi’s anemia and, 313
fetal hematologic values during, 38t
folic acid in, supplemental, 490
hemoglobin F in, 925
hereditary spherocytosis in, 717
malaria in, 1750
maternal iron defi ciency during, 542
neonatal alloimmune thrombocytopenia 

considerations during, 1568
Rh sensitization during, 74-75
sickle cell disease and, management of, 986

Preimplantation genetic diagnosis
defi nition of, 324
of Fanconi’s anemia, 324, 326, 326b

Prekallikren, plasma, 1414
Preleukemia (5q- syndrome), 294t, 295

Diamond-Blackfan anemia and, 357
Premature delivery, induced, of fetus with 

hemolytic disease, 84
Premature infant(s). See also Infant(s); 

Neonate(s).
blood volume in, 35
changes in prothrombin time, activated 

partial thromboplastin time, and 
thrombin time in, 1785

coagulation tests in, reference values for, 
from 0-6 months, 152t

hemoglobin concentration in, during fi rst 6 
months, 1774

lymphocyte subsets in, during fi rst week of 
life, 1782

morphologic erythrocyte abnormalities in, 
29-30, 30f

physiologic anemia in, 49-52
recombinant erythropoietin for, 51-52, 

93, 245
red cell glycolytic metabolites in, 1777
transfusions in, 52-53, 52t
unconjugated hyperbilirubinemia associated 

with, 122
Premature termination mutations, in 

thalassemia, 1026t-1027t, 1030, 1031f
Priapism

erythrocytapheresis for, 1657
in sickle cell crisis, 969-970

Primitive neuroectodermal tumor, stem cell 
transplantation for, 423

Procoagulant complexes, membrane-
associated, 1401, 1402f

Proconvertin. See Factor VII.
Progenitor cell(s)

from umbilical cord blood, 23, 25
in hematopoiesis, 201-203, 202f
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Progenitor cell(s) (Continued)
mobilization of, hematopoietic growth 

factors in, 245
peripheral blood, 1658-1659
processing and storage of, 1650
standards and regulation of, 1650-1651

Properdin defi ciency, 1280
Prostacyclin, 1383
Prosthetic heart valves, 1680, 1682
Protease(s), properties of, 1428t
Protein(s). See also specifi c protein.

coagulation, acquired inhibitors of, 
1597-1599

cofactor, 1410-1413, 1410f, 1412f
extrinsic, properties of, 1405t
fi brinolytic, 1428t-1429t
heat-stable activator, in storage diseases, 

1302-1303
in clot formation, 1416-1418, 1417f, 

1418f
properties of, 1405t

intrinsic pathway, properties of, 1405t
iron-containing, 522b
red cell membrane, 668-704. See also Red 

blood cell membrane, proteins in. 
regulatory, in iron metabolism, 530-534, 

532f
serum levels of, according to age, 1795
vitamin K–dependent. See Vitamin 

K–dependent proteins (VKDPs).
Protein 4.1, 691-695, 692f

band 3 and, 674
C-terminal domain of, 693
defects of, in hereditary elliptocytosis, 

756-758, 757f
structural, 757-758, 757f

gene for, 693-694
mice lacking, 746
mutations of, 694-695
splicing of, 694

membrane binding domain of, 691-693
spectrin interaction with, 688
spectrin-actin binding domain of, 691

Protein 4.1B gene, 694
Protein 4.1G gene, 694
Protein 4.1N gene, 694
Protein 4.1R gene, 693-694

alternative splicing of, 694
mutations of, 694-695

Protein 4.2, 702-703
band 3 and, 675
defects of, hereditary spherocytosis 

secondary to, 724-725, 724b, 724f
defi ciency of, 703

causing hereditary spherocytosis and 
ovalostomatocytosis, 703

gene for, mice lacking, 746
spectrin interaction with, 688
structure of, 702-703, 702f

Protein 4.9 (dematin), 697-698
Protein C

activated, resistance to, 1539
activation of, 149, 155, 1406f, 1409
defi ciency of, 173, 1536-1538, 1536t

acquired, 1537
management of, 1545

properties of, 1405t
schematic representation of, 1406f

Protein C concentrate, for venous 
thromboembolism, 1604

Protein C inhibitor
characteristics of, 1416
properties of, 1405t

Protein kinase A, 1383
Protein kinase B, 1390
Protein kinase G, 1383
Protein p55, 695, 695f

Protein S
activation of, 149, 155, 1406f, 1409
defi ciency of, 173, 1538-1539, 1538t

types of, 1538, 1538t
properties of, 1405t
schematic representation of, 1406f

Protein Z
activation of, 1406f, 1409
properties of, 1405t
schematic representation of, 1406f

Proteinuria, in sickle cell disease, 975
Prothrombin. See Factor II.
Prothrombin complex concentrates

for hemophilia A, 1498
for hemophilia B, 1499
for vitamin K defi ciency, 1596-1597

Prothrombin time (PT)
changes in, in term and premature infants, 

1785
in bleeding evaluation, 1453, 1454f
in clotting, 1400
in disseminated intravascular coagulation 

evaluation, 1593
Prothrombotic disorders. See also Thrombotic 

disorders.
acquired, 174
congenital, 173-174

Proton-coupled folate transporter (PCFT), 
491

Protoporphyria. See also Porphyria(s).
erythropoietic

clinical manifestations of, 596
frequency of, 595-596
laboratory diagnosis of, 596-597
pathogenesis of, 596
treatment of, 597

Protoporphyrin
fecal, 597
zinc, 596

Protoporphyrin IX, heme structure of, 
conformation change at, 918, 919f

Protoporphyrinogen IX, enzymatic oxidation 
of, to protoporphyrin IX, 593-597

Protoporphyrinogen oxidase, 593
reaction catalyzed by, 593, 594f
subnormal activity of, variegate porphyria 

due to, 593-595
Pseudocyanosis, 933-935

clinical aspects of, 934
diagnosis of, 934-935
iron binding to, histidine and tyrosine and, 

933-934, 934f
oxygen binding properties of, 934
physiologic features of, 933-934
T-to-R transition of, 934
weak heme attachment in, 933

Pseudodrumstick, neutrophil, 1710-1711
Pseudo-Hurler polydystrophy, 1303t, 

1345
chromosome assignment of genes for, 

1303t
Pseudohyperkalemia

classifi cation of, based on temperature 
dependence of cation leaks, 767-768, 
767f

familial, 765
features of, 762t
in hereditary spherocytosis, 739

Pseudo–Pelger-Huët anomaly, 1113
Pseudothrombocytopenia, 1454-1455, 

1554-1555, 1554f. See also 
Thrombocytopenia.

Psoriasis, 1708-1709
Psychological aspects, of sickle cell disease, 

980
Psychotropic agents, neutropenia caused by, 

1146t

Puberty
delayed onset of, in Gaucher’s disease, 

1319
in thalassemia major, 1064

Pulmonary. See also Lung(s).
Pulmonary embolism. See also 

Thromboembolism.
associated with venous thromboembolism, 

1601
Pulmonary fi brosis, in dyskeratosis congenita, 

331, 342
management of, 343-344

Pulmonary function, in sickle cell disease, 
978

Pulmonary hemosiderosis
idiopathic, 1691-1692
iron defi ciency caused by, 537-538
other causes of, 1692

Pulmonary hypertension
in thalassemia major, 1065
postsplenectomy, 741

Pulmonary infi ltration, diffuse, in Gaucher’s 
disease, 1319-1320

Pure red cell aplasia, acquired, 293-296
acute, 294-295
chronic, 295
classifi cation of, 294t
immune-mediated, 294-295, 294t
other causes of, 294t, 296
parvovirus B19 infection and, 294, 294t
preleukemia (5q syndrome) and, 294t, 

295
Purine nucleoside phosphorylase defi ciency, 

in severe combined immunodefi ciency, 
1257-1259, 1258f

Purkinje system, iron deposition in, 545
Purpura

immune thrombocytopenic. See Immune 
thrombocytopenic purpura.

post-transfusion, 1568-1569, 1644
thrombotic thrombocytopenic. See 

Thrombotic thrombocytopenic 
purpura.

vascular, platelet abnormalities associated 
with, 1580, 1580b

Purpura fulminans
platelet abnormalities associated with, 

1580
protein C defi ciency and, 1537-1538

management of, 1545
Pyknocytosis, infantile, 29-30, 48, 778
Pyrimethamine, 497-498
Pyrimidine 5′-nucleotidase (P-5′-N) 

defi ciency
biochemistry of, 864-865
clinical manifestations of, 863-864
genetics and inheritance of, 865
treatment of, 865

Pyropoikilocytosis, hereditary, 750-751
etiology of, spectrin defects in, 752-756, 

753f, 754f, 756f
pathophysiology of, 758

Pyrrole, formation of, 574-578
δ-aminolevulinate dehydratase in, 575-578, 

576f
δ-aminolevulinate synthases in, 574-575, 

574f, 575f
Pyruvate kinase (PK) defi ciency, 857-863

ATP depletion in, 858-860
biochemistry of, 858-861, 858f, 860f
blood smear fi ndings in, 857, 857f, 

860f
clinical manifestations of, 857, 857f
genetics and inheritance of, 861-863
hyperbilirubinemia in, 857
in erythroid cells, 858
treatment of, 863
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Q

5q- syndrome (preleukemia), 294t, 295
Diamond-Blackfan anemia and, 357

Quebec plate syndrome, 1475

R

R binder defi ciency, 485
RAB27A gene, 1263
Radiation, ionizing, aplastic anemia 

associated with, 278-279
Radiography, of bone abnormalities, in 

thalassemia major, 1059, 1060f
Radioulnar synostosis, amegakaryocytic 

thrombocytopenia with, 170
RAG1 gene, 1259, 1260
RAG2 gene, 1259, 1260
Random-donor platelet concentrates, 1639
RAS pathway

activation of, 1239
HGF signaling through, 226-227

Rash(es), in infectious mononucleosis, 1701
Rasmussen’s encephalitis, plasma exchange 

for, 1660
Receptor signaling

phosphatases and, 227
toll-like, defects in, 1270

Receptor tyrosine kinase ligands, 209
action of, 211-212
gene disruptions in, 216, 217-218
structure of, 215-216

Recombinant anti-interleukin-2 receptor 
antibody, for aplastic anemia, 293

Recombinant erythropoietin (rhEPO)
for anemia of chronic renal failure, 244
for anemia of prematurity, 51-52, 93, 245
for Diamond-Blackfan anemia, 242
for neonatal hereditary spherocytosis, 718

Recombinant factor VIIa, 1497-1498
Recombinant factor VIII concentrates, 1495
Recombinant factor IX concentrates, 1498
Recombinant protein products, for 

coagulation factor defi ciencies, 162
Recombinase-activating genes 1 and 2, 

defects of, in severe combined 
immunodefi ciency, 1259-1260, 1260f

Recommended daily allowance (RDA)
of cobalamin, 471, 490t
of folate, 489, 490t
of folic acid, for pregnant women, 490

Recovery, spontaneous, from aplastic anemia, 
285

RECQL3 gene, 319
RECQL4 gene, 318
Red blood cell(s)

abnormal, disruption of permeability 
barrier in, 711-712

adhesion of, to endothelium, 957
adult, unfractionated, geometric data for, 

1780
aldolase activity in, 850, 850t
apoptosis of, oxidative damage and, 

665-666
deformation of

cellular and molecular determinants of, 
708-709

decreased, in malaria, 1747
plastic, 709, 709f

density of, effect of hemoglobin C on, 
939-940

disturbances of
in cardiac disease, 1681
in infection, 1696-1697
in liver disease, 1684-1685
in renal disease, 1686-1687

