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our parents and our wives, Maryam, Soheila 
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We wish to dedicate it to our children, 
Ariana, Hamid Reza, Fatemeh, Claudio, 
Marco and Giulia, with the hope that 
progress in diagnosis and management 
of these diseases may result in improved 
survival and quality of life for the next 
generations, and at the same time that 
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will happen without barriers. 
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Foreword

This new text on Primary Immunodeficiency 
Diseases covers all aspects of these fascinating disor-
ders. So much basic immunology has been learned 
from studies of these patients and so much more has 
still to be understood. In addition, we know little about 
the prevalence of these genetic disorders in any coun-
try. There is also a need to increase awareness of the 
conditions if we are to be able to define the resource 
requirements for diagnosis, genetic counselling and 
treatment in the future.

The recent appreciation of these conditions in 
Iran and the flood of papers describing patients 
with primary immunodeficiency diseases make it 
timely that many chapters in this volume should be 
authored by an Iranian investigator in  combination 

with a recognised authority in the subject. It is a 
tribute to the rapid establishment of facilities in 
Tehran to both diagnose and treat such patients 
that this book could be written in record time thus 
ensuring that it is up-to-date as well as practical. 
The wide coverage of all aspects of primary immu-
nodeficiency diseases provides a comprehensive text 
and will serve as a tool for experts who care for these 
patients in other geographical areas and who wish to 
spread awareness and understanding of this  rapidly 
expanding field.

Helen Chapel
Raif Geha

Hans Ochs



Preface

Primary immunodeficiency diseases (PID) are a group 
of inborn disorders with defects in one or more com-
ponents of the immune system, characterized by 
increased incidence of infections, autoimmunity and 
malignancies. Although primary immunodeficiency 
diseases seem to be rare, the number of diagnosed 
patients is growing up in the recent years and more 
than 150 different forms of PID are now known. Yet, 
because of inadequate medical awareness, a significant 
number of patients with PID are not recognized or are 
diagnosed late. This latency leads to an increased rate 
of morbidity and mortality among the affected indi-
viduals.

Our understanding about PID is rapidly improv-
ing, and this may facilitate the accuracy of diagno-
sis and efficiency of management. This book is an 
attempt to gather the most recent advances in this 
field, and tries to provide a concise and structured 
review of hitherto known PID. Although the ulti-
mate orientation of the book is toward practical 
diagnosis and management, the pathophysiology of 
diseases is also discussed. For this purpose, this book 
consists of 11 chapters. The first chapter gives an over-
view on PID and presents a classification of these dis-
orders. In chapters 2-9, definition, etiology, clinical 
manifestations, diagnosis, and management of each 

disease are discussed separately. Syndromic immuno-
deficiencies are briefly presented in chapter 10, whilst 
some of them are explained in greater detail in other 
chapters. Although management of the various forms of 
PID is discussed in chapters 2-9, the global therapeutic 
approach to common PID represents the focus of dis-
cussion in chapter 11. 

The book is the result of valuable contributions from 
more than 40 senior and junior scientists in this field 
from more than 30 universities worldwide. We would 
like to acknowledge the expertise of all contributors, 
for generously giving their time and considerable 
effort in preparing their respective chapters. We are 
also grateful to Springer for giving us the opportunity 
to publish this book.

We hope that this book will be comprehensible, 
cogent, and manageable for physicians and nurses, 
who wish to learn more about primary immunodefi-
ciency diseases. Moreover, it is our hope that the book 
will represent a useful resource for doctors in training as 
well as for specialists in clinical decision-making and 
treatment planning. 

Nima Rezaei
Asghar Aghamohammadi 

Luigi Notarangelo
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HSV Herpes Simplex Virus
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IFN-γ Interferon-Gamma
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IPEX Immunodeficiency, 

Polyendocrinopathy, X-linked
IR Ionizing Radiation
IRAK Interleukin-1 Receptor-Associated 
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ITAMs Immunoreceptor Tyrosine-Based 

Activation Motifs
ITGB2 Integrin, Beta-2
ITP Idiopathic Thrombocytopenia 

Purpura
IVIG Intravenous Immunoglobulin
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JIA Juvenile Idiopathic Arthritis
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LEF1 Lymphoid Enhancer-Binding Factor 1
LEKTI Lympho-Epithelial Kazal-Type Related 

Inhibitor
LIG4 Ligase IV
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LPS Lipopolysaccharide
LYST Lysosomal Trafficking Regulator
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MAC Membrane Attack Complex 
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MASP MBL-Associated Serine Proteinases 
MB Mycobacteria
MBL Mannan-Binding Lectin
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MEFV Mediterranean Fever
MHC Major Histocompatibility Complex
MKD Mevalonate Kinase Deficiency   
MMF  Mycophenolate Mofetil
MMR Mumps, Measles, Rubella
MPGN Membranoproliferative 

Glomerulonephritis 
MPO Myeloperoxidase
MRI Magnetic Resonance Imaging
MSMD Mendelian Susceptibility to 

Mycobacterial Diseases
MTOC Microtubule Organizing Center
MTX Methotrexate
MVA Mevalonic Aciduria
MVD Mevalonate Kinase Deficiency
MVK Mevalonate Kinase

MWS Muckle–Wells Syndrome
MyD88 Myeloid Differentiation Factor-88
NALP3 NACHT, Leucine-Rich Repeat- and 

PYRIN Domain-Containing Protein 3
NBS Nijmegen Breakage Syndrome
NBT Nitroblue Tetrazolium
NCF1 Neutrphil Cytosolic Factor 1
NEMO Nuclear Factor-kappa-B Essential 

Modulator
NF Nuclear Factor
NF-kB Nuclear Factor kappa B
NFAT Nuclear Factor of Activated T-Cells
NHEJ Nonhomologous End Joining
NHL Non-Hodgkin Lymphoma
NK Natural Killer
NLR NOD-Like Receptor
NOD Nucleotide-Binding and 

Oligomerization Domain
NOMID Neonatal-Onset Multisystem 

Inflammatory Disease
NSAID Nonsteroid Anti-Inflammatory Drugs
OLEDAID Osteopetrosis, Lymphedema, 

Ectodermal Dysplasia, Anhidrotic 
type, and Immune Deficiency

OMIM Online Mendelian Inheritance in Man
OS Omenn Syndrome
PAD Primary Antibody Deficiencies    
PAMP Pathogen-Associated Molecular 

Pattern
PAPA Pyogenic Arthritis, Pyoderma 

Gangrenosum and Acne
PBC Primary Billiary Chirosis
PBSC Peripheral Blood Stem Cells
PCAM Platelet Cell Adhesion Molecule
PCR Polymerase Chain Reactions
PDC Pyruvate Dehydrogenase Complex
PEG Polyethylene Glycol
PFAPA Periodic Fever, Aphtous Stomatitis, 

Pharyngitis and Cervical Adenitis
PGA Pediatric Granulomatous Arthritis
PHA Phytohmagglutanin
PID Primary Immunodeficiency Diseases
PIGA Phosphatidylinositol Glycan, Class A
PK Protein Kinases
PLAD Pre-Ligand-Associated Domain
PMA Phorbol Myristate Acetate
PNH Paroxysmal Nocturnal 

Hemoglobinuria
PNP Purine Nucleoside Phosphorylase
PRR Pattern Recognition Receptor
PTH Parathyroid Hormone
PWM Pokeweed Mitogen
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RA Rheumatoid Arthritis
RAST Radioallergosorbent Test
RAG Recombination Activating Genes
RC Recessive Complete
RDS Radioresistant DNA Synthesis
RFX Regulatory Factor X
RIA  Radio Immuno Assay
ROS Reactive Oxygen Species
RP Recessive Partial
RSS Recombination Signal Sequence
RSV Respiratory Syncytial Virus
SAA Serum Amyloid A
SAD Specific Antibody Deficiency
SAP SLAM-Associated Protein
SBDS Shwachman–Bodian–Diamond 

syndrome     
SCE Sister-Chromatid Exchanges
SCID Severe Combined Immunodeficiency
SCIG Subcutaneous Immunoglobulin
SCN   Severe Congenital Neutropenia
SDF-1 Stromal Cell-Derived Factor-1
SDS Shwachman–Diamond Syndrome
SERCA Sarcoplasmic Endoplasmic Reticulum 

Calcium ATPase
SGD Specific Granule Deficiency
SH2D1A Src Homology 2-Domain Protein
SHM Somatic Hypermutation
SIgAD Selective IgA Deficiency
SIOD Schimke Immuno-Osseous 

Dysplasia
SL Secretory Lysosomes
SLAM Signaling Lymphocytic Activation 

Molecule
SLE Systemic Lupus Erythematosus
SOCE Store Operated Ca2+ Entry
SSB Single Strand Breaks
STAT Signal Transducer and Activator 

of Transcription
STX11 Syntaxin 11
TACI Transmembrane Activator and 

Calcium Modulator and Cyclophilin 
Ligand Interactor

TAP Transporter Associated with Antigen 
Processing

TAPBP TAP-Binding Protein

TBI Total Body Irradiation
TCC Terminal C5b-9 Complement 

Complex
TCR T Cell Receptor
TERC Telomerase RNA Component
TERT Telomerase Reverse Transcriptase
TGF Transforming Growth Factor
THI Transient Hypogammaglobulinemia 

of Infancy
TIR Toll-Interleukin-1 Receptor
TIRAP Toll-Interleukin-1 Receptor Domain-

Containing Adaptor Protein
TLR Toll-Like Receptor
TMEM142A Transmembrane protein 142A
TMP-SMX Trimethoprim-Sulfametoxazole
TNF Tumor Necrosis Factor
TNFRSF5 Tumor Necrosis Factor Receptor 

Superfamily, Member 5
TNFS5B Tumor Necrosis Factor Ligand 

Superfamily, Member 5
TPN Total Parenteral Nutrition
TRAM Toll Receptor-Associated Molecule
TRAPS TNF Receptor-Associated Periodic 

Syndrome
TREC T Cell Receptor Excision Circles
TRIF Toll Receptor-Associated Activator 

of Interferon
TYK2 Tyrosine Kinase 2
UNG Uracyl-DNA Glycosylase
VCA Viral Capsid Antigen
VZV Varicella- Zoster Virus
WAS Wiskott–Aldrich Syndrome
WASP Wiskott–Aldrich Syndrome 

Protein
WHIM Warts, Hypogammaglobulinemia, 

Infections, Myelokathexis
WHN Winged-Helix-Nude
WIP WASP-Interacting Protein
XIAP X-linked Inhibitor-of-Apotosis
XL X-Linked
XLA X-linked agammaglobulinemia
XLF XRCC4-Like Factor
XLP X-Linked Lymphoproliferative
XLT X-Linked Thrombocytopenia
ZAP Zeta Associated Protein
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1.1
Definition

1.1.1
Background

The immune system is a complex network of cells and 
organs which cooperate to protect people against infectious
microorganisms, as well as internally-derived threats 
such as cancer. The immune system specializes in 
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Core Messages

● Primary immunodeficiency diseases are a 
heterogeneous group of inherited disorders 
with defects in one or more components of 
the immune system.

● Primary immunodeficiency diseases are not 
as rare as once believed.

● Infections are the hallmark of immuno-
deficiency.

● Delays in diagnosis can lead to irreparable 
organ system damage and thus immunodefi-
ciency should be promptly considered.

● Other symptoms may be more prominent at 
first, and this can be misleading.

● Family history is of paramount importance.
● Pattern recognition among clinical presenta-

tions is an efficient means of identifying pri-
mary immunodeficiency diseases within the 
large pool of patients with infections.

● Abnormal patterns in host defense can only 
be identified by having a firm grasp of what is 
considered “normal”.

● Severe defects should be considered and 
identified promptly using widely available 
screening tests such as the absolute peripheral 
blood lymphocyte count.

 identifying danger, containing and ultimately eradicating 
it. It is composed of highly  specialized cells, proteins, 
tissues, and organs. B and T lymphocytes, phagocytic 
cells and soluble factors such as complement are some 
of the major components of the immune system, and 
have specific critical functions in immune defense.

When part of the immune system is missing or 
does not work correctly, immunodeficiency occurs; 
it may be either congenital (primary) or acquired 
( secondary). Secondary immunodeficiency diseases 
are caused by environmental factors, such as  infection 
with HIV, chemotherapy, irradiation, malnutrition, 
and others, while primary immunodeficiency  diseases 
(PID) are hereditary disorders, caused by mutations 
of specific genes.

Primary immunodeficiency diseases are a heteroge-
neous group of inherited disorders with defects in one 
or more components of the immune system. These 
diseases have a wide spectrum of clinical manifesta-
tions and laboratory findings. However, in the vast 
majority of cases, they result in an unusually increased 
susceptibility to infections and a predisposition to 
autoimmune diseases and malignancies [23, 45, 46, 77, 
151, 155, 180, 193].

More than 150 different types of PID have been 
reported to date [77, 155, 193]. Although some of 
them are relatively common, others are quite rare. 
The exact prevalence of PID in the general population 
is unknown. Although the overall prevalence of PID has 
been estimated to be 1 per 10,000 individuals, excluding 
asymptomatic IgA deficiency, recent reports indicate a 
higher prevalence of PID [25, 193]; this prevalence may 
differ among different ethnic groups and countries 
[193]. While the number of patients diagnosed with 
PID is growing, many physicians still know little about 
these disorders. Thus, many patients are diagnosed late; 
many cases suffer complications by chronic infections, 
irretrievable end-organ damage, or even death before 
the definitive diagnosis is made. Timely diagnosis and 
appropriate treatment remain the keys to the successful 
management of patients with PID [37, 98, 176].
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1.1.2 
History

The birth of the primary immunodeficiency field 
is attributed to Col. Ogden Bruton in 1952, who 
reported a male patient with early onset recurrent 
infections and an absent gammaglobulin peak on 
serum protein electrophoresis. This child had an 
excellent response to immunoglobulin replacement 
therapy [26]; later, the condition ultimately became 
known as X-linked agammaglobulinemia (XLA) or 
Btk (Bruton’s tyrosine kinase) deficiency. However, 
several patients with characteristic clinical mani-
festations of immunodeficiency disorders had been 
reported before 1950: Ataxia-telangiectasia (A-T) 
in 1926 [200], chronic mucocutaneous candidiasis 
(CMC) in 1929 [203], and Wiskott–Aldrich syn-
drome (WAS) in 1937 [220]. The first patient with 
cellular deficiency was initially reported in 1950 
[80], the first case of a phagocytic defect (severe 
congenital neutropenia: SCN) was reported in 1956 
[119], and the first case of complement deficiency 
(C2 deficiency) was reported in 1966 [114].

The discovery of PID and characterization of these 
diseases led to crucial contributions to  understanding 
the functional organization of the immune  system 
and molecular biology. Thus, the study of PID has 
contributed to progress in immunological and molec-
ular diagnostic techniques. These advances enabled 
increased recognition and characterization of new 
types of PID, and identification of more than 150 dif-
ferent types of PID in the ensuing years [77, 151, 155, 
193] (Tables 1.1–1.8).

1.1.3
Registries

Several PID registries have been established in differ-
ent countries during the last two decades [1, 2, 4, 7, 8, 
63, 66, 68, 83, 86, 94, 109, 112, 115, 123, 125, 129, 133, 
141, 176, 177, 182, 185, 194]. They provide valuable 
epidemiological information and demonstrate wide 
geographical and racial variations in the prevalence 
of PID in general and of its different types (Table 
1.9). Considering the recent reports from four major 
registries describing more than 10,000 patients, 
including ESID (European Society for Immunode-
ficiencies), LAGID (Latin American Group for Pri-
mary Immunodeficiency Diseases), Australia and 
New Zealand, and Iran, antibody deficiencies are the 
most common PID and comprise more than half of 

all patients (Fig. 1.1) [66, 112, 125, 176]. Other well-
defined immunodeficiencies, phagocytes defects, and 
combined T and B cell immunodeficiencies are also 
relatively common. Among them, common variable 
immunodeficiency (CVID) is the most common PID, 
with a relative frequency of approximately 20%, fol-
lowed by selective IgA and/or IgG subclass deficien-
cies, agammaglobulinemia with absent B cells, AT, 
chronic granulomatous disease (CGD), and severe 
combined immunodeficiency (SCID). Other diseases 
have lower relative frequencies [66, 112, 125, 176].

1.2
Etiology

1.2.1
Classification

There is no single system of classification for the large 
and heterogeneous group of PID that suffices for every 
educational or clinical purpose [22, 33]. Most texts 
utilize a functional classification wherein distinct dis-
ease entities are grouped according to the disturbed 
immunological mechanism responsible for the prin-
cipal clinical and laboratory manifestations of those 
diseases or syndromes [24, 77, 151]. One may dis-
tinguish, for example, antibody or humoral-specific 
immune defects, specific cellular immune deficiencies, 
combined immunodeficiencies (affecting both spe-
cific humoral and cellular immunity), phagocytic cell 
defects, complement deficiencies, and other defects of 
innate immunity. Note that these types of descriptive 
functional categories may overlap to varying degrees; 
for example, phagocytic cells and complement may be 
considered elements of innate immunity, but are usu-
ally considered separately due to the convenience of 
their mechanistic distinction. The assignment of one 
entity to a particular category is occasionally arbitrary 
and may have a historical basis.

The foundation for the organization of this text 
is the most recent classification of immunological 
diseases reported by the World Health Organization 
(WHO) in conjunction with the International Union 
of Immunological Societies (IUIS) [77]. This clas-
sification is conveyed in Tables 1.1–1.8. This scheme 
includes more or less “classic” PID listed in Table 1.1 
(combined T  and B cell immunodeficiencies), Table 
1.2 (predominantly antibody deficiencies), Table 1.3 
(phagocytes defects), Table 1.4 (genetic disorders 
of immune regulation), Table 1.5 (defects in innate 



Table 1.1 Modified IUIS classification of combined T and B cell immunodeficienciests

Diseases Inheritance Genetic defects
T-B+ Severe combined 
immunodeficiency

g c deficiency XL IL-2 receptor gamma (IL2RG)
JAK3 deficiency AR Janus-associated kinase 3 (JAK3)
IL7-Ra  deficiency AR IL-7 receptor (IL7-R) alpha
CD45 deficiency AR Leukocyte-common antigen (LCA) or CD45
CD3g  deficiency AR T cell antigen receptor, Gamma subunit of T3 (CD3G)

CD3d deficiency AR T cell antigen receptor, Delta subunit of T3 (CD3D)

CD3e deficiency AR T cell antigen receptor, Epsilon subunit of T3 (CD3E)

CD3x deficiency AR T cell antigen receptor, Zeta subunit of T3 (CD3Z) or CD247
T-B- Severe combined 
immunodeficiency

RAG1 deficiency AR Recombination-activating gene 1 (RAG1)
RAG2 deficiency AR Recombination-activating gene 2 (RAG2)
Artemis deficiency AR Artemis or DNA cross-link repair protein 1C 

(DCLRE1C)
ADA deficiency AR Adenosine deaminase (ADA)
Reticular dysgenesis AR Defective maturation of immune cells from stem cell

Omenn syndrome AR RAG1/2, Artemis and IL7-R
DNA ligase IV deficiency AR DNA ligase IV (LIG4)
Cernunnos/XLF 
deficiency

AR Non-homologous end-joining 1 (NHEJ1) or 
CERNUNNOS

Purine nucleoside 
phosphorylase (PNP) 
deficiency

AR Purine nucleoside phosphorylase (PNP)

Immunoglobulin class 
switch recombination 
deficiencies (affecting 
CD40-CD40L)

CD40 ligand 
deficiency
CD40 deficiency

XL

AR

Tumor necrosis factor ligand superfamily, member 5 
(TNFS5B) or CD40 antigen ligand (CD40L)
Tumor necrosis factor receptor superfamily, 
member 5 (TNFRSF5)

MHC class II deficiency CIITA deficiency AR Class II transactivator (CIITA)
RFX5 deficiency AR MHCII promoter X box regulatory factor 5 (RFX5)
RFXAP deficiency AR Regulatory factor X-associated protein (RFXAP)
RFXANK deficiency AR Ankyrin repeat containing regulatory factor 

X-associated protein (RFXANK)
MHC class I deficiency TAP1 deficiency AR Transporter associated with antigen processing 1 (TAP1)

TAP2 deficiency AR Transporter associated with antigen processing 2 (TAP2)
Tapasin deficiency AR Tap-binding protein (TAPBP)

CD8 deficiency CD8a  chain defect AR CD8 antigen, alpha polypeptide (CD8A)
ZAP-70 deficiency AR Zeta-chain-associated protein of 70 kd signaling kinase 

(ZAP-70)
CD4 deficiency p56lck deficiency AR Lymphocyte-specific protein-tyrosine kinase (LCK)

Idiopathic CD4 
lymphocytopenia

Variable Unknown

CRAC deficiency AR ORAI1 or Calcium release-activated calcium modula-
tor 1 (CRACM1) or Transmembrane protein 142A 
(TMEM142A)

Winged-helix-nude 
(WHN) deficiency

AR Winged-helix-nude (WHN) or Forkhead box N1 
(FoxN1)

CD25 deficiency AR Interleukin 2 receptor, alpha (IL2RA) or CD25

STAT5B deficiency AR Signal transducer and activator of transcription 5B (STAT5B)

AR autosomal recessive, XL X-linked



Table 1.2 Modified IUIS classification of predominantly antibody deficiencies

Diseases Inheritance Genetic defects
Agammaglobulinemia with 
absent B cells

Btk deficiency XL Bruton tyrosine kinase (BTK)
m heavy chain deficiency AR Ig heavy mu chain (IGHM)

l5/14.1 deficiency AR Immunoglobulin lambda-like 
polypeptide 1 (IGLL1)

Iga deficiency AR CD79A antigen (CD79A)

Igb deficiency AR CD79B antigen (CD79B)
BLNK deficiency AR B cell liker protein (BLNK) or SH2 

domain containing leukocyte 
protein, 65-KD (SLP65)

LRRC8 deficiency AD Leucine-rich repeat-containing 
protein 8 (LRRC8)

Other forms of 
agammaglobulinemia

Variable Unknown

Hypogammaglobulinemia with 
normal/low number of B cells

Common variable 
immunodeficiency

Variable Unknown

ICOS deficiency AR Inducible costimulator (ICOS)
TACI deficiency AR Tumor necrosis factor receptor super-

family, member 13b (TNFRSF13B) 
or transmembrane activator and 
calcium modulator and cyclophilin 
ligand interactor (TACI)

CD19 deficiency AR CD19 antigen (CD19)
Other forms of 
hypogammaglobulinemia

Variable Variable, Unknown

Immunoglobulin class switch 
recombination deficiencies 
(due to Intrinsic B Cell Defects)

AID deficiency AR Activation-induced cytidine 
deaminase (AICDA)

UNG deficiency AR Uracil-DNA glycosylase (UNG)
Other CSR selective 
deficiencies

AR Unknown; Selective deficiency in Ig 
class-switch recombination (CSR)

Selective IgA deficiency Variable Unknown
Other immunoglobulin isotypes or 
light chain deficiencies

Isolated IgG subclass deficiency
IgA with IgG subclass deficiency

Variable
Variable

Unknown
Unknown

Ig heavy chain deletions AR Chromosomal deletion at 14q32
k light chain deficiency AR Ig kappa constant region (IGKC)

Specific antibody deficiency with 
normal immunoglobulin levels

Variable Unknown

Transient hypogammaglobulinemia 
of infancy

Variable Unknown

AR autosomal recessive, AD autosomal dominant, XL X-linked

Table 1.3 Modified IUIS classification of phagocytes defects

Diseases Inheritance Genetic defects
Severe congenital neutropenias 
(SCN)

ELA2 deficiency AD Elastase 2 (ELA2)
GFI1 deficiency AD Growth factor-independent 1 (GFI1)
HAX1 deficiency AR HCLS1-associated protein X1 (HAX1)
GCSFR deficiency AD Granulocyte colony-stimulating 

factor receptor (GCSFR) or Colony-stimulating 
factor 3 receptor (CSF3R)

Neutropenia with 
myelodysplasia

XL Wiskott–Aldrich syndrome protein (WASP)

(continued)
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Table 1.3 (continued)

Diseases Inheritance Genetic defects
Cyclic neutropenia AD Elastase 2 (ELA2)
Leukocyte adhesion deficiency 
(LAD)

LAD type 1 AR Integrin, beta-2 (ITGB2)

LAD type 2 AR Solute carrier family 35, member C1 
(SLC35C1) or GDP-fucose transporter 1 
(FUCT1)

LAD type 3 AR Calcium-Diacylglycerol Guanine Nucleotide 
Exchange Factor I (CalDAG-GEFI), defective 
Rap1-activation of integrins

RAC-2 deficiency AD Ras-related C3 botulinum toxin substrate 2 
(RAC2)

β-Actin deficiency AD Actin, beta (ACTB)
Chronic granulomatous disease 
(CGD)

gp91 phox deficiency XL Cytochrome b(-245), beta subunit (CYBB)

p22 phox deficiency AR Cytochrome b(-245), alpha subunit (CYBA)
p47 phox deficiency AR Neutrphil cytosolic factor 1 (NCF1)
p67 phox deficiency AR Neutrophil cytosolic factor 2 (NCF2)

Neutrophil G-6PD deficiency XL Glucose-6-phosphate dehydrogenase (G6PD)
Myeloperoxidase deficiency AR Myeloperoxidase (MPO)
Specific granule deficiency AR CCAAT/enhancer-binding protein, epsilon 

(CEBPE)
Shwachman–Diamond syndrome AR Shwachman–Bodian–Diamond syndrome 

(SBDS)
Localized juvenile periodontitis AR Formyl peptide receptor 1 (FRP1)

Papillon–Lefèvre syndrome AR Cathepsin c (CTSC)

AR autosomal recessive, AD autosomal dominant, XL X-linked

Table 1.4 Modified IUIS classification of genetic disorders of immune regulation

Diseases Inheritance Genetic defects
Familial hemophagocytic 
lymphohistiocytosis

Perforin deficiency AR Perforin 1 (PRF1)
MUNC 13-4 deficiency AR MUNC13–4 or UNC13D
Syntaxin 11 deficiency AR Syntaxin 11 (STX11)

Immunodeficiency with 
hypopigmentation

Chediak-Higashi syndrome AR Lysosomal trafficking regulator (LYST)
Griscelli syndrome, type II Ras-associated protein rab27a 

(RAB27A)
Hermansky–Pudlak 
syndrome, type II

AR Adaptor-related protein complex 3, 
beta-1 subunit (AP3B1)

P14 deficiency AR MAPBP-interacting protein (MAPBPIP) 
or P14

X-linked lymphoproliferative 
syndrome (XLP)

XLP1 (SAP deficiency) XL src homology 2-domain protein 
(SH2D1A)

XLP2 (XIAP deficiency) XL Inhibitor-of-apotosis, X-linked (XIAP) 
or Baculoviral IAP repeat-containing 
protein 4 (BIRC4)

(continued)
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Diseases Inheritance Genetic defects
Autoimmune lymphoprolifera-
tive syndrome (ALPS)

ALPS Ia (CD95 deficiency) AD, AR Tumor necrosis factor receptor super-
family, member 6 (TNFRSF6) or CD95 
or FAS

ALPS Ib (CD95L deficiency AD, AR Tumor necrosis factor ligand super-
family, member 6 (TNFSF6) or CD95L 
or FASL

ALPS IIa (Caspase 10 
deficiency

AD Caspase 10, apoptosis-related cysteine 
protease (CASP10)

ALPS IIb (Caspase 8 
deficiency

AD Caspase 8, apoptosis-related cysteine 
protease (CASP8)

ALPS III AD Unknown, Neuroblastome RAS viral 
oncogene homologu (NRAS)

Autoimmune polyendocrinopa-
thy with candidiasis and ecto-
dermal dystrophy (APECED)

AR Autoimmune regulator (AIRE)

Immunodysregulation, poly-
endocrinopathy, enteropathy, 
X-linked (IPEX)

XL Forkhead box P3 (FOXP3)

AR autosomal recessive, AD autosomal dominant, XL, X-linked

Table 1.4 (continued)

Table 1.5 Modified IUIS classification of defects in innate immunity: receptors and signaling components

Diseases Inheritance Genetic defects

Defective TLR signaling 
without ectodermal dysplasia

Interleukin-1 receptor-associated 
kinase-4 (IRAK-4) deficiency

AR Interleukin 1 receptor-associated 
kinase 4 (IRAK4)

TLR3 deficiency AD Toll-like receptor 3 (TLR3)
UNC-93B deficiency AR UNC-93B

Defective TLR signaling with 
ectodermal dysplasia

X-linked anhidrotic ectodermal 
dysplasia with immunodeficiency 
(XL-EDA-ID)

XL Inhibitor of kappa light polypeptide 
gene enhancer in B cells, kinase of, 
gamma (IKBKG) or NF-kappa-B 
essential modulator (NEMO)

Autosomal dominant anhidrotic 
ectodermal dysplasia with 
immunodeficiency (AD-EDA-ID)

AD Inhibitor of kappa light polypeptide 
gene enhancer in B cells, kinase of, 
alpha (IKBA)

Mendelian susceptibility to 
mycobacterial diseases

IFN-g receptor 1 deficiency AR, AD Interferon, gamma, receptor 1 
(IFNGR1)

IFN-g receptor 2 deficiency AR, AD Interferon, gamma, receptor 2 
(IFNGR2)

IL-12/IL-23 receptor b1 chain 
deficiency

AR Interleukin 12 receptor, beta-1 
(IL12RB1)

IL-12p40 deficiency AR Interleukin 12B (IL12B)
STAT1 deficiency AR, AD Signal transducer and activator of 

transcription 1 (STAT1)
Warts, hypogammaglobuline-
mia, infections, myelokathexis 
(WHIM) syndrome

AD Chemokine, CXC motif, receptor 4 
(CXCR4)

Epidermodysplasia verruci-
formis (EV)

EV type 1 AR Epidermodysplasia verruciformis 
gene 1 (EVER1)

EV type 2 AR Epidermodysplasia verruciformis 
gene 2 (EVER2)

AR autosomal recessive, AD autosomal dominant, XL X-linked
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Table 1.6 Modified IUIS classification of autoinflammatory disorders

Diseases Inheritance Genetic defects
Familial Mediterranean 
fever (FMF)

AR Mediterranean fever (MEFV)

TNF receptor-associated periodic 
syndrome (TRAPS)

AD Tumor necrosis factor recep-
tor superfamily, member 1a 
(TNFRSF1A)

Mevalonate kinase deficiency 
(MVD)

Hyper-IgD and periodic fever 
syndrome (HIDS)

AR Mevalonate kinase (MVK)

Mevalonic aciduria (MVA) AR Mevalonate kinase (MVK)
Cryopyrin-associated periodic 
syndrome (CAPS)

Chronic infantile neurological 
cutaneous articular syndrome 
(CINCAS)

AD Cias1 gene (CIAS1) or sNacht 
domain-, leucine-rich repeat-, and 
pyd-containing protein 3 (NALP3) 
or Pyrin domain- containing 
APAF1-like protein 1 
(PYPAF1)

Muckle–Wells syndrome 
(MWS)

AD Cias1 gene (CIAS1) or Nacht 
domain-, leucine-rich repeat-, 
and pyd-containing protein 3 
(NALP3) or Pyrin domain- 
containing APAF1-like 
protein 1 (PYPAF1)

Familial cold autoinflammatory 
syndrome (FCAS)

AD Cias1 gene (CIAS1) or Nacht 
domain-, leucine-rich repeat-, and 
pyd-containing protein 3 (NALP3) 
or Pyrin domain- containing 
APAF1-like protein 1 (PYPAF1)

Blau syndrome AD Caspase recruitment domain-
containing protein 15 (CARD15) or 
Nucleotide-binding oligomerization 
domain protein 2 (NOD2)

Pyogenic arthritis, pyoderma 
gangrenosum and acne (PAPA) 
syndrome

AD Proline/Serine/Threonine 
phosphatase-interacting 
protein 1 (PSTPIP1) or CD2 
antigen-binding protein 1 
(CD2BP1)

Polygenic/multifactorial 
autoinflammatory diseases

Variable Variable

AR autosomal recessive, AD autosomal dominant

Table 1.7 Modified IUIS classification of complement deficiencies

Diseases Inheritance Genetic defects
Deficiencies of classical 
pathway components

C1q deficiency AR Complement component 1, q subcomponent, 
alpha, beta and gamma polypeptides (C1QA, 
C1QB, C1QG)

C1r deficiency AR Complement component C1R
C1s deficiency AR Complement component 1, s subcomponent (C1S)
C4 deficiency AR Complement component 4A and 4B (C4A, 

C4B)

C2 deficiency AR Complement component 2
Deficiencies of lectin 
pathway components

MBL deficiency AR Lectin, mannose-binding, soluble, 2 (MBL2) or 
Mannose-binding protein, Serum (MBP1)

MASP2 deficiency AR Mannan-binding lectin serine protease 2 
(MASP2)

(continued)
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Diseases Inheritance Genetic defects

Deficiencies of alternative 
pathway components

Factor D deficiency AR Complement factor D (CFD)

Properdin deficiency XL Properdin P factor, complement (PFC)
Deficiency of complement 
component C3

AR Complement component 3 (C3)

Deficiencies of terminal 
pathway components

C5 deficiency AR Complement component 5
C6 deficiency AR Complement component 6
C7 deficiency AR Complement component 7
C8a deficiency AR Complement component 8, alpha subunit 

(C8A)
C8b deficiency AR Complement component 8, beta subunit (C8B)
C9 deficiency AR Complement component 9

Deficiencies of complement 
regulatory proteins

C1 inhibitor deficiency AD Complement component 1 inhibitor (C1NH)
Factor I deficiency AR Complement factor I (CFI)
Factor H deficiency AR Complement factor H (CFH)
CD46 deficiency AD Membrane cofactor protein (MCP) or CD46
CD55 deficiency AR Decay-accelerating factor for complement 

(DAF) or CD55 antigen
CD59 deficiency AR CD59 antigen p18–20 (CD59)

CD18 deficiency AR Integrin, beta-2 (ITGB2)

AR autosomal recessive, AD autosomal dominant, XL, X-linked

Table 1.7 (continued)

Table 1.8 Modified IUIS classification of other well-defined immunodeficiencies

Diseases Inheritance Genetic defects

Other syndromes associated 
with defective DNA repair

Ataxia-telangiectasia AR Ataxia-telangiectasia mutated gene 
(ATM)

Ataxia-like syndrome AR Meiotic recombination 11, S. cerevisiae, 
homolog of, A (MRE11A)

Nijmegen breakage syndrome AR Nijmegen breakage syndrome gene 
(NBS1)

Bloom’s syndrome AR Bloom syndrome (BLM)
Immunodeficiency, cen-
tromere instability and 
facial abnormalities (ICF) 
syndrome

AR DNA methyltransferase 3b (DNMT3B)

Di George syndrome AD Deletion of chromosome 22q11.2
Wiskott–Aldrich syndrome XL Wiskott–Aldrich syndrome protein 

(WASP)
Hyper-IgE syndrome 
(HIES)

Stat3 deficiency (Job’s syn-
drome)

AD Signal transducer and activator 
of transcription 3 (STAT3)

Tyk2 deficiency AR Protein-tyrosin kinase 2 (TYK2)

HIES with unknown origin AR Unknown

(continued)
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Diseases Inheritance Genetic defects

Immuno-osseous dysplasias Schimke syndrome AR SWI/SNF related, matrix associated, 
actin dependent regulator of chromatin, 
subfamily A-like (SMARCAL1)

Cartilage hair hypoplasia AR RNA component of mitochondrial RNA-
processing endoribonuclease (RMRP)

Chronic mucocutaneous 
candidiasis

AD, AR, 
Sporadic

Unknown

Netherton syndrome AR, XL Serine protease inhibitor, Kazal-type, 5 
(SPINK5)

Høyeraal–Hreidarsson 
syndrome

XL Dyskerin (DKC1)

AR autosomal recessive, AD autosomal dominant, XL, X-linked

Table 1.8 (continued)

Table 1.9 Prevalence of different types of primary immunodeficiency diseases, reported in several registries

Region/
report

Year of 
Report

Number 
of 
patientsa

Combined 
T  and B cell 
immuno-
deficiencies 
(%)

Predomi-
nantly 
antibody 
deficiencies 
(%)

Phago-
cytes 
defects 
(%)

Comple-
ment 
deficiencies 
(%)

Other 
immuno-
deficien-
ciesb (%) Reference

 1 JMF referral 
centers

2007 30,283 7.5 54.5 6.9 1.9 29.2 [109]c

 2 ESID 2008 6,118 8.5 53.9 9.1 1.8 26.7 [66]d

 3 LAGID 2007 3,321 9.5 53.2 8.6 2.8 25.9 [125]
 4 Spain 2001 2,050 7.3 66.8 4.5 10.1 11.3 [141]
 5 UK 2000 1,544 13.8 72.0 5.6 6.3 2.3 [1]
 6 Argentina 2007 1,246 5.5 68.4 4.2 1.0 20.9 [125]
 7 Australia 

and New 
Zealand

2007 1,209 6.3 77.0 3.3 5.9 7.5 [112]

 8 Sweden 2000 934 7.4 87.1 4.8 0.0 0.7 [1]
 9 Iran 2006 930 11.0 38.4 28.3 2.4 19.9 [176]
10 Italy 1983 797 14.2 65.9 4.9 1.7 13.3 [133]
11 Brazil 2007 790 9.5 51.1 14.2 6.3 18.9 [125]
12 Japan 1981 628 4.2 61.8 7.3 0.3 26.4 [94]
13 Netherlands 2000 624 22.1 66.5 6.9 0.5 4.0 [1]
14 Switzerland 2000 548 13.1 55.7 12.0 17.7 1.5 [1]
15 Czech 2000 518 8.1 78.0 1.2 11.5 1.2 [1]
16 France 2000 425 44.7 27.5 22.6 0.7 4.5 [1]
17 Mexico 2007 399 10.5 36.3 14.1 1.5 37.6 [125]
18 Norway 2000 372 3.5 50.8 6.7 21.0 18.0 [194]
19 Germany 2000 327 42.0 39.5 14.7 3.3 0.5 [1]
20 Greece 2000 323 10.2 84.5 3.4 0.3 1.6 [1]

21 Polonia 2000 322 24.8 55.0 14.3 0.3 5.6 [1]

(continued)
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Region/
report

Year 
of Report

Number 
of 
patientsa

Combined 
T  and B cell 
immuno-
deficiencies
(%)

Predomi-
nantly
antibody 
deficiencies
(%)

Phago-
cytes 
defects 
(%)

Comple-
ment 
deficiencies 
(%)

Other
immuno-
deficien-
ciesb (%) Reference

22 Chile 2007 279 14.7 43.0 6.8 1.8 33.7 [125]
23 Portugal 2000 208 6.3 76.9 3.8 6.7 6.3 [1]
24 Costa Rica 2007 193 17.6 24.9 4.2 0.5 52.8 [125]
25 Russia 2000 161 29.8 59.6 6.2 0.0 4.4 30
26 Colombia 2007 145 19.3 46.2 8.3 2.8 23.4 [125]
27 Republic 

Ireland
2005 115 9.6 46.1 9.6 27.8 6.9 [2]

28 Uruguay 2007 95 9.1 40.9 4.5 9.1 36.4 [125]
29 Hungary 2000 90 0.0 22.2 14.5 63.3 0.0 [1]
30 Kuwait 2007 76 21.1 30.3 7.9 3.9 36.8 [8]
31 Austria 2000 71 26.8 67.6 2.8 1.4 1.4 [1]
32 Belgium 2000 64 10.9 64.1 17.2 4.7 3.1 [1]
33 Panama 2007 59 15.3 55.9 8.5 3.4 16.9 [125]
34 Finland 2000 48 8.3 71.1 10.4 4.2 0.0 [1]
35 Singapore 2003 39 10.3 41.0 15.4 33.3 0.0 [129]
36 Paraguay 2007 39 7.7 38.5 33.3 0.0 20.5 [125]
37 Taiwan 2005 37 13.5 45.9 24.4 16.2 0.0 [123]
38 Honduras 2007 37 10.8 32.5 10.8 0.0 45.9 [125]
39 Croatia 2000 30 6.7 63.3 0.0 30.0 0.0 [1]
40 Denmark 2000 29 37.9 31.0 13.8 6.9 10.2 [1]
41 Turkey 2000 25 24.0 40.0 4.0 24.0 8.0 [1]
42 Venezuela 2007 22 9.5 53.2 8.6 2.8 25.9 [125]
43 Peru 2007 17 11.8 17.6 5.9 11.8 52.9 [125]

44 Iceland 2000 15 6.7 80.0 6.7 0.0 6.6 [1]
JMF Jeff rey Modell Foundation Diagnostic and Referral Centers, ESID European Society for Immunodefi ciencies, LAGID 
Latin American Group for Primary Immunodefi ciency Diseases
aTh ere may be some overlapping between registries; i.e. JMF Referral Centers, ESID, LAGID and other databases
bAlthough some registries use diff erent classifi cation, in this table we consider the term of other immunodefi ciencies for 
genetic disorders of immune regulation, defects in innate immunity, autoinfl ammatory disorders, and other well-defi ned 
immunodefi ciencies
cUpdated based on global survey results for 2007 by 116 JMF diagnostic/referral centers
dUpdated based on ESID report by 49 documenting centers

Table 1.9 (continued)

immunity: receptors and signaling components), Table 
1.6 (autoinflammatory disorders), Table 1.7 (comple-
ment deficiencies), and Table 1.8 (other well-defined 
immunodeficiencies not conveniently placed into any 
of the other categories). Note that different authors 
may use different classification systems [24], and that 
the WHO/IUIS classification itself undergoes periodic 
revisions wherein individual disease entities may be 
completely reassigned even to previously well-estab-

lished distinct “categories” [77, 151, 152]. In addition 
to the well-recognized primary immunodeficiency 
diseases, the WHO/IUIS classification also includes 
genetic disorders of immune regulation (Table 1.4), 
and “autoinflammatory” disorders (Table 1.6).

The usefulness of any classification scheme depends 
mainly on the ultimate purpose for which it is devel-
oped [22]. The WHO/IUIS system is well suited as a 
framework for organizing a knowledge base on the 



    Chapter 1 An Introduction to Primary Immunodeficiency Diseases 11

Other well-defined
immunodeficiencies

18.3%
Complement deficiencies

2.5%

Autoinflammatory disorders
0.4%

Defects in innate immunity:
receptors and signaling

components
0.4%

Genetic disorders of immune
regulation

2.7%

Predominantly antibody
deficiencies

56.1%

Phagocytes defects
11.2%

Combined T and B cell
immunodeficiencies

8.4%

Fig. 1.1 Relative frequencies 
of primary immunodeficiency 
diseases; extracted from data of 
four major registries of ESID, 
LAGID, Australia and New 
Zealand, and Iran

general clinical and immunologic features of disease 
entities arising “primarily” from dysfunction of the 
immune system. This classification may be cumber-
some in other contexts, for example, developing a 
differential diagnosis based on particular clinical or 
immunologic features. Other systems have been 
proposed or formulated with these kinds of considera-
tions in mind [33].

1.2.2
Genetic Defects

More than a hundred distinct genes have been associ-
ated with clinical immunodeficiency (Tables 1.1–1.8). 
This number is even larger when one takes into consid-
eration the many genetically-determined syndromes 
in which some fraction of individuals have been found 
to have a degree of immune compromise or infection 
susceptibility (see Chap. 10 for more details). As can 
be readily seen (and not surprisingly) by surveying the 
genes listed in Tables 1.1–1.8, immunodeficiency may 
arise from disruption of a wide range of biochemical 
functions, including transcription factors, cytokines 
and their receptors, cell surface and cytoplasmic sig-
naling mediators, cell cycle regulators, DNA modifying 
enzymes, intracellular chaperones and transport pro-
teins, and a variety of other specialized enzymatic func-
tions. One may broadly generalize that perhaps more 
than half of these molecular species are active principally 

or predominantly in blood cells, lymphocytes and leu-
kocytes in particular, although that relative restriction 
clearly does not apply in many instances.

Clearly, having a molecular genetic focus adds 
precision to a diagnosis, although there are impor-
tant practical caveats to the use of such information, 
some of which will be introduced here. In addition, at 
least half of the patients with recurrent infections, or 
“ clinical immunodeficiency”, have syndromes whose 
molecular genetic basis is unknown.

The ability to assign genes and molecular functions 
to an observable characteristic leads to the concept of 
genotype–phenotype correlation. Common examples 
include the genetic basis of traits such as eye color or 
ABO blood group. This also applies in a general way 
to disease associations, for example, mutations of 
BTK lead to XLA (see Sect. 3.2 for more details) while 
mutations of WAS lead to WAS (see Sect. 9.4 for more 
details). However, the concept may also be applied in a 
more detailed way. Within a group of individuals hav-
ing any specific immunodeficiency diagnosis, one may 
distinguish a spectrum of clinical phenotypes. This 
may relate to the degree of frequency or severity of infec-
tions (“severity” of the immunodeficiency), or to the 
expression of other associated features of the  disease 
such as autoimmunity or malignancy. Thus, one may 
ask: does the identification of a particular genetic 
change affecting even submolecular functions (ligand 
binding, association with signaling intermediates or 
chaperones, enzymatic activity, cellular transport, etc.) 
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permit one to predict the severity of the immunodefi-
ciency, the occurrence of autoimmunity or malignancy, 
etc? In some cases, “yes”, although there are many 
important exceptions making generalization difficult. 
In some instances, identical mutations may lead to a 
severe phenotype in one individual, and may be mild, 
or may not even be expressed at all, in another. For 
example, some entirely well people have been found 
incidentally to have mutations of BTK, while siblings 
carrying the same mutation have classic clinical XLA 
[32, 117] (see Sect. 3.2 for more details). Does an indi-
vidual who is completely well and who has a “deleteri-
ous” mutation of BTK have XLA? The answer is not a 
simple one, because we do not know if it is possible for 
any such individual to be “completely healthy” with a 
“normal” lifespan.

It is axiomatic that many (all?) gene products, as 
well as the environment, interact to determine pheno-
type. Thus, the clinical and immunologic heterogeneity 
that we observe with identical genotypes is due to the 
influence of these interactions. Given the possibility of 
molecular diagnosis, and the heterogeneity of expres-
sion of genotypes, then all syndromes defined solely 
by clinical and immunologic criteria should be consid-
ered diagnoses of exclusion [24]. CVID (see Sect. 3.3 
for more details) is a useful illustration of this point. 
CVID is defined primarily by recurrent infections 
with hypogammaglobulinemia and impaired antibody 
response to natural and/or intentional immune chal-
lenge [49]. Several genetic lesions have been identified 
in individuals “diagnosed” with CVID, including BTK
[110], SH2D1A (mutated in X-linked lymphoprolifera-
tive syndrome: XLP) [146], ICOS (inducible T cell cos-
timulator) [85], CD19 [206], and possibly TNFRSF13B
(TACI) [35]. The particular natural history associated 
with each of these mutations is distinct, so it is most 
beneficial for patients to know their molecular diag-
nosis whenever possible. This also creates opportuni-
ties for more informed genetic counseling. Note that 
the principal presenting phenotype associated with 
XLP (see Sect. 5.4 for more details) is fulminant infec-
tious mononucleosis. This is a good example of how 
an environmental factor (Epstein-Barr virus infection) 
may interact with a gene defect (SH2D1A) to affect the 
clinical presentation.

Some individuals expressing mild or variant forms 
of immunodeficiency have a reversion of a deleterious 
mutation. These patients are mosaics, they have abnor-
mal mutant cells and another population of cells with 
normal or near-normal function that have arisen from a 
precursor that has repaired the defect, either from a sec-
ond “corrective” mutation, or possibly gene conversion. 

This has been found in rare cases of adenosine deaminase 
deficiency [102], X-linked SCID [190], WAS [13], and 
leukocyte adhesion deficiency (LAD) type I [204].

Some X-linked immunodeficiencies occasion-
ally appear to defy the rules of genetics by affecting 
females. This apparent aberrant X-linked dominant 
expression may arise through extreme non-random 
X chromosome inactivation. In most females, roughly 
half of all somatic cells will inactivate one X chromo-
some, and half inactivate the other. In some individu-
als, 95–100% of cells will all have inactivated the same 
X chromosome. If the remaining active X carries a 
mutation causing immunodeficiency, that disease will 
manifest. This occurrence has been observed with 
CGD [9], WAS [11, 132], XLA [201], and X-linked Ig 
class switch recombination (CSR) deficiency [52].

1.2.3
Pathophysiology

The infection susceptibility and other clinical features 
of a given immunodeficiency arise from the absence or 
altered function of one or more gene products. All of the
details of these aspects of each disorder depend on the 
biochemical roles of these gene products and the cells 
or tissues in which they are expressed. As discussed 
above, the products of interacting genes and their poly-
morphisms and environmental factors also play a role. 
For most immunodeficiencies, we still have very much 
to learn regarding all the biochemical, cellular, organic, 
and systemic consequences of a particular defect. The 
majority of the genetically defined immunodeficien-
cies will be discussed in the remainder of this book. 
Here, we give a few examples of an interesting phe-
nomenon in immunodeficiency: syndromes having 
identical or very similar clinical and immunologic phe-
notypes may arise from disrupted function of molecu-
lar entities that interact with one another to subserve a 
single biochemical function or pathway.

XLA was one of the first immunodeficiencies to 
be defined at the molecular level [42]. The BTK tyro-
sine kinase is critical for transducing a signal from 
the B cell surface immunoglobulin receptor (Fig. 1.2). 
In the pre B cell, this receptor consists of an immu-
noglobulin µ heavy chain, the heterodimeric surro-
gate light chain containing lambda 5 (λ5) and VpreB, 
and the signal transducers Ig alpha (Igα), and Ig beta 
(Igβ). Within the cytoplasm, BTK interacts with other 
kinases, and with so-called scaffold or adaptor pro-
teins that serve to juxtapose other signaling interme-
diates, permitting activation to proceed downstream 
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Fig. 1.2 This is a highly simplified dia-
gram summarizing the relationships of 
several molecules whose absence is asso-
ciated with agammaglobulinemia. All of 
the defects indicated here in red affect 
signaling through the pre-B cell recep-
tor and block B cell development at the 
pre-B cell stage in the bone marrow. The 
pre-B cell receptor itself is made up of 
an IgM heavy chain, the surrogate light 
chain heterodimer of λ5 and VpreB, and 
the signal transducers Igα and Igβ, which 
bear the immunoreceptor tyrosine-based 
activation motifs (ITAMs). The ITAMs 
are phosphorylated by Lyn, a Src family 
tyrosine kinase, while Syk is the proto-
type of the tyrosine kinase family that 
bears the same name. Btk is a member 
of the Tec family of tyrosine kinases. B 
cell linker protein (BLNK) is a scaffold or 
adaptor protein, while Vav is a guanine 
nucleotide exchange factor for down-
stream GTPases. PLCg 2 phospholipase C 
γ2, PKC protein kinase C

along the molecular pathway. One of these is B cell 
linker protein (BLNK). To date, 4 of these 6 interact-
ing molecules have been associated with autosomal 
forms of agammaglobulinemia that are indistin-
guishable from XLA in their clinical and laboratory 
characteristics; these are IgM heavy chain, λ5, Igα,
and BTK [42] (see Sect. 3.2 for more details).

X-linked SCID is the result of a defect in the cytokine 
receptor common gamma chain (γ

c
, Fig. 1.3) [72]. This 

molecule is a signal transducing component of the mul-
timeric receptors for 6 different cytokines: interleukins-
2, -4, -7, -9, -15, and -21. γ

c
 signals through the kinase 

JAK3. Mutation of the JAK3 gene results in a very simi-
lar form of SCID with autosomal recessive inheritance 
[167]. Mutations in the genes encoding the ligand bind-
ing chains of the receptors for IL-2 and IL-7 also lead to 
forms of SCID [79, 179]. Severe combined immunode-
ficiency is the subject of the Chap. 2.

Fig. 1.3 The cytokine receptor common γ chain (γ
c
) is a 

signal transducing component of the six cytokine receptors 
shown. In every case, its immediate downstream partner is 
the Jak3 tyrosine kinase. Absence of function of either of 
these molecules leads to severe combined immune deficiency 
(SCID) with similar phenotypes. Four of these receptors 

have only two components, a ligand-biding α chain and γ
c
.

Two (IL-2R and IL-15R) have an additional β chain. IL-2 is a 
critical autocrine mediator of T cell activation and prolifera-
tion and mutations of the IL-2R α chain lead to SCID. IL-7
is required for early T cell development, and mutations of 
IL-7R α have also been associated with SCID



14 Nima Rezaei et al.

Mutations in genes encoding distinct components 
of multimeric enzymes may also lead to similar disease 
phenotypes. CGD results from absent function of the 
phagocyte oxidase complex (Fig. 1.4) [217]. This com-
plex has five subunits of which the gp91phox subunit is 
encoded by a gene on the X chromosome. The other 
four subunits, are all encoded by autosomal genes. 
A mutation of gp91phox or of three of the other four 
subunits leads to CGD, although the phenotype of the 
X-linked form tends to be more severe. CGD and other 
phagocytes defects are the subjects of Chap. 4.

1.3
Clinical Manifestations

1.3.1
Infections

Recurrent infections, or infection with an oppor-
tunistic organism, are the most commonly recog-
nized associations with PID. Several groups have 
exploited this feature in an effort to develop criteria 
for an immunologic referral [50, 222, 224]. Most 
algorithms which have been designed to ascertain 

patients with PID revolve around a constellation of 
findings related to infections. These algorithms rep-
resent an important starting point for clinicians, but 
they have not yet been shown to have the sensitivity 
or specificity required for wide use. A typical algo-
rithm assigns scores according to hospitalizations 
for infection or some combination of infections and 
autoimmune disease. These can be fairly sensitive for 
patients with humoral immunodeficiencies because 
their most common presenting features are recurrent 
infections and autoimmunity. In a cohort of patients 
with repeated hospitalization for infection, approxi-
mately 30% were found to have PID, and the major-
ity of these had a defect in antibody production or 
function [50]. An algorithm was also developed for 
outpatient evaluations [224]. Scores were assigned 
to various infection categories and common autoim-
mune hematologic findings. Patients with PID had 
higher scores on average according to this schema 
than patients who did not appear to have an immun-
odeficiency; however, overlap was significant. Again, 
the majority of patients ascertained by this algorithm 
had defects in antibody production, although T cell 
defects and neutrophil defects were also seen.

Humoral immunodeficiencies are often said to be 
associated with recurrent respiratory tract infections 
and retrospective surveys of patients bear this out 
[43, 49, 62, 67, 218]. Nevertheless, there are no clear 
criteria for which patients should be evaluated for  
PID. Evaluation of all children with recurrent otitis 
media would not be practical or cost effective given 
the high frequency in the general population. Other 
types of infections may be more strongly associated 
with immunodeficiency. In a tertiary care referral 
center, chronic sinusitis patients were comprehen-
sively evaluated for an immunodeficiency. CVID 
was identified in 10% and IgA deficiency was identi-
fied in 7% [39]. Recurrent pneumonia also appears 
to have a positive predictive value in children [163]. 
In a large tertiary care referral center, nearly all 
patients with recurrent pneumonia were found to 
have some underlying abnormality to explain their 
infections. Immunodeficiency was identified in 10% 
of patients. Similarly, in adult patients with bron-
chiectasis, an immunodeficiency was identified in 
8% of patients [164]. Therefore, in some clinical 
settings, infections seem to be sufficiently associ-
ated with immunodeficiency such that screening 
tests may be warranted.

Recurrent abscesses also trigger concern regard-
ing an immunodeficiency [217]. Recurrent cutane-
ous abscesses have become increasingly frequent in 

Fig. 1.4 The phagocyte oxidase complex is an electron trans-
porter that is required for effective intracellular killing in the 
phagolysosomes of neutrophils and macrophages. This enzyme 
is comprised of five distinct subunits. Absence of four of these 
(shaded red) have been associated with chronic granuloma-
tous disease (CGD). The gp91phox (also called cytochrome b558 
β, gene CYBB) is encoded by a gene on the X-chromosome, 
the other subunits are encoded by autosomal genes (p22phox = 
cytochrome b558 α, gene CYBA; p47phox = neutrophil cytosolic 
factor 1, gene NCF1; p67phox = neutrophil cytosolic factor 2, 
gene NCF2). A neutrophil defect similar to CGD is also associ-
ated with mutations of the gene encoding the GTPase Rac2
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the general population [75, 106, 111]. These are often 
thought to be a hallmark of innate immune disorders 
such as Hyper IgE syndrome (HIES) and CGD [84, 
145, 147, 184]. There are few prospective data, but the 
prevalence of immunodeficiency in a population with 
recurrent cutaneous abscesses must be low. Cutaneous 
abscesses with unusual organisms or deep abscesses 
may represent infections with a greater association 
with immunodeficiencies.

To identify patients who would benefit from an 
immunological evaluation, it is also helpful to under-
stand the pattern of infections seen in normal children. 
Children in the toddler age range typically develop 
one upper respiratory tract infection per month [178]. 
The frequency tends to be higher in children in a day 
care setting, as is true for gastrointestinal infections 
[92, 93]. There have also been studies suggesting that 
socioeconomic factors can contribute to the pattern of 
recurrent respiratory tract infections [150, 188]. In one 
provocative study, one third of 8-month-old children 
examined as part of a nutrition study were found on 
examination to have otitis media [139]. The pattern of 
infection among adults is also changing. It is no longer 
abnormal for adults and children to develop recur-
rent staphylococcal infections [75, 106, 111]. Sinus 
infections are also common in the general population, 
although in populations with chronic or recurrent dis-
ease the frequency of immunodeficiency appears to be 
approximately 20% [39, 207]. These studies focused 
on the sickest patients at tertiary care centers and it 
seems likely that the frequency of immunodeficiency is 
lower in patients with recurrent sinusitis in the general 
population [47].

There are limited data prospectively evaluating 
specific infections as predictive of immunodeficiency. 
Table 1.10 describes specific infections which are 
characteristic of immunodeficiencies. Meningococcal 
infections have long been recognized as being associ-
ated with complement defects although rare cases of 
antibody disorders have also been described [121]. 
An excellent prospective study from the Netherlands 
included 189 patients with meningococcal meningitis 
[199]. The overall prevalence of complement deficien-
cies in this cohort was 18%. Complement deficiencies 
were more common in patients infected with unusual 
serogroups (X, Y, W135, or ungroupable strains) and 
less common in patients infected with serogroups A or 
C (45% vs 3%). The majority of complement defects 
were found to involve properdin or C8. These data 
are concordant with previous studies of complement 
deficiencies and meningococcal meningitis [64, 124], 
although other studies have suggested a much lower 

risk of complement deficiency in unselected patients 
with meningococcal meningitis [103].

Another common bacterial infection, Streptococcus 
pneumoniae, is infrequently a predictor of immuno-
deficiency in general. Pneumococcal vaccine failure 
and infection with a vaccine-preventable strain might 
suggest a defect in humoral immunity. After the initial 
reports of IRAK4 deficiency associated with invasive 
Streptococcus pneumoniae infections [169], a survey 
of patients revealed that this was not frequently asso-
ciated with IRAK4 deficiency [101]. All patients with 
IRAK4 deficiency had recurrent pyogenic infections 
at a young age and blunted inflammatory responses 
were common [208]. Thus, invasive streptococcal 
infections alone are not strongly predictive of IRAK4 
deficiency, although in combination with either 
blunted inflammatory responses or additional inva-
sive pyogenic infections, the disorder should be con-
sidered [120].

There are important negative data as well. Invasive 
group A streptococcal infections were not associated 
with any cases of immunodeficiency during an out-
break in Sweden [104]. Bacterial meningitis in general 
was not predictive of complement deficiency [65]. 
Finally, a single episode of pneumonia was not found 
to be associated with immunodeficiency [40, 87].

1.3.2
Autoimmunity

Autoimmunity is surprisingly common in patients 
with PID (Table 1.11). Autoimmune cytopenias are 
common in both patients with IgA deficiency as well 
as patients with CVID [48]. ITP precedes the diagnosis 
of CVID in approximately 10% of the adult patients 
[210]. Arthritis is also common in patients with IgA 
deficiency and CVID [49, 118, 128]. Autoimmune gas-
trointestinal disorders such as inflammatory bowel 
disease are also seen in these two patients with CVID. 
Autoimmunity is much less common in XLA suggest-
ing it is not the defect in host defense that predisposes 
to autoimmunity but rather the dysregulated responses 
[218]. Consistent with this is the finding that X-linked 
Ig CSR deficiency is associated with arthritis in approx-
imately 10% of the patients, sclerosing cholangitis in 
10–20% of patients and autoimmune cytopenias less 
frequently [126, 219]. The autosomal recessive form 
due to defects in activation-induced cytidine deaminase 
(AID) is more strongly associated with autoimmunity 
and nearly a third of patients have overt autoimmune 
disease [173] (see Chap. 3 for more details).



Infection Associated immunodeficiencies Notes References

Bacteria
Burkholderia 
cepacia

Chronic granulomatous disease 
(CGD)

Second most frequent cause of death in 
CGD. Other Burkholderia sp seen

[217]

Mycoplasma/
Ureaplasma

Antibody deficiencies Often found as osteomyelitis or arthritis [189, 218]

Neisseria 
meningitidis

Deficiencies of alternative or terminal 
complement pathways components

Found more frequently in patients with 
unusual serotypes or recurrent disease

[69, 70]

Nocardia sp Chronic granulomatous disease [58]
Pseudomonas 
aeruginosa

Neutropenia [87]

Salmonella sp Chronic granulomatous disease Usually invasive infections with 
Salmonella sp of low pathogenicity

[134, 217]

Macrophage activation disorders
Serratia marcesens Chronic granulomatous disease Excluding urinary tract infections [217]
Staphylococcus 
aureus (severe)

Chronic granulomatous disease 
Hyper IgE syndrome

Visceral infection more suggestive [84, 217]

Streptococcal 
sepsis

IRAK4 deficiency
NEMO deficiency

IRAK4 deficiency is associated with 
blunted manifestations of sepsis

[71, 120, 
169, 208]

MyD88 deficiency
Asplenia
Complement deficiencies
Antibody deficiencies

Atypical 
mycobacteria

Macrophage activation disorders 
Chronic granulomatous disease

Excluding isolated cervical adenopathy [71, 217]

Viruses
Cytomegalovirus 
(CMV)/Epstein-
Barr virus (EBV)

X-lined lymphoproliferative disease 
(XLP)

XLP and FHL are usually associated with 
hemophagocytosis.

[29, 107, 
205]

Familial hemophagocytic 
lymphohistiocytosis (FHL)
Serious T cell deficiencies

Herpes simplex 
virus (HSV)

UNC-93B and TLR3 deficiencies 
(STAT1, Caspase 8, and NEMO 
deficiencies)

Herpes encephalitis seen as isolated 
finding with UNC-93B and TLR3 deficien-
cies (STAT1, caspase 10, Wiskott-Aldrich 
syndrome and NEMO are also associated 
with herpes but these defects are usually 
associated with other infections)

[34, 61, 157, 
211, 226]

Influenza 
(severe)

TLR3 deficiency Found in one of three patients with 
influenza encephalitis

[99]

JC virus Ig CSR deficiencies Progressive multifocal leucoencephalopathy 
(PML)

[12, 91]

Hyper IgE syndrome
HHV8 Severe T cell deficiencies 

Wiskott–Aldrich syndrome
[3, 105, 
168]

Varicella Most significant T and NK cell 
deficiencies

Can be overwhelming or recurrent [127]

Papilloma virus Warts, hypogammaglobulinemia 
infections, myelokathexis syndrome

[56, 161, 
198]

Epidermodysplasia verruciformis

Severe infection 
with common 
respiratory viruses

Severe combined immunodeficiency 
Other serious T cell deficiencies

[30]

Table 1.10 Infections suggestive of specific immunodeficiencies

(continued)
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Infection Associated immunodeficiencies Notes References

Fungi
Aspergillus Chronic granulomatous disease [217]
Candida Chronic granulomatous disease [6, 57, 217]

Autoimmune polyendocrinopathy 
with candidiasis and ectodermal 
dystrophy

Histoplasmosis Macrophage activation deficiencies Disseminated, invasive [225]
Low pathogenicity 
fungi

Chronic granulomatous disease [217]

Parasite
Cryptosporidia Ig CSR deficiencies Ascending cholangitis [95]
Giardia Antibody deficiencies [97, 195]
Pneumocystis 
jiroveci

Severe T cell deficiencies
NEMO deficiency

[18, 55, 140]

Toxoplasmosis Severe T cell deficiencies 
Ig CSR deficiencies

[195, 196]

Table 1.10 (continued)

Table 1.11 Autoimmune disorders commonly associated with classical immunodeficiencies

Disorder Immunodeficiencies associated Notes

Idiopathic 
thrombocytopenic 
purpura

IgA deficiency
Common variable immunodeficiency
Chronic granulomatous disease
Di George syndrome
Wiskott–Aldrich syndrome

Autoimmune hemolytic 
anemia

IgA deficiency
Common variable immunodeficiency
Chronic granulomatous disease
Di-George Syndrome
MHC class II deficiency
Purine nucleoside phosphorylase deficiency
Wiskott–Aldrich syndrome
Complement deficiencies
Chronic granulomatous disease (CGD)
IgA deficiency

Early classical complement component 
deficiencies. Lupus in CGD is more likely 
to be discoid than systemic

Systemic lupus 
erythematosus

Juvenile arthritis IgA deficiency
Di-George Syndrome
Wiskott–Aldrich syndrome
X-linked agammaglobulinemia (XLA)
Ig CSR deficiencies

Arthritis in XLA is often infectious

Sclerosing 
cholangitis

Ig CSR deficiencies Often associated with cryptosporidium

Vasculitis Wiskott–Aldrich syndrome (WAS)
X-lined lymphoproliferative disease (XLP)

WAS is associated with Henoch Schonlein 
purpura. XLP is associated with an 
aggressive lymphoid vasculitis
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Neutrophil disorders in general have a low associa-
tion with autoimmune disorders, but CGD and carriers 
of the X-linked form of CGD have a markedly increased 
susceptibility to discoid lupus and systemic lupus 
erythematosus [217]. Leukocyte adhesion deficiency 
can be associated with colitis, but this is typically infec-
tious and not autoimmune (see Chap. 4 for more 
details). Similarly, macrophage activation disorders 
such as IFN-g receptor 1, IFN-g receptor 2, IL-12/IL-
23 receptor b1 chain, and IL-12p40 deficiencies, have 
a minimal association with autoimmunity. The excep-
tion is NEMO (NF-kappa-B essential modulator) defi-
ciency (X-linked anhidrotic ectodermal dysplasia with 
immunodeficiency) where inflammatory bowel disease 
is common [149, 158] (see Chap. 6 for more details).

Complement deficiencies were one of the earliest 
recognized associations of immunodeficiency and 
autoimmunity. These associations are unusually spe-
cific. Early classical component deficiencies are spe-
cifically associated with systemic lupus erythematosus 
(SLE) [5, 181]. The association ranges from nearly 
all of the C1q or C1r/s deficient patients to approxi-
mately 25% of C2 deficient patients [137, 209]. The 
reason for the specific association with SLE relates 
to the twin roles of complement in the clearance of 
apoptotic cells and in B cell tolerance.  Deficiencies 
of complement regulatory proteins are also associated 
with autoimmune disease and here too the asso-
ciation is extremely specific. Factor H, Factor I, and 
MCP (membrane cofactor protein) deficiencies are 
strongly associated with atypical hemolytic uremic 
syndrome [82]. The term atypical refers to hemolytic 
uremic syndrome without the typical diarrheal pro-
drome. It is extremely important to recognize patients 
with deficiencies of complement regulatory proteins 
as the untreated disease has a very high mortality 
rate. Additional defects in related regulatory compo-
nents have also been described recently. Interestingly, 
milder defects in factor H have been associated with 
macular degeneration in adults and the mechanism 
of disease in both macular degeneration and hemo-
lytic uremic syndrome relates to the role of Factor H 
in the protection of endothelial cells [90, 113] (see 
Chap. 8 for more details).

Other well-defined immunodeficiencies tend to 
have a strong association with  autoimmunity. WAS 
is associated with vasculitis, arthritis, autoimmune 
cytopenias and Henoch Schonlein purpura [44, 197]. 
Autoimmune disease confers a poor prognosis in 
these patients for unknown reasons [60]. Di George 
syndrome or Di George syndrome is also associated 
with autoimmune disease in approximately 10% of 

the patients [108]. Juvenile arthritis, autoimmune 
 cytopenias and autoimmune thyroid disease are the 
most common conditions associated with Di-George 
syndrome. Ataxia-telangiectasia is seldom associated 
with overt autoimmune disease but is frequently asso-
ciated with autoantibody production [154] (see Chap. 
9 for more details).

In the classic immunodeficiencies described above, 
the autoimmune disease can be a significant manage-
ment issue; however, it is infrequently the phenotype 
leading to diagnosis. There are a series of immunode-
ficiencies for which the autoimmune manifestations are 
typically the first and most significant finding (Table 
1.12). These disorders affect lymphocyte regulation. 
As T cells develop in the thymus, they undergo positive 
selection of T cells bearing self reactive T cell recep-
tors. They also undergo negative selection to remove 
strongly self-reactive T cells. Negative selection relies 
on the expression of self-antigens on thymic medullary 
epithelium. Regulation of certain organ-specific self-
antigens is regulated by the transcription factor AIRE 
[10]. Defects in this transcription factor lead to com-
promised negative selection and are associated with the 
syndrome, APECED (autoimmune polyendocrinopathy 
with candidiasis and ectodermal dystrophy). The classi-
cal presentation of patients includes invasive candidal 
infections in infancy and the accrual of autoimmune 
endocrine disorders with age [6]. Autoimmune adre-
nal dysfunction, autoimmune parathyroid dysfunction, 
and autoimmune thyroid dysfunction are common, 
and autoimmune hepatitis and autoimmune hemolytic 
anemia are also seen. Significant subsets of patients have 
only the autoimmune manifestations and the suscepti-
bility to candida is not apparent [166].

Another disorder in which the autoimmune mani-
festations dominate the clinical picture is called IPEX 
(immunodysregulation, polyendocrinopathy, enter-
opathy, X-linked) [19]. The most common clinical 
features are infantile onset enteropathy with villous 
atrophy, infantile onset diabetes mellitus, and eczema 
[19, 215]. The severe form is rapidly fatal in the absence 
of immunosuppressive therapy often due to sepsis 
with enteric organisms or dehydration. IPEX is due to 
another defect in a transcription factor, FoxP3. This 
transcription factor is required for classical thymic-
derived regulatory T cell development. These cells are 
critical for the prevention of autoimmune disease. 
When regulatory T cells fail to develop, inflammation 
develops unchecked at multiple sites. Enteropathy and 
diabetes are the most prominent clinical features, but 
autopsy results have demonstrated T cell infiltrates in 
many organs [96].
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Table 1.12 Immunodeficiencies where autoimmune manifestations predominateImmunodeficiency Common 

Immunodeficiency

Common autoimmune 

manifestations

Immunodeficiency characteristics 

and notes

Autoimmune lymphoporoliferative 
syndrome

Autoimmune hemolytic anemia
Idiopathic thrombocytopenic 
purpura
Autoimmune neutropenia
Glomerulonephritis
Primary biliary cirrhosis

Host defense is generally intact. Patients 
with caspase 8 deficiency have herpetic 
infections. Lifetime risk of lymphoma 
increased

Autoimmune polyendocrinopathy 
with candidiasis and ectodermal 
dystrophy

Hypoparathyroidism
Hypoadrenalism
Diabetes mellitus
Hypothyroidism
Ovarian failure
Vitiligo
Autoimmune hepatitis

Susceptibility to candida is not under-
stood. Other infections are not often seen. 
Autoimmune manifestations typically 
appear in the first decade of life and 
accumulate with age

Immunodysregulation, polyendocrin-
opathy, enteropathy, X- linked

Autoimmune enteropathy
Diabetes mellitus
Hemolytic anemia
Hypothyroidism
Eczema

Infections can be severe and reflect a 
compromised gut integrity. Hypogamma-
globulinemia has been seen

Another defect in lymphocyte regulation reflects dis-
ordered cell death rather than disordered development. 
ALPS (autoimmune lymphoproliferative syndrome) is 
due to a collection of molecular defects which all lead 
to compromised activation induced cell death [73, 74]. 
This pathway is critical for the downregulation of an 
ongoing immune response. T cells sensitized by IL-2 
from the activated T cells express Fas, a cell surface 
trimer which induces cell death or apoptosis. Defects 
in Fas, Fas ligand, NRAS or in downstream caspases 
all lead to lymphoproliferation with hepatosplenom-
egaly, adenopathy and autoimmune cytopenias. These 
patients also have a predisposition to lymphoma [171] 
(see Chap. 5 for more details).

1.3.3
Malignancies

Malignancies are thought to be increased in all popu-
lations of immunodeficient patients with significant 
T cell or NK cell compromise. There are few studies 
addressing this important complication. Certain pop-
ulations have a known association with malignancy 
such as ALPS, CVID, Ig CSR deficiencies, XLP, and all 
the syndromes associated with defective DNA repair 
[31, 95, 116, 171, 172, 212]. Malignancy is infrequently 
the presenting manifestation of the disorder, although 

it has been described as an isolated finding in certain 
kindreds with XLP. A family history of malignancy can 
also be a helpful finding in patients with suspected 
DNA repair defects such as A-T or Nijmegen break-
age syndrome, because heterozygous carriers may also 
have an increased risk of malignancy [202].

1.3.4
Other Manifestations

Primary immunodeficiency diseases are not often 
apparent by casual inspection. Certain patients may 
have dysmorphic features and in some cases there can 
be unique physical findings. Absent tonsils and ade-
noids are typically seen in patients with XLA or patients 
who have a T cell deficiency such that germinal centers 
cannot form, as the germinal centers constitute the 
mass of the secondary lymphoid structures [122]. 
Signs of infection may be seen in patients with chronic 
infections and atopy is increased in immunodeficient 
patients in general and signs of atopy may be seen on 
physical examination.

In addition to features directly associated with the 
immunodeficiency, there can be some unique physical 
features. Dysmorphic features are subtle in Di George 
syndrome “chromosome 22q11.2 deletion syndrome” 
but a conotruncal cardiac anomaly and/or hypocalcemia 
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in infancy are strongly suggestive features [81]. More 
substantial dysmorphic features are seen in chromosome 
18q- minus syndrome [41]. Microcephaly can be seen in 
Di George syndrome with some frequency and is also 
a feature of Nijmegen breakage syndrome, Cernunnos 
deficiency, DNA Ligase IV deficiency, Høyeraal-Hrei-
darsson syndrome and Seckel syndrome [27, 116, 223]. 
Other facial features which can be diagnostically helpful 
are conical teeth found in NEMO deficiency, coloboma 
seen in CHARGE syndrome (Coloboma, Heart defects, 
Atresia of the choanae, Retardation of growth and devel-
opment, Genital and urinary abnormalities, Ear abnor-
malities and/or hearing loss), the trapezoidal philtrum 
of Kabuki syndrome, and the coarse and asymmetrical 
facies of autosomal dominant HIES.

Skeletal manifestations are not uncommonly associ-
ated with PID. ADA deficiency is associated with met-
aphyseal dysplasia, and the scapular blunting can be 
helpful when seen on chest X-ray. Metaphyseal dyspla-
sia is also seen in Schwachman–Diamond syndrome. 
Cartilage hair hypoplasia is associated with short-
limbed dwarfism that is apparent from birth [135, 
136]. Spondyloepiphyseal dysplasia is seen in Schim-
ke’s immuno-osseous dysplasia and is also usually 
apparent from birth [51]. Bone fragility and delayed 
shedding of the primary teeth are seen in HIES [84].

Cutaneous phenotypes are seen with some immu-
nodeficiencies. Pigmentary dilution is seen in Chediak 
Higashi syndrome, Griscelli syndrome, and Herman-
sky–Pudlak syndrome. Absent hair is seen in the Nude 
form of SCID and bamboo hair is seen in Netherton 
syndrome. Papillon–Lefèvre syndrome is associated 
with early loss of teeth and palmoplantar hyperkera-
tosis. Dyskeratosis congenita is associated with tel-
angiectasias and hyperpigmentation of the skin which 
increases with age.

The diagnosis of PID often rests on the identifica-
tion of critical diagnostic laboratory features. Physical 
findings and historical features are often helpful in 
guiding the appropriate evaluation of the patient.

1.4
Diagnosis

1.4.1
Warning Signs and Symptoms

First and foremost, infections are the hallmark of 
immunodeficiency [192]. This should always be kept in 
mind. However, other symptoms may be more promi-

nent at first, and this can be misleading. Widely vary-
ing events, such as failure-to-thrive in children, weight 
loss in adults, intractable diarrhea, autoimmune mani-
festations, and granulomatous diseases (see Sect. 1.3 
for more details); all these and many more can point 
to immunodeficiency, but may not.

Young children suffer regularly from  infections [139], 
and even in older children and adults,  infections are not 
uncommon. It is of course impossible, and also unneces-
sary, to screen every patient with an infection for primary 
immunodeficiency. Only when the clinical presentation 
differs from the usually encountered pattern should the 
physician be alerted to possible immunodeficiency. This 
is the case when infections recur more frequently than 
expected, especially when these infections are bacterial 
in origin. Physicians should also be alerted by infections 
that present atypically, infections that are unusually 
severe or chronic, infections that are caused by an unex-
pected or opportunistic pathogen, or infections that fail 
regular treatment [192]. However, when infections recur 
at the same anatomical site, an anatomical defect may be 
the underlying problem, and this should be investigated 
first. Periodic fever syndromes can be another pitfall: 
it can be difficult to distinguish the recurrent episodes 
of fever from recurrent infections. A thorough investi-
gation for the causative organism – which in the case 
of periodic fever will not be found – can help to make 
the distinction [130]. This will also help in case a pri-
mary immunodeficiency is indeed present, because the 
underlying immunodeficiency generally determines 
which types of pathogen are found [192]. Opsonization 
with specific antibody and complement and subsequent 
elimination by phagocytosis is needed for clearance of 
extracellular encapsulated bacteria that cause sinopul-
monary infections. Thus, these infections will continue 
to recur in agammaglobulinemia, specific antibody 
deficiency, complement deficiency, neutropenia, and 
defects in granulocyte function. Local phagocytosis is 
important for clearance of fungi and bacteria on the 
skin and mucosal surfaces. If this is impaired, as in neu-
tropenia and defects in granulocyte function, pyogenic 
skin infections with potential systemic spread occur, as 
well as, e.g., candidiasis and pulmonary aspergillosis. 
Intracellular and slow-growing pathogens are elimi-
nated by activated T lymphocytes in interaction with 
macrophages. Viruses, parasites, mycobacteria, and 
opportunistic bacteria may therefore cause problems 
in case of T cell deficiency, SCID, or impaired interac-
tion between T lymphocytes and macrophages (see also 
Table 1.10). Time is also a distinguishing factor when 
assessing the possibility of an immunodeficiency. In the 
first months of life, maternal immunoglobulin will mask 
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antibody deficiency in a child, but not a deficiency of T 
lymphocytes. So a child with SCID will mostly start to 
have problems related to the T lymphocyte deficiency. A 
child with agammaglobulinemia generally starts to have 
recurrent infections in the second part of the first year 
of life, when maternal antibodies are waning. But if the 
immunodeficiency develops later in life, as in CVID, the 
infections will also start later.

Besides infections, there are many other signs and 
symptoms that can point to immunodeficiency. They 
may be a complication of the repeated infections, or 
be entirely unrelated to them. Unusual complications 
of vaccination, unexplained bronchiectasis, absence of 
immunological tissues, difficult-to-treat obstructive 
lung disease, abnormal hair, delayed shedding of the 
umbilical cord or the primary teeth, eczema, and many 
more, may be symptoms of immunodeficiency.

It is of paramount importance to thoroughly 
explore the family history. A good family history may 
reveal consanguinity in the parents, unexplained early 
infant deaths in the family, or familial occurrence of 
similar symptoms. This is important for the prompt 
recognition of genetic disorders. Several affected sib-
lings in the same family point to autosomal recessive 
inheritance, whereas transmission from parent to child 
fits autosomal dominant inheritance. Male patients 
with a disease that is transmitted along the female line, 
on the other hand, is suggestive for an X-linked reces-
sive disorder. However, many mutations may be new 
and the family history is not necessarily positive, even 
if a genetic defect is present.

All in all, it is not an easy task to efficiently identify 
PID within the large pool of potential cases. Especially 
for non-immunologists, it works best to rely on pat-
tern recognition of clinical presentations of patients. 
The better the knowledge about what is normal, the 
easier it becomes to identify abnormal patterns. Then, 
by focusing on the characteristic clinical presentations 
of PID, the attending physician can be guided to the 
right laboratory tests.

1.4.2
Diagnostic Approach

Primary immunodeficiency diseases generally present 
with one of eight characteristic clinical presentations 
(Table 1.13) [53]. So, once such a clinical presentation is 
encountered, primary immunodeficiency is a possibility 
that should be explored further. This does not neces-
sarily mean immunological tests have to be performed. 
In patients with recurrent ear, nose, throat (ENT) and 

airway infections, other non-immunological problems 
like bronchial hyperreactivity, allergy and asthma occur 
much more frequently and should be investigated first. 
On the other hand, only a few children with failure to 
thrive will have PID, but delay in diagnosis and treat-
ment will greatly impair their survival, and immuno-
logical tests have to be performed at an early stage. In 
general, severe defects should be ruled out (or identi-
fied) promptly with widely available screening tests, 
whereas less severe forms of PID can safely be identified 
later. The advice of an immunologist can be very useful 
during this diagnostic process.

It is not necessary to fully understand the underly-
ing immunological mechanisms to be able to use the 
different clinical presentations for reliable early sus-
picion of potential PID. Practice parameters can be 
used to link the clinical presentation to the right set of 
laboratory tests. The European Society for Immunode-
ficiencies (ESID) has published a multistage diagnostic 
protocol that was especially designed for use by non-
immunologists [53]. The American Academy, Ameri-
can College and Joint Council of Allergy, Asthma and 
Immunology practice parameter for the diagnosis and 
management of primary immunodeficiency offers 
diagnostic guidelines for immunologists with exten-
sive decision trees [22]. A simplified version can be 
found in Table 1.14. From the eight characteristic clini-
cal presentations of immunodeficiency in column 1 of 
this table, the user is guided through the first essen-
tial steps in the diagnostic work-up in column 2 with 
the aid of screening tests that ensure identification 
of severe defects in an early phase in column 3. If a 
diagnosis of severe immunodeficiency is made, further 
identification of the defect is illustrated in columns 4 
and 5. If no diagnosis is found in the first screening 
and problems persist, columns 4 and 5 enable further 

Table 1.13 The eight characteristic clinical presentations of 

PID [53]

1 Recurrent ENT (ear, nose, throat) and airway infections
2 Failure to thrive from early infancy
3 Recurrent pyogenic infections
4 Unusual infections or unusually severe course of 

infections
5 Recurrent infections with the same type of pathogen
6 Autoimmune or chronic inflammatory disease and/

or lymphoproliferation
7 Characteristic combinations of clinical features in 

eponymous syndromes

8 Angioedema
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elaborate tests to characterize milder defects. Not all 
tests in column 5 need necessarily be done. If in doubt, 
consult an immunologist!

Recurrent ENT (ear, nose, throat) and airway infec-
tions. Recurrent ENT and airway infections are normal 
in young children, especially in case of passive smoking 
and day care attendance. Only when their frequency is 
out of the ordinary, or if the child is unable to lead a 
life like its peers, is it necessary to look for an under-
lying cause. Older children and adults can suffer from 
the occasional ENT or airway infection, but in them, 
recurrent infections should be considered abnormal. 
Non-immunological underlying causes such as mucosal 
swelling caused by allergy and/or bronchial hyperreac-
tivity or anatomical obstruction caused by adenoidal 
hypertrophy in a young child are frequent. Sometimes 
gastroesophageal reflux or iron deficiency play a role in 
children. Infrequently, a more severe problem like bron-
chopulmonary dysplasia, cystic fibrosis, a foreign body, 
a congenital anomaly, ciliary dyskinesia or α1-antitrypsin 
deficiency is present. These generally present in child-
hood. Only seldom will a PID-like antibody deficiency, 
complement deficiency, neutropenia or phagocyte func-
tion deficiency be present. IgA deficiency, IgG subclass 
deficiency, and specific antibody deficiency are the most 
frequently encountered PID, but their clinical relevance 
is often unclear. In young children, this may be tem-
porary, but in older children and adults this is seldom 
the case. They may even be a sign of developing CVID, 
resulting in profound hypogammaglobulinemia in the 
following years. So, if problems persist, it is essential to 
repeat the immunological investigations.

Failure to thrive from early infancy. Failure to thrive, 
often combined with intractable diarrhea, can have 
many causes. One of them is SCID, which nowadays can 
have a good prognosis if hematopoietic stem cell trans-
plantation is performed in time. Therefore, prompt 
investigation of T lymphocyte number and function are 
of paramount importance in children presenting with 
failure to thrive. The lymphopenia can most typically be 
detected in a routine leukocyte differential count.

Recurrent pyogenic infections. Superficial pyogenic 
infections can be expected on damaged skin, as in 
eczema or burns, and are not related to immunodefi-
ciency. Deep-seated pyogenic infections, especially in 
combination with granulomatous inflammation and 
poor wound healing, point to phagocytes defects. This 
is mostly due to neutropenia, which is often iatrogenic 
(chemotherapy and other drugs). Sometimes a true 
phagocyte function defect such as CGD is present.

Unusual infections or unusually severe course of infec-
tions. Unusual infections or an unusually severe course of 

an infection should always trigger the physician to con-
sider possible immunodeficiency. However, an uncom-
mon presentation of a common disease is much more 
frequent than an uncommon disease like PID. In spite of 
that, screening investigations should be done, because 
early recognition of immunodeficiency prevents seque-
lae and thereby improves the patient’s prognosis.

Recurrent infections with the same type of pathogen.
Without an anatomical defect, increased exposure, 
or inadequate treatment, recurrent infections with 
the same type of pathogen can be caused by immu-
nodeficiency, even if the patient is otherwise healthy. 
Generally, only one specific pathway is then affected, 
but the resulting infection can be life threatening. 
Recently, several defects have been described, and more 
can be expected [33].

Autoimmune or chronic inflammatory disease and/or 
lymphoproliferation. Generally, autoimmunity, chronic 
inflammation, and lymphoproliferation are not associated 
with an immunodeficiency. This is possible, however, 
especially but not exclusively if recurrent infections 
occur. CVID, complement deficiency, and T lymphocyte 
deficiency can be complicated by these phenomena. In 
certain diseases, autoimmunity (APECED, IPEX) or lym-
phoproliferation (XLP) are core symptoms. Therefore, 
immunodeficiency should be kept in mind in atypical 
cases.

Characteristic combinations of clinical features in 
eponymous syndromes. Many eponymous syndromes are 
associated with immunodeficiency [142, 143]. These can 
be of varying severity. Mostly, the immunodeficiency is 
not the presenting symptom in these patients.

Angioedema. Classical hereditary angioedema 
occurs after a trigger-like stress or an infection acti-
vates the complement system in people who lack the 
C1 inhibitor. It is often not recognized, especially if the 
swelling occurs in an internal organ, leading to unnec-
essary treatment (e.g., exploratory laparotomy). The 
differential diagnosis includes allergy, malignancy, and 
autoimmunity.

1.4.3
Laboratory Tests

Laboratory tests that are useful for the identification of 
PID are listed in Table 1.14. With a limited set of tests 
that is available in most hospitals, a first screen for PID 
can be reliably performed (column 3 of Table 1.14). 
 Neutropenia and lymphopenia can be easily identified 
by a blood count and differential. Serum levels of IgG, 
IgA, and IgM can show a hypogammaglobulinemia, 
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and CH
50

 and AP(AH)
50

 can identify most comple-
ment defects. T lymphocytes with CD4+ helper and 
CD8+ cytotoxic subsets, B lymphocytes and natural 
killer (NK) cells can be determined by flow cytometry. 
Absolute counts and age-related reference values are 
needed for accurate interpretation of the results; rela-
tive counts can lead to misinterpretations [54]. This is 
sufficient for identification of most patients with SCID, 
agammaglobulinemia, neutropenia and complement 
deficiencies. Serology is usually sufficient to identify 
an HIV infection, but in young children with possi-
ble perinatal exposure, or in those suspected to have 
a deficiency of humoral immunity, viral load should 
be determined because antibodies can be maternal in 
origin, or may not be present.