Red blood cell(s) (Continued)
effect of age of, selective hemolysis and, 

897
exposed to burns, 644
for transfusion

irradiation of, 1625-1626
leukoreduction of, 1625

forces encountered by, 640
generations of, in developing embryo, 22
glycolysis of, acquired disorders of, 

866-867
GPI-defi cient, 845-847
hanged, 641, 641f
hemoglobin C–containing, 939
hemoglobin F–containing, 925
hemoglobin-containing, pitting of, 937
hexokinase activity in, 843, 843f
HK-defi cient, 841, 843-844
immunophenotype analysis of, in 

paroxysmal nocturnal hemoglobinuria, 
638, 638f

impaired production of, 48-49
in hereditary elliptocytosis

permeability of, 758-759
thermal sensitivity of, 751-752

in malaria, decreased deformability of, 
1747

inclusions in. See also specifi c inclusion, e.g., 
Howell-Jolly bodies. 

diagnostic signifi cance of, 464t
life span of, in sickle cell disease, 958
mature, lipid synthesis and, 668
mechanism of hemolysis of, in hemolytic 

disease of newborn, 78-79, 79f
metabolism of

G6PD defi ciency and, 48
G6PD in, 884-889

features of, 887
role of, 884, 884f

role of thyroid hormone in, 1690
metabolite levels in, 1776
morphology of, in hereditary spherocytosis, 

731-732, 731f
neonatal, 22-33

2,3-diphosphoglycerate metabolism in, 
33

circulating, measurement of, 26-27, 27f
enzymes of Embden-Meyerhof pathway 

in, 31-32
fi ltration rate of, 31
glucose consumption of, 32-33
life span of, 27-28, 28t
metabolism of, 31-33, 32b
morphologic abnormalities of, 29-30, 

30f
on fi rst postnatal day, 37t
oxidant-induced injury in, response to, 

33
pentose phosphate pathway in, 33
red cell membrane of, 28-31, 29f, 30f
unfractionated, geometric data for, 1780
unique characteristics of, 28-33

nucleotide metabolism abnormalities in, 
863-866

oxygen transport by, 920-922
packed, 1625-1626

for low-birth-weight infants, 53
PFK-defi cient, 848
PGK-defi cient, 853
phosphofructokinase activity in, 848t, 849
PK-defi cient, 859, 861
protein 4.1–defi cient, 681
senescent, 1065

macrophage destruction of, 713-714
membrane alterations of, 713-714
pleiotrophic effects of, 713
role of band 3 protein in, 673

Red blood cell(s) (Continued)
sensitized, immune clearance of, 627-628, 

628f
sickling of, 955-956. See also Sickle cell 

anemia; Sickle cell disease. 
size of, classifi cation of anemia based on, 

457, 459b
spiculated, 773-779, 773f, 776f, 777f
thalassemic, loss of phospholipid 

asymmetry in, 665
TPI-defi cient, 851
vascular damage to, 465

Red blood cell count
fetal, 38t
in cord blood, 36t, 38f
in term infants, 36t, 37t, 38f

Red blood cell enzymes
activities of, 1776

in adults and term infants, 1777
in cord blood and 4th-day blood, 1777

defi ciencies of, 48
Red blood cell indices

in adolescents, 1788
in hereditary spherocytosis, 732, 732f

Red blood cell membrane
deformability of, 707-710

cell surface in, 710
cellular and molecular determinants of, 

708-709, 709f
material properties in, 707-708, 708f

description of, 661
disorders affecting. See also specifi c disorder, 

e.g., Spherocytosis, hereditary. 
anemia caused by, 48
associated with decreased surface area, 

770-771
associated with increased surface area, 

771-773
enzymatic and structural, 115
in hydrops fetalis, 760
in thalassemia major, 1056-1057
other, 779-780
spiculated cells and, 773-779, 773f, 776f, 

777f
fetal, 31

lipid composition of, 1779-1780
hemoglobin C binding to, 940
in sickle cell disease, 954-958

deformability of, 954
external interactions of, 957-958
hemoglobin concentration and, 955
ion transport and volume control and, 

956-957
irreversible sickling and, 955-956
mechanism of damage to, 954

lipids in, 661-668
asymmetry of, 957-958
bilayer couple hypothesis of, 666-667
cholesterol as, 663-664, 663f
composition of, 661-662, 661t, 662f, 

663f
defects of, 725
fetal, 1779-1780
glycolipids as, 663
mobility of, 667-668
phosphoinositides as, 667
phospholipids as. See Phospholipid(s).
protein-bound, 666
renewal pathways for, 668, 669f

neonatal, 28-31, 29f, 30f
permeability of, 710-712, 711f, 712f

water, 711
protein(s) in, 668-704

aquaporin, 682
band 3. See Band 3 protein.
composition of, 668-669, 669f, 670t, 

671f
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Red blood cell membrane (Continued)
Duffy glycoprotein, 683
glycophorin(s), 678-681

A, 678-679, 678f, 679t
B, 679, 679t
C, 680
D, 680
E, 679t, 680
mutations of, 680-681, 680f
variants of, 679t

glycosylphosatidylinositol-anchored, 710
integral, 671-685
Kell glycoprotein, 683
Kidd glycoprotein, 683
lateral mobility of, 710
Lutheran glycoprotein, 683
LW glycoprotein, 683-685
major types of, 670t
Rh, 682-683
skeleton, 684-704. See also Skeletal 

membrane protein(s). 
stomatin, 681-682
Xk, 683

senescent cell alterations and, 713-714
Red blood cell transfusion, 1624-1639

adverse effect(s) of, 1636-1639
allergic reactions as, 1636, 1637t
febrile nonhemolytic reactions as, 1636
hemolytic transfusion reactions as

acute, 1636-1637
delayed, 1637-1638
transfusion-transmitted disease as, 

1638-1639, 1638t
blood selection for

in patients with alloantibodies, 
1632-1636

as emergency need, 1633
autologous blood in, 1633-1634
compatible donors for, 1632t
for directed donations, 1634
for fetus, 1634
for hematopoietic stem cell transplants, 

1634-1635, 1635t
for massive transfusion, 1633
for neonate, 1634
for organ transplants, 1635-1636
for sickle cell anemia, 1634
for thalassemia, 1634

in patients with autoantibodies, 1636, 
1636f

chronic or intermittent, diseases requiring, 
1625, 1625b

compatibility procedures in, 1630-1632, 
1632t

of ABO and Rh blood groups, 1631-
1632, 1631t

of other blood groups, 1632, 1632f, 
1633f

donor blood in
compatibility procedures for, 1630-1632, 

1631t, 1632f, 1633f
directed, 1634
testing of, 1630

fetal, 1634
for acute blood loss, 1624-1625
for allogeneic hematopoietic stem cell 

transplantation, 1634-1635, 1635t
for autoimmune hemolytic anemia, 

628-629, 629t
for cobalamin defi ciency, 478
for Diamond-Blackfan anemia, 359
for hemolytic anemia, 893
for organ transplantation, 1635-1636
for sickle cell anemia, 1634, 1635t
for thalassemia, 1634
immunologic consideration(s) in, 

1626-1630

Red blood cell transfusion (Continued)
A and B antigens as, 1626-1627, 

1626f
blood group antibodies as, clinical 

signifi cance of, 1629-1630, 1630t
blood group antigens as, maturation of, 

1629
Duffy system as, 1629
H antigen as, 1626
I and I antigens as, 1627
Kell system as, 1628-1629
Kidd system as, 1629
Lewis system as, 1627
Lutheran system as, 1629
MNS system as, 1628
P system as, 1627-1628
Rh system as, 1628

indications for, 1624-1625
irradiation of red cells for, 1625-1626
leukoreduction of red cells for, 1625
neonatal, 1634
normovolemic, 1657-1658
packed red blood cells for, 1625-1626
storage of blood for, 1625

Red cell aplasia, pure, 293-296. See also Pure 
red cell aplasia.

Red cell volume distribution width, 459-460
calculation of, 459
in thalassemias, 1053
relationship of mean corpuscular volume 

and, in disease states, 461t
Reference values

D-dimer, in children, 157t
for acid glycoprotein, 1792
for coagulation inhibitors

in healthy children vs. adults, 1786
in infants from 0-6 months, 154t

for coagulation screening tests
in adults, 1785
in children, 151t

from 1-16 years, 153t
vs. adults, 1786

in fetus and full-term infants, 1787
in full-term infants from 0-6 months, 

150t
in newborns vs. adults, 1785
in premature infants from 0-6 months, 

152t
for C-reactive protein, in newborns, 1791
for fi brinolytic system, in healthy children 

vs. adults, 1787t
for interleukin-6, in newborns, 1791
in infancy and childhood, 1769-1770

Regional enteritis, 1683
Rehabilitation therapy, after ischemic arterial 

stroke, 1611
Reilly bodies, 1711, 1711f
Relapse, of aplastic anemia, after 

immunosuppression, 291
Renal disease

anemia in, 1686-1687
coagulation abnormalities in, 1688
platelet abnormalities in, 1688-1689
polycythemia in, 1687
red blood cell abnormalities in, 1686-

1687
transfusion therapy in, 1660-1661
transplant-related, 416
white blood cell abnormalities in, 

1687-1688
Renal failure

chronic, anemia of, hematopoietic growth 
factors for, 244-245

in hemolytic-uremic syndrome, 1574
Renal system, effect of sickle cell disease on, 

974-976
Renal vein thrombosis, 174-175, 1601

Respiratory burst oxidase, 1130-1132, 1131f, 
1132f

component properties of, 1133t
reactions of, 1130, 1131f

Resting B-cell(s), 1223
Resting T-cell(s), 1223
Restriction enzyme analysis, of β-thalassemia 

mutations, 1034-1035
Restriction fragment length polymorphisms 

(RFLPs), 1033, 1034f
Reticular dysgenesis, 1138
Reticulocyte(s)

in cord blood, 36t
in term infants, 36t, 37t
maturation of, membrane remodeling 

during, 707, 707f
PK-defi cient, 860, 860f

Reticulocyte counters, automated, in 
evaluation of anemia, 461

Reticulocyte indices, neonatal and adult, 
28-29, 29f

Reticulocytopenia, vs. autoimmune hemolytic 
anemia, 623

Reticulocytosis, in autoimmune hemolytic 
anemia, 621

Reticuloendothelial sequestration, 1150
Reticuloendothelial system, storage diseases 

of. See Storage diseases; specifi c disease.
Retinal degeneration, in neuronal ceroid 

lipofuscinoses, 1353
Retinochoroiditis, in infectious 

mononucleosis, 1702
Retinopathy

in sickle cell disease, 976
transplant-related, 414

Retrovirus, gene transfer mediated by, 229
Revesz’ syndrome, dyskeratosis congenita 

and, 342
Rh antigen(s), 1628

dose of, necessary for Rh sensitization, 74
maternal sensitization to, 72-73, 73f

Rh blood group, 69-72
allelic combinations in, 69t
biochemistry of, 69-72
compatibility procedures for, in red blood 

cell transfusion, 1631-1632, 1631t
discovery of, 68
early studies of, 68-69
genotypes in, 69, 70t
haplotypes in, 70t
incompatibility problems associated with, 

114
molecular genetics of, 69-72, 70t, 71f, 

72f
phenotypes in, 70t, 71-72

Rh defi ciency states, 71
Rh hemolytic disease. See Hemolytic disease 

of newborn.
Rh polypeptides, 69, 70t
Rh proteins, 682-683
Rh sensitization

dose of Rh antigen necessary for, 74
immune responses to, 73-74
incidence of, 74-75
maternal, 72-73, 73f
nature of, 73-76
prevention of, 75-76

Rhabdomyolysis, in infectious mononucleosis, 
1702

RhAG, 71, 72f, 682-683
RhBG, 71
RhCE, 682-683
RHCE gene, 69-71, 70t, 71f
RhCG, 71
RhD, 682-683

messenger RNA, 69
negativity of, defi nition of, 70
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RhD alloimmunization, 72-76, 73f
Rh sensitization in

dose of Rh antigen necessary for, 74
immune responses to, 73-74
incidence of, 74-75
maternal, 72-73, 73f
nature of, 73-76
prevention of, 75-76

RhD antibodies, in hemolytic disease of 
newborn, 90

RHD gene, 70-71, 70t, 71f
RhD genotype, diversity of, 70t
RhD phenotype, variant, 70t
RHD-RHCE hybrid, 69
RHD Ψ pseudogene, 70
Rheumatoid arthritis, 1694
RhGK, 71
Rh-negative individuals, 68, 69, 70
Rh-positive individuals, 68, 69
Ribonucleic acid. See RNA entries.
Ribosomes, 355b

biogenesis of, 355b, 355f
pre-rRNA processing of, 355b

Rifampin, in diagnosis of Gilbert’s syndrome, 
119

Ring surface protein-2 (RSP-2), Plasmodium 
falciparum, 1747-1748

Ristocetin cofactor. See Von Willebrand factor 
(vWF).

Ristocetin cofactor assay, for von Willebrand 
disease, 1504

Rituximab
for autoimmune hemolytic anemia, 629t, 

630
for chronic immune thrombocytopenic 

purpura, 1563
for thrombotic thrombocytopenic purpura, 

1573
RMPR gene, 347
RNA

α1 gene:α2 gene ratio, 1043-1044
cleavage and polyadenylation defects of, 

1026t, 1029, 1031f
in hereditary spherocytosis, assessment of, 

734
messenger. See mRNA.
processing defects of, 1028
ribosomal, 335
splicing of, 1018, 1025t-1026t
telomerase, 335
transfer, 335

RNA viruses, in hemorrhagic fevers, 
1757

Rotor’s syndrome, 127-128
vs. Dubin-Johnson syndrome, 116t

RPS14 gene, 357
RPS19 gene, 354, 354f, 358
RPS24 gene, 354, 355
RPS35 gene, 354
Runners, long-distance, acquired 

stomatocytosis in, 768-769
RUNX-1, 170
Russell’s viper bite, 1758

S

Saliva, Epstein-Barr virus in, 1700
Salmonellosis, malaria and, 1745-1746
Sandhoff ’s disease, 1329-1331

chromosome assignment of genes for, 
1303t

clinical manifestations of, 1329-1330
laboratory fi ndings in, 1309t
molecular aspects of, 1330
treatment of, 1330-1331
vs. Gm2-gangliosidosis, 1330

Sanfi lippo’s syndrome, 1335-1337
chromosome assignment of genes for, 

1303t
clinical manifestations of, 1335-1336
enzyme defect in, 1332t
laboratory fi ndings in, 1309t
treatment of, 1336-1337

Sarcoidosis, 1692
SBDS gene, 346-347

mutation of, 346
SBDSp pseudogene, 346
Scheie’s syndrome, 1333-1335

chromosome assignment of genes for, 
1303t

enzyme defect in, 1332t
laboratory fi ndings in, 1309t
treatment of, 1334-1335

Schimke’s immuno-osseous dysplasia, 
1144

Schistocyte, 640
Schistocytic hemolytic anemia, 640-644

clinical settings for, 642-643
genetic basis of, 641-642
large vessel, 643-644
microangiopathic, 641, 641f
miscellaneous forms of, 644
overview of, 640-641, 640f
treatment of, 643

Schistosoma haematobium, 1752
Schistosoma japonicum, 1752
Schistosoma mansoni, 1752
Schistosoma mekongi, 1752
Schistosomiasis, 1751-1752
Scintigraphy, of aplastic anemia, 204, 205f
Scl/Tal1 gene, in hematopoiesis development, 

25
Scott’s syndrome, 665, 1473-1474
Scramblase, phospholipid, 664-665

defect in, 665
Screening tests

coagulation
in adults, 1785
in children, 151t

from 1-16 years, 153t
vs. adults, 1786

in fetus and full-term infants, 1787
in full-term infants from 0-6 months, 

150t
in newborns vs. adults, 1785
in premature infants from 0-6 months, 

152t
in bleeding evaluation, 1453-1457, 1454f

Sebastian’s syndrome, 171, 1711
Seckel’s syndrome, vs. Fanconi’s anemia, 

319
Seizure(s)

associated with storage diseases, 
management of, 1312

in acute intermittent porphyria, 580, 580t
in neuronal ceroid lipofuscinoses, 1351
in Sandhoff ’s disease, 1329

Selectin family, of adhesion molecules, 1123, 
1123f

Sepsis
Clostridial, 770-771
hyperbilirubinemia and, 115
neutropenia caused by, 1144-1145
postsplenectomy, 739-740
with disseminated intravascular 

coagulation, causing 
thrombocytopenia, 168

Serine protease domains, of vitamin K–
dependent proteins, 1406f, 1407

Serpin inhibitors, properties of, 1428t
Sertoli cell(s), transferrin synthesis in, 526
Serum chemistry analysis, in autoimmune 

hemolytic anemia, 622

Severe combined immunodefi ciency 
syndrome, 1256-1265

adenosine deaminase defi ciency in, 
1257-1259

CD25 defi ciency in, 1261, 1261f
CD45 defi ciency in, 1262
Cernunnos defi ciency in, 1260
DCLRE1C mutations in, 1260
DNA ligase IV defects in, 1260
gene defects in, 1257t
HLA class 1 in, defective expression of, 

1263, 1264f
HLA gene transcription complex mutations 

in, 1262-1263, 1263f
interleukin-7 receptor α chain defects in, 

1261, 1261f
Jak3 defi ciency in, 1261, 1261f
lymphocyte development in, 1256, 1257f
lymphocyte populations in

abnormal, 1256-1257, 1257t
normal, 1263-1264

orai1 defect in, 1263
purine nucleoside phosphorylase defi ciency 

in, 1257-1259, 1258f
recombinase-activating genes 1 and 2 

defects in, 1259-1260, 1260f
recurrence of, 1258f
symptoms of, 1256
T-B+NK+, 1261-1262
T-B+NK-, 1260-1261, 1261f
T-B-NK+, 1259-1260, 1259f
T-B-NK-, 1257-1259, 1258f
T-cell antigen receptor complex mutations 

affecting, 1261-1262, 1262f
treatment of

bone marrow transplantation in, 
1264-1265

gene therapy in, 1265
stem cell transplantation in, 423-424

with selective defi ciency of CD8+ T cells, 
1263

X-linked, 1260-1261, 1261f
ZAP-70 defi ciency in, 1263

Sexual contact, transmission of HIV through, 
1715

Sexual development, delayed, in sickle cell 
disease, 979-980, 980t

SH3 domain, of spectrin, 689-690
Sheenan’s syndrome, 1758
Shiga toxin, 1573-1574
Short stature

in Diamond-Blackfan anemia, 352
in Fanconi’s anemia, 313

Shwachman syndrome, 1684
Shwachman-Bodian-Diamond syndrome, 

1143
Shwachman-Diamond syndrome, 309t, 

344-347
clinical manifestations of, 344-346, 345t
diagnostic criteria for, 344b
differential diagnosis of, 346
gastrointestinal abnormalities in, 345, 345t, 

346f
genetic basis of, 346-347
hematologic abnormalities in, 344-345, 345t
malignancy in, predisposition to, 345
management of, 347
miscellaneous abnormalities in, 346
neutropenia in, 344, 345t
skeletal abnormalities in, 345-346, 345t

Sialidosis, 1340-1341
chromosome assignment of genes for, 

1303t
laboratory fi ndings in, 1310t
type I (cherry-red spot/myoclonus 

syndrome), 1340-1341
type II (dysmorphic form), 1341
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Sickle cell(s)
intrahepatic, 967, 976
iron in, 954
irreversible, 954, 955f, 956

in xerocytosis, 769-770
loss of phospholipid asymmetry in, 665
shape changes of, 955-956

Sickle cell anemia
diagnosis of

in fetus, 961
in newborn, 961-962
in older child, 962, 962t

glucose-6-phosphate dehydrogenase 
defi ciency in, 959

hemoglobin F production in, 959-960
heterogeneity of cell shape and density in, 

955, 955f
history of, 950
neurologic events in, 968-969
routine health maintenance for, 982-983, 

983f
α-thalassemia in, 959
transfusion for, choice of blood in, 1634, 

1635t
Sickle cell crisis, 963-971

acute splenic sequestration crisis in, 
970-971

aplastic crisis in, 971
defi nition of, 963
increased polymorphonuclear neutrophils 

in, 959
painful, 963-965, 964f

management of, 983-984
vaso-occlusive, 963-970

acute abdominal pain in, 967
acute chest syndrome in, 965-967
acute CNS event in, 967-969
pain in, 963-965, 964f

management of, 983-984
priapism in, 969-970

Sickle cell disease
clinical manifestation(s) of, 962-981

cardiovascular damage as, 974, 975t
chronic organ damage as, 974-981
CNS damage as, 978
delayed growth and development as, 

978-980, 979f, 980t
ear damage as, 977
hepatobiliary damage as, 976
infections as, 971-974, 972t

prevention of, 973-974
treatment of, 972-973

lung damage as, 978
mortality as, 980-981, 980f
ocular damage as, 976-977
psychological aspects as, 980
renal damage as, 974-976
sickle cell crisis as, 963-971. See also 

Sickle cell crisis. 
skeletal damage as, 977-978, 978f
skin damage as, 977

diagnosis of, 961-962
erythrocytapheresis for, 1655
genetic modifi ers in, 959-961, 961t
hemoglobin F in, genetic mutations of, 

960
hemoglobin S mutation in, 950
hemoglobin S polymerization in, 952-954, 

952f, 953f
hemolysis in, 958
history of, 950
infl ammation in, 958-959
pathophysiology of, 950-961, 951f
pregnancy and, management of, 986
red cell membrane damage in, 954-957

deformability and, 954
hemoglobin concentration and, 955

Sickle cell disease (Continued)
ion transport and volume control and, 

956-957
irreversible sickle cells and, 955-956
mechanism of, 954

red cell membrane interactions in
coagulation defects and, 958
endothelial adhesion and, 957
lipid asymmetry and, 957-958

stroke in, 967
treatment of, 981-986

in pregnant patient, 986
painful crisis management in, 983-984
reduction of polymer formation in, 

981-982
replacement of defective gene in, 981
routine health maintenance in, 982-983, 

983t
stem cell transplantation in, 425
surgical, preparation for, 985-986
transfusions in, 984-985

Sickle cell trait
α2β2, α2β2val6, 986
hereditary spherocytosis and, 735

Sickle gene
haplotypes of, geographic regions 

associated with, 950
infl uence of malaria on, 950

Sickle–β-thalassemia, 988
Sidbury, J. B., 8
Sideroblastic anemia, 547-550

acquired, 548b, 548t, 550
bone marrow aspirate from, 547, 547f
congenital, 548-550

clinical and genetic features of, 548t
in DIDMOAD syndrome, 1691
mitochondrial myopathy with lactic 

acidosis and, 548t, 549-550
X-linked, 548-549, 548t

with ataxia, 548t, 549
Sideroblasts, 548
Siderocytes, 548

diagnostic signifi cance of, 464t
Siderosis, Bantu, 544
Signal transducers and activators of 

transcription (STAT) proteins, 
activation of

EPO-induced, 234
HGF-induced, 225t, 226

Signal transduction
and hematopoietic growth factor receptor 

function, 223-228
activation of STAT proteins in, 225t, 226
inhibition of, 227-228
phosphatases and receptor signaling in, 