More elaborate tests (column 5 of Table 1.14) can be 
performed in immunological laboratories; their results 
are generally more difficult to interpret. IgG subclass defi-
ciencies as well as mannan-binding lectin (MBL) defi-
ciency are found more often in patients with recurrent 
infections, but can be asymptomatic. Specific antibody 
responses to protein (tetanus) or polysaccharide (pneu-
mococci) antigens can be diminished or absent despite 
normal immunoglobulin serum levels. This can be found 
in isolation, or be part of a more severe defect such as 
common variable immunodeficiency. Lymphocyte pro-
liferation tests can be performed with mitogens that 
stimulate lymphocytes non-specifically, or with stimu-
lators that selectively activate calcium entry into the cell 
(for example), or antigens that must be recognized by 
the T cell receptor. Advanced immunophenotyping can 
help to elucidate which parts of the immune system 
are disturbed. Random migration, chemotaxis, adher-
ence, phagocytosis, and intracellular microbial killing by 
phagocytes can be measured in specialised laboratories 
by conventional methods or flow cytometry. Superoxide 
generation can be measured by the nitroblue tetrazolium 
(NBT) dye reduction test, a chemiluminescence assay, or 
by dihydrorhodamine (DHR) oxidation.

1.5
Management

1.5.1
General Considerations

Since primary immunodeficiency diseases repre-
sent a vast array of defects that differentially impair 
host defenses, there would ideally be an equally vast 
number of therapeutic options to specifically address 

each of the deficiencies in these individual conditions. 
Unfortunately this is not the case, and there are a lim-
ited, but expanding, number of therapeutic modali-
ties and management strategies available to patients. 
In some instances, the available treatments are quite 
appropriate for closing the gap in host defense cre-
ated by a given PID, while in others the treatments 
fall unacceptably short, and patients suffer excessive 
morbidities and even premature death. There is high 
quality scientific evidence supporting some of the spe-
cific therapeutic interventions applied to particular 
PID. However, in many, the evidence is extrapolated 
from other PID-specific data, data from other medical 
conditions affecting immunologic function, or even 
consensus among experts caring for patients with PID. 
Here, general concepts in therapy for PID are intro-
duced so that many of the disease-specific details pro-
vided elsewhere throughout this volume can be placed 
within a broader context.

Primary immunodeficiency disease results in an 
ineffective balance between the patient and environ-
ment. Thus, interventions to bias this balance toward 
host defense and away from pathogen success should 
be considered a general goal. In some instances of PID, 
specific holes in host defense can be filled through 
therapeutic intervention, while in others treatments 
are more directed at globally reducing susceptibility 
to infection. It can be critical to the well-being of the 
patient to strike this balance perfectly, while maintain-
ing the general health of the patient and their family. 
As the variety of treatments and management options 
available to patients affected by the different diagnoses 
is often specific to a particular diagnosis, this section is 
focused only upon more general concepts of the expert 
care of PID patients. Essential general issues in the care 
of PID patients that can help create an effective structure 
to prevent and contend with disease morbidity include 
educating the patient about their diagnosis, insuring 
general health maintenance, and providing continuity 
in subspecialty care.

A definite priority for the clinical immunologist is 
to serve as teacher and educator for patients affected 
by these relatively rare diseases. If a patient is unable to 
comprehend the challenges they face from their envi-
ronment, it is unlikely that they will be able to success-
fully navigate them. In most cases, this involves some 
general introduction to the immune system, how it 
functions to facilitate host defense, the specific com-
ponent or components that are defective in the given 
patient’s disease, and what strategies are best to close 
the gap in immunity created by the deficiency. Often 
this information is overwhelming and needs to be reit-



26 Nima Rezaei et al.

erated and provided in multiple formats over time. 
In this regard, there are a number of resources avail-
able to the physician including a number from patient 
organizations such as the Jeffrey Modell Foundation 
(JMF), the International Patient Organization for Pri-
mary Immunodeficiencies (IPOPI) and the Immune 
Deficiency Foundation (IDF). In particular, the lat-
ter organization has a patient and family handbook 
covering both general and disease specific topics. It 
is available in print and as a free download from the 
IDF website (http://www.primaryimmune.org/pubs/
book_pats/book_pats.htm). Similarly, the virtual 
book Living with Primary Immunodeficiencies is avail-
able for free download from the IPOPI website (http://
www.ipopi.org/publications/living-with-pid/). Another 
source that can be useful for explaining the immune 
system and its defects to children affected by PID are 
a number of superb children’s-style books, such as 
the independently published Cell Wars [16], the Our
Immune System pamphlet available through the IDF 
website (http://www.primaryimmune.org/pubs/book_
immunesys/book_immunesys.htm) and the Play Your 
Best Defense picture book available from the JMF. Col-
laborating with the patient and their family to under-
stand the intricacies of the immunodeficiency can lead 
to an important and effective therapeutic alliance.

Another important part of managing PID patients 
is to insure adequate basic health maintenance. Gen-
eral guidelines for the health maintenance for children 
and adolescents as well as those for adults promoted by 
organizations such as the American Academy of Pediat-
rics, the American College of Physicians, and the Amer-
ican Academy of Family Physicians are an important 
baseline and should be respected. It is unfortunate that 
the highly complex PID patient can sometimes over-
whelm a primary care provider resulting in primary 
care being shifted to the subspecialist. There are many 
disadvantages to this paradigm. It can be very useful for 
the patient to have a strong primary care provider who 
is informed by the subspecialist regarding the intri-
cacies of the PID diagnosis. These providers are rou-
tinely considering age-specific guidelines for general 
health maintenance and likely have practices equipped 
to provide such care. Specific additions and modifica-
tions to such general guidelines, however, need to be 
introduced for the different PID diagnoses. Thus, an 
active dialogue between the subspecialist and the pri-
mary physician regarding these alterations as indicated 
for the patient’s diagnosis are invaluable. There are a 
number of resources available to a subspecialist to 
facilitate their effort in educating a primary care physi-
cian regarding the patient’s diagnosis and requirements 

for care. These include a number of excellent reviews 
by clinical immunologists in the generalist medical lit-
erature [14, 28, 45], as well as the educational materials 
of the IDF specifically tailored to generalist physicians 
(http://www.primaryimmune.org/pubs/book_phys/
book_phys.htm).

Finally, providing continuity in subspecialist care is 
a critical part of the comprehensive care and presumed 
well-being of a PID patient. Despite this seemingly 
obvious conclusion, there are few data demonstrat-
ing the effectiveness of regular subspecialist care, or 
demonstrating an effective frequency of patient visits. 
Guidelines have been created [22] and in many cases are 
disease-specific. Ideally, the subspecialist will actively 
contribute to the health maintenance of the patient 
and help guide the patient, family, generalist and other 
health care providers along a course that will be  mindful 
of the pitfalls inherent to a given PID. Extensive famili-
arity with the most recent disease-specific literature will 
enable the subspecialist to recommend and provide the 
most current and effective therapies for the patient. 
Although it is difficult to define exactly how often a 
PID patient should be evaluated by a subspecialist, it is 
important for the subspecialist to be considered more 
than a diagnostician and to participate in the formation 
and execution of ongoing care plans for PID patients.

1.5.2
Vaccination

Vaccines are an essential part of health maintenance for 
the general population and are required by law in many 
countries. In general, widespread vaccination programs 
only stand to benefit patients with PID. These programs 
reduce the burden of and exposure to diseases that 
present significant risks to PID patients suffering from 
ineffective defenses against them. A notable exception 
is certain live viral vaccinations that have the potential 
to infect PID patients during a period of viral shedding 
in the otherwise healthy vaccinee. One for which spe-
cific guidance exists and has gained increasing public-
ity in recent years is small pox (Variola) vaccination. 
Here according to the Centers for Disease Control and 
Prevention (CDC), the household contacts of immu-
nodeficient individuals are not to be vaccinated [213]. 
Furthermore, casual contacts of vaccinated individuals 
are not to include immunodeficient individuals until 
the vaccination lesion has fully scabbed.

In terms of the direct vaccination of PID patients, 
immunizations have the potential to be helpful or 
harmful depending upon the vaccine and specific 
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disease of the patient. In general, killed or subunit 
vaccines are safe for PID patients although they may 
be ineffective. Live vaccines can be useful, but must 
be carefully considered as they have the potential to 
cause disease in their own right in some PID patients. 
There are cases documented across the range of live 
vaccines [78, 100]. In this light, the advisory com-
mittee on Immunizations Practices (ACIP) of the US 
CDC (http://www.cdc.gov/vaccines/recs/acip/) has 
included a number of recommendations specific to 
patients with immunodeficiency. This broadly cov-
ers the avoidance of live viral vaccination for patients 
with significant immunodeficiency. More specifi-
cally, patients with T cell deficiency or combined 
PID should be considered at relative risk for vac-
cine complications, and the degree of immunodefi-
ciency needs be carefully evaluated prior to clearing a 
patient for immunization. There are a number of dis-
ease-specific recommendations that exist based upon 
scientific studies [15, 148, 165] and which should be 
considered in individual cases. It is also essential that 
the subspecialist communicates a very clear plan to 
the primary care provider so that an at-risk patient 
is not incidentally immunized in the routine proc-
ess of health maintenance. Important vaccines pre-
senting risk to PID patients that should be carefully 
considered include measles, mumps, rubella, varicella, 
rotavirus, poliovirus, BCG, intranasal influenza, yellow 
fever, and variola.

Although the use of live viral vaccines can poten-
tially be harmful, the use of non-live vaccines may 
have the potential to provide some prophylactic or 
even therapeutic efficacy. An important example is 
influenza. The injectable killed influenza vaccine may 
have limited effectiveness in PID patients, but may 
provide some important protection against this very 
common infection. This may be especially relevant 
as the antigenic drift and shift inherent to influenza 
means that neutralizing antibodies against the sea-
son’s influenza virus may be absent from the plasma 
pool used for antibody replacement therapy. For this 
reason, annual non-live influenza vaccination is a 
consideration for PID patients. One vaccine indica-
tion that is often overlooked is the use of pneumococ-
cal polysaccharide vaccine for PID patients who are 
not receiving immunoglobulin replacement therapy. 
In particular, the ACIP states, “Persons who have con-
ditions associated with decreased immunologic func-
tion that increase the risk for severe pneumococcal 
disease or its complications should be vaccinated”. 
Improving the range and quantity of anti-pneumo-
coccal polysaccharide antibodies may help reduce the 

incidence of pneumococcal infection in PID patients. 
Given that this is a significant morbidity in patients 
with even mild humoral immune defects, it is impor-
tant recommendation to consider. A listing of recom-
mended vaccines according to specific category of PID 
is available from the ACIP and is a reasonable starting 
point in considering this practice (http://www.cdc.
gov/vaccines/pubs/pinkbook/downloads/appendices/
A/immuno-table.pdf).

One final concern is vaccination for individuals 
who are on, or who have been on, immunoglobulin 
therapy. As a general rule, patients on immunoglob-
ulin replacement therapy do not need to receive 
immunizations. The live viral vaccines in particu-
lar, are actually neutralized by exogenous antibody. 
There may be utility however, to still providing non-
live influenza vaccination as discussed above. It is also 
important to consider when to reimmunize a patient 
after they have received immunoglobulin. Here, 
 specific recommendations vary according to coun-
try but include waiting as long as 11 months (in the 
US) before administering a live viral vaccine. A study 
of measles vaccine efficacy in patients treated with 
intravenous immunoglobulin (IVIG) for Kawasaki 
Disease is useful in that it demonstrated the return of 
protective responses in all patients by 9 months after 
treatment [144].

1.5.3
Antibiotics

Antibiotics are essential to the survival of most PID 
patients and have in many cases allowed patients to 
survive to the point of receiving a diagnosis. Appropri-
ately diagnosing infection in as timely a fashion as pos-
sible and then treating with appropriate antibiotics is 
fundamental. For this reason, it is critical that the sub-
specialist be familiar with the range of infectious sus-
ceptibilities inherent to a particular PID as well as the 
most appropriate diagnostic approaches to these infec-
tions. These individual topics are covered throughout 
this volume in detail.

In addition to antibiotics used for the specific 
therapy of clinically apparent infections, there is an 
important and frequently underappreciated role for 
prophylactic antibiotics in PID patients. In some PID, 
the use of antibiotics prophylactically is very clear and 
is based upon evidence derived from placebo-con-
trolled trials, such as in CGD [76, 138]. In other PID, 
however, the use of antibiotic prophylaxis is based 
only upon data extrapolated from other conditions 
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[216], anecdotal experience [59], and/or expert rec-
ommendations [22]. This said, a majority of subspe-
cialist immunologists use prophylaxis for at least some 
PID patients [156]. A majority also uses it for at least 
some PID patients as adjunct therapy to IVIG. Better 
high-quality data regarding the efficacy of prophylac-
tic antibiotics for PID is most certainly needed, but at 
present should be considered an option for patients 
who are experiencing frequent infection that requires 
repeated use of treatment-dose antibiotics. It should 
also be considered for patients who are at extreme risk 
for particular type of infections, or severe infections. 
An example would be Mycobacterium avium prophy-
laxis for patients with NEMO deficiency [160].

1.5.4
Immunoglobulin Replacement Therapy

Immunoglobulin (Ig) replacement therapy is a main-
stay for PID patients who do not have the ability to 
generate or maintain effective antibody responses. 
In this regard, it represents one of the truly immedi-
ate life-altering interventions that can be offered to 
appropriate patients with PID. In fact, when patients 
with antibody deficiencies are treated with Ig, their 
infection frequency can be reduced to that of baseline 
populations [186]. Specific details regarding the thera-
peutic use of Ig in PID will be provided in Chap. 11, 
but it is important to raise a few general considerations 
at this point.

It is important to use Ig replacement therapy for 
PID diagnoses that are characterized by an inability to 
produce antibody, produce specific antibody, or main-
tain specific antibody. These include XLA, Ig CSR defi-
ciencies, CVID, and specific antibody deficiency. There 
are other diagnoses, however, in which anecdotal expe-
rience supports the use of Ig therapy, but it is unclear 
if it represents the best evidenced-based practice. In 
some, this is due to the ambiguity of the diagnosis and 
in others, the limited experience in treating the diag-
nosis, or the efficacy of available alternative treatments. 
There are several guidelines available, which can help 
navigate the evidence underlying the different indica-
tions for Ig therapy [22, 131, 159, 191].

Once a decision has been made to provide Ig replace-
ment therapy, there are a number of options regard-
ing its administration that can affect clinical outcome. 
These options should be considered and decisions 
made in accordance with best evidence and patient 
characteristics. One is the route of therapy, which can 
be either intravenous (IVIG) or subcutaneous (SCIG). 

There are important considerations relative to each, 
but they should at least be considered therapeutically 
equivalent [20, 38]. Other important variables include 
the dose of Ig, frequency of Ig, residual trough level 
(especially in diagnoses characterized by hypogam-
maglobulinemia or agammaglobulinemia), and man-
agement of infusion-associated adverse events. Again, 
many of these variables will be discussed later, but they 
are also specifically considered according to evidence 
elsewhere [17, 159].

1.5.5
Transplantation

Some of the more severe PID that weaken host 
defense outside the B cell system cannot be effectively 
treated using only antibiotics and other relatively 
conservative measures. In these diseases, the patients 
affected by them are expected to die prematurely if 
only these therapeutic strategies are employed. For-
tunately hematopoietic stem cell (HSC) transplan-
tation (HSCT) has emerged over recent decades as 
a very viable and effective option for many of these 
patients [153]. A clear example is SCID, which is uni-
formly fatal without this intervention [30]. Other PID 
can also be treated with HSCT, some more success-
fully than others. These include Ig CSR deficiencies, 
NEMO deficiency, familial hemophagocytic lym-
phohistiocytosis (FHL), IPEX, WAS, CGD, and LAD, 
among others. The specifics, merits and outcomes of 
HSCT for these diseases are the subject of numerous 
reviews and primary articles and will also be covered 
elsewhere in this volume. It is important, however, to 
mention a few general considerations.

Unfortunately there is no PID in which HSCT is 
100% successful, and therefore the risk-benefit  relation 
for the particular patient must be carefully considered. 
In some situations, it is very clear that nearly any risk 
must be accepted to provide HSCT for the patient, 
such as for a classic SCID. In others, however, particu-
lar variables should be weighed before proceeding to 
transplant. These include suitability of a donor, health 
of the patient and, in some cases, support available 
to the patient. In terms of donor suitability, there are 
some diseases that appear to be much more effec-
tively treated through the use of an HLA-identical 
related donor. In others, there is more flexibility, and a 
matched unrelated donor or haploidentical donor can 
be quite effective. These decisions may impact the con-
ditioning regimen selected for the patient and there-
fore have the potential to affect the  transplantation 
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experience and long-term consequences. In some 
patients, cord blood-sourced HSCT can be highly 
effective [187], while in others bone marrow-sourced 
HSCT is preferred. There are important attributes of 
each of these options, including potentially different 
HSC/Kg dose, incidence of graft failure, incidence of 
graft versus host disease and time to engraftment, that 
need to be evaluated for each patient. Although the 
science of transplantation has advanced remarkably in 
recent years, HSCT does create a disease state in and of 
itself and the decision to transplant needs be evaluated 
very carefully. As a result, HSCT is best performed in 
centers with expertise and preferably in centers with 
expertise in PID and, better still, for the specific disease 
being treated.

1.5.6
Gene Therapy

Despite advances that have at times predominated the 
popular media, gene therapy for PID is still a field in 
its infancy [21]. Immunologic deficiencies are superb 
candidates for gene therapy because the HSC can be 
removed and manipulated in vitro and then carry the 
therapeutic gene through successive cell divisions and 
differentiation. Some of the PID are ideally suited as 
the deficiency of the causative gene results in a selec-
tive disadvantage of the affected immune cells. In other 
words, if the normal gene can be replaced, even into a 
subset of cells, they will have a superior proliferative 
or survival capacity and be able to fill the space in the 
immune system that was otherwise void or occupied 
by weaker disadvantaged cells. A clear example is lym-
phocytopenic SCID, in which lymphocytes fail to pro-
liferate. Here, provision of the normal gene into patient 
HSCs can provide them with the ability to proliferate 
and fill otherwise unoccupied space. This approach 
has been successful in patients with X-linked SCID 
due to IL2RG mutation [88]. The limitation in this set-
ting, and a true challenge to gene therapy, has been in 
developing and using optimal and controllable gene 
vector systems. In the IL2RG patients, a subset devel-
oped hematopoietic malignancy that was believed to 
be due to insertion of the gene therapy vector near the 
LMO2 oncogene, thus promoting abnormal growth 
of the gene transduced cells containing this insertion 
event [89]. Although this has been debated [221], it is 
believed that the vector system is to blame [170]. Gene 
therapy success has also been reported for CGD, but 
unexpected and preferential insertion of the vector 
was prerequisite for success [162]. This result helped 

reconcile the success in CGD, as the defective phago-
cytes typically do not have a survival disadvantage as 
demonstrated by carrier females. Thus, the selective 
immunologic pressure to provide an advantage to 
gene-transduced cells was now introduced through 
vector-induced enhanced transcription of specific 
genes.

Despite these initial successes and increased under-
standing, it is commonly held that more elegant gene 
therapy vector systems are needed to provide addi-
tional assurance and control over this very promis-
ing means of treating PID [36]. Future objectives may 
include the ability to specifically control an integration 
site for a gene therapy vector, selectively destroy cells 
containing the vector (in the case of abnormal expan-
sion), and exogenously control the expression of the 
transduced gene.

1.5.7
Adjunct Therapies

The health of PID patients can also be improved by 
a number of more indirect interventions that are 
believed to provide slight benefits. Again in most cases, 
these have not been directly studied in the context of 
PID and are based upon data extrapolated from other 
conditions affecting immunologic function, or from 
the opinion and consensus of expert immunologists. 
In general, these measures are believed to help reduce 
the susceptibility to infection or improve host defense. 
Although they may not be perceived as substantial 
interventions, they can be considered as part of a holis-
tic approach to a PID patient. Firstly, it is important to 
effectively manage co-morbidities or unrelated condi-
tions that increase the susceptibility to infection that a 
given patient may have. These include allergic rhinosi-
nusitis, asthma, gastroesophageal reflux and challenges 
presented by sinus anatomy. In patients without PID, 
effective management of these diagnoses can be associ-
ated with beneficial outcomes.

In PID patients, one often-discussed intervention is 
hygiene. In some cases, there is a very clear rationale 
for hygiene, such as excluding mold sources from the 
environment of CGD patients. In others, however, a 
rationale for hygiene is based upon studies of hygiene 
interventions in otherwise healthy individuals, such 
as the use of regular hand washing or alcohol-based 
hand gels [214]. Also in this category, it can be useful 
to discuss nasal/sinus irrigation with saline as this has 
been demonstrated to have effectiveness in patients 
with chronic sinusitis, presumably through removing 
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irritants, bacteria, and debris [174]. At a minimum, 
discussing reasonable hygiene interventions with a PID 
patient may have benefit and may prevent them from 
inappropriately diverting their focus from more effec-
tive measures. In particular, having a discussion about 
the social and developmental merits of participation 
in school is important, as the immunologic benefit of 
avoiding school is almost never warranted.

It is also relevant to discuss the use of botanicals 
and other remedies aimed at reducing the incidence of 
infection and or improving immunity. In the United 
States, the sale of botanicals represents a multibil-
lion dollar industry and one not subject to the same 
evidence-based and marketing controls as standard 
pharmaceuticals. Since many of these formulations 
are marketed directly to patients, it is important to 
have a working knowledge of some of the more com-
mon preparations and to be prepared to hold a dis-
cussion about the benefits and risks of such remedies. 
It is also important to advise patients in protecting 
their financial resources when considering thera-
pies promising great return based upon scarce or no 
evidence. With this said, some of these therapies are 
perhaps useful. One worthy of mention is the use of 
lactobacillus. The use of lactobacillus has been shown 
to reduce the incidence of infectious diarrhea as well 
as upper respiratory infection in susceptible non-PID 
populations [175, 183]. Caution needs be advised 
regarding the very wide range of lactobacillus prepa-
rations available, some of which are associated with 
significant financial costs.

A final very important consideration is the psy-
chosocial well-being of the PID patient. Psychosocial 
stress is well documented to adversely affect immune 
function [228], and PID patients can only benefit from 
minimizing this impact. A variety of measures are 
worth consideration including psychosocial therapy, 
massage therapy and even acupuncture in the appro-
priate setting. The onus of a life-long chronic illness is 
tremendous, and being faced with the uncertainty of 
infectious susceptibility can truly take its toll. It is criti-
cal therefore to recognize this, acknowledge it to both 
patient and family, and provide the patient with the 
best available resources. Many are available through 
the national and international patient organizations 
representing PID, the IDF, JMF and IPOPI. Others are 
available through local or disease specific groups. In 
addition, local resources for patients with chronic dis-
eases may be very effective and useful for PID patients, 
and the subspecialist needs to become familiar with 
the availability of resources in a given region. Although 
there are an array of appropriate options, these need to 

be matched to the individual patient, and discussing 
these issues should be viewed as a requirement in PID 
patient care to optimize outcome.
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Core Messages

● Combined immunodeficiency comprises a 
heterogeneous group of disorders, character-
ized by lack of T cell-mediated immunity and 
impaired B cell function.

● Combined immunodeficiency has most often 
an early onset, frequently with protracted 
diarrhea, interstitial pneumonia, recurrent or 
persistent candidiasis, and failure to thrive.

● Infections are sustained by intracellular 
pathogens (especially Pneumocystis jiroveci), 
viruses, bacteria, and fungi.

● Use of live vaccines and of unirradiated blood 
products is highly contraindicated in infants 
with severe combined immunodeficiency 
(SCID).

● Maternal T cell engraftment is common in SCID. 
It may cause “graft-versus-host”-like features, but 
may also occur without specific symptoms.

● Family history is of paramount importance. 
Some combined immunodeficiencies inher-
ited as an X-linked trait, but several auto-
somal recessive forms exist, which altogether 
comprise the majority of cases.

● Lymphopenia is a laboratory hallmark of SCID. 
However, normal lymphocyte count may be 
observed in some forms of SCID, especially if 
maternal T cell engraftment is present or if the 
defect allows for residual T cell development.

● Hypomorphic defects may lead to leaky forms 
of SCID, with residual T cell development. 
Autoimmune manifestations are common in 
this setting.

● Hematopoietic stem cell transplantation is the 
treatment of choice for SCID, and can cure 
more than 70% of the affected patients. Promis-
ing results have been achieved with gene therapy, 
although long-term safety remains an issue.

2.1
Introduction

The first description of a child with a deficiency in cel-
lular immunity was made by Glanzmann and Riniker 
in 1950 [162]. Some years later, Hitzig et al. identified 
patients with a combined deficiency of the cellular and 
humoral immunity, the so called “Swiss Type” agam-
maglobulinemia with the clinical triad of mucocuta-
neous candidiasis, intractable diarrhea and interstitial 
pneumonia [187]. As immunodeficiencies with auto-
somal recessive and also X-linked transmission were 
observed subsequently, a heterogeneous etiology was 
soon suspected.

In the meantime, about 150 different primary 
immunodeficiency diseases (PID) have been 
described [133, 152], and more than 120 genes 
could be identified, whose mutations generate 
inborn immunodeficiencies [152, 258]. The anal-
ysis of the molecular basis of the  different PID 
has contributed to a  better understanding of the 
physiological development of the immune system, 
allowing a precise molecular  diagnosis, genetic 
counseling and prenatal diagnosis, and is the basis 
for the development of innovative therapeutical 
options like gene therapy.

The overall incidence of all inborn immunode-
ficiencies is 1:10,000 newborns. Even today, in some 
patients, the diagnosis of PID is made only late or 
not all. Recurrent infections with often severe and 
protracted evolution lead to growth delay and organ 
damage, and can, if untreated, lead promptly to death 
in the case of severe PID. Combined immunodeficien-
cies are a heterogeneous group of immunodeficiencies 
(Table 2.1) that are characterized by defects of the T 
cell development and/or T cell function, and that can 
be associated to variable defects of B or natural killer 
cells. Due to the missing T cell help, the B cell function 
is altered even in case of normal B cell maturation.
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2.2
T-B+ Severe Combined Immunodeficiency 
(g c Deficiency, JAK3 Deficiency, IL7-Rg 
Deficiency, CD45 Deficiency, 
CD3g/CD3l /CD3e/CD3x Deficiencies)

2.2.1
Definition

Severe combined immunodeficiency (SCID) is the most 
severe form of PID, which are characterized in most cases 
by complete absence of T cell-mediated immunity and 
by impaired B cell function [137]. The overall incidence 
is about 1:50,000–1:100,000 newborns. Possibly, there 
may be a higher incidence due to early lethality in undi-
agnosed cases in the case of patients who succumb in the 
course of overwhelming infections before the diagnosis 
of immunodeficiency is made. The differential diagnostic 
to “pure” cellular immunodeficiencies might be difficult 
in some conditions.

T-B+ SCID (OMIM#600802) are characterized by 
impaired development of mature T cells while B cells 
are present but nonfunctional. This form presents the 
most frequently observed SCID phenotype and can be 
observed in 30–50% of all cases [47, 393]. T-B+ SCID 
can be further distinguished according to the presence 
or absence of natural killer (NK) cells.

In the case of γc deficiency and JAK3 deficiency, 
NK cells are virtual absent (T-B+NK- SCID), whereas 
NK cell development is intact in SCID patients with 
T-B+NK+ phenotype. While NK cells are present in 
normal number in the IL-7 receptor α deficiency and in 
defects of the different subunits of the TCR, the CD3 γ,
δ, ε and ξ-chain, NK cells could be reduced in number 
in the CD45 deficiency.

g c deficiency. Patients with X-linked recessive SCID (XL-
SCID, OMIM#300400) present with absent T and NK cells 
while B cell counts are normal or high (T-B+NK- SCID). 
Affected males present combined impairment of T and B 
cell immunity. In vitro proliferative responses to mitogens 
and antigens are abolished and immunoglobulin synthesis 
is deeply impaired despite detectable B cells. Mutations in 
the gene coding for the interleukin (IL)-2 receptor gamma 
chain cause the XL-SCID, which is responsible for about 
half of the cases of all SCID patients, explaining why a male 
predominance can be observed in SCID patients. The inci-
dence of XL-SCID is estimated to be 1:150,000–1:200,000 
live births. A positive family history can lead to the confir-
mation of the diagnosis before or early after birth, but often 
XL-SCID occurs as sporadic cases that are discovered upon 
infectious complications.

JAK3 deficiency. Patients with mutations in JAK3
(OMIM*600173) present with an autosomal recessive 
form of T-B+NK-SCID [253, 299, 361].

IL7-Ra deficiency. A selective impairment of T cell 
development is found in deficiency of the Interleukin-
7 receptor alpha (IL7R-ALPHA, OMIM*146661), also 
known as CD127: B and NK cells are present and 
patients may show elevated B cell counts. This condi-
tion is due to mutations in the Interleukin-7 receptor 
alpha (IL-7Rα) gene located on chromosome 5p13 
[251]; it follows an autosomal recessive inheritance.

CD45 deficiency. CD45 deficiency generates 
T-B+NK+ SCID due to mutations in the CD45
(OMIM+151460) tyrosine phosphatase.

CD3/TCR complex deficiencies. Some rare cases 
of T-B+ SCID may be due to mutations affecting 
the CD3/T cell receptor (TCR) complex (γ: CD3G,
OMIM*186740; δ: CD3D, OMIM*186790; ε: CD3E,
OMIM*186830; ξ: CD3Z, OMIM*186780) [135].

2.2.2
Etiology

g c deficiency. De Saint Basile et al. mapped the XL-SCID
to the proximal long arm of the chromosome X (Xq12-
13.1) [93]. After the cloning of the gamma c gene 
(IL2RG, OMIM*308380) [402] and its localization in 
the same region on the X-chromosome, mutations in 
the gamma c gene have been identified in XL-SCID 
patients [292, 324].

The gene IL2RG covers 4.5 kb of genomic DNA in 
Xq13.1 and contains a coding sequence of 1,124 nucle-
otides distributed into eight exons. It is constitutively 
expressed in lymphoid cells including both T, B and 
NK cell-lineages [239] and encodes the gamma c chain 
of the interleukin-2 receptor. The gamma c is a type 
I transmembrane protein which is transported to the 
cell membrane after cleavage of a signal peptide.

Defective production of interleukin-2 has been 
observed in an immunodeficient patient who had 
detectable circulating T cells [440]. The observation 
that the knockout mouse for IL-2 shows disturbed 
peripheral T cell homeostasis and autoimmunity, but 
does not display a SCID phenotype [370], already 
suggested that XL-SCID is not caused exclusively by 
impaired IL-2 mediated signaling. This hypothesis 
has been further confirmed by the identification of 
mutations in the IL-2RA gene encoding the inter-
leukin-2 receptor alpha chain (CD25), a subunit of the 
tripartite high-affinity receptor for interleukin, in a 
patient who showed decreased numbers of peripheral 
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T cells and abnormal T cell proliferation but normal 
B cell  development and autoimmune features [375] 
like the murin IL-2 knockout. The complex XL-SCID 
phenotype can be explained by the fact that the inter-
leukin-2 receptor gamma chain is not only part of the 
interleukin-2 receptor but also of the IL-4, IL-7, IL-9, 
IL-15 and IL-21 receptors [255] [110], and has there-
fore also been designated “common gamma chain” 
[239]. Multiple cytokine-mediated pathways are thus 
abrogated in the gamma c deficiency giving rise to the 
pronounced defect in T cell maturation. Exceptionally, 
patients with gamma c deficiency may develop some 
autologous T cells which may be associated with a 
milder clinical phenotype [103, 270, 360].

JAK3 deficiency. The human JAK3 gene maps to 
chromosome 19p12-13.1 [189, 362] and is organized 
in 23 exons. Its cDNA is composed of 4,064 nucleotides 
encoding for a protein of 1,124 amino acids [371]. 
JAK3 is a lymphoid tissue-specific tyrosine kinase and 
belongs to the Janus family of protein kinases [210]. 
It is involved in the signal transduction pathway of 
several cytokines, such as IL-2, IL-4, IL-7, IL-9, IL-15 
and IL-21 [22, 206]; thus, the same cytokines which are 
affected by the lack of the common gamma chain in the 
case of XL-SCID. In fact, JAK3 interacts intracellularly 
with the common gamma c chain. This explains why 
the clinical manifestations of XL-SCID and JAK3 defi-
ciency are virtually identical, besides the fact that JAK3 
deficiency can be observed in both female and male 
patients, as it follows an autosomal recessive inherit-
ance. Upon association of the gamma c with JAK3, 
crossphosphorylation of the JAK proteins and of the 
cytokine receptor takes place. The STAT proteins are 
then recruited and themselves phosphorylated. This 
allows their dimerization, nuclear translocation and 
binding to regulatory elements in the nucleus. Finally 
the transcription of target genes is induced [296].

IL7-Ra deficiency. An important step during lymphoid 
development is the interaction between IL-7 and the γ-c 
containing IL-7 receptor complex. This is underscored by 
the fact that IL-7 or the IL-7 receptor α chain deficiency 
generates impaired lymphoid maturation with a SCID 
phenotype in mice [102, 317]. Whereas IL-15 is impor-
tant for NK-cell development [224] and IL-21 is impli-
cated in innate and adaptive immune functions [174], 
the physiological significance of IL-4 or IL-9 impairment 
during lymphoid maturation is not yet fully elucidated.

IL-7 provides survival and proliferative signals 
through the IL-7 receptor and thus plays a critical role 
in early T cell development. Severe combine immuno-
deficiency with T-B+NK+ phenotype in humans due 
to mutations in the Interleukin-7 receptor alpha gene 

was first described by Puel et al. in 1998 in two patients 
with failure to thrive, diarrhea, recurrent otitis, viral 
infections and candidiasis [327]. Other patients with 
defects in the IL-7Rα have subsequently been described 
[44, 161, 326, 350].

CD45 deficiency. The cell-surface coreceptor CD45, 
or common Leukocyte Surface Protein, is a hematopo-
etic-cell-specific transmembrane protein that is impli-
cated in the regulation of src kinases involved in T and 
B cell antigen receptor signaling. Mice with a CD45 
deficiency display a profound immunodeficiency. The 
thymocyte maturation is blocked at the transitional 
stage from immature CD4+CD8+ to mature CD4+ 
or CD8+ cells, and only a few T cells are detected in 
peripheral lymphoid organs [216].

Up to now, few cases of CD45 deficiency have been 
identified. A 2-month-old infant with mutations in 
the CD45 tyrosine phosphatase gene was described by 
Kung et al. [228]. This patient presented with low CD4 
numbers while B cell counts were normal and NK cells 
were found albeit in reduced number. The TCR αβ T 
cells were lacking, but γδ-cells were present. The sec-
ond case was reported by Tchilian et al. in 2001 [404]. 
CD45 deficiency has thus to be examined in T-B+NK+ 
SCID phenotype when the more common etiologies 
have been ruled out.

CD3/TCR complex deficiencies. The antigen spe-
cificity of the T cell receptors (TCR) is based on a het-
erodimer composed of either the αβ- or γδ-chain. This 
heterodimer is associated to four polypeptide chains: 
the CD3 γ, δ, ε and ξ chains. Mutations of each of these 
transmembrane proteins may occur and may generate 
an abnormal or absent expression of the TCR causing 
moderate to severe immunodeficiency [9]. The phe-
notypic expression may be variable and depends on 
the degree of the residual expression of the defective 
TCR-subunit. Patients thus display variable susceptibil-
ity to infection and autoimmunity. They have very few 
or completely undetectable circulating CD3+ T cells, 
poor responses to T cell mitogens and various levels of 
immunoglobulins.

CD3γ deficiency has been described in Turkish and 
Spanish patients [18, 316]. A defect of the δ chain has 
been found in a Canadian patient [82]. A French patient 
presented a CD3ε deficiency [387, 406].  Complete 
CD3δ and γ-deficient patients who present with SCID-
symptoms have been described [94, 401]. A 4-month-old
boy with primary immunodeficiency was reported to 
have a homozygous germ-line mutation of the gene 
encoding the CD3ξ subunit of the T cell receptor–CD3 
complex [341]. Interestingly, the CD3ξ-deficiency was 
partially corrected by somatic mutations resulting in 
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a milder phenotype and in decreased numbers of cir-
culating T cells. A second patient with complete CD3ξ
deficiency resulting in T-B+NK+ SCID was described 
recently [344].

2.2.3
Clinical Manifestations

Despite the huge heterogeneity on the molecular level, 
the clinical manifestations of the different SCID forms 
are comparable, as shown by the observations in large 
cohorts of SCID patients in Europe and the United States 
of America, which have revealed that the clinical presen-
tation with regard to the infectious events is quite similar 
[47, 393]. The onset of manifestations is characteristically 
early, often before the third month of life. Despite the 
protection through maternal antibodies, SCID patients 
develop recurrent infections with protracted course and 
unexpected complications. Before the age of 6 months, 
the SCID patients develop chronic diarrhea, interstitial 
pneumonia and/or therapy-resistant mucocutaneous 
candidiasis. Infections with opportunistic germs like 
Pneumocystis jiroveci (previously Pneumocystis carinii)
or cryptosporidium are currently present. But intrac-
ellular microorganisms like listeria, Salmonella typhi,
toxoplasma and mycobacteria can also be found. Other 
manifestations are due to infections by Aspergillus sp 
or viral infections like adenovirus, respiratory syncytial 
virus (RSV), cytomegalovirus (CMV), herpes simplex 
virus (HSV) or Epstein-Barr Virus (EBV). The suspi-
cion of SCID is always to be considered as a “pediatric 
emergency” with the risk of a rapidly fatal evolution if 
the immunodeficiency remains undetermined.

The clinical alarm signs in an infant which should 
direct our attention to a possible immunodeficiency 
are failure to thrive or loss of weight (often observed 
between the 3rd and 6th months of age), chronic 
diarrhea, atypical eczematous skin manifestations, 
absence of adequate response to current antibiotics, 
recurrent candidiasis, and persistent respiratory symp-
toms (chronic cough, chronic respiratory obstruction, 
progressive tachypnea or dyspnea). The clinical exami-
nation of a “classical” SCID patient reveals a hypopla-
sia of the lymphatic tissues (lymph nodes, tonsils); 
there is no thymic shadow in the chest radiography. 
Consanguineous setting is in favor of an inborn error 
of the immune system as many deficiencies follow an 
autosomal recessive inheritance-pattern and are thus 
more frequently observed in consanguineous fami-
lies. Lymphopenia and hypogammaoglobulinemia are 
additional factors that should lead to further immuno-
logical investigations.

Vaccination with live vaccines is contraindicated 
in SCID patients. Bacille Calmette-Guérin (BCG) 
vaccination in SCID patients causes disseminated 
infections that may be fatal. Infiltrating and ulcerat-
ing lesions at the impact of the vaccination and in the 
regional lymph nodes, but also systemic propagation, 
with papular cutaneous lesions, osteolytic lesions and 
organ impairment of liver, spleen, lymph-node and 
lung, may occur. As the BCG vaccination is no longer 
generally recommended in many countries, it should 
be checked if a patient has been exposed to BCG vacci-
nation and, if so, adequate antibiotic treatment should 
be initiated even in the absence of any clinical mani-
festation. In the case of oral live polio vaccine or upon 
contact with recently vaccinated persons, central nerv-
ous poliomyelitis-infections and carditis may occur.

Other SCID manifestations concern in rare cases 
chronic hepatitis or sclerosing cholangitis. Cutane-
ous manifestations interests consist in recurrent warts, 
molluscum contagiosum, atypical eczematous skin 
lesions, alopecia, seborrhoic skin manifestations as 
well as cellulitis.

The maternal alloreactive T cells may lead to the 
clinical picture of “graft versus host disease” (GVHD). 
Habitually asymptomatic, the so-called “materno-fetal” 
may touch different organs. Maculopapular rush and 
hypereosinophilia frequently exist, while more rarely 
liver involvement with disturbed liver enzymes, pro-
fuse diarrhea or pancytopenia are found. Transfusion 
of nonirradiated blood products can generate a fatal 
GVHD; thus, only irradiated products should be used.

g c deficiency. XL-SCID is characterized by early 
onset of severe infections starting during the first 
months of life, typically between 3 and 6 months of 
age. The clinical manifestations do not differ substan-
tially from the general presentation of SCID patients. 
Milder phenotypes exist.

JAK3 deficiency. While most JAK3-deficient patients 
present with a clinical phenotype virtually indistin-
guishable from boys affected by XL-SCID, some JAK3 
patients reveal an unexpected clinical heterogeneity, 
emphasizing the need for adequate investigations in 
order to rule out JAK3 deficiency even in atypical clini-
cal presentations [297].

IL7-Ra deficiency, CD45 deficiency. Patients 
present the same clinical phenotype as the other SCID 
patients.

CD3/TCR complex deficiencies. Recio et al. recently 
studied two new Turkish patients with complete 
CD3γ deficiency. The comparison with three for-
merly described CD3γ-deficient patients of Spanish 
and Turkish origin revealed for all patients a similar 
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immunological phenotype with a partial TCR/CD3 
expression defect, mild αβ- and γδ-T lymphocytope-
nia, poor in vitro proliferative responses to antigens 
and mitogens at diagnosis, and very low TCR rear-
rangement excision circles and CD45RA(+) αβ T 
cells [332]. Interestingly, an important intrafamilial 
and interfamilial clinical variability was observed in 
patients with the same CD3G mutations, two of them 
reaching the second or third decade, respectively, in 
healthy conditions, whereas the other three died early 
in life with typical SCID features associated to enter-
opathy. In contrast, all reported patients with com-
plete CD3δ (or CD3ε) deficiencies show clearly the 
life-threatening SCID phenotype with very severe 
αβ and γδ T lymphocytopenia. These data confirm 
the observation of Roifman et al., who showed that 
the absence of CD3δ in humans results in a com-
plete arrest in thymocyte development at the stage of 
double negative to double positive transition, and in 
impaired development of γδ T cell receptor-positive 
T cells [348]. Interestingly, the three studied patients 
with CD3δ deficiency showed a normal sized thymus 
shadow on chest radiography, but biopsy revealed 
abnormal thymus structure [348].

2.2.4
Diagnosis

Anamnesis is a central element in the establishment of 
diagnosis and allows the identification of those children 
for whom immediate immunological explorations are 
indicated. As in most cases SCID follows autosomal 
recessive or X-linked inheritance, it is very important 
to perform an exact inquiry of family history and to 
analyze the genealogical background of the patient. 
Attention has to be paid to any other family mem-
ber presenting infectious susceptibility, autoimmune 
manifestation or tumor-disease. Cases of  unidentified 
infant death have to be reported.  Obviously, autosomal 
recessive inborn errors are more frequent in a consan-
guine setting.

Basic investigations should contain a complete 
white blood count. Eosinophilia can be frequently 
observed in SCID patients. Absolute lymphocyte 
counts are often less than 1,000/µl, but normal lym-
phocyte counts do not exclude SCID, as some forms of 
SCID present with absolute lymphocyte counts which 
may be within normal range. This may be the case on 
one hand in SCID-forms in which T cell maturation is 
only impaired in a limited way (e.g., PNP deficiency), 
and on the other hand in patients with “leaky” or atyp-

ical SCID who present hypomorphic mutations, which 
allow a residual function of the defective protein.

A special situation is the persistence of maternal 
T cells after transplacental materno-fetal  transfusion. 
In these cases, the presence of maternal T cells should 
be eliminated through chimerism analysis: in male 
patients by in situ XX/XY hybridization of the CD3 
positive cells, and in girls by molecular biological 
methods (HLA or VNTR analysis of CD3 positive 
cells). In some cases, skin, liver or intestinal biopsies 
may be necessary to rule out a materno-fetal GVHD. 
HIV-infection should be ruled out systematically in all 
cases of suspected SCID.

Analysis of humoral immunity should be per-
formed by dosage of immunoglobulins IgG, IgA and 
IgM. Antibody production in SCID patients is deeply 
reduced or completely abolished. In the first months 
of life, a normal IgG-level may be observed due to 
the transmission of maternal antibodies during preg-
nancy, whereas a reduced IgM level is more significant. 
A detailed exploration of humoral immunity through 
analysis of specific antibody-levels following vaccina-
tion, allohemagglutinins or IgG-subclass is not useful 
before the second year of life, but should be done in 
older infants with suspected immunodeficiency. In 
case of enteropathy it is important to determine values 
for albumin in order to rule out an exudative enter-
opathy that may generate a “secondary” hypogamma-
globulinemia through enteral protein loss. Sometimes, 
intestinal biopsies may be justified, as lymphopenia 
may be observed in the context of lymphangiectasia.

In order to perform precise immunological diag-
nostic, a center for pediatric immunology should 
be contacted promptly. The characterization of the 
lymphocyte subpopulations can be achieved by flow 
cytometry and allows in most cases a first diagnostic 
classification of the SCID type with regard to the pres-
ence or absence of the different lymphocyte-popula-
tions (CD4+ and CD8+ T cells, CD19+ B cells and
CD3-CD16/56+ NK cells). It is important to deter-
mine at the same time the absolute lymphocyte count. 
Normal ranges of the different lymphocyte subpopu-
lations are age-dependant [77, 98, 376].

T cell function can be assessed in specific labora-
tory assays in vitro by testing the lymphocyte prolif-
eration upon stimulation through so-called mitogens 
or through specific antigens; the latter is only mean-
ingful after vaccination (e.g., tetanus, tuberculin) or 
after infection (e.g., Candida, CMV or Varicella zoster 
virus). T cell receptor excision circles or TREC are epi-
somal DNA circles that are generated during V(D)J 
recombination by endjoining of the removed genomic 
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DNA segments; they attest continuing thymic output. 
These TREC can be analyzed by polymerase chain 
reaction (PCR) [106]; patients with impaired T cell 
maturation lack TREC.

Depending on the characterization of the spe-
cific immunophenotype of the patient, different 
diagnostic hypothesis can be formulated. A molec-
ular diagnosis should be achieved based on the 
identification of the underlying gene defect, but 
in no case should the adequate treatment be post-
poned because the definitive diagnosis is pending. 
Enzymatic determination of adenosine deami-
nase (ADA) and purine nucleoside phosphorylase 
(PNP) should always be performed in distance to 
eventual blood transfusions.

Ultrasound of the thymus or chest radiography 
allows the evaluation of the size of the thymus which 
is generally reduced in the SCID patients. In the case 
of ADA-deficient patients, an alteration of the ante-
rior rips may be observed. Additional imaging may be 
necessary in the context of infectious complications. 
In all cases, a detailed microbiological workup should 
be performed. Direct identification through culture 
or with the help of PCR should be privileged, as sero-
logical analysis is not significant in immunodeficient 
patients with abolished antibody production. Bron-
choalveolar lavage or digestive endoscopy with biopsies 
may be necessary in order to attempt microbiological 
documentation.

g c deficiency. γc deficiency is suspected in male 
patients with or without positive family history upon 
immunophenotyping of peripheral blood. Typically, 
but not always, patients display a T-B+NK- phenotype 
and lack the expression of the γc chain on peripheral 
blood lymphocytes as analyzed with the help of mono-
clonal γc antibodies [202]. Some patients may express 
a nonfunctional γc chain which may be detected by 
the monoclonal antibody. Maternal T cells can also 
complicate the interpretation of the results. While XL-
SCID patients usually present with absent or low NK 
cell counts and poor NK cell cytotoxicity, there have 
been observations of patients with confirmed muta-
tions in the IL2RG gene who possess NK cells with cer-
tain NK cytotoxicity [315].

Theoretically, γc deficiency could be present excep-
tionally in females in the case of Turner syndrome 
(45X0), and in the very rare females with constitution-
ally unbalanced X-chromosome inactivation. Diag-
nosis should be confirmed by genetic analysis of the 
IL2RG. IL2RG mutations have been reported in dif-
ferent ethnical groups. IL2Rgbase [323], a database 
of identified mutations, is available on the web http://

www.genome.gov/DIR/GMBB/SCID. The majority of 
mutation concerns single nucleotide changes leading 
to nonsense and missense-mutations, but there are 
also insertions, deletions and splice mutations. Muta-
tions are not evenly distributed within the gene. There 
exist recurrent mutations at several positions, so-
called “hot-spots”, most mutations concern the exon 5, 
 followed by exon 3 and 4 [323]. Prenatal diagnosis at 
11 weeks of gestational age is possible once the muta-
tion is identified in a given family.

Female carriers remain healthy, showing non-
random X-inactivation in T, B and NK cells with 
the nonmutated X-chromosome being the active X-
chromosome in their lymphocytes [78, 325], whereas 
myeloid cells show random inactivation. This under-
lines the important function of the common γc for 
the development of the lymphoid cell-lineages. This 
nonrandom X-inactivation in lymphoid cells has been 
used for the diagnosis of the carrier status.

JAK3 deficiency. Diagnosis is based on immunophe-
notyping and molecular diagnosis. The mutations 
found in JAK3 deficiency have been collected in a data-
base, the “JAK3base” that is accessible at http://bioinf.
uta.fi/JAK3base.

IL7-Ra deficiency. IL-7R alpha deficiency should be 
looked for in patients with a T−B+NK+ phenotype. 
Confirmation of the diagnosis can be achieved by 
identification of the mutation.

CD45 deficiency. Diagnostic procedures are the same
as for other SCID-forms.

CD3/TCR complex deficiencies. Diagnosis is 
 confirmed by sequencing of the genes coding for the 
different transmembrane subunits of the CD3  complex 
(the CD3 γ, δ, ε and ξ chains).

2.2.5
Management

At the slightest suspicion of SCID, adequate prophy-
laxis and treatment has to be initiated immediately, 
with the aim of treating acute infections and prevent-
ing their recurrence. It is essential to isolate any sus-
pected SCID patient in a sterile environment and to 
apply drastic hygienic measures. Suspicion of SCID 
is always a “pediatric-immunological emergency”, as 
a rapid and adequate treatment in specialized centers 
allows the initiation of a curative therapy. The prepa-
rations for hematopoietic stem cell transplantation 
(HSCT) should be launched immediately on diagnosis 
of SCID, a specialized center should be contacted, and 
the patient should be transferred promptly. HLA-typing 
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of the patient, his eventual siblings and his parents has 
to be performed as soon as possible.

As soon as the blood drawing for the exploration of the 
humoral immunity has been performed, the  substitution 
of immunoglobulins should be started. Residual levels 
of IgG> 8 g/l should be obtained. Aggressive antibiotic 
treatment of acute infectious complications has to 
be started. A Pneumocystis  jiroveci pneumonia must 
be ruled out or treated respectively; a prophylactic 
 treatment with Sulfamethoxazol/Trimethoprim has 
to be initiated. If necessary, antimycotic treatment has 
to be started. Antiviral therapy may be indicated in 
the case of CMV- or adenovirus-infection. In a case of 
RSV-infection, Palivizumab may be useful. Attention 
has to be paid to children who were vaccinated with 
the BCG vaccine, and in these children a treatment by 
Isoniazid and Rifampicin has to be initiated. In the case 
of signs of BCGitis, antituberculosis treatment includ-
ing four or more drugs is necessary. Systemic BCGitis 
can be fatal.

Exclusively irradiated blood products should be 
transfused; CMV negative patients should receive only 
CMV negative blood products.

At diagnosis, SCID patients are often in poor 
nutritional condition and present chronic intestinal 
infection and inflammation which lead to impaired 
intestinal absorption. A high caloric parenteral nutri-
tion is justified to cover the energetic requirement 
especially as due to infections energy requirement is 
higher in SCID patients than in age-matched controls. 
The parenteral nutrition and anti-infectious intrave-
nous therapy requires a central venous line. During 
central venous line placement tracheal secretions for 
additional microbiological analysis should be obtained 
in children with respiratory symptoms. In some cases, 
a fibroblast biopsy for further genetic or functional 
investigations with regard to the underlying immuno-
deficiency can be justified.

Except for infants with complete Di George syn-
drome who lack a HLA identical donor and who need 
a cultured allogenic thymic transplantation, all chil-
dren with PID may be cured by allogenic HSCT, which 
is actually the treatment of choice for SCID.

Up to now, only a few patients were treated by 
somatic gene therapy in clinical studies. The first 
successful bone marrow transplantations (BMT) 
were performed in 1968 [24, 150] shortly after the 
description of the “major human histocompatibility 
system” [12]. Since then, more than 1,300 patients 
with PID have been transplanted worldwide. In the 
beginning, only unfractionated HSCT with HLA 
identical donors could be performed. Only about 

20% of the patients dispose of an HLA identical sib-
ling. The development of T cell depletion techniques 
starting at the beginning of the 1980s [334] allowed 
the transplantation from haploidentical parental 
donors. Bone marrow, peripheral blood stem cells 
(PBSC) harvested by cytapheresis or cord blood can 
be used as source for HSCT.

Best results with regard to survival and immune 
reconstitution can be observed when using HLA-iden-
tical sibling donors. In some cases, the search for an 
HLA identical unrelated donor can be justified, if the 
patient’s HLA-type allows the identification of an HLA-
matched unrelated donor in a reasonable time span. In 
clinically critic situations or in the case of a rare HLA-
type in the patient, no time should be wasted with an 
unrelated donor search, and haploidentical HSCT with 
one of the parents should be prepared.

Considerable progress has been observed with 
regard to survival rates: the first report in 1977 on 
the outcome of SCID patients showed survival with 
functional graft in only 14 out of the 69 transplanted 
patients [36]. In 2004, Buckley et al. report survival 
rates of 84% in the case of HLA identical siblings, 
71% in HLA-matched unrelated donors and 63% in 
haploidentical donors [41, 42]. The most frequent rea-
sons of death concern infectious complications, veno-
occlusive disease and GVHD. In isolated cases, in utero 
transplantation has been reported, but there seems to 
be no advantage in comparison to HSCT performed 
soon after birth.

The first successful treatment by gene therapy was 
observed in the case of XL-SCID, which was the proof 
of principle that gene therapeutic correction of the 
hematopoetic stem cell is feasible [64] and results in 
sustained immune reconstitution [175]. However, the 
occurrence of severe adverse effects has been observed 
subsequently [176, 177], with the appearance of leuke-
mic transformation in 4 patients out of 10 in the 
French patient group and in 1 patient treated at the 
Great Ormond Street Hospital. Gene therapy for other 
SCID-forms is under development [63].

Allogenic HSCT thus remains currently the treat-
ment of choice for SCID until the problems about 
safety of gene therapy due to insertional oncogenesis 
are resolved.

g c deficiency. Unless treated, XL-SCID is usually 
lethal in the first year of life. In very rare cases, mild 
courses have been observed, so that exceptionally 
the diagnosis may be made after 2 years of age. Rare 
 isolated cases have been reported in which a particu-
lar mutational profile seems to be responsible for an 
atypical mild phenotype [103].
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Allogenic HSCT is a curative treatment for XL-
SCID patients and shows good success with regard 
to survival [16, 41]. The best results are achieved 
with an HLA identical related donor. In the case of 
 haploidentical donors, the immune reconstitution 
with regard to humoral immunity might be mediocre 
as patients often present only partial chimerism after 
HSCT with persistence of autologous B lymphocytes, 
so that immunoglobulin-substitution has to be con-
tinued after HSCT [16]. Two isolated cases have been 
reported of successful in utero BMT, in which fetuses 
between 17 and 20 weeks of gestation received haploi-
dentical T-depleted BMT via intraperitoneal infusion 
[138, 444]. In the follow-up, both patients showed ade-
quate immune reconstitution and independence from 
immunoglobulin substitution [26, 27].

The observation in a single patient that spontaneous 
reversion of the genetic defect may occur in vivo, prob-
ably within a T cell progenitor, and can generate func-
tional T cells [394] and a stable T cell repertoire [37], 
was a powerful argument for the selective advantage of 
the corrected cell, and opened the way for the devel-
opment of gene therapy, an innovative therapy option 
for PID. In 1999, a first clinical gene therapy trial was 
initiated in the Necker Hospital in Paris with inclusion 
of XL-SCID patients who lacked HLA-identical donor. 
The XL-SCID was the first disease in humans which 
was treated successfully by gene therapy. It could be 
demonstrated that the retroviral-mediated gene trans-
fer of the gc gene allowed sustained restoration of the 
patients’ immune function [64, 175]. This was the 
proof of principle that gene transfer in hematopoietic 
stem cells can restore the development of the immune 
system. The appearance of severe adverse events due to 
insertional oncogenesis with development of uncon-
trolled T cell proliferation was first observed in two 
patients [176, 177], while at the time of this writing, in 
total four patients have been identified with leukemic 
transformation which appeared after gene therapy.

Additional gene therapy trials for XL-SCID were 
launched by Thrasher et al. at the Great Ormond Street 
Hospital [149]. Until recently, no severe adverse events 
have been documented in this trial in which a similar 
protocol to the French one is used; the differences regard 
essentially the culture conditions and the vector design. 
However, Thrasher et al. reported a case of leukemia 
caused by the gene therapy in December 2007. Chinen 
et al. also reported on gene therapy for XL-SCID [72].

JAK3 deficiency. Treatment options are similar to 
the ones available for γc SCID patients, and allogenic 
HSCT is the treatment of choice. The specific interac-
tion of JAK3 and γc represents the biochemical basis 

for the similarities between these two immunodefi-
ciencies and thus it is not surprising, that the ration-
ale for feasibility of gene therapy is the same for both 
disorders. Candotti et al. reported on in vitro retrovi-
ral-mediated gene correction for JAK3-deficiency [56], 
Bunting et al. showed the restoration of lymphocyte 
function in JAK 3-deficient mice by retroviral medi-
ated gene transfer [49]. Clinical trials are though not 
yet available.

IL7-Ra deficiency, CD45 deficiency. Therapeutic 
procedures are the same as for other forms of SCID.

CD3/TCR complex deficiencies. Therapeutic 
procedures depend on the degree of immunodefi-
ciency and are substantially the same as for other 
SCID-forms.

Prognosis. Without treatment, SCID patients will 
succumb to infections early in life, usually within the 
first year. The prognosis of SCID patients depends par-
ticularly on the moment of diagnosis that is the time at 
which adequate treatment is initiated to treat and limit 
deleterious infectious complications. Thus, early diag-
nosis is crucial for prognosis. Today it can be considered 
that about two-thirds of the SCID patients will survive. 
No general newborn screening has been available, but 
has been repeatedly discussed in the past [41, 42]. The 
Department of Health and Family Services of Wiscon-
sin, USA, recently approved that screening for SCID is 
added to the current panel for newborn screening start-
ing from January 2008. This collaborative effort from 
the Jeffrey Modell Foundation, the Wisconsin State Lab-
oratory of Hygiene and Children’s Hospital of Wiscon-
sin opens the way for to prompt identification of SCID 
patients, allowing fast access to life saving treatment, 
and will allow evaluation of effectiveness and outcome 
of this early testing for SCID.

2.3
T-B- Severe Combined Immunodeficiency 
(RAG1/2 Deficiencies, Artemis Deficiency, 
ADA Deficiency)

2.3.1
Definition

As has been explained in Sect. 2.2, SCID is a het-
erogeneous group of diseases that affect cellular and 
humoral immune function. 20–30% of all SCID 
patients have a phenotype where circulating T cells 
and B cells are almost entirely absent but NK cells are 
present (T-B-NK+ SCID, OMIM#601457) [134]. This 
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particular form of SCID has an autosomal recessive 
pattern of inheritance and is most commonly caused 
by a defect in the recombination activating genes 
(RAG1, OMIM*179615; RAG2, OMIM*179616) [152, 
295]. There are also some types of T-B-NK+ SCID 
with sensitivity to ionizing radiation (OMIM#602450), 
which are caused by mutations in the gene encoding 
Artemis (DCLRE1C, OMIM*605988). T-B-NK– SCID 
(OMIM#102700) is caused by mutation in the adenos-
ine deaminase gene (ADA, OMIM*608958).

2.3.2
Etiology

The immune system encounters a vast array of foreign 
antigens, the recognition of which is facilitated by anti-
gen-specific immunoglobulins (Ig)/B cell receptors 
(BCR), or T cell receptors (TCR). Igs and BCR con-
trol humoral immunity, recognizing soluble antigens, 
while TCR are responsible for binding and reacting 
against antigens presented via cells using the human 
leukocyte antigen molecule. The diversity in the vari-
able region of antigen receptors is created through 
random somatic recombination of genetic elements, 
forming a contiguous coding segment for a functional 
unit. This receptor also serves as a checkpoint in lym-
phocyte development; lack of it causes T cells to be 

blocked at the CD4, CD8 double negative stage and B 
cells do not mature past the pro B compartment [447]. 
T cells lacking receptors cannot undergo selection in 
the thymus to become CD4+ or CD8+ immunocompe-
tent cells, and IgM+ B cells are not exported from the 
bone marrow, resulting in T-B- SCID.

The principle genes that control the mechanism 
responsible for recombination of the antigen recep-
tors are called recombination activating genes 1 and 
2 (RAG1 and RAG2). The RAG genes are convergently 
expressed specifically in lymphocytes and the RAG 
proteins that are produced act as a heterodimer, tar-
geting the variable (V), diversity (D) and joining (J) 
components of TCR and Igs which are then randomly 
selected from pre-existing gene segments and joined 
together through a process of recombination.

There are seven antigen receptor loci in mammals: 
TCR α, β, γ and δ loci along with Immunoglobulin 
receptors H, κ and λ loci. The N-terminal variable part 
of TCR β and δ, and Ig heavy chain (H) are assem-
bled through V, D and J recombination, while TCR α
and γ and the Ig li ght chains are produced from V and 
J  segments only (Fig. 2.1). These gene fragments are 
recombined together and then joined, through RNA 
splicing, to a constant (C) region to produce a func-
tional receptor. Because each loci comprises numerous 
copies of each V, D or J segment, random joining of 
these different regions of DNA can produce in excess 

Fig. 2.1 Variable (V), diversity 
(D) and joining (J) regions of 
antigen receptors are flanked by 
Recombination Signal Sequences 
comprising 12 or 23 bp spacers 
to ensure that the RAG complex 
recombines the correct gene 
segments for each receptor type. 
Adapted from [154]
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of 1014 possible receptor combinations which are capa-
ble or recognizing the array of antigens encountered.

Each V, D and J gene is flanked by a recombination 
signal sequence (RSS) which is recognized by the RAG 
complex. Each RSS comprises a conserved palindromic 
seven base pairs (bp), followed by an AT-rich nine base 
pair motif, separated by either 12 or 23 bp of weakly 
conserved DNA. The length of the spacer is vital for 
producing functional receptors because recombina-
tion occurs only between RSS with 12 and 23 bp spacers 
[410]. Hence, V and J regions are flanked by RSS with 
different spacers so that V–J recombination occurs in 
preference to a nonfunctional V–V or J–J arrangement. 
If the D segment is involved, such as for the IgH antigen 
receptor loci, appropriate spacers flank it to ensure the 
regions are joined in the correct order (Fig. 2.1).

As demonstrated by experiments in vitro [265], RSS 
with unlike spacers are joined when the RAG complex 
produces a double strand break at the border of the pal-
indromic heptamer motif, leaving a 3  hydroxyl group 

that is then covalently joined to the same nucleotide 
position on the opposite strand. This results in DNA 
with a conserved coding sequence and a hairpin struc-
ture on the coding terminus. This action also excises the 
DNA between the recognition sites to produce a blunt 
5¢  phosphorylated signal terminus on the section that is 
looped out. The RAG proteins remain associated with all 
the cleaved ends of DNA [5]. The blunt signal ends are 
then ligated, typically without any modification [245], 
to form an excision circle with an exact signal joint (Fig. 
2.2) [416]. These DNA circles are generally lost from the 
genome through dilution during cell division.

The second stage of V(D)J recombination requires 
the resolution of the hairpin ends to form a functional, 
rearranged reading frame. The ligation of the coding 
joint is imprecise compared to that of the signal ends 
with the loss or addition of approximately 15 nucle-
otides. This adds further variation to the receptor 
domain, although it does carry the risk of producing 
nonfunctional genes through frameshift mutations or 

Fig. 2.2 RAG1 and RAG2 rec-
ognise the V and J regions of 
light chains and recombine them 
together randomly to produce 
an array of antigen receptors. In 
germline DNA, Igκ comprises 
approximately 40 V and 5 J seg-
ments, while Igλ has about 30 V 
and 4 J segments (a). The RAG 
complex randomly selects a V and 
J region, bringing them into close 
proximity and most commonly, 
loops out the intervening DNA (b). 
The V and J genes are then recom-
bined together, and joined with an 
imprecise coding joint, while the 
blunt ends of the excised DNA are 
ligated together to form a signal 
joint (c). The DNA is then tran-
scribed and the recombined V–J 
region is spliced to the constant or 
C region to form the mature mes-
sage RNA (d). After translation, a 
leader sequence at the start of the 
V region enables transport of the 
light chain to the endoplasmic 
reticulum. The process is very sim-
ilar for heavy chain and TCR β/δ
recombination, only the additional 
D segments separating V and J are 
firstly recombined with a J region, 
before V is randomly joined to the 
D–J segment produced initially
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introduction of premature stop codons. The  addition 
or loss of nucleotides arises firstly by the random 
opening of the hairpin within the coding region, 
rather than exactly at the covalently closed terminus 
[357, 461]. If the hairpin is opened asymmetrically, 
the overhang can be filled in by the addition of short 
palindromic (P) repeat nucleotides upon resolution 
of the structure [242]. RAG1/2 can mediate hydroly-
sis of hairpins in vitro [31, 378], but while their pres-
ence appears to be required [207, 357, 456], Artemis 
(DCLRE1C) is the most likely candidate to open the 
RAG-generated coding hairpin [278]. This protein 
is phosphorylated by the DNA protein kinase cata-
lytic subunit (DNA-PKcs) activating an endonuclease 
capable of cleaving hairpin DNA [109, 252]. Coding 
ends are also modified through template-independent 
addition of random N (GC rich) nucleotides by ter-
minal deoxynucleotidyl transferase (TdT) [160, 221, 
356]. Joining of homologous regions or truncation of 
random nucleotides at the ends of the free DNA are 
further mechanisms implicated in producing addi-
tional junctional diversity [358].

The loose ends of the modified coding signal are 
joined by ubiquitous proteins involved in the nonho-
mologous end joining (NHEJ) pathway. DNA-depend-
ant protein kinase (DNA-PK) recognises open DNA 
ends, mediated by the DNA-binding subunits KU70 
and KU80 and catalytic subunit DNA-PKcs. The final 
joining of the double strand breaks of RAG- associated 
cleavages is probably due to a complex of several 
 factors [167]: a novel protein, XRCC4 [244] associates 
with DNA ligase IV [80, 167] and the protein Cernun-
nos or XLF [6, 39, 53] to ligate double strand breaks. 
 Mutations of these NHEJ factors can lead to immuno-
deficiency [39, 236] (see Sect. 2.6 for more details).

RAG1 and RAG2 are located on chromosome 11p13, 
8 kb apart. The proteins are the only lymphoid specific 
factors required for recombination of RSS sites. When 
the genes are artificially expressed in nonlymphoid 
cells where rearrangement does not normally occur, 
a test substrate is recombined [304, 369], suggesting 
that the remaining required factors are available in 
all cell lineages. Equally, lack of either RAG1 or RAG2 
in humans or mice [275, 377] leads to an absence of 
mature T and B cells with no other defects, implying 
that RAG genes function only in lymphoid cells.

As homozygous or compound heterozygous mutation 
cause disease, this form of SCID follows an autosomal 
recessive pattern of transmission. RAG1 and RAG2 are 
arranged in an unusual tail-to-tail configuration, sharing 
a 3¢  untranslated region and both lacking introns [4]. 
There is no homology between the genes, but they are 

highly conserved in animals, emphasising their impor-
tance. In addition to this genomic configuration, the 
close arrangement of genes suggests that they may have 
appeared at the same time in early vertebrates through 
an insertion of a mobile genetic element [30, 408].

In addition to mutations of RAG1 or RAG2, T-B- 
SCID in humans has been caused by aberrant expression 
of Artemis[278], Ligase IV (see Sect. 2.5 for more details) 
[30, 40, 302, 337] and cernunnos/XLF (see Sect. 2.6 for 
more details) [39]. Because these genes are also involved 
in DNA double strand break repair, SCID caused by their 
disruption is also associated with radiosensitivity [386].

A mutation in the adensosine deaminase gene, which 
normally breaks down toxic products of the purine 
scavenging pathway, causes apoptosis in lymphocytes. 
As such this also results in a T-B- SCID, but patients 
also lack NK cells [159]. Patients with the very rare dis-
ease, reticular dysgenesis, have markedly decreased cir-
culating T and NK cells and defective maturation of B 
and myeloid cells. This rare disease is due to a stem cell 
defect with unknown molecular basis [97].

Out of 174 cases of SCID examined at one Ameri-
can medical center, 3.4% were due to RAG mutations, 
1.1% due to Artemis and 16.1% caused by ADA defi-
ciency [46], although worldwide, RAG mutations 
account for approximately 50% of T-B- SCID [45].

Mutations of a given gene can generate a multitude 
of clinical phenotypes depending on the type of muta-
tion and additional somatic mutations, environmen-
tal and regulatory factors. Hypomorphic mutations in 
the genes RAG1 or RAG2 have been shown to generate 
an oligoclonal T cell repertoire which, in the case of 
Omenn syndrome, will expand and display self-reactiv-
ity [92, 424] (see Sect. 2.4 for more details). The obser-
vation that identical mutations in RAG1 or RAG2 can 
be observed in Omenn syndrome but also in typical and 
atypical SCID patients [293, 372, 424], sometimes in the 
same kindred [79], suggests the involvement of one or 
more modifying factors.

An interesting phenotype of hypomorphic RAG1 
mutations has recently been described in several patients 
with TCRαβ T cell lymphopenia, severe CMV infection 
and autoimmunity [96, 115]. T cells have been shown to 
be of autologous origin. De Villartay et al. described four 
unrelated patients from consanguineous families who 
presented hypomorphic mutations in RAG1; three of the 
four identified mutations have already been described 
in patients with Omenn syndrome (del T631, del 368-
369 and R841W). The missense mutation Q981P found 
in the fourth patient involves amino acids within the 
minimal core of RAG1 leading to a protein with residual 
RAG1 activity [96]. The remaining patient developed 
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EBV-associated lymphoproliferation and presented 
a R561H RAG1 mutation [115] which had also been 
described previously in Omenn syndrome patients. 
It can be speculated that in these patients due to hypo-
morphic mutations in RAG1, a limited T cell repertoire 
is generated. The early occurrence of CMV infection 
may then induce a huge expansion of oligoclonal non 
γδ T cell clones.

Patients with attenuated forms of T-B-NK+SCID 
have been described, for example, a patient who sur-
vived for 6 years without HSCT carrying mutations in 
RAG1, a R559S substitution on one allele and a R897X 
substitution on the second allele [225]. This patient 
presented maternal derived T cells and autologous 
peripheral B cells which were shown to be functional 
as specific anti HSV antibodies were observed. In fact, 
it has become obvious that the clinical spectrum for 
RAG1/RAG2 defects comprises not only complete 
abolition of V(D)J recombination leading to typi-
cal T-B-NK+SCID patients and hypomorphic muta-
tions giving rise to Omenn syndrome: more and more 
“atypical” SCID forms are identified [425, 426]. Thus 
genetic analysis of the RAG1 and RAG2 genes should 
also be considered in atypical clinical presentations.

Hypomorphic mutations in the Artemis gene may 
be found in patients that show clinical and immuno-
logical features that are indistinguishable from Omenn 
syndrome due to mutations in RAG1 or RAG2 [114] 
(see Sect. 2.4 for more details).

In the Necker Hospital study, four patients of two dif-
ferent kindreds showed a combined immunodeficiency 
with profound B and T lymphopenia and severe hypog-
ammaglobulinemia generated by mutations in the last 
exon leading to truncation of the Artemis-protein, and 
thus leaving intact the metallo-beta-lactamase domain 
[279, 280]. These “hypomorphic” mutations display a 
partial V(D)J recombination activity, as assessed in the 
functional V(D)J assays in patients’ fibroblasts, and have 
an incomplete complementation of the sensitivity to 
ionizing radiation compared with a cell line fully defi-
cient in Artemis. The patients present polyclonal T and B 
lymphocyte populations albeit in low number. Interest-
ingly, two out of the four patients developed EBV-asso-
ciated B cell lymphoma; in three of the four patients a 
general genomic instability was found. It has thus been 
hypothesized that Artemis may play an important role 
in genome stability. According to the hypothesis of Kin-
zler and Vogelstein [214], Artemis may be considered as 
genomic “caretaker” involved in the repair of genomic 
lesions and thus guaranteeing genomic stability. This 
hypothesis was emphasized by the observations of chro-
mosomal fragments, fusion and detached centromers in 
different cell lines of Artemis knockout mice [353] indi-

cating genomic instability in these mice [351]. Artemis/
p53-deficient mice succumb to progenitor B cell tumors 
[352]. Furthermore, it has recently been described that 
tumorigenesis in several tissues is accelerated in Artemis 
deficient mice in a Trp 53 heterozygous setting, empha-
sizing the tumor suppression role for nonhomologous 
end-joining in lymphoid and non lymphoid cells [303, 
452]. These findings suggest that Artemis deficient 
patients may be at risk for the development of lymphoid 
and nonlymphoid malignancies.

2.3.3
Clinical Manifestations

Symptoms of T-B- SCID are similar to all other SCID and 
are generally manifested as early opportunistic infections 
with impaired growth by the second or third month after 
birth. Patients often present with candidiasis, chronic 
persistent infections of the airways, and local or systemic 
bacterial infections. These most commonly cause rhini-
tis, otitis, mastoiditis, abscesses, conjunctivitis and men-
ingitis. Chronic diarrhea associated with gram-negative 
enteric bacterial sepsis causes a failure to thrive.

Maternal T cells are engrafted in half of all patients 
and NK cells are present in this form of SCID. After 
decline of maternal immunoglobulins, no antibodies 
circulate in the peripheral blood and the lack of mature 
B and T cells is often accompanied by an absence of a 
thymus, tonsils and cervical lymph nodes.

2.3.4
Diagnosis

To diagnose T-B- SCID, a full lymphocyte count and 
flow cytometry should be performed on peripheral 
blood, including markers for B, T and NK cells. RAG 
and Artemis deficient patients will generally lack T 
cells and B cells with NK cells present.

For full T-B- SCID, patients generally lack a thymus 
on X-ray or ultrasound imaging. Once an initial diag-
nosis has been determined based on physical exami-
nation, further investigation can be performed to 
establish the molecular basis of disease. DNA sequenc-
ing can reveal the mutation responsible and if parental 
mutation has been previously determined, prenatal 
diagnosis can be offered [400, 423].

2.3.5
Management

Upon presentation, management of life-threatening infec-
tion is the immediate concern and is treated with antibiotics 
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and antifungal drugs specific for the pathogen (often Can-
dida spp, Pneumocystis jiroveci or Staphylococcus aureus).
Antiviral agents should be used only if necessary.

Isolation of the patient with meticulous skin and 
mucosal hygienic practice is essential to prevent fur-
ther infection. Prophylactic antibiotics, antifungal 
agents and intravenous immunoglobulins are usually 
required. Parenteral or enteral nutrition is an option 
when patients have severe diarrhea and are failing to 
thrive through malnutrition.

Patients should not be immunized with live viral 
vaccines, as they can cause fatal symptoms.

If left untreated, all forms of T-B- SCID are fatal. 
HSCT is the only curative therapy available, although 
the mortality rate with this treatment is higher when 
compared to other types of SCID [16]. For ADA defi-
ciency replacement therapy is available. Gene therapy 
is a possibly future option for treating SCID, and up to 
date successful treatment was observed in ADA-defi-
cient patients [7], while animal models for gene ther-
apy in Rag2 deficiency have been developed [63, 457].

Advances in treating other types of SCID have 
been made [7, 64, 149, 175, 306], using retroviruses 
to deliver functional copies of the affected gene to 
patients’ stem cells ex vivo. The treated cells can then 
be reimplanted and give rise to an effective immune 
system. Gene therapy vectors to treat T-B- SCID are 
currently being tested [231, 281, 457] and may soon 
provide an alternative treatment in situations when 
bone marrow donors are unavailable.

2.4
Omenn Syndrome

2.4.1
Definition

Omenn syndrome (OS, OMIM#603554) is a related 
disease first described by Gilbert Omenn in 1965 after 
observing a consanguineous family with an unusual 
skin disorder [305].

2.4.2
Etiology

Omenn syndrome is caused primarily by missense 
mutations in RAG1 or RAG2, which do not entirely 
abrogate V(D)J recombination [424, 430]. Partial activ-
ity of the recombination activating genes allows some T 
cell clones develop and survive, but because of the oligo-
clonal nature of the population, patients remain immu-

nodeficient. The severity of disease is variable and can 
be partially attributable to genotype although there are 
exceptions: identical mutations in RAG genes have been 
discovered in both T-B- SCID and OS patients [79]. As 
OS describes a heterogeneous range of symptoms and is 
not a molecular  definition, the disease can be the result 
of mutations in genes other than the RAGs [156], such 
as Artemis [114] or IL-7Rα [152, 295].

2.4.3
Clinical Manifestations

Symptoms are similar to other SCID but also character-
ized by lymphadenopathy and hepatosplenomegaly which 
are problems unusual in other types of SCID. Patients 
also suffer from alopecia and an exudative erythrodermia 
that is associated with episodes of Staphylococcus aureus
sepsis. This skin condition becomes apparent as pachy-
dermia which progresses to desquamation, resulting in 
protein loss through the skin which, in conjunction with 
diarrhea, causes hypoproteinemia and edema. Normal to 
elevated levels of T cells can be present but these cells have 
a skewed T-helper-2 (Th2) profile [71] and due to their 
highly oligoclonal nature [92, 183], are poorly functional. 
Th2 cells produce elevated levels of IL-4 and IL-5 which 
lead to hypereosinophilia and despite the absence of B 
cells, increased serum levels of IgE.

2.4.4
Diagnosis

To diagnose OS, lymphocyte count and flow cytometry 
should be performed on peripheral blood. An initial mis-
diagnosis of atopic dermatitis or a food allergy is possible 
in Omenn syndrome. Engraftment of maternal T cells in 
utero can cause a skin condition with a similar appear-
ance to graft-versus-host-type illness, but OS can be dif-
ferentiated by lack of T cell chimaerism and eosinophilia, 
where lymphadenopathy and hepatosplenomegaly are 
also hallmarks of the syndrome. In OS, B cells are absent 
but an oligoclonal population of T cells is present with an 
activated antigen stimulated Th2 cell profile, as shown by 
presence of CD30 of the T cell surface with a CD45RO 
positive phenotype. These cells are responsible for the 
increased IL-4 and IL-5 levels in serum.

Immunoglobulins A and M are absent whilst  levels 
of IgE and maternal IgG will be elevated. OS T cell 
lymphocyte stimulation assays against concanavalin 
A (conA), pokeweed mitogen (PWM) and phytohe-
magglutanin (PHA) are absent or greatly decreased. 
Lymphocytes will, however, show some response to 
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stimulation with anti-CD3, superantigens and  phorbol 
myristate acetate (PMA).

Patients with OS generally lack a thymus on X-ray 
or ultrasound imaging. DNA sequencing can reveal 
the mutation responsible and if parental mutation has 
been previously determined, prenatal diagnosis can be 
offered [400, 423].

2.4.5
Management

Therapeutic procedures are the same as for other 
forms of SCID. Dermatitis can be treated with immu-
nosuppression and topical steroids. Immunosuppres-
sion of the patients’ oligoclonal T cells has decreased 
incidence of graft-versus-host disease [178].

2.5
DNA Ligase IV Deficiency

2.5.1
Definition

An atypical and rare form of autosomal recessive 
radiosensitive SCID is due to DNA ligase IV deficiency 
(OMIM#606593) and is characterized by a profound 
but not complete defect in the development of T and 
B lymphocytes (T-B-NK+ SCID) associated with vari-
ous degrees of microcephaly, developmental defects 
and growth delay. There is a high heterogeneity with 
regard to the level of immunodeficiency in DNA Ligase 
IV deficiency ranging from no immunodeficiency to 
profound SCID phenotypes.

2.5.2
Etiology

DNA ligase IV (LIG4, OMIM*601837) is located 
on chromosome 13.q22-q34: the cDNA encoding a 
polypeptide of 844 amino acids [439]. It is essential 
for embryonic development and its complete defi-
ciency causes early lethality accompanied by defective 
lymphogenesis and defective neurogenesis in knock-
out mice [143, 148]. DNA ligase IV is a component 
of the nonhomologous end-joining and participates 
thus in the repair of DNA double strand breaks (dsb) 
that arise during DNA damage induced by ionizing 
radiation, but also in the context of endogenously 
induced DNA dsb during V(D)J recombination. As 

detailed in Sect. 2.3, V(D)J recombination is initi-
ated by the lymphoidspecific proteins RAG1 and 
RAG2 that introduce a DNA dsb between a coding 
segment (V, J or D) and the specific recombination 
signal sequence (RSS). This generates four different 
extremities: two blunt signal ends and two hairpin 
sealed coding ends, which are then resolved by the 
NHEJ-DNA repair pathway composed of at least 
six factors: DNA-PKcs, Ku70, Ku80, Artemis, LIG4,
and XRCC4. Whereas the  signal ends can be directly 
ligated by the complex formed by DNA-ligase IV with 
XRCC4 [80, 166], giving rise to a precise signal joint, 
the coding ends have to be processed prior to their 
ligation which generates an imprecise coding joint. 
V(D)J recombination in patients’ fibroblasts shows 
only moderate impairment with an almost normal 
recombination frequency of coding- and signal joint 
formation, but the fidelity of the signal joint forma-
tion in DNA ligase IV deficient patients is highly 
compromised [40].

The LIG4 Y288C mouse strain presents hypomorphic 
mutations in the DNA ligase IV gene and is charac-
terized by growth retardation and immunodeficiency. 
The diminished DNA double-strand break repair in 
LIG4 Y288C mice causes a progressive loss of hemat-
opoietic stem cells and bone marrow cellularity dur-
ing ageing [291], and thus it can be speculated that 
DNA ligase IV may be required beyond V(D)J recom-
bination for lymphoid homeostasis, explaining why 
DNA ligase IV deficiency can cause profound immu-
nodeficiency despite the fact that there is only mod-
erate in vitro impairment of V(D)J recombination in 
DNA ligase IV deficient patients.

2.5.3
Clinical Manifestations

Hypomorphic mutations have been described in 
humans, first in a 14-year-old leukemia patient 
who overresponded to radiotherapy [337, 338]. The 
observed increased cellular sensitivity to ionizing 
radiation was the clue to the diagnosis of DNA ligase 
IV deficiency. Interestingly, this patient did not dis-
play developmental or immunological abnormalities 
before the onset of leukemia. Subsequently, DNA ligase 
IV deficient patients with a varying degree of T and B 
immunodeficiency, microcephaly, facial  dysmorphy, 
growth retardation and developmental delay have 
been described [30, 40, 121, 302]. Some patients 
present exclusively a T-B-NK+ SCID phenotype with-
out any growth or developmental defects [415].
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After the first leukemia patient who had been 
reported to have a mutation in DNA Ligase IV, several 
other patients have been identified with DNA ligase 
IV deficiency and lymphoproliferation or lymphoid 
malignancy: EBV associated B cell lymphoproliferation 
in two patients [40, 409], and acute T cell leukemia in 
another patient [30].

2.5.4
Diagnosis

The immunophenotype of DNA ligase IV-deficient 
patients may be very heterogeneous, ranging from an 
almost complete T-B-NK+ SCID phenotype to milder 
presentation with various degrees of lymphopenia and 
hypogammaglobulinemia [155, 302]. Radiosensitivity 
and microcephaly are important clues to diagnosis, 
but there may be rare cases without the typical micro-
cephaly. Other characteristic features that should lead 
to the suspicion of DNA ligase IV deficiency are devel-
opmental retardation and growth delay. Pancytopenia 
may be present in some patients. The diagnosis can be 
confirmed by sequencing of the LIG4 gene.

2.5.5
Management

HSCT has been proposed to cure immunodeficiency 
[40, 121, 169, 415]. HSCT outcome may be limited 
by complications due to increased sensitivity to con-
ditioning regimens, even if “reduced intensity” condi-
tioning is chosen, and more severe GVHD due to the 
DNA repair deficiency. It can be speculated that long-
term outcome may be compromised by occurrence of 
secondary malignancies; nevertheless, the observation 
period after the few performed HSCT for DNA ligase 
IV deficiency is still too short to draw final conclu-
sions.

2.6
Cernunnos Deficiency

2.6.1
Definition

Patients with Cernunnos deficiency are characterized 
by severe T lymphopenia, progressive B lymphopenia 
and microcephaly [39]. This condition is a rare auto-
somal recessive primary immunodeficiency.

2.6.2
Etiology

The observation of patients presenting a T-B-NK+ 
phenotype with increased sensitivity to ionizing radia-
tion without mutations in the known factors involved 
in nonhomologous end joining (NHEJ) in mammals 
(Ku70, Ku80, DNA-dependent protein kinase cata-
lytic subunit, XRCC4, DNA ligase IV, or Artemis) [83] 
 indicated that there were still other NHEJ-repair-fac-
tors to be discovered. Recently, a new factor was identi-
fied through the study of five human SCID patients 
with severe progressive T and B cell lymphopenia and 
increased sensitivity to ionizing radiation: CERNUN-
NOS (OMIM*611290) or XRCC4-like factor (XLF), 
was cloned contemporarily via a complementation 
strategy in Cernunnos-deficient patients’ fibroblasts 
[39] and via its capacity to interact with XRCC4 [6], 
respectively. Cernunnos is located on the long arm of 
chromosome 2 (2q35) and its cDNA comprises 2063 
nucleotides giving rise to a protein of 299 amino acids. 
Cernunnos shows homology to XRCC4 [53] and forms 
a complex with XRCC4 and DNA-ligase IV. Its precise 
molecular function remains to be elucidated, but it can 
be considered as a “new” factor of the NHEJ pathway. 
With regard to V(D)J recombination, the fidelity of 
signal joints is impaired in Cernunnos deficiency with 
various length of nucleotide deletions [39, 83].

2.6.3
Clinical Manifestations

Cernunnos-deficient patients present recurrent bac-
terial, viral and/or parasitic infections like those 
observed in other SCID patients. Two patients out of 
five described succumbed to infections. Interestingly, 
like patients with DNA ligase IV deficiency, Cernun-
nos-deficient patients also display developmental 
defects and microcephaly. In humans, several condi-
tions are characterized by the association of defec-
tive DNA repair and neurodegenerative disease [303, 
330]. Other abnormal features observed in Cernunnos 
 deficiency are bone and urogenital malformations. 
Three patients presented with a “bird-like face”.

2.6.4
Diagnosis

Laboratory exploration of Cernunnos-deficient 
patients find mild to severe B and T lymphopenia 
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whereas NK cell counts are normal. With age, the 
number of circulating B cells has been found to decline 
progressively [39]. This B cell deficiency is accompa-
nied with hypogammaglobulinemia with low IgG and 
IgA but raised IgM in two patients, thus suggesting that 
Cernunnos may be involved in class switch recombina-
tion. Interestingly, circulating naive T cells were absent 
and T lymphocytes were found to display exclusively T 
cell memory phenotype (CD45RO+). T cell function 
is impaired when assessed by PHA mitogen induced 
 proliferation assays. Patients show also increased 
 sensitivity to ionizing radiation. Diagnosis can be con-
firmed by sequence analysis.

Other elements that may be present are autoim-
mune cytopenia, chromosomal instability or bone 
marrow aplasia [39].