227
through Ras pathway, 226-227
tyrosine phosphorylation in, 223-224, 

224f, 225f, 225t, 226
defects in, platelet disorders and, 

1475-1476
Signaling lymphocyte activation molecule 

(SLAM) family, 200, 1271
Signaling lymphocyte activation molecule–

associated protein (SAP), 1271
Signaling proteins, genetic defects in, 216t
Silent carrier state

of hereditary elliptocytosis, 749
of hereditary spherocytosis, 715
of mild β-thalassemia, 1051
of α-thalassemia, 1047-1048, 1048f

Silent dyskeratosis congenita, 330
Silent mutation deletions, β-thalassemia, 

1039
Silver sulfadiazine, for burns, 644
Simian immunodefi ciency virus (SIV), 

1714-1715

Single-sample fecal excretion test, of 
cobalamin defi ciency, 477

Sinusoidal obstruction syndrome, after stem 
cell transplantation, 408-409

Siperstein, David, 8-9
Skeletal changes, in sickle cell disease, 

977-978, 978f
Skeletal disorders, in Shwachman-Diamond 

syndrome, 345-346, 345t
Skeletal membrane protein(s), 684-704

actin, 690-691
adducin, 695-697, 696f
ankyrin, 698, 699f, 700-702
assessment of, in hereditary spherocytosis, 

734
attachment site for, band 3 in, 673-675, 

675f
biogenesis of, 706-707, 707f
calcium effects on, 705-706
caldesmon, 698
calmodulin effects on, 705-706
defects of, in hereditary spherocytosis, 

718-726, 718f
modulation of structure of, 705-706
myosin, 698
organization of, 704-707, 704f
peroxiredoxin-1, 704
peroxiredoxin-2, 703-704
phosphorylation of, 705

diminished, 725
polyanions of, 705
protein 4.1, 691-695, 692f

4.1B gene for, 694
4.1G gene for, 694
4.1N gene for, 694
4.1R gene for, 693-694

alternative splicing of, 694
mutations of, 694-695

C-terminal domain of, 693
genes for, 693-694
membrane binding domain of, 

691-693
spectrin-actin binding domain of, 691

protein 4.2, 702-703, 702f
protein 4.9 (dematin), 697-698
protein p55, 695, 695f
spectrin, 684-690. See also Spectrin. 
tropomodulin, 698
tropomyosin, 698

Skin
effect of sickle cell disease on, 977
storage disease manifestations in, 1308

Skin diseases, 1708-1709
Skin hyperpigmentation, in classic 

dyskeratosis congenita, 330
Skin necrosis, warfarin-induced, 1537

treatment of, 1545
SLC19A1 gene, 490, 491, 501
SLC19A2 gene, 501
SLC40A1 gene, mutations of, 544
SLC46A1 gene, mutations of, 498
Sly’s syndrome, 1338

chromosome assignment of genes for, 
1303t

enzyme defect in, 1332t
Smith, Carl, 11
SMP1 gene, 69
Snake bites, 1757-1758
Sn-protoporphyrin, for unconjugated 

hyperbilirubinemia, 127
Southeast Asian ovalocytosis, 748t

and resistance to malaria, 759
clinical features and morphology of, 

759-760
etiology of, 759
membrane rigidity in, molecular basis of, 

760
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Spectrin, 684-690
abnormal oligomerization of, 752
abnormal structure of, laboratory methods 

defi ning, 751-752
α-chain

defects of
recessive hereditary spherocytosis 

secondary to, 719, 719b, 719f
self-association, in hereditary 

elliptocytosis and 
pyropoikilocytosis, 753-754, 754f

low expression of, 755-756, 756f
side-to-side interactions between β-chain 

and, 687
amino acid repeats in, 685-687, 686f
β-chain

defects of
dominant hereditary spherocytosis 

secondary to, 719-720, 720b, 720f
self-association, in hereditary 

elliptocytosis and 
pyropoikilocytosis, 755

mutants of, in animal and fi sh models, 
745-746

side-to-side interactions between α-chain 
and, 687

defects of, 752-756, 753f
outside heterodimer self-association site, 

755
functional domains of, 688-690, 689f
genes for, 684-685
phosphorylation of, 690
protein 4.2 interaction with, 703
quaternary structure of, 688
synthesis of, 690
tetramerization of, 687
thermal sensitivity of, 751-752
tight binding of, to membrane, 725
tryptic maps of, 752

Spectrin domain, of ankyrin, 700
Spectrin-actin binding domain, of protein 

4.1, 691
Spherocytosis, hereditary, 714-746, 714b

animal and fi sh models of, 745-746
autohemolysis test for, 733
characteristics of, 715b
clinical classifi cation of, 716t
clinical features of, 715-718
complication(s) of, 736-739

angioid streaks as, 738-739
aplastic crises as, 737-738, 737f, 737t
extramedullary hematopoiesis as, 738
gallstones as, 736, 736f
gout and leg ulcers as, 738
heart disease as, 738
hemochromatosis as, 738
hemolytic crises as, 737, 737t
malignancy as, 738
megaloblastic crises as, 737t, 738
nonerythroid manifestations as, 739
pseudohyperkalemia as, 739
splenic rupture as, 739

conditions camoufl aging, 735
differential diagnosis of, 734-735
DNA and RNA measurements in, 734
ektacytometry in, 733-734, 734f
etiology of, 718-726

ankyrin defects in, 720-722, 721b
band 3 defects in, 722-724, 723b, 723f
membrane protein defects in, 718-726, 

718f
secondary, 725-726

protein 4.2 defects in, 724-725, 724b, 
724f

α-spectrin defects in, 719, 719b, 719f
β-spectrin defects in, 719-720, 720b, 

720f

Spherocytosis, hereditary (Continued)
fragility tests for, 733
genetics of, 714-715
history of, 714
hypertonic cryohemolysis test for, 733
in neonates, 717-718
in pregnancy, 717
laboratory characteristics of, 731-734
membrane protein measurement in, 734
mild form of, 716-717, 716t
moderate form of, 716t, 717
osmotic fragility test for, 733
pathophysiology of, 726-731

consequences of splenic trapping in, 
729-730

erythrostasis in, 729
loss of cellular deformability in, 727
loss of membrane surface by vesiculation 

in, 726-727, 727f, 728f
splenic sequestration and conditioning 

in, 727-729, 729f
summary of, 730-731, 730f

prevalence of, 714
protein 4.2 defi ciency causing, 703
red cell indices in, 732, 732f
red cell morphology in, 731-732, 731f
severe form of, 716t, 717
silent carrier state of, 715
splenectomy for, 739-744

antibiotic prophylaxis before and after, 
744-745

babesiosis after, 740
changes after, 743
failure of, 743-744
folic acid before, 745
hypercoagulability after, 741-742
indications for, 742
ischemic heart disease after, 741
laparoscopic, 742
malaria after, 740
near-total, 743
partial (subtotal), 742-743, 743f, 744f
portal vein thrombosis after, 740-741
pulmonary hypertension after, 741
recommended vaccinations before, 744, 

745t
risks associated with, 739-742
sepsis after, 739-740
stroke after, 741
vs. arterial embolization, 743

typical, 715-716, 715b, 715f, 716t
vs. autoimmune hemolytic anemia, 623

Sphingoglycolipids, 1308
Sphingolipidoses. See also specifi c disease.

laboratory fi ndings in, 1309t
Sphingolipids, catabolism of, 1317, 1317f
Sphingomyelin, in Niemann-Pick disease, 

1323
Sphingomyelin lipidosis, 1322-1325. See also 

Niemann-Pick disease.
Spielmeyer-Sjögren syndrome, 1355
Spleen, 614-618

abnormalities of, 617, 617f
accessory, 617

after splenectomy, 1562, 1563f
anatomy and physiology of, 615-616, 

615f
B-cell maturation in, 1227-1228
benign tumors of, 618
blood cell types in, fi rst appearance of, 

24t
circulation in, 615, 615f
functions of, 616-617, 616f
historical perspective of, 614-615
macrophages in, 1117
role of, in malaria, 1746-1747
surgery involving, 617-618

Splenectomy
changes after, 743
failure of, 743-744
for aplastic anemia, 293
for autoimmune hemolytic anemia, 629t, 

630-631
for chronic immune thrombocytopenic 

purpura, 1562, 1563f
for congenital dyserthropoietic anemia, 360
for congenital nonspherocytic hemolytic 

anemia, 896
for Diamond-Blackfan anemia, 359
for hereditary persistence of fetal 

hemoglobin, 1050
for hereditary spherocytosis, 739-743. See 

also Spherocytosis, hereditary, 
splenectomy for. 

for thalassemia major, 1067-1068
for Wiskott-Aldrich syndrome, 1266
indications for, 742
laparoscopic, 742
near-total, 743
partial (subtotal), 742-743, 743f, 744f

laparoscopic, 618
risks associated with, 739-742
target cells in, 772-773
total, 618

Splenic artery embolization, vs. splenectomy, 
743

Splenic rupture
hereditary spherocytosis and, 739
infectious mononucleosis and, 1702
neonatal hemorrhage associated with, 42

Splenic sequestration, 465, 577
in hereditary spherocytosis, 727-729, 729f

Splenic sequestration crisis, acute, sickle-
related, 970-971

Splenic trapping, in hereditary spherocytosis, 
consequences of, 729-730

Splenomegaly, 618
in infectious mononucleosis, 1701
in malaria, 1746
in storage diseases, 1303

Splenoptosis, 617
Splice consensus sequences mutation, in 

thalassemia, 1025t, 1028-1029, 1028f
Splice site, in thalassemia, alternative, 1025t, 

1028-1029
exon mutations associated with, 1026t, 

1029, 1029f
intron mutations associated with, 1029, 

1031
Spontaneous recovery, from aplastic anemia, 

285
Sporadic dyskeratosis congenita, 334
Sprue, tropical, 536, 1756
SPTA gene, 684
SPTAN1 gene, 685
SPTB gene, 685
SPTBN1 gene, 685
Spur cell anemia, 776-778, 776f, 777f
SQUID technology, demonstrating iron 

overload, 1060
Staphylococcal protein A column, 1661

immunoabsorption with, for hemophilia 
with inhibitors, 1661-1662

Startle response, exaggerated, in Sandhoff ’s 
disease, 1329

STAT5, in fetal erythropoiesis, 26
Stature, short

in Diamond-Blackfan anemia, 352
in Fanconi’s anemia, 313

Steel factor (SF), 197
monocyte/macrophage expression of, 218

Stem cell(s)
analysis of, assays in, 200
aplastic anemia and, 281-282
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Stem cell(s) (Continued)
biology of, 228-233
CD33 antigen expression by, 200
CD34 antigen expression by, 200
growth factors and, 231-233
hematopoietic

differentiation of, 228-229
long-term–reconstituting, 199-200
sources of, 402-403, 1647-1648, 1647t

in resting state, 229
mobilization of, hematopoietic growth 

factors in, 245
placenta as source of, 199
pluripotent, 201, 228
production of, growth factor regulation of, 

212-213
progenitor

processing and storage of, 1650
standards and regulation of, 1650-1651

proliferative potential of, 228
regulatory mechanisms of, 228-229
retrovirus-mediated gene transfer in, 229
sources of, 401-406
spleen colony-forming units and, 198-200
transcription factors and, 229-231

Stem cell factor, in aplastic anemia, 283
Stem cell transplantation. See also Bone 

marrow transplantation.
allogeneic, 398

ABO-incompatible, 415-416
stem cell engraftment in, 403-404
stem cell source for, 402-403

alternative myeloablative regimens before, 
400-401

autologous, 398
stem cell engraftment in, 404-405
tumor cell contamination in, 404

busulfan/cyclophosphamide regimen 
before, 400

CMV infection after, 405
complication(s) of

bronchiolitis obliterans as, 415
cataracts as, 414-415
cerebrovascular accident as, 416
chronic nephropathy as, 416
CNS infections as, 416
decrease bone mineral density as, 417
decreased lacrimation as, 414
delayed, 412-418
dental, 415
early, 408-412
endocrine, 417
gonadal failure as, 417
graft rejection as, 409
graft-versus-host disease as. See Graft-

versus-host disease (GVHD).
hematologic, 415-416
hemolytic-uremic syndrome as, 416
leukoencephalopathy as, 416
myelodysplasia as, 405
neurologic, 416-417
obstructive lung disease as, 415
ophthalmologic, 414-415
osseous, 417-418
pulmonary, 415
radiation-induced bone abnormalities as, 

418
renal, 416
retinopathy as, 414
sinusoidal obstruction syndrome as, 

408-409
thyroid dysfunction as, 417

components of, assessment of, 1649-1650
conditioning regimens for, 399-401
evolution of, 399
for acute lymphoblastic leukemia, 419-420
for acute myelocytic leukemia, 420-421

Stem cell transplantation (Continued)
for amegakaryocytic thrombocytopenia, 

310t, 368b
for aplastic anemia, 418
for Chédiak-Higashi syndrome, 426
for chronic granulomatous disease, 426
for chronic myelogenous leukemia, 

421-422
for congenital dyserthropoietic anemia, 

360
for Diamond-Blackfan anemia, 359, 426
for Fanconi’s anemia, 328-329, 425-426

associated with malignancy, 316-317, 
328

for granulocyte platelet disorders, 426-427, 
426b

for hemophagocytic lymphohistiocytosis, 
427

for Hodgkin’s disease, 422
for immunodefi ciency disorders, 423-424, 

424b
for inherited hematopoietic disorders, 

424-428
for juvenile myelomonocytic leukemia, 

418-419
for Kostmann’s syndrome, 426
for leukocyte adhesion defi ciency, 426
for macrophage disorders, 426-427, 426b
for myelodysplasia, 418-419
for neuroblastoma, 422-423
for non-Hodgkin’s lymphoma, 422
for osteopetrosis, 427
for severe combined immunodefi ciency 

syndrome, 423-424
for severe congenital neutropenia, 368-369, 

426
for Shwachman-Diamond syndrome, 

347
for sickle cell disease, 425
for storage diseases, 427-428, 1313-1314, 

1314t
for thalassemia, 424-425
for white blood cell disorders, 426-427, 

426b
for Wiskott-Aldrich syndrome, 424
future directions for, 31
history of, 398-399
immune reconstitution after, 405-406
immune-related toxicities of, 1649
indications for, 399-400
infection prophylaxis and treatment in, 

pretransplant, 406-407
nonmyeloablative regimens before, 401
nutritional support in, pretransplant, 

407-408
progenitor cells for

processing and storage of, 1650
standards and regulation of, 1650-1651

recovery of NK cells after, 405-406
stem cells for

allogeneic, 403-404
autologous, 404-405
engraftment of, 403-404, 404-405
peripheral blood, 398, 403
sources of, 401-406, 1647-1648, 1647t
tumor cell contamination of, 404
typing of, 401-402
umbilical blood, 398, 403

total body irradiation before, 400
transfusion in

choice of blood for, 1634-1635, 1635t
pretransplant, 406

Steroids, for transfusion reactions, 1637t
Stoichiometric inhibitors, 1414-1416
Stomatin, 681-682

defi ciency of, in hereditary stomatocytosis, 
763-764, 763f

Stomatocytosis
acquired, 768-769
hereditary, 761, 763-764

classifi cation of, based on temperature 
dependence of cation leaks, 
767-768, 767f

clinical features of, 764
dehydrated. See Xerocytosis, hereditary.
features of, 762t
pathophysiology of, 761, 763f
stomatin-defi cient, 763f, 764
treatment of, 764
variants of, 764

in alcoholic liver disease, 1684
Mediterranean, 769

Storage diseases, 1300-1356. See also specifi c 
disease.

age of onset of, 1304t
clinical diagnosis of, 1303-1305, 1304t
general concepts in, 1301-1317
genetics of, 1302-1303, 1303t
incidence of, 1300
laboratory diagnosis of, 1305-1312

animal models in, 1311-1312
biochemical and molecular studies in, 

1308, 1309t-1310t, 1311
bone marrow fi ndings in, 1306-1307, 

1306f
defi cient enzyme activity in, 1308, 

1311
liver in, 1307-1308
molecular analysis of, 1311
morphologic fi ndings in, 1305-1308, 

1305t, 1306f
peripheral blood smears in, 1305-1306, 

1306f
skin in, 1308
stored substances in, 1308, 1309t-1310t

lysosomes and lysosomal enzymes in, 
1301-1302

of reticuloendothelial system, 1304t
overview of, 1300
pathogenesis of, 1302
prenatal diagnosis of, 1316
prevention of, 1316-1317
reimplantation genetic diagnosis of, 

1316-1317
treatment of, 1312-1316

chaperone-mediated enzyme 
enhancement in, 1313

enzyme replacement therapy in, 1312
gene therapy in, 1314-1316
stem cell transplantation in, 427-428, 

1313-1314, 1314t
substrate reduction therapy in, 

1312-1313
symptomatic, 1312

Stored material, in storage diseases, 1308, 
1309t-1310t

Stroke
erythrocytapheresis for, 1657
in sickle cell disease, 967
ischemic arterial, 1607-1613

clinical manifestations of, 1609
complications of, 1611-1612
diagnosis of

imaging studies in, 1609-1610
laboratory studies in, 1610

epidemiology of, 1607-1608
etiology of, 1608-1609
incidence of, 1607
outcomes of, 1611-1612, 1611t, 1612t

long-term, 1612
prognostic indicators of, 1612-1613

risk factors for, 1608-1609
treatment of, 1610-1611

postsplenectomy, 741
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Stroke Prevention Trial in Sickle Cell 
Anemia, 968-969

Stromal cell–derived factor 1 (SDF-1), 
197-198

Stuart factor. See Factor X.
Sturgeon, Philip, 11
Subacute combined degeneration of spinal 

cord (SCDSC), 480-481
in pernicious anemia, frequency of, 481
in vegans, 471
neurologic lesions in, pathogenesis of, 

481
Subaponeurotic hemorrhage, 42
Substrate reduction therapy, for storage 

diseases, 1312-1313
Succimer, for lead poisoning, 554
Sudden death, transfusional iron overload 

associated with, 545-546
Sunlight, avoidance of, for congenital 

erythropoietic porphyria, 586
Superoxide, 523
Supportive therapy

for aplastic anemia, 285-287
for hereditary persistence of fetal 

hemoglobin, 1050
Suppressor of cytokine signaling (SOCS) 

proteins, 227-228
Syk, activation of, 1230
Symptomatic therapy, for storage diseases, 

1312
Syndromic immunodefi ciency, 1272
Systemic disease

autoimmune hemolytic anemia associated 
with, 633

tropical, hemostatic failure as manifestation 
of, 1756-1758

Systemic lupus erythematosus
autoimmune hemolytic anemia associated 

with, 633
hematologic manifestations of, 1695-1696
plasma exchange for, 1660
schistocytic hemolytic anemia and, 642
thrombocytopenia associated with, 1565

T

T1 antigens, B-cell activation by, 1228
T1-2 antigens, B-cell activation by, 

1228-1229
TAC1 gene, mutations of, 1276
Tachycardia, in acute intermittent porphyria, 

579-580, 580t
Tacrolimus, for chronic immune 

thrombocytopenic purpura, 1564
Tangier disease, 769
Target cell(s)

in familial lecithin-cholesterol 
acyltransferase defi ciency, 772

in fi sh-eye disease, 772
in obstructive liver disease, 772
in splenectomy, 772-773

Targeted therapy, for autoimmune hemolytic 
anemia, 629t, 630

Tarui’s syndrome, 848, 849, 850
TATA box, 1019
TATA-binding protein, 1019
Tay-Sachs disease, 1317

chromosome assignment of genes for, 
1303t

Hex-A defi ciency in, 1329
incidence of, 1300
screening for, 1316

T-B+NK+ severe combined immunodefi ciency, 
1261-1262

T-B+NK- severe combined immunodefi ciency, 
1260-1261, 1260f

T-B-NK+ severe combined immunodefi ciency, 
1259-1260, 1259f

T-B-NK- severe combined immunodefi ciency, 
1257-1259, 1258f

TBX1 gene, 1268
TBX5 gene, 318
T-cell(s). See also CD4+ T cell(s); CD8+T 

cell(s).
activation of, 1237-1242

coreceptors involved in, 1239-1240, 
1240f

costimulation in, 1240-1242, 1241t
description of, 1237-1238
regulation and termination of, 1244
TCR triggering in, 1238-1239, 1238f
transferrin synthesis in, 526

CD4/CD8 lineage commitment of, 1237
characteristics of, 1223f
circulating, in ataxia-telangiectasia, 1267
costimulation in, 1240-1242, 1241t
cytotoxic, differentiation and function of, 

1242-1244
development of

overview of, 1232-1234, 1233f
spatial considerations in, 1234, 1234f

helper, differentiation and function of, 
1242, 1244f

in autoimmune hemolytic anemia with, 
632

in infectious mononucleosis, 1703
macrophage interactions with, 1134-1135
maturation of, peripheral, 1242-1244
memory, naïve T-cell differentiation to, 

1242
monoclonal antibodies targeting, 1563
naïve, 1223

differentiation of, to effector and 
memory T-cells, 1242

natural killer. See NK cell(s).
negative selection of, 1237
ontogeny of, 1232-1237
peptide-MHV complex recognition by, 

1234-1235, 1234f, 1235f
positive selection of, 1237
resting, 1223
signaling pathways of, 1229f
subtypes of, nonconventional, 1244-1245
TCR αβ, intrathymic, 1234
TCR γδ, development and function of, 

1245
T-cell antigen receptor complex, mutations 

affecting, 1261-1262, 1262f
T-cell costimulator, inducible, defi ciency of, 

1276
T-cell large granular lymphocyte leukemia, 

neutropenia associated with, 1150
T-cell leukemia/lymphoma syndrome, 

1758-1759
T-cell receptor

αβ, intrathymic, 1234
γδ, development and function of, 1245
gene clusters in, 1235-1236
specifi city of, 1232
subtypes of, 1232
thymic rearrangement of, 1235-1236, 

1236f
triggering of, in T-cell activation, 1238-

1239, 1238f
T-cell receptor–CD3 complex, 1238, 1238f
T-cell suppression, of erythropoiesis, pure red 

cell aplasia associated with, 295
TCN1 gene, haptocorrin encoded by, 472
TCN2 gene, mutation of, 485
Telangiectasia, hereditary hemorrhagic. See 

Osler-Weber-Rendu disease.
Telomerase, TERC, TERT and, 335, 335b, 

336f

Telomerase RNA, 335
Telomeres

in dyskeratosis congenita, 332-333, 333f
structure of, 336f

Temperature, blood P50 and, 922
TERC gene, 335

mutations of, 337, 340, 341f
Term infant(s). See Infant(s), term.
Terminal complement components, 

defi ciency of, 1281
Termination codon mutations, in thalassemia, 

1027t, 1030, 1031f
TERT gene, 335

mutations of, 337-338, 339f, 340-341
Testis, hematologic abnormalities affecting, 