2.6.5
Management

Treatment options depend on the severity of the immu-
nodeficiency and are comparable to the management 
of other types of SCID. Opportunistic infections have 
to be treated and prevented. HSCT may be a curative 
therapeutic approach. With regard to the underlying 
DNA repair defect, attention has to be paid to even-
tual toxicity of conditioning regimens and associated 
medication.

2.7
Purine Nucleoside Phosphorylase (PNP) 
Deficiency

2.7.1
Definition

PNP deficiency is a combined immunodeficiency caused 
by mutations in the enzyme PNP (OMIM+164050) 
and subsequent accumulation of purine metabolites 
such as deoxyguanosine. Patients typically present with 
recurrent infections, autoimmunity and ataxia. Presen-
tation may be delayed beyond 1–2 years of life.

2.7.2
Etiology

PNP is a key enzyme in the purine salvage pathway. 
PNP catalyzes the phosphorylation of inosine, deox-
yinosine, guanosine and deoxyguanosine to yield 
guanine or hypoxanthine and ribose-1-phosphate or 

2¢ -deoxyribose 1- phosphate. These ubiquitous purine 
metabolic pathways are responsible for the proper bal-
ance between the  production of dephosphorylated 
purines, detoxification by further degradation to uric 
acid, and salvage by metabolism back to the nucleotide 
level. PNP is also responsible for catalyzing gunanosine 
and deoxyguanosine back into the GTP pool. Mainte-
nance of low and balanced intracellular deoxynucle-
oside triphosphate pools is critical for the fidelity of 
DNA synthesis and repair [75, 120, 271, 333].

The metabolic consequences of the PNP deficiency 
is the accumulation of all four PNP substrates; inosine, 
deoxyinosine, guanosine and deoxyguanosine [74]. 
Because PNP activity is obligatory to purine degrada-
tion, no uric acid is produced [74]. Of the four metab-
olites, only deoxyguanosine can be phosphorylated 
further in mammalian cells [122, 433]. As a result, 
cells from patients with PNP deficiency accumulate 
abnormally high levels of intracellular dGTP [74]. The 
high concentration of dGTP is believed to cause lymph 
 toxicity in patients with PNP deficiency.

Much of these metabolic effects on the immune 
 system were learned from animal models. Three 
mutant mice lines were generated with a single amino 
acid substitution and partial PNP enzymatic activ-
ity (1–5% of wild type) [385]. The PNP mutant mice 
developed partial immunodeficiency after 2–3 months 
consistent with the partial reduction in PNP enzymatic 
activity. The total number of thymocytes was reduced 
with a decrease in the number of CD4+CD8+ double 
positive cells and an increase in immature CD4-CD8- 
double-negative cells. In parallel spleen, T cells were 
reduced by 50% and their response to T cell mitogen 
was impaired partially. The overall conclusion of this 
study was that the progressive T cell defect is similar to 
the human disorder. It is likely that the partial nature 
of the mutations in the PNP may hinder direct com-
parison with the human disease and further insight 
into the mechanism of the immunodeficiency.

Arpaia et al. [19] generated a PNP- deficient mouse 
by gene targeting resulting in a complete absence of PNP 
enzymatic activity. The PNP- deficient mice develop 
severe immunodeficiency at an early age characterized 
by abnormal intrathymic T cell differentiation, progres-
sively reduced peripheral T cells with impaired immune 
function, and minimal abnormalities of B lymphocytes 
or other tissues. The observed immune phenotype of 
the PNP-deficient mice is similar to clinical observa-
tions in patients with PNP  deficiency.

The following observations of the immune phe-
notype of PNP-deficient mice shed light on the 
mechanism by which PNP deficiency may cause 
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immunodeficiency: (1) the development of T cells in 
PNP-deficient mice is affected at the CD4+CD8+ dou-
ble-positive intrathymic stage of differentiation; (2) in 
PNP-/- mice, the double-positive thymocytes undergo 
enhanced apoptosis in vivo and markedly increased 
rates of activation induced apoptosis in vitro; and 
(3) apoptosis of double-positive thymocytes can be 
induced by inhibition of PNP in the presence of deox-
yguanosine. The deoxyguanosine-induced apoptosis 
of double-positive thymocytes is inhibited by overex-
pression of Bcl-2 or by inhibition of caspase activity.

Together, the experimental evidence supports the 
following hypothesis explaining the mechanisms of 
the immunodeficiency caused by PNP deficiency:

1. The accumulation of a PNP lymphotoxic substrate, 
rather than the lack of the product of the enzymatic 
reaction, is responsible for the immunodeficiency 
[379, 381].

2. Deoxyguanosine is the only PNP substrate that is 
phosphorylated further and has been demonstrated 
to be lymphotoxic [171, 186].

3. To exert its lymphotoxicity, deoxyguanosine has to be 
phosphorylated first to dGTP, which in turn inhibits 
ribonucleotidase reductase activity, depletes dCTP, 
and inhibits DNA synthesis and repair [171].

4. There is evidence that deoxyguanosine-induced 
apoptosis is initiated in the mitochondria. There is 
a secondary loss of the mitochondrial deoxyguano-
sine kinase enzymatic activity in PNP mutant mice 
and in PNP-deficient mice [205, 310, 460]. Deoxy-
guanosine is produced or actively transported into 
the mitochondria [435, 436], phonsphorylated by 
the mitochondrial deoxyguanosine kinase, and the 
end product dGTP likely destabilizes deoxyguanos-
ine kinase protein. Mitochondrial dGTP is also likely 
to inhibit mitochondrial DNA repair and initiate 
apoptosis by way of cytochrome C release [243].

5. Any hypothesis explaining the biochemical mecha-
nism of cytotoxicity of PNP deficiency must explain 
the lymphocyte and in particular T cell specificity of 
the disease. One explanation for the T lymphocyte 
specificity is the high deoxyguanosine phosphor-
ylating activity in T lymphocytes as compared with 
lymphocytes or any other tissue [60, 211, 322].

6. A second explanation for the T cell specificity of PNP 
deficiency lies in the inherent susceptibility of imma-
ture thymocytes to apoptosis during T cell selection 
[266]. Immature double-positive T cells express low 
levels of Bcl-2 and are uniquely sensitive to apoptosis 
during negative selection [429]. Thymocytes at this 
stage of differentiation have been shown to be espe-
cially vulnerable to deoxyguanosine-induced apop-

tosis [52, 76]. According to this hypothesis, dGTP 
accumulation in PNP-deficient CD4+CD8+ thymo-
cytes increases the proportion of thymocytes under-
going negative selection by increasing susceptibility 
to activation-induced apoptosis [429].

2.7.3
Clinical Manifestations

PNP deficiency is a rare disease with an estimated fre-
quency of 4% among patients with SCID [52]. Patients 
with PNP deficiency typically have a triad of symptoms 
including neurologic abnormalities, autoimmune phe-
nomena, and recurrent and unusual infections.

Similar to children with other types of severe immu-
nodeficiency, PNP deficiency may come to medical atten-
tion during the first year of life because of prolonged 
diarrhea, oral thrush, or respiratory infections [84, 186]. 
Other infections include meningitis, recurrent otitis, 
sinusitis, mastoiditis, pharyngitis, pneumonia, and skin 
infection [75, 84, 139]. Patients are extremely susceptible 
to viral infections such as varicella, CMV, EBV, parainflu-
enza [52], and the polyoma JC virus [312]. There is a con-
siderable heterogeneity both in age of presentation and 
severity of symptoms. In some cases, significant infec-
tions are delayed until later in life [75, 84, 113, 139, 312] 
or have only mild symptoms, which may be credited to 
residual PNP activity [180].

Neurologic abnormalities are common in PNP defi-
ciency [84, 180], and more than 20% of cases seek medi-
cal consultation due to neurologic symptoms that can 
not be explained by infections or preceding signs of 
immunodeficiency [388]. The majority of neurologic 
manifestations are related to the motor system dysfunc-
tion, such as nonprogressive cerebral palsy, spastic paresis, 
or tonus abnormalities. Dysequilibrium characterized by 
hypotonia, pronounced difficulty in maintaining pos-
ture and upright position, associated with spastic diple-
gia and ataxia [180] or spastic paraplegia, have also been 
described [307, 399]. Other neurologic findings include 
tremor, developmental delay, hyperactivity, behavioral 
problems, and varying levels of mental retardation, some 
of which may be related to recurrent brain infarcts.

One-third of the patients manifest autoimmune phe-
nomena, which may be the presenting feature [52, 139]. 
These include autoimmune hemolytic anemia (associ-
ated with autoantibodies to erythrocytes) [84], idiopatic 
thrombocytopenic purpura, autoimmune neutropenia, 
arthritis, pericarditis, and systemic lupus erythematosus 
[43]. Patients with autoimmune  disorders may test posi-
tive for rheumatic factors and antinuclear antigens [59].
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2.7.4
Diagnosis

PNP deficiency is an autosomal recessive disorder. The 
gene that encodes PNP is localized on chromosome 
14Q13.1 [448]; and several disease-causing mutations 
have been identified [14, 23, 84, 273, 308, 367, 413]. 
Different mutations in the PNP gene produce proteins 
with variable degrees of enzymatic activity that cor-
relate with accumulation of nucleoside substrates and 
with the clinical course. Retention of partial enzyme 
activity may lead in some patients to less severe meta-
bolic abnormalities, delayed presentation, milder clini-
cal symptoms, and immune dysfunction [75].

All patients with PNP deficiency have purine nucle-
oside abnormalities (elevated inosine and deoxyinosine, 
and also guanosine and deoxyguanosine in blood and 
urine). Uric acid blood level is typically below 2.0 mg/dl. 
Normal or slightly decreased uric acid levels are found in 
a few patients with partial enzyme activity [32, 180]. Low 
serum uric acid levels also may be caused by proximal renal 
tubular diseases (e.g., Fanconi syndrome) or xanthinuria, 
in which blood and urine levels are extremely low [191]. 
Other metabolic abnormalities found in patients with 
PNP deficiency include elevated dGTP, undetectable in 
normal individuals, and depletion of GTP in erythrocytes 
to about 10% of normal levels [186].

PNP activity can be determined by measuring the 
rate of conversion of radioactivity labeled inosine to 
hypoxanthine [52] or by spectrophotometry in which 
the coupled conversion of inosine to uric acid in the 
presence of xanthine oxidaze is tested [343]. Normal 
PNP activity varies in different human cell and tissues 
extracts; the diagnosis of PNP deficiency is based com-
monly on enzyme activity in hemolysate [158]. Unde-
tectable or lower than 1% activity is usually found in 
patients with PNP deficiency [59], but activity as high 
as 4.8% of normal control was associated with immu-
nodeficiency, although with a mild course and delayed 
presentation [364]. Determination of PNP activity 
could be affected by recent erythrocyte transfusion 
[113]. It is advised in these instances to measure ino-
sine, guanosine and their deoxy analogue concentra-
tions in the urine, or PNP activity in mononuclear 
cells or peripheral blood T cells [180, 186].

Prenatal exclusion of PNP deficiency can be per-
formed by measuring the enzyme activity in fetal red 
blood cells [139] and amniocytes or by determining the 
purine profile in amniotic fluid. The advantage of the 
latter is that purine levels are available within a short 
time after amniocentesis [59]. Assessing PNP activity 
in chorionic villi is an effective alternative that can be 
performed early in the course of pregnancy [59].

The thymus of patients with PNP deficiency is small; 
however, unlike most other types of SCID, occasional 
poorly formed Hassall’s corpuscles can be demon-
strated [52]. Lymph nodes seem depleted and lack para-
cortical fields. In most patients, there is a low absolute 
lymphocyte count (frequently less than 500 cells/ml). T 
cell function assessed by responses to mitogens and by 
skin test for Candida and other delayed hypersensitivity 
immunogens is reduced or absent [158, 186]. Decreased 
total lymphocytes and T cell numbers were reported in 
PNP deficiency. In some patients, T cell numbers and 
function fluctuates with time [139, 343], whereas in 
those with delayed presentation, mitogenic responses 
may be moderately reduced to normal [364]. Humoral 
immunity as assessed by B cell number, immunoglobu-
lin levels, and specific antibody formation are normal in 
most cases with PNP deficiency [75]. In a small group 
of patients, humoral aberrations including low levels of 
immunoglobulins, poor specific antibody production, 
reduced isohemagglutinins [388] or monoclonal gam-
mopathy were documented [339]. The number of NK 
cells varies among patients [180].

The differential diagnosis of PNP deficiency 
should particularly consider disorders that com-
bine significant immunodeficiencies and neurologic 
abnormalities, including ataxia-telangiectasia, zinc 
deficiency, and biotin-dependent carboxylase defi-
ciency. Because a dysplastic marrow and anemia 
may be an early symptom of PNP deficiency [108], 
congenital hypoplastic anemia (Diamond Blackfan 
syndrome), transcobalamine 2 deficiency, and type I 
hereditary Orotic aciduria, which may be associated 
with immunodeficiency, should also be considered in 
the differential diagnosis.

2.7.5
Management

The only available cure for patients with PNP deficiency 
is HSCT. Recently, there have been a few reports of suc-
cessful restoration of immune function in patients with 
PNP after HLA-matched sibling HSCT [25, 58]. Myelo-
ablative conditioning is required in order to reduce the 
risk of rejection caused by residual immune function 
frequently documented in these patients. Conditioning 
regimens included cyclophosphamide and busulfan, 
without [25] or with anti-thymocyte globulin (ATG) 
[99], or alternatively busulfan and fludarabine [73]. In 
the absence of a matched related donor, cord blood has 
been recently used successfully in a patient with PNP 
deficiency [282]. Whether these patients can benefit 
from matched unrelated donor marrow or cord blood 
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transplants remains to be determined in a larger group 
of patients. In addition, HSCT may not reverse neuro-
logical manifestations as previously observed [25].

When HSCT is unavailable, enzyme replacement 
using polyethylene glycol (PEG)-PNP could provide 
temporary remedy similar to the treatment of patients 
with ADA deficiency [186]. Its efficiency has been 
recently tested, demonstrating complete immune recon-
struction of PNP-/- mice, but unfortunately PEG-PNP 
is not commercially available [19]. Other future thera-
pies such as enzyme replacement with trans-activator of 
transcription (TAT)-PNP [411] or gene therapy are now 
undergoing pre-clinical studies.

In the past, several other modalities of therapy were 
proposed for PNP deficiency. Erythrocyte transfusions 
used as enzyme replacement were originally encourag-
ing, but subsequently proved inefficient [390]. Other 
treatment including deoxycytidine and tetrahydrouri-
dine [395, 437], guanine [437], adenine, uridine, and 
hypoxanthine [75, 390] showed no benefit. Attempts 
to restore immune function in patients with PNP 
deficiency with thymus transplant or with thymosine 
 fraction 5 were also unsuccessful.

Supportive treatment is warranted in patients with 
PNP deficiency, as in all immunodeficiency states 
[139]. Immunoglobulin replacement therapy should 
be considered in cases who have antibody deficiency 
or autoimmune manifestation [388].

The life expectancy of individuals with PNP defi-
ciency has been poor. Most of the patients who did not 
receive HSCT died during early childhood. The oldest 
reported patient reached the second decade of life [403]. 
Death has occurred from overwhelming infections, such 
as generalized chickenpox complicated by pneumonia 
and carditis, or pneumonia and chronic pulmonary dis-
ease. A high frequency of malignancy was also noted, 
including pharyngeal tumors, lymphoma, and lympho-
sarcoma [75, 267, 367].

2.8
Immunoglobulin Class Switch Recombina-
tion Deficiencies (affecting CD40–CD40L) 
(CD40 ligand Deficiency, CD40 Deficiency)

2.8.1
Definition

Immunoglobulin class switch recombination deficien-
cies (Ig CSR deficiencies), previously termed “Hyper-IgM 
syndromes (HIGM)” and originally termed “dysgam-
maglobulinemia”, are rare immunodeficiency diseases 

characterized by defective production of Ig requiring a 
switch process, i.e., IgG, IgA and IgE, whereas the IgM 
concentration is either normal or increased. Although 
rare cases of HIGM with autosomal recessive inherit-
ance have been reported recently, most cases are inher-
ited as X-linked recessive trait and are due to a mutation 
in the CD40 ligand encoding gene [11, 21, 100, 145, 
222]. The gene responsible for some autosomal reces-
sive forms was identified as CD40 [125]. The clinical 
and biological characteristics of both HIGM syndromes 
associated with a defect in the CD40-CD40 ligand inter-
action are very similar and point to the importance of 
this interaction in the immune response. These char-
acteristics distinguish them from other HIGM with Ig 
CSR deficiencies due to intrinsic B cell defects [123, 126, 
298] (see Sect. 3.4 for more details).

2.8.2
Etiology

The X-linked form of HIGM (XHIGM or HIGM1) 
syndrome (OMIM#308230) is due to a mutation in 
CD40 ligand (CD40L, also called CD154). The CD40L
gene (OMIM*300386), also called tumor necrosis fac-
tor superfamily 5 (TNFS5), maps on the X chromo-
some region q26 and is organized in five exons and 
four introns. CD40L is a type II transmembrane glyco-
protein 261 amino acids long that is mainly expressed 
on activated CD4 T lymphocytes as a trimer. The crys-
tal structure of the intracellular part of CD40L shows 
that hydrophobic and hydrophilic residues are crucial 
for CD40 binding [209]. Different mutations of the 
gene have been described in a large number of patients, 
including missense mutations, deletion, insertions, 
nonsense-mutations and splice site mutation [237, 
300, 373]. Although the mutations described involve all 
parts of the gene, most of them are located in exon 5, 
affecting regions that are conserved in sequence anal-
ogy with tumor necrosis factor [300]. The majority of 
missense mutations described affect the folding and 
stability of the molecule rather than the CD40-bind-
ing site directly [209, 300]. There is no clear pheno-
type–genotype correlation, although some mutations 
allowing a residual binding of CD40 are associated 
with a less severe phenotype [85, 373]. Some rare cases 
of XHIGM have been described in girls secondary to a 
skewed X inactivation chromosome [95, 198].

In 2001, Ferrari et al. [125] identified CD40 muta-
tion in three patients from two unrelated families 
with autosomal recessive HIGM syndrome (HIGM3, 
OMIM#606843), and a fourth case was reported 
in 2003 in a third family [230]. So far, all patients 
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described present homozygous mutations. CD40 is a 
type I transmembrane protein 277 amino acids long and 
is included in the TNF-R superfamily. CD40 is consti-
tutively expressed on B cells, monocytes, macrophages, 
dendritic cells and nonhematopoietic cells. The CD40
gene (OMIM*109535) displays nine exons. Two identi-
fied mutations affect CD40 splicing and the other one 
consists of amino acid substitution in the extracellular 
part of the protein. However, whatever the mutation 
involved, CD40 is not expressed at the membrane level.

The CD40–CD40L interaction plays a major role in 
the cross talk between immune cells. Engagement by 
CD40L induces CD40 signal transduction in B and den-
dritic cells. CD40 could already be trimerized independ-
ently of CD40L engagement by its pre-ligand-associated 
domain (PLAD) identified in the extracellular regions 
of TNFR members [69]. The CD40–CD40L interaction 
plays a crucial role in T cell-dependant B cell prolifera-
tion and differentiation in the presence of a second sig-
nal (such as IL-4 or IL-10). It is consequently critical for 
germinal center formation and for the generation of a 
secondary antibody repertoire. The latter results from 
two main processes. First, there is class switch recombi-
nation that leads to the expression of different immu-
noglobulin isotypes. The second process consists of the 
somatic hypermutation characterized by a high rate 
accumulation of point mutations in the V regions of Ig 
genes and allows the selection of B cells bearing a high 
affinity antigen specific BCR. Altogether, these processes 
lead to high affinity antibody production and to the 
generation of memory B cells and of long-life plasma 
cells. Although rare somatic mutations can be detected 
in IgM-bearing B lymphocytes [442], the main conse-
quence of a defect in CD40-CD40L interaction is the 
absence of generation of a secondary antibody reper-
toire. However, several sources of evidence indicate that 
HIGM1 and HIGM3 are not solely a humoral immuno-
deficiency. CD40 triggering also plays a central role in 
T cell-mediated activation of monocytes-dendritic cells 
[10, 62, 140, 204]. Engagement of CD40 on dendritic 
cells leads to their maturation and the secretion of IL-12 
a cytokine with a major role in Th1 immunity. Failure 
to produce IL-12 and thereby interferon γ [65] is a likely 
event in the T cell immunity defect observed in HIGM 
affecting CD40–CD40L interaction.

2.8.3
Clinical Manifestations

This section summarizes the clinical manifestations 
observed in HIGM1 patients; the disorder has been 

recognized since 1993 and has been the object of many 
reports [237, 241, 449]. However, the clinical mani-
festations observed in the four patients with HIGM3 
recently described are very similar.

In most cases, age at the time of diagnosis is between 
3 months and 2 years and the clinical presentation 
evokes a combined immunodeficiency. However, it 
seems that variability in susceptibility to opportunis-
tic infection in HIGM1-deficient patients could exist 
since some patients develop such infection early in life 
while others do not, at least not until adulthood.

The most common clinical manifestations observed 
in HIGM1 patients are infections, especially infections 
involving the respiratory tract. First of all, the pneumo-
nias occur in more than 80% of patients, and Pneumo-
cystis jiroveci accounts for most of the cases in infancy. 
It is noticeable that this infection is the first manifesta-
tion of the disease in over one-third of patients. The 
occurrence of such an infection in a young patient has 
to evoke this diagnosis, especially if hypogammaglob-
ulinemia is associated. Lung infections can also be due 
to viruses including CMV, adenovirus, herpes simplex 
virus or bacteria such as pseudomonas or staphylococ-
cus. Finally, mycobacteria including bacillus Calmette-
Guérin (BCG) and fungi such as Hispoplasmosis and 
Cryptococcus can be responsible for lower respiratory 
tract infections. Upper respiratory tract infections 
including sinusitis and otitis are also common and 
affect more than 40% of patients.

Gastrointestinal problems also affect over 50% of 
patients. These problems are often of infectious origin 
especially due to Cryptosporidium. Diarrhea associated 
with Gardia lamblia, Salmonella or Entamoeba histolytica
have been reported [241]. Inflammatory bowel disease 
and intestinal hyperplasia may cause chronic diarrhea in 
some patients. The intestinal problems follow a chronic 
course leading to failure to thrive, and parenteral nutri-
tion is required. The liver is often affected. The common 
lesion is sclerosing cholangitis that is most often related 
to Cryptosporidium infection and that may require liver 
transplantation. Hepatitis has been reported either 
with or without a proven viral etiology. As with other 
immunodeficiencies, the risk of neoplasm, especially 
lymphoma, is increased. But in HIGM1, the risk of neo-
plasm also includes carcinomas affecting the liver, pan-
creas, biliary tree [185, 241, 283]. These observations 
suggest that physiological CD40 expression on regener-
ating or inflamed bile duct epithelium could play a role 
in triggering local immune response [185].

The most typical hematological abnormality is neu-
tropenia that is observed in over 60% of patients. It is 
usually chronic and can be exacerbated by infectious 
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episodes and be associated with oral ulcers and gingi-
vitis. Chronic infections can lead to anemias, but some 
of them are related to parvovirus B19 infection [33].

Neurologic problems including meningitis and 
encephalitis have also been reported. Despite the  frequent 
absence of identification, several organisms are involved 
such as Toxoplasma, Cryptococcus, and Mycobacteria 
[241]. Moreover, viruses including enterovirus and JC virus 
are responsible for some neurological features [181, 398].

Some cases of arthritis, nephritis and hyperparath-
yroidism have been reported. The osteopenia observed 
in some patients suggests a regulatory role for CD40L 
in bone mineralization [248].

2.8.4
Diagnosis

The characteristic serum Ig profile observed in HIGM1 
consists in markedly decreased serum IgG, IgA and IgE 
and normal to increased IgM levels. Indeed, a normal 
IgM level is frequently observed at the time of diagnosis 
in around 50% of patients, especially in young patients 
[241]. However, nearly 70% of patients will present a 
hyper IgM during their lifetime. In some cases, the level 
of IgG which is generally very low can reach normal val-
ues. In the same way, some patients present normal or 
high IgA level as well as IgE. These near-normal immu-
noglobulin profiles, sometimes associated with an anti-
body response to T cell-dependent antigens, could be 
associated with a milder phenotype [33, 85]. The serum 
IgG and IgA levels were undetectable in three patients 
presenting HIGM3, and in the fourth, only IgG was 
detectable at a very low level [125, 230].

In both HIGM1 and HIGM3, T cell counts were gen-
erally normal, although a low proportion of CD45R0 
memory T cells is frequently observed [204]. Whereas 
total B cell count is normal in most cases, the B cell 
population is characterized by the lack of B cells that 
do not express IgD and that express CD27, which cor-
relates with the failure of class switch recombination 
and of somatic hypermutation processes [3, 249].

The screening assay for diagnosis of HIGM1 is based 
on the absence of CD40 binding on the patien’s activated 
T cells. Usually, T cell activation is driven by the associa-
tion of phorbol ester and ionomycin, and the expression 
of a functional CD40 ligand is revealed by binding fluo-
rescent chimeric CD40-Ig molecules assessed in flow 
cytometry. Some monoclonal fluorescent anti-CD40L 
antibodies which recognize the binding site of CD40 
can be used cautiously for the diagnosis [237]. However, 
some CD40L mutations associated with milder pheno-

types allow a residual CD40 binding and the level of 
fluorescent intensity has to be taken into consideration 
for a suitable interpretation. Moreover, when a defect of 
CD40 binding is detected, it is important to rule out a T 
cell activation defect which could lead to an absence of 
CD40 ligand expression without intrinsic defect in this 
molecule. The final diagnosis requires CD40L molecu-
lar analysis. Carrier detection in females has to be per-
formed by direct sequencing when the searched-for 
mutation is known. Therefore, prenatal diagnosis can be 
offered by using a chorionic Villi biopsy taken at week 
8 to 10 of pregnancy. Direct mutation identification, if 
known in the family at risk, or an intragenic polymor-
phic marker can be used [101].

The screening assay for the diagnosis of HIGM3 is 
founded on the absence of CD40 expression assessed 
by immunofluorescence since so far all patients 
described display a complete lack of CD40 expression 
on B cells as well as on monocytes. However, we cannot 
absolutely exclude that some mutant proteins could 
be expressed and recognized by monoclonal antibod-
ies. Then, the diagnosis of CD40 deficiency requires 
genetic analysis.

2.8.5
Management

The treatment included immunoglobulin substitution 
that resulted in a marked decrease of upper and lower 
respiratory tract bacterial infections. In some cases, 
immunoglobulin replacement therapy also led to the 
resolution of lymphoid hyperplasia when it existed 
before treatment. Under intravenous immunoglobulin 
treatment, IgM level often drops to normal value. The 
neutropenia is also frequently corrected by this substi-
tution. However, in some patients presenting severe and 
symptomatic neutropenia, treatment by granulocyte-
colony-stimulating factor has been given, successfully 
in most cases. Depending on the frequency and the 
severity of opportunistic infection, especially by Pneu-
mocystis jiroveci, a prophylactic antibiotherapy using 
trimethoprim-sulfamethoxazole is recommended, espe-
cially when the patient had presented a previous episode 
of opportunistic infection. In spite of these preventive 
mesure the survival rate is still poor, although variable 
from one series to another. An important cause of death 
is still opportunistic infections, including Pneumocystis 
jiroveci, CMV and mycobacteria. But it is noticeable that 
severe liver disease is responsible for many deaths, par-
ticularly in the European cohort. Indeed, in the US reg-
istry, these complications seem to be less frequent. This 
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could reflect a lower incidence of Cryptosporidium infec-
tion. Neoplasm complications are also an important ele-
ment in the prognosis. Consequently, more aggressive 
treatment such as HSCT has to be considered. Indeed, 
HSCT using either bone marrow from familial HLA 
identical [34, 203, 407] or matched unrelated donors 
[13, 157, 213, 241] or cord blood [462] has been suc-
cessfully performed in patients with HIGM1 associated 
with CD40L deficiency. The European Group for Bone 
Marrow Transplantation, in association with the Euro-
pean Society for Immunodeficiencies, recommends a 
careful follow-up of the liver and biliary functions and 
regular screening for Cryptosporidium infection, with 
the goal of proposing HSCT to at-risk patients before 
liver alteration that constitutes a pejorative factor for 
the transplantation especially in mismatched situation 
[157]. According the CD40 expression on nonhemat-
opoietic cells, stem cell transplantation as treatment in 
HIGM3 patients is more uncertain. However, one out of 
two patients with HIGM3 who received HSCT has been 
cured [229, 264].

2.9
MHC Class II Deficiency (CIITA Deficiency, 
RFX5 Deficiency, RFXAP Deficiency, 
RFXANK Deficiency)

2.9.1
Definition

MHC class II deficiency (OMIM#209920) is a rare 
immunodeficiency in autosomal recessive trans-
mission. To date, about 100 patients presenting this 
immunodeficiency have been described in the lit-
erature. Most patients are of North African origin 
(Tunisia, Morocco, Algeria). However, patients of 
various origins in Europe, United States, and Asia 
have been described. This syndrome is also called 
“Bare Lymphocyte syndrome”. It is characterized by 
the absence of expression of HLA class II molecules. 
This absence of expression is the result of a mutation 
in the genes encoding one of the four trans-acting 
elements that regulate the expression of HLA class 
II molecules.

2.9.2
Etiology

MHC class II deficiency was initially subdivided 
into four functional complementation groups: A, 

B, C, D. These four complementation groups were 
confirmed when the four genes involved were iden-
tified, that is, the genes encoding the Class II trans-
activator (CTIIA in group A, OMIM*600005) [392], 
the regulatory factor X associated protein contain-
ing ankyrin repeat (RFXANK also called RFX-B
in group B, OMIM*603200) [259, 284], the fifth 
member of the regulatory factor X family (RFX5
in group C, OMIM*601863) [391] and the regula-
tory factor associated protein (RFXAP in group D, 
OMIM*601861) [112]. Identification of the molec-
ular origin of this immunodeficiency contributed 
to the clarification of the respective roles of these 
factors in the regulation of the transcription of 
HLA class II molecules. HLA class II molecules 
DR, DP, DQ are α/β heterodimers. In humans, the 
genes encoding these different chains are located 
on chromosome 6. The molecules are expressed 
constitutively by thymic epithelial cells, by the anti-
gen presenting cells (B lymphocytes, dendritic cells 
and monocytes/macrophages) and by activated T 
lymphocytes. Aside from this constitutive expres-
sion, the expression of HLA class II molecules can 
be induced specifically by interferon γ. HLA class 
II molecule expression is regulated by a proximal 
region promoter called S-Y comprised of 4 cis-act-
ing DNA elements called the S, X, X2 and Y boxes 
[223, 335, 427]. The RFX ubiquitous complex com-
posed of RFX5, RFXANK and RFXAP binds box X. 
CREB binds box X2, and NF-Y binds box Y. The 
totality of factors that bind the S-Y module consti-
tute a complex called «enhanceosome». In case of 
a mutation in the gene encoding one of the com-
ponents of RFX observed in patients presenting a 
MHC class II deficiency belonging to groups B C 
and D, the S-Y site is unoccupied [165, 208], prov-
ing that each of these components is indispensa-
ble for binding the enhanceosome on the S-Y site. 
Binding of the enhanceosome on the S-Y module is 
necessary for the transcription of molecule MHC 
class II genes, but it is not sufficient (Fig. 2.3). In 
fact, recruitment of the inducible CIITA coactiva-
tor, whose gene is mutated in patients with a MHC 
class II deficiency of group A, is indispensable.

In most patients (environ 60%), the affected gene 
is RFXANK (group B) and mutations modify the 
Ankyrin repeat region, a region whose integrity is 
required for RFXANK function. The RFXANK muta-
tion 752del G-25, linked with a founding effect, is 
observed in almost all North African patients [450]. 
Mutations in the RFXAP gene (group D) account 
for about 20% of patients. These mutations result 
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in synthesis of  truncated proteins. The mutations 
observed in group A patients (about 15%) involve 
the CIITA gene [259]. These mutations are diverse: 
missense mutations, nonsense mutations and splice 
site mutations. In the remaining patients (group C), 
mutations in the RFX5 gene generally lead to syn-
thesis of truncated proteins [260]. Punctual muta-
tions in RFX5 or CIITA are associated with milder 
phenotypes [288, 451].

2.9.3
Clinical Manifestations

Despite the heterogeneity of molecular origins respon-
sible for the different groups of patients present-
ing MHC class II deficiency, clinical manifestations 
are similar [28, 119, 218, 365]. However, mild forms 
 associated with certain mutations have been described 
[107, 184, 451].

Patients present recurrent infections character-
istic of combined immunodeficiency. Susceptibility 
to bacteria, viruses and fungi testifies to the sever-
ity of this immunodeficiency. The first infection 
occurs in infancy, at an average age of 4 months, and 
exceptionally after the age of 1 year. These recurrent 
infections essentially involve the gastrointestinal 
tract, the lungs, the upper respiratory tract and the 
urinary tract.

Digestive problems are common. They take the 
form of diarrhea starting most often during the first 
year of life, becoming chronic and associated with 
malabsorption leading to delayed height–weight 
development. Histology findings commonly include 
villous atrophy associated with intraepithelial infil-
tration by  lymphocytes and macrophages. These 
types of diarrhea are very often associated with Can-
dida,  Giardia lamblia and cryptosporidium infections. 
However, viruses (enterovirus species or adenoviruses), 

Fig. 2.3 Molecular defect and promoter 
occupation in MHC Class II deficiency. 
HLA Class II molecule expression is 
regulated by a proximal region pro-
moter called S–Y comprised of S, X, X2 
and Y boxes. The totality of factors that 
bind the S–Y module constitutes a com-
plex called “enhanceosome”. In case of a 
defective CIITA, the S–Y site is normally 
occupied. In case of a defect in one of the 
components of RFX (observed in patient 
groups B, C and D) the S–Y site is unoc-
cupied. Adapted from [223, 426]
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gram-negative bacteria (Escherichia coli, Salmonella
species, Shigella,  Pseudomonas) and gram-positive 
bacteria (Staphylococcus and enterococcus) are also 
frequently involved.

Hepatic abnormalities take multiple forms. Scleros-
ing cholangitis secondary to chronic infection due to 
Cryptosporidium develops secondarily in over half the 
patients and constitutes a major factor in prognosis. 
Hepatitis cases are most often of viral origin. Cholan-
gitis cases of bacterial origin (Pseudomonas, Enterococ-
cus and Streptococcus) have also been observed.

Pulmonary infections occur in almost all patients. 
These can be interstitial affections caused by viral 
infections (adenovirus, CMV and RSV) or by Pneumo-
cystis jiroveci which can cause major hypoxia leading 
to the death of the patient. Most patients present more 
than one episode of pulmonary infection of bacterial 
origin. The chronic nature of these pulmonary affec-
tions very frequently leads to bronchiectasis. Chronic 
upper respiratory tract infections such as sinusitis, 
rhinitis and otitis are common.

Meningitis and meningoencephalitis of viral origin 
can cause death in some cases. Enteroviruses including 
the polioviruses, the herpes simplex virus, the coxsackie-
virus and the adenovirus have been reported. Infectious 
pyelonephritis and septicemias can also occur. Autoim-
mune cytopenias, particularly hemolytic anemias and 
neutropenias are described in about 10% of patients.

Severity of clinical symptoms varies from one 
patient to another. In general, this variability cannot 
be clearly correlated with the mutated gene or the type 
of mutation. Specifically, this variability is observed 
among patients presenting an RFXANK mutation due 
to a founding effect.

2.9.4
Diagnosis

The immunological consequences of lack of MHC 
class II expression orient the diagnosis. These fea-
tures can be accounted for by the lack of MHC class II 
expression on antigen presenting cells [119, 218]. The 
first characteristic is the inability to develop antigen-
specific humoral and cellular responses. Delayed-type 
hypersensitivy skin tests and in vitro antigen-specific 
stimulation are negative in all patients. By contrast, 
responses to mitogens are normal. Humoral immunity 
is also always impaired. Hypogammaglobulinemia is 
variable from one patient to another, from agamma-
globulinemia to a slight decrease in one immunoglob-
ulin isotype (mainly IgA and IgG2). In all cases, specific 
antibody production is impaired. Patients display nor-

mal T cell count. However, most of them present CD4 
lymphopenia. By analogy with MHC class II -/- mice, 
the latter could reflect the abnormal selection and 
maturation of CD4 T lymphocytes in the absence of 
MHC class II expression on the thymus [170]. How-
ever, some MHC class II expression has been detected 
on medullary thymus cells from dead children and 
from aborted fetuses [168]. This finding suggests 
leakiness of the defect or the presence of an alternative 
regulation pattern of MHC class II gene transcription 
in thymic cells that can account for partially preserved 
CD4 T cell differentiation and their normal repertoire 
building assessed by Vβ and Vα usage [232, 342].

The diagnosis is based on the lack of MHC class II 
expression assessed by immunofluorescence. In most 
patients, MHC class II molecules DR, DP, DQ are 
completely undetectable on blood B lymphocytes and 
monocytes as well as on in vitro activated T cells. In 
some cases, residual expression of these molecules has 
been reported on various cell types. At least in some 
cases, this leaky expression, always lower than expres-
sion observed in controls, seems to be associated with 
a less severe clinical phenotype. In most patients, low 
expression of MHC class I molecules, around 10–30% 
of controls, is also observed.

The final diagnosis requires mutation detection. 
The existence of the four different genes involved 
makes molecular analysis difficult. Different strategies 
can be proposed to direct the molecular analysis. First, 
in case of consanguinity, the study of polymorphic 
markers flanking the four genes involved can be use-
ful. Second, according to the frequency of the muta-
tion 752delG-25 in patients of North Africa origin, it is 
judicious to search for this mutation first in this popu-
lation. In other cases, a functional identification of the 
gene affected could be helpful. Recently, a functional 
test based on direct correction of the genetic defect by 
transduction of cells from patients with lentiviral vec-
tors encoding CIITA, RFXANK, RFX5 or RFXAP has 
been proposed as a valuable tool for the diagnosis and 
classification of new MHC class II-deficient patients 
[262]. Molecular characterization is a crucial step for 
proposing an appropriate prenatal diagnosis at 8–10 
weeks of gestation in at-risk families.

2.9.5
Management

MHC class II deficiency has a very poor prognosis. 
Supportive care associating symptomatic and prophy-
lactic treatment of infection can reduce the frequency 
and the severity of clinical problems. Immunoglobu-
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lin replacement therapy is a part of this care. In some 
cases, parenteral nutrition is needed. However, this 
supportive care, as complete as possible, does not pre-
vent progressive organ failure and death that occurs in 
most cases before 20 years of age.

The only radical treatment that can be proposed 
is HSCT for which some successful outcomes have 
been reported [16, 217, 365]. However, it appears that 
HSCT in MHC class II deficiency is associated with 
a lower survival rate than other immunodeficiencies. 
This is true whatever the compatibility between the 
donor and the recipient, i.e., HLA matched or HLA 
mismatched. The poor prognosis of HSCT is not lim-
ited to the non-HLA identical situations in which the 
survival rate is reported to be as low as 32% [16, 136]. 
Recently, a series has reported the outcome of HLA 
identical stem cell transplantation in 15 MHC class II 
deficiency patients [336]. Seven out of the 15 patients 
died early after transplantation, and a high rate of 
GVHD was observed. This occurrence of GVHD is 
clearly associated with viral infection status before 
stem cells transplantation. These observations sug-
gest that stem cell transplantation could be improved 
in these patients in different ways. Performing the 
transplantation at the time of diagnosis would mini-
mize the risk of viral infection. Careful detection of 
viral replication would make it possible to propose 
preemptive treatment of viral infection before and 
around the HSCT.

2.10
MHC Class I Deficiency (TAP1/2 Deficiencies, 
Tapasin Deficiency)

2.10.1
Definition

MHC class I deficiency (OMIM#604571) is character-
ized by low expression of the MHC class I molecules. 
This is true whatever the molecular basis. In no case, a 
complete absence of MHC class I molecule expression 
has ever been described. To date, less than 20 patients 
with elucidated MHC class I deficiency have been 
reported and only one of them presented tapasin defi-
ciency [455]. Others display a deficiency of either TAP1 
or TAP2 [88, 91, 146, 261, 274, 446, 455]. However, 
some asymptomatic subjects present nonelucidated 
low expression of MHC class I molecule [314]. Only 
elucidated MHC class I deficiency is discussed in this 
section.

2.10.2
Etiology

MHC class I molecules are expressed ubiquitously and 
present endogenous peptides to CD8+ T cells. Conse-
quently, MHC class I molecules are designated as the cen-
tral agents of antiviral immune response. The peptides, 
usually eight or nine amino acids in length, and binding 
MHC class I molecules result from the  degradation of 
newly synthesized protein carried out by the protea-
some. They are further translocated in the endoplas-
mic reticulum by the two transporters associated with 
antigen processing proteins (TAP1 and TAP2), where 
they are loaded onto the MHC class I heavy chain/β2-
microglobulin heterodimer. This loading is dependant 
on the peptide-loading complex that contains the het-
erodimer TAP1/TAP2, the thiooxido-reductase ERp57 
and the glycoprotein chaperone calreticuline and tapa-
sin (Fig. 2.4) [219, 453]. The role of tapasin seems to be 
multiple and complex. However, it is clear that tapasin 
stabilizes the TAP1/TAP2 complex, links it to MHC class 
I molecules and facilitates loading of peptides with pro-
gressively higher affinity [51, 453]. The peptide-loaded 
MHC class I molecules are further transported to the 
cell membrane where expression takes place. Membrane 
expression of MHC class I molecules is dependant on 
their association with high affinity peptides. MHC class 
I molecules that do not bind high affinity peptides do 
not travel through the Golgi apparatus and the empty 
MHC class I molecules expressed at the membrane level 
are unstable. Consequently, a defect in either TAP1/
TAP2 complex or in tapasin leads to low MHC class I 
expression.

TAP1 and TAP2 molecules include a core domain, 
10 and 9 transmembrane domains, respectively and a 
catalytic nucleotide-binding domain. The genes encod-
ing these two proteins, TAP1 (OMIM*170260) and 
TAP2 (OMIM*170261), are located in the HLA class 
II region [66, 233, 463]. So far, 12 families presenting 
a defect in TAP1/TAP2 complex have been reported. 
Homozygous TAP1 and TAP2 mutations have been 
found in seven and five families respectively [88, 91, 
146, 261, 274, 446]. All theses mutations lead a prema-
ture stop codon and consequently to a truncated non 
functional protein.

Only one patient presenting a tapasin (TAPBP,
OMIM*601962) mutation has been described [455]. 
The tapasin molecule contains a short cytoplasmic tail, 
a transmembrane region and an N terminal intralumi-
nal region. The mutation described consists in a large 
deletion of 7.4 kb leading to a putative frame shifted 
and truncated protein that is not detectable.
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2.10.3
Clinical Manifestations

The clinical consequences of TAP1/TAP2 deficiencies 
are variable form one subject to another. Some patients 
are asymptomatic [90, 309]. In most cases, symptoms, 
when they exist, occur late in childhood, at about 4–7 
years of age. Despite the few patients described, no 
difference in clinical manifestation can be detected 
between TAP1 and TAP2 deficiency. Two typical fea-
tures have been reported [66, 87, 147, 463]. The first 
consists of chronic infections affecting the respiratory 
tract and the second of skin granulomatous lesions.

In most cases, the respiratory tract is involved. 
Chronic infections of the upper respiratory tract are 
often the first manifestation and are responsible for 
purulent rhinitis, pansinusitis and otitis media.  Frequent 
association with nasal polyposis has to be noted. Sec-
ondly, the infections extend to the lower respiratory 

tract and to chronic inflammatory lung diseases that 
progressively degrade the lung tissues, including bron-
chiolitis, bronchiectasis, and emphysema. These lesions 
inevitably evolve into a respiratory insufficiency. Death 
may be secondary to this degradation but may also 
occur during an acute infection. The pathogen most 
often involved in respiratory alteration is Haemophilus 
influenza, but others can be detected such as Streptococcus
pneumoniae, Klebsiella, Pseudomonas aeruginosa and 
Toxoplasma gondii. Altogether, respiratory manifesta-
tions can mimic cystic fibrosis.

Skin lesions are present in half the patients and 
can be the only manifestation in patients without 
respiratory involvement [274]. They start with local 
inflammation that progressively extends, ulcerates, 
and evolves into chronic necrotizing granulomatous 
lesions mimicking Wegener disease [274, 321, 446]. 
In most cases, they are localized on the legs. How-
ever, some such lesions have been described on the 

Fig. 2.4 Role of TAP1/TAP2 and tapasin in the 
 expression of MHC class I expression. Peptides are 
translocated in the endoplasmic reticulum by TAP1 
and TAP2. and the peptide-loading complex contains 
TAP1/TAP2, ERp57 and the chaperone molecules, 
calreticuline and tapasin. Tapasin facilitates loading of 
peptides with high affinity. Adapted from [51, 453]
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face, around the mouth and the nose, and in some 
cases are very mutilating, associated with perforation 
and destruction of the nasal cartilage. In some cases, 
these granulomatous lesions are related to vasculi-
tis [274, 321, 446] associated with infiltration by NK 
cells and, to a lesser extent, TCRγ/δ T lymphocytes 
[274]. More recently, such skin lesions have been 
reported in association with Toxoplasma gondii infec-
tion [104]. Moreover, such granulamotous lesions 
can involve the upper respiratoy tract, but have never 
been found in patient lung biopsies.

Recently, necrotizing retinochoroiditis related to 
Toxoplasma gondii has been reported as the only clini-
cal manifestation in a 14 year-old patient [309].

In spite of the role of the MHC class I in the  peptide 
presentation to CD8 T lymphocytes, it is noticeable that 
no patient presents severe viral infection and there is 
no evidence of a higher incidence of  neoplasm in these 
subjects. This observation suggests that either other 
effectors such as NK cells and TCRγ/δ T  lymphocytes 
could be efficient enough to eliminate virus infected 
cells in this situation, or independent TAP peptide 
presentation is sufficient to trigger TCRα/β CD8 
lymphocytes. NK cells and TCRγ/δ T lymphocytes, 
beneficial in virus clearance, could however generate 
granulomatous and epithelial lesions, the lack of MHC 
class I dependant inhibition of their cytotoxic activ-
ity allowing the killing of uninfected cells [147, 466]. 
Epithelial lesions could favor bacterial colonization. 
Moreover, the TAP dependant MHC class I presenta-
tion of exogenous peptides of bacterial origin could 
play a more important role in the antibacterial defense 
than previously thought [87, 463].

Clearly, there is no correlation between mutation 
and clinical severity. The environmental context and/
or genetic background could constitute determinant 
factors in the development of clinical manifestations.

The only patient presenting tapasin deficiency suf-
fered from primary chronic glomerulonephritis for 10 
years at time of diagnosis. This 54-year-old woman 
does not present any manifestation that can be related 
to an immunodeficiency, except herpes zoster virus 
infection [455].

2.10.4
Diagnosis

With the exception of two patients who present T cell 
lymphopenia, most patients have normal T cell count. 
However, most of them present a slight CD8 TCRα/β
lymphopenia in contrast to the TAP-/- mouse model 

[417]. However, it seems that a more severe CD8 
TCRα/β lymphopenia could exist early in life and 
be partially corrected later [87]. CD8 T lymphocytes 
display a diversified α/β repertoire [87] and cytotoxic 
activity, at least against EBV [89, 90]. In most patients, 
TCRγ/δ T lymphocyte count is increased, especially T 
lymphocytes bearing Vδ1 chain, and these lymphocytes 
can kill autologous cells [90, 274]. NK cells that are 
present in the normal range show poor spontaneous 
cytotoxic activity against MHC class I-deficient targets 
that is corrected after cytokine-mediated activation. 
Moreover, activated NK cells can kill autologous cells 
[261, 428, 464, 465]. The killing of autologous cells by 
TCRγ/δ T lymphocytes and activated NK cells could 
play a role in the pathogenesis of epithelial lesions.

In most cases, hypergammaglobulinemia involving 
different isotypes is observed. However, some patients 
present a hypogammagloblinemia involving one or 
more isotypes [261, 321]. Antibodies to common 
viruses are present even in case of hypogammaglob-
ulinemia, and often at high titer [105].

The diagnosis is based on low MHC class I expres-
sion assessed by immunofluorescence. Residual expres-
sion is 30- to 100-fold less than in controls [88, 91] 
[274]. Final diagnosis requires mutation detection. The 
involvement of TAP1/TAP2 or tapasin can be assessed 
by HLA typing in consanguineous families that con-
firms the linkage to the chromosome 6. A functional 
test based on direct correction of the genetic defect by 
infection of patient cell line with recombinant vaccinia 
virus expressing TAP1, TAP2 or both subunits could 
assist genetic diagnosis [87, 359].

2.10.5
Management

Chronic lung colonization evolves to respiratory fail-
ure which may lead to the patient’s death. Based on 
the similarity of these respiratory manifestations with 
those observed in cystic fibrosis, it is legitimate to pro-
pose to symptomatic patients with TAP deficiency 
management analogous with that recommended in 
cystic fibrosis, including prophylactic antibiotherapy 
in association with physiotherapy [147]. In spite of 
the absence of humoral immunodeficiency, treatment 
using immunoglobulin replacement therapy has been 
reported useful in patients with severe pneumonia.

The lesions of the upper respiratory tract may 
require local medical treatment (local washing and 
topical steroids) or surgical (polypectomy) treat-
ment. However, surgery has to be carefully considered 
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because, in one patient, surgical intervention for 
chronic sinusitis has been reported to accelerate the 
nasal disease [147].

Treatment of skin granulomatous lesions is based 
only on optimal antiseptic topical care [147]. Immu-
nosuppressive treatment, including steroids in combi-
nation with either cyclophosphamide, methotrexate, 
azathioprine or cyclosporin, has worsened skin lesions 
as well as lung manifestations and has to be avoided. In 
the same way, immunomodulatory intervention based 
on the use of Interferon α or γ is also disappointing, 
since it is associated with lesion progression [446].

A curative treatment has not been reported so 
far. Lung transplantation could be considered if the 
hypothesis concerning the role played by NK and 
TCRγ/δ cells in lesion pathogenesis is confirmed. The 
rationale of HSCT that would provided MHC class I 
positive hematopoietic cells could be debated.

2.11
CD8 Deficiency (CD8a Chain Defect, 
ZAP-70 Deficiency)

2.11.1
Definition

Two immunodeficiencies characterized by the isolated 
absence of CD8 T cells have been identified, caused 
by a defect in either ZAP-70 [68, 117] or CD8α chain 
[86]. In spite of this shared feature, the clinical and 
biological consequences are very different. The ZAP-
70 deficiency constitutes a severe combined immu-
nodeficiency, while the CD8α defect is considered 
nonsevere and compatible with life. Both are inherited 
as an autosomal recessive trait.

2.11.2
Etiology

The differentiation and activation of T lymphocytes 
require TCR-dependant signal transduction includ-
ing tyrosine phosphorylation of many substrates. The 
tyrosine kinase Zeta associated protein-70 (ZAP70,
OMIM+176947), belonging to the tyrosine kinase Syk 
family, plays a major role in this biochemical pathway. 
The antigen recognition is assured by the TCR, while 
the CD3 complex consisting of the γ, δ, ε

2
, ζ

2
 chains 

transmits an intracytoplasmic signal by recruiting 
tyrosine kinases from the Src and Syk families. The 
CD3 complex contains, in its intracytoplasmic por-

tion, a total of ten ITAM (immunoreceptor tyrosine-
based activation motif), targeted for phosphorylation. 
Three of these motifs are carried by CD3ζ, and one 
by each of the other chains, CD3γ, CD3δ and CD3ε.
Phosphorylation of these motifs by protein kinases 
of the Src family leads to recruitment by the ζ chain 
of ZAP-70, which is then phosphorylated and acti-
vated by the tyrosine kinase p56lck [67, 441]. ZAP-70 
phosphorylates different substrates and consequently 
induces a calcium signal and MAPK activation lead-
ing to immune response [163] (Fig. 2.5). The normal 
thymic differentiation of CD4 positive T lymphocytes 
in ZAP-70 deficient patients proves that in humans, in 
contrast with the ZAP -/- mouse model, CD4 differen-
tiation can occur in the absence of this tyrosine kinase 
[20, 286, 346, 349]. Syk, highly expressed in patient 
thymocytes, may compensate for the loss of ZAP-70 in 
CD4 but not in CD8 thymic selection [153, 294]. ZAP-
70 is also expressed in NK cells.

To date, less than 15 patients and 8 different muta-
tions have been reported in the literature, but it can 
be supposed that some ZAP-70-deficient patients are 
not reported. Most patients are born of related parents 
and present a homozygous mutation [20, 68, 116-118, 
153, 263, 269, 294, 346, 412]. The mutations described 
include missense mutations, splice site mutation and 
deletion. Most mutations involve the catalytic domain 
but in fact affect protein stability. Two missense muta-
tions found in a compound heterozygote patient, one 
affecting the first SH2 domain and the other affecting 
the kinase domain, are associated with a temperature-
dependant instability of ZAP-70 [263].

CD8 molecules are expressed on the cell surface 
either as an αα homodimer in NK cells and TCRγ/δ
T lymphocytes, or as an αβ heterodimer in TCRα/β
T lymphocytes. However, surface expression of 
CD8β is dependent on expression of CD8α because 
CD8β polypeptides are otherwise retained in the 
 endoplasmic reticulum and degraded. CD8 consti-
tutes a coreceptor for TCR recognition of MHC class 
I– binding peptides and is necessary for the matura-
tion, positive selection and activation of class I MHC 
restricted cytotoxic T lymphocytes. To date, two cases 
of CD8α deficiency have been reported in two  families 
(CD8A, OMIM*186910) [86, 256]. Both are  Spanish 
gypsy patients and present the same homozygous 
mutation. It is a missense mutation, Gly111Ser, 
affecting a very conserved position. This mutation is 
restricted to the Spanish Gypsy population and a study 
of microsatellite markers has shown that it is derived 
from a common founder and that it is detected at a 
0.4% rate in this population [256].
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2.11.3
Clinical Manifestations

Patients with ZAP-70 deficiency present infections 
indistinguishable from these observed in other SCID 
patients. They occur in most cases within the first year 
of life and involve bacterial, viral and fungal patho-
gens. In some cases, opportunistic infections such as 
Pneumocystis jiroveci-related pneumonia or a CMV 
uncontrolled infection are the first manifestations 
of the disease. Frequently, Candida is responsible for 
cutaneous and oral infections and even for septicemia. 
Other infections due to various viruses including vari-
cella zoster virus, rotavirus and parainfluenza have been 
reported, as well as lower and upper respiratory tract 
bacterial infections. These infections are often associ-
ated with a failure to thrive. Moreover, the patient pre-
senting mutations associated with a thermo-sensitive 
ZAP-70 was affected by infiltrative erythematous skin 
lesions on his face and extremities [263]. In contrast 
with other SCID patients, ZAP-70-deficient patients 
display palpable lymph node and a normal sized thy-
mus detected by chest radiology.

The severity of this later immunodeficiency con-
trasts with the late onset of clinical manifestations in 
both CD8α-deficient patients described so far. The 
age at diagnosis in the latter is 25 and 16 years [86, 
256]. However, both patients suffered from recurrent 
respiratory infections very close to those observed in 

TAP deficiency since the childhood. In the first patient 
described, the pulmonary lesions led to death at 33 years 
of age. The main pathogens reported are Pseudomonas 
aeruginosa and Haemophilus influenza. Similarities 
with TAP deficiency are numerous. Some subjects who 
present the same CD8 deficiency are as healthy as the 
siblings of the first case described, and patients do not 
present high incidence of viral infection.

2.11.4
Diagnosis

ZAP-70 and CD8α deficiencies share a common fea-
ture: the lack of blood CD8 T lymphocytes. However, 
other biological findings are very different and are 
going to be described sequentially.

ZAP-70-deficient patients have a normal or high 
blood lymphocytes count. Except for the absence of CD8 
TCR α/β T lymphocytes (in most cases, less than 3% of 
blood lymphocytes), other lymphocyte populations, 
including CD4 T lymphocytes, NK cells and TCRγ/δ T 
lymphocytes, are normally present. CD4 lymphocytes 
display a normal Vβ repertoire [349], suggesting that 
ZAP-70 is not indispensable for CD4 lymphocyte selec-
tion. However, peripheral CD4 lymphocytes function 
poorly. In vitro proliferation assays are useful to orient 
the final diagnosis. The proliferative as well as the IL-2 
secretive responses to PHA and anti-CD3 antibody are 

Fig. 2.5 T cell activation and 
immunodeficiencies. T cell acti-
vation defects are localized on a 
simplified schema resuming the 
main steps of T cell activation. 
Adapted from [127]
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absent and restored in part by exogenous IL-2. Antigen-
induced proliferations are also poor. In contrast, the 
association of a phorbol ester (PMA) with a calcium 
ionophore (ionomycin) that bypasses proximal TCR/
CD3 signaling induces normal T cell proliferation. The 
lack of calcium mobilization and poor protein tyrosine 
phosphorylation after CD3 triggering confirm a defect 
in a proximal signal step [20, 153].

Humoral immunity is variably altered. Hypogam-
maglobulinemia involving all isotypes associated with a 
complete absence of specific antibodies observed in most 
patients contrasts with the normal or high level of immu-
noglobulins reported in others [374]. Some of these 
patients display normal antibody response after tetanus 
immunization. In any case, the hypogammaglobulinemia 
does not constitute an absolute diagnostic criterion.

Final diagnosis requires DNA sequencing in order 
to confirm and to characterize the ZAP-70 mutation.

Blood T lymphocyte phenotype is characteristic of 
patients with CD8α deficiency. The patients present 
normal TCRα/β CD3, TCRγ/δ CD3 and CD4 T lym-
phocyte counts. Surprisingly, the lack of CD8 T cells 
is associated with an increased T cell population that 
expresses CD3 and TCRα/β, but expresses neither CD4 
nor CD8 [86, 256]. This population is polyclonal and 
displays a normal Vβ repertoire. It probably represents 
a population of CD8 cytotoxic T lymphocytes, since 
it expresses a phenotype associated with effector cyto-
toxic T lymphocytes (CD11b+, CD57+ and CD28-) 
and transcripts for CD8α and CD8β [86].

In contrast with the ZAP-70-deficient CD4 T lym-
phocytes, CD4 lymphocytes from CD8α-deficient
patients are normally functional. Proliferative re -
sponses are normal whatever the mitogen or antigen 
tested. NK cells are normally present and are functional 
towards the K562 line as target. Humoral immunity is 
completely spared. The final diagnosis will be estab-
lished by the detection of a CD8A  mutation; to date, 
only one mutation has been described.

2.11.5
Management

Because of the very different severity of the clinical 
manifestations of the two types of immunodeficiency, 
Zap-70 deficiency and CD8α deficiency, prognosis and 
consequently management will be different as well.

By analogy with the other forms of SCID, the only 
treatment of ZAP-70 deficiency is HSCT. Matched and 
mismatched transplantations were successful in most 
of the transplanted patients [118, 383, 412].

In contrast, the management of patients with CD8α
deficiency consists of treatment of respiratory infec-
tions and prevention of bronchiectasis. One patient 
died when a lung transplantation was planned, after 
improvement with intravenous antibiotherapy [86]. 
It can be supposed that early recognition allowing 
treatment at the time of the first clinical manifesta-
tions would lead to the best prognosis.

2.12
CD4 Deficiency (p56lck Deficiency, 
Idiopathic CD4 Lymphopenia)

2.12.1
Definition

In 1993, the Centers for Disease Control (CDC) defined 
the condition of decreased CD4+ T cell count without 
HIV as idiopathic CD4+ T lymphocytopenia (ICL). 
This entity is characterized by (1) CD4+ T cell count 
<0.3 × 109/l in adults and <1 × 109/l in children above 
23 months of age or <20% of the total T cell count 
on two occasions; (2) the absence of HIV-1, HIV-2 or 
human T cell lymphotrophic virus infection (HTLV); 
and (3) the absence of any known immunodeficiency 
disorder or therapy associated with reduced CD4+ T 
cell count. Most cases are adults but some ICL have 
been described in children. ICL has to be distinguished 
from secondary forms of CD4 lymphocytopenia. 
These secondary forms include infections (mycobac-
teria, viruses such as CMV, EBV, HBV) malignancies, 
and autoimmunes diseases [432].

2.12.2
Etiology

It is unlikely that a single pathophysiology will be 
operative in ICL. Some potential pathogenic mecha-
nisms of ICL have been proposed. Defective cytokine 
related decreased bone marrow clonogenic capabil-
ity has been involved in de novo T cell generation 
[200]. A disturbed thymic T cell maturation process 
may account for the decrease in naïve T cells [144]. 
Enhanced expression of Fas and Fas-ligand in unstim-
ulated cell populations might lead to spontaneous 
apoptosis of T lymphocytes [234, 345]. Impaired early 
biochemical events of the CD3-TCR pathway have 
been detected with reduction of T cell proliferation 
[193] and are related to low expression of p56lck in at 
least one case (LCK, OMIM*53390) (Fig. 2.5) [192]. It 
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is noteworthy that low expression of p56lck associated 
with an alternatively spliced lck transcript lacking the 
exon 7 has been reported in a SCID patient with selec-
tive CD4 lymphopenia [164]. This aberrant splicing 
of p56lck leads to a protein deprived of kinase activity 
and has also been reported in a patient who presents a 
common variable immunodeficiency associated with 
CD4 lymphopenia [368]. It has also been suggested 
that cytotoxic anti-CD4+ antibodies are involved in 
the pathogenesis of ICL in some patients [366].

2.12.3 
Clinical Manifestations

In most cases, a diagnosis of ICL is made at the time of 
opportunistic infections such as Cryptococcus infection 
[226, 289, 301, 458], Pneumocystis jiroveci  pneumonia 
[238, 382] or mycobacterium infection [201, 290, 384, 
418]. These infections occur in patients without particu-
lar history and often constitute the first manifestation of 
the disease [384]. The most common pathogen involved 
is Cryptococcus  neoformans with a central nervous sys-
tem (CNS) localization in most cases [467]. Manifes-
tations outside the CNS may be isolated or not [226, 
458]. Other fungal infections are also frequent, and they 
include histoplasmosis, candidiasis (oral, vaginal and 
esophageal), and cerebral toxoplamosis. Mycobacterial 
infections are also frequent. Typical [201] and atypical 
mycobacteria [290] are involved, with pulmonary and 
extra pulmonary localizations [418]. Viral infections are 
also frequent. The most frequently observed virus is the 
zoster virus that may lead to multidermatotomal locali-
zation. Oral or genital herpes simplex, human papillo-
mavirus, molluscum contagiosum and CMV infections 
and HHV8 related Kaposi’s sarcoma are also reported, as 
well as bacterial infections such as nocardiosis and sal-
monellosis [111, 188, 257, 313, 328, 384, 389, 420, 434].

Some noninfectious clinical manifestations associ-
ated with ICL have been described [384]. They include 
autoimmune diseases such as Behçet’s disease [420], 
Sjogren syndrome [215], psoriasis [182], vasculitis [35], 
and thrombotic thrombocytopenic purpura [384].

Some patients already known to present CD4 lym-
phopenia have developed secondary malignancies. This 
observation suggests that idiopathic CD4 lymphopenia 
could favor malignancy occurrence. As in other immu-
nodeficiencies, lymphomas, especially B cell non hodg-
kin’s lymphomas, are often reported [50, 55, 172], as well 
as HHV8-related Kaposi’s sarcoma [132, 199, 340].

However, such CD4 lymphopenia has been reported 
in healthy subjects.

2.12.4
Diagnosis

CD4 deficiency is probably a heterogeneous disor-
der. Nontransient CD4 lymphopenia is the biological 
feature that defines this disease. CD4+ T cell counts 
are stable over time in contrast to the progressive loss 
of this subpopulation observed in the course of HIV 
disease. Naïve CD4 CD45RA T cells are more affected 
than the memory CD4 CD45R0 T cells and the Vβ rep-
ertoire has been reported restricted [144]. High levels 
of plasma IL-7 were found and inversely correlate with 
CD4+ T cell counts [254].

In addition to CD4+ lymphocytopenia, several 
patients also display CD8+ lymphocytopenia [384]; 
low memory CD27+B or NK cell counts have also 
been reported in others [111, 188, 254, 384, 389].

A slight hypogammaglobulinemia involving IgG 
and IgA is often associated [188, 389].

Finally, the diagnosis is based upon the exclusion 
of known causes of CD4 lymphopenia, especially HIV 
infection. Moreover, secondary CD4 lymphopenia has 
also to be excluded before concluding to ICL.

2.12.5
Management

Because the similarity with the clinical manifestations 
observed in HIV patients, management can be based 
on the guidelines for these latter. However, because of 
the great clinical variability observed among patients, 
the clinical course of an individual patient has to be 
taken into account. Prophylactic treatment against 
Pneumocystis jiroveci can be proposed. The need for 
lifelong prophylaxis against cryptococcus is debated. 
Some authors recommend it. However, the absence 
of relapse associated with a better outcome of cry-
tococcosis in ICL than initially described, reported 
in a recent series, brings this prophylaxis into ques-
tion [467]. Antiviral and antifungal prophylaxis may 
be proposed depending on the clinical history of the 
patient. Infection management has to include early 
diagnosis and appropriate treatment. Treatment by 
interferon γ, in association with antifungal treatment, 
has been useful in a patient who presented cryptococ-
cosis [289].

Some treatments intended to increase CD4 lym-
phocytes have been reported occasionally. IL-2 treat-
ment has improved CD4 count in the three patients 
treated [81, 434, 445]. However, one of them devel-
oped gastric aplastic large cell lymphoma more than 



72 Françoise Le Deist et al.

one year after treatment initiation, without a clear 
relationship between the treatment and the occurrence 
of malignancy [432].

Allogenic HSCT performed in a patient who had 
developed aplastic anemia has led to complete immune 
reconstitution [318].

2.13
CRAC Deficiency

2.13.1
Definition

Calcium++ release-activated calcium channels (CRAC) 
deficiency, which was identified in 1994, is character-
ized by the lack of intracytoplasmic calcium increase 
after immunoreceptor engagement. To date, only seven 
patients from four families presenting such an immu-
nodeficiency are known; the molecular basis seems to 
be heterogenous while the functional characteristics 
are similar [128, 130, 131, 235, 311].

2.13.2
Etiology

Calcium signals are second messengers that play a 
crucial role in immune and in nonimmune cells. For 
example, in T lymphocytes, TCR/CD3 triggering leads 
to the kinase activation described in the CD8 defi-
ciency section, and subsequently to ZAP-70-dependant 
phosphorylation and activation of the phospholipase 
Cγ (PLCγ) which then hydrolyses phosphadidylinosi-
tol- 4,5 biphosphate (PtdIns(4,5)P2) to diacylglycerol 
(DAG) and Inositol-1,4,5- triphosphate (InsP3). The 
binding of InsP3 to the Ca2+ permeable ion channel, 
the InsP3 receptor at the endoplasmic reticulum (ER) 
membrane level, induces Ca2+ release from ER stores. 
Ca2+ depletion of ER stores results in store operated 
Ca2+ entry (SOCE) mainly mediated by the CRAC 
channel in plasma membrane (Fig. 2.5) [127].

Recently, the mechanism of CRAC channel acti-
vation by the Ca2+ depletion of ER stores has been 
at least partially elucidated by the identification of 
STIM1 by two independent RNAi screens [246, 354]. 
The ubiquitous protein STIM1 is localized in the ER 
and cytoplasmic membrane and acts as a Ca2+ sensor 
because a Ca2+ binding EF-hand motif is localized in 
its portion facing the ER lumen.

The structure of the CRAC channel was an enigma 
for a long time. Recently, two independent genetic 

analyses, that are genome-wide SNP analyses of two 
patients presenting a Ca++ channel deficiency and their 
relatives, and genome-wide RNA interference screen in 
Drosophila, allowed the identification of Orai1, a new 
component of the CRAC channel [130, 422, 459]. Orai1 
is a ubiquitous transmembrane protein with four mem-
brane domains, that constitutes the pore-forming subu-
nits of the CRAC channel [173]. Orai1 colocalizes with 
STIM1 after ER store depletion, providing a physical 
basis for the activation of Ca2+ influx [250].

Homozygous missense mutation in exon 1 of human 
ORAI1 (OMIM+610277) leading to replacement of a 
highly conserved arginine residue by tryptophan at posi-
tion 91 has been found in two patients from one family 
[130]. However, ORAI1 mutation would not account 
for all patients with a Ca++ channel deficiency.

2.13.3
Clinical Manifestations

In six out the seven patients, the diagnosis was made 
before 3 months of age, either because severe clini-
cal manifestations or because of family history [128, 
130, 131, 235, 311]. Clinical manifestations, including 
BCGitis, CMV dissemination, toxoplasmic encephali-
tis and candidiasis, are very close to those observed in 
SCID.

In the last patient, diagnosis was carried out later 
in childhood, and the infection was less severe while 
the patient benefited from early management (unpub-
lished data).

The hallmark of this immunodeficiency is the asso-
ciation with a myopathy in four patients. In one case, 
association with a hypohydrotic ectodermal dysplasia 
has been reported [127].

2.13.4
Diagnosis

In these patients, T cell differentiation is unaffected. 
All blood lymphocyte populations, including CD4, 
CD8, TCRα/β and TCRγ/δ T cells, B lymphocytes and 
NK cells, are normally present. In some patients, a high 
percentage of CD45RO CD29 memory T cells has been 
noted [131, 235].

The diagnosis is based on poor proliferative response 
to mitogens including PHA and anti-CD3 monoclonal 
antibody that is partially restored by exogenous IL-2 
[131, 235]. The expression of cytokines such as IL-2, 
IL-4, IL-10, IFN-γ and TNF-α is also altered. In some 
patients, proliferation induced by the association of 
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PMA and Ionomycin is also low [131]. Paradoxically, 
in one patient, specific antigen-induced proliferation 
is detectable [235].

Hypergammaglobulinemia is observed. It involves 
at least IgA and IgM, and in one case IgG. In one 
patient, IgG displayed restricted heterogeneity. The 
antibody response to immunization is absent in all 
cases. However, in one patient, anti-CMV antibodies 
of IgM isotype have been detected.

In all patients, activation-induced extracellular Ca2+ 
influx is absent, contrasting with normal Ca2+ release 
from ER stores. This calcium influx defect is seen not 
only after receptor triggering but also when thapsigargin, 
an inhibitor of the SERCA (sarcoplasmic endoplasmic 
reticulum calcium ATPase) which pumps calcium from 
the cytoplasm into the ER, is used to deplete internal 
Ca2+ stores. All these observations indicate a defect in 
SOCE. This SOCE defect is found in T and B cells as 
well as in nonhematopoietic cells such as fibroblasts 
[129, 235, 311]. That may account for the extra hemat-
opoietic clinical manifestations reported. In one patient, 
neutrophils and platelets display the same defect with-
out detectable functional consequences [235].

So far, ORAI1 mutations have only been reported 
in two patients from one family [130]. Further study 
of other patients with Ca2+ channel deficiency might 
elucidate the mechanisms of the SOCE and Ca2+ sig-
naling pathways.

2.13.5
Management

The severity of the clinical manifestations justifies 
HSCT. Mismatched BMT has been successfully per-
formed on two patients [131, 235]. In both cases, 
partial donor chimerism was sufficient to correct the 
immunodeficiency. However, the patients have devel-
oped extra hematopoietic manifestations such as mus-
cular dysplasia and hypohydrotic ectodermal dysplasia 
after transplantation.

2.14
Winged-Helix-Nude (WHN) Deficiency

2.14.1
Definition

The winged-helix nude (WHN) deficiency constitutes 
the human counterpart of the nude mouse.

2.14.2
Etiology

In 1994, the genetic basis of the well-known “nude” 
mouse, associating hairlessness and congenital  athymia, 
was reported for the first time. It involves a new gene, 
WHN (also called FOXN1), and consists of a single 
base deletion in exon 3. This frameshift mutation leads 
to a predicted aberrant protein. The protein whn is a 
member of the forkhead/winged-helix transcription 
factor family. It is mainly expressed in  thymus and in 
skin [287] and plays a crucial role in the differentiation 
of thymic epithelial cells [396] as well as skin epithelial 
cells [268]. The mutation observed in nude mice leads 
to a protein deprived of the DNA binding domain.

Five years later, in 1999, Franck et al. identified a 
homozygous mutation of the human gene WHN
(OMIM*600838), localized on the chromosome 17, 
in two siblings. This mutation, R255X, is a nonsense 
mutation and predicts complete absence of functional 
protein [142]. The two patients were born of consan-
guineous parents in a small community in southern 
Italy. It was secondarily shown that this mutation is 
present in 6.52% of this population, and is related to a 
single ancestral origin [2].

2.14.3
Clinical Manifestations

Only two patients from one family have been reported 
[319]. In both patients, alopecia affecting the scalp, the 
eyebrows and the eyelashes associated with nail dystro-
phy was noted at birth, as well as bilateral epicantal fold.

Subsequently, at 2 months of age, they developed 
immunodeficiency manifestations. The first one presented 
with a clinical picture mimicking Omenn syndrome, 
including erythrodermia, diarrhea and hepatosplenom-
egaly, and died at 12 months of age following recurrent 
infection and severe failure to thrive. The second one also 
developed erythrodermia at 2 months of age. No thymic 
shadow was seen at radiologic examination.

2.14.4
Diagnosis

Both patients display a T cell lymphopenia affecting 
mainly the CD4 population. B and NK cell popula-
tions are present at normal or high level. Proliferations 
induced by PHA or anti-CD3 monoclonal antibody 
are low, in contrast to those induced by PMA + iono-
mycin, which is normal.
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Immunoglobulin levels reported in one patient 
are normal. The detection of allohemagluttins in one 
patient contrasts with the absence of specific antibod-
ies after immunization.

2.14.5
Management

One out of the two patients received nondepleted HLA 
identical BMT from her healthy heterozygous brother, 
with successful engraftment [320]. CD4 and CD8 T 
lymphocytes increased promptly and are stable 6 years 
later. However, the CD4 T population displays only a 
memory phenotype CD45RO. This suggests that, as 
expected, CD4 recovery mainly results from the expan-
sion of graft T lymphocytes. Moreover, the Vβ reper-
toire of CD4 lymphocytes is similar in the donor and 
the engrafted patient. Conversely, the prompt recovery 
of naïve CD45RA CD8 population suggests extrath-
ymic lymphopoiesis. However, CD8 compartment 
reconstitution is poor as judged by restricted TCR-Vβ
diversity. T cell lymphoproliferation restored early after 
transplantation has further decreased to reach 20% of 
the normal value. In spite of this incomplete immune 
T reconstitution, humoral immunity is restored as 
judged by the production of specific antibodies after 
immunization, especially with antigen unknown by 
donor. However, the patient is free of infections at 6 
years follow-up.

2.15
CD25 Deficiency

2.15.1
Definition

Human IL-2 receptor α chain deficiency (CD25 defi-
ciency, OMIM#606367), caused by mutation in the 
IL2RA gene (OMIM*147730), is a combined immuno-
deficiency characterized by invasive viral and bacterial 
sinopulmonary infections, as well as lymphoprolifera-
tion and severe multiorgan autoimmune disorders.

2.15.2
Etiology

The high affinity receptor for IL-2 is composed of 
three subunits: α (CD25), β (CD122) and γ (common 

γ) [272]. Whereas the β and γ chains are constitutively 
expressed on T cells, α chain expression is restricted 
to the early stages of thymocyte differentiation and to 
activated mature T cells. Although the β and γ chains 
together can form an IL-2 receptor of low affinity, 
the α chain cannot form a functional receptor in the 
absence of both the other chains [239]. The presence 
of the high affinity receptor on activated T cells is nec-
essary for optimal proliferative responses to IL-2 after 
stimulation of the T cell receptor.

CD25 is also highly expressed on CD4+, naturally 
occurring, T regulatory cells [141, 190, 212]. These spe-
cialized cells play an important role in a complex regu-
latory system which maintains tolerance to self [363], 
controls lymphocyte homeostasis [15], and regulates 
immune responses to various pathogens [29]. Naturally 
occurring T regulatory cells express FOXP3, a transcrip-
tion factor which is essential for the development of 
these cells. Genetic abnormalities in FOXP3 result in 
a low number of T regulatory cells which leads to IPEX 
(Immunodysregulation, polyendocrinopathy, enteropa-
thy, X-linked) [70] (see Sect. 5.7 for more details).

In humans, a genetic defect in CD25 was described 
in two patients. These patients provided an opportu-
nity to study CD25 role in thymic and extrathymic 
processes affecting T cell development. Examination of 
the first patient’s thymocytes and blood lymphocytes 
as well as B cells revealed no expression of CD25 [375]. 
The patient’s thymus was normal in size but displayed 
no Hassall’s corpuscles and loss of corticomedul-
lary distinction. The expression of bcl-2 was elevated 
throughout the thymus and consequently apoptosis 
was dramatically diminished [347]. In a normal thy-
mus, high bcl-2 levels are expressed only in cortical 
immature thymocytes and not in medullary more 
mature T cell progenitors. The reduction in Bcl-2 
expression in medullary thymocytes enables apoptosis 
of autoreactive T cells.

In the periphery, dense lymphocyte infiltration was 
observed in the lung, gut, liver, bone and soft tissue 
causing chronic inflammation and tissue atrophy. In 
this patient, analysis of T cell repertoire revealed over-
representation of certain Vβs families; those clones 
were found in tissue infiltrates [347].

The second patient was carefully studied for the 
effects of CD25 deficiency on peripheral tolerance 
[61]. This study clearly shows that, in humans, CD25 is 
required for the development of CD4+CD25+ T reg-
ulatory cells and the production of the immunosup-
pressive cytokine, IL-10. Together, these two patients 
show that in humans, CD25 has a critical role in the 
development of central as well as peripheral tolerance.
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2.15.3
Clinical Manifestations

The patients described to date showed a combination 
of both immunodeficiency and autoimmune manifes-
tations. The first patient, a male child of consanguine-
ous parentage, presented at the age of 6 months. While 
the second patient presented earlier at the age of 6 
weeks.

In both patients, severe viral infections such as CMV 
pneumonitis were part of the initial presentation, and 
they later on suffered persistent CMV disease and EBV 
infection. Evidence for the presence of these organisms 
was found in lung, gut and lymphoid tissues. Both 
patients had recurrent bacterial infections of the lungs, 
middle ear and sinuses. The first patient also experi-
enced chronic oral thrush and candida esophagitis. 
Lymphoproliferation was markedly evident in both 
patients with lymphadenopathy and hepatosplenom-
egaly apparent at the ages of 8 months and 2 years, in 
patient 1 and patient 2, respectively. In one patient, 
lymphocytic infiltration was identified in multiple 
organs such as the lungs, liver, gut and bones.

Autoimmune manifestations were strikingly appar-
ent in both patients who presented in infancy with 
severe autoimmune enteropathy causing chronic 
diarrhea and severe failure to thrive. Biopsy revealed 
chronic inflammation and villous atrophy, typical for 
autoimmune enteropathy. In addition, one patient had 
primary billiary chirosis (PBC), the first case to present 
at this young age. Antimitochondrial antibodies and 
antinuclear antibodies (reactive to sp100 and PML 
protein) were positive in this patient’s serum, while p-
ANCA and c-ANCA antibodies were negative. Finally, 
the patient’s serum reacted with the human PDC-E2 
(pyruvate dehydrogenase complex epitope) which is 
specific for PBC. The diagnosis of PBC at such an early 
age in this patient stresses the importance of both T 
regulatory cells and auto reactive T cells in the patho-
physiology of PBC [17].

The patient described by Caudy et al. [61] showed 
autoimmune manifestations of the endocrine system 
as he presented at the age of 6 weeks with type I diabe-
tes mellitus and, at the age of 3 years, he was diagnosed 
with hypothyroidism. At the age of 5 years he devel-
oped additional autoimmune manifestations including 
autoimmune hemolytic anemia and neutropenia with 
positive antigranulocyte antibodies.

Beyond the universal immunodeficiency described 
in these patients the role of CD25 in increased suscep-
tibility to a variety of autoimmune diseases has been 
revealed. Vella et al. who studied a large population of 

7,457 individuals with type I diabetes used a set of 20 
tag SNPs in the CD25 gene and found linkage between 
affected patients to multilocus polymorphisms in the 
CD25 gene [419]. This was further supported by a 
recent study revealing two markers, rs706778 A/G and 
rs3118470 C/T in the 5¢ end of intron 1 of the CD25 
gene, which were associated with type 1 diabetes [329]. 
Similar genetic aberrations were found in patients 
with Grave’s disease suggesting it is also an important 
susceptibility gene for Grave’s disease [38].

Recent studies of risk alleles for multiple sclerosis also 
showed a correlation between specific polymorphisms in 
the CD25 gene (alongside with IL-7Rα and HLA-DRA) 
and the prevalence of the disease [179]. Two of the SNPs 
showing significant association with multiple sclerosis 
were found in intron 1 of the CD25 gene, rs12722849 
risk allele C and rs 2104286 risk allele T. Altogether; these 
results imply that genetic abnormalities in the CD25 
gene predispose individuals to autoimmune diseases.

2.15.4
Diagnosis

The diagnosis of CD25 deficiency should be considered 
in patients who present with autoimmunity and immu-
nodeficiency. The combination of recurrent infections 
and chronic candidiasis with enteropathy, endcrin-
opathies, lymphadenopathy and other autoimmune 
manifestations may be suggestive of this deficiency. 
CD25-deficient patients share similar clinical features 
with other immunodeficiency such as IPEX (FOXP3 
deficiency) and the autoimmune, polyendcrinopathy 
with ectodermal dystrophy (AIRE deficiency) (see 
Sects. 5.6 and 5.7 for more details).

The two patients described with CD25 defi-
ciency had different mutations. The first patient had 
a homozygous deletion of 4 bp (60–64) in the IL-
2R alpha gene resulting in translational frame shift 
[375]. The second patient was carrying a single base 
pair insertion after position 692 in one allele and a C 
to T substitution at position 301 in the second allele 
resulting in a stop codon. Analysis of CD25 expression 
revealed no expression in the patients and intermedi-
ate expression in each of the parents.

In both cases, immune workup revealed immu-
noglobulin levels that were normal to somewhat 
high. The number of circulating CD3+ varied from 
reduced in the first patient to normal in the second 
patient. In both cases, the number of circulating 
CD4+ lymphocytes number was reduced. Surface 
expression of CD25 was negative in all lymphocytes 
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populations, resting as well as activated. CD25 
protein level measured by immunoblotting was 
markedly reduced. Lymphocyte proliferation assay 
demonstrates poor responses to PHA as well as to 
anti-CD3 antibody [375]. Expression of Foxp3 in 
CD4+ cells was normal but production of IL-10 was 
undetectable [61].

Analysis of T cell repertoire showed representation 
of all TCRVβ families with overrepresentation of sev-
eral clones. These clones were found in multiple tissues 
with heavy lymphocytic infiltrates [347].

Serology studies may also be of value in this con-
dition. Assessment of hormone levels as well as 
autoantibodies such as antinuclear antibodies (ANA), 
antimitochondrial antibodies (AMA), and anti-
 neutrophil cytoplasmic antibodies (ANCA) may help 
to better define the various autoimmune manifesta-
tions which associate with CD25 deficiency.

2.15.5
Management

Early diagnosis and treatment is important since it may 
prevent the extent of damage caused by infections as well as 
autoimmune inflammatory processes. Symptomatic and 
supportive treatment with total parenteral nutrition may 
be required. Prompt antibiotic, antiviral and antifungal 
therapy should be administered when required, and hor-
monal replacement should be instituted and monitored.

Immunosuppressive treatment with corticoster-
oids or cyclosporin A may provide temporal relief 
from some autoimmune manifestations. The only 
known cure for this condition is HSCT. Engraftment is 
facilitated by myeloablative conditioning. Long-term 
survival and robust immune reconstitution has been 
observed in one patient [375].

2.16
STAT5B Deficiency

2.16.1
Definition

STAT5B deficiency is a newly described immuno-
deficiency, caused by mutations in the STAT5B gene 
(OMIM*604260), resulting in respiratory disease as 
well as short stature due to impaired growth hormone 
(GH) signaling. The epidemiology and natural history 
of this disease is still not fully understood as only five 
patients have been described.

2.16.2
Etiology

Signal Transducers and Activators of Transcription 
(STATs) are latent transcription factors in the cellular 
cytoplasm [8]. Activation of the seven known mamma-
lian STATs occurs in response to a wide variety of lig-
ands such as cytokines, growth factors and hormones. 
Upon binding of these ligands to their receptors, tyro-
sine kinases such as JAKs (janus associated kinases) 
phosphorylate the receptor on tyrosine residues. This 
creates a high affinity binding site for the Src homol-
ogy 2 (SH2) domain of STATs on the receptors which 
are subsequently phosphorylated by JAKs. STATs then 
dissociate from the receptor and form hetero- or 
homodimers that translocate into the nucleus, bind to 
DNA and activate transcription of various genes.

STAT 5 is composed of two highly homologous 
genes, STAT 5a and STAT 5b, which are closely linked 
on chromosome 11. Both STAT 5a and 5b are acti-
vated by similar hormones and hematopoietic and 
lymphocyte specific cytokines [8, 285]. While their 
actions may be partially redundant, they still share 
unique functions and differ in their COOH-termi-
nal domains. From rodent models, STAT 5a deficient 
mice exhibit defective lactation and failed differen-
tiation of the mammary gland [247]. However, while 
STAT 5b does display some response to prolactin, it is 
more important in normal cellular differentiation and 
proliferation particularly as a response to growth hor-
mone [151, 331, 414].

Growth hormone-induced signaling occurs through 
the STAT pathways- STAT 1, 3, 5a and 5b [331]. Rodent 
models have demonstrated the need for STAT 5b in 
the generation of insulin-like growth factor 1 (IGF-1) 
in response to GH and for normal postnatal growth 
[151, 331, 414]. In rodents, STAT 5b is responsive to 
the pulsatile pattern of GH secretion and helps activate 
male expressed liver genes as well as regulate sexually 
dimorphic growth [151, 414]. STAT 5b-deficient males 
exhibit a female growth pattern and liver gene expres-
sion, but STAT 5b deficient females remain unaffected. 
This is in sharp contrast to the human cases of STAT 
5b deficiency, in which four out of five are female.

Both STAT 5a and STAT 5b are important in immu-
nity. Many lymphocytic cytokines use STAT 5 in their 
intracellular signaling cascade including IL-2 and 
IFN-γ [405]. STAT 5a deficient mice show defective 
GM-CSF induced proliferation [124]. Nakaijama et al. 
suggested that STAT 5a deficient mice have impaired 
T cell proliferation likely due to a reduction in the 
expression of the IL-2Rα chain thereby affecting 
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IL-2 signaling [285]. However, high doses of IL-2 were 
found to normalize proliferative responses in these 
cells. In STAT 5b-deficient mice, thymocyte numbers 
are mildly diminished and, in the periphery, both STAT 
5a- and STAT 5b-deficient mice have decreased num-
bers of splenocytes [197, 285]. Imada et al. showed that 
the proliferation of STAT 5b-deficient splenocytes was 
significantly affected and could not be overcome with 
IL-2 [197]. Although NK cell numbers were reduced 
in both STAT 5a- and STAT 5b-deficient mice, STAT 
5b-deficient mice had a significant decrease in NK cell 
function. Moriggl et al. then determined that the pro-
foundly impaired T cell proliferation in the presence of 
IL-2 noted in doubly STAT 5a- and 5b-deficient mice 
was due to an intrinsic defect in cell cycle progression 
rather than to decreased IL-2 receptor expression and 
that activation of STAT 5b occurs through cytokine 
receptors and not the TCR complex [276, 277]. In con-
trast to previous reports they showed that the lack of 
STAT 5a/5b does not alter the expression of IL-2 Rα or 
β. These mice also had splenomegaly, lacked NK cells 
and had an activated T cell phenotype similar to mice 
deficient in IL-2Rα. Finally, STAT 5 proteins are not 
required for B cell proliferation [443].

STAT 5b has been implicated in malignant trans-
formation and is involved in Src-mediated onco-
genesis [48, 54, 240, 380]. A number of tumors 
possess elevated Src tyrosine kinase activity playing 
an important role in cell cycle control. STAT 5b is 
shown to accelerate v-Src oncogenic activity and 
tumorigenicity [54, 380]. For example, both STAT 5a 
and 5b are overexpressed in breast cancer, perhaps 
because of overexpression of other signaling mole-
cules such as Src tyrosine kinases and the epidermal 
growth factor receptor (EGFR) [397, 438, 454]. As 
a result, STAT 5a and 5b have emerged as possible 
targets for cancer therapeutics [48]. Recently, STAT 
5b was also found to have a role in vascular smooth 
muscle growth and motility and the pathogenesis of 
vessel wall diseases [57, 227].

2.16.3
Clinical Manifestations

The syndrome of growth hormone insensitivity 
(GHI) phenotypically mimics GH deficiency [355]. 
Levels of GH are normal to elevated and levels of IGF 
are low with no response to exogenous GH therapy. 
The majority of patients with this phenotype also 
have low levels of GH binding protein (GHBP), the 
extracellular portion of the GH receptor (GHR). 

However, there are some patients with normal levels 
of both GH and GHBP. A few of these patients have 
been found to have  mutations in the IGF-receptor, 
but they have normal to elevated levels of IGF-1, as 
well as growth retardation evident in the intrauter-
ine period, and no evidence of immunodeficiency 
[1]. While the various etiologies for GHI are still 
largely uninvestigated, five human patients were 
found to have mutations in STAT5B [194, 195, 220, 
421, 431].

The first was a female born to consanguine-
ous parents of Argentinian descent [220]. Although 
she had evidence of growth restriction in the first 3 
years of life, she presented to an endocrinologist at 7 
years of age. She exhibited facial dysmorphism, was 
below the 5th percentile for height and weight and 
had severe respiratory difficulties with the eventual 
diagnosis of lymphoid interstitial pneumonia. A year 
later, she developed hemorrhagic varicella and sev-
eral episodes of herpes zoster. She had a second lung 
biopsy demonstrating Pneumocystis jiroveci. The sec-
ond patient was born to consanguineous parents of 
Turkish descent at a normal birth length [195]. She 
was initially referred to an endocrinologist at almost 
8 years of age with both weight and height below the 
third percentile. Other aspects of her history included 
recurrent epistaxis as well as pruritic skin lesions and 
recurrent pulmonary infections. Chest imaging was 
consistent with pulmonary fibrosis. Although the 
mechanism of the fibrosis is not clearly understood, 
it may have been due to an infectious cause. The next 
described patient was a male born at a normal birth 
length in the Dutch Antilles with no reported consan-
guinity [421]. At 16 years of age, he presented with 
hemorrhagic varicella requiring treatment with acy-
clovir. His growth retardation was severe but he also 
showed evidence of delayed puberty. When reevalu-
ated at the age of 30 years, he had not experienced 
recurrent infections of any kind but did have pseu-
dogynecomastia. Finally, a STAT 5b defect was found 
in siblings for the first time in sisters born to con-
sanguineous parents of Kuwaiti descent [194]. They 
both presented with short stature and recurrent pul-
monary infections.

2.16.4
Diagnosis

STAT5b deficiency should be considered in the differ-
ential diagnosis of a patient who is born with a normal 
birth length but then acquires significant short stature and 
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recurrent infections, particularly pulmonary, although 
clinical evidence of immunodeficiency may not nec-
essarily be present [421]. Interestingly, one patient 
also developed pulmonary fibrosis and had recurrent 
epistaxis [195]. Although STAT5b deficiency in mice 
only affects males, four of the five cases described in 
humans are female and therefore sex may not be a rel-
evant consideration in making the diagnosis.

All described patients had biochemical evidence of 
GHI with deficient IGF-1 and IGFBP-3 production. 
Any trials of treatment with growth hormone failed 
and, if measured, GHBP levels were normal. The male 
patient also had biochemical and clinical evidence of 
hyperprolactinemia [421].

Some of the patients displayed evidence of immune 
dysfunction [194, 195, 220]. In the first case, the inves-
tigators showed that the patient’s cells could not pro-
duce STAT 5b on exposure to IFN-γ [220]. While this 
may not be practical for routine laboratory analysis, 
it suggests that cytokines important for a competent 
immune response such as IFN-γ require STAT 5b for 
efficient transcription of certain important genes, one 
of them being IGF [196]. STAT5b- deficient mice have 
been shown to have poor lymphocyte proliferation 
[197, 276, 277, 285, 405]. While the male patient had a 
normal reported immunologic assessment in terms of 
cytokine production, his episode of hemorrhagic vari-
cella at the age of 16 years may nonetheless still be con-
sidered significant [421, 431].  Therefore, investigations 
such as lymphocyte markers as well as lymphoprolif-
erative assays could be considered in the immunologic 
evaluation of such patients.

In the first patient, STAT5B sequence analysis revealed 
a homozygous missense mutation in exon 15 predicting 
an A630P (Alanine to Proline) substitution within the 
SH2 domain [220]. Although STAT 5b can be expressed 
with this mutation, its functionality is severely affected 
and it cannot be activated upon ligand binding. In the 
second patient, a frame shift mutation was identified at 
position 1,191 resulting in a truncated protein lacking the 
C-terminal half, the SH2 and transactivation domains 
[195]. The male patient also had a novel frameshift muta-
tion resulting in a similarly truncated and inactive pro-
tein [421]. Finally, the female siblings had a homozygous 
deletion at the junction of exon 13-intron 13 [194]. While 
these are very different mutations, the clinical presenta-
tion of the patients is very similar suggesting that the final 
pathway of STAT 5b activation and subsequent gene tran-
scription is similarly affected.

The observations of these five cases suggest that the 
overwhelming majority of GH action is through the 
GHR-JAK-2-STAT5b-IGF pathway.

2.16.5
Management

It is still unclear how to manage such patients as there 
have been only five described cases; two of them were 
treated but did not respond to GH. An evaluation by 
an immunologist with a thorough immune workup 
would be warranted. Patients should be closely moni-
tored for infections such as severe varicella or recurrent 
pneumonias which should be aggressively treated to 
avoid adverse consequences such as bronchiectasis or 
pulmonary fibrosis. If fibrosis develops, immunosup-
pression such as steroids may be considered, although 
with caution as these patients are already immuno-
suppressed. Due to the paucity of clinical data, it is 
not known if HSCT would be beneficial, but perhaps 
could be a consideration in the future. It is important 
to understand STAT5b deficiency for the clinician that 
may encounter a child with significant short stature 
and evidence of immunodeficiency.
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3.1
Introduction

Primary antibody deficiencies (PAD) are the most 
common types of primary immunodeficiency  diseases 
(PID), accounting for approximately half of the dis-
eases [7, 103, 140, 165, 189, 190, 224] (see Sect. 1.1 for 
more details). The spectrum of PAD is broad, rang-
ing from patients with a severe reduction of all serum 
immunoglobulin (Ig) classes and totally absent B cells 
to patients who have a selective antibody deficiency 
with normal serum immunoglobulin [190] (Table 3.1, 

Core Messages

● Antibody deficiencies are the most common 
forms of primary immunodeficiency dis-
eases, generally easily controlled by immu-
noglobulin substitution.

● Some of antibody deficiencies could be sec-
ondary to a T cell deficiency that has to be 
intensively looked for, since it severely worsens 
the prognosis and modifies the treatment.

● In the absence of early diagnosis and appropriate 
management, primary antibody deficiency can 
lead to serious morbidity and early mortality.

● A diagnostic delay in affected patients with 
primary antibody deficiency still remains a 
significant problem due to limited awareness 
of their presenting features.

● Clinical history is the most important aspect 
of suspecting a diagnosis of primary antibody 
deficiency.

● Defining the molecular defect of antibody 
deficiencies is essential for accurate diagnosis, 
including prenatal diagnosis, and appropriate 
management of patients.

Fig. 3.1). Many of these disorders share a clinical 
phenotype with common features such as chronic 
and recurrent infections, chronic inflammation, and 
autoimmunity [190].

Hypogammaglobulinemia is the major hallmark of 
patients with PAD, and the main manifestation is recur-
rent bacterial infections, predominantly occurring in 
the respiratory and gastrointestinal tracts [3, 62, 154].

The infections are usually caused by pyogenic 
bacteria with Haemophilus influenzae, Moraxella 
catarrhalis, Streptococcus pneumoniae, Staphylococcus 
aureus, and Pseudomonas aureginosae being the most 
common species [3, 62, 154]. Unlike patients with 
T cell deficiencies who have increased susceptibil-
ity to opportunist infections, patients with antibody 
deficiencies do not have problems with fungal or viral 
pathogens, except patients with X-linked agammaglob-
ulinemia (XLA), who are susceptible to enteroviruses 
and may develop chronic enteroviral encephalomyelitis 
[175, 229].

Patients are usually free of infection until the 
latter part of the first year of life, as passively 
acquired IgG from the mother decreases to below 
protective levels. Most patients with antibody 
deficiency can lead normal lives if given replace-
ment gammaglobulin therapy and prophylactic 
antibiotics. Early diagnosis and adequate therapy 
are the keys to survival and a better quality of life. 
Delays in diagnosis and/or inadequate manage-
ment may lead to permanent organ damage (e.g., 
bronchiectasis or bronchiolitis obliterans) or death 
from overwhelming infection [27, 246].

Recent advances in the understanding of the genetic 
basis of early maturation and terminal development of 
B lymphocytes and identification of the genes involved 
in many primary antibody deficiencies have led to a 
significant increase in our understanding of the patho-
genesis of this group of disorders. Differential diagno-
sis between subgroups of PAD is important, since some 
of them have a different prognosis and treatment. 
Identification of the genes involved in many primary 
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antibody deficiencies allows a definitive diagnosis of 
some of the PAD.

Although immunoglobulin replacement therapy in
association with prophylactic antibiotics is essential 
to prevent bacterial and viral infections [8, 46, 215], 

 additional treatment, such as hematopoietic stem cell 
transplantation (HSCT), may be required in some 
disorders. The purpose of this chapter is to provide 
current knowledge on the pathophysiology, diagnosis 
and management of PAD.

Table 3.1 Characteristics of predominantly antibody deficiencies

Diseases Subtype Genetic defects Immunological phenotypes

Agammaglobulinemia 
with absent B cells

X-linked agammaglob-
ulinemia

BTK Decreased serum levels of all immu-
noglobulin isotypes; normal numbers 
of pro-B cells; profoundly decreased or 
absent B cells

Autosomal recessive 
agammaglobulinemia

IGHM

IGLL1
CD79A
CD79B
BLNK

Other forms of 
agammaglobulinemia

LRRC8

Unknown
Hypogammaglobulinemia 
with normal/low number 
of B cells

Common variable 
immunodeficiency
ICOS deficiency
TACI deficiency

Unknown

ICOS
TACI

Decreased serum levels of IgG and IgA; 
variable IgM; normal or low numbers 
of B cells

CD19 deficiency CD19
Other forms of hypogam-
maglobulinemia

Variable, 
unknown

Immunoglobulin class 
switch recombination 
deficiencies

AID deficiency AID Decreased serum levels of IgG and IgA; 
increased or normal levels of IgM; nor-
mal or increased number of B cells

UNG deficiency UNG
Other forms of CSR 
selective deficiency

Unknown

Selective IgA deficiency Unknown Decreased or absent serum levels of IgA
Other immunoglobulin 
isotypes or light chain 
deficiencies

Isolated IgG subclass 
deficiency

Unknown Decreased serum levels of in one or 
more IgG subclass

IgA with IgG subclass 
deficiency

Unknown Decreased serum levels of in one or 
more IgG subclass with decreased 
serum levels of IgA

Ig heavy chain deletions Chromosomal 
deletion at 14q32

Decreased serum levels of one or more 
IgG and/or IgA subclasses and IgE

κ light chain deficiency IGKC All immunoglobulins have λ light chain
Specific antibody 
deficiency with normal 
immunoglobulin levels

Unknown Normal serum immunoglobulin; 
normal numbers of B cells; inability to 
make antibodies to specific antigens

Transient hypo-
gammaglobulinemia 
of infancy

Unknown Decreased serum levels of IgG and IgA; 
normal numbers of B cells
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Fig. 3.1 Algorithm approach of 
molecular diagnosis in patients 
with hypogammaglobulinemia

3.2
Agammaglobulinemia with Absent B Cells 
(Btk Deficiency, m Heavy Chain Deficiency, 
l5/14.1 Deficiency, Iga Deficiency, Igb 
Deficiency, BLNK Deficiency, LRRC8 Deficiency, 
Other Forms of Agammaglobulinemia)

3.2.1
Definition

Agammaglobulinemia with absent B cells is a rare form 
of PID, characterized by absence of circulating B cells 
with severe reduction in all serum immunoglobulin 
levels. Both X-linked and autosomal recessive forms 
of the disease have been described. Affected patients 
typically present an early onset of recurrent bacterial 

infections. The incidence of the disease varies from 
1:100,000 to 1:200,000 depending on ethnicity and 
specific genetic defect involved.

3.2.2
Etiology

X-linked agammaglobulinemia (XLA). XLA or Btk defi-
ciency represents the prototype for PID and was the first 
immunological disorder for which the genetic cause 
was discovered. Although the disease was described by 
Colonnel Bruton in 1952 [40], the underlying genetic 
defect was only identified in the early 1990s by two 
different groups [275, 283]. Bruton’s tyrosine kinase 
(BTK, OMIM+300300), a member of the Tec family 
of kinases, was found to be mutated in the majority of 
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male patients with agammaglobulinemia [275, 278]. 
The animal model (xid mouse) showed remarkable 
similarities with the human phenotype and helped to 
elucidate the pathogenetic mechanism responsible for 
the B cell defect in XLA [26]. B cell development takes 
place in the bone marrow and depends on the sequen-
tial expression of specific gene products that regulate 
B cell maturation. B cell maturation follows specific 
steps starting from pro-B to pre-B to immature and 
then mature B cells that exit the bone marrow and 
enter the periphery [57]. Pre-B cells express the pre-
BCR receptor complex that requires BTK for the initia-
tion of the downstream signaling cascade, necessary 
for further maturation (Fig. 1.2 in Chap. 1; Fig. 3.2). 
Mutations in BTK result in a developmental arrest of 
B cell development in the bone marrow at the pro-
B to pre-B stage. Studies performed both on patients 
and animal models have underscored the importance 
of this check point for B cell maturation in the bone 
marrow evidencing an accumulation of B cells in the 
pro-B to pre-B stage in XLA patients when compared 
with healthy controls. Since the block in B cell devel-
opment takes place early in the bone marrow, less than 
1% of B cells are detectable in the periphery of these 
patients. Immunoglobulin levels are very low for all 

classes and there is virtually no humoral response to 
recall antigens. Btk deficiency specifically affects the B 
cell lineage, resulting in reduced size of lymph nodes 
and tonsils, tissues normally highly populated by B 
cells. On the other hand, both number and function 
of T cells are conserved, with the former being slightly 
increased.

BTK maps on the X-chromosome and mutations 
can be both familiar and de novo ones; in the first case, 
mothers of affected individuals are healthy carriers. 
One case of a female patient with agammaglobuline-
mia due to BTK mutation has been reported so far, due 
to skewed X-chromosome inactivation [268].

Autosomal recessive agammaglobulinemia.  Autosomal 
recessive agammaglobulinemia is a rare form of pri-
mary immunodeficiency characterized by severe reduc-
tion of all immunoglobulin classes and absence of 
peripheral B cells, in the absence of BTK mutations. 
It affects both males and females. The underlying genetic 
defect is known only in a limited number of patients. 
In more detail, it has been shown that B cell develop-
ment takes place in the bone marrow where the sequen-
tial expression of specific gene products promotes B cell 
differentiation from the pro-B to pre-B to immature B 
to mature B cell that enters the periphery. Pre-B cells 

Fig. 3.2 A schematic diagram sum-
marizing the relationships of several 
molecules whose absence is associated 
with agammaglobulinemia. Pre- B cells 
express the pre-BCR, a receptor complex 
formed by the µ heavy chain, Igα, Igβ,
VpreB and λ5, that initiates downstream 
signaling necessary for B cell differentia-
tion through kinases such as Btk. Muta-
tions in the Btk (BTK), µ heavy chain 
(IGHM), Igα (CD79A), Igβ (CD79B), 
λ5 (IGLL1), and B cell linker protein 
(BLNK) genes have been described in 
the patients with agammaglobulinemia
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express the pre-BCR, a receptor complex formed by the 
µ (mu) heavy chain, Igα, Igβ, VpreB and λ5 (λ5/14.1), 
that initiates downstream signaling necessary for B cell 
differentiation through kinases such as Btk [171] (Fig. 
1.2 in Chap. 1; Fig. 3.2). Animal models and in vitro 
studies have elucidated the importance of each of the 
pre-BCR components for the transition from pro-B to 
pre-B stage of maturation and in fact mutations in the 
µ heavy chain (IGHM, OMIM*147020), Igα (CD79A,
OMIM*112205), Igβ (CD79B, OMIM*147245), λ5
(IGLL1, OMIM*146770), B cell linker protein (BLNK,
OMIM + 604515) genes have now been found in a very 
limited number of agammaglobulinemic patients [83, 
98, 99, 180, 182, 290, 299].

Other forms of agammaglobulinemia. Although 
many new genetic defects have been shown to cause 
agammaglobulinemia in humans, a significant number 
of patients still remain without a genetic diagnosis. 
The number of factors influencing early stages of B 
cell development is vast and detailed knowledge in this 
field has only recently been acquired. One additional 
reason for this difficulty is that the immunological 
profile (absent Ig levels and absence of peripheral B 
cells) may be accompanied with peculiar features such 
as microcephaly, craniosynostosis, severe dermati-
tis or intrauterine growth retardation, microcephaly, 
cerebellar hypoplasia, and progressive pancytopenia 
[222], suggesting involvement of other genes whose 
function is not limited to the sole development of 
the immune system. Minor facial abnormalities and 
agammaglobulinemia were also recently associated 
with a chromosomal balanced translocation which 
truncated the Leucine-rich repeat-containing protein 
8 (LRRC8, OMIM*608360) gene, resulting in a matu-
ration arrest at the pro-B stage with a severe reduction 
in the number of pre-B cells [234]. Recently, a contigu-
ous X-chromosome deletion encompassing the BTK,
TIMM8A, TAF7L and DRP2 genes was identified in a 
patient with agammaglobulinemia [244]. Finally, the 
association of a clinical phenotype compatible with 
XLA in association with isolated growth hormone defi-
ciency has been described, while the molecular basis of 
this form still remains to be elucidated [264].

3.2.3
Clinical Manifestations

XLA. The protective role of maternal IgG transferred 
through the placenta is underscored in XLA: in fact, 
clinical symptoms in affected patients initiate between 
the ages of 6–12 months, when the maternal IgGs are 

catabolized. Recurrent bacterial respiratory and/or 
gastrointestinal infections are the hallmark of this dis-
order [4, 213]. However, many patients remain asymp-
tomatic for the first year of life. Rare cases of young 
adolescents or even adults affected with XLA but with-
out symptoms until that age have been reported.

Typically, XLA patients suffer form recurrent otitis 
media, sinusitis, bronchitis, pneumonia and gastroin-
testinal infections. Frequency of these manifestations 
is variable based on the different cohorts of patients 
investigated. However, the upper and lower respiratory 
tract appear to be the most affected.

Bacterial infections. Bacterial infections are the hall-
mark of XLA, both as presenting symptoms and as 
complications once Ig replacement therapy is initiated. 
Such infections are mainly caused by encapsulated 
pyogenic bacteria, namely Streptococcus pneumoniae, 
Haemophilus influenzae, Staphylococcus aureus and 
others. Pseudomonas species has been reported to be 
the most frequently isolated pathogen in septicemia, 
followed by H. influenzae, S. pneumoniae and S. aureus.
Septic arthritis in these patients is mainly caused by 
H. influenzae and S. pneumoniae before Ig replacement 
therapy, whereas after Ig replacement therapy a viral 
cause is mainly responsible. Bacterial meningitis can 
also complicate the history of these patients, especially 
before appropriate treatment is initiated, and is caused 
by the above mentioned pathogens as well.

Typically, XLA patients suffer from recurrent 
infections of the upper and lower respiratory tract. 
Chronic sinusitis is present in more than 30% of 
patients. Recurrent bronchitis and/or pneumonia may 
continue to occur even when Ig replacement therapy 
is regularly established, leading to the development 
of bronchiectasis. This may be due to the fact that Ig 
replacement therapy supplements with IgGs that do 
not easily reach the mucosal surface, and therefore 
may not work optimally against mucosal infections, 
although they work excellently on systemic ones (sepsis, 
meningitis/meningoencephalitis) [213].

Infections of the gastrointestinal tract are frequent 
in XLA patients. Giardia lamblia is frequently isolated 
from stool samples from these patients, and some-
times its eradication may become difficult, result-
ing in chronic diarrhea and malabsorption. Similar 
clinical findings are caused by Campylobacter jejuni
infections, that can however, be accompanied by skin 
manifestations and fever. The diarrhea may persist for 
weeks, although some patients may remain asymp-
tomatic. It appears that antibodies are an important 
line of defense against Campylobacter, explaining 
the increased susceptibility to this pathogen in XLA 
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patients. Salmonella has also been described as cause 
of gastrointestinal infection in XLA patients [198].

Mycoplasma species are also frequently causes of 
infections in XLA patients, mainly involving the respira-
tory and urogenital tracts, and in some cases joints. 
Since the isolation of these microorganisms is often 
difficult, the course of the infection may be prolonged 
with consequently severe symptoms at presentation. 
Frequently, combined infections with Mycoplasma 
species and other bacteria can increase disease severity 
[131]. Recurrent bacterial conjunctivitis is also rather 
frequent (5–8%), and pathogens involved are the ones 
so far described.

Enteroviral infections. XLA patients undergo 
common childhood viral infections without major 
problems. In general, the intrinsic B cell defect that 
underlies XLA does not influence host defense against 
major viral infections, but there are certain exceptions. 
Affected patients are particularly susceptible to entero-
virus, namely poliovirus, echovirus and coxsackie-
virus [298]. Vaccine-associated poliomyelitis after live 
attenuated oral vaccine (Sabin) has been reported and 
is complicated by a high mortality rate.

Progressive neurological symptoms in XLA patients, 
such as ataxia, paresthesias, loss of cognitive skills, and neu-
rosensorial hearing loss should always raise the suspicion 
of enteroviral infection. Enteroviral meningoencephalitis 
in XLA patients tends to manifest slowly throughout the 
years, although fulminating infection with fever, head-
ache and seizures has also been reported. The difficulty 
in  isolating the enterovirus from the cerebrospinal fluid 
(CSF) was thought to be overcome by using polymerase 
chain reaction (PCR) techniques; however, such method 
does not always identify the enterovirus. CSF character-
istics are usually suggestive (associated with clinical find-
ings) of a viral infection: pleocytosis, elevated protein 
content and in some cases hypoglycorrhachia. However, 
some patients with symptoms of encephalitis may have 
normal or near-normal CSF findings. Chronic entero-
viral infections were more frequent before the initiation 
of Ig replacement therapy; however such infections do 
still occur after treatment, although rarely. High dose 
intra venous immunoglobulin (IVIG) treatment has been 
shown to be efficient in controlling the infection and lim-
iting the central nervous system (CNS) involvement, but 
the limited number of patients studied does not allow 
statistical conclusions. Intratecal delivery of IVIG has also 
been used in some cases for a more prompt and direct 
effect. An anti-inflammatory effect of high dose IVIG has 
been proposed, although it is difficult to demonstrate. Mag-
netic resonance imaging (MRI) or computed tomography 
(CT) scan is usually normal at the onset of symptoms, and 
has therefore limited diagnostic value. Chronic  enteroviral 

infection eventually results in cerebral edema, diffuse 
inflammation and progressive cerebral atrophy. Chronic 
leptomeningitis has been reported in some cases instead 
of the “classic” findings of encephalitis [229].

CNS enteroviral infections may also present with 
peripheral edema and erythematous rash mimicking a 
dermatomyositis-like syndrome. Biopsy specimens from 
skin and muscle evidence inflammation. Such manifes-
tations follow the CNS involvement and demonstrate a 
disseminated enteroviral infection. Involvement of the 
liver, with an enteroviral hepatitis, increased alanine 
aminotransferase (ALT) and hepatomegaly have also 
been reported, usually associated with rash and fever.

Other infections. Hepatitis C infection from contami-
nated IVIG preparations has been reported in the early 
1990s. XLA patients seem to better tolerate the HCV 
infection when compared with common variable immu-
nodeficiency patients [290]. More than one-third of 
the reported patients cleared the infection or remained 
asymptomatic, whereas only one patient developed 
hepatic failure, but was co-infected with hepatitis B virus. 
Pneumocystis jiroveci has been documented as a rare cause 
of pneumonia in XLA patients, mainly debilitated ones. 
Recurrent pyoderma was recently shown to be the only 
clinical manifestation of an XLA patient [158]. Chronic 
gingivitis has also been reported as the only clinical find-
ing in an XLA patient [161]. Helicobacter cinaedi bacter-
emia with macules and no fever was recently reported in 
an adult patient with XLA [250].

Arthritis. Up to 20% of XLA patients may develop 
arthritis [282]. Clinical findings are indistinguish-
able from rheumatoid arthritis (RA), including motion 
limitation, effusion, pain and destructive pannus for-
mation. In some cases, a pyogenic cause has been iso-
lated, although in the majority of the cases no isolates 
are found. These manifestations tend to respond to Ig 
replacement therapy, sometimes at increased doses indi-
cating a potential infectious cause. Antibiotics are usually 
associated with the Ig replacement treatment. In many 
reported cases, an enteroviral or Mycoplasma infec-
tion was associated with the rheumatic manifestations. 
Interestingly, although B cells have been proposed to be 
involved in RA pathogenesis, no B cell infiltrates were 
found in the synovium of an XLA patient with RA.

Neutropenia. Neutropenia has been reported in XLA. 
The Japanese nationwide study showed that 18% of 
XLA patients presented neutropenia before IVIG treat-
ment was initiated [134]. In different studies, neutrope-
nia has been reported in a percentage variable form in 
10–25%, although the clear involvement of Btk in neu-
trophil development has not been elucidated yet.

Other manifestations. Other rare manifestations 
include glomerulonephritis, alopecia, amyloidosis, and 
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von Recklinghausen disease. Conjunctivitis is rather 
frequent mainly in adult patients, and some report a 
benefit from Ig replacement treatment.

Mu (m) heavy chain deficiency. The first patients 
with mutations in the µ heavy chain were described 
in 1996. A more extensive investigation including 
large numbers of agammaglobulinemic patients was 
undertaken in the United States of America [299] and 
in Italy [99] in order to define the exact incidence of 
µ heavy chain mutations within the cohort of patients 
with agammaglobulinemia of nondefined genetic 
origin. Approximately 40–50% of these patients pre-
sented mutations in the µ heavy chain locus. Clinical 
symptoms remind those of XLA, although apparently 
in a more severe manner [299]. In fact, age at diagnosis 
appears younger for this disorder when compared 
to XLA. Chronic enteroviral encephalitis, recur-
rent bronchitis, pneumonia, Pseudomonas aeru-
ginosa sepsis, otitis media and others characterized 
the onset of the disease. Clinical history ameliorated 
after immunoglobulin replacement therapy was initi-
ated on a regular basis. Chronic infection by Giardia 
lamblia, resistant to therapy, resulting in anemia and 
malabsorption, is present in one female patient with 
µ heavy chain deficiency (Plebani, personal com-
munication). Neutropenia has also been reported in 
almost one-third of patients with this disorder. Bone 
marrow analysis from µ heavy chain deficient patients 
evidenced an early arrest of B cell development, even 
earlier to that seen in Btk-deficient ones, with almost 
complete absence of peripheral B cells.

l5/14.1 deficiency. λ5/14.1 together with VpreB 
comprise the surrogate light chains that are part of the 
pre-BCR receptor complex, which is essential for early 
B cell development. Minegishi et al. reported the first 
patient with mutations in the λ5/14.1 gene, causing 
autosomal recessive agammaglobulinemia [180]. The 
patient’s clinical history started at the age of 2 months 
with recurrent otitis media and was found to be 
hypogammaglobulinemic with absence of peripheral 
B cells at the age of 5 years, when he was hospitalized 
for Haemophilus meningitis. Peripheral B cell analy-
sis evidenced less than 0.06% of B cells. Bone marrow 
studies showed a specific block at the pro-B to pre-B 
stage of differentiation.

Iga deficiency. Igα and Igβ form the signaling trans-
ducing elements that associate with the pre-BCR and 
allow the initiation of the downstream signaling cas-
cade, rendering both valid candidates for this disease. 
In fact, Wang et al. reported the first patient with a 
mutation in the Igα gene [290], resulting in alternative 
exon splicing of the gene product which abolishes the 
expression of the protein on the cell surface. This female 

patient presented chronic diarrhea with failure to thrive 
within the first month of life. At 1 year of age, she was 
hospitalized for bronchitis and neutropenia. Immuno-
logical work-up showed severely reduced levels of all 
immunoglobulin classes and absence of peripheral B 
cells. Bone marrow analysis evidenced a specific block at 
the transition from pro-B to pre-B cell.

Igb deficiency. Igβ is essential for the downstream 
signaling cascade after pre-BCR cross-linking both 
in mice and humans. Recently, two different groups 
identified patients affected with agammaglobulinemia 
and mutations in Igβ. Dobbs et al. recently reported a 
15-year-old female patient with a hypomorphic muta-
tion in Igβ and a leaky defect in B cell development 
[83]. The patient presented recurrent lower respira-
tory tract infections from the age of 5 months. After 
initiation of the IVIG therapy at the age of 15 months, 
her clinical history presented a significant ameliora-
tion. On the other hand, Ferrari et al. recently reported 
a 20-year-old male patient with a homozygous non-
sense mutation in Igβ, resulting in a stop codon [98]. 
The patient was first admitted at the age of 8 months 
for pneumonia and Salmonella-caused enteritis; his 
immunological workup evidenced a complete absence 
of peripheral B cells (CD19 < 1%) and panhypogam-
maglobulinemia. IVIG therapy was initiated immedi-
ately, but the patient’s clinical history was complicated 
by recurrent bronchitis, sinusitis, otitis media and 
bacterial conjunctivitis. Bone marrow analysis of this 
patient evidenced a complete block of B cell devel-
opment at the pro-B to pre-B cell transition, closely 
resembling the one observed in the animal model. In 
addition, in vitro studies showed that the nonsense Igβ
mutation abrogates the expression of the pre-BCR on 
the B cell surface.

BLNK deficiency. BLNK (also called SLP-65) is acti-
vated after BCR cross-linking and initiates the down-
stream signaling cascade. Since mutations in pre-BCR 
components have been found to cause agammaglob-
ulinemia and BLNK acts downstream of this complex, 
it was considered as a candidate gene, in patients with 
no mutations in the pre-BCR components. In fact, 
Minegishi et al. reported the first male patient with 
mutations in BLNK resulting in agammaglobulinemia 
[182]. Clinical history includes recurrent otitis from the 
age of 8 months and two episodes of pneumonia before 
the age of 6 months. The first immunological workup 
evidenced undetectable serum IgG, IgA and IgM levels 
in the absence of peripheral B cells. Once on regular 
IVIG therapy and during an 18-year period of follow-
up, his clinical history was complicated with chronic 
otitis and sinusitis, hepatitis C from immunoglobulin 
preparation, and a protein-losing  enteropathy  during 
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adolescence. Bone marrow analysis showed a spe-
cific block at the pro-B to pre-B stage, and additional 
experiment concluded that BLNK is essential for B cell 
development once the pre-BCR is expressed.

3.2.4
Diagnosis

The typical laboratory findings of XLA consist in 
low to undetectable immunoglobulin serum levels in 
the almost complete absence of peripheral B cells, as 
defined by CD19 and CD20 expression (<2%), reflect-
ing the early block in B cell development. Rare cases of 
patients with peripheral B cells and/or near normal Ig 
levels have been reported; in such cases specific anti-
body response to specific antigens is used for further 
characterization. Once the clinical suspect is sustained 
by the laboratory findings, molecular analysis of the 
BTK gene should be performed in order to define the 
mutation, if any, causing the disease. Once the mutation 
is defined, carrier diagnosis and prenatal diagnosis can 
be performed where necessary. When BTK mutation 
analysis results negative and/or when female patients 
are identified, sequencing analysis of the other known 
genes (µ heavy chain, Igα, Igβ, λ5, BLNK) should be 
performed (Fig. 3.1) [83, 98, 99, 180, 182, 290, 299].

3.2.5
Management

Immunoglobulin replacement therapy. Immunoglobulin 
replacement therapy is essential in XLA and auto-
somal recessive agammaglobulinemia as well as in all 
humoral immunodeficiencies. In the past, intramus-
cular administration was used; current protocols are 
based on intravenous immunoglobulins (IVIG) or 
subcutaneous immunoglobulins (SCIG). It is widely 
accepted, based on different international studies, 
that maintaining pre-infusion IgG levels > 500 mg/dl 
assures a notable reduction in the number of infec-
tions, reducing the necessity for hospitalizations. Using 
a dose of 400 mg/kg/dose every 3–4 weeks is usually 
sufficient to maintain such levels. Several studies have 
argued on the cut-off level that should be considered 
protective. Currently, the subcutaneous administration 
appears very promising for different reasons: First of 
all, it is well tolerated and is indicated in particular for 
patients with previous severe adverse reactions to the 
intravenous preparations. Secondly, it is as efficient as 
the intravenous one, and in addition the subcutaneous 

therapy offers better quality of life, since the adminis-
tration takes place at the patient’s home.

However, the immunoglobulin replacement therapy 
presents certain limitations. Thus, it contains only IgG 
that are not selected on antigen specificity. Secreted anti-
body deficiency is not replaceable. In addition, different 
studies have shown that after almost two decades of 
follow-up, patients regularly on IVIG therapy may 
develop lung complications (chronic lung disease) [282]. 
Therefore, the optimal therapy is still to be determined; 
on the other hand the role of respiratory physiotherapy 
is becoming very important as the main strategy in order 
to maintain and even ameliorate lung function.

Antibiotic. Any infectious episode in XLA or auto-
somal recessive agammaglobulinemia should be imme-
diately treated with antibiotics. In XLA and autosomal 
recessive agammaglobulinemia, patients require fre-
quent therapies with antibiotics, many for long periods. 
In addition, the infectious agent is not always eradicated 
even though antibiotics may be used for months. Fre-
quently, antibiotic prophylaxis is necessary in order to 
control the number of infections even when Ig replace-
ment therapy is performed regularly, although there are 
no controlled studies showing any effectiveness of anti-
biotic prophylaxis in agammaglobulinemic patients.

HSCT and gene therapy. Cord blood and HSCT have 
been undertaken in some patients with XLA [120]; with-
out obtaining the correction of the B cell function/number 
probably due to a very mild or absent conditioning regi-
men before the transplant. It is likely that more aggres-
sive immunosuppressive treatment may ameliorate these 
results in the future to a degree that could mimic the 
ones obtained in the murine model [214]. Considering 
the specificity of the defect in XLA, where Btk is defec-
tive in the B cell lineage, the gene therapy approach has 
been considered. After the complications (leukemia) in 
four patients with severe combined immunodeficiency 
treated with gene therapy, a lot of discussions have arisen 
on the risks involved with such an approach. However, 
recent advances in the field have demonstrated that gene 
transfer into hematopoietic stem cells using a retroviral 
vector can reconstitute Btk-dependent B cell develop-
ment and function in the murine model, and strongly 
support the feasibility of pursuing BTK gene transfer for 
XLA patients as well [301].

Complications and prognosis. The introduction of 
antibiotics and Ig replacement therapy has completely 
changed the prognosis of XLA patients. Before the 
introduction of appropriate therapy, patients would 
die before the age of 10 years. Nowadays, the prompt 
use of antibiotics, regular Ig replacement therapy and 
an early diagnosis can assure a longer life span with less 
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complication. However, respiratory tract infections 
remain the prominent clinical problem also during 
follow-up despite regular Ig replacement treatment 
leading to the development of chronic lung disease 
(CLD), which remains the main cause of mortality in 
these patients. It is likely that more factors contribute 
to the development of CLD: patients with a longer fol-
low-up are more likely to have received inappropriate 
substitution therapy (such as intramuscular treat-
ment, low dose IVIG, or plasma infusions early during 
treatment). Alternatively, it is possible that prolonged 
 follow-up is associated with a higher risk of develop-
ing CLD because of inability of Ig substitution to reach 
the mucosal surfaces and thus provide full protection. 
Finally, it is possible that presently unknown modifier 
genes may be involved. Recently, lung transplantation 
was performed in a limited number of XLA patients with 
good results, a positive follow-up for the first year and 
significant improvement of the respiratory function.

Malignancy has been reported in XLA as well. The 
percentage is variable in the different studies. Color-
ectal cancer has been reported in several patients, 
although the underlying association with XLA is not 
well defined yet. Gastric adenocarcinoma has been 
observed in XLA patients with underlying chronic gas-
tritis. Lymphoid malignancies have been reported but 
percentages vary in the different cohorts of patients.

No clear genotype/phenotype correlations have 
been established in patients with XLA. However, 
Broides et al. recently reported that mutations that 
conceivably allow the production of some Btk, 
amino acid substitutions or splice defects that occur 
at conserved, but not invariant sites in the splice 
consensus sequence, were associated with older age 
at diagnosis, a higher percentage of B cells in the 
peripheral circulation and higher concentrations of 
plasma IgM [36]. On the other hand, Lopez Granados 
et al. reported that although a genotype-phenotype cor-
relation is observed, individual discrepancies between 
the severity of the mutation and the clinical and ana-
lytic phenotype suggest that other loci or ambient fac-
tors significantly influence the disease presentation 
and evolution [163]. It is likely therefore that other 
factors, yet unknown, may influence the clinical and 
immunological history of these patients in addition to 
the type of mutations in BTK.

The identification of novel genetic defects causing 
autosomal recessive agammaglobulinemia in recent 
times has not yet offered enough follow-up and obser-
vation time in order to define specific complications 
present in these forms, although, so far, the prognosis 
appears similar to that of XLA.

3.3
Hypogammaglobulinemia with Normal/
Low Number of B Cells (Common Variable 
Immunodeficiency, ICOS Deficiency, TACI 
Deficiency, CD19 Deficiency, Other Forms 
of Hypogammaglobulinemia)

3.3.1
Definition

Hypogammaglobulinemia with normal or low number 
of B cells is the prototype of common variable immu-
nodeficiency (CVID). CVID (OMIM#240500) is a 
heterogeneous group of disorders characterized by 
hypogammaglobulinemia, defective specific antibody 
production and an increased susceptibility to recurrent 
and chronic infections [3, 62]. Patients with CVID also 
have an increased incidence of autoimmune disorders 
and cancers [68, 141].

CVID affects males and females equally. It has an 
estimated prevalence ranging from 1:10,000 to 1:50,000 
[75, 96, 112] and is the most prevalent human PID 
requiring medical attention. The clinical spectrum of 
CVID is broad, and it may present at any age but peaks 
of presentation is in childhood and early adult life have 
been noted [165, 190] with an average delay of 5–6 years 
between the onset of symptoms and diagnosis [3, 62].

In spite of several years of investigation into the 
nature of this defect since it was first recognized in 
1953 [128], the basic molecular defect in CVID is still 
unknown. As there is no single diagnostic immuno-
logical or genetic test for CVID, its diagnosis requires 
a decrease of immunoglobulins of at least two iso-
types (serum IgG, IgA, and/or IgM) reduced by two 
or more standard deviations from the normal mean, 
and genetic exclusion of other antibody deficiencies 
associated with well-defined single gene defects.

3.3.2
Etiology

Genetics. Although the most CVID cases are sporadic, it 
has been estimated that 10–20% of the cases are famil-
ial, in which 80% present with autosomal dominant 
inheritance [16, 112, 187]. In multiple-case families, 
CVID is often present in one parent, accompanied by 
IgA deficiency (IgAD) in the descendants [287], and it 
has been estimated that about 15% of the patients with 
CVID have a first degree relative with either IgAD or 
CVID [45, 288]. Some cases of IgAD, who progress to 



106 Asghar Aghamohammadi et al.

CVID, have been reported [252]. All these data support 
the involvement of hereditary factors and a genetic 
association between CVID and IgAD, suggesting that 
the two disorders may represent an allelic condition 
reflecting a variable expression of a common defect.

In order to identify the genes responsible for CVID, 
several HLA association studies, as well as linkage anal-
yses, have focused on the HLA region on chromosome 
6 [59, 79, 148, 199, 237, 240, 252, 286]. Genetic linkage 
analysis of families with IgAD and CVID has identified 
the presence of susceptibility loci near the class II and 
III MHC regions. The DR/DQ locus has been reported 
to be the strongest predisposing locus. MHC class II 
genes play a fundamental role in antigen presentation 
to T helper cells that in turn provide help to B cells for 
a proficient Ig production. Therefore, particular MHC 
class II alleles might contribute to the Ig deficiency and 
to the associated autoimmune manifestations.

The HLA class III region genes encode components 
of the complement system and cytokines involved in 
inflammation, such as tumor necrosis factor (TNF)-α
and -β. There is also evidence that IgAD and CVID share 
susceptibility loci at 4p, 5p, 12p and 14q [35, 148, 286].

Attempts to identify the genes responsible for CVID 
have resulted in finding new monogenic defects during 
the past few years, including mutations in Inducible 
costimulator (ICOS, OMIM*604558) causing ICOS 
deficiency (OMIM#607594) [107, 231] and CD19 
(OMIM+107265) [235, 280]. These new monogenic 
defects which share clinical phenotypes of CVID are 
actually different entity and may occasionally be mis-
diagnosed as CVID. Alterations in Tumor necrosis fac-
tor receptor superfamily, member 13b (TNFRSF13B or 
TACI, OMIM*604907), Tumor necrosis factor receptor 
superfamily, member 13c (TNFRSF13C or BAFFR,
OMIM*606269), and MutS, E. coli, homolog of, 5 
(MSH5*603382) sequences may represent polymor-
phisms or disease-modifying alterations [103].

In 2003, patients with mutations in the gene encod-
ing ICOS, the “inducible costimulator” on activated 
T cells, were described in patients with hypogam-
maglobulinemia [107]. Only 9 of 226 patients with 
CVID screened thus far have been found to have ICOS 
mutations [231]. All patients described are likely to be 
related and have origins in the Black Forest region of 
Germany. The same geographical location of all nine 
affected individuals and the same genetic deletion 
in affected individuals suggest a common founder 
and migration along the river Danube. Overall, the 
incidence of ICOS deficiency has been estimated in 
approximately 5%. ICOS belongs to the CD28 fam-
ily of immunoglobulin-like costimulatory surface 
molecules and is expressed only on activated T cells. 

ICOS interacts with ICOS-ligand, which is expressed 
on the surface of B cells, thereby supporting T–B cell 
collaboration. Ligation of ICOS-L to ICOS leads to a 
release of IL-10 from germinal center T cells, allowing B 
cells to undergo class switch recombination and termi-
nal differentiation to memory and plasma cells [121]. 
Furthermore, the ICOS-ICOS-L signaling in germinal 
centers is critical for the development and function of 
the highly specialized subpopulation of CXCR5 + fol-
licular T helper cells. The loss of ICOS expression leads 
to absence of this cell population, consecutive failure 
to develop functional germinal centers and, ultimately, 
impaired terminal B cell differentiation and hypogam-
maglobulinemia.

Mutations in the CD19 encoding gene has been 
also recently described [280]. The CD19 protein forms 
a complex with CD21, CD81, and CD225 in the mem-
brane of mature B cells. Together with the B cell antigen 
receptor, this complex signals the B cell to decrease its 
threshold for activation by the antigen. Four patients 
have been described to date with homozygous muta-
tions in the CD19 gene. Levels of CD19 were unde-
tectable in one patient and substantially decreased in 
the other three. The composition of the precursor B 
cell compartment in bone marrow and the total num-
bers of B cells in blood was normal whereas the numbers 
of CD27+ memory B cells and CD5+ B cells were 
decreased. B cell development and differentiation is 
critically dependent upon signal transduction through 
the B cell antigen receptor (BCR). Coreceptors associ-
ated with the BCR can modulate BCR signal transduc-
tion positively or negatively. Mutations in CD19 lead 
to relatively normal B cell development but the lack of 
CD19 signal transduction results in a poor response to 
antigenic stimuli and an inability to mount an effective 
humoral response.

In 2005, mutations of TNFRSF13B encoding the 
transmembrane activator and calcium modulator 
and cyclophilin ligand interactor (TACI) have been 
described in patients with CVID and IgA deficiency 
[52, 230]. The human TACI gene locus is located on 
the short arm of chromosome 17, which is a common 
target for mutation and rearrangement. TACI belongs 
to a superfamily of TNF receptors consisting of the lig-
ands BAFF (B cell activating factor of the TNF family) 
and APRIL (a proliferation-inducing ligand) and their 
three receptors BAFFR (BAFF receptor), BCMA (B 
cell maturation antigen), and TACI that comprise a 
network that is critically involved in the development 
and function of humoral immunity. Failure of this 
complex system is associated with autoimmune dis-
ease, B lymphocyte tumors, and antibody deficiency 
in mice. While BAFF–BAFFR interactions control 
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peripheral B cell survival and homeostasis, BCMA 
function seems limited to the survival of long-lived 
bone marrow plasma cells. The functional activity of 
TACI is, however, ambiguous: while TACI-deficient 
mice predominantly develop autoimmunity and lym-
phoproliferation, TACI deficiency in humans primarily 
manifests itself as an antibody deficiency syndrome, 
accounting for 1–5% of all CVID patients.

A variety of mutations in TACI causing CVID phe-
notype have been described and whereas homozygous 
mutations will cause disease, heterozygous mutations, 
in particular the C104R and A181E, only constitute 
risk factors [204]. Recently, it was shown that the het-
erozygous mutation dominantly interferes with TACI 
signaling. This effect is dependent on preassociation 
of the mutants with WT TACI in the absence of lig-
and. The mutants do not, however, interfere with lig-
and binding by WT TACI, suggesting that they may act 
by disrupting ligand-induced receptor rearrangement 
and signaling. This work [102] demonstrates that TACI 
preassembles as an oligomeric complex prior to ligand 
binding and provides a mechanistic insight into how 
heterozygous C104R TACI mutations can potentially 
lead to a CVID phenotype.

All patients with TACI mutation exhibit hypogam-
maglobulinemia and impaired antibody responses to 
immunization-infection. They also have reductions in 
peripheral blood switched memory B cells, which is 
also seen in a majority of patients with CVID (most of 
whom probably do not have a TACI mutation) [292]. 
Clinical manifestations include recurrent infections, 
autoimmune disease, lymphoproliferation and hepat-
osplenomegaly, and malignancy.

Defect in BAFFR has been identified only in one 
patient, a 60-year-old male with hypogammaglob-
ulinemia [293]. Sequence variations in the BAFFR gene 
have been detected both in patients and normal popu-
lation with similar frequency and is therefore unlikely 
to be pathogenic [164]. Several other candidate genes 
as well as genetic regions have been suggested for 
patients with CVID phenotype. In the future, by iden-
tification new genes, CVID patients will be reclassified 
into new diseases with similar phenotype and different 
underlying genetic causes.

There are also some other diseases which may present 
with hypogammaglobulinemia; e.g.,  X-Linked Lym-
phoproliferative syndrome 1 (OMIM*308240), which is 
characterized by fulminant infectious mononucleosis, 
dysgammaglobulinemia and lymphoma, and is caused 
by mutations in SH2 domain protein 1A SH2D1A gene 
(OMIM*300490). (see Sect. 5.4 for more details).

Hepatic veno-oclussive disease with immunodefi-
ciency syndrome (OMIM#235550) is also characterized 

by severe hypogammaglobulinemia, combined T and 
B cell immunodeficiency, absent lymph node germinal 
centers and tissue plasma cells and hepatic veno- occlusive 
disease, which is caused by mutations in the Nuclear body 
protein sp110 (SP110, OMIM*604457) gene.

Disturbances in B cells. There is no definite explana-
tion for the molecular basis of CVID. Based on current 
knowledge, the core defect is in late B cell differentiation, 
but the nature is unknown. Other components of the 
immune system such as T cells or dendritic cells could 
also be involved.

Although most CVID patients have normal numbers 
of B cells, their B cells fail to differentiate into immu-
noglobulin-secreting plasma cells. Consequently, CVID 
patients have reduced levels of serum immunoglobulin 
and respond abnormally to immunization with protein 
and polysaccharide antigens. However, some CVID 
patients can produce normal post-vaccination titers 
[225, 226]. B cell activation and differentiation depend 
on the interaction between populations of T cells and 
B cells. Inadequate help from HLA class-II-restricted 
CD4+ T cells in T cell-dependent B cell responses can 
be the reason for the low serum immunoglobulin con-
centration of switched immunoglobulin isotypes and 
impaired specific-antibody production in patients 
with CVID [24].

Reduced number of switched CD27+ memory B 
cells in CVID patients has been considered as a basis 
for sub-classification of CVID [2, 37, 211, 284, 292]. 
Based on this classification, CVID patients with more 
than 0.4% class switched memory B cells (group II) are 
possibly able to respond to immunization with a 
 polyvalent pneumococcal polysaccharide vaccine [142]. 
Furthermore, the severe reduction of class switched 
memory B cells in the peripheral blood is an indicator 
of a disturbed germinal center reaction in CVID [105].

The severe decline in the production of high affinity 
antibodies, due to a failure in somatic hypermutation 
(SHM), is another sign of impaired terminal B cell dif-
ferentiation in CVID patients [30]. Impaired SHM has 
been detected in 77% of patients with CVID who are 
susceptible to frequent severe respiratory tract infec-
tions [15]. In addition, light-chain mutation levels are 
directly related to the percentage of memory B cells in 
CVID patients [23, 105] and may be considered as a 
prognostic factor for respiratory complications.

Recently, two TNF family members, BAFF and  
APRIL, were discovered on the surface of antigen pre-
senting cells (APC). APRIL and BAFF both bind to 
receptors of the TNF-R family, called BCMA and TACI 
[166]. Interaction between APRIL and BAFF with their 
receptors induces isotope switching in naïve human B 
cells which is a mechanism independent of formal T cell 
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regulated isotype switching [53, 159]. A third receptor, 
BAFFR, unique for BAFF, is expressed on B cells but also 
on resting T cells [167]. Although BAFF enhances B cell 
survival [108, 238], APRIL has no detectable effect on B 
cell survival and is known mainly as an oncogenic fac-
tor, with expression in different tumor lines [81].

Disturbances in T cells. Several defects have been 
demonstrated in the T cell function of CVID 
patients. Of all patients with CVID, 25–30% have 
increased numbers of CD8+ T cells and a reduced 
CD4/CD8 ratio (<1). This subtype of patients often 
has splenomegaly and autoimmune manifestation 
[118]. Two studies with the aim of evaluating thy-
mopoiesis have yielded different results [80, 125]. 
One group found a significantly increased level of 
T cell receptor excision circles (TRECs) as a marker 
for increased thymopoiesis [80], while another group 
showed a decrease in thymopoiesis, subsequent to a 
reduction of CD31+ T cells recent thymic emigrants 
[125]. Over 70% of CVID patients have decreased num-
bers of CD4+ T cells, suggesting a decreased thymopoi-
esis, and the difference between the above studies could 
potentially be explained by the heterogeneous charac-
ter of the patient populations [105].

Alteration in the production of IL-7 has been investi-
gated in different studies [118, 125]. Isgro et al. demon-
strated that a possible pro-inflammatory cytokine state 
(low level of IL-7) impairs growth and differentiation of 
several colony forming cells (CFC) progenitors in the bone 
marrow of these patients [125]. In contrast, Holm et al. 
showed an elevated plasma level of circulating IL-7 in a 
subgroup of CVID [118]. These patients show increased 
numbers of circulating CD8+ T cells with decreased rate 
of apoptosis and a predominance of (CCR7-) effector-
memory T cells [23, 119]. It was also suggested that a 
relative deficiency of transforming growth factor (TGF)-
1, as a regulator of IL-7 secretion by bone marrow stro-
mal cells, could be a reason for the high IL-7 level in 
this subgroup of patients [23]. In addition, based on an 
in vitro study, increased expression of IL-12R and IL-18R 
was noted in a subset of patients with CVID [176]. Col-
lectively, all these findings are in favor of a Th1 immune 
response polarization in CVID patients [23].

Considering the T cell receptor signaling path-
ways, failure to recruit ZAP-70 [29] and/or Vav expres-
sion [109] have been demonstrated in a subgroup of 
patients with impaired proliferative T cell responses. 
However, as no mutation in the Vav gene or its promoter 
has been shown, it remains obscure whether the defec-
tive expression of Vav results in an impaired recruit-
ment of ZAP-70 or whether both are subsequent to 
another defect upstream [105].

Disturbances in NK cells. The NK gene complex, essen-
tial for NK cell function is located on the short arm of 
chromosome 12. According to linkage studies, this locus 
may be one of the major non-HLA susceptibility loci for 
CVID [35]. This finding may be interesting, as decreased 
absolute numbers of peripheral blood NK cells have been 
observed in a subgroup of CVID patients [17].

Disturbances in dendritic cells. Some studies have dem-
onstrated abnormalities in the innate immune system 
including dendritic cells (DC), in CVID [14, 24, 47, 66, 
193, 194, 243]. However, these abnormalities may involve 
some, but not all, CVID patients. Most of the described 
abnormalities in DC are related to the monocyte-derived 
DC [24, 243]. Dendritic cells have a well-known role in 
both innate and adaptive immunity, in initiation and 
persistence of the primary immune response. Thus, a 
failure of DC to mature into fully stimulatory cells might 
be an explanation for the failure to support antigen-
specific immune responses in CVID [23].

Decreased expression of the costimulatory mol-
ecules and defects in IL-12 production, result in 
reduction of T cell activation and proliferation and 
this may be due to the association of CVID with 
specific HLA alleles [23]. Although in some cases of 
CVID alterations in the production of IL-12 [66, 172] 
have been reported, no notable Th2> Th1 shift has 
been verified [105].

Defects in IL-7 synthesis in a subgroup of patients 
with CVID suffering from splenomegaly, autoimmune 
disorders and an increase in circulating CD8+ lym-
phocytes have also been described [118]. Recently, it 
has been realized that CVID patients have broad TLR9 
activation defects, which would prevent CpG-DNA-
initiated innate immune responses. These defects may 
lead to impaired responses of plasmacytoid dendritic 
cells and loss of B cell function [67]. Involvement of 
Toll-like receptor (TLR) pathways in the pathogenesis 
of CVID is supported by the fact that genetic defects in 
the TLR signaling are associated with impaired anti-
body responses and an increased susceptibility to 
bacterial infections [77, 210].

3.3.3
Clinical Manifestations

The main clinical symptoms associated with CVID 
patients are recurrent infections, autoimmune man-
ifestations, lymphoma and other selected cancers. 
The age at onset of symptoms is variable, ranging 
from childhood to late adult life, with some evi-
dence of a bimodal distribution, demonstrating two 
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peaks between 1 and 5 years and 18 and 25 years [3, 
62]. In contrast to patients with XLA, patients with 
CVID have normal sized or enlarged tonsils and 
lymph nodes and approximately 25% of patients 
have splenomegaly [118].

Acute sino-pulmonary infections. Almost all patients 
with CVID have a history of acute, chronic, or recur-
rent infections; particularly pneumonia, sinusitis, and 
otitis [3, 62, 115]. Approximately 89% of patients with 
CVID have had at least one episode of chronic sinusitis 
and 70% have had recurrent otitis media before diag-
nosis [6, 173]. Between 75 and 84% of CVID patients 
have experienced at least one episode of pneumonia 
before diagnosis, and many have suffered multiple epi-
sodes [46, 215].

Chronic pulmonary disease. Bronchiectasis, an 
irreversible lung complication, has been reported in 
37.5–73% of CVID patients [132, 206, 271]. It has 
been documented that subgroup of CVID patients 
who have low numbers of IgM memory B cells and 
reduced levels of antipneumococcal polysaccharide 
IgM antibodies are at an increased risk of develop-
ing recurrent bacterial pneumonia and bronchiectasis 
[49, 284]. Measurement of these parameters may guide 
the physician and result in a more aggressive treatment 
in patients susceptible to infection and lung disease.

Asthma is an obstructive lung complication, 
which has been observed in 9–15% of patients with 
CVID [183]. The etiology of asthma in patients 
with CVID is unknown.

Non-caseating, granulomatous infiltrations have 
been reported in 5.4–22% of patients with CVID 
[95, 177]. These lesions are not clearly distinguish-
able from sarcoidosis. Noncaseating granulomas are 
occasionally also found in lymphoid tissues or the 
liver [177].

Lymphoid interstitial pneumonitis (LIP) may also 
develop in the airways of patients with CVID [42, 76]. 
LIP can be suspected based on findings on high reso-
lution CT (HRCT) scans. Presence of granulomatous 
lung disease and LIP are associated with a worse prog-
nosis and a higher rate of lymphoproliferative disease 
[22, 146].

Gastrointestinal disease. There is a high preva-
lence of inflammatory and infectious gastrointestinal 
disorders in patients with CVID [294]. Mild, watery 
diarrhea is common and occurs periodically in about 
20% of patients, with 10% having a more severe enter-
opathy resulting in malabsorption and weight loss 
[269]. Gastrointestinal pathology in these patients 
includes nodular lymphoid hyperplasia, inflammatory 
bowel disease (ulcerative colitis, ulcerative proctitis, 

or Crohn’s disease), sprue-like illness with flat villi, 
giardiasis and nonspecific malabsorption. Defects in 
cellular immunity, rather than antibody deficiency 
alone, appear to predispose patients to such symptoms 
[294]. Helicobacter pylori is an important pathogen in 
CVID resulting in chronic active gastritis involving 
both antrum and corpus [304].

Approximately 10% of CVID patients have signif-
icant liver dysfunction, with hepatitis B and C virus 
infection, primary biliary cirrhosis, and granuloma-
tous disease.

Autoimmune diseases. Approximately 20–25% of 
subjects with CVID have, at the time of diagnosis or 
later, developed one or more autoimmune conditions 
such as autoimmune hemolytic anemia, thrombocyto-
penia, rheumatoid arthritis, or pernicious anemia [19, 
65, 115].

The mechanism underlying the increased suscepti-
bility to autoimmunity in CVID patients is unknown. 
Most CVID patients with idiopathic thrombocytopenia 
purpura (ITP) or autoimmune hemolytic anemia have 
been successfully treated with infusions of high doses 
of IVIG, coupled with a short course of corticosteroids. 
However, due to a higher incidence of medical compli-
cations associated with use of immunosuppressive in 
patients with CVID, this type of therapy should be used 
with caution [62].

Lymphoma and cancers. Individuals with CVID are 
susceptible to malignancy, particularly lymphoma. 
The incidence of malignancy is increased (11–13%) 
in CVID during the fifth and sixth decades of life 
[115]. The majority of these malignancies involve the 
gastrointestinal tract and the lymphoid tissues [65, 
100, 139, 143, 178, 232]. An association between non-
Hodgkin lymphoma (NHL) and congenital immuno-
deficiency is well established, and most of the NHL 
cases associated with immunodeficiency appear in 
patients with T cell defects. In a survey of malignancy 
in CVID patients, a 438-fold increased likelihood of 
developing NHL was reported for females compared 
to the age-adjusted expected incidence [68]. A 1.8- to 
5-fold increase in all types of cancers has also been 
described in CVID patients [139, 178] including a 
47-fold increase for stomach cancer and a 30-fold 
increase for lymphoma [139]. Benign manifestations 
including nodular lymphoid hyperplasia, splenomeg-
aly and generalized lymphadenopathy have also been 
reported [139, 143].

Mucosa-associated lymphoid tissue (MALT) lym-
phoma, which represents a subset of low-grade B cell 
NHL, is a rare lung complication in CVID patients 
[9, 220].
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3.3.4
Diagnosis

The most important laboratory criterion for estab-
lishing the diagnosis of CVID is a low serum IgG 
concentration, ranging from profoundly reduced 
(<100 mg/dl) to just 2 SDs below the normal values 
for age (Fig. 3.1) [1, 58]. Most patients have low lev-
els of IgA, and approximately half show reduced IgM 
levels.

Isohemagglutinins are naturally occurring IgM 
antibodies against the ABO blood group antigens. By 
1 year of age, 70% of infants have positive isohemag-
glutinin titers, depending, of course, on their blood 
group. The measurement of specific antibodies after 
immunization with protein (tetanus, diphtheria) and 
polysaccharide (pneumococcal vaccines) antigens is 
important to evaluate the ability of patients to produce 
specific antibodies. Documenting impaired produc-
tion of specific antibodies (isohemagglutinins and/or 
poor responses to one or more vaccines) is thus valu-
able for the diagnosis of CVID.

Flow cytometry is important in evaluating numbers 
of peripheral B cells in patients with profound hypog-
ammaglobulinemia. Numbers of B cells in the periph-
eral blood may be normal or reduced and approximately 
13% of patients will have a B cell count of less than 3% 
in peripheral blood [62]. Approximately half of the 
patients with CVID may have reduced T cell numbers 
and diminished lymphocyte proliferative responses to 
mitogens and antigens.

Many disorders with hypogammaglobulinemia 
present with recurrent bacterial infections. As there 
is no single diagnostic immunological or genetic test 
for CVID, it is important that patients are investi-
gated to exclude other well-defined causes of hypog-
ammaglobulinemia.

In male CVID patients, XLA, X-linked 
lymphoproliferative (XLP) syndrome, and 
X-linked immunoglobulin class switch recom-
bination (CSR) deficiency should be excluded 
[5, 135]. The onset of XLA and XLP is usually shortly 
after birth, whereas CVID is most often manifested 
after the age of 2 years. XLA can be distinguished 
from CVID by the nearly complete lack of B cells 
(<1% of lymphocytes). Patients with less than 2% 
B cells (CD19+) will need further molecular evalu-
ation for XLA, or abnormalities in the pre-B cell 
receptor complex. XLP can be distinguished from 
CVID by a very low number of natural killer T cells 
[207] and a history of Epstein-Barr virus (EBV) 
infections.

Ig CSR deficiencies seem to be closely related to 
CVID, as they also lack switched isotypes, which is 
one of the clinical hallmarks of CVID. Many patients 
diagnosed with Ig CSR deficiencies have serum IgM 
levels in the normal range for their age, making it diffi-
cult to distinguish them from patients with CVID. For 
diagnosis of CVID, selected molecular genetic defects 
should be ruled out in patients who meet the diagnos-
tic criteria for CVID whenever possible.

3.3.5
Management

The mainstay of treatment for CVID is immunoglob-
ulin replacement therapy [44, 196, 201]. Intravenous 
(IVIG) [201] or subcutaneous (SCIG) [97, 197] immu-
noglobulin prophylaxis can be used on a regular basis 
to maintain a trough level of at least 400–500 mg/dl. 
A dose of 400–600 mg/kg every 3–4 weeks is usually 
required. It has been shown that doses of 600 mg/kg 
every 4 weeks achieved serum IgG trough levels of 
greater than 500 mg/dl [228]. In patients with struc-
tural lung damage, a trough level of 700–800 mg/dl is 
required for the former. Higher doses of immunoglob-
ulin may be necessary for patients with severe chronic 
sino-pulmonary infections and to prevent bronchiecta-
sis [217]. Trough levels should be measured periodi-
cally and the dose adjusted, as endogenous production 
or clearance of immunoglobulin in individuals may 
change over time.

Adverse reactions to immunoglobulin administra-
tion should be monitored during therapy. The most 
common reactions include backache, nausea, vom-
iting, chills, low-grade fever, myalgias and fatigue. 
Adverse effects occur within 30 min of the infusion 
and usually last for several hours. Slowing the rate of 
infusion or interrupting the infusion for a few minutes 
helps in preventing symptoms. These reactions may be 
minimized by premedication with anti-inflammatory 
drugs including corticosteroids.

In addition to use the of IVIG or SCIG, other forms 
of supportive care, such use of prophylactic antibiotics 
and good pulmonary hygiene, are important as bacte-
rial infections may continue, albeit at a reduced rate, 
even with appropriate immunoglobulin replacement 
[46, 62].

Long-term antibiotic therapy may be added to 
immunoglobulin replacement therapy. There are no 
controlled studies that compare effectiveness of any 
antibiotic prophylaxis regimen in patients with estab-
lished immunodeficiency. Regimens derived from 
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studies of preventing otitis media in children include: 
sulfisoxazole 50 mg/kg daily; amoxicillin 20 mg/kg 
daily or divided bid; trimethoprim-sulfamethoxazole 
3–5 mg/kg as trimethoprim once daily or divided into 
twice-daily dosages; and azithromycin 10 mg/kg weekly 
[73, 78, 270].

The prognosis for patients with CVID depends on 
the frequency of infections, structural lung damage 
and concomitant presence of autoimmune disease. 
Other major factors in determining the prognosis is 
the extent of end-organ damage and the success of 
prophylaxis against infections. Patients and their fami-
lies should thus be educated about early signs of infec-
tion in order not to delay treatment.

3.4
Immunoglobulin Class Switch Recombination 
Deficiencies (Due to Intrinsic B Cell Defects) 
(AID Deficiency, UNG Deficiency, Other CSR 
Selective Deficiencies)

3.4.1
Definition

Immunoglobulin class switch recombination defi-
ciencies (Ig CSR deficiencies) are a consequence of 
defect in CSR machinery [85], which were previously 
termed Hyper-IgM syndromes. Defect in these types 
of Ig CSR deficiencies is selectively an intrinsic B cell 
defect, caused by mutations in activation-induced 
cytidine deaminase (AICDA or AID, OMIM*605257), 
uracyl-DNA glycosylase (UNG, OMIM*191525) and 
others undefined genes [88, 122, 123, 185, 216]. They 
are clinically characterized by low or absent IgG, IgA 
and IgE levels, normal or elevated IgM, recurrent and 
chronic bacterial infections (not opportunistic infec-
tions), lymphoid hyperplasia and autoimmune dis-
orders [85]. In contrast to Ig CSR deficiencies due to 
defects in CD40-mediated signaling (see Sect. 2.8 for 
more details), they have a better prognosis since infec-
tions can be controlled by Ig substitution [144, 188].

3.4.2
Etiology

The maturation of the antibody repertoire produces 
several antibody isotypes with high affinity for anti-
gen, which is an important and basic component of 
humoral immunity. Maturation of antibody reper-

toires takes place in primary (fetal liver and bone mar-
row) and secondary (lymph nodes, tonsils, and spleen) 
lymphoid organs. In primary lymphoid organs, B cells 
undergo a first DNA recombination event. In this stage, 
process of V(D)J and VJ recombination, which is antigen 
and T cell independent, results in the expression of 
surface immunoglobulins (IgM and IgD) on B cells.

Once surface IgM positive B cells are generated in the 
bone marrow, they migrate to the secondary lymphoid 
organ, such as spleen and lymph nodes, where they may 
encounter antigens that bind to their receptor [170]. In 
secondary lymphoid organs, mature B lymphocytes can 
be stimulated to undergo second DNA modifications. 
During this specific activation process, two distinct anti-
gen independent events can take place in B cells including 
Ig CSR and somatic hypermutation (SHM) [55, 84].

During CSR, DNA recombination between two 
switch (S) regions, located upstream of the Cµ (Sµ) and 
a target Cx region of another isotype (Sx) together with 
deletion of the intervening DNA, leads to replacement 
of Cµ heavy chain of immunoglobulin by a different 
Cx heavy chain and production of immunoglobulins 
of various isotypes with the same antigen affinity. The 
SHM process introduces mutations into Ig variable 
region exons at a high rate, allowing for selection of B 
cells that produce higher affinity antibodies.

Occurrence of CSR and SHM requires three successive 
steps including; transcription of target DNA sequences, 
DNA cleavage and DNA repair. As result of transcription 
step, RNA/DNA hybrids are formed on the template DNA 
strand, leaving the non template DNA strand accessible to 
cleavage [56, 209, 219, 300]. During cleavage DNA, differ-
ent components are necessary for the generation of dou-
ble stranded DNA breaks (DSBs). AID [54, 209] and UNG 
[82, 218] are B cell components required to generate DSBs 
(Fig. 3.3). Deamination of deoxy-cytidine to deoxy-uracil 
and then removal of uracil on single-stranded DNA by 
AID and UNG, respectively, are an important trigger for 
the base-excision repair pathway leading to the genera-
tion of DSBs.

For DNA repair and joining the Sµ and Sx sequences, 
the role of different component such as Ataxia-
 telangiectasia mutated (ATM) [203], the MRE11/
Rad50/NBS1 complex and phosphorylated histone 
gH2AX, the repair protein p53 binding protein 1 
(53BP1) and non-homologous end-joining DNA 
repair enzymes have been described [51, 169, 221, 245].

Defects among on (DNA cleavage or DNA repair) 
result in impaired CSR and SHM and different pheno-
types of Ig CSR deficiencies. Depends on localization 
of defects (upstream or downstream from the DNA 
breaks), the phenotype of the syndrome varies [86]. 
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Up to date four types of Ig CSR deficiency phenotypes 
have been reported [86, 90].

Ig CSR deficiency type 1 caused by mutations in AID 
gene. CSR and SHM occur in activated mature B cells, 
and both processes require the B cell-specific enzyme 
AID [184, 223]. AID gene (on chromosome 12p13) 
encodes 198-aminoacid 24-kd AID protein which 
is only expressed in activated B cells. AID is a single 
strand DNA specific cytidine deaminase that initiates 
CSR and SHM by converting cytosine to uracil in Ig S 
regions or V regions, respectively [56, 208].

Deamination of deoxycytidine to deoxyuracil on 
single-stranded DNA by AID is a physiologic trigger 
for the base-excision repair pathway leading to the 
generation of DNA breaks which is required for CSR 
and SHM [208, 219, 223].

Defect in function of AID protein, caused by recessive 
mutations in AID gene, results in Ig CSR deficiency type 1 
[86]; the CSR-defect has been shown to be located down-
stream from transcription, but upstream from DSBs.

In AID deficiency, defect in Ig CSR leads to absence 
or very low levels of IgG, IgA, and IgE associated with 
normal or elevated serum IgM levels [86]. In affected 
individuals, antibody responses are restricted to the 
IgM isotype, without change in affinity after repeat-
ing immunization [89, 191, 192]. B cells are unable to 
undergo CSR when activated by CD40 agonists plus 
cytokines. AID deficiency is most often inherited as 

autosomal recessive [223]; although few mutations 
located in the C terminal part lead to an autosomal 
dominant disease [87, 90, 124].

Ig CSR deficiency type 2 caused by mutations in UNG 
gene. Ig CSR deficiency type 2 is the consequence of 
UNG deficiency. UNG gene is required for SHM and 
CSR to generate high-affinity antibodies [137]. UNG
removes uracil on single-stranded DNA after deami-
nation of deoxy-cytidine to deoxy-uracil by AID.

Mutations in the gene encoding UNG results in pro-
found impairment in CSR (Ig CSR deficiency type 2) 
[123, 155]. Similar to AID deficiency, UNG deficiency 
is considered as a primary B cell defect, and defect is 
located downstream from transcription but upstream 
from DSBs. B cells are unable to undergo CSR when 
activated by CD40 agonists plus cytokines. UNG defi-
ciency is inherited as autosomal recessive.

Other CSR selective deficiencies. More than half of 
patients affected by an Ig CSR deficiency due to intrin-
sic B cell defects do not present either an AID or UNG 
deficiency and the molecular basis is still unknown 
[88, 122].

Similar to AID or UNG deficiency, B cells of these 
patients are not able to undergo CSR after activation 
by CD40 agonists and cytokines. Defect in CSR in 
these patients is milder than patients with AID defi-
ciency because of residual serum IgG levels. However, 
their clinical phenotype is similar to AID deficiency.

Fig. 3.3 A schematic diagram summarizing the molecu-
lar defects leading to Ig CSR deficiencies. Mutations in the 
CD40L and CD40 genes cause defects in the CD40 activa-
tion pathway, which lead to different Ig CSR deficiencies 
classified in the combined T  and B cell immunodeficien-
cies. Mutations in the IKKg gene which cause defects in the 
CD40 activation pathway, lead to anhidrotic ectodermal 

dysplasia with immunodeficiency. Mutations in the AID
and UNG genes cause defects in the generation of double 
stranded DNA breaks, which lead to Ig CSR deficiencies 
due to intrinsic B cell defects. There are also several mol-
ecules in class switch recombination machinery that could 
be affected, while such molecular defects have not been 
reported
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Depending on localization of CSR defects, these 
forms of Ig CSR deficiencies can be classified  according 
to the defect upstream or downstream from DNA 
cleavage step.

In condition that CSR defect is located upstream 
from the DNA breaks, the humoral defect might be 
due to defective targeting of AID onto S regions [90]. 
In condition that CSR defect is located downstream of 
DNA cleavage step, CSR block is likely caused by defect 
in DNA repair [122]. Occurrence of B cell lymphomas 
in some of affected patients confirm hypothesis of 
genome instability in this group of patients.

3.4.3
Clinical Manifestations

AID deficiency. Patients with AID deficiency are suscepti-
ble to severe and recurrent infections in respiratory and 
gastrointestinal tracts [216]. Recurrent infections lead 
to chronic sinusitis and bronchiectasis. Gastrointestinal 
infection with giardia can cause malabsorption in these 
patients. Infections of central nervous system caused 
by Haemophilus influenzae and Herpes simplex virus 
(HSV) were reported in studied patients [216]. In con-
trast to patients with X-linked Ig CSR deficiency, patients 
with AID deficiency are not susceptible to opportunistic 
infections such as Pneumocystis jiroveci. Pneumonia is in 
accordance with a pure B cell deficiency.

The hallmark of AID deficiency is frequent enlarge-
ment of the lymphoid organs. It has been reported that 
69% patients with AID deficiency develop lymphoid 
hyperplasia [181, 216, 223, 303]. One possible expla-
nation for the intense proliferation observed is that in 
the absence of functional AID, antigens continuously 
induce the proliferation of B cells, provided that no 
successful antibody maturation has occurred [94]. It 
has been shown that in 75% of the cases, lymphoid 
hyperplasia often decreases under IVIG therapy [216].

Autoimmunity and related inflammatory disorders 
is a third most common complication in patients with 
AID deficiency, occurring in 21% patients including 
autoimmune hepatitis, hemolytic anemia, thrombo-
cytopenia, Crohn’s disease, uveitis or chronic active 
hepatitis and type 1 diabetes mellitus [155]. Patients 
have autoantibodies of the IgM isotype [216].

In contrast to Ig CSR deficiencies due to defects in 
CD40-ligand, patients with AID mutation have a less 
severe disease and are generally recognized to have 
immunodeficiency lately in their life [181, 223].

UNG deficiency. To date few cases of UNG deficiency 
have been reported in human subjects [137]. The clinical 
manifestations of UNG deficiency are similar to patients 

with AID deficiency. Described patients with UNG defi-
ciency had a history of recurrent sinopulmonary infec-
tions and lymphoid hyperplasia. Patients have very low 
serum IgG and IgA levels, increased serum IgM levels, 
and lack of IgG antibody response to vaccine antigens 
due to profound defect of CSR, while have normal num-
bers of B and T cell subsets. Clinically UNG deficiency is 
indistinguishable syndrome from AID deficiency.

3.4.4
Diagnosis

The most important laboratory criterion for establish-
ing the diagnosis of Ig CSR deficiency is a low serum 
IgG, IgA, and IgE concentration and normal or ele-
vated serum IgM levels (Fig. 3.1). Antibody responses 
in these patients are restricted to the IgM isotype [191, 
192]. In contrast to patients with X-linked Ig CSR defi-
ciency who have minimal lymphoid tissue, more than 
half of patients with AID deficiency have prominent 
lymphadenopathy and tonsillar hypertrophy. Defini-
tive diagnosis is made by mutation analysis and detec-
tion AID or UNG mutations [216].

3.4.5
Management

The mainstay of treatment for Ig CSR deficiencies is 
immunoglobulin replacement therapy that effectively 
reduces the incidence and severity of infectious ill-
nesses complications in this group of patients.

IVIG can be used on a regular basis to maintain a 
trough level of 400–500 mg/dl in patients. It has been 
shown that IVIG also decrease lymphoid hyperplasia 
[216].

3.5
Selective IgA Deficiency

3.5.1
Definition

Selective IgA deficiency (SIgAD, OMIM%137100) 
is the most common primary antibody deficiency 
[1, 112]. It is defined as a serum IgA level of less than 
0.07 g/l and normal serum IgG and IgM levels in a 
patient older than 4 years [13, 31, 43, 45]. Partial IgA 
deficiency is defined as a decreased IgA levels that are 
more than two standard deviations below the normal 
age-adjusted means [70].
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IgA deficiency was first described in patients with 
ataxia-telangiectasia (A-T) in 1961 [272]. SIgAD affects 
both males and females equally. Based on different 
ethnic groups, the frequency of SIgAD varies, ranging 
from 1:142 to 1:15,000 [11, 136, 236].

The defect is presumed to result from impaired 
switching to IgA or a maturational failure of IgA-
producing lymphocytes, but the nature of basic defect 
is unknown. Most affected individuals are asympto-
matic whereas selected patients suffer from recur-
rent mucosal infections, allergies, and autoimmune 
 diseases [45, 113].

3.5.2
Etiology

SIgAD and CVID often coexist in members of the 
same family, also some individuals initially present 
with IgAD and then develop CVID [50, 93, 111, 112, 
126, 130, 160, 252, 254, 255].

These data support the involvement of hereditary 
factors and a genetic association between SIgAD and 
CVID. Genetic linkage analysis of families with SIgAD 
and CVID had identified susceptibility loci on chro-
mosome 6 within the MHC locus near the class I, II, 
and III regions [239–241]. The DR/DQ locus has been 
reported to be the strongest predisposing locus. Study 
of multiply-affected families with SIgAD and CVID 
has shown an increased allele sharing in the proxi-
mal region of the MHC at chromosome 6p21 [287]. 
A more sensitive genetic analysis in 101 multiple-case 
families and 110 single-case families also localized the 
defect to the HLA-DQ and HLA-DR loci [148].

Although it has been found that a fundamental 
defect in SIgAD is the failure of IgA-bearing B lym-
phocytes to mature into IgA secreting plasma cells, 
the reason of this defect is not understood. Isotype 
switching and terminal differentiation of stimulated 
B lymphocyte with antigen under the influence of 
transforming growth factor beta (TGF-ß) into IgA-
secreting plasma cells indicates a key role of cytokine 
in this process [262].

Genetic defects of a tumor-necrosis factor  receptor 
family member termed TACI have been identified in a 
few patients with SIgAD and CVID, possibly causing 
defects in isotype switching [52]. Although the former 
point has been questioned, molecular studies have 
demonstrated impaired switch (S) mu to S alpha rear-
rangements in peripheral B cells in some IgA deficient 
subjects [127, 291]. SIgAD can be a  component of other 
PID, such as A-T, mucocutaneous candidiasis [133, 272] 
and IgG2  subclass deficiency [202].

Transient or permanent IgA deficiency may develop 
after therapy certain drugs including phenytoin, 
 carbamazepine, valproic acid, zonisamide, sulfasala-
zine, gold, penicillamine, hydroxychloroquine, and 
nonsteroidal anti-inflammatory drugs [133, 202]. IgA 
deficiency has been reported in patients with constitu-
tional chromosome 18 abnormalities [285]. Congeni-
tal rubella and EBV infections have been implicated in 
a few cases of acquired IgA deficiency [61].

3.5.3
Clinical Manifestations

Approximately two third of patients with SIgAD remain 
asymptomatic [60]. Association of concomitant immune 
defects in individuals with IgA deficiency may predis-
pose affected individuals to recurrent infections. These 
concomitant immune defects may include deficiency of 
IgG subclasses, defect in specific antibody production 
against protein and polysaccharide antigens and defects 
in mannan-binding lectin (MBL) [10, 32, 91, 101].

In symptomatic IgA deficient patients, infections 
include recurrent viral infections, recurrent otitis 
media, and frequent sinopulmonary infections, as well 
as gastrointestinal infections [91, 112].

Invasive infections such as septicemia and meningi-
tis are not generally features of SIgAD [113]. Patients 
with IgA deficiency are also more susceptible to 
autoimmune diseases, and malignancy [178].

Lack of severe infection in patients with SIgAD may, 
in some cases, be attributed to compensatory increase 
in secretory IgM.

Sinopulmonary infections. Recurrent sinopulmonary 
infections are the most frequent symptom associated 
with SIgAD. These are caused by extracellular encapsu-
lated bacteria (e.g., Haemophilus influenzae, Streptococ-
cus  pneumoniae). Frequent, recurrent episodes of otitis 
media and sinopulmonary infections are most commonly 
observed in patients with SIgAD and decreased IgG 
 subclass levels (especially IgG2 in children) [285, 297].

Patients with IgAD who have a combination of IgA 
deficiency and a deficiency of one or more IgG sub-
classes or impaired antibody responses to protein and 
polysaccharide antigens are at risk for chronic lung 
complication such as impaired lung function and 
bronchiectasis [28, 263, 281].

In a study on Iranian patients with bronchiectasis 
of unknown etiology, three patients (7.5%) had IgA 
deficiency whom were associated with IgG subclasses 
deficiency and/or defects in specific antibody pro-
duction against polysaccharide antigens [267]. This 
finding was similar to previous studies in which the 
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rate of SIgAD among patients with bronchiectasis was 
between 5.3 and 14% [263, 281].

Some authors have indicated a need to assess anti-
body responses to polysaccharide vaccines in patients 
with bronchiectasis of unknown etiology [279]. This 
is strongly indicated for IgA deficiency patients with 
a history of recurrent or chronic otitis media and/or 
sinusitis, IgG2 subclass deficiency, and low levels of 
baseline specific antibodies [281]. Therefore, search 
for SIgAD should be performed in patients with bron-
chiectasis of unknown etiology and in patients with a 
history of recurrent otitis media and sinopulmonary 
infections.

Gastrointestinal diseases. Patients with SIgAD are 
more susceptible to gastrointestinal diseases includ-
ing giardiasis, nodular lymphoid hyperplasia, celiac 
disease, and inflammatory bowel disease [114]. Up to 
50% of IgA deficient individuals have precipitins to 
cow’s milk [63, 64] and most of IgA deficient patients 
develop circulating immune complexes in their serum 
15–60 min after drinking milk [64].

Autoimmune disorders. A number of autoimmune 
diseases are associated with SIgAD and may represent 
the most common association with IgA deficiency. 
These autoimmune disorders include ITP, autoim-
mune hemolytic anemia, RA, systemic lupus ery-
thematosus, thyroiditis, and vitiligo [61]. It has been 
postulated that absence of IgA in the serum permits 
cross reactive antigens to enter the circulation and 
initiate autoimmune reactions.

Patients with SIgAD often have autoantibodies 
against thyroglobulin, red blood cells, thyroid micro-
somal antigens, basement membrane, smooth muscle 
cells, pancreatic cells, nuclear proteins, cardiolipin, 
human collagen, and adrenal cells. A significant 
number of patients with SIgAD have anti-IgA anti-
bodies that may result in transfusion reactions [152, 
233]. Anti-IgA antibodies occur in some IgA deficient 
individuals with undetectable IgA but may occasion-
ally be seen in patients lacked in one of the two IgA 
subclasses [266].

Thus blood products should be avoided in patients 
with SIgAD and patients or their family should be 
informed about administration of IVIG or blood 
products.

Allergy. IgA deficient patients may be associated 
with allergy, and the most common allergic disorders 
reported in IgA deficient individuals are asthma, aller-
gic rhinitis, allergic conjunctivitis, urticaria, atopic 
eczema and food allergy. [112, 236, 251, 265].

Malignancies. IgA deficient patients are at higher 
risk for gastrointestinal and lymphoid malignancies 
later in life [69, 157]. However, more recent studies 

suggest no over representation of tumors in IgA defi-
cient patients [178].

3.5.4
Diagnosis

SIgAD is defined as serum IgA level (less than 7 mg/
dl) in a patient older than 4 years with normal serum 
levels of IgG and IgM and exclusion of other causes of 
hypogammaglobulinemia. Low serum IgA levels in chil-
dren aged 6 months to 4 years should be confirmed to 
be persistently low at age 4 years before making a diag-
nosis of IgA deficiency. Patients with IgA deficiency, 
especially patients with absent secretory IgA, which is 
associated with one or more IgG subclass deficiencies or 
an impaired polysaccharide responsiveness, may develop 
recurrent sinopulmonary infections and gastrointestinal 
tract infections. Therefore, IgA deficient patients should 
be evaluated for specific antibody production against 
protein and polysaccharide antigens. Measurement of 
IgG subclass and secretory IgA should also be performed 
to determine if there is a concomitant functional anti-
body deficiency and if these patients would benefit from 
administration of immunoglobulin.

Some patients with SIgAD may progress to CVID. 
Therefore, long-term follow-up and repeat of immu-
noglobulins determination at regular intervals (bi-
annually) is indicated, especially in symptomatic IgA 
deficient patients.

The presence of auto-antibodies such as anti nuclear 
antibody and thyroid antibodies should be investigated 
in patients with IgA deficiency. Allergy tests and milk 
antibodies and anti-gluten anti antibodies of the IgG 
class should be performed, if there is evidence of food 
intolerance or malabsorption. IgA deficient patients 
with concomitant functional antibody deficiency, 
whom are selected for administration of IVIG, should 
be assessed for presence of anti-IgA antibodies.

3.5.5
Management

For individuals with asymptomatic SIgAD, no defini-
tive therapy is recommended. The use of prophylactic 
antibiotics can be considered in IgA deficient patients 
with a history of minor infections and some patients 
may benefit from long-term prophylactic antibiotics 
[157]. Aggressive antimicrobial therapy is indicated in 
all IgA deficient patients at time of infections. Routine 
active immunization is not contraindicated in patients 
with SIgAD. The use of immunoglobulin replacement 
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therapy for patients without a demonstrable impair-
ment of specific antibody formation is controversial 
[91, 110, 157]. If there is inadequate response to anti-
microbial therapy, and patients have concomitant spe-
cific antibody defect, a trial of gammaglobulin should 
be considered [13]. Gammaglobulin should be given 
with a product low in IgA and with caution and, prov-
ably, pre-medication. The providence of anti-IgA anti-
bodies is not a contraindication, if the gammaglobulin 
is given subcutaneously [110, 266].

If patient with SIgAD who are on a medication 
known to cause IgA deficiency, the drugs should be 
changed or discontinued. Prognosis of patients with 
IgA deficiency depends on the presence of a concomi-
tant specific antibody defect, allergy or autoimmune 
disease.

3.6
Other Immunoglobulin Isotypes or Light 
Chain Deficiencies (Isolated IgG Subclass 
Deficiency, IgA with IgG Subclass
Deficiency, Ig Heavy Chain Deletions, 
k Light Chain Deficiency)

3.6.1
Definition

IgG subclass deficiency was first described in 1970 
[242]. It is defined as a deficiency of one or more IgG 
subclasses, (less than 2 SD below the mean for age with 
normal) in the presence of normal total IgG levels [156, 
168]. In most patients, the IgM level is normal. In some 
patients, abnormal IgG subclasses may be associated 
with a low level of IgA [101]. In fact, IgG subclass defi-
ciency could be seen with or without IgA deficiency. 
The clinical significance of IgG subclass deficiency in 
patients with recurrent infections is unclear [41, 168] 
since 2.3% of given population have an IgG subclass 
deficiency of one or more IgG subclasses. Therefore a 
low level of one or more IgG subclasses alone is gener-
ally not considered sufficient for a diagnosis of immu-
nodeficiency.