1691
Tetany, in thalassemia major, 1065
Tethering, platelet, 1384
Tetrapyrrole(s), 578-586

coproporphyrinogen oxidase, 591-593, 
592f

porphobilinogen deaminase, 578-583, 579f, 
583f

side chains of, modifi cation of, 586-593
uroporphyrinogen decarboxylase, 586-591, 

587f
uroporphyrinogen III synthase, 583-586, 

583f, 584f
Thalassemia, 1022-1076

classifi cation of, 1022, 1022t
combination syndromes, 47
α globin:β globin biosynthetic ratio in, 

1048f, 1049
iron absorption and, 525
malaria and, 1022-1023
mutations causing

affecting gene transcription, 1023-1024, 
1028

affecting globin chain stability, 1027t, 
1030, 1032-1033

ATA box, 1024
cap site, 1025t
classes of, 1023-1024, 1025t-1027t, 

1028-1033
initiation consensus sequence, 1026t
mRNA translation initiation, 1030
origins of, 1022-1023
premature termination, 1026t-1027t, 

1030, 1031f
RNA cleavage and polyadenylation 

defects, 1026t, 1029, 1031f
RNA processing defects, 1028
RNA splicing, 1025t-1026t
splice consensus sequences, 1025t, 1028-

1029, 1028f
splice junction changes, 1025t, 

1028-1029
termination codon, 1027t, 1030, 1031f
transcription, 1025t
within exons, 1026t, 1029, 1029f
within introns, 1029, 1031

neonatal hyperbilirubinemia and, 115
prenatal diagnosis of, 1075-1076, 1075f
transfusion for, choice of blood in, 1634
unstable hemoglobin chain, 1027t

Αγδβ-Thalassemia, 1037t, 1039
α-Thalassemia, 1047-1051

classifi cation of, 1022, 1022t
genetics of, 1047
hemoglobin SS disease and, 959
in neonates, 45-47
malaria and, 1023
mental retardation associated with, 1050
mutations causing

deletion, 1044f, 1045f, 1047
interactions of, 1058, 1058t

nomenclature of, 1047
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α-Thalassemia (Continued)
severe forms of. See Hereditary persistence 

of fetal hemoglobin (HPFH); Hydrops 
fetalis.

silent carrier state of, 1047-1048, 1048f
in neonate, 45

silent carrier variant of, 1048, 1048f
X-linked, mental retardation associated 

with, 1046
β-Thalassemia

classifi cation of, 1022, 1022t
dominant state of, in thalassemia major, 

1057
hemoglobin C, 1074
hemoglobin F, 1074
α-hemoglobin–stabilizing protein in, 1032
heterozygous, 1053
high-A2, 1053
high-A2 high F, 1053
in neonate, 47
malaria and, 1023
mild, 1040, 1051-1054

silent carrier state for, 1051
mutations causing

allele-specifi c oligonucleotide 
hybridization and, 1035

crossover globins and, 1036, 1038-1039, 
1038f

deletion, 1037t, 1039
detection of, 1034-1035
ethnic distribution of, 1035
β-globin gene regulation and, 1035-1040, 

1036f, 1036t, 1037t
haploid analysis of, 1033-1034, 1034f
interactions of, 1058, 1058t
non–β-globin complex, 1040
polymerase chain reaction and, 1035
restriction enzyme analysis of, 

1034-1035
silent deletions, 1039
Αγδβ-thalassemia deletion, 1037t, 1039
δβ-thalassemia deletion, 1037t, 1039
γδβ-thalassemia deletion, 1037t, 1040

neonatal hyperbilirubinemia and, 115
normal-A2, 1053
severe, 1054-1074. See also Thalassemia 

major. 
silent, 1046

δβ-Thalassemia, 1053
γ-Thalassemia, in neonates, 47
S–β+-Thalassemia, hematology of infants 

with, 962t
δβ-Thalassemia deletion mutations, 1037t, 

1039
hereditary persistence of fetal hemoglobin 

and, 1036, 1036t, 1039
γδβ-Thalassemia deletion mutations, 1037t, 

1040
Thalassemia major, 1054-1074

clinical features of, 1058
complication(s) of, 1059-1065

gallstones as, 1059
iron deposition as, 1059-1065

cardiac disease associated with, 1062-
1063, 1063b

clinical consequences of, 1062
endocrine abnormalities associated 

with, 1063-1065
hepatic abnormalities associated with, 

1063
pathophysiology of, 1060-1062

osseous, 1059, 1060f
pulmonary abnormalities as, 1065

dominant β-thalassemia state in, 1057
genetic heterogeneity in, 1057
globin biosynthesis imbalance in, 1055, 

1055f, 1056f

Thalassemia major (Continued)
α-globin inclusions in, 1055
historical perspective of, 1054-1055
increased HbF synthesis in, genetic 

determinants interaction causing, 
1057-1058

interaction of, with globin structural 
variants, 1074-1075

laboratory evaluation of, 1058
mutations in, specifi c, 1057
pathophysiology of, 1055-1058
red cell membrane abnormalities in, 

1056-1057
survival of patients with, 1071, 1071f
treatment of, 1065-1074

allogeneic bone marrow transplantation 
in, 1072

chelation therapy in, 1068-1071
deferasirox, 1070-1071
deferiprone, 1070
deferoxamine, 1068-1070

gene therapy in, 1073-1074
pharmacologic HbF synthesis 

manipulation in, 1072-1073, 
1073f

splenectomy in, 1067-1068
stem cell transplantation in, 424-425
transfusions in, 1065-1067, 1066b
vitamin supplements in, 1071-1072

Thalassemia syndrome, dominant
clinical picture of, 938
diagnosis of, 938
pathophysiology of, 938-939

α-Thalassemia trait, 1042t, 1048-1049
in neonate, 45-46

β-Thalassemia trait
clinical features of, 1052-1053, 1052f
coexistence of hereditary spherocytosis and, 

735
effect of successive α-globin gene deletion 

on, 1058t
genetics of, 1051
globin biosynthetic ratio in, 1052
δ-globin synthesis in, 1052
phenotypes in, 1053-1054, 1054t
treatment of, 1053
vs. iron defi ciency

formulas for, 1053-1054, 1054t
hematologic parameters in, 1054, 

1054t
Thalassemic red cell(s), loss of phospholipid 

asymmetry in, 665
Therapeutic test, positive, of cobalamin 

defi ciency, 477-478, 478f
Thermal injury

affecting red cell membrane, 770
causing anemia, 644

Thermal reactivity, of autoantibodies, in 
autoimmune hemolytic anemia, 625, 
625f

Thermostability, of hemoglobin, 937
Thiamine-responsive megaloblastic anemia 

(TRMA), 501, 548t, 549
Third world countries, prevalence of 

anemia in, 1742-1744, 1742t, 
1743f

Thomsen-Freidenreich antigen, 1574
Thrombasthenia, Glanzmann’s. See 

Glanzmann’s thrombasthenia.
Thrombin

bovine, exposure to, acquired inhibitors 
resulting from, 1598

direct inhibition of, 149, 155
α-Thrombin, 1408

properties of, 1405t
Thrombin generation assays, in bleeding 

evaluation, 1458

Thrombin time (TT)
changes in, in term and premature infants, 

1785
in bleeding evaluation, 1454

Thrombin-activatable fi brinolysis inhibitor 
(TAFI), 1431

Thrombin–antithrombin complexes, 
endogenous plasma concentrations of, in 
children and adults, 1787t

Thrombin-antithrombin complexes (TATs), 
in diagnosis of disseminated intravascular 
coagulation, 1593-1594

Thrombocytopenia, 1554-1577
alloantibody-mediated, platelet transfusion 

for, 1642-1644, 1643t
amegakaryocytic, 310t, 367t, 369-370, 

369b
c-MLP gene in, 370
congenital, 170, 1477
differential diagnosis of, 369
genetic basis of, 369-370
management of, 370

hematopoietic growth factors in, 242
phenotype-genotype correlation in, 370
with radioulnar synostosis, 170

antiphospholipid antibody syndrome and, 
1565

autoantibody-mediated, platelet transfusion 
for, 1642

autoimmune, 168
autoimmune lymphoproliferative syndrome 

and, 1565
causes of, 167b
clinical impact of, 171
congenital dyserythropoiesis associated 

with, 364
decreased platelet production causing, 168-

169, 1577
defi nition of, 166
differential diagnosis of, 1555b
epidemiology of, 166
Evans syndrome and, 1565-1566
hypersplenism-related, 1555-1556
hypothermia-related, 1556
immune, 166-168, 1556-1557. See also 

Immune thrombocytopenic purpura. 
caused by maternal antiplatelet 

autoantibodies, 168
defi nition of, 166
drug-induced, 1569-1570
in infectious mononucleosis, 1702
platelet transfusion for, 1642

in AIDS/HIV patients, 1566, 1718
in hemolytic-uremic syndrome, 1574
in renal disease, 1688-1689
in Shwachman-Diamond syndrome, 345, 

345t
increased platelet destruction causing, 

1556-1577
infections associated with, 1576, 1698
inherited forms of, 367t, 369-371
microthrombocytes or macrothrombocytes 

associated with, 1478
neonatal alloimmune

causes of, 166-167
clinical and laboratory features of, 1567
platelet alloantigens in, 1566-1567, 

1566t
platelet transfusion for, 1567-1568, 

1567f, 1644-1645
treatment of, 167-168, 1567-1568, 

1567f
during future pregnancies, 1568

neonatal autoimmune, 1568
nonimmune, 168-171

causes of, 167t
pathogenesis of, 166-171, 167b
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Thrombocytopenia (Continued)
refl ecting laboratory artifact or 

sequestration, 1554-1556
skeletal abnormalities and, 1477
spurious, 1554-1555, 1554f
systemic lupus erythematosus and, 1565
treatment of, 171
X-linked, 170, 1478

Thrombocytopenia with absent radii (TAR) 
syndrome, 157, 170, 310t, 367t

clinical manifestations of, 370-371, 370f
differential diagnosis of, 371
etiology of, 1477
genetic basis of, 371
management of, 371
vs. Fanconi’s anemia, 318

Thrombocytopenic purpura
immune. See Immune thrombocytopenic 

purpura.
thrombotic. See Thrombotic 

thrombocytopenic purpura.
Thrombocytosis

causes of, 1577-1578, 1578b
defi nition of, 1577
in iron-defi cient patients, 539
in newborn, 171
reactive, 1578

Thromboelastography, in bleeding evaluation, 
1457-1458, 1458f

Thromboembolism
acquired, 1599-1613
in children, characterization of, 1599
venous, 1599-1607

acute cerebral sinovenous thrombosis 
and, 1601

chronic, 1602
clinical manifestations of, 1600-1602
deep, 1601
diagnosis of, 1602
epidemiology of, 1599-1600
etiology of, 1600, 1600f, 1601t
factor V Leiden mutation in, 1544
internal jugular vein thrombosis and, 

1601-1602
outcome of

by anatomic site, 1605-1607
in children, 1607t
long-term, 1605
prognostic indicators in, 1607
short-term, 1605, 1606f

portal vein thrombosis and, 1601
pulmonary embolism associated with, 

1601
renal vein thrombosis and, 1601
risk factors for, 1600, 1601t
treatment of, 1602-1605

anticoagulation therapy in
duration of, 1603-1604
extended, 1603
initial, 1602-1603, 1603t

factor Xa inhibitors in, 1604
thrombolytics in, 1604
vena cava fi lters in, 1605

Virchow’s triad applied to, 1600, 1600f
Thrombolytic therapy

age-dependent features of, 177
for ischemic arterial stroke, 1611
for venous thromboembolism, 1604
indications for, 177
therapeutic range and doses of, 177