3.6.2
Etiology

Human IgG is subdivided into four subclasses, IgG1, 
IgG2, IgG3 and IgG4, each encoded by a separate con-
stant (C) region gene and endowed with unique bio-
logical and functional properties. IgG1 makes up most 

of the total IgG (66%), followed by IgG2 (24%), IgG3 
(7%) and IgG4 (3%). IgG1and IgG3 appear early in 
ontogeny [168, 242], are efficient activators of the clas-
sical complement pathway [38, 74] and are directed 
mainly against protein antigens. IgG2 contains the pre-
ponderance of antibodies to polysaccharide antigens 
of encapsulated bacteria. IgG2 subclass does not reach 
to adult levels until 5–10 years of age.

Other differences include a shorter half life for IgG3, 
and less placental passage for IgG2.

The basic pathogenesis causing IgG subclass deficien-
cies is still unknown. In a few cases lack of expression of 
Ig isotypes has been shown to be due to homozygous 
deletions of the corresponding C region genes [33, 179, 
200, 205, 253]. Most IgG subclass deficiencies are due to 
dysregulation of the expression of the γ genes.

The most common type of IgG subclass deficiency 
is IgG4 deficiency (40%), followed by IgG2 deficiency 
(28%), IgG3 deficiency (17%) and an IgG1 deficiency 
(14%). Isolated IgG1 deficiency is rare, since a defi-
ciency of this subclass usually result in a deficiency of 
total IgG.

IgG subclass deficiency may be associated with IgA 
deficiency. IgG subclass deficiency has been observed in 
association with other PID such as A-T [18], Wiskott- 
Aldrich syndrome [195], secondary immunodeficien-
cies such as HIV infection or AIDS [21] and following 
HSCT [149].

Immunoglobulin heavy chain deletion is an auto-
somal recessive disease, caused by chromosomal dele-
tion of a cluster of genes, the IgG heavy chain locus 
(IGHC, OMIM*147100), at 14q32. One or more IgG 
and/or IgA subclasses as well as IgE may be absent, but 
the affected cases may be asymptomatic [39, 103].

κ light chain deficiency is an autosomal recessive 
diseases, caused by mutations in immunoglobulin 
kappa constant region (IGKC, OMIM + 147200) gene, 
located on chromosome 2p11. Although this disease 
could be seen in association with some other condi-
tions, it could be asymptomatic. The pathogenesis of 
the disease is failure to express kappa chains, but the 
reason is unknown [25, 162, 261, 302].

3.6.3
Clinical Manifestations

The most frequent complication observed in patients 
with low levels of one or more IgG subclasses is recur-
rent respiratory infections including otitis, sinusitis 
and bronchitis [212, 247, 248, 276, 277] caused by 
encapsulated organisms predominate. Serious  systemic 
 infections (e.g., sepsis, pneumonia, meningitis, cellulitis) 
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are less common. Some patients also exhibit frequent 
viral illnesses. Environmental allergy is also frequently 
encountered in patients with IgG subclass deficiency 
[150] and many patients are atopic, and asthmatic 
bronchitis accompanies the respiratory infections.

IgG2 deficiency is the most common subclass disorder 
associated with recurrent infection, and may be accom-
panied by IgA and or IgG4 deficiencies. Many of these 
patients have impaired polysaccharide responsiveness.
IgG4 deficiency is the most common form of IgG sub-
class deficiency, but not usually of clinical significance. 
However recurrent pneumonia and bronchiectasis have 
been described.

3.6.4
Diagnosis

In patients with history of recurrent respiratory infec-
tions and normal IgG levels, IgG subclass should be 
evaluated. IgG subclass levels must be compared with 
age-matched controls. In some cases, the total IgG level 
may be low, in such a circumstance it should be care-
ful to determine whether a diagnosis of CVID might 
be more appropriate, especially if there is impaired 
specific antibody production.

Impaired polysaccharide responses are observed 
commonly among young patients with IgG2 subclass 
deficiency [276, 277]. A clinically significant IgG sub-
class deficiency must be established by measuring the 
antibody response to a vaccine antigen, particularly 
pneumococcal polysaccharide vaccine. Impaired anti-
body production may not be seen among adult patients 
with IgG3 subclass deficiency [20]. In individuals with 
recurrent infections and one or more low levels of 
IgG subclasses, a demonstrable impairment in anti-
body response to vaccination is considered the most 
important determinant of disease [41]. Susceptibility 
to infection may wane over time, although immuno-
logic abnormalities may persist [116].

Tests for cellular immunity, complement activity 
and phagocytic function should be done as neces-
sary. Chest X-ray, sinus imaging, and pulmonary 
function studies should be considered. A search for 
associated illnesses should be undertaken as deemed 
relevant.

3.6.5
Management

Asymptomatic patients with IgG subclass deficiency 
and normal antibody responses to polysaccharide 

antigens need no therapy. Many patients do well with 
prompt medical management and early use of antibi-
otics in the course of respiratory infectious episode.

Some patients with recurrent infections or chronic 
respiratory infections need to be treated with prophylac-
tic antibiotics, particularly in the winter months. A failure 
of prolonged antibiotics, Patients with presence of severe 
symptoms and persistent radiographic abnormalities 
despite of prolonged use of prophylactic antibiotics may 
occasionally require Ig replacement therapy at the usual 
therapeutic doses. The presence of a subclass deficiency 
alone is not an indication for Ig replacement therapy.

Some children may recover from a subclass defi-
ciency spontaneously, particularly if there is not a com-
plete absence of a subclass. In contrast, symptomatic 
patients may progress to CVID. Therefore, a repeat 
subclass determination at yearly intervals is indicated 
in patients with IgG subclass deficiency.

3.7
Specific Antibody Deficiency with Normal 
Immunoglobulin Concentrations

3.7.1
Definition

Specific antibody deficiency (SAD) is characterized by 
normal concentrations of immunoglobulins and IgG 
subclasses and abnormal IgG antibody responses to a 
majority of polysaccharide antigens and increased sus-
ceptibility to recurrent bacterial infections in subjects 
over age 2 years [258, 259, 295]. It has been documented 
that SAD is the most common immunodeficiency 
identified among children presenting with increased 
susceptibility to infection [92, 117, 129, 260].

3.7.2
Etiology

Although the basic origin of SAD is unknown, there 
are some evidences of genetic involvement in some 
families and linked to certain Gm and Km IgG allo-
types [106]. Some studies suggested a defect in the B 
cell repertoire [12] or marginal zone of spleen where 
dendritic cells interact with B cells [274]. An association 
between allergic disease and SAD suggests that this dis-
order may represent a form of immune dysregulation, 
with impaired immune responses to polysaccharide 
antigens [34], which may help in defining the molecu-
lar basis of SAD.
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3.7.3
Clinical Manifestations

Patients with SAD usually have recurrent bacterial 
respiratory infections such as sinusitis, otitis and 
bronchitis. Systemic infections such as pneumo-
nia, sepsis or meningitis are less common. Affected 
individuals have asthma like symptoms as a result of 
chronic sinusitis. It has been found that found that all 
children with SAD have at least one form of allergic 
disease, most commonly allergic rhinitis [34]. Patients 
have usually normal growth and development.

3.7.4
Diagnosis

The diagnosis of SAD requires the demonstration 
of poor response to polysaccharide antigens in the 
context of normal serum immunoglobulin and IgG 
subclasses concentrations as well as normal responses 
to protein antigens such as tetanus, diphtheria [258, 
259, 295]. Determinations IgG specific against pneu-
mococcal is performed by a standardized enzyme-
linked immunosorbent assay (ELISA) method and 
expressed in micrograms per milliliter [256].

Protection against infection and colonization is 
associated with antibody concentrations of 1.3 g/ml 
or higher or 200–300 ng of antibody nitrogen per 
milliliter (N/ml) per serotype. The conversion factor 
is 160 ng of antibody N/ml to 1 g/ml [151, 153].

Adequate responses to individual pneumococcal 
serotypes are defined as a postimmunization antibody 
concentration of 1.3 g/ml or higher or at least 4-fold 
over baseline [257]. In patients immunized with hep-
tavalent pneumococcal conjugate vaccine, it is impor-
tant to measure antibody responses against at least six 
serotypes present only in the polysaccharide vaccine.

In interpretation of responses to polysaccharide 
immunization age should be considered. Responses 
to pure polysaccharide antigens in patients younger 
than 2 years are unreliable [257]. In patients between 
the ages of 2–5 years, individuals should respond 
to approximately half or more of the pneumococ-
cal type-specific polysaccharides. In patients older 
than 5 years, individuals should respond to at least 
approximately 70% of pneumococcal serotypes. In 
young children, repeat antibody testing is recom-
mended at yearly intervals because spontaneous 
recovery often ensues. Symptomatic adults should 
be followed periodically to look for progression to 
CVID.

3.7.5
Management

Patients with SAD should be started on a course of 
prophylactic antibiotics for at least 6 months. If there 
is persistent infection, Ig replacement therapy should 
be considered in full therapeutic doses for patients.

Children with partial responses usually recover with 
time. Patients with the severe form of disease usually 
have lifelong problems. Some of these patients may 
develop IgG subclass deficiency or CVID.

3.8
Transient Hypogammaglobulinemia 
of Infancy

3.8.1
Definition

Transient hypogammaglobulinemia of infancy (THI) was 
first described in 1956 [104]. It is defined as hypogam-
maglobulinemia due to abnormal and prolonged delay in 
IgG production by infants after disappearance of mater-
nal transplacental IgG that may extend into the second 
or third year of life [72, 174, 227]. THI is defined as low 
levels of IgG (< 2 SD below mean for age), with or with-
out depression of IgA and/or IgM, in an infant beyond 6 
months of age in which other primary immunodeficien-
cies have been excluded. Despite their low IgG levels most 
infants are able to respond to vaccine antigens during the 
first 6 months of life. The true incidence of THI, has not 
been estimated, because it is rarely associated with severe 
infection and is not referred to the immunologists.

3.8.2
Etiology

Although different causes for THI have been proposed, 
the genetic basis for THI is unknown. Based on fam-
ily studies it has been suggested that THI represented 
heterozygosity for genetic hypogammaglobulinemia 
[186]. Some studies suggested that a T-helper defi-
ciency [249] or cytokine imbalance [147] caused THI.

3.8.3
Clinical Manifestations

Some infants with THI are asymptomatic and have 
normal responses to vaccine antigen, and grow out 
of their hypogammaglobulinemia after several years. 
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Other group usually are susceptible to recurrent bac-
terial infections [273] starting in the first months of 
life. About 50% of symptomatic patients are identified 
from ages 6–12 months.

The main clinical manifestations are bacterial upper 
respiratory tract infections, such as otitis media, sinusitis, 
but other severe infections such as pneumonia, sepsis 
and meningitis are rare [138, 145, 273]. Some children 
have recurrent diarrhea, severe varicella, or prolonged 
oral candidiasis.

In larger cohorts studies reviewing clinical data of 
40 patients with THI showed that invasive and severe 
infections among THI are uncommon [138].

A significant proportion of children with THI have 
allergic symptoms that included bronchial asthma, 
allergic bronchitis, atopic dermatitis and food intoler-
ance [138, 289].

Patients may develop hematologic abnormalities; 
most commonly mild neutropenia and less commonly 
thrombocytopenia. Infants with THI have normal 
growth and development. Tonsil and lymph nodes are 
present but small.

3.8.4
Diagnosis

Serum IgG and IgA levels are usually low, but often 
IgM level is normal or increased [138]. An IgG level of 
usually less than 20 mg/dl is noted in over half of the 
patients [296]. Circulating B lymphocytes are nor-
mal. Although in some patients decreased numbers of 
circulating T cells were noted but this is not a prominent 
feature and cellular immunity is intact [249]. In THI, 
specific antibody production is usually preserved, and 
patients are able to synthesize specific antibodies against 
the ABO blood group antigens (isohemagglutinins) and 
protein antigens (diphtheria and tetanus toxoids) by 11 
months of age, before total immunoglobulin concen-
trations become normal but the antibody response to 
viral respiratory agents may be reduced [48]. Repeated 
respiratory infections may be associated with chronic 
sinusitis. Repeat immunoglobulin levels are done at 
6–12 month intervals to determine recovery.

3.8.5
Management

Transient hypogammaglobulinemia of infancy is a 
self-limited disorder, with recovery between 18 and 
36 months of age. Asymptomatic infants with THI 
require no treatment, immunoglobulins levels should 

be repeated every 12 months or sooner if infections 
begin to occur to document their recovery.

In symptomatic patients, supportive therapy and 
appropriate antimicrobial therapy for specific infec-
tions are sufficient as a conservative approach and 
infants should be removed from day care. If patients 
experience recurrent bacterial infections, prophylac-
tic antibiotic should be started as preventive therapy 
particularly in the winter during respiratory infec-
tion season. In patients whom respiratory infec-
tions are more frequent and severe or refractory 
to prophylactic antibiotic, IVIG administration at 
400–500 mg/kg every 3 or 4 weeks particularly dur-
ing seasons is indicated. Immunoglobulin replace-
ment therapy should be stopped after 3–6 months to 
reassess the status of the patient’s humoral immune 
function [71].

It has been shown that short period replacement of 
immunoglobulin does not suppress the production of 
specific antibodies [48].

Most patient recover by age 2 years. Patients with a 
combined IgG and IgA deficiency may develop SIgAD 
or IgG subclass deficiency. Patients with poor anti-
body responses may normalize their IgG levels, but 
have persistent impaired polysaccharide responsive-
ness. Long-term follow-up and reevaluation of immu-
noglobulins production are necessary to rule out PID, 
such as CVID.
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4.1
Introduction

Our understanding of primary immunodeficiency 
diseases (PID) in general is changing, shifting from 
the conventional towards more complex and not only 
immune system defined [38]. As with other PID, the 
recent progress in molecular biology over the last 
decade made an impact of our better understanding 
of the nature of phagocytes defects (Table 4.1). Fifty 
years after the description by Kostmann, a gene muta-
tion has been identified in patients with the syndrome 
bearing his name [35, 37].

Whilst long-term follow up of relatively large patient 
groups with known gene mutation(s) (thanks to inter-
national multi-centre studies) [113] will give us more 

Core Messages

● Severe congenital neutropenia is a syndrome 
due to various gene defects rather than an iso-
lated disease entity; there are still a number of 
patients with no underlying gene defect.

● Complete blood cell count and differential 
formula, twice weekly over 6 weeks, and anti-
neutrophil antibodies are essential part of the 
‘workup’ for patients with neutropenia.

● In the patients with wounds without pus, the 
diagnosis of leukocyte adhesion deficiency 
should be considered as well as RAC-2, beta-
actin and specific granule deficiency.

● Mouth and teeth should be examined in the 
patients with phagocytes defects.

● Late presentation of chronic granulomatous 
disease – ‘mild’ or dramatic – does occur 
more often than we think.

● Think of other syndromes where neutropenia 
may be a part of the clinical presentation.

insight into the natural course of these  diseases and will 
influence our treatment approaches in the future, the 
clinical identification and careful description of isolated 
patients will continue to add to our better understand-
ing of the disease process. In that context and related to 
the clinician seeing a patient, the ESID (European Soci-
ety for Immunodeficiencies)/PAGID (Pan-American 
Group for Immunodeficiency) diagnostic criteria for 
severe congenital neutropenia (SCN) from 2006 could 
be an example: as commonly perceived, SCN is an iso-
lated condition due to several gene mutations, but it is as 
well a part of many complex syndromes [58].

Another half-century worth mentioning is the ‘com-
ing to age’ of hematopoietic stem cell transplantation 
(HSCT) [7], still the curative procedure for most phago-
cyte deficiencies. The future looks even better for these 
patients as the era of gene therapy has arrived, albeit 
still controversial, with (un)expected complications and 
thus as yet far from being ‘the perfect treatment’ [140].

4.2
Severe Congenital Neutropenias 
(ELA2 Deficiency, GFI1 Deficiency, HAX1 
Deficiency, CSF3R Deficiency, Neutropenia 
with Myelodysplasia)

4.2.1
Definition

Severe congenital neutropenia (SCN, OMIM#202700) 
is a rare primary immunodeficiency disease with an 
estimated frequency of 1–2 cases per 106 population 
[150, 175, 191]. SCN is characterized by early onset 
severe bacterial infections and persistent severe neu-
tropenia [149, 150, 191, 199, 200]. Rolf Kostmann 
described this disorder for the first time in 1956, in 
a Swedish family with severe bacterial infections and 
severe neutropenia, which was characterized by a 
 maturation arrest of myeloid differentiation at the 
promyelocyte–myelocyte stage [91, 92].
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4.2.2
Etiology

The pathophysiology and underlying genetic defect 
of SCN is not completely understood. The current 
knowledge on its pathophysiology shows that it 
is a multigene disorder with a common hemato-
logical and clinical phenotype [175]. Congenital 
neutropenia is genetically heterogeneous, and dif-

ferent forms of inheritance, including autosomal 
recessive, autosomal dominant, X-linked and spo-
radic forms, were reported [6, 18, 25, 70, 124, 150, 
191] (Table 4.2).  Considering this genetic hetero-
geneity of SCN, it seems that several pathologic 
mechanisms may lead to such phenotype due to 
downregulation of common myeloid transcription 
factors [175]. Absence of lymphoid enhancer-bind-
ing factor 1 (LEF1) could be an important patho-

Table 4.1 Characteristics of phagocytes defects

Diseases Genetic defects Inheritance Associated features

Severe congenital 
neutropenias (SCN)

ELA2 AD Myelodysplasia

GFI1 AD B/T lymphopenia
HAX1 AR Increased immunoglobulin levels
GCSFR AD G-CSF refractory neutropenia
WASP XL Monocytopenia; myelodysplasia

Cyclic neutropenia ELA2 AD Oscillations in production of all types of 
blood cells

Leukocyte adhesion 
deficiency (LAD)

ITGB2 AR Delayed umbilical cord separation; 
omphalitis; skin ulcers; leukocytosis

FUCT1 AR Periodontitis; mental retardation; hh blood 
group

CalDAG-GEFI AR Delayed umbilical cord separation; skin 
ulcers; bleeding disorder

RAC-2 deficiency RAC2 AD Poor wound healing; leukocytosis
β-Actin deficiency ACTB AD Mental retardation; photosensibility
Chronic granulomatous 
disease (CGD)

CYBB XL Immune dysregulation diseases 
(inflammatory bowel disease, 
genitourinary tract strictures, chorioretinal 
scars); McLeod syndrome (in patients with 
intertitial deletions); discoid lupus and oral 
ulcers (in female carriers)

CYBA AR Immune dysregulation diseases
NCF1 AR (less frequently than XL-CGD)
NCF2 AR

Neutrophil G-6PD 
deficiency

G6PD XL Hemolytic anemia

Myeloperoxidase 
deficiency

MPO AR Asymptomatic; candidiasis

Specific granule deficiency CEBPE AR Bilobed nuclei of the neutrophils
Shwachman–Diamond 
syndrome

SBDS AR Exocrine pancreatic insufficiency; Chondro-
dysplasia

Localized juvenile 
periodontitis

FRP1 AR Aggressive periodontitis

Papillon-Lefèvre syndrome CTSC AR Periodontitis; palmoplantar hyperkeratosis
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Table 4.2 The current understood genetic defects associated with congenital neutropenias

Diseases Genetic defets Inheritance Associated features Further details

Severe congenital 
neutropenia

ELA2 AD Myelodysplasia Sect. 4.2

GFI1 AD B/T lymphopenia Sect. 4.2
HAX1 AR Increased immunoglobulin 

levels
Sect. 4.2

GCSFR AD G-CSF refractory 
neutropenia

Sect. 4.2

X-linked neutropenia/
myelodysplasia

WASP XL Monocytopenia, 
myelodysplasia

Sect. 4.2

Neutrophil G-6PD deficiency G-6PD XL Hemolytic anemia Sect. 4.8
Shwachman–Diamond 
syndrome

SBDS AR Exocrine pancreatic 
insufficiency, 
chondrodysplasia

Sect. 4.11

p14 deficiency P14 (MAPBPIP) AR Partial oculocutaneous 
hypopigmentation, short stature

Sect. 5.3

Chediak-Higashi syndrome LYST AR Partial oculocutaneous 
hypopigmentation, giant 
lysosomes, defective NK 
and T lymphocytes activities

Sect. 5.3

Griscelli syndrome, type 2 RAB27A AR Partial oculocutaneous 
hypopigmentation, 
defective NK and T lym-
phocytes activities

Sect. 5.3

Hermansky–Pudlak 
syndrome, type 2

AP3B1 AR Oculocutaneous 
hypopigmentation, 
defective NK and 
T lymphocytes activities

Sect. 5.3

WHIM (warts, hypogam-
maglobulinemia, infections, 
myelokathexis) syndrome

CXCR4 AD Decreased immunoglobulin 
levels, reduced B cell number, 
warts

Sect. 6.5

Immunoglobulin class switch 
recombination deficiencies 
(affecting CD40-CD40L)

CD40L, CD40 XL, AR Increased or normal IgM 
level, decreased other isotypes

Sect. 2.8

Cartilage hair hypoplasia RMRP AR Short-limbed dwarfism with 
metaphyseal dysostosis

Sect. 9.6

Glycogen storage disease Ib G-6PT1 AR Hypoglycemia Sect. 10.5.5
Barth syndrome TAZ1 XL Short stature, skeletal myopa-

thy, dilatative cardiomyopathy
Sect. 10.5.6

Dyskeratosis congenita DKC1 XL Reticulate skin pigmentation, 
nail dystrophy, leukoplakia 
of the oral mucosa, aplastic 
anemia

Sects. 9.9 and 
10.3.11

logic mechanism, irrespective of mutation status 
[174, 175].

While mutations in the gene encoding neutrophil 
elastase (ELA2, OMIM*130130) is the underlying 
genetic defect in more than half of SCN cases with 
autosomal dominant and sporadic forms [49, 158, 191], 
mutations in the gene encoding HCLS1- associated 
protein X1 (HAX1, OMIM*605998) were identified 
in patients with autosomal recessive SCN [89, 150], 
also known as Kostmann Syndrome (OMIM#610738). 

 Heterozygous mutations in the protooncogene growth 
factor-independent 1 (GFI1) gene (OMIM*600871), 
which  targets ELA2, also cause an autosomal domi-
nant form of SCN [137]. X-linked form of congeni-
tal neutropenia (OMIM#300299) can be caused by 
a constitutively activating mutation in the WAS gene 
(OMIM*300392), which is also mutated in the Wiskott-
Aldrich syndrome [50] (see Sect. 9.4 for more details).

Neutrophil elastase protein has a role in synthe-
sizing the promyelocytes [8] and HAX1 has a role in 
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controlling the apoptosis [43]. Mutant HAX1 and also 
ELA2 could accelerate apoptosis in myeloid progenitor 
cells of the patients [8, 36, 48].

Despite of discovering the mutations of such genes in 
SCN, there are still SCN patients without defined gene 
mutations [25, 162]; so, future genetic studies should be 
performed to discover other responsible genes in con-
trolling the survival of neutrophils in these patients.

4.2.3
Clinical Manifestations

Early onset recurrent bacterial infections are the hallmark 
of SCN. The patients usually experience such infections 
by the age of 1 year. The most common presenting fea-
tures are superficial abscesses, oral ulcers, cutaneous 
infections, omphalitis, pneumonia, and otitis media [149, 
150, 191]. During the course of the disease, the patients 
usually develop abscesses in different sites, mucocutane-
ous manifestations, respiratory infections, and diarrhea 
[147, 149, 150]. Frequent aphthous stomatitis and gingi-
val hyperplasia lead to loss of permanent teeth in child-
hood [191]. Recently, neurological disorders, including 
developmental delay and epilepsy, are reported in some 
SCN patients with HAX1 mutations [36, 146].

Increased serum immunoglobulin levels is a com-
mon finding in SCN patients, which may be secondary 
to recurrent infections or due to a possible effect of the 
gene defect in both myelopoiesis and lymphopoiesis 
[150, 191].

It is estimated that splenomegaly could be detected 
in one-fifth of SCN patients before treatment with 
granulocyte colony-stimulating factor (G-CSF) and up 
to half of them through 10 years of treatment [191]. 
SCN is also considered as a preleukemic syndrome. 
While a number of SCN patients are complicated 
with myelodysplastic syndrome and acute myeloid 
leukemia during their disease [157, 175, 191], the pres-
ence of these complications has a high correlation 
with occurrence of acquired mutation in the granu-
locyte colony-stimulating factor receptor (GCSF-R)
gene (OMIM*138971). Such mutations are detected 
in approximately 80% of the SCN patients who devel-
oped acute myeloid leukemia [52, 175].

4.2.4
Diagnosis

Presence of neutropenia in association with early onset 
severe and recurrent infections should raise suspicion 
of SCN, especially in those with superficial abscesses 

and oral ulcers. In fact, the presence of abscesses, ulcers 
and gingivitis implies clinically significant neutropenia 
[149]. Timely referral to a hematologist and/or clinical 
immunologist remains the key to the successful diagno-
sis and further management of patients with SCN, as 
delay in both reaching the diagnosis and starting the 
appropriate treatment increases the mortality in child-
hood [145, 150].

SCN patients typically have persistent severe neu-
tropenia of less than 500/mm3, and increased suscep-
tibility to recurrent severe bacterial infections from 
early infancy. In addition to performing serial complete 
blood count (CBC) in order to determine the chronic-
ity and severity, other causes of secondary neutrope-
nia should be excluded. Review of the clinical history 
is important to rule out drug exposure and underlying 
illness such as autoimmune diseases [149]. CBC often 
indicate increased number of platelets, monocytes, and 
eosinophils, while mild anemia is usually seen [175].

Immune neutropenia of infancy should be excluded 
by testing for the presence of antineutrophil antibod-
ies [191]. When antineutrophil antibody mediated 
neutropenia is present in the newborn period, the 
antibodies generally are not a result of autoimmunity 
as it is in older children and adults, but are usually of 
maternal origin, arising from maternal–fetal incom-
patibility at neutrophil-specific antigen loci. Many of 
these neutrophil specific antigens are expressed on the 
antibody Fc receptors of neutrophils. Maternal medi-
ated immune neutropenia is a self-limited process that 
will improve over several months as maternal antibod-
ies are cleared, and should be managed conservatively.

Bone marrow examinations of the patients with 
SCN usually show a maturation arrest of neutrophil 
precursors at an early stage (promyelocyte-myelocyte) 
[6, 149, 150, 191, 199, 200] (Fig. 4.1). Cellularity is 
usually normal or a little decreased, while increased 
number of eosinophils and monocytes is often detected 
in the bone marrow [191].

Molecular studies could confirm the definite diag-
nosis in SCN patients and are also useful as predictors 
for response to treatment and outcome. However, the 
diagnosis of SCN rests primarily on the clinical features 
of the disease and peripheral blood studies [149].

4.2.5
Management

In the absence of appropriate treatment, affected 
children suffer from life-threatening infections [36, 
149, 175, 191, 198]. Bone marrow transplantation 
(BMT) used to be the only treatment option until 20 
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years ago. Since G-CSF therapy became available as 
a treatment option for SCN, it has become possible 
to manage most patients without a requirement for 
BMT. G-CSF therapy has made considerable impact 
towards prognosis and quality of life of these patients 
[26, 36, 150, 191, 198, 200]. Recombinant G-CSF is 
the first choice of treatment for the SCN patients 
and more than 90% of the patients respond to 
G-CSF administration, which increase the number 
of neutrophils and consequently reduce the number 
of infections and days of hospitalization [175, 191]. 
However, in patients with mutations in the G-CSFR
gene who do not respond to G-CSF treatment, and 
in those with continuing severe bacterial infections 
or complicated with development of myelodysplasia, 
HSCT using either bone marrow, mobilized periph-
eral blood stem cells, or cord blood as the source 
of allogeneic stem cells would be the treatment of 
choice [201].

It is recommended that all SCN patients should be 
followed up at least twice per year and CBC should be 
performed at least every 3 months [191].

4.3
Cyclic Neutropenia

4.3.1
Definition

Cyclic neutropenia (OMIM#162800) is a rare pri-
mary immunodeficiency disease with an estimated 
frequency of 1 case per 106 population, characterized 

by neutropenia occurring every 3 weeks and last-
ing for 3–6 days [45, 47, 59, 148, 149, 151]. Dr. Leale 
described this disorder for the first time in 1910, in 
an infant with recurrent episodes of fever, skin infec-
tions, stomatitis, and neutropenia [97]. Patients with 
cyclic neutropenia are usually asymptomatic. How-
ever, they can frequently suffer from severe bacterial 
infections, oral lesions and cutaneous manifesta-
tions during the episodes of neutropenia [59, 148, 
149, 151].

4.3.2
Etiology

Cyclic neutropenia is an autosomal dominant or 
sporadic disease, due to the periodic failure in 
production of granulocytes, presumably at the 
stem cell level [148]. The pathophysiology and the 
affected function in this disease has not been fully 
understood, but it seems that cyclic  neutropenia 
is due to an abnormality in the regulation of early 
 hematopoietic precursor cells [148, 149]. It could 
lead to oscillations in production of all types of 
blood cells. Neutropenia and leukopenia occur 
together in most situations, and cyclic (and for some 
nonneutrophil lineages counter-cyclic) fluctuations 
of monocytes, eosinophils, lymphocytes, platelets, 
and reticulocytes are also reported [45, 47, 148, 149, 
151]. Mutations in the ELA2 gene (OMIM*130130) 
are reported as the underlying genetic defect in 
several patients with cyclic neutropenia [8, 48, 49, 
70, 124, 158]. It is also important to distinguish 

Fig. 4.1 The bone marrow morphology 
of a patient with severe congenital neu-
tropenia
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the congenital autosomal dominant form of cyclic 
 neutropenia from acquired cyclic neutropenia 
that may complicate the clinical manifestations of 
benign and leukemic expansions of large granu-
lar lymphocytes [18]. Generally, congenital cyclic 
 neutropenia is characterized by extremely regular 
cycles of almost exactly 21 days duration, while 
acquired cyclic neutropenias may have irregular 
cycles and/or cycles significantly different from 21 
days duration. It is important to note, however, that 
administration of G-CSF to patients with congeni-
tal cyclic neutropenia may significantly alter the 
cycle duration in some patients.

4.3.3
Clinical Manifestations

Patients with congenital cyclic neutropenia are gener-
ally healthy between neutropenic periods, but during 
the episode of neutropenia suffer aphthous stomati-
tis, oral ulcers, gingivitis, abscesses and occasionally 
overwhelming bacterial infections [48, 59, 148, 149, 
151]. The symptomatic episodes of fever and infec-
tions usually recur approximately every 3–4 weeks. 
The neutropenic periods are associated with infec-
tions especially in oral cavity and mucous membranes, 
where oral ulcers and periodontitis are common. 
Cutaneous infections, upper respiratory infections 
and skin abscesses are also common. Perirectal and 
genital areas are susceptible to recurrent infections 
and abscesses [45, 47, 148, 149, 151]. Because many 
patients with congenital cyclic neutropenia tend to be 
clinically well between nadirs, it is easy to miss the 
early signs of the particularly life-threatening danger 
to these patients of the development of necrotizing 
enterocolitis (typhlitis), which may rapidly progress 
to acute perforation of the bowel with bacteremia 
and septic shock.

4.3.4
Diagnosis

Congenital cyclic neutropenia is diagnosed by docu-
menting the very regular periodic oscillations in the 
circulating neutrophil count from normal to neutro-
penic levels through at least a 3-week period, lasting 
for 3–6 days [45, 47, 59, 148, 149, 151]. In patients with 
neutropenia, the clinical history and examination of 
the peripheral blood smear are the most important 
aspects of the diagnostic evaluation. Examination of 

the oral cavity, perianal region, and skin is necessary 
in order to assess the clinical impact of neutropenia 
[148, 149]. As previously noted, in patients not being 
treated with G-CSF, the period of cycling is gener-
ally very regular and most often is close to 3 weeks 
duration. However, the cycling periodicity can vary 
somewhat from a patient to another patient and can 
be altered by administration of G-CSF. It is recom-
mended that for diagnosis a CBC with assessment 
of differential lineages be performed at least twice 
or even three times weekly over 6–9 weeks to docu-
ment the typical cyclic pattern of neutropenia [148]. 
In sporadic cases where a family history is absent, 
evidence for cycling from early childhood is absent, 
and/or the cycling is erratic or very different from 21 
days, acquired cyclic neutropenia must be considered 
in the differential diagnosis.

Bone marrow examination of the patients during 
the neutropenic period shows maturation arrest of 
neutrophil precursors at an early stage, but is not a 
necessary investigation in every patient [59, 148, 151].

4.3.5
Management

The quality of life and life expectancy of the patients 
with congenital cyclic neutropenia are good, if patients 
are diagnosed and followed regularly by attentive 
 physicians and dentists [148, 149, 151]. Although 
the prognosis is good with a benign course, approxi-
mately 10% of patients may experience life-threaten-
ing infections. Besides prophylactic antibiotics, in some 
patients treatment with recombinant human G-CSF 
in anticipation of and into the time of ‘cycling nadir’ 
may be all that is needed only over a period of several 
days to sufficiently increase blood neutrophil counts to 
achieve reduction in infection rate, and improvement 
in survival and quality of life [45, 46].

4.4
Leukocyte Adhesion Deficiency 
(LAD Types 1–3)

4.4.1
Definition

Leukocyte adhesion deficiency (LAD) is a rare primary 
immunodeficiency disease with an estimated frequency 
of less than 1 case per 106 population. LAD is caused by 
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a defect in neutrophil adhesion and characterized by 
skin ulcers, poor wound healing and recurrent bacte-
rial infections [107]. It was first described in late 1970s, 
in patients with delayed umbilical cord separation, 
recurrent bacterial infections, and defective neutrophil 
mobility [81]. Further reports demonstrate that there 
are at least three genetic forms of LAD, though one 
form affecting leukocyte beta integrins is by far the 
most common [107].

4.4.2
Etiology

Normal inflammation is characterized by the accumula-
tion of leukocytes at the involved site due to transmigra-
tion of blood leukocytes through the endothelial barrier. 
The migration of phagocytic cells out of the blood vessels 
(diapedesis) into the extravasular space at sites of inflam-
mation and infection depends on a variety of adhesive 
molecules. In a temporal order, first selectins are neces-
sary to make the transient low adhesive strength attach-
ments of leukocytes to the endothelium that occur in a 
process that has been termed “rolling”. Rolling leuko-
cytes come to a stop and spread out over the endothelial 
cell when integrins composed of a common beta-chain 
(CD18) and variable alpha-chains lymphocyte function-
associated antigen-1 or LFA-1 (CD11a), macrophage 
antigen-1 or Mac-1 (CD11b) and P150,95 (CD11c) are 
increased in number at the cell surface and activated to 
undergo structural conformational changes that cause 
them to adhesively interact strongly with the intracellu-
lar adhesion molecules ICAM1 and ICAM2, present on 
the endothelium and other leukocytes. The intercellular 
adhesion molecules (ICAM) are themselves also activated 
to more strongly interact with integrins by local inflam-
mation. Endothelial cells also express selectins which also 
participate in the enhancement of binding. Binding of 
the integrins to the ICAM molecules are firm enough to 
withstand the continuous shear forces of the blood flow. 
In order for these strongly  adherent leukocytes to migrate 
between  endothelial that actually weaken the integrin-
ICAM bonding to allow migration, the migration through 
the sub-endothelial membranes is dependent on the Ig-
superfamiliy platelet cell adhesion molecule (PCAM)-1. 
Thus, a highly choreographed temporal series of changes 
in adhesion molecules is required for the entire process of 
diadepesis to occur. The common problem of all leuko-
cyte adhesion deficiency syndromes is that the leukocytes 
cannot leave the blood vessels to migrate normally into 
the inflamed tissues because one part or another of this 
process is abnormal (Fig. 4.2) [107].

The underlying causes of these different diseases are 
either deficiencies or defects of the adhesion  molecules. 
Up to now, three different syndromes have been deline-
ated (Table 4.3). LAD type 1 (LAD-1) (OMIM#116920), 
by far the most common form of LAD, is caused by a 
defect of the common chain of the beta 2 integrin fam-
ily (ITGB2 or CD18) (OMIM*600065). LAD type 2 
(LAD-2) or congenital disorder of glycosylation type IIc 
is caused by mutations in the solute carrier family 35, 
member C1 (SLC35C1) gene (OMIM#266265), which 
encodes GDP-fucose transporter 1 (FUCT1). It leads to 
an absence of fucosylated carbohydrate ligands result-
ing in defective rolling [61, 63]. The impaired fucosyla-
tion impairs transport of fucose via the GDP fucose 
transporter into the Golgi apparatus [102, 105, 194]. 
Recently, a novel defect was described in which a trunca-
tion affected both localization of the fucose transporter 
into the Golgi as well as enzymatic  activity [82].

The third type of LAD (LAD-3) has recently been 
described which appears to be result from failure of 
cytokine activation of a number of integrins [3, 60]. 
The actual molecular defect is not fully understood at 
the genetic level, but an abnormality of Rap1 function, a 
regulatory GTPase, seems to be involved in regulation of 
integrin signaling [88]. Recently, the LAD-3 phenotype 
was introduced in mice lacking the signaling molecule 
calcium-diacylglycerol guanine nucleotide exchange 
factor I (CalDAG-GEFI) [17]. This signaling molecule 
controls the activation of integrins in the hematopoi-
etic system. So, neutrophils of mice lacking such mol-
ecule exhibited strong defects in Rap1 and beta 1 and 2 
integrins activation, which results in failure of adhesion 
and migration into inflammation sites. As CalDAG-
GEFI regulates the activation of beta 1 and 3 integrins 
in platelets, mice lacking this molecule have complete 
inhibition of arterial thrombus formation [17].

4.4.3
Clinical Manifestations

LAD-1 is characterized by delayed separation of the 
umbilical cord (normal separation is 3–45 days with a 
mean of 10 days) with concurrent omphalitis (Fig. 4.3), 
recurrent deep bacterial infections of the skin, peri-
odontitis, very characteristic absence of pus formation 
and impaired wound healing. Infections are frequently 
caused by Staphylococcus aureus or gram-negative 
bacilli. The absence of pus formation at the site of 
infection is a hallmark of LAD-1. Without appropriate 
therapy more than 75% of the patients die before their 
2nd birthday [59].
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Fig. 4.2 The life cycle of the neutrophil is shown, including 
the phases of migration of neutrophils to sites of infection or 
inflamed tissues. Neutrophils develop in the bone marrow 
(upper left) and are released into the circulation. Neutrophils 
sense infection or inflammation in the post capillary venule 
(bottom of figure) where bacterial factors and inflammatory 
chemoattractants and chemokines act on both the neu-
trophils and endothelial cells to increase adhesion. The initial 
phase of increased adhesion engages selectins which mediate 
short-lived weak binding encounters between neutrophils 
and endothelium (rolling). This is followed by activation 
of integrins, triggering strong adhesive forces that mediate 

spreading of neutrophils onto the endothelium. This is fol-
lowed by additional conformational changes that weaken 
integrin adhesion, allowing chemotactic migration of the 
neutrophil between endothelial cells (lower right), though 
the basement membrane, and into the tissues to the site of 
infection. At the site of infection neutrophils phagocytose 
bacteria (upper right) or other pathogens, triggering the proc-
ess of degranulation, production of reactive oxygen species, 
and activation of proteases. Over hours to days, neutrophils 
proceed into an apoptotic phase (upper middle), triggering 
engulfment by macrophages in a process that minimizes tis-
sue damage and leads to resolution of inflammation

Table 4.3 Characteristics and treatment of leukocyte adhesion deficiencies (LAD)

Type Characteristics Molecular defect and diagnosis Therapeutic options

LAD-1 Delayed separation of the 
umbilical cord, omphalitis, 
skin ulcers, leukocytosis

Common chain of beta integrins, CD18 
absent

For acute infections: Antibiotics, 
granulocyte transfusions

Curative treatment: Hematopoietic 
stem cell transplantation
Future option: Gene therapy

LAD-2 Periodontitis, mental 
retardation, short stature, 
hh blood group

Impaired fucosilation, mutations in the 
GDP-fucose transporter, leukocytosis, 
Bombay blood group, absence of SLEX 
(CD15a)

Antibiotic prophylaxis 
(e.g. Cotrimoxazol), good 
dental hygiene, early fucose 
supplementation

LAD-3 Same as LAD-1, bleeding 
disorder

Normal CD18 expression, SDF-1 
activation of both VLA-4 and LFA-1 
avidity to ligand impaired, decrease 
of RAP-1

See LAD-1

Infections in patients with LAD-2 are, in general, 
less severe than in patients with LAD-1. There is no 
delay in the separation of the umbilical cord, pus for-
mation is impaired but not absent, and skin, lung or 
periodontal infections are generally not life threaten-

ing. The severity of infections may decrease over time 
and adults frequently suffer primarily from periodon-
titis. A hallmark of LAD-2 is severe delay in psychomo-
tor development, microcephaly and cortical atrophy, 
and short stature [61, 63].



    Chapter 4 Phagocytes Defects 139

The clinical presentation of LAD-3 is similar to 
LAD-1, with severe recurrent bacterial infections, 
delayed separation of the umbilical cord and bleeding 
of the skin and mucous membranes [60].

4.4.4
Diagnosis

A combination of early bacterial infections, par-
ticularly omphalitis, with absent pus formation and 
marked peripheral blood neutrophilia (up to 50,000–
100,000/µl in the presence of infection or in the range 
of 15,000/µl in the absence of infection) should trigger 
awake the suspicion of LAD-1.

Confirmation of the diagnosis is achieved with flow 
cytometry analysis of the common beta chain and the 
alpha subunits using monoclonal antibodies against 
CD18 and CD11. Severe phenotype is associated with an 
expression of CD18 of less than 1–2% compared to nor-
mal controls, whilst patients with some surface expression 
of CD18 (>2–30 % of normal) may have a more mild to 

moderate clinical course. However, only 25% of patients 
with even the “milder” phenotype  survive beyond 40 
years [107]. These patients with milder phenotype often 
suffer from large nonhealing infected ulcers of the groin 
and lower extremities that respond poorly to antibiotics 
and eventually becoming colonized and infected with 
unusual organisms that are resistant to most antibiotics.

Carrier detection is possible by the demonstration 
of reduced expression of CD18 (40–60%) and prenatal 
diagnosis is possible by mutational analysis in families 
with previously diagnosed individuals [189]. Preim-
plantation genetic diagnosis represents an alternative to 
conventional prenatal diagnosis to enable carrier cou-
ples to achieve a healthy pregnancy. In a recent report, 
a multiplex fluorescence-based polymerase chain 
reaction assay was used to detect two different LAD-
1 mutations in the CD18 gene [101]. The couple had 
previously conceived a daughter with LAD-1 who was 
a compound heterozygote (mother G400A substitution, 
exon 4; father C562T substitution in exon 5 of CD18). 
A cleavage-stage biopsy was performed on day 3 after 
standard in vitro fertilization and genetic  analysis of 
blastomeres for the two mutations was  carried out. After 
genetic analysis, three embryos were found to be unaf-
fected, and two embryos were transferred, resulting in 
birth of an unaffected child. There are ongoing debates 
and possible ethical issues related to this procedure that 
will need to be clarified before it can be recommended 
as a ‘standard approach’.

A diagnosis of LAD-2 should be suspected in a 
patient with the clinical features of psychomotor delay, 
and with recurrent but mild infections, leukocytosis 
and detection of the Bombay blood group (absence 
of H antigen) [67]. Peripheral blood leukocytes show 
an absence of Slex-expression (CD15A). Confirmation 
of the diagnosis needs sequence analysis of the GDP-
fucose transporter. LAD-2 is therefore also considered 
as a congenital disorder of glycosylation and is classi-
fied as CDG-IIc [102, 103].

LAD-3 is a major differential diagnosis of LAD-1 
and should be suspected in situations when CD18-
expression in an otherwise ‘typical LAD-1’ patient is 
normal. The confirmation of diagnosis requires the 
demonstration of impaired integrin activation (e.g., 
activation of RAP-1) in specialized centres.

4.4.5
Management

In all three genetic types of LADs, infections should be 
treated promptly with appropriate antibiotics.

Fig. 4.3 Severe omphalitis in a child with LAD-1. (Courtesy 
of R. Seger; Zurich, Switzerland)
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In LAD-1, transfusions of G-CSF stimulated 
granulocytes may be beneficial in severe infections, 
including the large chronic ulcers discussed above, 
that cannot be controlled otherwise. At the moment 
the only curative treatment for the severe phenotype 
is HSCT [181]. The survival rate was nearly 100% with 
HLA-compatible donors, compared to >80% when 
using HLA-nonidentical donors in this small series. 
The good outcome is possibly related to the impor-
tance of lack of beta-2 integrins (or their blockage) in 
enabling engraftment, as was demonstrated by using 
anti-LFA-1 antibodies to prevent graft rejection in 
T cell depleted haploidentical bone marrow trans-
plantation for PID other than severe combined 
immunodeficiency (SCID) [65]. Besides classi-
cal myeloablative conditioning, nonmyeloablative 
regimens were tested experimentally in the canine 
model of LAD (CLAD) [14, 177]. In humans, 
recent evidence suggests that a nonmyeloablative 
conditioning regimen might provide a less toxic 
but similarly effective approach to LAD. However, 
the  hypercellular marrow seen in LAD-1 patients 
may require more of a “reduced intensity” type of 
conditioning rather than the much less intensive 
regimens that are usually designated as “nonmyelo-
ablative” to more reliably achieve clinically benefi-
cial levels of engraftment. Rao et al. [143] reported 
33 consecutive unrelated donor transplantations in 
children with PID, including 4 with LAD, using a 
reduced intensity conditioning regimen consisting 
of fludarabine 150 mg/m2, melphalan 140 mg/m2,
and alemtuzumab (Campath 1H) 0.2 mg/kg/day for 
5 days or antithymocyte globulin (ATG) 2.5 mg/kg/
day for 4 days. Compared with a retrospective con-
trol cohort of 19 patients who underwent a myelo-
ablative conditioning regimen, all children in both 
groups had primary engraftment and there was no 
statistical difference in the speed of immune recon-
stitution or incidence of graft versus host disease 
between the two groups. The overall survival in the 
group receiving the reduced intensity regimen was 
94%, compared to 53% in the group treated with 
the myeloablative conditioning regimen. Studies of 
transplant in CLAD have indicated that significant 
clinical benefit may accrue even with only modest level 
of mixed myeloid lineage donor chimerism [14, 177].

In the future, an alternative therapy in patients 
without a suitable donor may be gene therapy, but 
thus far clinical trials using no marrow conditioning 
have failed to achieve long-term clinically beneficial 
levels of correction [16]. In the canine counterpart of 
this disease (CLAD), retroviral mediated gene transfer 
with nonmyeloablative conditioning resulted in a pro-

gressively increasing percentage of corrected cells over 
time. Bauer et al. evaluated ex vivo retroviral- mediated 
gene therapy in CLAD using 2 nonmyeloablative con-
ditioning regimens – 200 cGy total body irradiation 
(TBI) or 10 mg/kg busulfan – with or without post-
transplantation immunosuppression. In 6 of 11 treated 
CLAD dogs, therapeutic levels of CD18(+) leukocytes 
were achieved. Conditioning with either TBI or busul-
fan allowed long-term engraftment, and immunosup-
pression was not required for efficacy. The percentage 
of CD18(+) leukocytes in the peripheral blood pro-
gressively increased over 6–8 months after infusion to 
levels ranging from 1.26 to 8.37% at 1-year follow-up 
in the 6 dogs. These levels resulted in reversal or mod-
eration of the severe CLAD phenotype and suggest that 
the corrected cells may even have a survival advantage, 
an important prerequisite of a successful gene therapy. 
Linear amplification-mediated polymerase chain reac-
tion assays indicated  polyclonality of insertion sites 
[15]. However, using retroviruses as gene vectors in 
gene therapy trials for SCID carries the risk of inser-
tional mutagenesis [19, 79]. Therefore, new approaches 
are urgently needed.

Recently, the efficacy of a foamy virus vector (a type 
of lentivirus) expressing canine CD18 gene in CLAD 
was tested. Foamy viral vectors have broad host range, 
large capacity, efficacy in an overnight transduction 
protocol, and lower likelihood of activation of down-
stream genes than conventional murine retroviral vec-
tors. Four of the five puppies receiving autologous, 
CD18 gene-corrected bone marrow CD34+ cells, 
preceded by a nonmyeloablative dose of 200 cGy total 
body irradiation, had complete reversal of the CLAD 
phenotype with 5–10% CD18 positive peripheral 
blood leukocytes 1 year after transplant. No adverse 
events like induction of leukemia have been observed, 
and all four animals have displayed polyclonality of 
foamy viral insertion sites [13, 107].

In the less severe phenotypes (CD18 > 2–30%) 
prophylactic antibiotics (e.g., Trimethoprim-Sulfam-
ethoxazol 5 mg/kg once daily) are frequently sufficient 
to avoid severe infections, and careful oral hygiene is 
mandatory to prevent or ameliorate periodontitis.

In LAD-2 patients with recurrent infections antibi-
otic prophylaxis with Trimethoprim-Sulfamethoxazol 
TMP-SMX is beneficial. In some, but not in all patients, 
fucose supplementation may achieve a significant clin-
ical improvement [62, 63, 114]. Therefore this modal-
ity should be tried in these patients. The initial dose 
is 25 mg/kg/bw 5 times a day, and this dose should be 
increased up to 500 mg/kg 5 times a day. Fucose 
supplementation should be started as early as possible 
to minimize neurological damage.
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Therapy of LAD-3 is very similar to therapy of 
LAD-1 patients [3]. The only curative treatment is 
allogeneic HSCT.

4.5
RAC-2 Deficiency

4.5.1
Definition

RAC-2 deficiency or neutrophil immunodeficiency syn-
drome (OMIM#608203) is manifested by a severe defect 
in leukocyte migration. As in patients with LADs (see Sect. 
4.4 for more details) and β-actin deficiency (see Sect. 4.6 
for more details), there is lack of pus formation at the site 
of infection [5]. Ambruso et al. reported an infant with 
recurrent infections and poor wound healing, suggest-
ing a neutrophil defect, in whom they found a missense 
mutation in the RAC2 gene (OMIM*602049) [5].

4.5.2
Etiology

Ras-related C3 botulinum toxin substrate 2 or RAC-2 is 
a Rho-GTPase important for the expression of L-selec-
tin, F-actin assembly, chemotaxis and superoxide genera-
tion and regulation of actin polymerization. In activated 
neutrophils, the cytosolic RAC-2 comigrates with p67phox

(RAC-1 in macrophages) to attach to p47phox to form the 
NADPH oxidase complex (Fig. 4.4) [10]. The mutant 
RAC-2 does not bind to its physiological ligand GTP, thus 
activation of superoxid production via phagocyte oxidase 
is inhibited [125]. Because RAC-1 may partially substitute 
for RAC-2, the defect in oxidase activity is not as profound 
as seen with chronic granulomatous disease (see Sect. 4.7 
for more details) and is affected by the stimulus used to 
activate the oxidase. Neutrophils from mice deficient in 
RAC-2 have defects in rolling on endothelium, chemo-
taxis and phagocytosis [153]. In humans with this disor-
der, neutrophils show also defects in chemotaxis, decreased 
release of enzymes of azurophilic granules after activation 
with N-formyl-methionyl-leucyl-phenylalanine (fMLP) or 
phorbol myristate acetate (PMA) and a deficient polariza-
tion and actin polymerisation in response to fMLP as well 
as the deficient production of reactive oxygen radicals in 
response to fMLP stimulation. Interestingly, as might be 
expected for a regulatory element important in several 
types of functional responses of neutrophils, the syndrome 
combines features seen in LAD, chronic granulomatous 
disease (CGD), specific granule deficiency (SGD) and β-
actin deficiency. The RAC-2 gene is located on chromo-
some 22q13 and has a size of 18 kb.

4.5.3
Clinical Manifestations

Patients with RAC-2 deficiency suffer from delayed 
separation of the umbilical cord, poor pus formation, 
non-healing perirectal/periumbilical abscesses, and 
peripheral blood leukocytosis similar to LAD-1.

4.5.4
Diagnosis

Wound biopsies show appropriate number of neu-
trophils which differentiate this disease from LAD-1. 
CD18 expression is also normal, while chemotaxis 
toward C5a, fMLP, and IL-8 is impaired. Moreover, 
neutrophil polarization in response to fMLP is also 
deficient. NADPH oxidase activity is normal after 
PMA, but decreased after fMLP stimulation [127]. The 
differential diagnosis to LAD-3 necessitates the dem-
onstration of restoring oxidase activity in a cell-free 
system with addition of purified RAC-2.

4.5.5
Management

Infections should be treated with appropriate anti-
biotics and critical infections can be treated with 
granulocyte transfusions. Allogenic HSCT may be 
curative.

4.6
b-Actin Deficiency

4.6.1
Definition

β-actin deficiency is a leukocyte migration disease. As 
in patients with LAD, there is no pus formation at the 
site of infection.

4.6.2
Etiology

β-actin deficiency is an autosomal dominant deficiency 
of the actin polymerisation of neutrophils. A heterozygous
negative dominant mutation of non-muscle β-actin
(ACTB) (OMIM*102630) impairs the binding of pro-
filin, which is an actin regulatory protein [126].
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4.6.3
Clinical Manifestations

The patients suffer from recurrent bacterial and fungal 
infections without pus formation, mental retardation 

and  photosensitivity. One patient developed recurrent 
stomatitis, cardiomegaly, hepatomegaly and hypothy-
roidism [125].
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Fig. 4.4 Molecular features of activation mediated assembly of 
the phagocyte NADPH oxidase from subunit components are 
shown. The cartoon images of the subunits are highly schema-
tized and not drawn to scale in order to emphasize some of the 
known structural features each subunit and some of the intra- 
and intermolecular binding affinities in the resting state (left side
of figure) and upon assembly of the fully activated oxidase (right 
side of figure). Some known or suspected binding interactions 
between specific domain motifs are indicated by dotted lines. In 
the resting neutrophil the cytochrome b

558
 heterodimers consist-

ing of gp91phox and p22phox are predominantly present in small 
vesicles and specific granules (upper left). N, F, and H labels on 
the gp91phox subunit indicate, respectively, the NADPH binding 
pocket and the Flavin binding site in the cytoplasmic C-terminal 
region, plus the two Heme moieties within the transmembrane 
region. Three n-glycosylation sites on two of the intravesicular 
(topologically extracellular) domains of gp91phox are indicated 
by the small tree-like stick figures. Indicated in the C-terminal 
tail of the p22phox subunit is a basic proline–arginine rich region 
(PR motif) capable of binding with a SH3 domain. In the rest-
ing neutrophil the p47phox, p67phox and p40phox subunits exist in 
the cytoplasm predominantly as a heterotrimer, and the RAC-2 
(RAC-1 in monocytes) exists separately in its unactivated inhib-
ited GDP charged state bound to rho-guanine nucleotide dis-
sociation inhibitor (Rho-GDI). Both p47phox and p40phox have 
PX domains at the N-terminal portion of the molecule that are 
protected by intramolecular interactions in the resting state, but 
which engage specific species of membrane lipid inositides in the 
activated cell. Of importance in the resting state is that a very 

basic autoinhibitory region (AIR) of p47phox interacts with one 
of its own SH3 regions while a PR motif in a nearby domain 
binds to the C-terminal SH3 domain of p67phox. Both p67phox and 
p40phox contain PB1 motifs that mediate binding between these 
two subunits, an interaction that also appears to stabilize and 
protect p67phox from proteolysis. There is also some evidence to 
suggest that in the resting state, there is an additional intramo-
lecular interaction between the PX domain and PB1 domain of 
p40phox that inhibits and protects that PX group. Upon activation 
of the neutrophil, vesicles and specific granules containing mem-
brane cytochrome b

558
 fuse with the forming phagosome (upper 

right), with early endosomes and/or at the plasma membrane. 
Phosphorylation of the AIR region of p47phox disengages and 
unfolds it from the SH3 domain, leaving that SH3 domain free 
to interact with the PR motif of p22phox. Other phosphorylation 
events induce additional conformational changes in p47phox and 
p40phox that enhance binding of PX domains to newly generated 
forms of membrane inositides. There is some evidence to suggest 
a distinct binding predilection of p47phox or p40phox PX domains, 
for the types of inositides appearing on activation in phagosome 
membranes and early endosome membranes, respectively (indi-
cated schematically). Neutrophil activation also triggers disen-
gagement of RAC-2 from the Rho-GDI with exchange of GDP 
for GTP allowing binding of RAC-2 to the TPR region of p67phox

and interaction of the RAC-2 myristoylated C-terminus with the 
membrane. The fully assembled oxidase shown schematically on 
the right side of the figure allows electrons to flow from NADPH 
through the flavin and heme moities to molecular oxygen to 
form superoxide in the phagosome
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4.6.4
Diagnosis

Wound biopsies show reduced numbers of neu-
trophils. Chemotaxis and phagocytosis are markedly 
impaired as well as polymerisation of actin mono-
meres after activation. LAD-1 (CD18) and LAD-2 
(CD15A) should be excluded. Definitive diagnosis 
can be achieved by mutational analysis of the ACTB
(cytoplasmic actin) gene.

4.6.5
Management

HSCT is the therapy of choice to correct the immuno-
deficiency, but likely would not correct the associated 
nonhematologic abnormalities. Until transplant or 
if transplant is not possible, management with long-
term prophylactic antibiotics should be instituted.

4.7
Chronic Granulomatous Disease (CGD) (gp91 
phox Deficiency, p22 phox Deficiency, 
p47 phox Deficiency, p67 phox Deficiency)

4.7.1
Definition

Chronic granulomatous disease (CGD) is a genetically 
heterogeneous disease characterized by recurrent life-
threatening infections with bacteria and fungi as well as 
dysregulated granuloma formation (excessive inflamma-
tion response). CGD is caused by defects in the NADPH 
oxidase, the enzyme complex responsible for the phagocyte 
respiratory burst which leads to the generation of super-
oxide and other reactive oxygen species (ROS) in phago-
cytic cells. The disease was first described by Janeway 
et al. in 1954 [86], but was not well characterized until 
1959 by Bridges et al. [31]. It was initially termed fatal 
granulomatous disease of childhood, but with early diag-
nosis and better treatment the majority of patients can be 
expected to survive to adulthood and the prognosis no 
longer warrants that pessimistic name. The frequency of 
CGD in the general population is at least 1:200,000 live 
births, and likely higher than that [195].

4.7.2
Etiology

The fully assembled NADPH oxidase system is a six-
protein complex. In the basal state, it exists separated 

into two compartments: a membrane-bound complex 
embedded in the walls of secondary granules and other 
vesicular structures, and proteins in the cytosol [165]. 
The secondary granule membrane and other vesicular 
structures contain the heme and flavin binding cyto-
chrome b

558
, composed of a 91-kd glycosylated β chain 

(gp91phox) and a 22-kd nonglycosylated chain (p22phox). 
The cytosolic components are p47phox, p67phox, p40phox

and RAC where much of the p47phox, p67phox, and p40phox

exists as an enzymatically inactive heterotrimeric com-
plex separate from the RAC component (Fig. 4.4). 
With the exception of p40phox, which is thought to have 
a regulatory role, all these components are necessary 
for the generation of superoxide.

After cellular activation, such as that initiated by 
phagocytosis of microbes, the cytosolic components 
p47phox and p67phox are phosphorylated. This results in 
a major conformational change in p47phox, revealing 
new intramolecular sites that allow it to bind tightly to 
p67phox and also to p22phox at the cell membrane. RAC 
is myristoylated. Phosphorylated p47phox and p67phox in 
association with p40phox, and the myristoylated RAC 
translocate to the forming phagosome membrane 
where they bind to the intracytoplasmic domains of 
the cytochrome complex (gp91phox and p22phox) to form 
the active NADPH oxidase molecular complex. Follow-
ing assembly, electrons transfer from NADPH, passing 
first to the flavin domain and then the heme domain 
of the phagocyte oxidase, where it is finally donated to 
molecular oxygen, yielding the formation of superoxide 
(O

2
-). In the presence of superoxide dismutase, this is 

converted to hydrogen peroxide (H
2
O

2
), which, in the 

presence of myeloperoxidase and chlorine in the neu-
trophil phagosome, is converted to hypochlorous acid 
(HOCl), or bleach [165]. The rapid consumption of 
oxygen and production of superoxide and its metabo-
lites is referred to as the respiratory burst, because the 
rate of consumption of oxygen and production of 
microbicidal oxidants that occurs in neutrophils peaks 
at about 10–15 min and then decreases significantly fol-
lowed by a slow waning of the production over a pro-
longed period. It was previously thought that hydrogen 
peroxide and bleach were bactericidal per se. However, 
persuasive data from Reeves et al. showed that phagocyte 
production of the superoxide anion within the phago-
some is electrochemically balanced by transport of very 
significant amounts of potassium ions into the phago-
some. The K+ likely acts to dissociate granule proteins 
from stabilizing matrix and together with the oxidants 
serves to activate proteases that have been released into 
the phagolysosome by the fusion of primary granules 
with the phagolysosome membrane upon cellular acti-
vation. In this paradigm, superoxide production serves 
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primarily to trigger the K+ flux necessary to liberate and 
activate granule proteins including proteases, and not by 
its intrinsic microbicidal activity [144].  However, most 
investigators in the field continue to view the highly dif-
fusible and reactive hydrogen peroxide generated from 
dismutation of superoxide as playing a significant role 
in antimicrobial killing.

Mutations in four genes account for all the 
known cases of CGD. The gene for gp91phox, CYBB
(OMIM*300481), maps at Xp21.1 and causes X-linked 
CGD (OMIM#306400), accounting for about 65–70% 
of cases. Its partner in the membrane, p22phox, encoded 
by CYBA (OMIM*608508), maps at chromosome 
16q24 and causes one of the three forms of auto-
somal recessive CGD (OMIM#233690), accounting 
for less than 5% of cases. The cytosolic factor p47phox is 
encoded by NCF1 (OMIM*608512), located at 7q11.23, 
accounting for about 25% of cases (OMIM#233700). 
The other cytosolic factor, p67phox, encoded by NCF2
(OMIM*608515), is located at chromosome 1q25, and 
accounts for less than 5% of cases (OMIM#233710) [9, 
142, 154, 155, 195]. The nomenclature for various lev-
els of protein expression of gp91phox is somewhat con-
fusing but informative: when gp91phox is absent, such 
as due to a stop codon or a deletion, it is referred to 
as X910; when reduced amounts of a hypofunctional 
protein are present, such as due to a splicing or pro-
moter defect, X91-; and when normal amounts of a 
nonfunctional protein is present, such as due to a mis-
sense mutation, X91+ [165]. This nomenclature, while 
of interest scientifically, is probably much less useful 
for predicting clinical prognosis and assessment of 
infection risk than simply knowing the percent of nor-
mal control superoxide produced by the patient’s neu-
trophils (see Sect. 4.7.4 for more details).

In general, X-linked CGD with first significant 
infection and diagnosis at an earlier age and more 
severe phenotype overall than p47phox deficiency 
[195]. As discussed in Sect. 4.5, a single case of a dom-
inant negative mutation in RAC-2 presented with an 
impaired neutrophil respiratory burst due to RAC’s 
critical role in NADPH oxidase function, as well as 
impaired chemotaxis and adhesion, due to RAC’s 
critical role in linking surface adhesion molecules to 
the cytoskeleton [95]. The rates of CGD cases appear 
about the same across all ethnic and racial groups 
though with very modest differences in the frequency 
of specific autosomal recessive forms of CGD, where 
in all cases about one third of the X-linked kindreds 
represent de novo mutations.

The X-linked carrier state for gp91phox is not entirely 
silent. Lyonization of the X chromosome leads to two 

populations of phagocytes in X-CGD carriers: one dis-
plays normal respiratory burst function, whereas the 
other population, which has inactivated the normal 
X chromosome and left the defective one active, has 
impaired respiratory burst activity. Therefore, X-CGD 
carriers give a characteristic mosaic pattern on respi-
ratory burst testing of peripheral blood. Because of 
X-chromosome inactivation is thought to be a sto-
chastic process occurring early in embryogenesis, there 
is a bell-shaped curve of variation in the distribution 
of female carriers with respect to the percent of CGD 
versus normal oxidase phenotype neutrophils in indi-
vidual female carriers. The ratio of normal to CGD 
phenotype neutrophils in a female carrier is thought 
to be fixed for life, though some changes in skewing 
have been reported to occur in elderly female carriers. 
It is also of note that when an HLA-matched female 
carrier sister serves as a donor for HSCT of a male 
patient with X-linked CGD, if full donor chimerism 
occurs, the ratio of oxidase normal to CGD phenotype 
neutrophils that is observed in the transplant recipi-
ent exactly matches that seen in the donor sister. From 
these observations it is possible to conclude that as 
few as 5–10% of cells having normal respiratory burst 
activity is usually sufficient to prevent the occurrence 
of bacterial or fungal infections typical of CGD in the 
female carrier [83]. However, other manifestations of 
heterozygous carriage of X-linked CGD mutations 
include discoid lupus erythematosus-like lesions, aph-
thous ulcers, and photosensitivity [29, 93].

4.7.3
Clinical Manifestations

Infectious manifestations. CGD presents anywhere from 
infancy to late adulthood, but the majority of patients 
are diagnosed as toddlers and children. However, with 
improved diagnostic tools and increased knowledge 
among the general physician community about CGD, 
a growing number of patients with the p47phox form or 
mild variants of X-linked CGD are diagnosed in later 
childhood or adulthood [195].

The frequent sites of infection are lung, skin, 
lymph nodes, and liver. Osteomyelitis and perianal 
abscesses or fissures are also common [165, 195] 
(Table 4.4). Although gingivitis has been reported in 
CGD, surprisingly it is not a clinical problem in most 
patients with CGD. Pulmonary infection is typically 
pneumonia, but hilar lymphadenopathy, empyema, 
and lung abscesses also occur (Fig. 4.5). The micro-
biology of the infections in CGD is remarkable for 
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its  relative specificity. The overwhelming majority of 
infections in CGD in North America are due to only 
five organisms: Staphylococcus aureus, Burkholderia 
(Pseudomonas) cepacia, Serratia marcescens, Nocardia,
and Aspergillus. In the preprophylaxis era, most lung, 
skin, and bone infections were staphylococcal. Spe-
cific note must be made of the fact that particularly 
in infancy, but also in children under 2 years of age, 
osteomyelitis and soft tissue infection with S. marcescens
is a particularly common first presentation of CGD. 
With TMP-SMX prophylaxis, the frequency of bacterial 
infections in general has been reduced. Staphylococcal 
infections in particular are essentially confined to 
the liver and lymph nodes [195]. Whereas the typi-

cal liver abscess in the immunocompetent patient 
involves enteric organisms and is liquid and easily 
drainable, the liver abscesses encountered in CGD 
are densely fibrotic caseous structures studded with 
microabscesses infected with staphylococcal and 
usually require excisional surgery for eradication. In 
some cases tube drainage or very prolonged medi-
cal therapy alone may suffice [104]. Bacteremia is 
uncommon, but when it occurs, is usually due to 
B. cepacia, S. marcescens, or Chromobacterium viol-
aceum, one of the gram negative rods that inhabits 
soil and warm brackish water, such as that found in 
the south-eastern United States. Bacterial and Nocar-
dia infections in CGD tend to be symptomatic and 
associated with elevated erythrocyte sedimentation 
rates, mildly elevated leukocyte counts, and fever 
[53]. In contrast, fungal infections are much less 
symptomatic in terms of leukocytosis or fever, and 
are often detected at asymptomatic stages. Unlike 
in neutropenic patients, fungal pneumonias do not 
generally cavitate in CGD, whereas Nocardia infec-
tions do. S. marcescens and Nocardia infections also 
tend to metastasize to multiple sites with a particular 
predilection for bone; and also tend to be necrotizing 
infections associated with extensive tissue destruc-
tion if not promptly and aggressively treated.

Fungal infections have been the leading cause of 
mortality in CGD [195]. However, the advent of itraco-
nazole prophylaxis and the newer agents for treatment 
of filamentous fungal infections, such as voriconazole 
and posaconazole, have markedly reduced the fre-
quency and mortality of fungal infections in CGD. 
Bony involvement by fungi typically but not exclu-
sively occurs by direct extension from the lung to ribs 
or spine (Fig. 4.6). Aspergillus nidulans is an organism 
virtually exclusive in its occurrence in CGD. It causes 
a much higher rate of osteomyelitis than other fungi, 
and has had a much higher rate of mortality than 
Aspergillus fumigatus or other fungi [164, 179].

Table 4.4 Percentage prevalence of frequent infections by site in CGD patients

Type of infection USA (n = 368) (%) Japan (n = 221) (%) Iran (n = 41) (%) Germany (n = 39) (%)

Pneumonia 79 88 65 67
Abscess 68 77 53 41
Lymphadenitis 53 85 75 72
Osteomyelitis 25 22 21 15
Sepsis 18 28 ND 23
Reference [195] [80] [120] [100]

ND, Not determined

Fig. 4.5 Pneumonia and localized regional BCGitis in a 
9-year-old X-linked CGD patient. Chest X-ray showing a 
right basal pneumonia and two calcified lymph nodes on 
the left axillae sequel to neonatal BCG vaccination
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Besides A. nidulans and C. violaceum, other micro-
organisms should also encourage physicians to suspect 
CGD. Granulibacter bethesdensis is a novel gram-
 negative rod isolated from necrotizing lymph nodes 
in CGD [75]. Penicillium piceum is a relatively non-
pathogenic fungus that produced lung nodules and 
osteomyelitis in a CGD patient [160].

Localized BCG infections are seen in CGD patients, 
although they rarely disseminate (Fig. 4.6). In the US 
CGD survey, almost 6% of pneumonias were reported to 
be mycobacterial [32, 195]. Rates of tuberculosis appear 
to be higher in CGD patients in some smaller series [96]. 
CGD patients appear to be more susceptible to tuberculo-
sis and it is a significant problem for CGD patients in areas 
highly endemic for tuberculosis. The granulomas often 
seen in biopsies from CGD patients from any infectious or 
inflammatory may mislead pathologists to suggest tuber-
culosis despite the lack of confirming cultures or special 
stains. Therefore, a past history of tuberculosis in a CGD 
patient may or may not be accurate, and should be suspect 
in areas without significant endemic tuberculosis.

Non-infectious manifestations. Patients with CGD 
are prone to the formation of excessive granulomata 
(Table 4.5). These can affect any hollow viscera, but are 
especially problematic in the gastrointestinal (GI) and 
the genitourinary tracts (GU). Marciano et al. (2004), 
analyzed 140 CGD patients and found 43% of the X-
linked and 11% of the autosomal recessive patients had 
symptomatic, biopsy–proven, inflammatory bowel 
disease. Abdominal pain was the most frequent symp-
tom. Some children or adolescents without evidence of 
inflammation of the colon or sigmoid may have inflam-
mation and granuloma formation confined only to the 
pylorus and/or upper bowel that may be difficult to 
diagnose by imaging or endoscopy. Symptoms may be 
only early satiety, discomfort after eating, occasional 
morning vomiting or even just vague, but chronic and 
generalized mild abdominal pain. The latter symptom 
complex when occurring in elementary school-aged 
CGD boys may be misinterpreted by parents and phy-
sicians as a psychosomatic symptom of school phobia. 
A trial of steroids should be considered before ascrib-
ing this symptom complex to psychosomatic causes 
in a young CGD patient. Walther et al. found 38% of 
patients had some kind of urologic event, including 
bladder granulomata, ureteral obstruction, and uri-
nary tract infection. All patients with granulomata of 
the bladder or stricture of the ureter had defects of the 
membrane component of the NADPH oxidase: 8 had 
gp91phox defects and 1 had a p22phox defect [188]. Steroid 
therapy is quite effective and surprisingly well-toler-
ated for resolution of obstructive lesions or sympto-
matic granulomas of both the GI and GU tracts. In the 
case of sudden bladder obstruction with pain on uri-
nation in a child with known CGD who does not have 
evidence of urinary tract infection, instrumentation 
should specifically be avoided because prompt admin-
istration of a short course of high dose steroids may 
relieve the obstruction within 12–18 h. Several reports 
and many anecdotes confirm the benefit of steroids 
given at about 1 mg/kg for a brief initial period and 

Table 4.5 Percentage prevalence of frequent granulomatous 
complications by site in CGD patients

Site of granuloma-
tous complication

Percent of affected 
patients (patients 
in the study) Reference

Gastrointestinal tract 32% (140) [110]
Genitourinary tract 18% (60) [188]
Choreoretinal lesions 24% (38) [72]

Fig. 4.6 Osteomyelitis in a 7-year-old X-linked CGD patient. 
Total body scintigram showing a posterior arch left rib fun-
gal osteomyelitis in a CGD patient. His only manifestation 
was increased erythrocyte sedimentation rate in a routine 
follow-up laboratory control. No fever, pain or discomfort 
was reported at presentation or during follow-up
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then tapered to a low dose on alternate days [41, 121, 
141, 178]. Prolonged low-dose maintenance (pred-
nisone 0.1–0.2 mg/kd on alternate days) may seem to 
be only a homeopathic dose of steroids, but in many 
cases is both necessary and sufficient to control symp-
toms long term. Extensive experience with this level of 
very low dose alternate day prednisone has indicated 
that this doing does not appear to be associated with 
an increased rate of serious infections. There are anec-
dotal reports of the use of infliximab in severe cases 
of inflammatory bowel disease in CGD patients. While 
this therapy has been very effective in some patients 
who have significant fistulous tract formation or who 
are otherwise refractory to steroids or other agents, 
there is a very real risk of severe infections with typi-
cal CGD pathogens. Therefore, if infliximab is used for 
complicated or refractory inflammatory bowel disease 
in a CGD patient, intensified prophylaxis and increased 
vigilance for intercurrent infections are needed in the 
setting of this potent immunosuppressive.

Chorioretinal lesions are described in up to 24% of 
X-linked CGD patients. They are mostly asymptomatic 
retinal scars associated with pigment clumping. How-
ever, in a few cases large retinal inflammatory lesions 
develop with significant visual loss. While steroid treat-
ment is not recommended for small quiescent lesions 
typically found in X-linked CGD patients. In cases of 
large active inflammatory lesions that may threaten 
vision, steroid treatment is often used, but there are no 
clear data to show that this intervention helps. Inter-
estingly, these same lesions can also be detected in 
gp91phox female carriers [72].

A peculiar and problematic inflammation compli-
cation of CGD occurring in the post-surgical patient 
is late dehiscence of surgical wounds without infec-
tion. This is particularly a problem in neck, chest and 
abdominal surgical wounds. The patient will have 
undergone surgery for diagnosis or treatment of an 
infection, but may also occur with hernia repair or 
other non-infection setting. Typically at about 7–12 
days after the surgery (but can occur later), often after 
removal of clips or sutures, the surgical wound site 
will redden and show swelling. This will be followed 
by opening and spreading of the edges of the wound. 
If not properly managed the wound will take a very 
long time to heal by second intention granulation 
and late epithelialization leaving a very significant 
scar. Paradoxically, early intervention at the signs of 
early reddening and swelling of a surgical wound with 
4–7 days of 0.5 mg/kg prednisone followed by a rapid 
taper over the next 2 weeks will prevent the dehis-
cence. Stitches or clips should be retained in place 

for a more prolonged period to prevent dehiscence in 
CGD patients.

Hepatic abnormalities are frequently described in 
CGD patients. Liver enzymes were reported to be ele-
vated at least once in 73% of a CGD cohort (n = 194) 
followed at the National Institutes of Health (NIH), 
25% had persistent elevations of alkaline phosphatase 
and drug-induced hepatitis was reported in at least 
15% of these patients. One-half had splenomegaly that 
was usually associated with portal vein venopathy; in 
cases with abnormal liver enzymes who underwent 
biopsy liver histology, 75% had granulomata, and 90% 
had lobular hepatitis [84]. Development of significant 
venopathy with elevation of portal pressures in the 
liver together with significant non-immune mediated 
thrombocytopenia is a poor prognostic sign in CGD 
patients.

Autoimmune disorders of many types (generally of 
the Th1 variety) are more common in CGD. Both dis-
coid and systemic lupus erythematosus (SLE) have been 
described in CGD patients, and also in X-linked CGD 

Fig. 4.7 Cutaneous manifestations in a female CGD car-
rier. Photosensitive discoid lupus-like lesions involving the 
cheeks of a 36-year-old X-linked CGD female carrier. A scar 
on the right side of her neck, secondary to lymphadenitis 
drainage, can also be seen
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female carriers [34, 109] (Fig. 4.7). Sarcoidosis, idi-
opathic thrombocytopenic purpura (ITP) and juvenile 
idiopathic arthritis in children (previously called juvenile 
rheumatoid arthritis or JRA), antiphospholipid hyperco-
agulopathy, and idiopathic recurrent pericarditis all have 
been reported in children and young adults with CGD at 
a frequency higher than seen in the general population 
[195]. While many CGD patients have inflammation in 
the GI tract, a subset of these have a disorder indistin-
guishable from Crohn’s disease. It is possible that Crohn’s 
disease that occurs in CGD is part of the broad spectrum 
of autoimmune diseases that appear to be associated with 
CGD. The hyperinflammation of CGD and/or the recur-
rent infections may trigger the development of autoim-
munity, which is influenced by predisposing genetic 
factors other than CGD.

The gene coding for the Kell blood cell antigen 
system (XK) maps to Xp21, immediately adjacent to 
CYBB, the gene for gp91phox. Patients with interstitial 
deletions in the X-chromosome may delete portions 
of both genes (contiguous gene disorder) and thereby 
present with both CGD and McLeod syndrome, an 
acanthocytosis syndrome with anemia, elevated creat-
ine phosphokinase, and late-onset peripheral and cen-
tral nervous system manifestations. Special care has 
to be taken when transfusing X-linked CGD patients 
to avoid Kell(+) transfusions into Kell(-) patients [66, 
115]. All X-linked CGD patients should be tested to be 
sure of the presence of Kell antigens.

Unlike many of the immunodeficiencies affecting 
lymphocytes, CGD patients are not more prone to 
develop neoplasia. Single cases of acute lymphoblastic 
leukemia and squamous cell carcinomata due to vori-
conazole photosensitivity are reported [116, 196].

4.7.4
Diagnosis

A history of recurrent and/or unusually severe infec-
tions, particularly those caused by the pathogens com-
monly associated with CGD (see 4.7.3 for more details), 
should prompt testing for this disorder. Although CGD 
has no pathognomonic clinical findings, the diagnosis 
should be particularly considered in the patient with 
a constellation of characteristic pathologies coupled 
with characteristic microbiology. Consistent clinical 
findings include splenomegaly, hepatomegaly, growth 
retardation, diarrhea, and abnormal wound healing 
with dehiscence, but these are neither necessary nor 
sufficient for the diagnosis. CGD patients may have 
minimal clinical signs and symptoms despite signifi-

cant infectious involvement. Leukocyte counts are 
not consistently elevated during infection, whereas 
erythrocyte sedimentation rate is a sensitive indicator 
of infection. An increase in sedimentation rate or C-
reactive protein should initiate the search for infection. 
Similar to other PID, diagnosis and treatment of infec-
tions in CGD must be aggressive. Invasive procedures 
oriented towards direct microbiological diagnoses 
should be considered as first-line diagnostic tests and 
should not be left until after the failure of empirical 
therapy. The reduction in mortality and morbidity in 
recent years is largely attributable to the prophylaxis of 
and aggressive recognition and treatment of infections 
in these patients [1, 68, 112, 173].

Diagnostic tests for CGD rely on various measures 
of superoxide production. These include direct meas-
urement of superoxide production, ferricytochrome 
c reduction, chemiluminescence, nitroblue tetrazo-
lium (NBT) reduction, and dihydrorhodamine-123 
(DHR) oxidation. Currently, the flow cytometry-
based DHR oxidation assay is preferred because of its 
objectivity, its relative ease of use, its ability to dis-
tinguish between X-linked and autosomal forms of 
CGD, and the ability to detect gp91phox carriers [186, 
187]. The other mentioned techniques are effective 
and can provide reliable diagnoses of CGD, but suf-
fer either from an inability to distinguish individual 
cells, or the need for significant operator experience 
and interpretation.

Several other conditions may affect the neutrophil 
respiratory burst. Glucose-6-phosphate-dehydroge-
nase (G-6PD) deficiency, glutathione synthetase (GS) 
deficiency, and RAC-2 deficiency may mimic certain 
aspects of neutrophil dysfunction of CGD, such as the 
decreased respiratory burst and increased susceptibility 
to bacterial infections [152, 156, 192]. However, G-6PD
deficiency is most often associated with some degree of 
hemolytic anemia, whereas CGD is not; on the other 
hand, severe GS deficiency is associated with 5-oxo-
prolinuria, acidosis and mental retardation, besides 
hemolytic anemia. Diverse pathogens, including 
Legionella pneumophila, Toxoplasma gondii, Chlamy-
dia, Entamoeba histolytica, and Ehrlichia risticii, have 
been shown to inhibit the respiratory burst in vitro. 
Human granulocytic ehrlichiosis infection depresses 
the respiratory burst by downregulating gp91phox [12].

Immunoblot and molecular sequencing are con-
firmatory techniques used to determine the specific 
genotype of CGD. Because gp91phox and p22phox require 
each other to stabilize their expression on the cell mem-
brane, deficiency of either one of them usually implies 
the lack of the other in immunoblot analysis [165]. 
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However, complete absence of any detectable signal 
in an “overdeveloped” anti-p22phox blot together with 
lack of mosaic pattern of oxidase  activity in maternal 
neutrophils is very strong presumptive evidence for 
genetic deficiency of p22phox. The clinical history usu-
ally suggests autosomal recessive or X-linked disease, 
based on sex, consanguinity, age at presentation, and 
severity. Autosomal recessive p47phox-deficient CGD 
has a significantly better prognosis than X-linked dis-
ease [195].

4.7.5
Management

The cornerstones of CGD management are: (1) early 
diagnosis, (2) Antimicrobial prophylaxis with TMP-
SMX, itraconazole, and interferon-γ (IFNγ), and (3) 
aggressive management of infectious complications, 
which usually include invasive diagnostic procedures 
and parenteral/prolonged anti-infection medication. 
In this section, we will also discuss curative options 
for CGD.

Antimicrobial prophylaxis. CGD is the only primary 
immunodeficiency in which prospective, randomized, 
placebo-controlled studies of prophylaxis of infection 
have been performed [1, 68]. Anti-microbial prophylaxis 
in CGD patients relies on a triad of antibacterial proph-
ylaxis [trimethoprim-sulfamethoxazole (TMP-SMX or 
cotrimoxazole)], antifungal prophylaxis (itraconazole) 
and immunostimulant therapy (IFNγ). Altogether this 
scheme has dramatically reduced the morbidity rates 
from severe infections [1, 68, 111, 112].

The first prophylactic agents shown to be effective 
in CGD patients were nafcillin and trimethoprim-
sulfamethoxazole [90, 139]. With time, TMP-SMX 
became the standard of care for CGD patients. In a 
retrospective study, TMP-SMX (5 mg/kg/day) low-
ered the incidence of bacterial infections from 15.8 
to 6.9/100 patient-months in X-linked CGD patients 
and from 7.1 to 2.4/100 patient-months in autosomal 
recessive CGD [112]. No increase in fungal infections 
was noted due to the use of TMP-SMX prophylaxis. 
TMP-SMX is preferred because it has activity toward 
the four most common bacterial pathogens causing 
infection in CGD patients (see Sect. 4.7.3 for more 
details), while at the same time having minimal effect 
on commensal bacterial flora in the gut.

Prophylactic TMP-SMX is usually prescribed at 
5 mg/kg/day divided twice daily, although several 
centers use single-day doses to enhance treatment 
adherence. For patients allergic to sulfonamide drugs, 

alternatives include trimethoprim as a single agent, oral 
beta-lactamase stable penicillins such as dicloxacillin, 
an oral cephalosporin or a fluoroquinolone. In some 
young children, the antifolate effect of TMP-SMX may 
cause hematologic cytopenia, but in most cases may 
be corrected by the daily administration of leucovorin 
which bypasses the antifolate effect of TMP-SMX in 
human cells without blocking the antimicrobial effect 
of this antibiotic.

The advent of the azole antifungal drugs has dra-
matically altered the clinical consequences of fungal 
infections in CGD. Itraconazole is proven effective in 
CGD [33, 68, 119, 138]. In the only prospective, ran-
domized, double-blind placebo-controlled antifungal 
trial in CGD, Gallin et al. reported 7 serious fungal 
infections in patients receiving placebo, compared 
to only 1 serious fungal infection in those receiving 
itraconazole (100 mg/day in patients aged 5–12 years; 
200 mg/day in patients ≥13 years or ≥50 kg). The 39 
patients in this study were randomized to receive pla-
cebo or itraconazole for a year and were then crossed-
over to the other arm of the protocol; all patients were 
on antibacterial prophylaxis and most were receiving 
prophylactic IFNγ [68]. Itraconazole-resistant fungal 
infections do occur, but almost all have been respon-
sive to voriconazole or posaconazole [4, 163]. The 
liquid oral formulation of itraconazole has signifi-
cantly improved absorption than the capsule form but 
is slightly limited by the cyclodextrin vehicle, which 
poses some problems for the liquid formulation in 
renal failure.

Immunomodulatory therapy. An international, 
multi-center, randomized, double-blind, placebo-
controlled trial, showed that IFNγ (50 mcg/m2 sub-
cutaneously three times weekly) reduces the number 
and severity of infections in CGD patients, regardless 
of their age, CGD genotype, or concomitant use of 
other prophylactic agents [1]. This study included 128 
CGD patients (4–24 years old) from 13 centers (10 US, 
3 European) and found the IFNγ was well tolerated. 
Marciano et al. confirmed the tolerability and long-
term efficacy of IFNγ in a study involving 76 CGD 
patients followed for up to 9 years [111]. Based on 
328 patient-years or observation, the incidence of seri-
ous infections on IFNγ was 0.30/patient-year, and the 
mortality rate was 1.5%/patient-year.

For patients over 0.5 m2 of body surface, 50 mcg/m2

three times weekly of IFNγ is recommended, while for 
children less than 0.5 m2, 1.5 mcg/kg subcutaneously 
three times weekly is the suggested dose. Fever and 
myalgias are the most common IFNγ adverse events, 
but may be minimized by concomitant use of acetom-
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inophen and administration before bedtime. Other 
side effects may include nightmares, general malaise 
and trouble concentrating on work tasks or school.

The need for administration by injection, cost, side 
effects, continuing improvement in prognosis based 
on better antifungals, and lack of general familiarity 
with cytokine therapies have contributed to the signifi-
cantly less than universal use of IFNγ in CGD patients 
around the world [100, 119, 138]. It is possible that less 
frequent administration and/or lower doses of IFNγ
might provide effective prophylaxis, but alternate regi-
mens have not been studied. A number of patients find 
the standard dosing regimen unacceptable for a variety 
of reasons, but find lower doses and/or less frequent 
administration tolerable. Such alternate dosing likely 
provides benefit and is better than not taking IFNγ at 
all. Despite the strong evidence for IFNγ’s prophylac-
tic benefit in CGD, it has not been shown to help in 
the treatment of acute infections, nor does it either 
increase or decrease inflammation complications of 
CGD, including inflammatory bowel disease.

Acute infection management. Life-threatening infec-
tions may occur at any time in patients with CGD, even 
in those who have been free of infections for years. Seri-

ous infections, particularly those caused by fungi, may 
be asymptomatic or minimally symptomatic at pres-
entation. Significant increases in sedimentation rate or 
C-reactive protein should prompt a search for hidden 
infection. Imaging with plain radiographs, ultrasound, 
CT, or MR imaging are extremely important for the 
detection of and determination of extent of infections. 
Because the differential diagnosis for any specific infec-
tion includes bacteria, Nocardia, mycobacteria, and 
fungi, a definitive microbiologic diagnosis is essential 
for directing therapy. Biopsies to obtain microbiological 
diagnosis should be insisted upon before the initiation 
of therapy and not after empirical therapy has failed 
(Fig. 4.8). Surgical debridement, especially in staphy-
lococcal liver abscesses, may be necessary [104, 164]. 
In institutions which have experienced interventional 
radiologists, fine needle or core biopsies of lung or liver 
has a high yield for cytology or culture identification of 
causative pathogen (>70% yield) with less morbidity 
than open surgical procedures or even video-assisted 
thoracic surgery (VATS) lung biopsy. Having a cytol-
ogy technician present at the time of needle biopsy can 
provide improve yield by providing a guide to whether 
a good specimen has been obtained (presence of 

Fig. 4.8 Pre-, intra- and post-CT (computed tomography) 
scan-guided FNA (fine needle aspiration) in a 7-year-old X-
linked CGD patient. (a) A thorax CT scan showing a pleu-
ral-based nodular lesion in the basal portion of the left lung 
(white arrowhead; the patient was placed on prone position 

for the procedure). (b) Pulmonary FNA biopsy performed 
with a 21G needle (white arrowhead). (c) Post- biopsy con-
trol CT scan where no complications are detected (e.g., 
bleeding, pneumothorax) and a small intralesional scar can 
be seen (white arrowhead)
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granulomas) or if additional needle passes are required. 
Fungus infections of the lung in CGD generally have a 
low diagnostic yield by bronchoscopy, making biopsy a 
preferred  diagnostic procedure.

Management of infections depends on the micro-
biology, but some general approaches can be outlined. 
For pneumonias, after diagnostic specimens have been 
obtained, empirical initiation of intravenous TMP-
SMX plus either a fluoroquinolone or meropenem for 
bacteria/nocardia coverage, and voriconazole for fungus 
coverage is appropriate pending microbiology. Most 
Burkholderia, Serratia and Nocardia infections are sensi-
tive to TMP-SMX. The use of TMP-SMX as therapy for 
infections that have occurred on prophylaxis remains 
highly effective, and may reflect either a dose-effect, or a 
failure of patients to actually take their prophylaxis. Sta-
phylococcal pneumonias are very rare after the initia-
tion of prophylaxis, but remain the most common cause 
of liver abscess, and may still cause lymph node infec-
tions. Lymphadenitis is usually staphylococcal and often 
necrotic. These infections may respond faster to excision 
of the affected lymph node along with antimicrobials. 
Chromobacterium violaceum is a Gram-negative rod 
that lives in warm brackish water and produces a deep 
purple pigment. It can cause bacteremia and sepsis in 
CGD, and typically responds to TMP-SMX, quinolones 
or carbapenems. Granulibacter bethesdensis is a newly-
identified  Gram-negative rod that causes necrotizing 
lymphadenitis in CGD. It grows slowly on Legionella
or tuberculosis media and responds to ceftriaxone 
[75]. In general, fungal infections are more indolent 
and bacterial  infections more acute in clinical presenta-
tion.  However, Siddiqui et al. have recently described an 
acute fulminant pneumonitis with hypoxia due to inha-
lation of mulch or compost [172]. This presentation is 
sometimes the initial presentation of infection, even in 
an adolescent or young adult not previously known to 
have CGD, and is likely pathognomonic of CGD. The 
typical presentation is fever, cough and shortness of 
breath with hypoxia. Early in the process a regular chest 
X-ray may be read as normal, but computed tomogra-
phy (CT) X-ray of the lungs reveals a diffuse reticular/
miliary infiltrate. This must be considered a medical 
emergency because untreated, this type of infection 
progresses rapidly to fatal hypoxia because of an over-
whelming pulmonary inflammatory response to the 
widely distributed inhaled fungus. Urgent institution of 
both antifungals and steroids (1 mg/kg/day) is required 
to treat the infection while reducing the potentially fatal 
severe pulmonary inflammation. As the infection comes 
under control the steroids may be reduced and tapered 
over several weeks.

Granulocyte transfusions have been used in 
severely ill CGD patients, especially those with fun-
gal infections [85, 131, 185, 197]. However, with the 
remarkable improvement in antifungals over the last 
few years, the clinical reasons to use them are lim-
ited. Further, granulocyte transfusions often lead to 
alloimmunization, which may significantly impair the 
likelihood of successful HSCT. Therefore, we reserve 
granulocyte transfusions as a last resort if medical 
therapy is failing. If granulocytes transfusions are 
used, preparation of the donor by administration of a 
single dose of G-CSF plus dexamethasone the evening 
before apheresis collection results in extraordinarily 
large yields of granulocytes that when administered 
to an adult CGD patient may result in 5–20% circu-
lating oxidase positive neutrophils at 12–15 h after 
administration.

Although HSCT is usually contraindicated in 
the setting of active infection, it has been used for 
refractory chronic infections in CGD. Ozsahin et al. 
controlled the infections and achieved full immune 
reconstitution in an eight-year-old boy with 
Aspergillus nidulans infection [131]. Bielorai et al. 
reported a similar case [23]. At this point, HSCT for 
active infections should only be performed at cent-
ers with experience in this procedure, as the risks of 
death are high.

Curative treatments. Successful HSCT is a defini-
tive cure for CGD. In the largest series published, Seger 
et al. [166], reported very encouraging results in 27 
mostly pediatric European CGD patients transplanted 
with unmodified marrow grafts from HLA-identical 
siblings (25/27) or unrelated (2/27) donors. Absence of 
pre-existing overt infection appeared as the single best 
prognostic factor for HSCT. All patients free of infec-
tions at the time of the transplantation (18/18) were 
well and alive at the time of publication. The 4 deaths 
in the study occurred among the 9 patients suffering 
from uncontrolled infections at the time of the pro-
cedure. The 4 cases of severe graft-versus-host disease 
described in their patients occurred in those with overt 
infections or acute inflammatory disease at the time of 
the transplant.

Since as few as 5–10% of normal cells are sufficient 
to prevent and control infections, as shown in Lyonized 
females, Horwitz et al. sought to achieve mixed hemat-
opoietic chimerism sufficient to prevent infection in 
10 patients with CGD [83]. They gave T cell depleted 
hematopoietic stem cell grafts from HLA-identical 
siblings. Three of the adult patients died 8–14 months 
after the initial procedure. Six of the 10 recipients had 
engraftment of at least 33%, but one had delayed graft 
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failure. The five recipients who survive and remain 
engrafted continue to be free of CGD infections or 
other complications of CGD at more than 7–9 years 
after transplantation. One of these patients has stable, 
unchanging mixed chimerism with 12% donor mye-
loid cell engraftment, indicating that even this modest 
percent of oxidase normal neutrophils is sufficient to 
achieve cure of the CGD phenotype.

Gungor et al. tested a shortened and less toxic con-
ditioning protocol using bone marrow-derived stem 
cells in three high-risk adult CGD patients. Prior to 
the transplant these patients were also pretreated with 
intravenous antibiotics and antifungals. All survived 
the procedure with full donor engraftment and nor-
mal neutrophil function at 12–27 months [77].

These are promising preliminary results for HLA-
identical HSCT in CGD patients. Still undefined are 
the proper degree of immune ablation in prepara-
tion for the transplant, the degree of T cell deple-
tion, and the prophylaxis for graft versus host disease. 
The decision to pursue HSCT in CGD is an evolving 
one: as transplant-related morbidity and mortality 
decline, the benefits to patients in terms of rescue from 
 inflammatory bowel disease, for instance, will be sub-
stantial. Currently, with best medical therapy, HSCT 
survival is high and complications are usually manage-
able; so, it may become ‘the treatment of choice’ in the 
foreseeable future [134].

Chronic granulomatous disease is also well-suited 
for gene therapy, since it results from single-gene defects 
that almost exclusively affect the hematopoietic system. 
Retroviral vectors that provide normal gp91phox, p47phox

or p67phox genes can reconstitute NADPH oxidase activ-
ity in deficient cells, establishing the proof-of-principle 
for gene therapy in CGD [51, 108, 190]. Malech et al. 
reported ex-vivo transduction of peripheral blood stem 
cells in 5 adult patients with p47phox deficient CGD [108]. 
While functionally corrected granulocytes were detect-
able in peripheral blood following this procedure, their 
peak frequency was only 0.004–0.05 % of total peripheral 
granulocytes, a level well below the minimum number 
required for protective activity. Subsequently, Ott et al. 
reported two adults with X-linked CGD who were suc-
cessfully treated with retrovirus-based gene therapy and 
autologous HSCT after busulfan-mediated non-ablative 
bone marrow conditioning. The substantial levels of oxi-
dase positive neutrophils appeared to result from out-
growth of myeloid clones in which vector had inserted 
in and activated the EVI1/MDS gene complex or similar 
myeloid growth control genes with one or two clones 
predominating myelopoiesis. Clinical response was 
observed after transplantation in both patients. However, 

one of the patients died 27 months after the procedure 
due to infection and, at the time of death, gene marked 
neutrophils appeared to have lost oxidase activity. The 
second patient also appeared to have diminished oxidase 
activity over time despite continued gene marking. The 
long-term consequences of vector insertion mediated 
clonal outgrowth and oligoclonality of myelogenesis is 
unknown, but myelodysplasia may be a risk. The long-
term risks and effectiveness of gene therapy for CGD 
remain to be determined [129, 130].

Prognosis. When the first 92 patients with “fatal gran-
ulomatosis of childhood” were reported, 45 had already 
died, 34 of them before the age of 7 years. Today, survival 
is dramatically improved. In the United States CGD reg-
istry, more than 25% of all living CGD patients (and 
42% of those with autosomal recessive CGD) were 20 
years or older [195]. In a German cohort of 39 patients 
observed over a 22-year period, the survival rate was 
50% through the fourth decade of life [100]. In a British 
cohort, aggressive  antibacterial and antifungal prophy-
laxis greatly diminished the risk of serious infections 
compared with historic controls [33].

The quantity and quality of the lives of CGD patients 
have improved dramatically since its initial description. 
Life-threatening infections continue to occur, but diag-
nostic and treatment opportunities have improved as 
well, making CGD a disease that is eminently survivable. 
Focus on improved management approaches for the sig-
nificant complications of CGD, such as inflammatory 
bowel disease and chronic hypoxic inflammatory/fibrotic 
lung disease, is sorely needed. HSCT and gene therapy are 
improving and eventually will offer definitive correction. 
In the interim, antimicrobial prophylaxis with TMP-
SMX, itraconazole and IFNγ; early diagnosis of infections 
and aggressive treatment of them; and aggressive man-
agement of CGD-associated colitis and inflammatory/
fibrotic lung disease will keep patients well.

4.8
Neutrophil G-6PD Deficiency

4.8.1
Definition

Glucose-6-phosphate-dehydrogenase (G-6PD) defi-
ciency (OMIM+305900) is one of the most common 
enzymopathies in erythrocytes, which causes usually a 
nonspherocytic anemia without immunologic abnor-
malities. In 1972, Cooper et al. described a white female 
patient with severe bacterial infections and absence of 



    Chapter 4 Phagocytes Defects 153

G6PD in leukocytes. It was demonstrated that the patients’ 
leukocytes were unable to kill ingested bacteria [44].

4.8.2
Etiology

G-6PD deficiency is due to missense or small in-frame 
mutations in the G6PD gene [22] on Xq28. The reduced 
function of the enzyme in leukocytes leads to a reduc-
tion of NADPH by the hexose-monophosphate pathway. 
The most susceptible cells are those that lack mitochon-
dria-like erythrocytes because these cells need NADPH 
against oxidative stress and have no other source of this 
molecule than the hexose-monophosphate pathway. If 
the mutation is severe enough that the residual activity 
is below 5% [11], the  oxidative burst of phagocytes is 
also severely impaired [44, 74, 184].

4.8.3
Clinical Manifestations

Severe phenotypic forms present with symptoms 
similar to CGD, like organ abscesses, severe pneumo-
nia and signs of hemolytic anemia (jaundice, elevated 
reticulocyte count) [74].

G-6PD deficiency is highly polymorphic and the 
severity of clinical manifestations depends on the vari-
ant alleles: the most frequent variants are the Mediter-
ranean and Canton variants, which present as severe 
phenotype, whilst the African and Mahidol variants 
present as moderate disease phenotype [128]. Interest-
ingly, CGD-like forms are only observed in Caucasians 
with G-6PD deficiency [127].

4.8.4
Diagnosis

Signs of hemolytic anemia in combination with a 
‘pathological’ nitro blue-tetrazolium (NBT) test or 
dihydrorhodamine reduction below 1% suggest the 
diagnosis. Determination of G-6PD activity in eryth-
rocytes and leukocytes using a fluorescent spot test 
[21] or spectrophotometrically measured NADPH 
generation [20] confirms the diagnosis.

4.8.5
Management

There is no curative treatment available. Acute infections 
and hemolysis have to be treated symptomatically.

4.9
Myeloperoxidase Deficiency

4.9.1
Definition

Myeloperoxidase (MPO) deficiency (OMIM#254600) 
is the most common phagocytes defects (approxi-
mately 1 in 4,000 population) and leads to a defective 
production of hypochloric acid in these cells [122, 
133]. It was first described by Lehrer and Cline [98], 
who found no detectable activity of the lysosomal 
enzyme in neutrophils and monocytes from a patient 
with disseminated candidiasis. Other granule-associ-
ated enzymes were normal. Leukocytes from one of 
the proband’s sisters also showed no MPO activity. 
Leukocytes from the proband’s four sons showed 
about one-third normal levels. Salmon et al. [159] 
demonstrated immunologically the absence of MPO 
protein, or at least the absence of cross-reacting mate-
rial in homozygotes. Eosinophil peroxidase, which is 
chemically distinct from MPO, was normal.

4.9.2
Etiology

Myeloperoxidase is abundant in azurophilic granules 
and catalyzes the conversion of H

2
O

2
 into hypochlo-

ric acid [123]. This molecule amplifies the toxic-
ity of reactive oxygen radicals. The gene is encoded 
on chromosom 17q23. The primary deficiency of 
MPO is inherited as an autosomal recessive disorder. 
A secondary form of MPO deficiency has been described 
in lead poisoning (due to inhibition of heme synthesis), 
in severe infections (due to consumption), neuronal lipo-
fuscinosis, diabetes mellitus, in patients treated with cyto-
toxic drugs and malignant disorders like acute and chronic 
myeloid leukemia, myelodysplastic syndrome and Hodg-
kin’s lymphoma (due to chromosomal rearrangements). 
MPO-deficient neutrophils are markedly less efficient in 
killing Candida albicans or Aspergillus hyphae.

4.9.3
Clinical Manifestations

Interestingly, the vast majority (>95%) of MPO deficient 
individuals are completely asymptomatic, despite the kill-
ing defect of the neutrophils. Symptomatic patients suffer 
from recurrent candida infections and sometimes from 
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diabetes mellitus [39, 133]. Severe infections of the bones, 
meninges and septic episodes occasionally occur.

Anti-MPO antibodies are associated with certain 
forms of vasculitis (e.g., microscopic polyangiitis) 
and MPO derived oxidants seem to play a role in neu-
rodegenerative disorders and atherosclerosis [123, 
135, 183], but this is not uniformly accepted [117]. 
Interestingly, MPO knockout mice developed larger 
 atherogenic lesions under a high cholesterol diet than 
MPO wild type mice [30].

4.9.4
Diagnosis

MPO deficiency can be suspected if a large proportion 
of “unstained” cells are reported from a differential 
blood count. The definite diagnosis requires the dem-
onstration of the defect enzyme. MPO is easily detected 
using a hydrogen peroxide/ethanol solution containing 
benzidine. Cells with intact enzyme show yellow-brown 
granules in the plasma, cells with MPO deficiency have 
clear plasma around the blue cell nucleus.

4.9.5
Management

There is no specific treatment for MPO deficiency. In 
symptomatic patients long-term antifungal prophy-
laxis with fluconazole or itraconazole may be benefi-
cial. In patients with diabetes mellitus rigorous control 
of the blood glucose should be achieved.

4.10
Specific Granule Deficiency

4.10.1
Definition

Specific granule deficiency (SGD) (OMIM#245480) is a 
very rare deficiency of neutrophil granules which leads 
to disturbed chemotaxis and receptor upregulation and 
increased susceptibility to bacterial infections (Fig. 4.9).

4.10.2
Etiology

The granulocytes lack expression of at least one pri-
mary and all secondary and tertiary granule proteins. 

The lack of many granule constituents results in a 
significant decrease of oxygen-independent bacteri-
cidal activity and a decrease in expression of adhe-
sion molecules and chemotactic receptors on the cell 
surface.

The defect is caused by a mutation in a myelopoi-
esis specific transcription factor (CEBPe) or Ccaat/
enhancer-binding protein, epsilon (OMIM*600749) 
[99], which regulates the synthesis of proteins at the 
critical period during differentiation of neutrophils 
that encompasses the tail end of primary gran-
ule production and all of the period of time dur-
ing which the specific granules and it components 
are produced. In addition to granule contents, the 
membranes of these missing granules would nor-
mally contain receptors for chemotactic factors like 
fLMP or adhesion proteins. Specific granule defi-
ciency is an oxygen independent microbicidal defect. 
Targeted disruption of the gene in mice resulted in 
a phenotype very similar to humans. This includes 
bilobed nuclei, abnormal respiratory burst activity, 
and impaired chemotaxis and bactericidal activity. 
The CEBPe_-deficient mice are susceptible to gram 
negative bacterial sepsis, particularly with Pseu-
domonas aeruginosa, and succumb to systemic infec-
tion at 3–5 months of age [73].

4.10.3
Clinical Manifestations

The patients suffer from ulcerative and necrotic lesions 
of the skin and mucous membranes as well as recur-
rent pneumonias frequently due to Staphylococcus 
aureus and/or Pseudomonas aeruginosa. As in LAD, pus 
formation is defective.

4.10.4
Diagnosis

In the blood smear, abnormal segmentations of the 
granulocytes are pathognomonic. Chemotaxis is sig-
nificantly reduced and specific granules are absent 
from electron microscope images of granulocytes. 
As SGD individuals express normal levels of lactof-
errin and transcobalamin I in their saliva but not in 
their plasma or neutrophils, determination of these 
two molecules in the two compartments may give a 
hint for the diagnosis. Definitive diagnosis is made by 
mutational analysis of the CEBPε gene.
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4.10.5
Management

Long-term antibiotic prophylaxis is usually necessary. 
Antibiotics in acute infections should cover Staphyloccus 
aureus, Pseudomonas aeruginosa and Klebsiella spp.

4.11
Shwachman–Diamond Syndrome

4.11.1
Definition

Shwachman–Diamond syndrome (SDS) (OMIM 
#260400) is a syndrome comprising exocrine pan-

creatic insufficiency, bone marrow failure and met-
aphyseal chondrodysplasia. It was first described 
by Bodian et al. in 1964 [24] and subsequently by 
Shwachman, Diamond et al. in the same year [171]. It 
affects approximately 1 in 50,000 live births. In 2003, 
mutations in the SBDS gene (Shwachman–Bodian–
 Diamond syndrome) were found to be associated 
with the clinical disease [27].

4.11.2
Etiology

SDS is a disease caused by mutations in a hitherto 
poorly characterized gene called Shwachman–Bodian–
Diamond-Syndrome gene (SBDS) (OMIM*607444). 
Most SBDS mutations appear to arise from a gene con-

Fig. 4.9 Some of the members of the CCAAT/enhancer bind-
ing protein (C/EBP) family of DNA regulatory molecules play 
key roles in the development and differentiation of myeloid 
cells. This figure indicates the particularly essential role of 
C/EBPα and C/EBPε in granulopoiesis with emphasis on where 
in differentiation of neutrophils loss of function mutations of 
C/EBPε leads to specific granule deficiency phenotype. Growth 
factors and differentiation signals impinging on the common 
myeloid progenitor that enhance the production of C/EBPα
lead to modest production of PU.1, another DNA regula-
tory factor that drives differentiation toward the granulocyte-
monocyte progenitor. Growth signals conducive to monocyte 
differentiation mediate their effect by inducing production of 
AP-1 and other regulatory molecules which result in high lev-
els of PU.1 that drive differentiation toward monocytogenesis. 
Interestingly, loss of C/EBPα blocks production of neutrophils 
and eosinophils, but does not fully block monocyte produc-

tion. Growth signals conducive to granulocyte differentiation 
mediate their effect by maintaining C/EBPα, but with a low 
level of PU.1, driving differentiation toward the promyelocytic 
stage of differentiation. There is some evidence that C/EBPδ
may play an important permissive role at this stage of granu-
lopoiesis. At the late stage promyelocyte in the last phase of 
production of azurophil granules C/EBPε is absolutely required 
for activation and transcription of genes encoding some pro-
teins that are packaged in the last group of azurophil granules,
for all the proteins packaged in specific granules, for proteins 
needed to construct the actual specific granule structures, and 
for proteins required for producing the characteristic nuclear 
segmentation of mature neutrophils. Thus, in the absence of 
functional C/EBPε neutrophils are produced but lack some 
azurophil granule proteins, lack all specific granule proteins, 
and have incomplete neutrophil nuclear segmentation (lower 
right side of figure)
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version event between the SBDS gene and its adjacent 
pseudogene [27]. SBDS co-precipitate with molecules 
like 28S rRNA and nucleofosmin. The latter protein is 
implicated in the regulation of ribosome biogenesis 
[76], modulation of apoptosis [132] and chroma-
tin transcription [180]. Homozygous expression of 
SBDS gene mutations leads to early fatal death, sug-
gesting that the SBDS gene is essential for early mam-
malian development [202]. There is therefore some 
 experimental support that SDS belongs to bone mar-
row failure syndromes affecting the ribosome [69] like 
dyskeratosis congenita [118] or Blackfan-Diamond 
anemia [42]. The syndrome encompasses a moder-
ate neutropenia with exocrine pancreatic insufficiency 
and metaphyseal chondrodysplasia. Later on, ane-
mia and thrombocytopenia develop in a majority of 
patients. Neutrophils show defective chemotaxis [2]. 
The amount of CD34 cells is reduced and the CD34 
cells have a reduced capacity to form colonies. Apop-
tosis of CD34 cells is increased [54–57] which may 
explain the pancytopenia.

4.11.3
Clinical Manifestations

Patients with SDS suffer as infants initially from 
failure to thrive with foul smelling stools due to the 
pancreatic insufficiency and persistent or intermit-
tent neutropenia with recurrent infections like recur-
rent otitis media, sepsis, pneumonia etc. [71]. Later 
on pancreatic insufficiency improves significantly in 
more than 50% of the patients older than 4 years, but 
anemia as well as thrombocytopenia develops in a 

high proportion of patients (up to 40%). Neutrope-
nia is intermittent in about two-thirds and constant 
in the remaining third [71]. Approximately 10% of 
patients progress to myelodysplastic syndrome and 
acute myelogenous leukemia [176]. Furthermore, 
patients suffer from skeletal abnormalities (irregular-
ity of metaphyses, osteopenia, short stature) [106], 
neurodevelopmental delay [87], dental caries [2], and 
hepatic dysfunction [71].

4.11.4
Diagnosis

A presumptive diagnosis requires the demonstration 
of exocrine pancreatic insufficiency (increased fat in 
stool sample) and bone marrow failure, i.e. neutro-
penia (<1,500/µl, 3 times over 3 months), throm-
bocytopenia (<150,000/µl), and anemia. Abdominal 
ultrasound shows typically an echointense pancreas 
(Fig. 4.10) due to replacement of acini with adi-
pose tissue (Fig. 4.11). Chemotaxis of neutrophils is 
reduced and some patients show a metaphyseal dys-
plasia on long bone radiology. The diagnosis could be 
confirmed by mutational analysis of the SBDS gene, 
but a negative test does not exclude the diagnosis, as 
about 10% of patients with a clinical diagnosis of SDS 
lack SBDS mutations. In the patients younger than 3 
years, serum trypsinogen is pathologically low.

Laboratory tests should include a complete blood 
and differential count, 72-h fecal fat collection, serum 
trypsinogen, bone marrow aspiration with cytoge-
netic studies particularly to look for myelodysplastic 
syndromes (MDS) and monosomy 7, imaging of the 

Fig. 4.10 Abdominal sonography of a 2-year-
old boy with SDS and typical “white” pancreas 
(arrows) due to lipomatosis. (Courtesy of K. 
Schneider; Munich, Germany)
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Fig. 4.11 Typical histology of the 
pancreas of a patient with SDS. Note 
the extensive replacement of the exo-
crine pancreas by adipose tissue sur-
rounding acini (large arrows) with 
remaining small islands of paren-
chyma (small arrows). (a and b differ-
ent magnifications)

pancreas, and long bone radiology. Cystic fibrosis 
should be excluded.

4.11.5
Management

First line therapy is directed to ameliorate the direct 
consequences of the disease. Exocrine pancreatic fail-
ure is treated with substitution of pancreatic enzymes 
similar to cystic fibrosis and fat soluble vitamins if 

needed. Blood count should be monitored at least every 
6 months and bone marrow once a year. Neutropenia 
with recurrent bacterial infections or with a high risk 
of severe infections (e.g., ANC <500/µl) can be treated 
with G-CSF. There is, however, a theoretical risk of stim-
ulation of malignant pre-leukemic clones and therefore 
the risks and benefits should be considered. Leukocyte-
depleted and irradiated erythrocyte transfusions are 
recommended in patients with symptomatic anemia. 
In cases of thrombocytopenia and bleeding platelet, 
transfusions are indicated. HSCT should be offered to 
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patients with pancytopenia, MDS or overt leukemia in 
remission [40, 169, 170]. HSCT may be complicated by 
the stromal defect and should be performed in centers 
with experience with this disease. Survival is only about 
60–70%. Finally, for bone and dental abnormalities 
anticipatory management is indicated.

4.12
Localised Juvenile Periodontitis

4.12.1
Definition

Localised juvenile (prepubertal) periodontitis 
(OMIM#170650) is a form of aggressive periodontitis 
that occurs in the primary dentition of children. In the 
absence of systemic disease it is thought to be a spe-
cial form of the more frequently occurring localized 
aggressive periodontitis in adolescences and adults. 
Neutrophils show impaired chemotaxis.

4.12.2
Etiology

The disease is thought to be caused by the absence of a 
cell surface glycoprotein (GP110) [28, 136]. The exact 
pathogenic mechanism, however, is not known. It has 
been suggested that mutations in a chemotactic recep-
tor, formyl peptide receptor 1 (FRP1, OMIM*136537)
could lead to such disease [78].

4.12.3
Clinical Manifestations

The disease is characterized by symmetric localized 
loss of attachment of primary teeth, (Fig. 4.12) gingival 
inflammation, extensive plaque deposits and calculus. 

It may progress to localized aggressive periodontitis in 
the permanent dentition. Actinobacillus actinomycetum
species are frequently isolated from gingival swabs.

4.12.4
Diagnosis

Inspection of the oral cavity with typical clinical signs, 
impaired chemotaxis to fMLP [167] and lack of sys-
temic disease. Definitive diagnosis can be achieved by 
mutational analysis of the chemotactic receptor FPR1.

4.12.5
Management

Therapy includes regular local cleaning and antibiotic 
therapy to reduce plaque formation and extraction of 
affected teeth. Combination therapy with amoxicillin 
and metronidazole seems to be particularly effective 
[161, 168]. Nevertheless, periodontal surgery is often 
necessary.

4.13
Papillon–Lefèvre Syndrome

4.13.1 
Definition

Papillon-Lefèvre syndrome (OMIM#245000) is char-
acterized by premature loss of the primary and perma-
nent teeth, hyperkeratosis of the palms, soles and less 
frequently knees and elbows.

4.13.2
Etiology

The gene responsible for this disease is the cathepsin C 
gene (CTSC) (OMIM*602365), located on chromosome 

Fig. 4.12 Horizontal resorption of 
alveolar bone in a patient with localized 
juvenile periodontitis. (Courtesy of 
B.H. Belohradsky; Munich, Germany)
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11Q14 [128]. This leads to a defective function of the 
neutrophils [64], which alleviate the gingival infec-
tion. Actinobacillus actinomycetenicomitans species, 
Fusobacterium nudatum, Eikenella corrodens are typi-
cal bacteria cultured from the gingival sulcus [193]. 
The loss of the teeth is a consequence of the gingival 
inflammation.

4.13.3
Clinical Manifestations

Typical symptoms are periodontal inflammation soon 
after eruption of the primary teeth with rapid and 
severe bone loss; in general primary teeth are lost by 5 
years and permanent teeth a few years after eruption.

4.13.4
Diagnosis

Inspection of the oral cavity with typical clinical signs, and 
hyperkeratosis of the palms, soles, knees, and elbows asso-
ciated with impaired chemotaxis.  Definitive diagnosis can 
be achieved by mutational analysis of the CTSC gene.

4.13.5
Management

Early antibiotic therapy specific for the above men-
tioned pathogens normally slow the development of 
the disease. If antibiotics fail, extraction of all erupted 
teeth should be performed to preserve the non erupted 
permanent teeth. Treatment with retinoids has been 
reported with variable success [94, 182].
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Core Messages

● Susceptibility to infection and immune dys-
regulation are associated in many primary 
immunodeficiency diseases.

● Some primary immunodeficiencies cause 
immune dysregulation in the absence of sus-
ceptibility to infection.

● The common pathophysiological feature of 
familial hemophagocytic lymphohistiocyto-
sis (FHL) is an impairment in cellular cyto-
toxicy. The clinical picture is one caused by 
an excessive  activation of the immune system 
and not by an uncontrolled infection.

● Chediak-Higashi syndrome, Griscelli syndrome 
II, Hermansky Pudlak syndrome II and p14 
deficiency are autosomal recessive diseases with 
oculocutaneous hypopigmentation and vari-
able signs of immunodeficiency. The molecular 
basis are defects in the biogenesis, transport or 
delivery of secretory lysosomes, leading to a risk 
of hemophagocytic lymphohistiocytosis.

● X-Linked Lymphoproliferative syndrome 
(XLP) has three main disease manifestations: 
fulminant infectious mononucleosis, dys-
gammaglobulinemia and lymphoma. Disease 
onset is usually triggered by Epstein-Barr 
virus (EBV)-infection and patients may be 
asymptomatic prior to EBV-infection.

● Autoimmune lymphoproliferative syndrome 
(ALPS) is a benign Lymphoproliferative dis-
ease caused by defective apoptosis of periph-
eral lymphocytes. The clinical hallmarks are 
lymphoproliferation and autoimmune dis-
ease, in particular autoimmune cytopenia.

● Typical manifestations of APECED (autoim-
mune polyendocrinopathy with candidiasis 
and ectodermal dystrophy) are chronic or recur-

5.1
Introduction

The primary role of the immune system is defense against 
infection. Antimicrobial immune responses are highly 
dynamic processes that involve rapid expansion and con-
traction of immune cell populations, targeted exertion of 
highly potent effector functions, and secretion of soluble 
mediators that have antimicrobial properties and influ-
ence cell functions and interactions. To maintain homeos-
tasis, both innate and adaptive immune responses require 
tight regulation. Exaggerated inflammatory responses 
can be the consequence of uncontrolled activation of the 
immune system and failure to control immune responses 
against host antigens causes autoimmunity. There are 
many checkpoints that help to maintain homeostasis in 
the immune system involving a variety of cells and media-
tors. It is therefore not surprising that genetic deficiencies 
in many immunologically relevant molecules can lead to 
immune dysregulation in addition to absence of suscepti-
bility to infection.

rent mucocutaneous candidiasis, hypopar-
athyroidism and adrenocortical failure. The 
pathogenetic basis of APECED is a disturbed 
development of immunological tolerance 
in the thymus due to mutations in the gene 
encoding AIRE (autoimmune regulator).

● Immunodysregulation, polyenocrinopathy, 
enteropathy, X-linked (IPEX) is caused by 
mutations in the gene “forkhead box P3” 
(FOXP3), which is central for the genera-
tion and function of regulatory CD4+T cells. 
IPEX usually manifests within the first year 
of life with severe diarrhea, failure to thrive, 
eczematous skin lesions, diabetes mellitus 
and/or other endocrinopathies.
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Failure to regulate immune responses may lead 
to various clinical manifestations including (benign) 
lymphoproliferation, febrile inflammatory responses 
and autoimmunity. In many cases, infections  trigger 
these aberrant responses. In some circumstances, 
 failure to appropriately control pathogens contrib-
utes to their maintenance, but in others, no exog-
enous stimulus can be identified. The molecular 
and cellular mechanisms responsible for immune 
 dysregulation vary in different forms of primary 
immunodeficiencies. In many diseases, several mech-
anisms are involved. Immunodeficiencies associated 
with immune dysregulation include antibody defi-
ciencies, T cell  deficiencies, phagocytes defects and 
 complement deficiencies. These diseases are discussed 
in the respective sections of this book. This chapter 
describes  several immunodeficiency syndromes that 
predominantly manifest with immune dysregulation. 
This includes the familial hemophagocytic syndromes, 
the closely related immunodeficiencies with hypo-
pigmentation, XLP (X-Linked Lymphoproliferative 
syndrome, ALPS (Autoimmune Lymphoproliferative 
syndrome), APECED (Autoimmune polyendocrinop-
athy with candidiasis and ectodermal dystrophy) and 
IPEX (Immunodysregulation, polyenocrionpathy, 
enteropathy, X-linked).

5.2
Familial Hemophagocytic 
Lymphohistiocytosis (Perforin Deficiency, 
MUNC13-4 Deficiency, Syntaxin 11 
Deficiency)

5.2.1
Definition

Familial hemophagocytic lymphohistiocytosis (FHL) 
is a group of genetically determined, life-threatening 
diseases caused by the uncontrolled proliferation of 
activated lymphocytes and histiocytes secreting high 
amounts of inflammatory cytokines [55]. The symp-
toms were first described in 1952 and include prolonged 
fever, hepatosplenomegaly, pancytopenia and neuro-
logical symptoms [51]. Currently, there are four known 
forms of FHL (FHL1-4), for three of which the causative 
genes have been identified: FHL-2 (OMIM#603553) 
is caused by mutations in the gene encoding perforin 
(PRF1, OMIM*170280) [169], FHL-3 (OMIM#608898) 
is due to mutations in the gene encoding MUNC 13-4 
(MUNC 13-4 or UNC13D, OMIM*608897) [52] and 
FHL-4 (OMIM#603552) is caused by mutations in the 

gene encoding syntaxin 11(STX11, OMIM*605014) 
[197]. All of these proteins are involved in cellular cyto-
toxicity mediated by NK cells and T cells [56]. FHL-1 
has been linked to chromosome 9q21.3-22, however its 
genetic basis is still unknown [126]. In addition, there 
are further familial forms of the disease whose genetic 
basis remains to be elucidated.

5.2.2
Etiology

Contact-dependent cellular cytotoxicity by NK cells 
and CD8+ cytotoxic T cells (CTL) is one of the key 
effector mechanisms of the immune system against 
intracellular pathogens such as viruses and intracel-
lular bacteria [93]. Cellular cytotoxicity is mediated 
by cytotoxic granules in the cytoplasm of NK cells 
and CTL containing perforin, granzymes and other 
components. After target cell recognition and forma-
tion of an appropriate contact area between effector 
and target cell (the immunological synapse), gran-
ules migrate to the site of cell contact, fuse with the 
plasma membrane and their contents are secreted into 
the intracellular space. Perforin and granzymes then 
cooperate to mediate rapid apoptosis of the target cell 
(Fig. 5.1) [171].

Perforin, MUNC13-4 and Syntaxin 11 are all 
expressed in NK cells and CTL. Perforin is a pore-
forming protein that can insert into the lipid bilayer 
of target cell membranes causing cell death by osmotic 
lysis and allowing entry of apoptosis-inducing 
granzymes [22]. MUNC13-4 is involved in vesicle 
priming and MUNC13-4 deficiency results in defec-
tive exocytosis despite polarization of lytic granules 
and docking with the plasma membrane [122]. Syn-
taxin 11 is also expressed in APC and an impaired 
interaction between CTL and APC may contribute to 
FHL-4 [197]. However, the association of syntaxin 11 
with other lysosomal proteins and the recent descrip-
tion of impaired CTL and NK cell degranulation in 
patients with syntaxin 11 deficiency suggests that it is 
also important for granule exocytosis [24].

In the context of its antimicrobial function, perforin-
dependent cytotoxicity also plays an important role in 
the maintenance of T cell homeostasis [37]. During 
infections, pathogen-specific T cells undergo a massive 
expansion and activate their direct and indirect anti-
microbial effector pathways including cytotoxicity and 
release of inflammatory cytokines such as interferon-
gamma (IFN-γ). These pathways are also used by NK cells 
and lead to control of pathogen replication in infected 
tissues, but also to the elimination of antigen-presenting 



cells (APC). Both of these processes lead to a reduction 
in the level of antigenic stimulation of T cells. As a con-
sequence, most of the effector T cells die leaving a pool 
of memory T cells that can  mediate recall responses on 
further exposure to antigen. In the absence of perforin-
dependent cytotoxicity, this “negative feed-back loop” is 
ineffective [38, 112]. Prolonged stimulation by APC and 
impaired pathogen control leads to uncontrolled expan-
sion and persistence of the activated CTL.

Uncontrolled secretion of cytokines by activated 
CTL and NK cells leads to the hyperinflammatory state 
characteristic of hemophagocytic lymphohistiocytosis 
(HLH). Experiments with perforin-deficient mice have 
identified IFN-γ as a key cytokine involved [91]. IFN-
γ is toxic to hematopoietic cells, which contributes to 
the cytopenia of HLH [15]. It is also a crucial activator 
of macrophages and tissue infiltration by macrophages 
with increased phagocytic activity are key features of 
HLH. This includes phagocytosis of blood cells in 
bone marrow and other  infiltrated organs such as the 
liver, spleen or the brain, the demonstration of which 
is relevant for the diagnosis of the disease.

5.2.3
Clinical Manifestations

In about 85% of patients with FHL, the disease manifests 
within the first year, in 70% before 6 months of life [89]. A 
short period of absence of symptoms and normal devel-
opment after birth is typical. Although the full picture of 
HLH is rather characteristic, the initial clinical presenta-
tion of the disease is highly variable. In most patients, high 
fever unresponsive to antibiotic therapy, often undulating, 

in combination with pallor, vomiting and weight loss, are 
the first signs of the  disease. Hepatosplenomegaly is usu-
ally pronounced and progressive, lymphadenopathy can 
only be observed in about 30% of patients. Jaundice and 
edema, purpura and bleeding and nonspecific skin rashes 
may also be present. Neurological symptoms can mani-
fest at the beginning of the disease, but more commonly 
develop later during disease progression. Typical symp-
toms and signs include  irritability, bulging fontanelle, 
hyper- or hypotonia, seizures and apathy or coma [70]. 
These symptoms and signs of HLH may be progressive, 
leading to a lethal outcome if untreated, or may be remit-
tant occurring in several bouts that ultimately lead to a 
lethal episode. Although a milder course of the disease 
with recurrent exacerbations and remissions has been 
observed in some patients with syntaxin 11 deficiency 
[151], clinical criteria do usually not allow to differenti-
ate between the different genetic variants of the disease. 
Late-onset forms of FHL have been described, in particu-
lar in patients with missense mutations in perforin. These 
patients manifested late into adulthood and frequently 
showed atypical presentations including predominantly 
neurological disease [53] or aplastic anemia [167].

5.2.4
Diagnosis

Due to the nonspecific symptoms and signs, the diag-
nosis of FHL is difficult, in particular in patients with 
an incomplete, late-onset manifestation of the dis-
ease (Table 5.1). The two important challenges are to 
diagnose the hemophagocytic syndrome and to verify 
a genetically determined form of the disease. Typical 

Fig. 5.1 Pathogenesis of cytotoxicity 
defects. Adapted from [38]
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laboratory findings of HLH include anemia, throm-
bocytopenia and, to a lesser extent, leukopenia. Clinical 
chemistry reveals signs of liver dysfunction including 
hypertriglyceridemia, hyperbilirubinemia, elevated 
transaminases, highly elevated ferritin (>500 ng/ml), 
hyponatremia and hypoproteinemia [89]. In addition, 
coagulation abnormalities are common, in particular 
hypofibrinogenemia. Analysis of the cerebrospinal fluid 
frequently shows mononuclear pleocytosis and increased 
protein, but may also be normal despite the presence of 
significant magnetic resonance imaging (MRI) changes 
such as hyperdense areas, atrophy or brain edema [70].

Immunological findings include markedly 
decreased cytotoxic activity by NK cells and increased 
levels of  activated CD8+ T cells. High levels of several 
cytokines including TNF-α, IFN-γ, IL-1 and IL-6 can 
be demonstrated as well as high levels of soluble CD8 
or soluble CD25 (sCD25, sIL-2R) reflecting the mas-
sive T cell, NK cell and macrophage activation [77]. 
The major histopathological finding is the infiltration 
of various organs by activated CTL and macrophages. 
Hemophagocytosis of erythrocytes and leukocytes 
is frequently observed, but may be absent (Fig. 5.2). 
Most organs can be infiltrated, but most frequently the 
spleen, liver, lymph nodes, bone marrow and central 
nervous system (CNS).

Diagnostic guidelines for the diagnosis of HLH 
have been established and may help in the differential 
diagnosis [76, 78]. Five of the following eight criteria 
must be fulfilled:

● Fever
● Splenomegaly
● Cytopenia >/= 2/3 lineages (Hb <9 mg/l, Platelets 

<100,000/ul, Neutrophils <1,000/ul)
● Hypertriglyceridemia and/or hypofibrinogenemia

● Hemophagozytosis in bone marrow, spleen, lymph 
nodes or CSF

● Reduced NK cell activity
● Ferritin > 500 ng/ml
● sCD25 > 2,400 U/ml

In parallel to the diagnostic evaluation for HLH, the 
question must be addressed, whether this is a genetic 
or (more frequently) a secondary form of the disease. 
A positive family history and parental consanguinity 
and an early age at manifestation may suggest a famil-
ial form. However, secondary forms due to infections, 
hematopoietic malignancies or autoimmune disease 
may also manifest in the first year of life [89]. Since 
infections also contribute to the manifestation of HLH 
in genetic cases, a careful microbiological work-up is 
required [43]. This includes blood and cerebrospinal 
fluid (CSF) cultures, diagnostic evaluation for viral 
infections [Epstein-Barr virus (EBV) in particular, but also 
cytomegalovirus (CMV), human immunodeficiency virus 
(HIV), adenovirus, enterovirus, parvovirus or human 
herpesvirus-6 (HHV-6)], fungal infections (aspergillus), 
bacterial or parasitic infections (congenital lues, miliar 
tuberculosis, leishmaniosis, malaria, and brucellosis). 
Visceral leishmaniosis is particularly difficult to diag-
nose and may require repeated very careful analysis of 
bone marrow smears in addition to serological tests. It is 
not a rare cause of HLH and should be actively sought 
for [61].

Demonstration of an infectious trigger of HLH 
may allow directed therapy, but does not discriminate 

Table 5.1 Diagnostic criteria for hemophagocytic 
lymphohistiocytosis (www.histio.org)

Category Criteria

Clinical criteria Fever
Splenomegaly

Laboratory criteria Cytopenia ≥2 lineages
Hypertriglyceridemia +/− 
hypofibrinogenemia

Histopathologic criteria Hemophagocytosis in bone 
marrow, spleen or lymphnode

New criteria Impaired NK cell function
Ferritin >500 µg/L
Soluble IL-2 receptor 
>2,400 u/ml

Fig. 5.2 Bone marrow aspirate smear from a hemophagocytic 
lymphohistiocytosis-patient showing a macrophage engulfing 
a granulocyte and a red cell precursor (hemophagocytosis)



between primary and secondary forms of the disease. 
Although useful diagnostic algorithms have been pro-
posed [2], the role of phenotypic functional immu-
nological tests has not been prospectively evaluated. 
Absent intracellular staining of perforin in NK cells 
can support the diagnosis of FHL-2, but variants of 
the disease with remaining perforin expression have 
been reported [53]. Absent NK cytotoxicity and is a 
typical features of FHL, but can also be observed in 
secondary forms of the disease (Fig. 5.3a). Normaliza-
tion of NK cell activity during remission is important 
evidence for a secondary form of the disease. Meas-
urement of CTL mediated cytotoxicity can be more 
informative, since it is not compromised during active 
HLH. Recently, measurement of expression of the lys-
osomal marker protein CD107 on CTL or NK cells has 
been introduced as a parameter to quantify secretion 
of lytic granules (Fig. 5.3b) [14]. Reduced degranula-
tion can be observed in patients with FHL-3, FHL-4 
or yet undefined genetic disorders of degranulation 
[24, 110]. However, the test has not yet been used in 
a sufficient number of patients with secondary HLH 
to judge its usefulness for differentiating between pri-
mary and secondary forms of the disease. The CD107 
assay is also useful in the diagnosis of patients with 
more complex lysosomal trafficking disorders lead-
ing to hypopigmentation and immunodeficiency [49]. 
Hair microscopy and evaluation of granule morphol-
ogy in granulocytes may be helpful in differentiating 
the FHL variants from these diseases (see Sect. 5.3 for 
more details).

Genetic analysis can help to establish a definite 
diagnosis of perforin, MUNC13-4 or syntaxin 11 defi-
ciencies. However, in a relevant proportion of cases, 
diagnosis of FHL still is a diagnosis of exclusion, 
depending on many anamnestic, clinical, laboratory, 
immunological and genetic criteria.

5.2.5
Management

Without treatment, FHL is usually lethal within 
the first year of life. Forms with very early onset of 
HLH tend to be more aggressive. There is no estab-
lished prophylaxis to prevent HLH in patients with a 
genetic diagnosis of FHL prior to the manifestation 
of HLH. Current protocols for the treatment of HLH 
(HLH-2004) include chemotherapeutic (etoposide) 
or immunotherapeutic (anti-thymocyte globulin) 
regimes in association with cyclosporine A and dex-
amethasone [78, 131]. Appropriate antimicrobial 
treatment may help to control the infectious trigger, 
although this will only sometimes modify the course 
of the disease. This includes the use of rituximab for 
control of EBV infection. Intrathecal methotrexate 
(MTX) may help to treat the neurocerebral involve-
ment and to limit further relapse. Unfortunately, these 
treatments are not always effective in controlling the 
primary disease and frequently fail to control relapses. 
At present, hematopoietic stem cell transplantation 
(HSCT) is the only curative treatment. The success of 

Fig. 5.3 (a) Results of an NK cell cytotoxicity assay showing 
severly impaired cytotoxic activity of patient cells in comparison 
to cells from a healthy control. (b) CD8+ T cell degranulation 
assay. Short-term PHA-blasts were stimulated with anti-

CD3/anti-CD28 and stained for markers of T cell activation 
(IFN-γ) and degranulation (using the lysosomal marker pro-
tein CD107). The T cells from a patient with Chediak-Higashi 
syndrome fail to degranulate despite normal activation

 Chapter 5 Genetic Disorders of Immune Regulation 171



172 Carsten Speckmann et al.

HSCT depends on the extent of control of HLH prior 
to transplantation. Parital chimerism appears to be 
sufficient to prevent HLH reactivation in most cases. 
The estimated 3-year survival for patients with con-
firmed FHL in the HLH-94 study was about 50% [79] 
and similar numbers have been reported in a recent 
single-center study of 48 patients [131]. New targeted 
immunotherapeutic approaches are needed for the 
better control of the severe immune dysregulation 
prior to HSCT.

5.3
Immunodeficiency with Hypopigmentation 
(Chediak-Higashi Syndrome, Griscelli 
Syndrome, Type II, Hermansky-Pudlak 
Syndrome, Type II, p14 Deficiency)

5.3.1
Definition

The occurrence of immunodeficiency and immune 
dysregulation in patients with oculocutaneous hypo-
pigmentation provides one of the fascinating exam-
ples, how basic cell biological processes impinge on 
several organ systems and cause complex human 
diseases that require precise differential diagnosis 
and interdisciplinary patient care. Chediak-Higashi 
(CHS, OMIM#214500), Griscelli syndrome type II 
(GSII, OMIM#607624), Hermansky Pudlak syndrome 
type II (HPSII, OMIM#608233) and p14 deficiency 
(OMIM#610798) are four autosomal-recessive diseases 
with hypopigmentation and variable signs of immu-
nodeficiency. While CHS, GSII and HPSII all bear a 
common risk to develop HLH, this has not yet been 
reported in p14 deficiency. The genetic basis of these 
disorders is mutations in genes involved in the biogen-
esis, transport or delivery of secretory lysosomes (SL).

5.3.2
Etiology

Secretory lysosomes are cellular organelles which are 
involved in trafficking and exocytosis of intracellular 
proteins. They have important functions in several cell 
types, including melanocytes, neuronal cells, platelets, 
granulocytes, mast cells, NK cells and T cells [32, 170]. 
The protein machinery required for adequate biogen-
esis, transport and delivery of secretory lysosomes has 
a variable composition in each cell type. Therefore, the 

clinical phenotype of diseases due to genetic defects in 
proteins involved in lysosomal trafficking varies widely 
despite the similar cell biological basis. This has led to 
their classification as predominantly dermatologic, 
hematologic, hemostaseologic or immunologic disor-
ders. While the seven genetically defined HPS variants 
predominantly present as bleeding disorders [186], the 
most important clinical problem of patients with CHS 
and GS type II is immunodeficiency [38] and immune 
dysregulation. Neurological defects characterize GS 
type I and CHS, while patients with GS type III only 
show oculocutaneous hypopigmentation [113]. This 
latter feature links all of these syndromes.

CHS [28, 80] is caused by mutations in the Lyso-
somal Trafficking Regulator (LYST, OMIM*606897) 
gene [7], encoding the CHS protein. This protein 
interacts with components of the t-SNARE (Soluble N-
ethylmaleimide attachment protein receptor) com-
plex, which plays a key role in vesicle docking and 
fusion [170, 171]. Several lysosomal proteins includ-
ing MHC II, CTLA-4, granzymes and perforin are 
sorted abnormally in cells from CHS patients [171] 
and the LYST defect also leads to the formation of 
abnormally enlarged granules [44]. These granules 
can polarize to the immunological synapse, but can-
not fuse with the membrane accounting for defec-
tive cytotoxic activity of NK cells and CTL in patients 
with CHS [32]. The giant granules [44] also form 
in other cells of the immune system and may cause 
the impaired chemotactic responses and cell-killing 
defects observed in CHS. CHS is also expressed in 
neurons and platelets and abnormal vesicle trans-
port in these cells probably explains the neurological 
manifestations and the bleeding tendency associated 
with this disease [170].

GS type II [68] is caused by mutations in the gene 
(RAB27A, OMIM*603868) encoding the GTPase 
RAB27A [114]. This protein is required for granules 
to move from the microtubule organizing center 
(MTOC) to the cell membrane. The granules move 
along the microtubulus, but fail to detach from it 
[32, 170, 171]. An interaction between RAB27A and 
MUNC13-4 has been described [171]. The protein is 
expressed in NK cells and CTL explaining the cytotox-
icity defect in patients with GSII. It is not expressed in 
neurons [170].

HPS type II is due to mutations in the gene (AP3B1,
OMIM*603401) encoding the β-subunit of AP-3, an 
endosomal adaptor protein [40, 86, 92]. CTL from 
HPSII patients set up a MTOC upon activation, but 
granules completely fail to travel towards the immu-
nological synapse [32, 170, 171]. AP-3 is also a key 
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 regulator for sorting neutrophil specific elastase [12], 
which may explain the chronic neutropenia observed in 
HPSII patients [49]. The protein is also expressed in lys-
osome-related organelles of osteoclasts and pulmonary 
epithelial cells which explains bone abnormalities and 
progressive pulmonary fibrosis in this disease [64].

p14 is an adaptor molecule which seems to play 
a crucial role in controlling the configuration of the 
late endosomal compartment [182]. A hypomorphic 
mutation in the gene (MAPBPIP, OMIM*610389) 
encoding p14 has recently been described in four 
patients with hypopigmentation [21], short stat-
ure and immunodeficiency. p14 deficiency leads to 
decreased cytotoxic activity by CTL, disturbed B cell 
differentiation and chronic neutropenia, but the pre-
cise molecular mechanism remains to be defined.

5.3.3
Clinical Manifestations

The clinical manifestations of CHS are highly variable 
[38, 170]. Albinism ranges from mild pigmentary dilu-
tion of the skin and hair to severe hypopigmentation 
resulting in full oculocutaneous hypopigmentation 
with photophobia and nystagmus. The storage pool 
deficiency of platelets leads to a bleeding disorder 
with easy bruisability. Neurological manifestations 
include seizures, mental retardation, which may be 
progressive, cranial nerve palsies and progressive 
peripheral neuropathy. There is a significant suscep-
tibility to pyogenic infections. About 85% of patients 
develop HLH, also termed “accelerated phase” in this 
context [38, 170].

Patients with GSII have a more prominent hypo-
pigmentation phenotype than patients with CHS and 
usually show silvery gray hair and light skin [113, 171]. 
In some patients, neurological symptoms have been 
observed, but this is not a constant feature of the dis-
ease [96]. Platelet defects are not associated. The risk 
of developing HLH is higher in GS than in CHS [112, 
114, 171]. Most patients die within the first 10 years of 
life from HLH, if not treated by HSCT.

Oculocutaneous hypopigmentation is also pro-
nounced in patients with HPSII (Fig. 5.4) [40, 49, 86, 92, 
161, 162, 171]. These patients also show neutropenia, a 
moderate bleeding tendency, hepatosplenomegaly, mild 
facial dysmorphia and dysplastic acetabulae, develop-
mental delay, pulmonary fibrosis and susceptibility to 
bacterial infections. One of eight patients described so 
far developed HLH at the age of 3 years [49, 171]. The 
risk for developing HLH therefore still remains unclear. 

The four reported patients with p14 deficiency showed 
 oculocutaneous hypopigmentation, neutropenia, 
short stature, coarse facial features and recurrent bron-
chopulmonary infections [21, 161, 162]. HLH has not 
yet been observed in p14 deficient patients.

5.3.4
Diagnosis

In any patient with immunodeficiency and hypopig-
mentation, a disorder of lysosomal trafficking should 
be suspected. Careful clinical evaluation, in particular 
with respect to dysmorphy, bleeding and neurodevel-
opmental issues may help to differentiate the different 
disorders (Table 5.2). Light microscopy of hair shafts 
is a simple, helpful extension of these clinical observa-
tions (Fig. 5.5). Hairs from CHS-patients present with 
evenly distributed regular melanin granules, larger 
than those seen in normal hairs. In contrast, hair 
from GSII-patient exhibit bigger and irregular mela-
nin granules. In a single patient with HPSII, unevenly 
distributed small clumps of pigment were identified 
[21, 49, 161, 162]. The distribution of melanin in hair 
shafts of p14 deficient patients has so far not been 
reported.

Fig.  5.4 Oculocutaneous hypopigmentation in a patient with 
 Hermansky-Pudlack syndrome, type II
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Fig. 5.5 Light-microscopic hair 
shaft analysis of Chediak-Higashi 
and Griscelli syndrome in com-
parison to a control. (Courtesy of 
N. Parvaneh; Tehran, Iran.)

Table 5.2 Differential diagnosis of oculocutaneous hypopigmentation and 

 immunodeficiency

Griscelli II
Chediak-
Higashi

Hermansky-
Pudlak II p14 deficiency

Oculocutaneous 
hypopigmentation

+ + + +

Immunodeficiency + + + +
Developmental delay − + −/+ −
Neutropenia − − + +
Bleeding disorder − + + −

The presence of giant azurophilic, PAS-posi-
tive granular inclusions in peripheral blood leuko-
cytes (Fig. 5.6) is virtually diagnostic of CHS [44]. 
Chronic G-CSF responsive neutropenia is a charac-
teristic feature of HPSII [49], differentiates it from 
other forms of HPS and is also prominent in p14 
deficiency [92]. A prolonged bleeding time suggests 
CHS or HPSII, but is not observed in all patients 
with these disorders. Reduced or absent NK cell 
cytotoxicity, which can be restored by IL-2, has been 
reported in all syndromes except for p14 deficiency. 
Decreased CTL cytotoxicity is usually observed and 
CTL degranulation as assessed by CD107 expression 
has been shown to be reduced in all syndromes [49] 
except for p14 deficiency. 

5.3.5
Management

General management of patients with oculocutaneous 
hypopigmentation and immunodeficiency includes 
control of infections and bleeding (in CHS and HPSII). 
Severe bleeding  episodes during surgery responded well 
to tranexamic acid in individual cases [49]. The chronic 
 neutropenia in HPSII and p14 deficiency can usually be 
well controlled using G-CSF [21, 49], but care should be 
taken to use this drug in HLH episodes. Patients with 
p14 defeciency were noted to have reduced memory B 
cells and specific antibodies upon vaccination were par-
tially missing. IgG substitution might therefore be indi-
cated in selected individuals [21].
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Patients who develop HLH require specific treat-
ment protocols (see Sect. 2.5.2 for more details). If 
drug-free remissions can be achieved, relapses are 
frequently observed. Due to the high risk of devel-
oping lethal HLH, early evaluation for HSCT should 
be performed in all patients with genetically con-
firmed GSII and in most patients with CHS. HSCT 
is the only available causative therapy for these dis-
eases [38, 170]. The role for preemptive HSCT in 
HPSII is uncertain. Long-term follow-up indicates 
that the development and progression of extrahe-
matopoietic manifestations of these diseases includ-
ing neurological symptoms is unfortunately not 
arrested by HSCT.

5.4
X-Linked Lymphoproliferative Syndrome 
(XLP) (SAP Deficiency, XIAP Deficiency)

5.4.1
Definition

X-linked lymphoproliferative disease (XLP), also called 
Purtilo syndrome, is a genetic disorder of immune reg-
ulation which has first been described more than 30 
years ago [71, 140]. The disease manifestations are var-
iable and mainly include fulminant infectious mono-
nucleosis, dysgammaglobulinemia and lymphoma. In 
many cases, disease onset is triggered by EBV infection 
while prior to this event patients usually appear clini-
cally healthy. Two variants of XLP have been described. 
XLP-1 (OMIM#308240) is caused by mutations in 
the “src homology 2-domain containing gene 1A” 
(SH2D1A, OMIM*300490) encoding a protein named 
“signaling lymphocytic activation molecule (SLAM)-

associated protein” (SAP). XLP-2 (OMIM#300635) is 
caused by mutations in the gene encoding X-linked 
inhibitor-of-apotosis (XIAP, OMIM*300079). The 
genetic basis of further forms of the disease remains to 
be characterized.

5.4.2
Etiology

SAP is a small cytosolic adaptor protein that modu-
lates intracellular signal transduction of receptors 
of the SLAM-family in T lymphocytes, NK cells and 
NKT cells (natural killer T cells) [160]. The interac-
tion of SAP with SLAM-family receptors modulates 
the activation and interaction of T, B and NK cells. 
It influences cytokine production, cytotoxicity and 
antibody production [33, 75, 102, 139]. The role of 
SAP in this large variety of immune cell functions 
contributes to the heterogeneity of clinical presenta-
tions encountered in patients with XLP.

XLP-patients show defects in cytotoxicity in NK 
cells and CD8+ T cells [11, 132, 159, 178] that can be 
corrected by transfection of SAP [159]. The impaired 
cytotoxicity probably contributes to the increased sus-
ceptibility of XLP patients to HLH that usually devel-
ops in the context of an acute EBV infection. It is likely, 
that failure to eliminate proliferating EBV-infected B 
cells leads to prolonged antigen presentation with the 
subsequent hyperactivation of CTL and macrophages 
which is characteristic of HLH. This “fulminant infec-
tious mononucleosis” is therefore not primarily due to 
a failure to control the pathogen (EBV viral loads can 
be moderate), but due to a failure to maintain immune 
homeostasis after a strong viral trigger infection. At 
present, it is unknown why this syndrome is triggered 
selectively by EBV, although its ability to induce excep-

Fig. 5.6 Blood smear from a 
patient with Chediak-Higashi 
syndrome showing giant gran-
ules in the cytoplasm of leuko-
cytes. (Courtesy of A. Karow; 
Freiburg, Germany.)
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tionally strong CTL responses certainly contributes. 
Therapeutic elimination of B lymphocytes may pre-
vent the progression of EBV infection towards fulmi-
nant infectious mononucleosis [116]. The observed 
dysfunction of T lymphocytes and NK cells [11, 121, 
132] may also impair the immunological surveillance 
and therefore facilitate the development of lympho-
mas in XLP-patients [50, 156].

Patients with XLP show defective immunoglobulin 
isotype switching and a reduced number of memory B 
cells [107, 108]. These humoral abnormalities are not 
due to an intrinsic defect in B cells, but probably arise 
from insufficient IL-10 secretion and upregulation of 
ICOS (Inducible costimulator) by CD4+ T cells [107]. 
They explain the hypogammaglobulinemia that fre-
quently develops in XLP patients. SAP also seems to 
play a central role in the regulation of the synthesis 
of several cytokines, some of which lead to a shift of 
the Th1/Th2 balance towards the peferential produc-
tion of Th1 cytokines [25, 35, 107, 121, 191]. SAP is 
required for recruitment of the tyrosine kinase Fyn 
to receptors of the SLAM-familiy [27, 101, 102]. The 
presence of Fyn is essential for NKT cell development 
[47, 60]. This may explain that XLP-patients show a 
lack of NKT cells [30, 123, 133]. Since NKT cells have 
immunoregulatory functions [99, 179], their absence 
may further contribute to the dysregulated immune 
response observed in XLP patients.

The pathophysiology leading to an XLP-phenotype 
in XIAP deficiency (XLP-2) is currently unknown. In 
agreement with the known functions of XIAP as an 
inhibitor of caspases [48], lymphocytes from XIAP-
deficient patients display increased susceptibility to 
apoptotic stimuli [148]. Excessive lymphocyte apopto-
sis might impair the control of EBV infection in XIAP 
deficiency. Similar to XLP-1, XIAP deficiency also 
leads to a lack of NKT cells [148]. Interestingly, 2B4-
mediated NK cytotoxicity has been shown to be normal 
in XIAP deficiency [148].

5.4.3
Clinical Manifestations

Although subtle immunological abnormalities can be 
observed in all XLP patients, the patients usually do not 
show clinical signs of immunodeficiency or immune 
dysregulation within the first years of life. XLP typically 
presents after EBV infection with one of three pheno-
types: (1) fulminant infectious mononucleosis, (2) 
dysgammaglobulinemia, or (3) lymphoma (Table 5.3). 
More than one XLP-phenotype can present in a sin-

gle patient simultaneously or consecutively. Although 
EBV is the most frequent trigger for the manifestation 
of XLP, dysgammaglobulinemia or lymphoma can also 
occur in the absence of prior EBV infection [23, 65, 
125, 172, 174]. There is no good genotype–phenotype 
correlation even within members of the same family 
harboring identical mutations in SH2D1A [3, 117, 
174, 175]. Female carriers of mutations in SH2D1A are 
usually clinically well, although abnormal patterns of 
antibody responses to EBV have been described [152].

Fulminant infectious mononucleosis (FIM) occurs 
in 50–60% of reported patients. It typically occurs 
between 2 and 3 years of life, but can also manifest at 
later timepoints [174]. Early clinical signs are simi-
lar to “ordinary” infectious mononucleosis including 
fever, malaise, pharyngitis, anorexia, lymphadenopa-
thy and (hepato)-splenomegaly, but the course is more 
severe. The disease progresses towards HLH with 
severe hepatitis, bone marrow hypoplasia leading to 
thrombocytopenia and anemia, as well as central nerv-
ous system inflammation [118]. EBV-induced HLH in 
XLP patients is difficult to control and frequently has 
a lethal outcome.

However, EBV-infection does not lead to ful-
minant mononucleosis in all XLP-patients [174]. 
Patients who survive infectious mononucle-
osis often develop a combined immunodeficiency 
whose onset peaks between 6 and 9 years of age 
[157, 174]. It may in part be due to the extensive 
necrosis within lymphoid organs and bone mar-
row during EBV infection [156]. The resulting 
dysgammyglobulinemia leads to recurrent infec-
tions, which often affect the sinuses, middle ears 
or lungs and are typically caused by pyogenic 
encapsulated bacteria. Cutaneous, gastrointestinal 
or even systemic infections, such as sepsis, men-
ingitis or septic arthritis have also been described. 
The clinical and immunological phenotype may 
be indistinguishable from common variable 
immunodeficiency (CVID) [85].

XLP patients carry a high risk of developing lym-
phomas [141]. In about 30% of XLP-patients lym-
phoma is the initial manifestation, usually around 
the age of 5 years [157, 174]. The vast majority of 
lymphomas occurring in XLP-patients are of B 
cell origin, approximately half of which are of the 
Burkitt-type [73]. The clinical picture includes 
lymphadenopathy, fever, weight loss, night sweats 
and reduced activity. Since lymphomas in XLP-
patients are often localized extranodally and in 
particular in the ileocoecal region, abdominal com-
plaints such as pain, nausea, vomiting, diarrhea and 
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decreased appetite are common [73]. Less common 
presentations of XLP include aplastic anemia, lym-
phoid vasculitis and a pulmonary lymphoid granu-
lomatosis [46, 141].

5.4.4
Diagnosis

XLP should be suspected in any male patient with 
severe infectious mononucleosis progressing to HLH. 
Progressive cytopenia may not be present at the begin-
ning, but usually develops after the first 2 weeks of ill-
ness. At this timepoint, bone marrow examination may 
reveal a massive infiltration by lymphocytes as well as 
hemophagocytosis and extensive necrosis [118]. Liver 
dysfunction can progress to liver failure culminating in 
hepatic encephalopathy and impaired coagulation [66]. 
Other diagnostic markers of EBV-induced HLH are 
described in the Sect. 5.2.4. EBV-DNA can usually be 
found by PCR in blood and various tissues. EBV viral 
load may not be extraordinarily elevated, since clinical 
disease is a reflection of a pathological immune reac-

tion triggered by EBV and not of uncontrolled EBV-
proliferation. Antibodies to EBV can be detected, but 
the pattern is variable. Antibodies towards Epstein-
Barr nuclear antigen (EBNA) are frequently absent, 
also in patients who survive the acute EBV infection. In 
contrast, antibody levels against the EBV-viral capsid 
antigen (VCA) can be either low or elevated [72]. Most 
XLP patients are hypogammaglobulinemic and some 
display increased IgM- or IgA-levels [67, 134, 172]. Spe-
cific antibody responses may be impaired. A positive 
family history concerning males that have died from 
severe infections or unknown causes, patients with sus-
ceptibility to infections and (extranodal) lymphomas 
in patients with a CVID-like clinical picture should 
prompt diagnostic evaluation for XLP [117, 168].

Lymphocyte phenotyping shows a number of cel-
lular immunological abnormalities, but most of them 
are poorly specific. They include a high percentage of 
activated CD8+ T cells leading to a decreased ratio of 
CD4/CD8 T cells, reduced numbers of CD27+B mem-
ory cells, a lack of switched memory B cells and NKT 
cells [30, 108, 109, 123, 133]. Cytotoxicity assays may 
reveal an impaired function of NK and T cells [11, 25, 

Table 5.3 Clinical and laboratory findings in XLP patients

Clinical findings Laboratory findings

Male gender Activated CD8+ T cells increased
Reduced memory B cells
Lack of NKT cells
Variable impairments in cytotoxicity

Fulminant infectious mononucleosis:

Fever Pancytopenia
Malaise Hemophagocytosis
Pharyngitis Elevated liver enzymes
Lymphadenopathy Disturbed coagulation studies
(Hepato-) splenomegaly Hyperferritinemia
Encephalopathy High levels of soluble IL-2 receptor
Bleeding disorder EBV-PCR positive
Lymphoma:

Lymphadenopathy Often of B cell origin
Fever Often Burkitt-type
Night sweats
Weight loss
Malaise
Intestinal symptoms
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45, 102, 132, 159, 178], but increased NK cytotoxicity 
during acute EBV infection has also been reported [85]. 
Analysis of SAP protein expression by western blot or 
flow cytometry has been successfully used to diag-
nose XLP [65]. The diagnosis is usually confirmed by 
detection of mutations in the SH2D1A gene. However, 
approximately 40% of the patients presenting with an 
XLP phenotype do not have mutations in SH2D1A
[34, 194]. It remains to be established how many of 
these have mutations in the XIAP gene or in regulatory 
sequences affecting SH2D1A-expression.

5.4.5
Management

It has been suggested that all identified XLP-patients 
should receive immunoglobulin replacement ther-
apy [63, 156, 173]. Although Ig replacement helps to 
ameliorate the susceptibility to bacterial infection in 
XLP-patients with dysgammaglobulinemia, it does not 
prevent primary EBV infection [109, 127, 157] or the 
development of lymphoma or other manifestations of 
XLP. In XLP-patients developing lymphoma, remis-
sions can usually be achieved by standard chemother-
apy protocols, but relapses are very common.

Treatment of fulminant mononucleosis relies on the 
principles of treatment for HLH [79, 87]. In particular, 
the administration of etoposide has been beneficial in sev-
eral patients [88, 115, 128, 157]. A few patients with XLP, 
whose acute EBV infection has been treated with a combi-
nation of rituximab, steroids, Ig substitution and acyclovir, 
did not show progression towards fulminant infectious 
mononucleosis [116, 128]. A beneficial effect of rituximab 
is plausible considering the pathogenesis of the disease, 
but more experience is needed before this approach can be 
recommended as an alternative to a full HLH protocol.

XLP can currently only be cured by allogenic HSCT [3, 
69, 81, 94, 100, 138, 157, 163, 184, 190, 196]. The reported 
experience suggests that transplantations before the age 
of 15 years may be more successful than in older patients 
[69]. Even though a benefit from the selection of EBV-
positive donors has not yet been proven, theoretically 
the presence of donor-derived, fully functional EBV-spe-
cific T-lymphocytes in the graft might be helpful. Most 
patients have been transplanted using a myeloablative 
conditioning regime. However, in severely compromised 
patients with organ dysfunction due to fulminant infec-
tious mononucleosis, reduced-intensity conditioning 
might be considered because of its lower level of toxicity. 
It has been suggested that adoptive immunotherapy with 
donor-derived EBV-specific cytotoxic T cells could con-

trol the increased risk of EBV-reactivation after reduced-
intensity conditioning [154].

Prognosis for patients with XLP is still very poor 
with approximately 70% of patients dying within the 
first 10 years of life [157]. The fatality rate is highest 
in fulminant infectious mononucleosis reaching 96%, 
whereas it is 65% in lymphoma and about 50% in dys-
gammaglobulinemia [157].

5.5
Autoimmune Lymphoproliferative 
Syndrome (ALPS) (ALPS Ia, Ib, IIa, IIb, III)

5.5.1
Definition

Autoimmune lymphoproliferative syndrome (ALPS, 
OMIM#601859) is a genetically heterogenous syn-
drome that can be inherited in an autosomal-dominant
and autosomal-recessive fashion or may arise due to 
somatic mutations in hematopoietic progenitors. 
The clinical manifestations include chronic nonma-
lignant lymphadenopathy and/or splenomegaly and 
autoimmune manifestations, mainly autoimmune 
anemia, thrombocytopenia and neutropenia as well 
as hematological malignancies. The molecular basis of 
most cases of ALPS is mutations in genes involved in 
CD95 mediated apoptosis (CD95, CD95L, caspase 8 
and 10). However, a significant proportion of patients 
lack mutations in these genes and in some of these no 
defect in extrinsic apoptosis can be demonstrated, sug-
gesting alternative pathways of disease pathogenesis.

5.5.2
Etiology

The CD95 death receptor pathway is crucial for lym-
phocyte apoptosis induction [4] and defects in the 
molecular machinery of this and probably other extrin-
sic and intrinsic pathways of lymphocyte apoptosis are 
the pathophysiologic basis of ALPS [57, 147]. CD95 is a 
member of the death receptor family, a familiy of trans-
membrane proteins containing a similar intracellular 
death domain (Fig. 5.7). Activation of CD95 by binding 
of its ligand CD95L requires formation of homotrim-
ers of both molecules [136]. Their interaction medi-
ates formation of the death inducing signaling complex 
(DISC), which is formed by interaction of the death 
domains of CD95 trimers with the adaptor protein 
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FADD (Fas-associated death domain) and subsequent 
recruitment and activation of the proteases caspase 8 
and 10 [145]. These molecules cleave multiple down-
stream targets including effector caspases that induce 
the death of the cell. Apart from this receptor-medi-
ated “extrinsic” pathway of lymphocyte apoptosis, an 
“intrinsic” pathway triggered by cytokine deprivation, 
DNA damage or treatment with cytotoxic drugs has also 
been described [129, 130]. That pathway is dependent 
on the induction of mitochondrial enzymes. Members 
of the bcl-2 familiy of proteins such as BIM are the key 
molecules involved and disturbed extrinsic apoptosis 
can also cause an ALPS phenotype [129].

CD95 is highly expressed on activated B and T cells 
and accumulation due to impaired death and of these 
cells leads to chronic enlargement of lymphoid tissues, 
in particular lymph nodes, liver and spleen [103]. Both 
B and T cells accumulate, but the most characteris-
tic lymphocyte population in patients with ALPS are 
CD4-CD8- T cells that express a α/β T cell receptor 
(so called double negative or DNT cells) [19]. These 
cells probably represent previously activated mature 
T cells that have lost CD8 coreceptor expression. 
DNT cells are polyclonal and express markers such as 
CD11b, CD45RA, CD57, HLA-DR and perforin con-
sistent with their linear differentiation from activated 

cytotoxic T cells [19]. It is speculated that DNT cells 
may show specificity for autoantigens. They may also 
contribute to the pathogenesis of ALPS by producing 
high amounts of IL-10 and other Th2 cytokines favor-
ing the production of autoantibodies [59].

According to the different molecular causes, a clas-
sification for ALPS has been proposed (Table 5.4). It 
should be noted that there is no clear consensus on the 
terminology and due to ongoing progress in this field, 
the classification has to be regarded as provisional.

ALPS 0 is a consequence of homozygous null muta-
tions in CD95 (TNFRSF6, OMIM*134637). Affected 
patients present the most severe phenotype of the 
disease [39, 59]. ALPS Ia is caused by heterozygous 
mutations in CD95. In 75% of the affected patients, 
the mutation is found within the intracellular death 
domain [165]. Both the healthy and the mutant alleles 
are expressed, but mixed trimers of mutant and normal 
CD95 proteins do not transduce the death signal effec-
tively [145, 146]. This explains the autosomal dominant 
inheritance of the disease. The penetrance of the disease 
is highly variable even within families. Both localization 
and type of mutation and environmental factors seem 
to influence the clinical phenotype. A single patient with 
a dominant CD95L (TNFSF6, OMIM*134638) mutation 
has been described [192]. Although he lacked DNT cells 

Fig. 5.7 Simplified overview of the CD95 mediated 
apoptosis pathway Both CD95 ligand and its receptor 
need to be trimerized to be activated. Upon interaction 
a so called “death-inducing signaling complex” (DISC)
is initiated. This complex consists of the trimerized 

death domain, the adaptor molecule FADD (Fas-associ-
ated death domain) and activated caspase 8 (also called 
FLICE-1) and caspase 10 (FLICE-2). This complex acti-
vates effector caspases which then further mediate the 
induction of apoptosis
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and splenomegaly and rather presented with features 
of systemic lupus erythematodes, the disease was clas-
sified as ALPS Ib. A recent report described a patient 
with a homozygous mutation in CD95L associated with 
a more typical phenotype and suggested classification 
of this genotype as ALPS Ic [39]. A classical ALPS phe-
notype has also been observed in several patients with 
somatic rather than germline mutations in CD95 [82]. 
These patients have been classified as ALPS Im.

Mutations in caspase 10 (CASP10, OMIM*601762) 
have been associated with an ALPS phenotype and 
were classified as ALPS IIa (OMIM#603909) [185, 
195]. Mutations in caspase 8 (CASP8, OMIM*601763) 
cause ALPS IIb (OMIM#607271). The clinical phe-
notype of these patients is more severe and includes 
a severe immunodeficiency due to activation defects of 
T and B cells in addition to the defect in apoptosis [29]. 
There is a significant number of patients with autoim-
munity, lymphoproliferation and elevated DNT cells 
were no mutation in Fas, FasL or Caspases 8 and 10 can 
be found [146]. In most published cohorts this ALPS 
III population represents up to 30% of the affected 
individuals [42, 165]. In about 50% of these patients, 
there is no defect in CD95 mediated apoptosis, indicat-
ing the relevance of other intrinsic and extrinsic path-
ways of apoptosis for the disease. As proof of concept, 
a patient with an activating NRAS (OMIM+164790) 
mutation leading to a defect in cytokine  withdrawal-
induced apoptosis has recently been described [129] 
with some features of ALPS and significant propensity 

to hematopoietic tumors. It was suggested to classify 
this disorder as ALPS IV.

5.5.3
Clinical Manifestations

The phenotype of ALPS is highly variable. Onset of 
disease ranges from birth to 15 years of age, but usu-
ally occurs within the first 2–5 years of life [146, 165].
The typical presentation includes features of lym-
phoproliferation (splenomegaly, chronic non-malig-
nant lymphadenopathy), in many cases accompanied 
by autoimmune cytopenia of one or more lineages. 
Patients within the National Institutes of Health (NIH) 
cohort presented with lymphadenopathy in >90%, 
splenomegaly in 88% and hepatomegaly in 72%. 
Coombs positive anemia occurred in 51%, autoim-
mune thrombocytopenia in 47% and neutropenia in 
23% of the patients [165]. Autoimmune cytopenia 
may also be the first manifestation of the disease in the 
absence of lymphoproliferation. Therefore, any patient 
with autoimmune bi- or tricytpenia (Evans syndrome) 
should be investigated for ALPS [180]. Besides hemato-
logical symptoms many other signs of autoimmunity 
like aczematous skin lesions, hepatitis, uveitis, thyre-
oditis or glomerulonephritis have been described. The 
risk to develop malignancy is estimated to be around 
10% [146, 166] for ALPS Ia patients and is mainly due 
to B cell derived lymphomas. ALPS patients do usu-
ally not carry an increased susceptibility to infection, 
but lymphoproliferation leading to local problems and 
autoimmune neutropenia may predispose to bacterial 
infections in some patients

5.5.4
Diagnosis

A combination of clinical and laboratory criteria 
have been suggested for the diagnosis of ALPS (Table 
5.5). These include chronic nonmalignant lymphade-
nopathy and/or splenomegaly persisting for at least 6 
months, defective CD95-mediated lymphocyte apop-
tosis in vitro (Fig. 5.8a) and elevated circulating DNT 
cells (>1% or >20/µl) (Fig. 5.8b). DNT cells should 
be quantified repeatedly as levels may fluctuate. These 
required features may be supported by a positive fam-
ily history, the demonstration of mutations in disease 
causing genes or typical histopathological findings. 
Follicular hyperplasia in lymph nodes and lymphoid 
hyperplasia of the white pulp are commonly found 

Table 5.4 Current classification of ALPS

Type Genetic basis

0a Homozygous mutation in 
CD95

Ia Mutation in CD95
Ib Mutation in CD95L
Ica Homozygous mutation in 

CD95L
Ima Somatic mutation in CD95
IIa Mutation in caspase 10
IIb Mutation in caspase 8
III ALPS phenotype, no 

 mutation in known genes
IVa Intrinsic pathway 

apoptosis defects
a Suggested classifi cation by the authors who described 
these variants; not generally accepted
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in ALPS [105], but are not exclusive to this disease. 
The mentioned criteria will help to establish the diag-
nosis in patients with ALPS 0, Ia, II and some of the 
patients with type III. However, mutations in CD95
have been described in some patients with Evans syn-
drome without features of lymphoproliferation [180]. 
Moreover, patients with type Ib, Ic, Im, IV and many 
patients with type III do not show impaired apopto-
sis in vitro. Furthermore, DNA analysis from PBMC 
(peripheral blood mononuclear cell) of patients with 
type Im is normal, because the CD95 mutation can 

only be clearly detected in sorted DNT cells. Thus, 
although the currently proposed diagnostic criteria 
help to identify the typical patient with ALPS Ia, they 
are of little help in identifying other variants of the 
disease or in excluding the diagnosis. Several other 
laboratory parameters may therefore be useful in 
supporting the diagnosis, in particular for type III. 
These include markers of T cell activation such as 
expression of HLA-DR, high levels of soluble CD25, 
elevated CD5+ B cells, hypergammaglobulinemia, 
elevated IL-10, characteristic abnormalities of lipid 
metabolism including low HDL cholesterol and low 
APO-A1 serum levels.

5.5.5
Management

The clinical management of patients with ALPS is 
mainly focused on the problems of lymphoprolif-
eration and autoimmunity. Neither corticosteroids 
nor immunosuppressive drugs such as azathioprine, 
cyclosporine or mycophenolate reliably shrink the 
size of spleen or lymph nodes in ALPS patients [146]. 

Table 5.5 Current diagnostic criteria for ALPS

Required:
 • Chronic nonmalignant lymphoproliferation
 •  >1% TCR α/β+ CD4-CD8- DN T cells in blood or 

lymph node
 • Defective lymphocyte apoptosis in vitro
Supporting:
 •  Autoimmunity (i.e., cytopenias and skin)/autoantibodies
 • Mutations in CD95, CD95L, caspase 8 or 10 genes

Fig. 5.8 Characteristic immunological
findings in patients with ALPS. (a) Flow 
cytometric evaluation of peripheral 
blood lymphocytes. In ALPS patients, the 
number of CD3+TCRα/β+ CD4-/CD8- 
T cells (DNTs) is typically elevated. (b)
Induction of apoptosis in T cell blasts 
after stimulation with CD95L. Patients 
with germline ALPS mutations typically 
show a reduced fraction of apoptotic 
cells. In contrast, cells from patients with 
somatic CD95 mutations undergo apop-
tosis similar to healthy controls
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Other agents like Fansidar [183], rapamycin [181] 
or arsenic trioxide [20] were either of limited ben-
efit (Fansidar) or so far only shown to be effective 
in mice. Half of the patients reported from the NIH 
cohort have been splenectomized [165]. Indications 
for splenectomy included refractory hemolysis or 
thrombocytopenia, rupture or simply tremendous 
size which limits quality of life or planned pregnancy. 
Acute hemolytic crisis or significant thrombocytope-
nia requires immunosuppressive therapy. Intravenous 
methylprednisolone pulses (10–30 mg/kg) followed 
by oral prednisolone (1–2 mg/kg) may be of rapid 
benefit, with or without addition of Ig replacement 
therapy (1–2 g/kg). Mycophenolate mofetil (MMF) 
has been successfully used as a steroid sparing agent 
[144] in some cases of refractory cytopenia rituximab 
was used successfully [74]. A challenging problem is 
monitoring of ALPS patients for lymphoma develop-
ment. In many cases, repeated lymph node biopsy is 
warranted since imaging studies, including MRI or 
PET-CT (positron emission tomography- computed 
tomography), are not helpful in differentiating 
between benign and malignant lymphoproliferation 
[143]. HSCT can cure the disease and has been per-
formed in some patients with very severe refractory 
cytopenias [164]. Due to the severe phenotype it is 
the treatment of choice in patients with type 0 dis-
ease. The life expectancy of patients with ALPS is not 
significantly reduced; reported deaths were mainly 
due to sepsis after splenectomy, bleedings and lym-
phoma.

5.6
Autoimmune Polyendocrinopathy with 
Candidiasis and Ectodermal Dystrophy 
(APECED)

5.6.1
Definition

Autoimmune polyendocrinopathy with can-
didiasis and ectodermal dystrophy (APECED, 
OMIM#240300), also called Autoimmune Polyen-
docrine syndrome Type I (APS-I), is an autosomal 
recessive disorder of immune regulation. The disease 
is characterized by multiorgan autoimmunity lead-
ing to chronic mucocutaneous candidiasis (CMC), 
hypoparathyroidism and adrenocortical failure as 
the most common phenotypic manifestations. The 
genetic basis of APECED are mutations in the gene 

encoding AIRE (autoimmune regulator) [120, 164], 
a protein involved in the development of central 
immunological tolerance.

5.6.2
Etiology

The autoimmune regulator gene (AIRE,
OMIM*607358) encodes a 545-amino acid protein 
with multiple functional domains that are typical of 
a transcriptional regulator [120]. The AIRE protein is 
expressed at low levels in most lymphoid tissues, but 
most prominently in medullary thymus epithelial cells 
(mTEC) [120]. The subcellular localization is mostly 
nuclear [18]. AIRE is thought to have a role in the 
regulation of transcription [17] and the induction and 
maintenance of thymic self-tolerance. Experiments 
with AIRE-deficient mice have allowed the develop-
ment of a model for the pathogenesis of APECED 
[1]. AIRE induces the ectopic expression of a battery 
of antigens that are otherwise restricted to peripheral 
tissues [1]. T cells that acquire specificity for these self-
antigens during the rearrangement of the T cell recep-
tor genes in the thymus encounter these antigens on 
thymic medullary epithelial cells and are subsequently 
negatively selected [1]. Lack of AIRE expression allows 
these self-reactive T cells to escape thymic deletion and 
these cells then cause the typical multiorgan autoim-
munity in the periphery.

5.6.3
Clinical Manifestations

The clinical phenotype of APECED is very heterogenous 
(Table 5.6). In the majority of patients, the first symp-
tom is recurrent mucocutaneous candidiasis, which is 
frequently difficult to treat [135]. It usually presents as 
oral or nail disease, but may also manifest with sub-
sternal pain on swallowing as isolated esophageal can-
didiasis. CMC is common in European patients, but 
may be much less common elsewhere. Only four of 24 
Iranian Jewish patients developed CMC in the course 
of their disease [135]. Since APECED patients do not 
show an increased susceptibility to other infections 
including other fungal or systemic candida infections, 
this symptom does probably not reflect impairment of 
an immunological effector pathway. It is possible that 
it rather reflects an element of ectodermal dysplasia, 
which locally facilitates the establishment of candida 
infection.
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The first endocrine manifestation of APECED 
is usually hypoparathyroidism that often manifests 
before school-age [135]. It is more frequent in affected 
females than males. Adrenocortical failure is the third 
component of the classical clinical triad. Both cortisol 
and aldosterone deficiency should be actively diag-
nosed in the presence of symptoms including determi-
nation of cortisol levels, adrenocorticotropic hormone 
(ACTH) stimulation tests and determination of plasma 

renin activity. Further autoimmune endocrinopathies 
include diabetes mellitus, usually manifesting beyond 
10 years of age, growth hormone deficiency, ovarian 
failure and – more rarely – male hypogonadism [135].

A variety of other autoimmune manifestations 
have been described in APECED patients. These 
include skin diseases such as alopecia, which may 
remain patchy, but can also become universal, vitiligo 
and urticarial rashes frequently associated with fever. 
Gastrointestinal complaints include autoimmune 
hepatitis, chronic diarrhea and pernicious anemia 
due to antiparietal cell or intrinsic factor antibodies. 
keratoconjunctivitis and tubulointerstitial nephritis 
have also been described. The most frequent manifes-
tation of ectodermal dysplasia is enamel hypoplasia of 
permanent teeth. All of these disease manifestations 
should alert the physician to carefully look for other 
components of APECED.

5.6.4
Diagnosis

The diagnosis of APECED can usually be made on 
clinical grounds. The triad of candidiasis, hypoparath-
yroidism and adrenal failure is the most typical presen-
tation of the disease. If a patient presents two of these 
major features, the clinical diagnosis is established. 
Due to the large spectrum and the high variability of 
clinical manifestations, a high index of suspicion is 
necessary. Among 91 patients with APECED in a Finn-
ish cohort, 89% presented with one of the components 
of the classical triad CMC, hypoparathyroidism or 
adrenal failure [135]. It is therefore useful to consider 
the diagnosis in any patient with CMC beyond the first 
year of life and in any patient under 30 years of age 
with hypothyroidism or adrenocortical failure. Rou-
tine immunological tests are not helpful for confirm-
ing the diagnosis of APECED. One study has described 
reduced suppressive activity of regulatory T cells, but 
these results need to be confirmed [135].