Thrombomodulin, 1405t, 1412f, 1413
Thrombophilia traits

pediatric, 1601t
risk of ischemic arterial stroke with, 

1608-1609
risk of venous thromboembolism with, 

1600, 1601t

Thrombopoiesis-stimulating agents, for 
chronic immune thrombocytopenic 
purpura, 1564-1565

Thrombopoietin (TPO)
action of, 210
at different ages, 1784
concentration of, 158
for bone marrow transplant recipients, 240
for HIV infection, 242
for malignant disease, 239
function of, 237
gene disruptions in, 216t, 217
gene expression of, regulation of, 220-221
megakaryocytopoiesis regulation by, 1476
production of, at site of hematopoiesis, 

237
Thrombopoietin-Mpl axis, 1477
Thrombosis

acute, long-term management of, 
1543-1544

catheter-related, 174
cerebral sinovenous, 1601
hereditary

antithrombin defi ciency in, 1534-1536, 
1535t

factor V Leiden mutation in, 1539-1541
management of, 1543-1545
protein C defi ciency in, 1536-1538, 

1536t
protein S defi ciency in, 1538-1539, 

1538t
prothrombin G20210A mutation in, 

1541
in paroxysmal nocturnal hemoglobinuria, 

635-636
intracardiac, 1601
jugular vein, internal, 1601-1602
portal vein, 1601

postsplenectomy, 740-741
renal vein, 174-175, 1601
role of fi brinolytic system in, 1434-1435, 

1436t
spontaneous, 175
venous. See also Thromboembolism, 

venous. 
deep, 1599, 1600, 1601

Thrombotic disorders, 173-177
acquired, 174
anticoagulation therapy for, 175-177
congenital, 173-174
hereditary, 1534-1541, 1534b

management of, 1543-1545
heterozygous, 173-174
homozygous, 173
of renal vein, 174-175
spontaneous, 175

Thrombotic microangiopathy, 1570-1575, 
1571b. See also Hemolytic-uremic 
syndrome; Thrombotic thrombocytopenic 
purpura.

bone marrow transplant–associated, 
1575

Thrombotic thrombocytopenic purpura
ADAMTS13 activity in, 641, 1571-1572
ADAMTS13 mutations in, 1573
clinical features of, 1571t, 1572
diagnosis of, 1573
familial, 168
hemolytic-uremic syndrome associated 

with, 641
pathophysiology of, 1571-1572, 1572f
treatment of, 1573
von Willebrand factor in, 1571, 1572f

Thromboxane A2, production of, 1473
Thrombus, formation of, proteins in, 1416-

1418, 1417f, 1418f
Thymoma, 295

Thymus
blood cell types in, fi rst appearance of, 24t
T-cell receptor rearrangement in, 1235-

1236, 1236f
Thyroid gland

disorders of, 1689-1690, 1689t, 1690f
transplant-related, 417

iron deposition in, 1064
Thyroid hormone, hematologic effects of, 

1689, 1689t
Thyroid-stimulating hormone (TSH) levels, 

in thalassemia major, 1064
Thyrotoxicosis, 1690
Thyroxine, in red blood cell metabolism, 

1690
Ticlopidine, platelet dysfunction caused by, 

1579
TINF2 gene, 335

mutations of, 338
Tin-mesoporphyrin, for Crigler-Najjar 

syndrome, 121
Tissue(s), oxygen transport to, 922
Tissue factor (TF)

characteristics of, 1412-1413, 1412f
properties of, 1405t

Tissue factor pathway inhibitor (TFPI), 149, 
155

characteristics of, 1415
in procoagulant process, 1401, 1401f

Tissue fi brosis, 1435, 1437
Tissue plasminogen activator (tPA)

binding of, to annexin 2, 1432
characteristics of, 1427, 1428t, 1429-1430
defi ciency of, 1435
gene for, 1429-1430, 1429f
glycosylation forms of, 1429
inhibition of, 156
plasminogen activator mediated by, 1434
role of, in neuronal plasticity, 1438
structure-function relationships of, 1429f

Tizanidine, for neuronal ceroid 
lipofuscinoses, 1353

TMEM76 gene, in Sanfi lippo’s syndrome, 
1336

TNFSF5 gene, 1268, 1269
Toll-like receptor signaling, defects in, 1270
Tomerase, TERC, TERT and, 335, 335b, 336f
Tooth loss, early, in classic dyskeratosis 

congenita, 331
Total body irradiation, before stem cell 

transplantation, 400
Total iron-binding capacity (TIBC), 1789

in infant during fi rst year of life, 1788
of plasma, 527

Toxicity
DMSO-related, in stem cell infusions, 1649
of colony-stimulating factor therapy, 

245-246
of deferasirox, 1071
of deferiprone, 1070
of deferoxamine, 1069-1070
of iron, 522-523

acute, 546-547
of lead. See Lead poisoning.
of unconjugated hyperbilirubinemia, 

112-114
oxygen-dependent, 1130-1134, 1131f, 

1132f, 1133t
oxygen-independent, 1129-1130
reduced regimen-related, in bone marrow 

transplantation, 288
Toxin(s)

affecting red cell membrane, 770-771
aplastic anemia associated with, 278-279

Toxoplasma gondii infection, transplant-related, 
416

tPA gene, 1429-1430, 1429f
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Trace minerals, defi ciency of, in thalassemia 
major, 1071-1072

Tranexamic acid, for hemophilia A, 1497
Trans asymmetry, of phospholipids, 664
Transcobalamin, 472

defi ciency of, 484-485
Transcription factors

and erythropoietin, 233-234
and globin gene expression, 1020
and myelopoiesis, 235-236
and stem cells, 229-231
defects of, platelet disorders secondary to, 

1477-1478
Transcutaneous bilirubinometry, 112
Transfer RNA, 335
Transferrin, 1061

fate of, 528-529
iron binding to, 525-527

mechanism of, 526-527
metabolism of, 527-529, 527f, 528f

saturation of, 1789
in infant during fi rst year of life, 1788

serum, in adolescents, 1788
synthesis and secretion of, 526

Transferrin cycle, endocytotic, 528, 528f
Transferrin genes, 526
Transferrin receptors

blockade of function of, 530
expression of, iron regulatory proteins 

regulating, 532-533
fate of, 528-529
reference limits for, 1789
serum, 534
structure of, 527-528, 527f

Transforming growth factor-β (TPG-β)
genetic family of, 210
in hematopoietic regulation, 214

Transfusion(s), 1623-1662
and blood-borne infections, in developing 

countries, 1760-1761
apheretic. See Apheresis.
autologous blood in, 1633-1634
chronic

diseases requiring, 1625, 1625b
erythrocytapheresis for, 1657-1658

complication of, iron overload as, 1068. See 
also Iron overload. 

exchange. See Exchange transfusion.
for acute chest syndrome, 966
for hemophilia A and B, complications of, 

1499
for malarial anemia, 1760
for sickle cell disease, 984-985
for thalassemia major, 1065-1067, 1066b

choice of regimens in, 1065-1066
complications of, 1066-1067
guidelines for, 1066b
“supertransfusion” program in, 1065

hematopoietic cellular, 1647-1651. See also 
Stem cell transplantation. 

historical perspective of, 7-9
in premature infants, 52-53, 52t
intrauterine

for fetal anemia, 38b
for fetal hemolytic disease, 84-85, 85f, 

86f
blood for, 85-86

massive, 1633
peripheral progenitor cells in, 1658-1659. 

See also Stem cell(s). 
plasma, 1659-1662. See also Plasma 

exchange. 
indications for, 1659
special applications and selective 

absorption in, 1661-1662
platelet. See Platelet transfusion.
reactions to, 68

Transfusion(s) (Continued)
red blood cell. See Red blood cell 

transfusion.
supportive, pretransplant, 406
uncontrolled bleeding following, 1597

Transfusion- transmitted disease, 1638-1639, 
1638t

Transient erythroblastopenia of childhood, 
294-295, 294t

Transient hypogammaglobulinemia of 
infancy, 1278

Transjugular intrahepatic portosystemic 
shunting, for veno-occlusive liver disease, 
408-409

Transmembrane activator, defi ciency of, 
1276

Transplacental hemorrhage, 72-73, 73f, 
75

Transplantation
bone marrow. See Bone marrow 

transplantation.
organ, transfusion in, choice of blood for, 

1635-1636
stem cell. See Stem cell transplantation.

Trauma
blunt, to eye, sickle cell disease and, 

976-977
brain, 1708
G6PD defi ciency associated with, 900

Trematode(s)
causing tropical eosinophilia, 1755b
infestation of, 1751-1752

Trichuriasis, iron defi ciency associated with, 
537

Triglycerides, diet low in, for acid lipase 
defi ciency, 1350

Trimethoprim-sulfi soxazole, mechanism of 
action of, 497-498

Triose phosphate isomerase (TPI) defi ciency, 
851-852

Trisomy 21. See Down syndrome.
Tropical sprue, 536, 1756
Tropics

infections in, hematologic changes 
associated with, 1744-1755

malabsorption in, hematologic aspects of, 
1756

systemic disease in, hemostatic failure as 
manifestation of, 1756-1758

Tropomodulin, 698
Tropomyosin, 698
Trypanosoma brucei, 1752-1753
Trypanosoma cruzi, 1752
Trypanosomiasis, 1752-1753

African, 1752-1753
American (Chagas’ disease), 1752

Tryptic domains, of spectrin, 690
Tuberculosis, hematologic abnormalities 

associated with, 1698
Tumor(s)

biology of, role of fi brinolytic system in, 
1437-1438

splenic, benign, 618
Tumor cell(s), contamination by, in 

autologous stem cell transplantation, 
404

Tumor necrosis factor (TNF)
genetic family of, 209
in aplastic anemia, 283
in malaria, 1745, 1747, 1748
in T-cell activation, 1241-1242

Twin-twin transfusion syndrome, 39b, 41
Typhoid fever, 1698
Tyrosine kinase, nonreceptor protein, 

activation of, HGF-induced, 225t
Tyrosine kinase inhibitor therapy, for chronic 

myelogenous leukemia, 421

Tyrosine kinase ligands, receptor, 209
action of, 211-212
gene disruptions in, 216, 217-218
structure of, 215-216

Tyrosine phosphorylation, HGF-induced, 
223-224, 224f, 225f, 225t, 226

U

U antigens, 1628
UGT1 gene

in Crigler-Najjar syndrome I and II, 108, 
108f, 120

in Gilbert’s syndrome, 108, 108f, 118
screening for, 119

UGT1A gene, 717, 736
Ulcerative colitis, 1683
Ulcers, leg

hereditary spherocytosis and, 738
sickle cell disease and, 977

Ultrasonography
of hemolytic disease of newborn, 83, 83t
of intrauterine transfusion, 85f, 86f
of renal vein thrombosis, 175

Umbilical artery, blood fl ow in, 34
Umbilical cord

clamping of, 34-35, 35t
delayed, 34-35, 35t

velamentous insertion of, 41
Umbilical cord blood

as source of hematopoietic cells, 1647, 
1648

biochemical parameters in, 1795
erythroblast and leukocyte counts in, 1771
for stem cell transplantation, 398, 403
hematologic parameters in, 1771
hematologic values for, 1772
multipotential cell lines in, 23
normal, hematologic values for, 36t
progenitor cells from, 23, 25
red cell enzyme activity in, 1777
red cells of, 31
sampling of, fetal hematologic values in, 

36-37, 38t
Umbilical stump, bleeding from, 1450
Umbilical vein, blood fl ow in, 34-35
Uracil nucleoside glycosylate, activation-

induced, mutations in, 1269
Uremia

coagulation abnormalities and, 1688
in sickle cell disease, 975
platelet abnormalities associated with, 1579
red blood cells in, 1687
red cell membrane abnormalities and, 

778-779
Urethral strictures, in classic dyskeratosis 

congenita, 331
Urinary tract, bleeding in, iron defi ciency 

caused by, 537
Urine

dark, in paroxysmal nocturnal 
hemoglobinuria, 635, 636f

in storage disease patients, 1308
Urine porphyrin profi le, in porphyria cutanea 

tarda, 590, 591f
Urobilinoids, 110, 111f
Urokinase

plasmin generation mediated by, 1434
structure-function relationships of, 1429f

Urokinase plasminogen activator
characteristics of, 1428t, 1430
defi ciency of, 1435
inhibition of, 156

Urokinase plasminogen activator receptor, 
1429t, 1432

Uroporphomethene I, structure of, 590f
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Uroporphyrinogen decarboxylase, 586-591
crystal structure of, 587, 587f
mutations of, porphyria cutanea tarda 

caused by, 587-591. See also Porphyria 
cutanea tarda. 

reaction catalyzed by, 586-587, 587f
Uroporphyrinogen I, structure of, 590f
Uroporphyrinogen III synthase, 583-586

mechanism of formation of, 583, 584f
mutations of, congenital erythropoietic 

porphyria caused by, 584-586. See also 
Congenital erythropoietic porphyria. 

reaction catalyzed by, 583, 584f
Urticaria, transfusion-related, 1636

V

Vaccinations
pneumococcal, for sickle-related infections, 

973
recommended, before splenectomy, 744, 

744t
VACTERL syndrome, vs. Fanconi’s anemia, 

318
Vacuolization, of lymphocytes, 1712
Variegate porphyria, 593-595

clinical manifestations of, 594
laboratory diagnosis of, 594-595
treatment of, 595

Vascular access, for apheresis, 1653
Vascular cell adhesion molecule 1 (VCAM-

1), 197, 957, 1125
Vascular malformations, Kasabach-Merritt 

syndrome associated with, 168
Vascular purpura, platelet abnormalities 

associated with, 1580, 1580b
Vasculopathy, in ischemic arterial stroke, 

1608
Vaso-occlusive sickle cell crisis, 963-970

acute abdominal pain in, 967
acute chest syndrome in, 965-967
acute CNS event in, 967-969
pain in, 963-965, 964f

management of, 983-984
priapism in, 969-970

VATER syndrome, vs. Fanconi’s anemia, 318
Velocardiofacial syndrome, 171
Vena cava fi lters, for venous 

thromboembolism, 1605
Venipuncture, blood sampling via, 34
Venoms

affecting red cell membrane, 771
snake, 1758

Veno-occlusive liver disease, after stem cell 
transplantation, 408-409

Venous thrombosis. See also 
Thromboembolism, venous; Thrombosis.

catheter-related, 174
in paroxysmal nocturnal hemoglobinuria, 

635-636
spontaneous, 175

Very late antigen 4 (VLA-4), 197
Very-low-birth-weight infant, reference range 

for circulating neutrophil counts in, 1772
Vesiculation, loss of membrane surface by, 

726-727, 727f, 728f
Vicenza variant of von Willebrand disease, 

1501, 1509
Vinblastine, for chronic immune 

thrombocytopenic purpura, 1564
Vincristine

for autoimmune hemolytic anemia, 629t, 
631

for chronic immune thrombocytopenic 
purpura, 1564

Viral hemorrhagic fevers, 1757

Viral infection(s)
anemia of, 1693
congenital, thrombocytopenia associated 

with, 169
hemolytic anemia in, 1697
thrombocytopenia complicating, 1576
transfusion-induced, 1066-1067

Virchow’s triad, applied to, venous 
thromboembolism, 1600, 1600f

Virulence, microbial, 1438
Visceral leishmaniasis (kala-azar), 1751
Vitamin(s), supplemental, for thalassemia 

major, 1071-1072
Vitamin B12. See also Cobalamin entries.

altered metabolism of, 1707
defi ciency of

gastric resection and, 1683
nutritional, in different populations, 

1743
plasma levels of, in children, 1790

Vitamin C, for thalassemia major, 1071
Vitamin D, defi ciency of, in thalassemia 

major, 1065
Vitamin E

defi ciency of, 775-776
cystic fi brosis and, 1684
platelet aggregation and, 172

for thalassemia major, 1071
plasma levels of, in children, 1790

Vitamin K
defi ciency of

bleeding caused by, 164-165, 165t
clinical manifestations of, 1596
coagulation abnormalities and, 1688
in African-American infants, 42
laboratory diagnosis of, 165, 1596
prevention of, 1597
prophylactic administration of, 164
treatment of, 165, 1596-1597

forms of, 164
Vitamin K 2,3-epoxide reductase (VKOR), 

mutations in, 1530
Vitamin K therapy, for vitamin K defi ciency, 

1596
Vitamin K1, 1406
Vitamin K3, 1406-1407
Vitamin K–dependent factors, 155-156, 

1528, 1685. See also specifi c factor.
Vitamin K–dependent proteins (VKDPs), 

1401, 1402f, 1403-1409
classes of, 1403-1404
epidermal growth factor–like domains of, 

1404, 1406f, 1407
Gla domains of, 1403-1404, 1406, 1406f
serine protease domains of, 1406f, 1407
synthesis of, 1404, 1406

Von Jaksch, 5
Von Willebrand disease (vWD), 166, 

1500-1512
acquired, 1512, 1598-1599

drug-associated, 1598
pathogenic mechanisms leading to, 

1598
classifi cation of, 1502-1504, 1503f
clinical manifestations of, 1507
clinical screening for, using 

semiquantitative bleeding assessment, 
1503-1504

concentrates for, 1509
demographics of, 1502-1504, 1503f
family history of, 1451, 1507
genetics of, 1500-1502, 1502f
laboratory evaluation of, 1504-1507
pathophysiology of, 1500, 1501f
platelet-type, 1472, 1511
recommended tests for, 1456
ristocetin cofactor assay for, 1504

Von Willebrand disease (vWD) (Continued)
treatment of

desmopressin in, 1508-1509, 1508f
fundamentals of, 1507-1512
gene therapy in, 1512
general comments on, 1512
Humate-P and Alphanate in, 1509

type 1, 1503f, 1508-1509, 1508f
vs. low von Willebrand factor, 1501-1502

type 2A, 1503f, 1510-1511
type 2B, 1472, 1503f, 1511
type 2M, 1503f, 1511
type 2N, 1503f, 1511
type 3, 1503f, 1509-1510, 1510f
variant

assays defi ning, 1505, 1506f
Vicenza, 1501, 1509

Von Willebrand factor (vWF), 150t, 153t, 157
activity of, determination of, 1503f, 1504
characteristics of, 1412
clinical disorders affecting, 1506-1507
collagen-binding assay for, 1504
concentrates of, dose calculation of, 1509
defi ciency of, 1500
factor VIII association with, 1500, 1505, 

1506f, 1507, 1510, 1510f
gene for, 1500-1501
immunoassay for, 1504
in thrombotic thrombocytopenic purpura, 

1571, 1572f
laboratory assays for, variables affecting, 

1505-1506
low, vs. von Willebrand disease, type 1, 

1501-1502
multimers of, 1504-1505, 1505f
platelet tethering on, 1384, 1385f
properties of, 1405t
role of, in hemostatic process, 1500, 1501f
test for, 1455
variant forms of, 1500
without known subtyping, 1512

Von Willebrand factor propeptide, assay for, 
1505

VPS13A gene, in chorea-acanthocytosis 
syndrome, 774

Vulnerable child syndrome, 113

W

Wallerstein, 8
Warfarin

anticoagulation with, 156
for venous thromboembolism, 1603, 1603t
skin necrosis due to, 1537

treatment of, 1545
Waring blender syndrome, 1680
Warts, hypogammaglobulinemia, infections, 

myelokathexis (WHIM) syndrome, 1142, 
1270

WAS gene, 367, 1040, 1266, 1478
Water permeability, of red blood cell 

membrane, 711
Wegener’s granulomatosis, 1696
Weibel-Palade bodies, 1412
West Nile virus, transfusion exposure to, 

1638
WHIM syndrome, 1142, 1270
Whipworm infection, iron defi ciency 

associated with, 537
White blood cell(s)

disorders of, stem cell transplantation for, 
426-427, 426b

disturbances of
in infection, 1697
in renal disease, 1687-1688
in sickle cell disease, 958-959
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White blood cell differential counts, fetal, at 
different gestational ages, 1771

White-spotting (W) gene, mutations of, 231
Whooping cough (pertussis), 1698
Wiener, Alexander, 12
Williams, 1414
Wilson, James L., 9
Wilson’s disease, 551, 779-780
Wiskott-Aldrich syndrome, 169-170, 1265-

1266, 1265t
autoimmune hemolytic anemia associated 

with, 633
defective gene in, 1266. See also WAS gene. 
treatment of

bone marrow transplantation in, 1266
splenectomy in, 1266
stem cell transplantation in, 424

WASP mutation in, 1266, 1478
Wiskott-Aldrich syndrome protein (WASP), 

169, 1125, 1266, 1478
Wnt pathway, in stem cell regulation, 

212-213
Wnt signaling, 232
Wolman’s disease, 1350

chromosome assignment of genes for, 
1303t

clinical diagnosis of, 1303-1304
laboratory fi ndings in, 1310t

World Health Organization (WHO) criteria
for hemoglobin concentrations below which 

anemia is present, 1742t
for prevalence of anemia in different 

populations, 1742t

Wound healing, role of fi brinolytic system in, 
1435, 1437

X

Xerocytosis
adenosine triphosphate depletion in, 

769
hereditary

classifi cation of, based on temperature 
dependence of cation leaks, 767-
768, 767f

molecular pathology of, 764-765
separation of xerocytes in, 763f, 764
treatment of, 766

irreversibly sickled cells in, 769-770
stomatocytic, 765

features of, 762t
Xeroderma pigmentosum disease, 1040
XK protein, 1629
Xk protein, 683
X-linked agammaglobulinemia, 1273-1274

neutropenia associated with, 1149
X-linked anemia, 1477
X-linked α-thalassemia, mental retardation 

associated with, 1046
X-linked chronic granulomatous disease, 

1175
carriers of, 1174

X-linked dyskeratosis congenita, 334

X-linked immunodefi ciency, with normal or 
elevated IgM, 1265t, 1268-1269, 1269f

X-linked lymphoproliferative disease, 
1270-1271

EBV infection and, 1705
X-linked macrothrombocytopenia, 171
X-linked severe combined immunodefi ciency, 

1260-1261, 1261f
X-linked sideroblastic anemia, 548-549, 548t

with ataxia, 548t, 549
X-linked thrombocytopenia, 170, 1478

Y

Yersinia pestis, in pneumonic plague, 1438

Z

ZAP-70 defi ciency, in severe combined 
immunodefi ciency, 1263

Zidovudine, for AIDS/HIV, 1718-1719
Zinc

defi ciency of, 1071-1072
in hemoglobin SS disease, 979

reduced plasma, folic acid therapy and, 495
Zinc protoporphyrin, 596
Zinsser-Cole-Engman syndrome. See 

Dyskeratosis congenita.
Zollinger-Ellison syndrome, 1683
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