The majority of APECED patients have a vari-
ety of autoantibodies [135]. The presence of organ-
specific autoantibodies does not strictly correlate 
with autoimmune disease in that organ, but detection 
of autoantibodies frequently predates the onset of 
autoimmune disease. Antibodies directed against 
21-hydroxilase and side-chain cleavage enzymes are 
detected in 75 and 61%, respectively, of APECED 
patients with Addison’s disease. Patients with autoim-
mune hepatitis frequently develop antibodies against 
tryptophan hydroxilase and aromatic L-amino acid 

Table 5.6 Frequency of Clinical Features of APECEDa

Disease component Frequency/prevalence

Endocrine components Percent (%)
Hypoparathyroidism 79
Addison disease 72
Ovarian failure 60
Hypothyroidism 4
Type 1 diabetes 12
Pernicious anemia 13
Nonendocrine components Percent (%)
Mucocutaneous candidiasis 100
Enamel hypoplasia 77
Vitiligo 13
Alopecia 72
Nail dystrophy 52
Malabsorption 18
Autoimmune hepatitis 12
Keratopathy 35
Rare disease components Number of cases
Central diabetes insipidus 6
Growth hormone deficiency 8
Adrenocorticotropin 
deficiency

3

Gonadotropin deficiency 2
Hyperthyroidism 3
Autoimmune hemolytic 
anemia

3

IgA deficiency >18
Asplenia 18
Choleithiasis 7
Periodic fever with rash 11
Sjögren syndrome 20
Oral squamous cell 
carcinoma

8

aAdapted from [135]
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decarboxylase. The latter antibodies as well as anti-
bodies to GAD65 (glutamic acid decarboxylas) are 
frequently detected in patients with intestinal dys-
function. Cutaneous autoimmune manifestations 
such as alopecia and vitiligo are associated with anti-
bodies against SOX10 or tyrosine hydroxilase. Sev-
eral other tissue-specific autoantibodies have been 
described in individual patients. Recently, high titer 
neutralizing immunoglobulin G autoantibodies to 
most IFN-alpha subtypes and especially IFN-omega 
have been described in early samples of APECED 
patients and may have diagnostic value [135].

Definite confirmation of the diagnosis relies 
on genetic analysis. Common mutations have 
been described in several populations. The R257X 
 mutation is found in 83% of Finnish APECED chro-
mosomes and is found in many European and North 
American APECED patients [17]. It involves a CpG 
dinucleotide, a well-known mutational hot-spot, but 
a founder effect has not been excluded. A 1,094–1,106 
deletion is common in North America [17], while 
many Italian APECED patients carry the R139X 
mutation [17] and the Y85C mutation is frequently 
found in Iranian Jews.

Although heterozygous family members are usually 
asymptomatic, a significant proportion of APECED 
patients carry mutations of the AIRE gene on one 
allele only. This may reflect a gene-dosage effect of the 
regulation of AIRE dependent thymic transcripts [17], 
but may also indicate other genetic loci that influence 
central tolerance.

5.6.5
Management

Treatment of patients with APECED requires immuno-
logical, endocrinological, gastrointestinal and psychoso-
cial expertise. Most patients require continuous hormone 
replacement therapy, calcium and vitamin D supple-
ments and systemic antibiotics for candidal infections. 
In the presence of chronic diarrhea, hypoparathyroidism 
may be difficult to treat because it impairs the ability to 
absorb calcium and vitamin D, and hypocalcemia will 
aggravate the diarrhea.  Candidiasis needs to be treated 
carefully, since uncontrolled chronic candidiasis entails 
the risk of squamous cell carcinoma, which occurs in up 
to 10% of patients [135]. For this reason, patients should 
also be strongly advised to avoid smoking. Immunosup-
pressive therapy has a limited role in APECED; it may 
help to treat hepatitis, Keratoconjunctivitis and, in some 
cases, intestinal dysfunction. Since bone marrow-derived 
cells can not correct the genetic defect, stem cell trans-

plantation including gene therapy of hematopoietic stem 
cells has no role in the treatment of APECED.

Once the diagnosis is established, regular follow-up 
is critical for these patients. This must include accessi-
bility of an expert when a new component of the dis-
ease becomes manifest. Follow-up investigations must 
include ALT (alanine aminotransferase): determina-
tions to monitor liver function, monitoring of calcemia 
and blood and urine glucose, as well as endocrine func-
tion tests for adrenal failure. Regular ophthalmological 
investigations are also important. Patients need to be 
instructed about the natural course of the disease and 
genetic issues have to be discussed.

The unpredictable course of the disease with a con-
tinuous risk of developing severe autoimmune dis-
eases implies a strong psychological burden and an 
impaired quality of life for APECED patients. How-
ever, under close medical guidance for many patients 
the life expectancy is not significantly reduced. Causes 
of premature death include acute Addissonian crisis or 
fulminant hepatic failure [135].

5.7
Immunodysregulation, Polyendocrinopathy, 
Enteropathy, X-Linked (IPEX)

5.7.1
Definition

Immunodysregulation, polyendocrinopathy, entero-
pathy, X-linked (IPEX, OMIM#304790) is an X-linked 
recessively inherited disorder of immune regula-
tion first mentioned in 1982 [137]. The disease usu-
ally manifests within the first year of life with severe 
diarrhea and failure to thrive, early-onset diabetes 
mellitus, thyroid disease, autoimmune cytopenia and 
variable skin lesions as the most common abnormali-
ties. The genetic basis of IPEX is mutations in the gene 
“forkhead box P3” (FOXP3, OMIM*300292), encod-
ing a protein involved in the thymic generation and 
peripheral function of regulatory CD4+ T cells.

5.7.2
Etiology

FOXP3 is a protein of 431 amino acids that has a number 
of structural features characteristic of a transcrip-
tion factor. This includes motives required for nuclear 
import and binding to DNA. The gene is expressed pre-
dominantly in lymphoid tissues, particularly in CD4+ 
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CD25bright regulatory T cells (Treg). Treg are anergic 
CD4+ T cells, which upon activation can suppress the 
proliferation and IL-2 production of naïve and memory 
CD4+ T cells through a contact-dependent, cytokine-
independent mechanism. To be functionally active, 
FOXP3 forms a homodimer and acts as a transcrip-
tional repressor of cytokine promoters such as NFκB
and NFAT (nuclear factor of activated T-cells).

FOXP3 is a “critical differentiation switch” of Treg 
[187] and has been shown to be essential for the thymic 
development and function of these cells [58, 84, 95]. 
Mice deficient in FOXP3 (“scurfy” or FOXP3 knockout 
mice) lack functional Treg. More conflicting results 
have been obtained in humans and IPEX patients with 
normal numbers of Treg have been described [5, 36]. 
However, they are impaired in their ability to suppress 
immune activation – with the degree of dysfunction 
depending on the type of FOXP3 mutation and the 
strength of T cell receptor mediated signals [5, 36]. 
Absence or dysfunction of Treg leads to loss of periph-
eral tolerance by allowing uncontrolled activation and 
cytokine production of self-reactive lymphocytes.

Apart from being a lineage-specific differentia-
tion factor, FOXP3 also represses the production of 
multiple proinflammatory cytokines, such as IL-2, 
IL-4 and IFN-γ [13, 155, 193]. In mice as well as in 
humans, mutations in FOXP3 have been reported 
to lead to TCR-hyperresponsiveness and a reduced 
requirement for costimulatory signals manifesting in 
spontaneous cell proliferation, defective apoptosis and 
autoimmunity [31, 142]. FOXP3 therefore appears to 
have important functions in Treg as well as in effector 
T cells [5, 13], both of which contribute to the clini-
cal manifestations of IPEX syndrome such as autoim-
mune inflammatory disease.

In some patients displaying the clinical characteris-
tics of IPEX, no mutations in FOXP3 have been found. 
In these patients, mutations in regulatory elements of 
FOXP3 expression or yet unknown proteins interacting 
with FOXP3 could lead to the disease onset [9]. CD25 is 
a marker of regulatory T cells and, in mice, lack of CD25 
leads to the spontaneous development of autoimmunity 
[83, 176, 177, 189]. It is therefore not surprising that 
one of the two published patients with CD25 deficiency 
showed clinical manifestations very similar to IPEX syn-
drome [26, 150] (see Sect. 2.15 for more details).

5.7.3
Clinical Manifestations

So far, only affected males have been reported, 
whereas female carriers of FOXP3 mutations are 

asymptomatic. The most prominent feature is a 
severe watery or mucoid-bloody diarrhea typi-
cally starting in early infancy and leading to failure 
to thrive (Table 5.7). These gastrointestinal mani-
festations are associated with villous atrophy and 
lymphocytic infiltrates in the small bowel mucosa. 
Almost all of the patients also develop early-onset 
insulin-dependant diabetes mellitus in the first year 
of life. Anti-islet cell antibodies can frequently be 
detected. Thyroid disease including hypo- and hyper-
thyreoidism also represents a common manifestation 
of the disease and may be associated with elevated 
thyrotropin levels or antithyroid microsomal anti-
bodies. The majority of patients also show signs of 
skin disease, which can manifest as erythroderma, 
exfoliative dermatitis, eczema, and psoriasis-like or 
ichtyosisform dematitis. Autoimmune hemolytic 
anemia, thrombocytopenia and neutropenia are also 
fairly common and usually associated with the pres-
ence of autoantibodies. Renal diseases, like glomeru-
lonephritis or interstitial nephritis may occur in up to 
50% of the patients [36, 62]. IPEX patients show an 
increased susceptibility to severe infections, includ-
ing sepsis, meningitis, pneumonia and osteomyelitis. 
The most common pathogens include enterococcus, 
staphylococcus, cytomegalovirus and candida. How-
ever, it is a matter of debate, whether the increased 
susceptibility to severe infections is caused by the 
FOXP3 defect itself or secondary to impaired barrier 
function of skin and bowels, autoimmune neutrope-
nia or the immunosuppressive treatment.

Hypofunctional mutations of FOXP3 can lead 
to milder phenotypes and a later disease onset [9, 
16]. Apart from the typical presentation as an infant 
with severe bowel disease, diabetes and eczema, any 
male patient presenting with features of several 

Table 5.7 Clinical and laboratory findings in IPEX patients

Clinical findings Laboratory findings

Male gender Villous atrophy and 
 lymphocytic infiltrates in 
small bowel mucosa

Severe diarrhea Autoantibodies
Failure to thrive Elevated liver enzymes
Diabetes mellitus Elevated IgE
Other endocrinopathy Eosinophilia
Variable skin lesions Autoimmune cytopenia
Nephritis
Increased susceptibility to 
infections
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autoimmune diseases, in particular of the gut and 
endocrine organs, should therefore raise the suspi-
cion of IPEX.

5.7.4
Diagnosis

The various autoimmune features in IPEX often 
appear sequentially rather than simultaneously, ren-
dering the clinical diagnosis difficult at the onset of 
the first characteristic symptoms. Suspicion must be 
high in patients with severe inflammatory bowel dis-
ease and failure to thrive or early-onset diabetes in 
the first year of life. Biopsies of the small bowels show 
marked villous atrophy and lymphocytic infiltration 
of the mucosa, submucosa and lamina propria. The 
histological picture can be very similar to celiac dis-
ease or inflammatory bowel diseases such as Crohn’s 
disease and ulcerative colitis [187]. The presence of 
antigliadin and antiendomysium antibodies (Ab) does 
not rule out a diagnosis of IPEX [36], but the disease 
does usually not respond to a gluten-free diet. Eleva-
tions in aminotransferases as well as signs of cholesta-
sis are common [188].

A variety of autoantibodies can be found in IPEX-
patients. Anti-islet cell Ab occur most frequently, but 
anti-insulin Ab, anti-GAD Ab, anti-microsomal Ab, 
anti-thyroglobulin Ab, anti-smooth muscle Ab, anti-
enterocyte Ab, anti-erythrocyte Ab, anti-platelet Ab 
or anti-neutrophil Ab can also be commonly detected. 
Most patients show a marked elevation of IgE levels, 
frequently also eosinophilia. Anemia, thrombocyto-
penia, neutropenia have been reported at different 
time points after disease onset. Routine immuno-
logical tests including specific antibody responses 
and lymphocyte proliferation tests are normal. Flow 
cytometry reveals a lack of regulatory T lymphocytes 
coexpressing CD4, CD25 and FOXP3. The diagnosis 
of IPEX can be confirmed by genetic analysis of the 
FOXP3 gene.

5.7.5
Management

IPEX is a life-threatening disease and the vast majority 
of patients die during the first years of life [10, 188]. 
Early and aggressive therapy is therefore required. 
In the majority of cases, the diarrhea is unrespon-
sive to dietary changes or even enteric rest and often 
parenteral nutrition is required to ensure thriving. The 

diabetes mellitus in IPEX patients can be very difficult 
to control as insulin requirement can vary substan-
tially and rapidly [119].

Supportive measures such as transfusions of eryth-
rocytes or thrombocytes may be necessary to treat 
symptoms arising from autoimmune hemolytic ane-
mia or immune thrombocytopenia, respectively. Inva-
sive infections have been reported with Staphylococci, 
Enterococci, CMV, Klebsiella or Candida species [54, 
62, 90, 97, 104, 119, 134, 149]. IPEX-patients present-
ing with signs of infection should therefore be receive 
broad spectrum antimicrobial therapy until a causing 
agent has been identified. The skin lesions in IPEX 
have been treated with topical cyclosporine A, pred-
nisone and dapsone [6, 124].

Different immunosuppressive agents such as 
cyclosporine A, tacrolimus, sirolimus, azathioprine, 
infliximab or steroids have been used either alone or in 
different combinations with varying success [8, 16, 36, 
41, 98, 104, 153, 158, 188] Usually, only partial control 
of disease activity can be achieved and not maintained 
for a longer period of time. Other problems related 
to the immunosuppressive treatment were drug tox-
icity (especially renal toxicity) and the occurrence of 
infections due to the profound immunosuppression. 
Recently, a combination of sirolimus with either meth-
otrexate or azathioprine has been described as an effec-
tive treatment with little toxicity in three cases of IPEX 
[16]. Exacerbations of disease activity can be related to 
immune stimulating events such as infections or vac-
cinations [16, 137, 187].

HSCT is the currently the only curative treatment 
for IPEX [8, 62, 111, 188]. In most patients, symptoms 
improve markedly during the conditioning therapy. 
However, the outcome of HSCT has been very poor 
as most patients died within the first years after HSCT 
[8, 62, 111, 188]. Since myeloablative conditioning 
approaches have been associated with a poor outcome, 
several groups have recently used a nonmyeloablative, 
reduced intensity conditioning regime consisting of 
Fludarabine and either melphalane and Campath [142] 
or Busulfan and Anti-Thymocyte Globulin [106]. The 
results were promising, but the numbers were small 
and long-term results have not been reported. In 
most patients, diarrhea resolved after HSCT, but the 
reversion of endocrinopathies has been variable [142] 
– probably due to previous nonreversible damage in 
endocrine organs. Establishment of mixed chimerism 
after HSCT is sufficient to achieve a clinical remission 
[8, 111, 188].

Gene therapy, even though it has so far not been 
tried in humans suffering from IPEX, seems to be 
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promising since even small numbers of cells normally 
expressing FOXP3 appear to be sufficient for a substan-
tial amelioration of the clinical symptoms [8, 187].
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6.1
Introduction

Immune responses comprise innate and, where needed, 
adaptive steps. The responses of the innate immune sys-
tem are mostly phylogenetically old, fast (e.g., phagocy-
tosis of a bacterium) and encoded within the germ-line 
DNA, while responses of the adaptive immune system 
are first described in jawed vertebrates, and are slow, 
long-lived and antigen- specific as a result of somatic 
DNA recombination (e.g., T cell cytotoxicity to a virus 
infected cell). Humoral and cellular components of the 
innate immune system are diverse, and their responses 
are often initiated by pattern recognition receptors 
(PRR) such as Toll-like receptors (TLRs) and NOD-
like receptors (NLR; NOD, nucleotide- binding and oli-
gomerization domain) that bind to pathogen-associated 
molecular patterns (PAMPs). Examples of the innate 
immune components are defensins and other antimi-
crobial peptides, cytokines, chemokines, the comple-
ment system, and epithelia, NK cells and phagocytes, but 
there is much more. Within this array of components, 
many more additional primary immunodeficiency dis-
eases (PID) may not yet have been characterized. In this 
chapter, five groups of disorders have been defined as 
defects of the innate immune system. However, descrip-
tion of more PID in this group can be expected in the 
near future and may change the proposed classification:

1. Defective Toll-like receptor (TLR) signaling without 
ectodermal dysplasia

2. Defective Toll-like receptor (TLR) signaling with 
ectodermal dysplasia

3. Mendelian susceptibility to mycobacterial diseases

Core Messages

● The innate immunity is the first line of defense 
against pathogens, exerting fast and effective 
responses via preformed receptors.

● Toll-like receptors (TLRs) recognize specific 
molecular patterns found in a broad range 
of microbial pathogens such as bacteria and 
viruses, triggering inflammatory and antiviral 
responses, which result in the eradication of 
invading pathogens.

● Primary immunodeficiency diseases with 
primary defects in TLR signaling include 
Interleukin-1 receptor-associated kinase-4 
(IRAK-4) deficiency, UNC-93B deficiency 
and TLR3 deficiency. These defects predis-
pose patients to a narrow range of infec-
tions; pneumococcal infections in IRAK-4 
deficiency, and herpes simplex encephalitis 
in UNC-93B and TLR3 deficiencies.

● Anhidrotic ectodermal dysplasia with 
immunodeficiency is caused by defects in the 
nuclear factor NF-κB signaling. In these dis-
orders, TLR signaling is also impaired.

● Poor inflammatory response despite severe 
infection and absence of fever are character-
istic of TLR defects.

● Mendelian susceptibility to mycobacterial 
diseases are characterized by recurrent and 
severe infections caused by weakly virulent 
organisms, such as environmental mycobac-
teria and Bacille Calmette-Guérin, and is 
associated with impaired IL-12/Interferon-γ
dependent innate immunity.

● WHIM (warts, hypogammaglobulinemia, 
infections, myelokathexis) syndrome is a pri-
mary immunodeficiency disease caused by 
mutation of the CXCR4 chemokine receptor 
gene. Both innate and adaptive immunity are 
impaired in this disorder.

● Epidermodysplasia verruciformis is a rare 
autosomal recessive disorder associated with 
a high risk of skin carcinoma that results from 
an abnormal susceptibility to infection by 
specific human papillomaviruses (HPVs).
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4. WHIM (warts, hypogammaglobulinemia, infections, 
myelokathexis) syndrome

5. Epidermodysplasia verruciformis

6.2
Defective Toll-Like Receptor (TLR) 
Signaling Without Ectodermal Dysplasia 
(IRAK-4 Deficiency, TLR3 Deficiency, 
UNC-93B Deficiency)

6.2.1
Definition

Toll-like receptors play a crucial role in the evolutionary 
conserved innate immunity. TLRs are type I transmem-
brane proteins that function as homodimers or het-
erodimers. They are activated upon binding to a broad 
spectrum of PAMPs ranging from bacterial and viral 

components to fungal molecules. To date, ten human 
TLRs have been identified [81]. It has been shown that 
TLRs are activated by specific PAMPs. For example, 
lipopolysaccharide (LPS) of Gram-negative bacteria is 
recognized by TLR4 in connection with LPS-binding 
protein and CD14 [66]. TLR2, in concert with TLR1 
or TLR6, recognizes various bacterial components, 
including peptidoglycan, lipopeptide and lipoprotein 
of Gram-positive bacteria [140, 141]. TLR3 recognizes 
double-stranded RNA (dsRNA) that is produced from 
many viruses during replication [134]. Agonists for 
other TLRs include flagellin for TLR5, synthetic imida-
zoquinoline-like molecules and single-stranded RNA 
(ssRNA) for TLR7 and TLR8, and bacterial and viral 
CpG DNA motifs for TLR9 [139].

After recognition of microbial pathogens, TLRs 
trigger intracellular signaling pathways that result in 
the induction of inflammatory cytokines and type I 
interferon (IFN) (Fig. 6.1).

TLR4

TLR1/6

TLR2

TLRAP
TRAM

MYD88
MYD88

IRAK-4

IRF-3

IRF-3

NUCLEUS

CYTOPLASM

Type I IFNs Inflammatory
cytokines

NF-κB

TRIF

a

Fig. 6.1 TLR-mediated immune responses (a) TLR1, 
TLR2, TLR4, and TLR6 signaling has MyD88 depend-
ent and TRIF dependent pathways. The MyD88 depend-

ent signal activates NF-κB through IRAK-4 and is essential 
for inflammatory cytokine production. On the other hand, 
the TRIF dependent signal induces type 1 IFNs via IRF-3. 

(continued)
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TLRs share with members of the IL-1 receptor fam-
ily an intracellular domain called the Toll-interleukin-1 
receptor (TIR) domain [14]. The classical TLR-mediated 
intracellular signaling involves TIR-containing cytosolic 
adaptor molecules myeloid differentiation factor-
88 (MyD88) and Toll-interleukin-1 receptor domain-
containing adaptor protein (TIRAP). Activation 
through this pathway results in the activation of nuclear 
factor-κB (NF-κB) and mitogen-activated protein 
kinases (MAPKs), via the interleukin-1 receptor-asso-
ciated kinase (IRAK) complex. The classical pathway 
culminates in the induction of inflammatory cytokines 
such as TNFα, IL-6, IL-1b and IL-12. An alternative 

pathway, triggered by TLRs 3, 4, 7, 8 and 9, leads to the 
induction of interferon (IFN)-α/β [12, 87]. This alter-
native pathway includes TIR-containing adaptors Toll 
receptor-associated activator of interferon (TRIF) and 
Toll receptor-associated molecule (TRAM) [105, 138].

The importance of TLRs in human innate immu-
nity has just begun to be illustrated. PID with 
primary defects in TLR signaling include IRAK-4 
deficiency (OMIM#607676), UNC-93B deficiency 
(OMIM#610551) and TLR3 deficiency (Table 6.1). 
These defects predispose patients to a narrow range 
of infectious agents; revealing the redundancy of this 
system in human immunity to most pathogens.

TLR3

TRIF

Inflammatory
cytokines

Type I IFNs Type I IFNs

MyD88

TLR7/8/9

UNC-93B

NF-κB

IRF-3

IRF-3 IRF-3

IRF-7

IRAK-4
ENDOSOME

NUCLEUS

b

Fig. 6.1 (continued) TLR-mediated immune responses 
(b) The recognition of dsRNA by TLR3 in the endosomal 
compartment leads to TRIF recruitment to the receptor, 
inducing type 1 IFN production principally via IRF-3 path-
way. TLR7/8 and TLR9 are also expressed in endosomal 
compartments. After ligand ligation, these TLRs elicit 

the MyD88-dependent pathway to regulate inflammatory 
responses by activating NF-kB. Additionally, TLR7/8 and 
TLR9 signals induce type 1 IFN through IRF7. UNC-93B, a 
highly conserved molecule found in the endoplasmic reticu-
lum, is required for nucleic acid-sensing by TLR3, TLR7/8, 
and TLR9
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6.2.2
Etiology

These disorders include recently described human 
PID caused by germline mutations in genes encoding 
molecules involved in cell signaling downstream from 
TLRs but upstream from NF-κB. IRAK-4 is a protein 
kinase that plays an essential role in TLR signaling of 
all known TLRs (except for TLR3) [136] (Fig. 6.1). 
It interacts with MyD88 and activates IRAK-1. Once 
hyperphosphorylated, IRAK-1 associates with TNF 
receptor-associated factor 6 (TRAF6), triggering acti-
vation of NF-κB and MAPKs pathways [26].

IRAK-4 deficiency is an autosomal recessive immuno-
deficiency caused by homozygous or compound hetero-
zygous IRAK-4 (OMIM*606883) gene mutations [17, 23, 
29, 44, 99, 119, 148]. All the reported mutations truncated 
the kinase domain. The Q293X mutation is seen in half of 
identified patients, reflecting a mutational hot spot [87].

UNC-93B (OMIM*608204) is a recently discovered 
human gene encoding a protein related to unc-93 of 
Caenorhabditis elegans [80]. In C. elegans, the unc-93 
protein is a regulatory subunit of a potassium channel 
[57, 89].

In mammals, its definite function is not clear, 
although it has been shown to be involved in signaling 
of TLR3, TLR7, TLR8, and TLR9 [20, 137]. As stated, 
these intracellular, endosomal TLRs can be triggered by 
nucleic acids produced in the course of viral infection 
and are potent inducers of IFN-α/β and -γ [20, 137].

Homozygous mutations of UNC-93B (OMIM*
610551) are reported in patients with isolated herpes 
simplex-1 encephalitis (HSE) [20].

Recently, heterozygous mutations of TLR3 (OMIM*
603029) have been documented as another cause of 
HSE in otherwise healthy children [157]. As UNC-93B 
is implicated in TLR3 signaling, it seems that impaired 
TLR3-dependent induction of IFN-α/β and -γ is 
involved in HSE [20, 157].

6.2.3
Clinical Manifestations

IRAK-4 deficient patients present with pyogenic bacte-
rial infections and bacteremia, particularly with Strepto-
coccus pneumoniae or Staphylococcus aureus [17, 29, 44, 
99, 119]. These infections can be recurrent. Gram-negative 
bacteria have been found in two such patients (Neisseria 
meningitidis and Shigella sonnei) [23, 99]. Infections 
mostly strike in infancy and early childhood, frequently 
presenting as meningitis, arthritis, and/or septicemia. 
Fever and other systemic inflammatory responses are 
low or absent [86, 117]. Transient neutropenia can be 
associated with the infections. Delayed separation of 
the umbilical cord and impaired antibody response to 
polysaccharides may also occur in IRAK-4 deficiency.

The patients appear to be resistant to most other 
infections including mycobacteria, viruses, and fungi 
[87]. Although severe infections may occur at any age, 
patients appear to improve with age [99, 117].

Two unrelated patients with UNC-93B deficiency and 
two others with TLR3 deficiency have been reported to 
date [20, 157]. These patients presented solely with recur-
rent episodes of herpes simplex virus meningo-encephalitis. 
However, the penetrance of these defects was incomplete 
in the affected families. Currently, undefined modifier 
factors may affect clinical penetrance.

6.2.4
Diagnosis

Low fever and low systemic inflammatory parameters 
in a patient’s serum such as C-reactive protein that 
contrast with a severe clinical course of infectious 
diseases with positive cultures of, e.g., Streptococcus 
pneumoniae in peripheral blood and/or cerebro-spinal 
fluid should alert the physician to consider IRAK-4 
deficiency or other defects in TLR signaling. Recurrent 

Table 6.1 Comparison of TLR signaling defects

Phenotype Gene Locus Inheritance

Infections

Bacterial Mycobacterial Viral

Without 

EDA

IRAK-4

UNC-93B

12q12

11q13

AR

AR

+

−

−

−

−

+a

TLR3 4q35 AD – – +a

With EDA NEMO Xq28 XL + + ±
IKBA 14q13 AD + + +

EDA ectodermal dysplasia, AR autosomal recessive, AD autosomal dominant, 

XL X-linked
aHerpes simplex virus
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HSE certainly raises suspicions of UNC-93B or TLR3 
deficiency. However, it is not unreasonable to presume 
that any severe HSE infection, even a single one, is due 
to an immunodeficiency of a known or unknown type. 
It is important to note that in IRAK-4, UNC-93B, or 
TLR3 deficiencies any conventional immunological 
workup of patients yields only normal results.

In contrast, the measurement of L-selectin (CD62L) 
shedding in whole blood samples after addition of 
diverse TLR agonists is a reasonable approach to diag-
nose defects in Toll-like receptor signaling [150].

Further functional tests, such as stimulation of leu-
kocytes with IL-1, IL-18, or dsRNA and diverse read-
outs, or just sequencing of genes potentially responsible 
for the respective disease, may be considered next to 
get the right diagnosis [20, 28, 29, 86].

6.2.5
Management

IRAK-4 deficiency is a life-threatening disease, result-
ing in the deaths of half of identified patients [117]. 
Therefore, these patients should receive prophylactic 
antibiotics (trimethoprim-sulfamethoxazol and peni-
cillin V) [87]. Immunoglobulin replacement therapy 
may be beneficial in patients with an impaired anti-
body response to polysaccharides (tested after vacci-
nation with pneumococcal polysaccharide vaccine). 
If possible, vaccination against encapsulated bacteria 
before immunoglobulin replacement therapy may be 
considered. The caregivers must be aware that the clin-
ical and laboratory signs of infection are subtle. Early 
detection of pyogenic infections and rapid institution 
of appropriate antibiotics are lifesaving.

IFN-α added to an acyclovir regimen may have a 
therapeutic role in some HSE patients with UNC-93B 
or TLR3 deficiency [20, 157].

6.3
Defective Toll-Like Receptor (TLR) 
Signaling with Ectodermal Dysplasia 
(XL- and AD-Anhidrotic Ectodermal 
Dysplasias with Immunodeficiency)

6.3.1
Definition

As NF-κB is a central transcription factor through 
which classical TLR activation triggers inflammatory 
responses, inadequate NF-κB activation will uniformly 

result in impaired TLR function. NF-κB is composed 
of homo- or heterodimers of five proteins belonging 
to the Rel family (p50, p52, RelA, c-rel and RelB) [54]. 
In resting cells, NF-κB is kept inactive in the cytoplasm 
through interaction with the inhibitors of NF-κB (IκBα,
IκBβ and IκBε). In response to cell stimulation, IκBs 
are phosphorylated by the IκB kinase (IKK) complex, 
leading to subsequent degradation by the proteosome 
apparatus (Fig. 6.2) [79]. IKK consists of two catalytic 
subunits, IKKα and IKKβ, and a regulatory subunit, 
IKKγ, also known as the NF-κB essential modulator 
(NEMO) [68]. The release of NF-κB from IκB allows it 
to translocate to the nucleus and activate transcription 
of various genes involved in immunity [79]. Transcrip-
tionally active NF-κB dimers are induced upon stimula-
tion of a wide range of receptors of the immune system 
(TLRs, TNF receptor superfamilies, IL-1 receptor fam-
ily, and T and B cell antigen receptors and of receptors of 
ectodermal and bone cells). Impaired NF-κB activation 
by ectodysplasin in skin and altered RANK (receptor 
activator of NF-κB)-Ligand signaling in bone cells have 
been observed in ectodermal dysplasia (EDA) [35].

This explains the broad phenotype of patients with 
defects in NEMO-regulated NF-κB activation involv-
ing the immune system, ectoderm and bones. EDA is 
a unique feature of defects of NF-κB activation due to 
altered NEMO that is not observed in other disorders 
of TLR signaling.

6.3.2
Etiology

The NEMO (IKBKG, OMIM*300248) gene is located 
on the X-chromosome, consists of ten exons and 
encodes a protein of 419 amino acids. This protein 
is an essential part of the IKK complex and consists 
of two N-terminal coiled coil domains followed by a 
leucine zipper and C-terminal zinc finger, all separated 
by α-helical regions [110]. X-linked anhidrotic ecto-
dermal dysplasia with immunodeficiency (EDA-ID, 
OMIM#300291) is a rare inherited disease caused by 
hypomorphic mutations in the gene encoding NEMO 
[1, 2, 7, 18, 35, 42, 71, 84, 97, 107, 108].

The estimated incidence of XL-EDA-ID is 1 in 
250,000 live male births [108]. The disease is nor-
mally confined to males, although it has rarely been 
reported in females with skewed X-inactivation 
[98]. Recently, mutations in the leucine zipper (LZ) 
domain of the NEMO gene have been diagnosed 
as the X-linked form of mendelian susceptibility 
to mycobacterial diseases (XL-MSMD) [51]. This 
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 finding illustrates the importance of NEMO for the 
IL-12/IFN-γ pathway.

In contrast to hypomorphic mutations, null muta-
tions of NEMO cause incontinentia pigmenti which 
is a genodermatosis seen in females, as affected males 
die in utero.

Furthermore, a novel autosomal dominant form of 
EDA-ID (AD-EDA-ID), was recently identified in two 
kindred [27, 73]. In two patients, a heterozygous mis-
sense mutation has been identified in IκBα (IKBA,
OMIM+164008) that converts the phospho-accep-
tor serine in position 32 of the protein to isoleucine 
(S32I), impairing the phosphorylation of IκBα by 
IKK. This prevents IκBα degradation, thereby enhanc-
ing the NF-κB inhibitory capacity of this molecule 
and resulting in impaired NF-κB activation. The T cell 
phenotype seen in AD-EDA-ID may reflect NEMO-
independent NF-κB signaling in response to TCR (T 
cell receptor)/CD3-ligation [122].

6.3.3
Clinical Manifestations

The range of clinical manifestations of XL-EDA-ID is broad 
[117]. There is abnormal development of ectodermal 
derived structures with nail abnormalities, hypotrichosis, 
hypohidrosis, and hypodontia with conical incisors.

A severe form of XL-EDA-ID exhibiting osteopet-
rosis and lymphedema (XL-OL-EDA-ID) has been 
reported in two patients carrying the X420W mutation 
in NEMO at the C-terminus of the molecule [42, 97]. 
In contrast, some children had a phenotype without 
EDA [102, 109, 123] due to reinitiation of transcrip-
tion and a truncated NEMO transcript.

Poor clinical and biological inflammatory responses 
during infectious episodes are remarkable [122]. The 
severity of the course of infections is in contrast to the 
paucity of abnormalities in routine immunological 
examination. Patients are susceptible to severe bacterial 
infections of the respiratory and gastrointestinal tracts, 
skin, soft tissues and bones, and suffer from meningi-
tis and septicemia during infancy [2, 7, 35, 42, 71, 84, 
97, 103, 108]. Infections caused by weakly pathogenic 
mycobacteria, such as Mycobacterium kansasii, Myco-
bacterium avium, and Mycobacterium bovis, are typical 
in these patients [35, 42]. Other infections comprise 
Gram-positive (Streptococcus pneumoniae, Staphyloco-
ccus aureus) and Gram-negative (Haemophilus influ-
enza) encapsulated pyogenic bacteria. Viral infections 
reported include cytomegalovirus, herpes simplex 
virus, adenovirus, Molluscum contagiosum and human 
papilloma virus [35, 146]. Pneumocystis jiroveci has 
also been found as an opportunistic infection [108]. 
Finally, the phenotype caused by NEMO mutations 
includes autoimmune phenomena such as hemolytic 
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IL-1R
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Fig. 6.2 The NF-κB signaling pathway. In response 
to multiple stimuli, IKK kinase (composed of 
IKKα, IKKβ and NEMO) is activated. IKK phos-
phorylates NF-κB inhibitor (IκBα), leading to its 
degradation by proteasome and release of NF-
κB (p50/p65) dimer. NF-κB translocates into the 
nucleus, where it regulates the expression of hun-
dreds of genes. The activation of NF-κB through 
TLRs is also illustrated
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anemia, arthritis and inflammatory bowel disease-like 
colitis [102, 111, 146].

The two patients with AD-EDA-ID presented with 
EDA, failure to thrive, recurrent opportunistic infec-
tions and chronic diarrhea early in infancy. The father 
of the second patient had a milder phenotype with 
recurrent salmonellosis [73].

6.3.4
Diagnosis

Severe infections in combination with the symptoms 
of EDA are indicating clinical signs. Scanty hair, thin 
skin, defective tooth formation, abnormal, small or 
lacking nails, and/or heat intolerance can be striking, 
but are variable, can also be discrete, and are some-
times absent. Poor inflammatory responses during 
severe infections, and/or infections with (atypical) 
mycobacteria, raise suspicion. In XL-EDA-ID, immu-
nodeficiency results from defective NF-κB activa-
tion through TIR, CD40 and TNF signaling [146]. 
Immunologic evaluation shows an abnormal antibody 
response to polysaccharides [35, 108, 120] due to the 
altered TLR signaling. Most patients exhibit hypog-
ammaglobulinemia with low serum IgG levels [26]. A 
subset of patients may present with Hyper-IgM phe-
notype [35, 71] due to altered CD40 signaling and iso-
type-class switching [72]. NK cell abnormalities have 
been demonstrated [106]. T cell proliferation index 
in response to mitogens and antigens, and antibody 
responses to protein antigens, are normal [122]. AD-
EDA-ID shares many similarities with XL-EDA-ID, but 
is also associated with severely impaired T cell func-
tion. Both reported patients had a lack of CD45RO+ 
memory T cells and an impaired T cell response to 
both antigenic and anti-CD3 mitogenic stimulation in 
vitro. They also displayed the Hyper-IgM phenotype. 
To confirm the diagnosis and to differentiate it from 
specific defects of adaptive immunity NEMO and IkB
can of course be sequenced.

6.3.5
Management

All EDA-ID patients receive immunoglobulin substi-
tution. If possible, vaccination against encapsulated 
bacteria before immunoglobulin substitution may be 
considered. Prophylactic antibiotics are controversial. 
Intensive four-drug regimens for at least 12 months are 
necessary to treat atypical mycobacteria. Vaccination 
with Bacille-Calmette-Guérin (BCG) vaccine is con-

traindicated. About half the patients with EDA-ID have 
died from severe infections [116]. Thus, hematopoietic 
stem cell transplantation (HSCT) may be considered for 
treatment of the immunodeficiency [42, 108], but expe-
rience is very limited.

Both children with AD-EDA-ID were treated by 
HSCT. One of them died several months after HSCT 
due to progressive neurological problems of unknown 
etiology (personal communication with Prof. Arjan 
Lankester). The other patient transplanted with bone 
marrow from the haploidentical mother experienced 
no further severe opportunistic infections for up to 7 
years after HSCT. As expected, ectodermal dysplasia 
persisted [41].

6.4
Mendelian Susceptibility to Mycobacterial 
Diseases (IFN- g Receptor 1/2 Deficiencies, 
IL-12/23 Receptor b1 Chain Deficiency, 
IL-12p40 Deficiency, STAT1 Deficiency, 
LZ-NEMO Deficiency)

6.4.1
Definition

The IL-12/Interferon-γ dependent signaling pathway 
is central to controlling mycobacterial infections (Fig. 
6.3). Upon phagocytosis of such bacteria, macrophages 
secrete IL-12p70, a heterodimer of IL-12p40 and IL-
12p35 that stimulates Th1 T cells and NK cells through 
activation of IL-12R. This receptor is composed of two 
chains, IL-12Rβ1 and IL-12Rβ2 [131] that associate 
with Tyk2 and Jak2 kinases. Activation of this com-
plex by IL-12 ligand promotes signal transducer and 
activator of transcription-4 (STAT4) phosphorylation 
and nuclear translocation, and thereby induces IFN-γ
production and secretion [153]. IFN-γ acts through its 
receptor, IFN-γR, a heterodimer of IFN-γR1 and IFN-
γR2, on macrophages and other cells.

Analogous to IL-12 signaling, IFN-γR associates 
with Jak1 and Jak2. A series of phosphorylation steps 
leads to homodimerization of signal transducer and 
activator of transcription-1 (STAT1). This phosphor-
ylated STAT1 translocates to the nucleus to initiate the 
transcription of IFN-γ-inducible genes [10, 19]. The 
respective gene products endow the macrophages with 
tools to confine (e.g., via granuloma formation) and 
finally kill mycobacteria.

Molecular defects in IL-12/IFN-γ dependent sig-
naling cause rare genetic disorders. Theses defects 
belonging to the group of Mendelian susceptibility 
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to mycobacterial diseases (MSMD) are character-
ized by disseminated or localized infections caused 
by either environmental mycobacteria (EM) or BCG 
vaccines, in otherwise healthy individuals [19, 131]. 
Severe disease caused by non-typhoidal and typhoi-
dal Salmonella serotypes is also common. Defects 
in IFN-g R1 (IFNGR1, OMIM*107470), IFN-g R2
(IFNGR2, OMIM*147569), IL-12R b1 (IL12RB1,
OMIM*601604), IL12p40 (IL12B, OMIM*161561), 
STAT1 (OMIM*600555), and NEMO (OMIM*300248) 
have been identified in MSMD patients (Table 6.2) [50, 
78, 100]. Defect in TYK2 (OMIM*176941) is not clas-
sified as MSMD; however has features in common with 
defects of IL-12/IFN-γ signaling.

6.4.2
Etiology

IFN-γR1 deficiency was the first identified genetic 
disorder recognized as MSMD [74, 101]. Such muta-
tions can be recessive or dominant and are reported 

in about 39% of patients with MSMD [50]. In reces-
sive complete (RC) forms, mutations involve the 
extracellular domain of IFN-γR1 and most of them 
result in complete lack of cell surface receptor (non-
sense mutations, frameshift) [6, 63, 74, 85, 101, 121, 
129], whereas some allow for receptor expression, 
but lead to impaired IFN-γ binding (in-frame dele-
tions) [3, 75].

A recessive partial (RP) IFN-γR1 deficiency with 
reduced, but not absent, IFN-γR1 responsiveness caused 
by a I87T mutation has also been reported [76, 127].

Dominant partial (DP) IFN-γR1 deficiency is due to 
heterozygous truncations of the cytoplasmic domain 
of IFN-γR1 resulting in accumulation of non-func-
tional receptor molecules at the cell surface [9, 77, 147, 
151]. 818del4 is a hotspot for DP-IFN-γR1 deficiency. 
Mutations in IFNGR2 have been identified less often 
than in IFNGR1.

Recessive complete forms (RC) of IFN-γR2 defi-
ciency result mostly in an entire loss of receptor. 
Sometimes the expression of non-functional receptor 
molecules have been documented [36, 130, 149]. The 
T168N mutation leads to a novel glycosylation site 
[149]. The additional polysaccharide is responsible 
for defective IFN-γ signaling. Recessive partial (RP) 
IFN-γR2 deficiency has been reported in a patient 
with the missense mutation located in the extracel-
lular domain [34]. Furthermore, a 791delG muta-
tion that causes complete IFN-γR2 deficiency in the 
homozygous cells exerts a dominant-negative effect in 
heterozygous state [130].

IL12Rb1 is the most frequent known genetic cause 
of MSMD seen in about 40% of cases [50]. The muta-
tions are diverse and all cause recessive complete (RC) 
IL-12 receptor β1 chain deficiency [4, 30, 46, 48, 50].

Fig. 6.3 IFN-γ and IL-12 sig-
naling pathway in immunity 
against mycobacteria and some 
other intracellular organism. 
Structures affected in MSMD 
are marked in gray. MB myco-
bacteria. Adapted from [50]

Table 6.2 Genetic defects that cause Mendelian Susceptibility 

to Mycobacterial Diseases

Gene Locus Inheritance

IFNGR1 6q23–24 AR, AD
IFNGR2 21q22 AR, AD
IL-12RB1 19p13 AR
IL12B 5q31 AR
STAT1 2q32 AR, AD
NEMO Xq28 XL

AD autosomal dominant, AR autosomal recessive, 

XL X-linked

MB

STAT1

Macrophage T/NK cell

STAT4

R1

P40
IL-12

P35

IL-12R
β2

β1 TYK2

R2IFNγR IFNγ
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IL-12 comprises two subunits, p35 and p40, encoded 
by the IL12A and IL12B genes, respectively [145]. P40 
subunit is also included in the structure of IL-23 [145]. 
IL-12p40 deficiency is the only known cytokine gene 
defect that causes a PID.

STAT1 is required for cellular responses to both type 
I (IFN-α/β) and type II (IFN-γ) interferons. Activa-
tion through IFN-α/β results in the formation of the 
transcription factor IFN-stimulated-γ-factor-3 (ISGF3; 
STAT1/STAT2/p48, a trimer) in addition to the tran-
scription factor gamma activating factor (GAF; STAT1/
STAT1, a homodimer). The latter is also the main tran-
scription factor mediating cellular activation by IFN-γ.

Heterozygous missense mutations in STAT1 cause 
dominant partial (DP) STAT1 deficiency [24, 39]. In 
these mutations, the formation of sufficient ISGF3 is 
still possible and, consequently, type I interferon-medi-
ated viral defense is not or only marginally impaired.

In contrast, homozygous STAT1 mutations cause 
recessive complete (RC) STAT1 deficiency [40]. In this 
transcription factor deficiency, both type I and type II 
interferon signaling pathways are profoundly flawed 
[25, 40].

Recently, mutations in the leucine zipper (LZ) 
domain of the NEMO gene have been discovered as the 
X-linked form of MSMD [51]. Impaired production of 
IL-12 and IFN-γ in response to CD40L largely account 
for the pathogenic effect of LZ-NEMO mutations in 
patients with XL-MSMD [50, 51].

Lately, homozygous recessive Tyk2 deficiency was 
reported in a single patient with a novel syndrome of 
recurrent molluscum contagiosum, herpes simplex 
virus (HSV)-1, and disseminated BCG infection with 
elevated IgE [100] (see Sect. 9.5 for more details). This 
patient had impaired responses to IL-12, leading to 
decreased IFN-γ production. In addition, no cellular 
response to IFN-α/β could be detected [78, 100].

6.4.3
Clinical Manifestations

All patients present with mycobacterial infections that 
are frequently caused by Mycobacterium avium [37].

RC-IFN-γR-deficient patients are most susceptible 
to severe, early onset mycobacterial infections with 
profoundly impaired granuloma formation [43]. In 
contrast, patients with partial IFN-γR deficiencies 
acquire mycobacterial infections later in life, still sprout 
granulomas, and are likely to respond well to antimy-
cobacterial antibiotics. A few of these patients present 
with nontyphoidal salmonellosis not restricted to the 
gut, histoplasmosis, or listeriosis [37, 129]. Viral infec-

tions with cytomegalovirus (CMV) and human herpes 
virus 8 (HHV-8) are reported in a few patients with RC-
IFN-γR1 deficiency [15, 38]. Interestingly, in DP-IFN-
γR1 deficiency osteomyelitis caused by environmental 
mycobacteria or BCG is common and more frequently 
observed than in RC-IFN-γR deficiency (Fig. 6.4) [37].

The clinical phenotype of IL-12Rβ1 deficiency 
resembles that of DP-IFN-γR deficiency, but non-
typhoidal salmonellosis is more frequent as half the 
patients acquire this infection [47, 93, 117]. Recur-
rent leishmaniasis has been reported in a patient with 
IL-12Rβ1 deficiency [132]. Granulomas can still be 
formed but are often multibacillary [117, 118].

Interestingly, these patients are also susceptible to 
clinical diseases caused by M. tuberculosis, but this is 
much less frequent than environmental mycobacterial 
infection or BCG [5, 16, 115].

The picture of IL-12p40 deficiency is similar to IL-
12Rβ1 deficiency, although the clinical course is mostly 
more severe.

DP-STAT1 deficiency is associated with a relatively 
mild clinical course, resembling that of partial IFN-γR
deficiencies [24, 39]. Nevertheless, in the past in former 
generations patients with respective STAT1 mutations 
died young and suffered from severe disfiguring skin 
disease probably caused by mycobacteria [24]. In con-
trast to DP-STAT1 deficiency, patients with RC-STAT1 
deficiency are predisposed to fatal viral (HSV) and 
mycobacterial infections early in life [25, 40].

Reported patients with LZ-NEMO mutations were 
vulnerable to mycobacteria primarily, or in association 
with other bacteria (H. influenza) [51].

The patient with Tyk2 deficiency presented with 
disseminated BCG, recurrent HSV-1 and molluscum 
contagiosum skin infections and a mildly elevated IgE. 
This phenotype is partly similar to RC-STAT1 defi-
ciency, but shows a milder clinical course [78].

6.4.4
Diagnosis

Infections with environmental mycobacteria that clin-
ically differ from the common and frequent infections 
of cervical lymph nodes in any respect such as unusual 
spreading, unusual types of mycobacteria, affection 
of inner organs and especially of bones are indicat-
ing clinical signs. It is important to note, however, that 
contaminations of patients’ samples with M. avium are 
common. These bacteria can also sometimes be found 
at sites of infections without doing much harm, e.g., at 
teeth. A careful histopathological and microbiological 
evaluation is therefore necessary.
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It is revealing to look at the diagnoses that had been 
considered over long time periods by physicians before 
the right diagnosis of an MSMD was made. Environmen-
tal mycobacterial osteomyelitis was confused with eosi-
nophilic granuloma, with chronic recurrent multifocal 
osteomyelitis or with tuberculosis several times, and infec-
tion of the gut with Crohn’s disease. Persistent pneumonia 
and hepatitis can also be due to mycobacteria in MSDM.

Diagnostic tests require in depth experience with 
cellular immunology laboratory testing and are only 
available in specialized laboratories.

IFN-γR and STAT1 deficiencies are diagnosed by 
impaired cellular responses to IFN-γ. In the PBMC 
(peripheral blood mononuclear cell) cultures, expres-
sion of MHC and TNF-α production are impaired in 
response to LPS and IFN-γ [36, 75, 101]. In a whole 
blood assay, production of IL-12 is impaired in response 
to BCG and IFN-γ [45]. In the RC-IFN-γR deficiency, 
high circulating levels of IFN-γ are seen, presumably 
due to impaired receptor-mediated clearance [49]. 
Flow cytometric evaluation of IFN-γR1 shows overac-
cumulation of receptor subunit in patients with AD-
IFN-γR1 deficiency [77, 131].

In most cases of IL-12Rβ1 deficiency, no IL-12Rβ1
is expressed on the cell surface and no response is seen 
to in vitro IL-12 or IL-23 [45, 48].

All known mutations of IL12B are recessive com-
plete (RC) with a lack of detectable IL-12p40 secretion 
by patients’ blood cells [45, 118].

In complete STAT1 deficiency, cellular responses to 
IFN-γ and IFN-α/β are affected whereas in the domi-
nant partial (DP) form, IL-12 production is impaired 
in response to BCG and IFN-γ. The patient with Tyk2 
deficiency had impaired responses to IL-12. His cells 
also did not respond to IFN-α/β in terms of STAT1 
and STAT2 phosphorylation [100].

Finally, the diagnosis can be confirmed by sequenc-
ing the affected genes.

6.4.5
Management

RC-IFN-γR deficiency is a very severe disease with 
a poor prognosis. Most of the patients die early in 
infancy or childhood. The mycobacterial infections 
hardly respond completely to available therapy and 

Fig. 6.4 Osteomyelitis in a patient 
with dominant partial-IFN-γR1 defi-
ciency. a: Radiograph of the left shin 
showing osteolytic lesion in the left 
tibia (white arrow). b: Skeletal scin-
tigram, showing an area of increased 
uptake of technetium in the distal 
end of the left tibia (black arrow).
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subcutaneous application of pharmacological doses 
of IFN-γ is useless [37]. Instead, IFN-α could perhaps 
be helpful [152]. HSCT has been performed in some 
patients with variable results. A high rate of graft rejec-
tion was observed, at least when reduced conditioning 
was applied [22, 50, 65, 128].

On the other hand, HSCT can be successful when 
replete marrow is given after full immunosuppressive 
and myeloablative conditioning in the absence of active 
mycobacterial infection. Attention must also be paid to 
excessive granuloma formation during reconstitution. 
Steroids could perhaps suppress such granulomas.

In general, mycobacteria should be typified and 
infections treated according to growth pattern (slow or 
fast) and sensitivity. Such infections in partial IFN-γR
deficiencies mostly respond favorably to appropriate 
antibiotics or even resolve spontaneously. Subcutane-
ous application of pharmacological doses of IFN-γ in 
addition to antibiotics can be very helpful. A lifelong 
antimycobacterial prophylaxis may be required in 
some patients [61].

It is important to note that bone lesions caused by 
environmental mycobacteria are not always painful 
and bone stability may not always be secured.

Patients with IL-12Rβ1/IL-12p40 deficiency respond 
well to antibiotics and IFN-γ; the overall prognosis is 
quite good. HSCT should be attempted in RC-STAT1-
deficiency [50].

6.5
Warts, Hypogammaglobulinemia, 
Infections, Myelokathexis (WHIM) 
Syndrome

6.5.1
Definition

The WHIM syndrome is comprised of warts, hypog-
ammaglobulinemia, infections, and myelokathexis 
(OMIM#193670) [56, 156]. Myelokathexis is the reten-
tion of mature neutrophils in the bone marrow [158]. It 
has been demonstrated that WHIM syndrome is caused 
by heterozygous mutations in the gene coding for the 
chemokine receptor CXCR4 (chemokine, CXC motif, 
receptor 4) [62].

WHIM syndrome is the first reported primary 
immunodeficiency involving a chemokine receptor. 
CXCR4 is also a co-receptor for T cell tropic human 
immunodeficiency virus (HIV).

6.5.2
Etiology

CXCR4 is a G protein-coupled receptor, including seven 
transmembrane regions, an amino-terminal extracel-
lular domain, and an intracellular carboxy-terminus. It 
is expressed in the immune system and throughout the 
central nervous system [59]. WHIM syndrome is 
genetically heterogeneous. Many but not all cases have 
been linked to heterozygous mutations in CXCR4 
(OMIM*162643), all of which clustered in the cytoplas-
mic tail of the receptor [59, 62]. The ligand of CXCR4, 
SDF-1 (stromal cell-derived factor-1) or CXCL12 
(chemokine, CXC motif, ligand 12), is produced by 
bone marrow stromal cells and a variety of other tissues. 
SDF1 interaction with CXCR4 plays a central role in 
bone marrow homing and trafficking of hematopoietic 
progenitor cells to the bone marrow [88, 135].

In vitro studies imply that mutant receptors dis-
play gain-of-function properties, probably linked to 
defective ligand-mediated receptor internalization and 
sustained intracellular signaling [60, 83]. These prop-
erties include decreased phosphorylation of activated 
mutant CXCR4, superior survival and enhanced SDF-
1-induced chemotaxis of neutrophils [11, 133].

Increased responsiveness to SDF-1 may lead to 
pathological retention of post-mature leukocytes in 
the bone marrow (myelokathexis) of these patients.

The mechanism for the susceptibility to human 
papilloma virus (HPV) infection is as yet unknown. 
The absence of mutations in the CXCR4 gene in some 
patients supports the view that WHIM syndrome is 
genetically heterogeneous [11, 62].

6.5.3
Clinical Manifestations

A specific susceptibility to HPV-induced warts, which 
most often appear in the second decade of life, is 
characteristic, but the warts may occur earlier as well. 
While some individuals have relatively few or no warts, 
others are afflicted with extensive cutaneous verrucosis, 
including genital condyloma acuminata with dysplas-
tic changes [56, 156].

Patients present with recurrent bacterial infections 
from infancy including pneumonia, sinusitis, otitis, cel-
lulitis, periodontitis, and abscesses. Infections are caused 
by common pathogens; the clinical course is relatively 
benign and responds to antibiotic therapy [31, 59].
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Systemic immunity to other viral pathogens is 
apparently robust. There have been no reports of gen-
eralized opportunistic infections.

Two cases of Epstein-Barr virus (EBV) positive B 
cell lymphoma, one localized in the skin, the other in 
the gut, have been reported [21, 67].

Finally, complex congenital heart defects, resem-
bling those observed in CXCR4 knockout mice, have 
been described infrequently [59, 156].

6.5.4
Diagnosis

The disease is indicated by warts and leukopenia 
with neutropenia in most cases. Examination of bone 
marrow shows myeloid hypercellularity (elevated 
myeloid: erythroid ratio) with morphologic abnormali-
ties (Fig. 6.5) consistent with apoptosis (pycnotic and 
hypersegmented nuclei, and multiple small cytoplasmic 
vacuoles) [59].

Unlike other congenital neutropenic states, devel-
opmental arrest of myeloid precursors does not occur 
in myelokathexis patients [33]. Neutropenia in WHIM 
is severe, with absolute counts usually below 300/µl. 
Phagocytosis, bactericidal activity, and chemotaxis of 
neutrophils are normal [33, 59]. During acute systemic 
infections, neutrophils can be recruited to the blood 
and leukocytosis with neutrophilia typically observed. 
Lymphopenia is less common than neutropenia. 
B lymphopenia has been described in several patients 
[8, 56] with marked reduction of CD27+ memory 
B cells [60]. Hypogammaglobulinemia is variable 

and may affect all isotypes [8, 56, 60]. Active immu-
nization elicits positive but short-lived responses [31, 
60]. T lymphocyte subsets and in vitro lymphocyte 
proliferation to mitogens are abnormal in some but 
not all patients [59, 156]. Verification of disease caus-
ing mutations in CXCR4 (when present) confirm the 
diagnosis.

6.5.5
Management

There is little evidence available on the manage-
ment of the patients with WHIM syndrome; so, 
the  following management recommendations 
have to be applied with caution. Administration of 
granulocyte colony-stimulating factor (G-CSF) or 
granulocyte macrophage colony-stimulating factor 
(GM-CSF) causes a rapid increase in the neutrophil 
count and may  normalize bone marrow cytology 
[64, 154, 155].

Attention must be paid to platelets and other cell 
lines that may decrease under G-CSF. Use of prophylac-
tic antibiotics and regular infusions of immunoglobu-
lin replacement therapy may reduce the incidence of 
bacterial infections.

Warts are usually resistant to local therapy, requir-
ing laser ablation. The high risk of malignant trans-
formation of genital warts is of concern and requires 
careful monitoring [32].

A specific inhibitor (AMD3100) of CXCR4 is 
in clinical trial for mobilization of stem cells [52, 

Fig. 6.5 Peripheral blood smear 
of a patient with WHIM syn-
drome. Polymorphonuclear cells 
showing hypersegmented nuclei 
with long filaments connecting 
nuclear lobes
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53, 82], which may be a candidate for treatment in 
WHIM.

6.6
Epidermodysplasia Verruciformis 
(EV Types 1,2)

6.6.1
Definition

Epidermodysplasia verruciformis (EV, OMIM#226400) 
is a rare, lifelong, hereditary disorder with an extremely 
increased susceptibility to HPV infection affecting the 
skin. EV was described by Lewandowsky and Lutz in 1922 
[90] and was probably the first description of a PID as well 
as the first evidence for the involvement of HPV infection 
in the development of skin cancer [91, 112, 114].

Early development of widespread, refractory flat 
warts and pityriasis versicolor-like lesions are distinc-
tive features. EV results from a specific susceptibility 
to certain types of HPV, named EV-HPV types (now 
termed β-HPV types).

Skin carcinomas, usually associated with the onco-
genic HPV5, emerge in over one-third of cases [91, 
142]. To date, the exact mechanisms leading to persist-
ent EV-HPV infections are elusive.

6.6.2
Etiology

Individuals with EV have a specific impaired cellular 
immunity to EV-HPVs that makes them susceptible 
to widespread viral infection. HPVs are small, non-
enveloped double-stranded DNA viruses measuring 

about 55 nm in diameter [113]. Many of the HPV 
types found in EV lesions are nonpathogenic to the 
general population. The exact mechanisms involved 
in the malignant transformation of keratinocytes in 
skin lesions of patients with EV are still unclear. In EV 
tumors, transcripts of E6 and E7 (the early region of 
viral genes) gene products are detected. E6 and E7 code 
for the major onco proteins responsible for the onco-
genic potential of HPV. UV light is likely to be involved 
in the progression from benign warts to malignancy 
[143, 144].

EV is an autosomal recessive disorder which is 
genetically heterogeneous. The first susceptibility 
locus to EV (EV1) was initially mapped to 17q25 [124]. 
The second susceptibility locus for EV (EV2) was 
mapped to 2p21 [126]. At the EV1 locus, two adjacent, 
related genes (EVER1, OMIM*605828; and EVER2,
OMIM*605829) have recently been  discovered [125].

It is at present unclear how the EVER1 and EVER2
genes are involved in the innate or adaptive immune 
responses to control EV-HPV infection in epidermal 
keratinocytes.

6.6.3
Clinical Manifestations

EV patients are prone to a subset of HPVs, but not to 
other infections. EV usually begins during infancy and 
early childhood [70, 94]. The lesions generally start on 
the sun-exposed areas (dorsa of the hands, forehead), 
and may generalize to the limbs, neck, and trunk. The 
mucous membranes are rarely involved. The typical 
lesions are characterized by either flat warts or present-
ing as pityriasis versicolor-like macules (Fig. 6.6). Typi-
cal common warts are only occasionally observed in 
EV patients [113]. Complete regression of the lesions 

Fig. 6.6 Flat wart lesions and hypo/hyperpigmented (tinea versicolor-like) macules in a patient with epidermodysplasia 
verruciformis
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 associated with EV-HPVs has never been observed. 
These lesions are refractory to conventional therapies. 
HPVs can be detected by in situ hybridization or polymer-
ase chain reaction on skin tissue specimens. The clas-
sic histologic presentation of EV is a verruca plana-type 
lesion with minimal hyperkeratosis and acanthosis 
[104]. The cells of the upper epidermis have a clear, blue-
gray pale cytoplasm and a central pycnotic nucleus.

Nonmelanoma skin cancers, most frequently local-
ized in sun-exposed areas, develop in over one-third of 
cases [91, 142]. The cancers usually arise after the sec-
ond decade of life. Lesions converting to malignancy 
appear usually as actinic keratoses and are located 
mainly on the forehead [113].

Cancers develop slowly and are mainly locally 
destructive, but progressive extension and metastasis 
have been observed in some patients [69, 92].

Specific and nonspecific cell-mediated immunity 
are impaired in some, but not all EV patients. However, 
little is known about the extent in which these defects 
are involved in the pathogenesis of EV [55, 95, 96].

6.6.4
Diagnosis

Appearance, clinical course, histopathological findings 
of skin lesions, and molecular HPV typing lead to the 
right diagnosis. It can be confirmed in approximately 
75% of all cases by mutational analysis of the EVER1
or EVER2 genes.

6.6.5
Management

A definitive therapy for EV has not been available up to 
now. Retinoid (acitretin) and interferon (alfa-2a) ther-
apies have been used in the treatment of EV with vari-
able results [13, 58, 94]. Surgical removal is used in the 
treatment of malignant and large disfiguring benign 
lesions. Strict sun avoidance should be started once 
the syndrome is diagnosed. The life-long risk of cancer 
development should be kept in mind. However, it may 
be helpful and reassuring for the patient to point out 
that over 60% of patients do not develop skin cancer.
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7.1
Introduction

Autoinflammatory disorders are a group of diseases that 
are characterized by recurrent, generalized inflamma-
tion where no infectious or autoimmune cause can be 
detected [56, 82]. The term was first used for the Men-
delian inherited periodic fever syndromes (Table 7.1).

The concept of autoinflammatory disorders has 
expanded and now also includes an increasing number 
of polygenic and multifactorial diseases. However, this 
chapter will focus on the Mendelian inherited autoin-
flammatory diseases because knowledge in this field 
has expanded considerably and many of these poly-
genic and multifactorial diseases are discussed in the 
rheumatologic and gastroenterologic literature. No 

Core Messages

● Autoinflammatory disorders constitutes a new 
term that covers a group of diseases character-
ized by recurrent generalized inflammation 
in the absence of infectious or autoimmune 
causes.

● Dysregulation of the innate immune system 
causes inflammation by affecting the pathways 
connected to the NOD-like receptors.

● The patients are at risk of developing amy-
loidosis, the main long-term sequelae of many 
of these disorders.

● The term was initially used only for the inher-
ited periodic fever syndromes.

● Over the past few years, the concept of 
autoinflammatory disorders has expanded to 
encompass an increasing number of polygenic/
multifactorial diseases.

decision has yet been taken on which polygenic and 
multifactorial diseases will be characterized as autoin-
flammatory and this will probably change in the 
coming years. Autoinflammatory diseases are a conse-
quence of dysregulation of the innate rather than the 
adaptive immune system. There has been a proposal to 
classify immunological diseases according to the extent 
to which the innate or the adaptive immune systems 
are involved [84] (Fig. 7.1).

Common symptoms, during attacks, in autoinflam-
matory diseases are malaise, fever, arthritis/arthralgia, 
abdominal pain and skin rash. The patients also have an 
inflammatory reaction during the attack. Onset of the 
disease is generally noted during childhood or adoles-
cence. The patients are usually symptom-free between 
attacks but may have a subclinical inflammation.

The clinical picture of autoinflammatory diseases 
has been described over the past few decades. The 
genetic background of eight diseases was discovered 
between 1997 and 2002. In recent years, more knowl-
edge has been gained regarding pathophysiology, but 
there are still many unanswered questions.

Autoinflammatory diseases can be classified accord-
ing to heredity (Table 7.1). Familial Mediterranean 
fever (FMF) and the two mevalonate kinase deficiency 
(MKD) diseases, hyperimmunoglobulinemia D and 
periodic fever syndrome (HIDS) and mevalonic aci-
duria (MVA), are autosomal recessive diseases. Tumor 
necrosis factor receptor-associated periodic syndrome 
(TRAPS), pyogenic arthritis, pyoderma gangrenosum 
and acne syndrome (PAPA) and Blau syndrome and the 
cryopyrin-associated periodic syndromes (CAPS), are 
inherited in an autosomal dominant pattern. The CAPS 
include three different diseases: chronic infantile neuro-
logic cutaneous and articular syndrome (CINCA), also 
known as neonatal-onset multisystem inflammatory 
disease (NOMID), Muckle–Wells syndrome (MWS) 
and familial cold autoinflammatory syndrome (FCAS), 
also known as familial cold urticaria (FCU).
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The concept of autoinflammatory diseases has 
expanded from initially including only hereditary syn-
dromes to also encompassing non-Mendelian inherited 

diseases. There is still no agreement as to which of these 
syndromes will be included. The following diseases are 
often regarded as autoinflammatory: periodic fever, 
aphtous stomatitis, pharyngitis and cervical adenitis 
(PFAPA), systemic onset juvenile idiopathic arthritis 
(SoJIA), adult-onset Still’s disease (AOSD), chronic 
recurrent multifocal osteomyelitis (CRMO) and 
Behçet’s disease (BD). The role of Crohn’s disease (CD) 
as an autoinflammatory disease or immunodeficiency is 
not yet settled. Apart from PFAPA, the polygenic/multi-
factorial diseases will only be discussed in brief.

The study of autoinflammatory diseases has given us 
better insight into the innate immune system. Pattern 
recognition receptors (PRRs) are a group of molecules 
responsible for sensing danger signals and are involved 
in the first line of defense. The extracellular Toll-like 
receptors (TLRs) were discovered 10 years ago. A few 
years later, the intracellular NOD-like receptors (NLRs) 
were found [43, 57]. The PRRs are highly conserved 
and can be seen even in plants and insects. Two NLRs, 
NALP3, also known as cryopyrin and CIAS1, (NACHT, 

Table 7.1 Characteristics of the hereditary periodic fevers

FMF HIDS TRAPS FCAS MWS
CINCA/
NOMID

Heredity Autosomal 
recessive

Autosomal 
recessive

Autosomal 
dominant

Autosomal 
dominant

Autosomal 
dominant

Autosomal 
dominant

Ethnicity Eastern Medi-
terranean

Mainly the 
Netherlands, 
France

Mainly Euro-
pean

Mainly North 
American

Mainly Euro-
pean

?

Chromosome 16p13 12q24 12p13 1q44 1q44 1q44
Gene MEVF MVK TNFRSF1A CIAS1/NALP3 CIAS1/NALP3 CIAS1/NALP3
Affected 
protein

Pyrin 
(Marenostrin)

Mevalonate 
kinase

55 kD TNF 
receptor

Cryopyrin Cryopyrin Cryopyrin

Duration 12–72 h 3–7 days >7 days 12–24 h 24–72 h Continuous
Skin manifes-
tation

Erysipelas-like 
on the lower 
legs/feet

Maculopapular 
rash

Migratory rash Urticarial-like 
rash

Urticarial-like 
rash

Urticarial-like 
rash

Clinical signs Triggered by 
vaccination 
and stress

Periorbital 
edema, Myal-
gia, conjunc-
tivitis

Triggered by 
cold

Hearing loss, 
Conjunctivitis

Aseptic men-
ingitis, Hearing 
loss

Lymphaden-
opathy/hepat-
osplenomegaly

Splenomegaly Cervical lym-
phadenopaty

Splenomegaly No Unusual Common

Thorax Pleuritis Pleuritis
Abdominal 
symptoms

Peritonitis Pain, vomiting, 
diarrhea

Peritonitis Nausea Pain Unusual

Joints Mainly 
monoarthritis

Arthritis/
arthralgia

Arthritis/
arthralgia

Arthralgia Arthritis/
arthralgia

Arthropathy

Age at onset 90% <20 years <1 year Variable (mean 
3 years)

<6 months Childhood Neonatal

Amyloidosis 
(risk)

25–40% Unusual 10–20% Unusual 25% Probably usual

FMF Familial Mediterranean fever, HIDS Hyperimmunoglobulinemia D and periodic fever syndrome, TRAPS TNF 
receptor-associated periodic syndrome, FCAS Familial cold autoinflammatory syndrome, MWS Muckle–Wells 
 syndrome, CINCA Chronic infantile neurologic cutaneous and articular syndrome, NOMID Neonatal-onset 
multisystem inflammatory disease

Fig. 7.1 Autoinflammatory verses autoimmune immuno-
logical diseases. Adapted from [84]
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leucine-rich repeat- and PYRIN domain-containing 
protein 3) and NOD2 (nucleotide-binding oligomeri-
zation domain protein 2),  have been shown to be 
associated with autoinflammatory diseases [81, 129]. 
The NALP3 inflammasome can be activated by microbial 
toxins, bacterial RNA, uric acid and ATP [83]. However, 
much still remains to be learnt regarding pathogenesis 
and treatment of autoinflammatory disorders.

The awareness and knowledge of autoinflammatory 
diseases is important. Patients with these diseases need 
to be recognized and diagnosed as well as evaluated for 
the risk of amyloidosis, the main long-term sequelae. 
They should also receive appropriate treatment, with 
the aim of avoiding amyloidosis as well as improving 
length and quality of life.

It is often a challenge to investigate suspected 
autoinflammatory diseases. As in many areas of medi-
cine, the mainstay is a good clinical case history and 
physical examination. Many conditions can mimic 
autoinflammatory diseases. Occult or recurrent infec-
tions (for example, frequent viral infections, malaria, 
brucellosis, and Borrelia recurrentis) are important dif-
ferential diagnoses as well as malignant diseases and 
atypical autoimmune diseases. Immunodeficiencies 
including cyclic neutropenia have to be considered. It 
is crucial to ascertain if there is a marked inflammatory 
response during attacks (Fig. 7.2). If not, the patients 

probably do not suffer from an autoinflammatory 
disease. It is especially important to penetrate family 
history and ethnicity in detail. A patient diary is often 
valuable. The clinical picture (Fig. 7.2) will give a clue 
as to which autoinflammatory disease might cause the 
symptoms but there are overlaps in the clinical pres-
entation of the different diseases. Furthermore, there 
are many patients with suspected autoinflammatory 
disease who do not fit in with any of the known dis-
eases. The understanding of these “undifferentiated” 
disorders need to be improved. However, the increased 
knowledge of many autoinflammatory diseases in 
combination with the development of cytokine inhibi-
tors has prompted potential for better treatment.

7.2
Familial Mediterranean Fever (FMF)

7.2.1
Definition

FMF (OMIM#249100) has existed since biblical times, 
but was only described as a clinical entity as recently as 
1945 [120], while it was given the name FMF in 1958 
[46]. FMF is the most common of the hereditary 

Fig. 7.2 Proposal for investigation of 
suspected autoinflammatory disease
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autoinflammatory diseases world-wide and estimates 
put the number of patients affected at around 120,000. 
The disease is mainly found in populations from the 
eastern Mediterranean area (especially Jews, Arme-
nians, Turks and Arabs). FMF can be found in other 
ethnic groups around the Mediterranean Sea but in a 
lower incidence [5, 68, 69]. The disease is uncommon 
in other ethnic populations. However, a relevant clini-
cal understanding of the disease has become increas-
ingly important in other parts of the world, mainly due 
to emigration from the eastern Mediterranean area in 
combination with the severity of the disease. The dis-
ease is usually present in children or adolescents, 50% 
has onset before the age of 10 years and 90% before the 
age of 20 years.

7.2.2
Etiology

FMF is an autosomal recessive inherited disease caused 
by mutation in the MEditerranean FeVer (MEFV) gene 
(OMIM*608107) on chromosome 16. FMF was the first 
of the autoinflammatory diseases where a defect gene 
could be found (1997) [34, 58]. Initially, five mutations 
were described and they are still the most frequent (80–
90%). Thus far, about 70 mutations have been described 
(http://fmf.igh.cnrs.fr/infever). MEFV codes for a protein, 
pyrin (“relation to fever”) also called marenostrin (“our 
sea”), which is mainly expressed in granulocytes, mono-
cytes and synovial fibroblasts. This protein is of impor-
tance for regulation of the innate immune system. There 
are two possible mechanisms for the action of pyrin (Fig. 
7.3). In the sequestration hypothesis, it is believed that 
native pyrin has an inhibitory effect on the cryopyrin 
(NALP3) inflammasome by competitive binding of ASC 
(apoptosis-associated speck-like protein) and pro-cas-
pase-1 as well as binding of caspase-1 [15, 99]. The pyrin 
inflammasome hypothesis suggests that pyrin can form 
an inflammasome by binding to ASC and another adap-
tor protein in order to cleave pro-caspase-1 and activate 
IL-1β [143]. Mutations in both alleles are found in only 
two-thirds of clinically classic cases. The reason for this is 
not known but mutations in another gene or in the pro-
moter region could be explanations.

7.2.3
Clinical Manifestations

The symptoms of FMF are self-limiting recurring 
attacks (12–72 h) of fever and serositis. The most fre-

quent manifestation besides fever is peritonitis (90%). 
The abdominal pain can resemble appendicitis and 
many patients have been appendectomized before the 
FMF diagnosis was made. Acute arthritis is also com-
mon, usually affecting one or a few large joints (ankle, 
knee, hip or the sacro-iliaca joints). The arthritis is 
usually non-erosive but it may in rare cases be chronic 
and erosive. Pleuritis is seen in about 15–30% of the 
patients [114] and is usually one-sided with painful 
breathing. Pericarditis and orchitis can also occur. An 
erysipelas-like erythema during attacks is seen in about 
25% of pediatric patients [97]. The erythema is often 
associated with arthritis and is usually located between 
the knee and ankle, on the dorsum of the foot, or in the 
ankle region. Polyarteritis nodosa and Henoch-Schon-
lein purpura are associated with FMF [132].

Fig. 7.3 The cryopyrin inflammasome and its involvement 
in cryopyrin-associated periodic syndromes (CAPS), famil-
ial Mediterranean fever (FMF) and Pyogenic arthritis, pyo-
derma gangrenosum and acne syndrome (PAPA)
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There is a short but marked inflammatory response 
during an attack indicated by an increase in CRP (C-reac-
tive protein), ESR (erythrocyte sedimentation rate) and 
serum amyloid A (SAA). Especially, SAA increases during 
attacks. However, the FMF attacks are probably only the 
tip of the iceberg. Recent studies have shown that subclin-
ical inflammation is common between attacks, [25, 70] 
which might also affect the patients’ quality of life [96].

The main risk of FMF is development of renal amy-
loidosis, which may lead to end-stage renal failure. SAA 
is the precursor of amyloid deposits in FMF. SAA levels 
rise during attacks and usually normalize in attack-free 
periods [133]. However, in a significant proportion of 
patients, SAA levels are not normalized [25, 70]. The 
level of increased SAA in which there is no risk for 
development of amyloidosis has not been established. 
The MEFV mutation M694V and the SAA1 genotype 
are risk factors for amyloidosis [14, 38, 75, 142]. Inter-
estingly, the country of residence is for unknown rea-
sons an independent risk factor with the highest risk if 
you live in Armenia, Turkey or Arabic countries [131]. 
Analysis of SAA might be a tool in diagnosing as well as 
monitoring FMF [9]. The E184Q mutation is associated 
with a less severe phenotype which might be explained 
by localization of the mutation in another exon than 
most other mutations. Patients with amyloidosis as the 
presenting or only manifestation of disease (phenotype 
II) exist but are uncommon [7, 132].

7.2.4
Diagnosis

The diagnosis is made on the basis of clinical crite-
ria. The Tel Hashomer criteria [76] are often used to 

make the diagnosis (Table 7.2). However, these crite-
ria have some limitations especially in countries with 
a low prevalence of FMF. The diagnosis should be 
considered in patients with ethnicity from the eastern 
Mediterranean with recurrent inflammatory episodes. 
A diagnostic trial with colchicine treatment is part of 
the investigation in patients with atypical symptoms. 
Genetic investigation can in atypical cases verify the 
diagnosis but a negative mutation analysis cannot rule 
out the disease since MEFV positive mutations in both 
alleles are only seen in two-thirds of patients with clas-
sical FMF.

7.2.5
Management

The disease is treated with colchicine prophylactically 
[20, 40, 144]. Most patients will be symptom-free and 
the risk of amyloidosis is reduced from 25–40% to less 
than 1%. However, colchicine does not have any effect 
on acute attacks. Children usually need a higher dose 
per kilogram than do adults [62]. In treatment failure, 
it is important to consider poor compliance. Colchicine 
can sometimes, especially in higher doses, give gastroin-
testinal side-effects. A temporary reduction in the col-
chicine dose and reduced intake of lactose can relieve 
the gastrointestinal symptoms. Acute FMF attacks can 
be treated with nonsteroid anti-inflammatory drugs 
(NSAID). Corticosteroids do not have an effect on the 
classical manifestations but might be effective in pro-
tracted myalgia [71]. Arthritis that becomes chronic 
can be treated as juvenile idiopathic arthritis or 
rheumatoid arthritis. Cytokine (TNF, IL-1) inhibitors 
have been used with success in therapy resistant cases 

Table 7.2 Simplified criteria set for diagnosis of familial Mediterranean fever (FMF), “Tel Hashomer criteria”
Major criteria
1–4. Typical attacks
  1. Peritonitis (generalised)
  2. Pleuritis (unilateral) or pericarditis
  3. Monoarthritis (hip, knee, ankle)
  4. Fever alone
5. Incomplete abdominal attack
Minor criteria
 1–2. Incomplete attacks involving 1 or more of the following sites
  1. Chest
  2. Joint
3. Exertional leg pain
4. Favourable response to colchicine
The requirements for diagnosis are ≥1 major criteria or ≥2 minor criteria. Typical attacks are defined as 
recurrent (≥3 of the same type), febrile (≥38 °C) and short (lasting between 12 h and 3 days)
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[13, 15, 90, 115]. Proteinuria is an important and early 
sign of renal amyloidosis. The natural course of the dis-
ease is that the acute attacks become less frequent with 
time. Some patients quit their prophylactic medication 
which might lead to renal amyloidosis followed by renal 
impairment. It is therefore of importance to emphasize 
that colchicine treatment is lifelong.

7.3
Mevalonate Kinase Deficiency (MKD) 
(Hyperimmunoglobulinemia D and Periodic 
Fever Syndrome, Mevalonic aciduria)

7.3.1
Definition

Hyperimmunoglobulinemia D and periodic fever syn-
drome (HIDS, OMIM#260920) was defined more than 
two decades ago and was given its name due to increased 
IgD and periodic fever. Mevalonic aciduria (MVA, 
OMIM#251170) is a more severe disease with mental 
retardation and dysmorphic features in addition to simi-
lar symptoms as for HIDS. It later turned out that both 
diseases have a defect in the same enzyme (mevalonate 
kinase). The name MKD is now used for the both diseases. 
MKD is an uncommon inborn error of the cholesterol 
biosynthesis. There are only about 200 and 50 patients 
known with HIDS and MVA, respectively. Most patients 
with HIDS are from Europe, in particular from the Neth-
erlands and France.

7.3.2
Etiology

MKD is autosomal recessive inherited and caused 
by a mutation in the mevalonate kinase (MVK) gene 
(OMIM*251170) located on chromosome 12 [22, 
53]. The mutation leads to reduced activity of the 
mevalonate kinase. This enzyme is part of the cho-
lesterol, farnesyl and isoprenoid biosyntesis (Fig. 
7.4). In MVA, mevalonate kinase activity is almost 
zero [51] and in HIDS 1–10% [22, 53] which leads 
to an accumulation of mevalonate in serum and 
urine. In MVA, mevalonate is continuously very 
high while in HIDS it is normal between attacks 
and increases only moderately during attacks. There 
are about 40 known disease-causing mutations [78] 
(http://fmf.igh.cnrs.fr/infever). HIDS is associated 
with a “severe” and a “mild” (almost always V377I) 

mutation in contrast with MVA which is associ-
ated with two “severe” mutations. The activity of 
the V377I is temperature-dependent, leading to 
decreased activity with increasing temperature [52] 
which might partly explain the periodic attacks seen 
in HIDS. The reason why mutations in MVK lead to 
an autoinflammatory disease is still not clear. There 
has been considerable debate as to whether it is 
caused by an increase of mevalonate or a decrease 
of compounds further down the pathway (Fig. 7.4). 
There is also an increased production of IL-1β in 
HIDS and anecdotal effect of anakinra, an IL-1 
blocker [11]. The reason for this is unknown but it 
suggests that the same pathways as CAPS and FMF 
might be involved.

7.3.3
Clinical Manifestations

A continuous spectrum of clinical presentations is 
seen from the more benign HIDS to the more severe 
MVA. HIDS was first described in 1984 [134]. The 
symptoms usually start appearing before the age 

Fig. 7.4. Defect in the cholesterol biosyntesis in mevalonate 
kinase deficiency (MKD)
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of 1 year [35] and are characterized by episodes of 
fever and inflammation that recur every 2–8 weeks 
and last 3–7 days [23]. Other common symptoms 
during attacks are skin rash, cervical lymphadenop-
athy, arthritis/arthralgia, diarrhea and abdominal 
pain (Fig. 7.5). Sometimes there are hepatomegaly 
and oral or genital ulcers. Acute phase reactants 
increase during episodes. IgD and IgA in 80% are 
increased both during and between attacks. Attacks 
in patients with HIDS can be provoked by vaccina-
tion and stress. MVA is characterized by the same 
inflammatory symptoms as HIDS but also by dys-
morphic features, neurologic symptoms, mental 
retardation and failure to thrive [51].

7.3.4
Diagnosis

The diagnosis is made in patients with clinical sus-
picion of MKD disease by mutational analysis of the  
MVK gene or by measuring the activity of meval-
onate kinase. Mevalonate is slightly elevated during 
attacks but not in attack-free periods in HIDS. It is 

important that the laboratory is able analyze meval-
onate in low concentrations. The usual methods for 
detecting aminoaciduria are not sufficiently sensi-
tive for analyzing the low but significantly raised 
levels of mevalonate in HIDS. This problem is not 
encountered in MVA where mevalonate is continu-
ously very high. The reason for the polyclonal rise in 
IgD and IgA is not known and an increase is seen in 
many other inflammatory diseases including FMF 
and PFAPA.

7.3.5
Management

There is no established therapy. Several anti-inflam-
matory agents (i.e., colchicines, non-steroidal anti-
inflammatory drugs, steroids and thalidomide) 
have been tried for treatment of HIDS without any 
major effect. Simvastatine, a HMG-CoA reductase 
inhibitor, has been shown to reduce the number of 
days of illness in HIDS [122]. This is in contrast 
to the flare in two patients with MVA, receiving 
lovastatin, another HMG-CoA reductase inhibitor. 
Etanercept has been tried with varying results. Ana-
kinra, an IL-1 blocking agent, has been tried with 
some success in a few patients [11, 12, 94]. Recently 
two patients with MVA have been treated success-
fully with stem cell transplantation [6, 93].

7.4
Tumor Necrosis Factor Receptor-Associated 
Periodic Syndrome (TRAPS)

7.4.1
Definition

TRAPS (OMIM#142680) was formerly known as 
familial Hibernian fever due to the heredity factor 
and the geographic region where the first cases were 
described [137]. The disease was renamed TRAPS 
when it was discovered that it was caused by a muta-
tion in the TNF receptor gene 1 [82]. TRAPS is 
probably the most frequent autosomal dominant 
hereditary autoinflammatory disease. However, 
it is still an unusual disease. Much data is missing 
regarding epidemiology but most reported cases are 
from Europe.

Fig. 7.5 Rash seen in a patient with HIDS. (Courtesy of A. 
Simon; Nijmegen, the Netherlands)



222 Stefan Berg and Anders Fasth

7.4.2
Etiology

TRAPS is caused by a mutation in the tumor necro-
sis factor receptor superfamily 1A (TNFRSF1A)
gene (OMIM*191190) that encodes for the TNF 
receptor 1 (=55 kD TNF receptor). The gene for 
the disease, located on chromosome 12, was found 
in 1999 [82]. To date more than 40 different dis-
ease-causing mutations have been found in TRAPS 
(http://fmf.igh.cnrs.fr/infever). Two mutations, 
R92Q and P46L, are regarded as polymorphisms 
or associated with a milder phenotype [108] and 
occur in 1 and 2% of Caucasians and Africans, 
respectively. In the initial description of TRAPS it 
was found that there was a shedding defect of the 
TNF receptor which led to decreased concentration 
of soluble TNF receptor in serum [82]. However, 
this is only true for some of the TRAPS mutations 
and this is probably not related to the pathogen-
esis. A new theory is that there is misfolding of the 
extracellular domain of the mutant TNF receptor 
1 leading to retention in the endoplasmatic reticu-
lum and that TRAPS may result from the conse-
quences of the abnormally retained TRAPS mutant 
TNF receptor 1 [77] giving rise to an intracellular 
inflammatory response.

7.4.3
Clinical Manifestations

TRAPS is characterized by long episodes (> 1 week) 
of fever accompanied by abdominal pain, arthralgia, 
myalgia, skin rash, arthritis, pleuritis, conjunctivi-
tis and periorbital edema (Fig. 7.6) [3, 56, 82, 110]. 
The clinical symptoms and severity are variable. The 
median age of onset is 3 years but the range is wide 
(2 weeks to 50 years). The attacks last an average of 
3 weeks but the duration varies from several days to 
more than a month. The myalgia is often migratory 
with an overlying rash.

7.4.4
Diagnosis

The diagnosis of TRAPS is suspected in patients 
with recurring long attacks (>1 week), myalgia with 
an overlying erythematous rash, ocular manifesta-
tions and a family history suggesting autosomal 
dominant inheritance. Acute phase reactants are 
increased during attacks. Reduced soluble TNF 
receptor levels are seen in many but not all patients. 
The symptoms of TRAPS are very variable and the 
diagnosis is based on DNA analysis. It is still not 

Fig. 7.6 Periorbital edema seen in a 
patient with TRAPS. (Courtesy of 
T. Pettersson; Helsinki, Finland)
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settled how to interpret patients with signs and 
symptoms of autoinflammatory disorder who have 
the polymorphisms (or low penetrance mutations) 
R92Q and P46L.

7.4.5
Management

Steroids are effective in treating TRAPS but unac-
ceptably high doses are often required. Etanercept, a 
TNF blocking agent, has been used with some success 
although not in all cases [16]. Infliximab, a humanized 
mouse antibody to TNF, seems to be ineffective for 
some patients and paradoxal inflammatory reactions 
have been observed [24, 60]. Recent reports using IL-1 
blockage (anakinra) are promising [16, 121].

7.5
Cryopyrin-Associated Periodic Syndrome 
(CAPS) (Chronic Infantile Neurological 
Cutaneous Articular Syndrome, Muckle–Wells 
Syndrome, Familial Cold Autoinflammatory 
Syndrome)

7.5.1
Definition

Until recently they were regarded as three distinct auto-
somal dominant inherited diseases: chronic infantile 
neurologic cutaneous and articular syndrome (CINCA, 
OMIM#607115) also known as neonatal-onset multi-
system inflammatory disease (NOMID), Muckle–Wells 
syndrome (MWS, OMIM#191900), and familial cold 
autoinflammatory syndrome (FCAS, OMIM#120100), 
also known as familial cold urticaria (FCU). However, 
they have now been coupled to mutations in the same 
gene and are regarded as a clinical continuum [2]. The 
name CAPS, used for all three conditions, indicates that 
the same protein, cryopyrin, is affected in these diseases. 
They are all rare. It appears that Muckle–Wells is more 
common in Europe and FCAS in North America [2].

7.5.2
Etiology

All three diseases are caused by a mutation in the cold-
induced autoinflammatory syndrome 1 (CIAS1) gene 
(OMIM*606416) which also is known as NALP3 or 

PYPAF1. The gene is located on chromosome 1. The 
gene for FCAS and MWS was found in 2001[48]. The 
gene for CINCA/NOMID was found in 2002 [4, 29] and 
turned out to be the same as in FCAS and MWS. In total, 
more than 50 disease-causing mutations are known 
(http://fmf.igh.cnrs.fr/infever). Some of the mutations 
are associated with one disease but overlaps are com-
mon [92]. The gene codes for a protein, cryopyrin, 
which is mainly expressed in neutrophiles, monocytes 
and chondrocytes. Cryopyrin forms a complex known 
as the cryopyrin inflammasome (=NALP3 inflamma-
some), together with ASC and cardinal [81, 129]. This 
cleaves pro-caspase-1 to active caspase-1 which in turn 
activates IL-1β (Fig. 7.3). The mutations in CAPS give 
rise to a gain of function of the NALP3 inflammasome. 
However, the understanding of the role of the mutated 
cryopyrin is still unclear. There are conflicting data 
regarding apoptosis and regulation of nuclear factor 
kappa B (NF-kB) in CAPS. Not all patients with the clin-
ical picture of CAPS have a mutation in CIAS1(NALP3)
and mutations in other regions are possible.

7.5.3
Clinical Manifestations

Although these diseases have been classified as three dif-
ferent diseases they often have overlapping symptoms 
such as fever, urticaria-like rash, arthritis/arthralgia and an 
acute inflammatory reaction. The diseases can be regarded 
as a continuum with FCAS as the mildest form, MWS as 
the intermediate and CINCA as the most severe. There are 
overlap forms of CINCA/MWS and MWS/FCAS.

FCAS was first described in 1940 [66]. FCAS is char-
acterized by cold-induced attacks of fever associated with 
urticaria-like rash, arthralgia and conjunctivitis (Fig. 
7.7) [50]. The symptoms usually start before the age of 
6 months. The average delay between cold exposure and 
symptoms is 2–3 h and the episode usually lasts less than 
24 h. This is in contrast to the more common cold urticaria 
where the symptoms develop soon after cold exposure. 
The risk of developing amyloidosis is lower than MWS.

MWS was first described in 1962 [91]. The syndrome 
is characterized by episodic attacks with urticaria-like 
rash, fever, malaise, conjunctivitis, arthralgia and pro-
gressive sensorineural hearing loss [18, 21]. The dura-
tion of the attacks is longer (24–72 h) than in FCAS. 
The disease usually manifests itself during childhood 
but hearing loss usually begins in adolescence. About 
25% of patients will develop amyloidosis [1].

CINCA was first described in 1981[104] and 
NOMID in1983 [44]. It later turned out to be the 



224 Stefan Berg and Anders Fasth

same disease and the terms CINCA/NOMID are used 
interchangeably. In addition to fever, the clinical 
spectrum includes the triad of cutaneous, neurolog-
ical and articular symptoms. The nonpruritic urti-
caria-like skin rash usually develops in the neonatal 
period or in early infancy. The neurological symp-
toms, which vary considerably between patients, 
can include chronic aseptic meningitis, papilledema 
with optic-nerve atrophy, uveitis, seizures, cerebral 
atrophy, mental retardation and sensorineural hear-
ing loss [105]. The articular manifestations differ 
from juvenile idiopathic arthritis by being a deform-
ing arthropathy with bony overgrowth especially 
affecting the knees but also ankles, elbows, wrists 
and hands [105]. There is chronic inflammation 
with increased ESR, CRP and SAA but flares occur 
at irregular intervals. About one-fifth of untreated 
patients will not survive through to adulthood.

7.5.4
Diagnosis

The diagnosis is made on the basis of clinical criteria 
(Table 7.1). Overlaps between the diseases are com-
mon and the phenotype can vary even within a family. 

A mutation in CIAS1 is found in only about half of all 
cases of CINCA/NOMID [2]. Patients with and with-
out a CIAS1 mutation have similar phenotypes. The 
rates of CIAS1 mutation-positive patients are higher 
in MWS and FCAS patients than in CINCA patients.

7.5.5
Management

Until recently, the treatment of CAPS was mainly sup-
portive. Steroids, disease modifying antirheumatic 
drugs (DMARD) and anti-TNF therapy were used 
with some effect. However, a number of recent case 
reports and studies have shown substantial success 
in treating CAPS with the IL-1 blocker anakinra [37, 
39, 45, 49]. Recovery of hearing loss in a patient with 
MWS has been reported after treatment with anakinra 
[89]. Anakinra can prevent symptoms of FCAS [85].

7.6
Blau Syndrome

7.6.1
Definition

Sarcoidosis is a granulomatous multisystem disease 
that mainly affects patients between 20 and 40 years 
of age. The symptoms in adults usually involve the 
triad of lung, lymph node and eye manifestations. In 
the pediatric population two distinctive forms have 
been identified [113, 118]. School-aged children 
and adolescents have clinical manifestations simi-
lar to the adults involving lungs and lymph nodes. 
Young children (<5 years) usually have the triad of 
arthritis, uveitis and dermatitis. This syndrome is 
usually referred to early onset sarcoidosis. Another 
disorder, Blau syndrome (OMIM#186580), a rare 
autosomal dominant inherited disease with granulo-
matous inflammation [10, 59] was described 20 
years ago and the symptoms are almost identical to 
early onset sarcoidosis[47, 87, 113]. Sporadic early 
onset Sarcoidosis (without a family history of the 
syndrome) has recently been shown to be the same 
disease as Blau syndrome [64, 65, 111].

7.6.2
Etiology

Blau syndrome is caused by a mutation in the caspase 
recruitment domain family 15 (CARD15) (also known 
as nucleotide-binding oligomerization domain protein 

Fig. 7.7 Rash seen in a patient with FCAS. (Courtesy of 
H. Hoffman; California, USA)
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2, NOD2) gene (OMIM*605956) on chromosome 16 
[86]. The two most prevalent mutations are R334W and 
R334Q [112, 136], but other mutations has been found 
in a few patients. The location of the mutations in Blau 
syndrome is in the NACTH region in contrast to Crohn’s 
disease where mutations are found in the LRR (leucine-
rich repeat) region. The mechanism for the disease is not 
fully known but it is probably involved in regulation of 
apoptosis and in the innate immune response to bacte-
rial lipopolysaccharide via activation of NF-κB [111]. In 
Blau syndrome, there is a gain of function of the mutated 
protein in contrast to Crohn’s disease where there is a loss 
of function. Recent studies have shown that the same 
mutations are found in early onset sarcoidosis as in Blau 
syndrome [64, 65, 112]. These mutations are not found in 
older children and adults with sarcoidosis.

7.6.3
Clinical Manifestations

The dermatitis is a cutaneous eruption of small papules. The 
rash has also been described as an ichtyosiform rash. 
This kind of rash is rarely seen in the adult form of sar-
coidosis. The dermatitis can be intermittent in contrast 
to sarcoidosis in adults. The joint symptoms include 
synovitis and tenosynovitis which often are polyarticu-
lar. Camptodactyli can develop. The most important 
morbidity is due to the uveitis. About one-third of the 
patients develop moderate to severe visual impairments. 
In addition to these core symptoms, liver granuloma, 
erythema nodosum and vasculitis can appear.

7.6.4
Diagnosis

The diagnosis is made on the clinical criteria includ-
ing the core symptoms (dermatitis, arthritis, uveitis) 
and onset usually before 5 years of age. The diagnosis 
can be confirmed by DNA analysis. All patients in the 
international registry (both Blau syndrome and early 
onset sarcoidosis) who had all core symptoms (classi-
cal form) had mutations in the NOD2 gene and none 
of the patients with atypical forms (all core symptoms 
not present). However, others have reported that only 
50–90% patients with early onset and Blau syndrome 
have a disease-causing mutation [65, 136]. Patients 
with atypical form can also have a disease-causing 
mutation [116] The name pediatric granulomatous 
arthritis (PGA) has been proposed for both Blau syn-
drome and early onset sarcoidosis [112] but it has not 
yet been widely accepted.

7.6.5
Management

Steroids have been used for treatment but relapses are 
common after withdrawal. Steroid sparing agents may be 
required. Case studies has shown efficacy with anti-TNF 
therapy [88]. IL-1 blocking agents seem to be ineffective.

7.7
Pyogenic Arthritis, Pyoderma 
Gangrenosum and Acne Syndrome (PAPA)

7.7.1
Definition

PAPA (OMIM#604416) is an autosomal dominant 
inherited disease characterized by pyogen arthritis, pyo-
derma gangrenosum and acne [74]. The disease is only 
known in a few families [17, 74, 109, 126, 138, 141].

7.7.2
Etiology

PAPA was mapped for a disease locus on chromo-
some 15 in 2000 [138, 141]. The disease was found 
2 years later to be caused by a mutation in the CD2-
binding protein 1 (CD2BP1) (= proline serine threo-
nine phosphatase interacting protein 1, PSTPIP1) gene 
(OMIM*606347) on chromosome 15 [139]. Two dif-
ferent mutations are known to date, E250Q and A230T. 
The mechanism by which this mutation causes inflam-
mation is not known. However, the CD2BP1 protein 
binds to pyrin, the protein affected in FMF, and may 
cause inflammation in the same pathway of the innate 
immune system as FMF [119].

7.7.3
Clinical Manifestations

The first manifestation to appear, between 1 and 16 
years of age, is usually oligoarticular pyogenic arthritis 
[74]. The arthritis, often erosive, can start spontane-
ously but sometimes after a mild trauma. Usually the 
joint symptoms will be less pronounced with age. Acne 
develops later, often at puberty. The acne is often severe 
and cystic. Pyoderma gangranosum-like ulcerative 
lesions occurs in some patients. Other manifestations 
include sterile abscesses at injection sites and pancyto-
penia after administration of sulfa-containing drugs.



226 Stefan Berg and Anders Fasth

7.7.4
Diagnosis

The diagnosis is made on clinical criteria. The disorder 
should be suspected if there is a familial appearance 
suggesting autosomal dominant inheritance. The diag-
nosis can be confirmed with genetic analysis.

7.7.5
Management

There is no established treatment for this rare disorder. 
PAPA is only partly responsive to treatment with oral 
and intraarticular steroids. Case reports have shown 
variable results on anti-TNF treatment [17, 26, 124]. 
Case reports have shown a positive effect of anti-IL-1 
treatment [19, 119, 139].

7.8
Multifactorial/Polygenic Autoinflammatory 
Diseases

7.8.1
Periodic Fever, Aphtous Stomatitis, Pharyngitis 
and Cervical Adenitis (PFAPA)

PFAPA is an acronym for the most common fea-
tures of the disease. The incidence of PFAPA syn-
drome is not known, but it is much more common 
than the hereditary periodic fevers. Every pediatri-
cian is likely to encounter at least some cases of 
PFAPA.

The cause of this disease is completely unknown. 
It is regarded as a nonhereditary disease, but the 
clinical observation is that in a small proportion of 

cases, one of the parents has had similar symptoms 
in childhood. A small study revealed an increase of 
pro-inflammatory mediators, even between febrile 
attacks, suggesting dysregulation of the immune 
response in PFAPA syndrome, with continuous pro-
inflammatory cytokine activation (IL-1β, IL-6 and 
TNF-α) and a reduced anti-inflammatory response 
(IL-4) [125].

The first description of the syndrome was made 
in 1987 [79] and the acronym, PFAPA, was coined 2 
years later [80]. The most discriminatory feature is 
that the attacks are regular with a specific interval 
for each child. The recurrent febrile attacks have an 
interval of 2–8 weeks and the duration is usually 
3–7 days [80, 98, 127, 128]. The fever is accompa-
nied by pharyngitis, cervical adenitis and/or oral 
aphtae. Inflammatory parameters (CRP, ESR and 
SAA) increase markedly during attacks but normal-
ize between attacks. The children feel completely 
well between the attacks. The symptoms usually 
disappear within a few years [98, 128]. One clinical 
observation is that children with PFAPA syndrome 
have fewer viral infections than other children of 
the same age. However, when the symptoms of 
PFAFA disappear, these children get viral infec-
tions at the same frequency as other children of the 
same age.

The diagnosis is made on the basis of clinical cri-
teria (Table 7.3) [80]. These include periodic febrile 
attacks with disease onset before the age of 5 years, 
pharyngitis, cervical adenitis and aphtae. The impor-
tant differential diagnosis is the much more uncom-
mon cyclic neutropenia. Recurrent infections need to 
be considered, at least at the start of the disease, be a 
differential diagnosis.

The treatments are mainly supportive with 
reduction of symptoms using NSAIDs. Steroids 
usually abort an attack within a few hours [128]. 

Table 7.3 Diagnostic criteria used for periodic fever, aphtous stomatitis, pharyngitis and 
cervical adenitis (PFAPA)
1. Regularly recurring fevers with an early age of onset (<5 years of age)
2.  Symptoms in the absence of upper respiratory tract infection with at least one of the 

following clinical signs:
 • Aphtous stomatitis
 • Cervical lymphadenitis
 • Pharyngitis
3. Exclusion of cyclic neutropenia
4. Completely asymptomatic interval between episodes

5. Normal growth and development
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However, using steroids for each episode can result 
in a shorter interval between attacks. Tonsillectomy 
has in case series shown resolution of the disease in 
80–90% of cases [36, 100]. This treatment has been 
challenged due to the lack of case-controlled studies 
and the natural course of the disease with spontane-
ous resolution [73].

7.8.2
Systemic Onset Juvenile Idiopathic Arthritis 
(SoJIA)

SoJIA (OMIM#604302) is one of the subtypes of juve-
nile idiopathic arthritis (JIA) [103]. SoJIA represents 
5–10% of all JIA patients. It is the most severe subtype 
and it is a potentially fatal disease. The diagnosis of 
SoJIA is made on clinical criteria [103]. They include 
arthritis with daily fever of at least 2 weeks’ duration. 
The typical fever pattern is fever once or twice per day 
followed by normal temperature and improved general 
condition. During the fever, there is often a salmon-
pink evanescent skin-rash. Generalized lymph node 
enlargement, hepatomegaly, splenomegaly and serosi-
tis are often present. Autoantibodies are not associated 
with SoJIA in contrast with several of the other subtypes 
of JIA. Corticosteroids are usually the first line of treat-
ment. However, in refractory cases or due to side-effects 
other drugs need to be used. Methotrexate is often used 
as a steroid-sparing agent. A recent study showed that 
genes involved in IL-1β processing are activated in 
SoJIA [101]. Furthermore, the same study showed good 
results in treating patients with anakinra. Other small 
case series have shown similar results [135].

7.8.3
Adult-Onset Still’s Disease (AOSD)

Many of the features of AOSD are similar to SoJIA 
[102]. AOSD is characterized by a wide variety of 
symptoms including intermittent fever, evanescent 
salmon-pink rash, arthritis, sore throat, polyserositis, 
lymphadenopathy, and splenomegaly. Several criteria 
set have been developed for AODS and the most used 
was developed by Yamaguchi et al. [140]. The clini-
cal course and severity have also a wide spectrum. 
Corticosteroids are used in most patients with good 
effect but high doses might be needed. Methotrexate 
can be used as a steroid-sparing agent. TNF inhibitor 
agent can be effective in refractory cases. Recent case 
reports has shown good efficacy using IL-1 blockage 
[33, 63].

7.8.4
Chronic Recurrent Multifocal Osteomyelitis 
(CRMO)

CRMO (OMIM:259680) is characterized by recurrent 
fever and nonbacterial osteomyelitis [27]. The diag-
nosis is made on clinical criteria including multifo-
cal bone lesions, recurrent episodes, no response to 
antibiotics and typical radiologic findings [117]. The 
location of the bone lesions are typically in the meta-
physes of long bones but may also occur in the mandible, 
sternum, clavicle and vertebrae [54, 61, 117].

CRMO is often associated with pustulosis palmo-
plantaris, Sweet syndrome and psoriasis [8, 61, 72]. 
Inflammatory disorders are common in first-degree 
relatives (up to 50%) [32]. The etiology is unknown but 
there is evidence that genetic factors may be involved due 
to affected family members and a report of a susceptibil-
ity gene located on chromosome 18 [41]. Mutations in 
LPIN2 (OMIM*605519) on chromosome 18 cause the 
autosomal recessive disease, Majeed syndrome (CRMO 
and dyserythropoietic anemia, OMIM#609628) [31], 
and mutations in PSTPIP2 cause a murine form, chronic 
multifocal osteomyelitis (CMO), of CRMO [30].

7.8.5
Crohn’s Disease (CD)

CD (OMIM#266600) is an inflammatory bowel dis-
ease characterized by an often relapsing transmural, 
granulomatous inflammation. It is sometimes associated 
with arthritis and skin manifestations. The disease is 
associated with NOD2 mutations [55, 95]. However, 
the mutations have a different location than in Blau 
syndrome and are probably associated with a loss of 
function in contrast to Blau syndrome where a gain of 
function is seen. There are conflicting results regarding 
the role of the NOD2 mutations in the pathogenesis of 
CD [106, 107].

7.8.6
Behçet’s Disease (BD)

BD (OMIM%109650) is a chronic relapsing inflam-
matory disease that has been suggested to be included 
among the autoinflammatory syndromes [42]. The 
disease is mainly found in populations around the “Silk 
Route”. The manifestations are oral and genital ulcers, 
folliculitis, erythema nodosum and uveitis. Mutations 
in the MEFV gene, responsible for FMF, are found in a 
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high frequency in BD [130] but there are no increases 
in MVK, CIAS1 or PSTPIP1 mutations [67].

7.8.7
“Undifferentiated”

Many patients with suspected autoinflammatory dis-
ease do not fit into any of the above-mentioned syn-
dromes. This is a diagnostic and treatment challenge. 
Only a few percent of patients in this category have 
been found to have an “autoinflammatory” mutation 
[28, 123]. It is important to follow these patients, in 
particular regarding the risk of renal amyloidosis, the 
severe complication of autoinflammatory diseases. It 
might be advisable to follow creatinine, SAA and check 
for proteinuria.
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Core Messages

● Complement plays a role in the recognition, 
opsonization, and killing or clearance of 
invading microorganisms, immune  complexes 
and altered host cells.

● There are three main pathways of complement 
activation: the classical pathway (C1 dependent), 
the lectin route (mannan-binding lectin/ficolin 
and MASP dependent), in which both C4 and 
C2 play a role, and the alternative pathway (Fac-
tor B, D, and properdin dependent).

● MBL deficiency occurs frequently and acts as a 
disease-modifying factor. All other complement 
deficiencies are rare and result in recurrent pyo-
genic infections or autoimmune disease remi-
niscent of systemic lupus erythematosus.

● Novel assays have made the diagnosis of 
complement deficiencies easier.

● C1INH (C1 inhibitor) replacement therapy is 
available for hereditary (or acquired) angio-
edema (HAE), and replacement therapy is being 
developed for MBL (mannan-binding lectin).

● Complement-targeted therapy (e.g., C1INH, 
soluble CR1, antibodies against C5, C5aR antag-
onists) will become important in the near future 
for adjuvant treatment in ischemia-reperfusion 
injury, transplantation medicine, and inflam-
matory disease.

8.1
Introduction

The complement system is an important part of innate 
and adaptive immunity [102, 103]. This system was 
discovered shortly before 1900 [39], but the first com-
plement-deficient patient was described in 1960 [107]. 
The human complement system consists of more than 

30  proteins, which are primarily produced in the liver 
and circulate in general in their inactive forms. When 
activated, they have several important biological func-
tions, such as the recognition, processing, presentation 
and retention of foreign antigens, regulation of acquired 
immunity, and clearance of immune complexes and cel-
lular debris such as apoptotic cells [8, 63, 106].

The complement system is activated via the classi-
cal (CP), lectin (LP) or alternative (AP) pathways [56, 
81, 102, 103] (Fig. 8.1), which are initiated by different 
mechanisms [17, 73, 107]. This system forms an enzy-
matic reaction cascade of one component  activating 
the next, resulting in an amplification process. Most 
complement proteins are produced in the liver by 
hepatocytes and secreted in plasma constitutively or 
induced by inflammatory cytokines during the acute-
phase response. Some proteins, like C1q, C7 and factor 
D, are mainly produced extra-hepatically, e.g., C1q by 
macrophages and factor D by adipose and renal cells. 
Local synthesis of complement proteins by resident 
or infiltrating cells is pivotal to drive inflammatory 
 processes.

During complement activation, fragments of C4 
and C3 are deposited on pathologic or senescent 
targets for the purpose of opsonization, i.e., cover-
ing the surface with proteins to enhance uptake and 
breakdown by phagocytic leukocytes. The final step of 
complement activation implies release of C5a, a highly 
potent vasoactive peptide that promotes the inflam-
matory reaction, and formation of the terminal C5b-9 
complement complex (TCC) that leads to lysis of cer-
tain Gram-negative bacteria like Neisseria species.

Complement deficiencies, acquired or hereditary, 
have been recognized for almost all of the known 
components of the complement system (Table 8.1). 
Acquired deficiency may be caused by infection or 
immune-complex disorders. Most inherited deficien-
cies of complement components are expressed in auto-
somal recessive patterns, whereas properdin deficiency 
is X linked [36]. The gene defects may give rise to a dys-
functional protein or to complete absence of the protein. 
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Parents of patients with complete deficiency of a com-
plement component usually show heterozygous condi-
tions, resulting in approximately half-normal levels of 
the protein [17, 106], and family studies are necessary 
to identify other affected family members [35].

Most of the inherited deficiencies are uncommon, 
but there are diverse ethnic and geographical influences 
on the prevalence of these deficiencies [17, 24, 25, 77, 
92, 108]. For example, C9 deficiency is the most com-
mon complement deficiency in Japan, where it may 
occur in up to 0.1% of the population [30, 43], while 
it is rare in Western countries. On the other hand, C2 
deficiency has a frequency of 0.01% in the USA, but it 
is unreported in Japan [24].

It is estimated that the prevalence of a heredi-
tary complete complement component deficiency is 
0.03% in the general population, excluding deficiency 
of mannan-binding lectin (MBL), which might be 
present in the homozygous form in as many as 3% of 
people [63].

Primary complement deficiencies are in particular 
associated with increased susceptibility to recurrent 
and invasive infections and with autoimmune disor-
ders [25, 35]. Deficiency of C1 inhibitor (C1INH), the 

main inhibitor of the classical and lectin pathways of 
complement activation, leads to angioedema.

Patients with a deficiency of an early complement 
component in any of the activation pathways, which 
leads to decreased activation of C3, often manifest with 
recurrent pyogenic infections, principally with encap-
sulated bacteria such as Streptococcus pneumoniae and 
Haemophilus influenza type-b, because opsonization 
followed by phagocytosis is the main host defense 
against these organisms [35]. For deficiencies of terminal
complement components (C5-9), recurrent systemic 
neisserial infection is the dominant manifestation, 
because clearance of these bacteria depends on C5b-9-
mediated lysis [8, 93].

Autoimmune, systemic lupus erythematosus (SLE)-
like diseases are associated with deficiencies of many 
complement components, but are typically seen with 
classical pathway component deficiencies, in particular 
with C1q deficiency [93].

Although complement deficiencies are uncom-
mon in the general population, individuals with 
such deficiencies frequently suffer from serious dis-
eases. Therefore, patients with recurrent or invasive 
bacterial infections, certain kidney diseases, familiar 
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Table 8.1 Characteristics of primary complement deficiencies

Complement 
components Deficiencya Gene Inheritance Associated features

Classical pathway C1q C1Q AR SLE, Rheumatoid disease, Infections
C1r C1R AR SLE, Rheumatoid disease, Infections
C1s C1S AR SLE, Rheumatoid disease, Infections
C4 C4A, C4B AR SLE, Rheumatoid disease, Infections
C2 C2 AR SLE, Vasculitis, Polymyositis, Infections

Lectin pathway MBL MBL2 AR Pyogenic infections
MASP2 MASP2 AR Pyogenic infections, SLE

Alternative pathway Factor D CFD AR Neisserial infections
Properdin PFC XL Neisserial infections

C3 C3 C3 AR Recurrent pyogenic infections, Glomerulonephritis
Terminal pathway 
(Membrane attack 
complex)

C5 C5 AR Neisserial infections, SLE

C6 C6 AR Neisserial infections, SLE
C7 C7 AR Neisserial infections, SLE, Vasculitis
C8a C8a AR Neisserial infections, SLE
C8b C8b AR Neisserial infections, SLE
C9 C9 AR Neisserial infections, SLE

Regulatory proteins C1 inhibitor C1INH AD Hereditary angioedema
Factor I CFI AR Recurrent pyogenic infections
Factor H CFH AR Hemolytic-uremic syndrome, 

Membranoproliferative glomerulonephritisb

CD46 CD46 
(MCP)

AR Hemolytic-uremic syndrome, 
Glomerulonephritis

CD55 CD55 AR Inab blood group phenotype
CD59 CD59 AR Hemolysis pyogenic infections

CD18 ITGB2 AR Necrotic lesions, Omphalitis; Leukocyte adhesion 
deficiency type 1 (see Sect. 4.4 for more details)

AR autosomal recessive, AD autosomal dominant, XL X-linked, MBL mannan-binding lectin, MASP2 MBL-associated 
serine protease-2, SLE systemic lupus erythematosus
a Deficiency implies both complete genetic deficiency and genetic variants (polymorphisms) that predispose to the 
associated features
b Similar manifestations are seen with genetic variants of factor I, CD46, CD55, factor B, and C3

 autoimmune features or angioedema should be tested 
for complement deficiencies [106].

Screening tests for complement component defi-
ciency have traditionally included functional hemolytic 
tests for the classical (CH50 test) and alternative path-
ways (AH50 test, also called AP50 test). Low levels of 
CH50 or AH50 necessitate additional evaluation. If 
both CH50 and AH50 are low or absent, one or more 
of the terminal components (C5, C6, C7, C8, and C9) 

are missing. If the CH50 is low or absent but the AH50 
is normal, a classical pathway component is missing, 
whereas if the AH50 is low or absent but the CH50 is 
normal, an AP component is missing [106].

Recently, a novel enzyme-linked immunosorb-
ent assay (ELISA) has been developed for separately 
revealing deficiencies of CP (classical) LP (Lectin) or 
AP (alternative) pathways components [89]. This is 
a functional assay based on selective binding of CP 
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components to IgM, LP components to mannan 
and AP components to lipopolysaccharide (LPS). 
The read-out is common for the three pathways, 
namely detection of binding and activation of C9. 
From this functional complement screening test it 
can be deduced which components might be defi-
cient; e.g., a MBL defect will be revealed by a low LP 
activity, a C2 defect will show low activity in both CP 
and LP, C3 or C5-C9 deficiencies will result in low 
activity in all three pathways. An advantage with this 
screening system is that properdin deficiencies con-
sistently show low AP activity, which is not always the 
case for the hemolytic AH50 assay.

Measurement of the fragments formed during the 
enzymatic reaction cascade is another useful technique 
for evaluating the complement system activity [80]. 
C4a and C4d are used for determination of CP or LP 
activation, Bb is measured for evaluating AP activation, 
and C3a, iC3b, C5a, and soluble C5b-9 can be used to 
determine terminal pathway activation [106].

Individual components of the complement sys-
tem can be measured by immunochemical meth-
ods, including immunoprecipitation assays such as 
nephelometry, radial immunodiffusion, radioimmu-
noassay (RIA), and ELISA techniques [106]. In cer-
tain cases, functional assays are required for further 
evaluation, despite the presence of normal amounts 
of component protein detected by immunochemical 
assays [74].

Although definite managements for complement 
deficiencies are restricted, most complement-deficient 
patients would undoubtedly benefit from a correct 
diagnosis [93]. In the case of C1INH deficiency, it is 
crucially important to make the diagnosis, since this is 
a potentially life-threatening disease that can be effec-
tively treated.

If a complement deficiency is identified, man-
agement focuses on the associated disease, such as 
infection or autoimmunity. Prevention of infec-
tions by vaccination and immediate treatment with 
appropriate antibiotics are incredibly important. In 
some of these patients, antibiotic prophylaxis might 
be considered, and special attention should be given 
to vaccination against encapsulated organisms such 
as Streptococcus pneumoniae, Haemophilus influen-
zae and Neisseria species. Also, early recognition and 
management of autoimmune diseases are necessary 
[17, 106]. In the case of C1INH deficiency, prophy-
lactic treatment with danazol is indicated, as well as 
acute treatment with C1INH concentrate. In atypical 
hemolytic uremic syndrome, plasma replacement 
may be considered.

8.2
Deficiencies of Classical Pathway 
Components (C1q/C1r/C1s Deficiencies, 
C4 Deficiency, C2 Deficiency)

8.2.1
Definition

The classical pathway (CP) is typically activated by 
immune complexes that contain immunoglobu-
lin M (IgM) or immunoglobulin G (IgG) antibodies 
( subclasses IgG1, IgG2, and IgG3) bound to the anti-
gen, but may also be initiated by other agents, such as 
C-reactive protein (Fig. 8.1). C1 is composed of three 
subunits: C1q, C1r, and C1s. C1q must bind to two 
adjacent Fc regions of antibodies (CH2 domain of IgG 
and CH3 domain of IgM) in an immune complex to 
initiate the complement cascade. The binding of C1q 
to an immune complex leads to enzymatic  activation 
of the serine protease C1r, which then cleaves and acti-
vates the serine protease C1s [16, 33, 88]. C1s cleaves 
C4 into C4a and C4b, and C4b forms covalent linkages 
with the immune complex (e.g., a cell coated with anti-
bodies). C2 attaches to the immune complex or to C4b 
bound to the cell surface, and then C1s cleaves C2 into 
C2a and C2b. The C2a and C4b on the target cell sur-
face form the classical pathway C3 convertase (C4bC2a) 
that cleaves C3 into C3a and C3b. C3b deposits on the 
target, where it serves as an opsonin (capable of bind-
ing to the CR1 receptor on phagocytes) or is further 
cleaved to iC3b as another opsonin (capable of bind-
ing to the CR3 receptor on phagocytes). Moreover, C3b 
also interacts with C4bC2a to form the C5 convertase 
[52]. All three complement activation pathways (CP, 
LP and AP) share the same terminal C5-C9 activation 
sequence (Fig. 8.1).

Complement activation via the classical pathway 
effectively opsonizes antibody-coated pyogenic bacte-
ria such as encapsulated Streptococcus pneumoniae and 
Haemophilus influenzae strains, as well as other cells 
coated with antibodies. Furthermore, C1q is particu-
larly important for clearance of apoptotic cells, thereby 
contributing to tissue homeostasis and renewal. A defect 
in this mechanism predisposes to SLE-like disease.

8.2.2
Etiology

Classical pathway deficiencies (C1, C4, and C2) are 
inherited in an autosomal recessive pattern. The genetics 
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of C1 and C4 deficiency are complex, involving mul-
tiple genes for each component. C1q [encoded by C1Q
(OMIM*20550, +120570, *120575)], C1r [encoded 
by C1R (OMIM+216950)], and C1s [encoded by C1S
(OMIM+120580)] are required for C1 function; thus, 
if any one subunit is missing, the complex cannot 
form.

C4 exists in humans in two forms, C4A (acidic) and 
C4B (basic), encoded by different, coexisting genes 
[C4A (OMIM+120810) and C4B (OMIM*120820)]
[109], so all four alleles must be deleted or defective 
to give total C4 deficiency. Moreover, both genes may 
be present in multiple copies and contain numerous 
polymorphisms.

C2 deficiency (C2, OMIM+217000) is the most 
common homozygous CP component deficiency, 
with an incidence of 1 case per 10,000–20,000 indi-
viduals [71, 76, 97]. However, the incidence of C2 
deficiency in patients with rheumatologic disorders, 
such as SLE, is much higher and approaches 1%. [4, 
44]. The female-to-male ratio is approximately 1 to 
1 in C1q or C4 deficiency, but is 7 to 1 in C2 defi-
ciency [77].

8.2.3
Clinical Manifestations

Deficiency of an early CP component (C1, C4, or C2) 
usually does not predispose patients to severe infec-
tions, as is observed in patients with a deficiency of 
properdin, C3, or a terminal component. Patients 
with a CP component deficiency may present with 
mild infections, which is common in patients with C2 
deficiency [22, 25], but more frequently they develop 
autoimmune syndromes, particularly SLE [8, 12, 66, 
75, 76, 98, 104, 106]. Increased prevalence of athero-
sclerosis and cardiac diseases has also been reported 
for C2 deficiency [45].

The incidence of SLE in patients with CP compo-
nent deficiency is 90% for C1q, 75% for C4, 55% for 
C1r and C1s (deficiency usually involves both C1r and 
C1s) and 20% for C2 deficiency [71, 77, 97]. Thus, 
individuals with total deficiency of C1q have the high-
est occurrence of SLE and the most severe manifesta-
tion of the disease [65]. Partial C4 deficiency is also 
associated with SLE, and 15% of patients with SLE 
display C4A deficiency [5, 7].

In patients with CP component deficiency, in 
particular C1q, clearance of immune complexes and 
apoptotic cells is impaired, which might explain the 
development of SLE in these patients [13, 77].

8.2.4
Diagnosis

The traditional CH50 assay, based on hemolysis of 
sensitized sheep erythrocytes, or the novel ELISA 
screening assay for all pathways [89], can be used to 
detect CP deficiency. Absence or decrease of CH50 in 
the presence of normal AH50 means that at least one 
of the early components of CP is missing or low [78]. 
Complete deficiencies of C1q, C1r or C1s will give a 
low CP activity, but a normal LP and AP activity in the 
ELISA screening test. Complete deficiency of C4 or C2 
will give low CP and LP activity, whereas AP activity 
will be normal.

Identification of the missing component follows 
from recovery of complement activity in either of 
these tests after addition of a purified component and 
by immunochemical tests or gene sequencing of the 
component in question.

Specific components of the CP (C1q, C1r, C1s, C2 
and C4) can be evaluated by functional and immu-
nochemical tests. Also, C4a and C4d are measured for 
determination of CP activation [106].

8.2.5
Management

Treatment of patients with complement deficiencies 
is based on their manifestations. Identification and 
management of autoimmune diseases in patients with 
deficiencies of the early components of CP are neces-
sary. Also, recurrent infections in these patients should 
be managed with appropriate antibiotic therapy and 
vaccination [17, 106].

8.3
Deficiencies of Lectin Pathway Components 
(MBL Deficiency, MASP2 Deficiency)

8.3.1
Definition

The lectin pathway (LP) (Fig. 8.1) functions like 
the CP, but in this pathway certain lectins [e.g., 
mannan-binding lectin (MBL, encoded by MBL2,
OMIM*154545) and ficolins] bind to a carbohy-
drate moiety on microorganisms instead of antibody 
 binding to a microbial antigen [42, 47]. Then the 
MBL- associated serine protease-2, MASP2 [encoded 
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by MASP2 (OMIM*605102)] and probably MASP1 
(encoded by MASP1), which are analogous to C1r 
and C1s, cleave C2 and C4, forming C3 convertase 
(C4bC2b). The terminal components of complement 
are then activated as in CP [8, 61, 73].

8.3.2
Etiology

MBL deficiency is common, with a 5% frequency in 
the homozygous form in the general population (MBL 
<100 ng/ml) and with 30% of the population carry-
ing variant alleles with correspondingly reduced MBL 
concentration (<400 ng/ml) [63]. Thus, MBL defi-
ciency is one of the most common protein deficien-
cies described in humans. Recently, it was claimed that 
this genetic evolution represent heterosis, implying 
that there is an advantage of being heterozygous [37]. 
Thus, a complete deficiency might increase infection 
susceptibility, whereas high levels of the protein may 
lead to host tissue damage caused by excessive comple-
ment activation (“the double-edged sword”).

8.3.3
Clinical Manifestations

Deficiency of MBL has been related to an increased 
frequency of pyogenic infections, including pneumo-
coccal infection and sepsis, particularly in children 
and neonates. This may be explained by the “window” 
period from 6–18 months of life, in which antibod-
ies from the mother have disappeared and those of 
the child are still insufficient, and therefore immune 
defense is reduced. Normally, MBL deficiency is not 
associated with an increased incidence of infections, 
but MBL may be of importance as a redundancy protein 
in immunosuppressed patients, e.g., those treated with 
cytostatics or irradiation for malignancy or after HIV 
(human immunodeficiency virus) infection. MASP2 
deficiency has recently been reported and may present 
with increased susceptibility to infection or autoim-
munity [96]. A deficiency in LP may lead to autoim-
mune diseases [77], but may also modify the progress 
of a disease to be more benign, as seen in rheumatoid 
arthritis patients [32], or to be more serious, as seen in 
cystic fibrosis [31]. A 2- to 3-fold increased incidence 
in MBL deficiency has been reported in patients with 
SLE [48]. Some studies have shown that MBL defi-
ciency is related to cardiovascular disease, in which a 
deficiency might be either beneficial or detrimental 

[69, 86]. Thus, at present, hardly any conclusions can 
be drawn with respect to the clinical consequences of 
being MBL-deficient.

8.3.4
Diagnosis

The activity of the MBL pathway can be assessed 
with the screening ELISA [89]. MBL deficiency and 
MASP2 deficiency will cause low LP activity, whereas 
CP and AP activities will be normal. A functional 
assay of MBL binding and capacity to activate C4 
has also been described, in which the amount and 
function of later complement components are not 
of importance [74]. Further analysis includes immu-
nochemical quantitation of MBL and genotyping of 
MBL and MASP2.

8.3.5
Management

Patients with recurrent infections may benefit from 
antibiotic prophylaxis and immunization with poly-
valent pneumococcal vaccine [106]. Purified MBL for 
therapeutic use as substitution therapy is under devel-
opment [100], but the indication for such treatment is 
at the moment unclear.

8.4
Deficiencies of Alternative Pathway 
Components (Factor D Deficiency, 
Properdin Deficiency)

8.4.1
Definition

The alternative pathway (AP), which plays an 
important role in innate immune defense, is a spon-
taneously activating system that does not require a 
trigger, an antigen-antibody complex or a lectin [8, 
51]. C3 in plasma is continuously cleaved at a low 
rate (C3 tick-over), and the AP is initiated by the 
formation of C3(H

2
O) (Fig. 8.1) [72]. The C3 con-

vertase is initiated when factor B binds to C3(H
2
O). 

Then factor D, itself always active, cleaves factor B 
to produce the first AP C3 convertase C3(H

2
O)Bb, 

which cleaves C3 into C3a and C3b. If C3b binds to 
a cell surface that lacks complement regulators, it 
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results in rapid activation of the complement cas-
cade. C3b binding to factor B, followed by cleav-
age by factor D, generates the second C3 convertase 
C3bBb. Properdin stabilizes the C3bBb complex. 
This complex may activate many C3 molecules, 
which can combine with factor B, be activated by 
factor D and thus form additional C3 convertases. 
In this way, amplification of complement activation 
can occur, not only from the AP, but also from the CP 
and the LP. After the C3 convertase cleaves another 
C3 bound to the convertase, C3b combines with the 
C3 convertase complex to form the AP C5 conver-
tase, thus activating the terminal pathway as in CP 
and LP [1, 3, 101, 106]. The AP and the amplifica-
tion loop are controlled by the action of inhibitory 
proteins present on membranes and in plasma [1, 3, 
54, 101, 106]. Recently, it was shown that properdin, 
the only known positive regulator of complement 
activation, may also act as a recognition molecule 
for lipopolysaccharide and initiate AP activation 
[49, 94]. This may explain the increased suscepti-
bility to neisserial infection in properdin deficiency 
and the fact that properdin deficiency is more easily 
detected in the AP functional ELISA assay than in 
previous hemolytic assays.

8.4.2
Etiology

Early alternative pathway deficiencies of fac-
tor D (encoded by CFD, OMIM*134350) and 
properdin (encoded by PFC, OMIM*300383) are 
rare. Total homozygous deficiency of factor D 
has been described [9, 95]. Properdin deficiency 
(OMIM#312060) is more frequently found and is 
the only complement deficiency that is X-linked. 
So far, all reported cases of properdin deficiency 
involve males [106].

8.4.3
Clinical Manifestations

AP component (properdin, factor D) deficiency, 
especially the lack of properdin, is associated with 
severe, fulminant infections by Neisseria gonorrhoeae
or Neisseria meningitides, with a high mortality rate, 
and has not been associated with autoimmunity [8, 
23]. In some families with properdin deficiency, 
invasive infections have been documented in sev-
eral patients [92].

8.4.4
Diagnosis

The traditional AH50, based on the lysis of rabbit 
erythrocytes, has been used for screening of AP com-
ponent deficiencies, but is hampered by not always 
detecting properdin deficiency. This problem does not 
occur with the ELISA screening assay [89]. A defect in 
AP components (factor B, factor D or properdin) will 
yield low AP activity with normal CP and LP activity. 
Alternative pathway components can be further evalu-
ated by functional and immunochemical tests, and by 
gene sequencing.

8.4.5
Management

Patients with deficiencies of AP components should 
be vaccinated with tetravalent meningococcal vac-
cine, particularly important in properdin-deficient 
persons [93]. Early antibiotic treatment is manda-
tory.

8.5
Deficiency of Complement Component C3

8.5.1
Definition

C3 is the most important protein of the comple-
ment system, and its activation has an important 
role both in innate and in adaptive host defense 
[87]. Although each pathway of the complement 
system is activated differently, they come together 
at the point in which enzymatic reactions lead to 
the proteolytic cleavage of C3 that generates C3b 
and C3a. C3b is in general necessary for forma-
tion of C5 convertases, although a novel pathway 
of thrombin-mediated C5 activation has recently 
been described [40]. C3b is covalently attached to 
the surface of a microorganism and then acts as a 
ligand for complement receptors (CR1, CR3 and 
CR4) present on phagocytic cells [53]. This is the 
most important mechanism of complement defense 
against infection. C3a binds to its receptor (C3aR) 
on mast cells and basophils as an anaphylatoxin, 
and triggers these cells to release inflammatory 
mediators, such as histamine [21].
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8.5.2
Etiology

C3 deficiency (C3, OMIM+120700) is rare and is 
inherited in an autosomal recessive pattern [106].

8.5.3
Clinical Manifestations

Primary and secondary deficiencies of C3 result in 
severe, recurrent pyogenic infections early in life, 
because of ineffective opsonization of pathogens [5, 15, 
84]. In these patients, the infections are mainly caused 
by gram-negative bacteria, such as Neisseria menin-
gitidis, Enterobacter aerogenes, Haemophilus influen-
zae and Escherichia coli [50]. Some patients with C3 
deficiency may also develop membranoproliferative 
glomerulonephritis without systemic features of SLE 
[19, 28, 58, 71, 77, 97, 105]. Acquired C3  deficiency 
occurs in factor H or factor I deficiencies, or in the 
presence of C3 nephritic factor [106].

8.5.4
Diagnosis

C3 can be measured functionally and quantitatively. 
In the screening tests for complement activity, it will 
show reduced CP, LP and AP activity. Also, measure-
ment of C3a, iC3b, and C5a can be used to determine 
C3 activation [106].

8.5.5
Management

Patients with C3 deficiency may benefit from early or 
prophylactic antibiotic therapy and vaccination. Also, 
autoimmune diseases should be identified and treated 
in these patients.

8.6
Deficiencies of Terminal Pathway 
Components (C5-9 Deficiencies)

8.6.1
Definition

The cleavage of C5, a process common to all three 
pathways, results in the products C5a and C5b [106]. 
The C5b formed by the convertase initiates the for-

mation of the terminal C5b-9 complement complex 
(TCC) by subsequently binding C6 and C7. If there is 
a lipid membrane close to this event, C5b-7 will insert 
and subsequently engage C8 and one or more C9 mol-
ecules. This membrane complex is frequently termed 
the membrane attack complex (MAC) and can lyse 
certain microorganisms, such as Neisseria species, and 
other target cells if they are not  protected by regula-
tory proteins [41, 52, 79]. In sublytic doses, C5b-9 will 
induce cell activation. If there is no lipid membrane 
present, C5b-7 may bind the soluble regulator proteins 
vitronectin and clusterin. C8 and C9 then bind to this 
complex to form the soluble form of TCC (sC5b-9), 
which can be detected as activation product in the 
fluid phase. C5a, generated irrespective of the fate of 
C5b-9, is an anaphylatoxin and a potent chemotactic 
factor that can trigger inflammatory cells to release 
their vasoactive mediators [41, 79].

8.6.2
Etiology

Terminal complement component deficiencies 
[C5 (OMIM+120900), C6 (OMIM+217050), C7
(OMIM+217070), C8 (OMIM+120950, +120960), 
and C9 (OMIM+120940)] are inherited in an auto-
somal recessive fashion [106]. C9 deficiency is the 
most common complement deficiency in Japan, where 
it occurs in up to 0.1% of the population [30, 43], but 
it is uncommon in Western countries.

8.6.3
Clinical Manifestations

Terminal complement component deficiencies typi-
cally lead to recurrent systemic infections by Neisse-
ria gonorrhoeae or Neisseria meningitides, because the 
bactericidal function of C5b-9 is important in defense 
against neisserial infections. The meningococcal sero-
groups W-135 and Y are particularly common in these 
patients [25, 84]. Also, some autoimmune findings 
have been reported in patients with deficiency of the 
terminal components [28, 71, 77, 97].

8.6.4
Diagnosis

In patients with terminal component deficiencies, 
CP, LP and AP activities are low in functional com-
plement screening tests. Components can further be 
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measured by functional or immunochemical methods. 
C8 is made up of 3 chains that are encoded by differ-
ent genes. Because C8 requires all 3 chains to be func-
tional in the C5b-9 complex, assays that measure only 
the protein can be misleading, whereas the functional 
assay is diagnostic [106].

8.6.5
Management

Patients with terminal complement component defi-
ciencies may benefit from vaccination with the poly-
valent meningococcal vaccine, and early antibiotic 
treatment is essential [106].

8.7
Deficiencies of Complement Regulatory 
Proteins (C1 Inhibitor Deficiency, 
Factor I Deficiency, Factor H Deficiency, 
CD46 Deficiency, CD55 Deficiency, 
CD59 Deficiency)

8.7.1
Definition

Activation of the complement system is very tightly con-
trolled through the action of complement inhibitors. 
Regulators control via blocking the initiation of the cas-
cade, by preventing amplification of the C3 convertase 
and formation of the C5 convertase, and by inhibiting 
the assembly of the terminal C5b-9 complex [18, 62].

C1INH is an inhibitory protein that regulates the 
classical pathway by covalently attaching to C1r

2
-

C1s
2
. Then C1INH disassembles the complex into 

C1rC1s(C1INH)
2
 complexes, dissociates it from 

C1q and stops activation of the CP [90, 110]. If not 
inhibited, a single activated C1s can cleave numerous 
molecules of C4. Thus, deficiency of C1INH leads to 
uninhibited formation of C4b and C4a and, as a result, 
to consistently low C4 concentrations in the circula-
tion. C1INH also blocks active sites of MASPs and so 
prevents excessive activation of the LP [18]. C1INH 
deficiency is usually regarded as a complement dis-
ease, since diagnosis is based on C1INH and C4 levels. 
However, the pathophysiology is caused by bradykinin 
release, due to lack of inhibition by C1INH of the kal-
likrein-kinin system.

Complement factor I is one of the most important 
regulators of the complement activation. It cleaves cell 
membrane-associated C3b into iC3b, C3d, and C3dg, 

and similarly cleaves C4b. Factor I requires the pres-
ence of several cofactor proteins, such as C4-binding 
protein (C4BP), complement factor H, complement 
receptor-1 (CR1) and complement membrane cofac-
tor protein (MCP, CD46), to properly perform its reg-
ulatory functions [3, 55, 64, 101].

C4BP and factor H are potent soluble inhibitors of 
CP, LP and AP, respectively, by serving as cofactors for 
factor I. Factor H promotes conversion of C3b to iC3b 
by factor I and displaces Bb from the alternative path-
way C3 convertase (C3bBb) [6].

C4BP regulates the CP by inhibiting the assembly of 
the C4bC2a complex. Decay-accelerating factor (DAF, 
CD55), CD46 and CR1 are membrane regulators corre-
sponding to the fluid-phase regulators C4BP and factor 
H. These regulators act as inhibitors at the C4/C3 level 
by serving partly as cofactors for factor I and partly by 
dissociating the C3 and C5 convertases [57].

Complement protectin (CD59) is a cell-membrane 
protein that binds C8 and C9 and so prevents inser-
tion of C8 and C9 into the C5b-9 complex, thereby 
protecting host cells against lysis. In the fluid phase, 
vitronectin and clusterin in plasma bind to C5b-7 and 
render the subsequent fluid-phase sC5b-9 complex 
water soluble [106].

Thus, excessive complement activation at the sur-
face of tissue cells of the host is kept in check by several 
soluble and cell-associated regulatory proteins that are 
not present on microorganisms.

CD11b/CD18 (CR3) and CD11c/CD18 (CR4) are 
adhesion molecules present on phagocytic cells. They 
bind iC3b and serve as important receptors for phago-
cytosis of complement-opsonized particles.

8.7.2
Etiology

Hereditary C1INH deficiency (OMIM#106100) is 
inherited via an autosomal dominant trait [59], which 
affects about 1:50,000 persons [46]. More than 100 
mutations in the complement component 1 inhibitor 
(C1INH) gene (OMIM*606860) have been reported in 
unrelated patients, and about 20% of patients repre-
sent new mutations (no family history) [11, 14, 20, 26, 
68, 70]. C1INH deficiency is typically caused by hetero-
zygous mutations, and although one recent report [10] 
has demonstrated homozygosity, it is generally thought 
that complete C1INH deficiency is incompatible with 
life. Deficiencies of factor I (CFI, OMIM*217030), fac-
tor H (CFH, OMIM+134370), CD46 or membrane 
cofactor protein (MCP, OMIM+120920), CD55 (CD55,
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OMIM*125240), and CD59 (CD59, OMIM+107271) 
are inherited as autosomal recessive traits.

Uncontrolled complement activation by autoanti-
bodies (C3-nephritic factor, C3NeF) or complete fac-
tor H deficiency may result in membranoproliferative 
glomerulonephritis (MPGN) type II. Heterozygous 
factor H, factor I, factor B or MCP (CD46) mutations 
are associated with atypical familial hemolytic ure-
mic syndrome (aHUS) but rarely result in hypocom-
plementemia because it is the localized complement 
activation only that cannot be checked. In these dis-
eases and in age-related macula degeneration, factor 
H and other regulatory proteins are not necessarily 
deficient, but can also be of certain predisposing 
genotypes.

Paroxysmal nocturnal hemoglobinuria (PNH) is 
an acquired clonal stem cell disorder characterized by 
hemolysis, cytopenias, infections, and venous throm-
bosis. Somatic mutations of the phosphatidylinositol 
glycan, class A (PIGA) gene (OMIM+311770) disturb 
lipid-anchorage of several surface membrane proteins 
to hematopoietic cells, among which are the comple-
ment regulatory proteins CD55 and CD59.

8.7.3
Clinical Manifestations

Deficiency of any one of these inhibitors results in 
extensive complement utilization, leading to an inap-
propriate inflammatory response, damage to self-tissue, 
and depletion of C3 or other components downstream 
of the missing control protein [106].

Heterozygous deficiency of C1INH results in heredi-
tary angioedema (HAE) [27], which is characterized by 
recurrent episodes of facial (Fig. 8.2), truncal, and extre-
mity edema that spontaneously subsides in 48–72 h [18, 
27, 29]. The patients may have life-threatening laryngeal 
edema, and in some patients swelling of the bowel wall 
results in severe colicky abdominal pain, nausea, and 
vomiting that mimics acute abdominal syndromes [32, 
48]. Symptoms usually arise spontaneously, but in some 
patients they may be triggered by mild trauma, drugs 
such as angiotensin-converting enzyme inhibitors, or 
possibly by psychological stress [2, 29]. Also, in HAE, 
chronic activation of the complement system leading to 
depletion of CP proteins may result in appearance of 
autoimmune disorders, specifically SLE [8], although 

Fig. 8.2 Hereditary angioedema patient 
during an angioedema attack. (Picture 
obtained with permission from the 
Netherlands Organization of Patients 
with HAE-QE)
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this has been disputed [2]. Acquired C1INH deficiency 
is a rare condition, usually presenting after the second 
decade of life, and is often related to underlying condi-
tions such as autoimmune and lymphoproliferative dis-
orders with the presence of anti-C1INH autoantibodies 
[59, 91].

Homozygous and heterozygous factor H deficiency 
is most commonly associated with either aHUS or 
MPGN [6, 60, 82, 85, 99]. The factor H mutations in 
patients with aHUS or in patients with age-related 
macula degeneration do not always lead to a decreased 
concentration or functional decrease of factor H in 
standard assays. In particular for aHUS, this is also 
the case for several of the components of AP and their 
regulators (factor B, C3, factor I, CD46, CD55). The 
majority of patients with aHUS presents with normal 
C3, C4, and hemolytic complement levels. Only the 
homozygous factor H or factor I deficiencies and the 
autoantibody C3NeF may cause complete secondary 
C3 deficiency through C3 consumption, which in turn 
predisposes patients to severe pyogenic bacterial infec-
tions [8].

A subgroup of aHUS patients showing persistent 
activation of the AP was found to carry mutations 
in the gene encoding factor B, a zymogen that car-
ries the catalytic site of the AP convertase (C3bBb). 
Functional analyses demonstrated that the aHUS-
associated factor B mutations were gain-of-function 
mutations that result in enhanced formation of the 
C3bBb convertase or increased resistance to inactiva-
tion by complement regulators. [34]. Thus, in case of 
gain-of-function factor B, homozygous factor H or 
factor I deficiency, and C3NeF, the individuals will 
show very low levels of C3 and factor B, whereas in 
primary C3 deficiency factor B will be normal (as 
well as factor H and factor I).

Compound heterozygous and homozygous muta-
tions in CD46, a transmembrane complement regula-
tor, are also related to aHUS [67, 83]. In contrast to the 
transmembrane regulator CD46, DAF and CD59 are 
linked to the outer leaflet of the erythrocyte membrane 
by means of a phospho- inositol-glycan moiety. In case 
of a defect in the synthesis of this anchor, the erythro-
cytes are highly susceptible to complement-mediated 
cell lysis, leading to hemolytic attacks and hemoglob-
inuria in PNH-patients. The CD55 (DAF) mutations, 
designated as Inab phenotype in the Cromer blood 
group system, result in a complete loss of the protein on 
all cells, including erythrocytes. The clinical spectrum 
ranges from normal health to unexplained chronic 
intestinal disease. The Inab phenotype is unassociated 
with clinically evident hemolytic disease.

Leukocyte adhesion deficiency type 1 (LAD-1) 
is caused by a genetic defect in CD18, implying that 
CR3 (CD11b/CD18) and CR4 (CD11c/CD18) are not 
expressed. This leads to a reduced phagocytic activity 
to particles opsonized with iC3b, and thus to increased 
infectious susceptibility (see Sect. 4.4 for more details).

8.7.4
Diagnosis

Diagnosis of HAE can be made by measuring the 
plasma concentration of C4 and C1INH, which are 
strongly decreased in type I HAE, as well as the func-
tional plasma C1INH activity, which is decreased in 
both type I and type II HAE (type II is a functional 
defect) [35, 46]. The quantity of C1-inhibitor protein 
is assessed immunochemically (in type I HAE usually 
<30% of mean normal adult level). Further distinction 
can be made by gene sequencing.

Plasma levels of regulatory proteins such as factor 
H and factor I can be measured immunochemically, 
and levels of MCP (CD46) expression can be tested 
on blood cells by flowcytometry. When complement 
consumption is not apparent, gene analysis is needed 
as direct proof of a deficiency and may be required to 
exclude or confirm a diagnosis of familial or recur-
rent aHUS. Most of the heterozygous missense muta-
tions in factor H cluster within the tail of the protein 
(domains SCR19 and SCR20), a region that is critical 
to control activation of complement on cell surfaces 
but not required to regulate complement activation 
in plasma.

Currently, about 50% of patients with aHUS can be 
shown to carry heterozygous mutations in one of the 
genes encoding complement control proteins. Apart 
from the more prevalent factor H mutations, both fac-
tor I mutations as well as MCP deficiency have been 
defined to contribute about 10% each.

More than 20 different mutations in MCP have 
now been identified in patients with aHUS. Many of 
these mutations have been functionally characterized 
and have helped to define the pathogenic mecha-
nisms leading to aHUS development. Over 75% of the 
reported mutations cause a reduction in MCP expres-
sion, due to homozygous, compound heterozygous or 
heterozygous mutations. In addition, genetic analysis 
of CD55, factor B and C3 is needed to assess possible 
predisposition for aHUS.

Diagnosis of PNH and LAD-1 is made by flowcy-
tometric measurement of CD55/CD59 and CD18, 
respectively.
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8.7.5
Management

HAE patients have been successfully treated with 
replacement of C1INH by infusion of intravenous 
fresh frozen plasma or C1INH concentrate, especially 
at the time of attacks [46, 106]. The androgen danazol 
is used for prevention of episodes of HAE. This ana-
bolic steroid increases the circulating levels of normal 
functional C1INH in HAE [46].

Plasma exchange or plasma transfusions to replace 
the missing soluble regulatory components has been 
tried in several patients with factor H or factor I defi-
ciency, and was successful in about one-third of these 
patients [6]. It does not work in the MCP mutation 
group, but these patients have a better prognosis than 
factor H-mutated and factor H-nonmutated patients.

In general, curative treatment of a congenital com-
plement deficiency is only possible with liver trans-
plantation, which is, however, not a preferred therapy. 
In case of factor H deficiency, renal transplantation 
often ends in relapses of HUS, in contrast to the situ-
ation with MCP mutations. Combined liver/kidney 
transplantation for patients known to have factor 
H mutations has not been successful to date. On the 
other hand, renal transplantation is a particularly via-
ble therapy specifically for atypical HUS patients with 
MCP mutations [106].

PNH patients may be symptomatically treated with 
good results with a monoclonal antibody blocking C5, 
thereby reducing the lysis [38]. These patients should 
receive neisserial vaccine for the known increased risk 
of such infections when the terminal pathway is non-
functional.

References

 1. Abramson N, Alper CA, Lachmann PJ, Rosen FS, Jandl 
JH (1971) Deficiency of C3 inactivator in man. J Immu-
nol 107:19–27

 2. Agostoni A, Cicardi M (1992) Hereditary and acquired 
C1-inhibitor deficiency: biologic and clinical char-
acteristics in 235 patients. Medicine (Baltimore) 
71:206–215

 3. Amadei N, Baracho GV, Nudelman V, Bastos W, Florido 
MP, Isaac L (2001) Inherited complete factor I defi-
ciency associated with systemic lupus erythematosus, 
higher susceptibility to infection and low levels of factor 
H. Scand J Immunol 53:615–621

 4. Atkinson JP (1989) Complement deficiency: predispos-
ing factor to autoimmune syndromes. Clin Exp Rheuma-
tol 7:95–101

 5. Atkinson JP, Schneider PM (1999) Genetic susceptibility 
and class III complement genes. In: Lahita RG (ed) Sys-

temic lupus erythematosus. Academic Press, San Diego, 
pp 91–104

 6. Ault BH (2000) Factor H and the pathogenesis of renal 
diseases. Pediatr Nephrol 14:1045–1053

 7. Bala Subramanian V, Liszewski MK, Atkinson JP (2000) 
The complement system and autoimmunity. In: Lahita 
RG, Chiorazzi N, Reeves W (eds) Textbook of autoim-
mune diseases, Lippincott-Raven, Philadelphia

 8. Barilla-LaBarca ML, Atkinson JP (2003) Rheumatic syn-
dromes associated with complement deficiency. Curr 
Opin Rheumatol 15:55–60

 9. Biesma DH, Hannema AJ, van Velzen-Blad H, Mulder L, 
van Zwieten R, Kluijt I, Roos D (2001) A family 
with complement factor D deficiency. J Clin Invest 
108:233–240

10. Blanch A, Roche O, Urrutia I, Gamboa P, Fontan G, 
Lopez-Trascasa M (2006) First case of homozygous 
C1 inhibitor deficiency. J Allergy Clin Immunol 
118:1330–1335

11. Bowen B, Hawk JJ, Sibunka S (2001) A review of the 
reported defects in the human C1 esterase inhibitor 
gene producing hereditary angioedema including four 
new mutations. Clin Immunol 87:157–163

12. Bowness P, Davies KA, Norsworthy PJ, Athanassiou P, 
Taylor-Wiedeman J, Borysiewicz LK, Meyer PA, Wal-
port MJ (1994) Hereditary C1q deficiency and systemic 
lupus erythematosus. Q J Med 87:455–464

13. Carroll MC (2004) A protective role for innate immu-
nity in systemic lupus erythematosus. Nat Rev Immunol 
4:825–831

14. Cicardi M, Agostoni A (1996) Hereditary angioedema. 
N Engl J Med 334:1666–1667

15. Colten HR, Rosen FS (1992) Complement deficiencies. 
Annu Rev Immunol 10:809–834

16. Cooper NR, Morrison DC (1978) Binding and activa-
tion of the first component of complement by the lipid A 
region of lipopolysaccharides. J Immunol 120:1862–1868

17. Davies EG (1998) Immunodeficiency. In: Campbell 
AGM, McIntosh N (eds) Forfar and Arneil’s textbook of 
paediatrics. Churchill Livingstone, London, p 1262

18. Davis AEI (1998) C1 inhibitor gene and hereditary 
angioedema. In: Volanakis JE, Frank MM (eds) The 
human complement system in health and disease. Mar-
cel Dekker, New York, pp 229–244

19. Densen P, Weiler J, Griffiss J, Hoffman L (1996) Func-
tional and antigenic analysis of human factor B defi-
ciency. Mol Immunol 33:6820. Donaldson VH, Bissler 
JJ (1992) C1 inhibitors and their genes: an update. J Lab 
Clin Med 119:330–333

21. Ember JA, Jagels MA, Hugli TE (1998) Characteriza-
tion of complement anaphylatoxins and their biologi-
cal responses. In: Volanakis JE, Frank MM (eds) The 
human complement system in health and disease. Mar-
cel Dekker, New York, pp 241–284

22. Fasano M, Hamosh A, Winkelstein J (1990) Recurrent 
systemic bacterial infections in homozygous C2 defi-
ciency. Pediatr Allergy Immunol 1:46–49

23. Fijen CAP, von den Bogaard R, Schipper M (1999) 
Properdin deficiency: molecular basis and disease asso-
ciation. Mol Immunol 36:863–868

24. Figueroa J, Andreoni J, Densen P (1993) Complement 
deficiency states and meningococcal disease. Immunol 
Res 12:295–311



    Chapter 8 Complement Deficiencies 247

25. Figueroa JE, Densen P (1991) Infectious diseases associ-
ated with complement deficiencies. Clin Microbiol Rev 
4:359–395

26. Frangi D, Cicardi M, Sica A (1991) Nonsense mutations 
affect C1 inhibitor messenger RNA levels in patients with 
type I hereditary angioedema. J Clin Invest 88:755–759

27. Frank MM (1993) Hereditary angioedema. In: Whaley 
K, Loos MM and Weiler JM (eds) Complement in health 
and disease. Kluwer, Netherlands

28. Frank MM (2000) Complement deficiencies. Pediatr 
Clin North Am 47:1339–1354

29. Frank MM, Gelfrand F, Atkinson JP (1976) Hereditary 
angioedema: clinical syndrome and its management. 
Ann Intern Med 84:580–593

30. Fukumori Y, Yoshimura K, Ohnoki S, Yamaguchi H, 
Akagaki Y, Inai S (1989) A high incidence of C9 defi-
ciency among healthy blood donors in Osaka, Japan. Int 
Immunol 1:85–89

31. Garred P, Pressler T, Madsen HO (1999) Association of 
mannose-binding lectin gene heterogeneity with sever-
ity of disease and survival in cystic fibrosis. J Clin Invest 
104:431–437

32. Garred P, Madsen HO, Marquart H, Hansen TM, 
Sørensen SF, Petersen J, Volck B, Svejgaard A, Graudal 
NA, Rudd PM, Dwek RA, Sim RB, Andersen V (2000) 
Two edged role of mannose binding lectin in rheumatoid 
arthritis: a cross sectional study. J Rheumatol 27:26–34

33. Giclas PC, Pinckard RN, Olson MS (1979) In vitro acti-
vation of human complement by isolated human heart 
subcellular membranes. J Immunol 122:146

34. Goicoechea de Jorge E, Harris CL, Esparza-Gordillo J, 
Carreras L, Arranz EA, Garrido CA, López-Trascasa M, 
Sánchez-Corral P, Morgan BP, Rodríguez de Córdoba S 
(2007) Gain-of-function mutations in complement fac-
tor B are associated with atypical hemolytic uremic syn-
drome. Proc Natl Acad Sci U S A. 104:240–245. Erratum 
in: Proc Natl Acad Sci USA 104:10749

35. Gompels MM, Lock RJ (2005) C1 inhibitor deficiency: 
diagnosis. Clin Exp Dermatol 30:460–462

36. Goonewardena P, Sjöholm AG, Nilsson LA, Pettersson U 
(1988) Linkage analysis of the properdin deficiency 
gene: suggestion of a locus in the proximal part of the 
short arm of the X chromosome. Genomics 2:115–118

37. Hellemann D, Larsson A, Madsen HO, Bonde J, Jarlø 
JO, Wiis J, Faber T, Wetterslev J, Garred P (2007) Het-
erozygosity of mannose-binding lectin (MBL2) geno-
types predicts advantage (heterosis) in relation to fatal 
outcome in intensive care patients. Hum Mol Genet 
16:3071–3080

38. Hillmen P, Young NS, Schubert J, Brodsky RA, Socie G, 
Muus P, Roth A, Szer J, Elebute MO, Nakamura 
R, Browne P, Risitano AM, Hill A, Schrezenmeier H, Fu 
CL, Maciejewski J, Rollins SA, Mojcik CF, Rother RP, 
Luzzatto L (2006) The complement inhibitor eculizu-
mab in paroxysmal nocturnal hemoglobinuria. N Eng J 
Med 355:1233–1243

39. Hoare S, El-Shazali O, Clark JE, Fay A, Cant AJ (2002) 
Investigation for complement deficiency following 
meningococcal disease. Arch Dis Child 86:215–217

40. Huber-Lang M, Sarma JV, Zetoune FS, Rittirsch D, Neff 
TA, McGuire SR, Lambris JD, Warner RL, Flierl MA, 
Hoesel LM, Gebhard F, Younger JG, Drouin SM, Wetsel 
RA, Ward PA (2006) Generation of C5a in the absence 

of C3: a new complement activation pathway. Nat Med 
12:682–687

41. Hugli TE (1986) Biochemistry and biology of anaphyla-
toxins. Complement 3:111–127

42. Ihara S, Takahashi A, Hatsuse H, Sumitomo K, Doi K, 
Kawakami M (1991) Major component of Ra-reactive 
factor, a complement-activating bactericidal protein, in 
mouse serum. J Immunol 146:1874–1879

43. Inai S, Akagaki Y, Moriyama T, Fukumori Y, Yoshimura K, 
Ohnoki S, Yamaguchi H (1989) Inherited deficiencies 
of the late-acting complement components other than 
C9 found among healthy blood donors. Int Arch Allergy 
Appl Immunol 90:274–279

44. Johnson CA, Densen P, Wetsel RA (1992) Molecular het-
erogeneity of C2 deficiency. N Engl J Med 326:871–874

45. Jönsson G, Truedsson L, Sturfelt G, Oxelius VA, Braconier 
JH, Sjöholm AG (2005) Homozygous C2 deficiency 
in Sweden: frequent occurrence of invasive infec-
tion, atherosclerosis and rheumatic disease. Medicine 
( Baltimore) 84:23–34

46. Kaplan AP, Greaves MW (2005) Angioedema. J Am Acad 
Dermatol 53:373–88

47. Kawasaki N, Kawasaki T, Yamashina I (1989). A serum 
lectin (mannan-binding protein) has complement-
dependent bactericidal activity. J Biochem Tokyo 
106:483–489

48. Kilpatrick DC (2002) Mannan-binding lectin: clinical 
significance and applications. Biochim Biophys Acta 
15772:401–413

49. Kimura Y, Miwa T, Zhou L, Song WC (2008) Activator-
specific requirement of properdin in the initiation and 
amplification of the alternative pathway complement. 
Blood 111:732–740

50. Kovarik J, Siegrist CA (1998) Immunity in early life. 
Immunol Today 19:150–152

51. Lachmann PJ, Thompsen RA (1970) Reactive lysis: the 
complement mediated-lysis of unsensitized cells—the 
characterization of activated reactor as C5b and the par-
ticipation of C8 and C9. J Exp Med 131:643–657

52. Lachmann PJ, Nichol PAE (1973) Reaction mechanism 
of the alternative pathway of complement fixation. Lan-
cet 1: 465–467

53. Lambris JD (1988) The multifunctional role of C3. 
The third component of complement. Immunol Today 
9:387–393

54. Law SKA, Reid KBM (1995) Activation and control of 
the complement system. In: Male D (ed) In focus: com-
plement. Oxford University Press, Oxford, pp 11–28

55. Leitão MF, Vilela MMS, Rutz R, Grumach AS,  Condino-
Neto A, Kirschfink M (1997) Complement factor 
I deficiency in a family with recurrent infections. Immu-
nopharmacology 38:207–213

56. Liszewski MK, Atkinson JP (1993) The complement sys-
tem. In: Paul WE (ed) Fundamental immunology. Raven 
Press, New York

57. Liszewski MK, Farries TC, Lublin DM (1996) Control of 
the complement system. Adv Immunol 61:201–283

58. Marder HK, Coleman TH, Forristal J, Beischel L, West 
CD (1983) An inherited defect in the C3 convertase, 
C3b,Bb, associated with glomerulonephritis. Kidney Int 
23:749–758

59. Markovic SN, Inwards DJ, Phyliky RP (2000) Acquired C1 
esterase inhibitor deficiency. Ann Intern Med 133:839



248 Maryam Mahmoudi et al.

60. Mathieson P (2002) Complement factor H and haemo-
lytic uraemic syndrome. Lancet 359:801–802

61. Matsushita M (1996) The lectin pathway of the comple-
ment system. Microbiol Immunol 40:887–893

62. Mollnes TE, Song WC, Lambris JD (2002) Complement 
in inflammatory tissue damage and disease. Trends 
Immunol 23:61–64

63. Morley BJ, Walport MJ (2000) The complement system. 
In: Morley BJ, Walport MJ (eds) The complement facts 
book. Academic Press, New York, pp 7–22

64. Naked GM, Florido MP, Ferreira de Paula P, Vinet AM, 
Inostroza JS, Isaac L (2000) Deficiency of human com-
plement factor I associated with lowered factor H. Clin 
Immunol 96:162–167

65. Navratil JS, Korb LC, Ahearn JM (1999) Systemic lupus 
erythematosus and complement deficiency: clues to a 
novel role for the classical complement pathway in the 
maintenance of immune tolerance. Immunopharma-
cology 42:47–52

66. Nishino H, Shibuya K, Nishida Y, Mushimoto M (1981) 
Lupus erythematosus-like syndrome with selective com-
plete deficiency of C1q. Ann Intern Med 95:322–324

67. Noris M, Brioschi S, Caprioli J, Todeschini M, Bresin E, 
Porrati F, Gamba S, Remuzzi G; International Registry 
of Recurrent and Familial HUS/TTP (2003) Familial 
haemolytic uraemic syndrome and an MCP mtuation. 
Lancet 362:1542–1547

68. Nussberger J, Cugno M, Amstutz C, Cicardi M, Pellacani A, 
Agostoni A (1998) Plasma bradykinin in angio-edema. 
Lancet 351:1693–1697

69. Øhlenschlaeger T, Garred P, Madsen HO, Jacobsen S 
(2004) Mannose-binding lectin variant alleles and the 
risk of arterial thrombosis in systemic lupus erythema-
tosus. N Engl J Med 351:260–267

70. Oltvia ZN, Wong ECC, Atkinson JP (1991) C1 inhibitor 
deficiency: molecular and immunologic basis of heredi-
tary and acquired angioedema. Lab Invest 65:381–388

71. O’Neil KM (2000) Complement deficiency. Clin Rev 
Allergy Immunol 19:83–108

72. Pangburn MK, Muller-Eberhard HJ (1980) Relation 
of a putative thioester bond in C3 to activation of the 
alternative pathway and the binding of C3b to biological 
targets of complement. J Exp Med 152:1102–1114

73. Petersen SV, Thiel S, Jensen L, Vorup-Jensen T, Koch C, 
Jensenius JC (2000) Control of the classical and the 
MBL pathway of complement activation. Mol Immunol 
37:803–811

74. Petersen SV, Thiel S, Jensen L, Steffensen R, Jensenius 
JC (2001) An assay for the mannan-binding lectin path-
way of complement activation. J Immunol Methods 
257:107–116

75. Petry F (1998) Molecular basis of hereditary C1q defi-
ciency. Immunobiology 199:286–294

76. Pickering M, Walport MJ (2000) Links between comple-
ment abnormalities and systemic lupus erythematosus. 
Rheumatology 39:133–141

77. Pickering MC, Botto M, Taylor PR, Lachmann PJ, Walport 
MJ (2000) Systemic lupus erythematosus, complement 
deficiency, and apoptosis. Adv Immunol 76:227–324

78. Platts-Mills TAE, Ishizaka K (1974) Activation of the 
alternative pathway of human complement by rabbit 
cells. J Immunol 113:358

79. Podack ER (1986) Assembly and function of the ter-
minal components. In: Ross GD (ed) Immunobiology 
of the complement system. Academic Press, Orlando, 
pp 115–137

80. Rabson A (1997) Complement activation. In: Rose NR, 
Conway de Macario E, Folds JD, Lane HC, Nakamura 
RM (eds) Manual of clinical laboratory immunology. 
ASM Publications, Washington, pp 187–191

81. Reis ES, Falcao DA, Isaac L (2006) Clinical Aspects and 
Molecular Basis of Primary Deficiencies of Complement 
Component C3 and its Regulatory Proteins Factor I and 
Factor H. Scand J Immunol 63:155–168

82. Richards A, Goodship JA, Goodship TH (2002) The 
genetics and pathogenesis of haemolytic uremic syn-
drome and thrombotic thrombocytopenic purpura. 
Curr Opin Nephrol Hypertens 11:431–435

83. Richards A, Kemp EJ, Liszewski MK, Goodship JA, 
Lampe AK, Decorte R, Müslümanoǧlu MH, Kavukcu S, 
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Core Messages

● DNA repair mechanisms are critical for 
immune system maturation. In the absence of 
genomic stability, not only lymphocyte matu-
ration is imperfect, but other system anoma-
lies and malfunctions would also appear. 
These include neurodegeneration, growth 
retardation and cancer predisposition.

● Di George syndrome is caused by chromo somal 
deletions on 22q11. The patients do not develop 
thymus normally and lack parathyroide glands. 
Cellular immunodeficiency is accompanied by 
 congenital anomalies and hypocalcemia.

● Wiskott-Aldrich syndrome is an X-linked 
disorder due to a defective cytoskeleton. The 
patients are characterized by persistent throm-
bocytopenia with small platelets, eczema, cel-
lular and humoral immunodeficiency, and 
autoimmunity.

● Hyper-IgE syndrome is a human disease of 
improper cytokine signaling with recurrent 
skin abscesses, pneumonia and elevated levels 
of IgE in serum. The syndrome includes other 
organ defects such as skeletal deformities.

● Immuno-osseous dysplasias are  characterized 
by association of immunodeficiency and skel-
etal problems. These patients have variable 
defects in both humoral and cellular immunity.

● Chronic mucocutaneous candidiasis is a pri-
mary susceptibility to fungal infections and 
could be inherited in an autosomal dominant or 
recessive mode. Recurring infections of the skin 
and mucous membranes with yeasts, mostly 
Candida albicans, is the common feature.

● Netherton syndrome is characterized by tri-
chorrhexis invaginata, atopic dermatitis and 
eczema, high levels of IgE, angioedema, and 
immunodeficiency.

● Høyeraal-Hreidarsson syndrome is charac-
terized by cerebellar hypoplasia, psychomotor 
retardation, microcephaly, growth failure, and 
progressive pancytopenia.

9.1
Introduction

The classification of the primary immunodeficiency 
diseases (PID) committee of the international union 
of immunology societies (IUIS) [103] considers the 
phenotypical facet of the PID and tries to keep the 
disorders with related pathogenesis under the same 
title. As our knowledge about PID is rapidly growing, 
this classification is under periodic revision.

A defect of the immune system could be  affecting 
the adaptive immunity – as in combined immuno-
deficiencies – or the innate immunity as in defects of 
phagocytes and complement system. However, in 
some immune defects, in spite of “well described”
presenting clinical features, the underlying pathogenesis 
is still elusive. On the other hand, in some PID, “immu-
nodeficiency” is not the only major finding. In fact, the 
immune incompetence could be variably mild or even 
absent in some patients, for which we cannot always 
state a clear justification. The disorders categorized as 
“other well-defined immunodeficiencies”, usually neces-
sitate a collaborative team for management, because, 
apart from susceptibility to infections, these patients are 
usually affected by other organ system dysfunctions. A 
subset of these disorders is in association with genomic 
instability. They share some features such as the high 
risk of cancer, facial anomalies, antibody deficiency, and 
neuro-degeneration. Wiskott-Aldrich syndrome is an X-
linked hereditary thrombocytopenia, with other mani-
festations such as autoimmunity and eczema. Di George 
syndrome is due to deletions in the long arm of chro-
mosome 22. This is associated with  cardiac  anomalies, 
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thymic aplasia, abnormal facies and hypocalcemia. 
The causative gene defect of hyper-IgE syndrome used 
to be unknown until recently. The nonimmune aspects 
like skeletal deformities and pneumatocele formation 
are to be investigated under the light of new discoveries. 
Immuno-osseous defects are also an interface of immu-
nodeficiency and skeletal problems. Eventually, muco-
cutaneous involvements are the predominant features in 
certain PID such as chronic mucocutaneous candidiasis, 
Netherton syndrome and dyskeratosis congenital.

This chapter tries to provide a concise review on 
this collection of ‘well-defined’ primary immunodefi-
ciency diseases.

9.2
Other Syndromes Associated with 
Defective DNA Repair (Ataxia-Telangiectasia, 
Ataxia-Like Syndrome, Nijmegen 
Breakage Syndrome, Bloom’s Syndrome, 
ICF Syndrome)

9.2.1
Definition

DNA is a stable double-helix structure. However, 
under certain pathologic or physiologic circumstances 
and due to exogenous or endogenous agents, the DNA 
molecule can be damaged. These include double strand 
breaks (DSB), single strand breaks (SSB), mispaired 
nucleotides and replication errors. Ionizing radiation 
(IR), reactive oxygen species (ROS), and radiomimetic 
agents could serve as DNA damaging factors.

Improper DNA repair may end in the generation of 
new oncogenes, turning off tumor suppressor genes, 
genomic loss, and eventually, cell death. Addition-
ally, failure in DNA repair abrogates normal immune 
responses and lymphocyte maturation.

DSBs are induced by recombination-activating 
gene protein 1 and 2 (RAG1/2) during development 
of lymphocytes in the ‘variable’ regions of B cell and T 
cell receptors. This is an essential event for V(D)J rear-
rangement [276]. DNA repair machinery is mandatory 
for accomplishment of this procedure. Furthermore, 
effective class switch recombination and production 
of high affinity antibodies also depend on intact DNA 
breakage repair [48].

In this section, five distinct primary immunode-
ficiencies which are characteristically associated with 
genomic instability are depicted. These disorders share 

some similar features, whereas they are individually dif-
ferent in etiology (Table 9.1). Nevertheless, the inabil-
ity to retain DNA integrity and its consequences, such 
as cancer, growth retardation, and immunodeficiency, 
are of mutual findings among these syndromes.

Ataxia-Telangiectasia (A-T). A-T (OMIM#208900) 
is primarily a progressive cerebellar neurodegenera-
tive disorder, with early onset at childhood [102]. A-T 
was first described in 1926. As it is named, ataxia and 
telangiectasia are the main clinical findings. In fact, 
A-T is the most common autosomal recessive ataxic 
disorder among children under age of 5 years [251]. 
The incidence of A-T in the United States of America 
is estimated up to 1 in 40,000 births [52]. Immunode-
ficiency, cancer susceptibility and radiosensitivity are 
other features of the disease. The responsible gene, 
Ataxia-Telangiectasia Mutated (ATM, OMIM*07585), 
is located on 11q22–23 and encompasses 66 exons. The 
majority of mutations are null and compound hetero-
zygote [52]. One-third of A-T patients do not produce 
adequate immunoglobulins and are prone to recurrent 
bacterial infections.

Ataxia-Telangiectasia-Like Disorder (ATLD).
Ataxia-like syndrome or ATLD (OMIM#604391) is 
an extremely rare form of DNA repair defect with less 
than 20 known cases at present [94, 257]. The disease 
is due to mutations in hMRE11 (OMIM*600814). 
ATLD presents quite similarly to A-T with some excep-
tions such as telangiectasia or severity of antibody 
deficiency. However, because of the small number of 
reported cases, one can hardly give a global illustration 
of the disorder.

Nijmegen Breakage Syndrome (NBS). NBS 
(OMIM#251260) was first described in 1981 in a 
Dutch patient [333]. The defective gene, (NBS1,
OMIM*602667), is located on chromosome 8q21 and 
codes the protein nibrin [216, 319]. Nibrin and Mre11 
act as members of a protein complex during repair 
of DSBs. There is evidence that the founder muta-
tion appeared in an eastern-central region of Europe 
[77]. The NBS patients are mainly affected by radio-
sensitivity, immunodeficiency, high risk of malignan-
cies and abnormal growth. Chromosome instability 
includes specific translocations that are frequently 
seen between the loci of the immunoglobulin and T 
cell receptor genes on chromosomes 7 and 14 [315]. 
Translocations of chromosomes 7/14 are also common 
in A-T and ATLD.

Bloom’s Syndrome (BS). BS (OMIM#210900) is 
a human model for profound genomic instability 
and premature susceptibility to tumors [110]. It is an 
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Table 9.1 Primary immunodeficiency diseases associated with DNA repair defects

Diseases Genetic defects Inheritance Affected process Immune system defect

Ataxia-telangiectasia ATM AR Class switching 
recombination

Hypogammaglobulinemia, 
specific antibody response 
deficit

Ataxia-telangiectasia-like 
disorder

MRE11 AR Class switching 
recombination

Hypogammaglobulinemia, 
specific antibody response 
deficit

Nijmegen breakage syndrome NBS1 AR Class switching 
recombination

Hypogammaglobulinemia, 
specific antibody response 
deficit and elevated IgM

Radiosensitive severe combined 
immunodeficiency

Artemis, DNA ligase 
IV, Cernunnos

AR V(D)J 
rearrangement

Hypogammaglobulinemia 
and lymphopenia

Bloom’s syndrome BLM AR V(D)J 
rearrangement

Hypogammaglobulinemia

Immunodeficiency, centromere 
instability and facial 
abnormalities syndrome

DNMT3B AR Unknown Hypogammaglobulinemia

autosomal recessive disorder caused by mutations 
in BLM gene (OMIM*604610), located on 15q26.1, 
that encodes a DNA helicase (BLM) [87]. BS was first 
described in 1954, as a lupus-like congenital skin lesion 
in dwarfs [26]. These patients are affected by a spectrum 
of various tumors at younger ages than expected. Other 
prominent manifestations include growth retardation, 
abnormal facies, solar sensitivity and hypogammaglob-
ulinemia [110].

Immunodeficiency, Centromeric Region  Instability, 
and Facial Anomalies Syndrome (ICF). ICF (OMIM# 
242860) was first reported as a variant of common 
variable immunodeficiency (CVID) with normal B 
lymphocyte population [311, 314]. It is characterized 
by hypogammaglobulinemia in spite of normal B cells 
population, specific chromosomal rearrangements, 
facial dismorphism, and growth retardation. The chro-
mosomal rearrangements usually occur in the vicin-
ity of centromic regions of chromosome 1 and 16 and 
sometimes chromosome 9 [208].

9.2.2
Etiology

Due to the importance of genomic consistency, DNA 
repair mechanisms have been evolved among different 
species [177, 328]. Two major DNA repair pathways, 
known as homologous recombination (HR) and non-
homologous endjoining (NHEJ), mainly contribute to 
DSB repair [239]. There are other well-known DNA 

repair mechanisms that affect SSBs, mispaired nucle-
otides and replication errors and lack of them causes 
malignancies [164, 307].

Upon induction of DSB, two kinases, ataxia 
telangiectasia mutated (ATM) and ataxia-telangiectasia, 
and RAD3-related (ATR) are activated [253]. ATM 
and ATR mediate cell cycle checkpoint arrests which 
are crucial to provide enough time for DNA repair 
machinery [194]. A defect in intra-S phase checkpoint 
arrest of cell cycle is responsible for radioresistant 
DNA synthesis during S phase. This allows replication 
of erroneous DNA [346]. ATR is activated later than 
ATM and is necessary for SSBs during the repair proc-
ess or replication [61]. Defect in ATR is associated with 
Seckel syndrome, characterized by microcephaly and 
growth retardation [239].

Soon after DNA damage, the DSB is primarily 
sensed by a protein complex named MRE11–RAD50–
nibrin/Nbs1 complex (MRN complex) [92, 253]. 
MRN complex then recruits ATM to the breakage site. 
At the next step, ATM regulates phosphorylation of 
histone H2AX. The phosphorylated H2AX ensures 
conservation of mediator proteins such as the MRN 
complex and recruits repair proteins to the site of 
repair [250, 289].

NHEJ is the main mechanism for repairing 
DSBs. During this process, the two ends are brought 
together by a protein-DNA complex and fused after 
 modification of nonmatching termini. The mainstay 
of NHEJ machinery consists of Ku70/80 heterodimer, 
DNA-dependent protein kinase catalytic subunit 
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(DNA-PK
CS

), XRCC4, Artemis, DNA ligase IV, and 
Cernunnos factor [197, 198, 262].

HR is a more accurate repair mechanism than NHEJ, 
as it uses the homologous sister chromatin as the tem-
plate of repair. HR is the key machinery in repairing 
DSBs that arise as a result of replication-fork stalling 
[239]. Both NHEJ and HR pathways have regulatory 
interactions with ATM and ATR signal transduction 
pathways [263, 331].

Defects in NHEJ pathway are associated with radio-
sensitive combined immunodeficiency (see Sects. 2.3 
and 2.6 for more details).

ATM and DNA repair proteins are involved in class 
switch recombination (CSR) and somatic hypermuta-
tion (SHM) [48, 252], both of which are required for 
different antibody isotypes production with high affin-
ity. Mutations in ATM, hMRE11, and NBS1 are asso-
ciated with A-T, ATLD, and NBS respectively (Table 
9.1). Although Mre11 is a part of MRN complex, 
interestingly the clinical manifestations of ATLD look 
like those of A-T in many ways (Table 9.2). Mutated 
RAD50, the other member of MRN complex, has been 
reported in one patient with the same manifestations 
of NBS, but without immunodeficiency [104].

Helicases are conserved enzymes which unwind 
DNA duplex in a 3 –5  direction (of the bound strand) 
[146]. RecQ family helicases maintain genomic  stability 
by functioning at the interface between DNA  replication 
and DNA repair. Furthermore, they are required for tel-
omere maintenance [146]. In humans, RecQ helicases 
consist of five members, and mutations in three of them 
are associated with human disease. Bloom’s  syndrome, 
Werner’s syndrome and  Rothmund–Thomson syn-
drome are caused due to defective BLM (RECQL3),
WRN (RECQL2), and RECQ4, respectively [146].

It has been shown that peri-centromeric genomic 
hypomethylation is associated with ICF [312]. 
 Mutations in the coding region of DNA methyltrans-
ferase gene (DNMT3B, OMIM*602900) have been 
detected in almost half of analyzed patients, but not 
all of them, in spite of the unique finding of DNA 
hypomethylation [84, 133]. It is possible that patients 
who are not affected by mutated DNMT3B make 
another subset of ICF with another molecular defect, 
as the pattern of hypomethylation in some of them 
is different from those with mutations in DNMT3B.
Nevertheless, the hypomethylation of pericentromic 
regions of chromosome 1 and 16 is an invariant fea-
ture among ICF patients [84].

Association of defective DNA repair and immunode-
ficiency is an emerging field of research, and molecular 
defects of other DNA repair proteins are under investi-

gation to be shown in patients with immunodeficiency 
[100, 252, 288]. Given the catastrophic outcome of 
damaged genome, most of DNA repair defect  syndromes 
are rare autosomal recessive disorders.

9.2.3
Clinical Manifestations

A-T. Early after birth, newborns affected by ATM muta-
tion look normal. By the age of 1 year they can walk 
normally. Later, around the second year of life, ataxia 
appears and at the age of 10 years patients generally 
need a wheelchair [52]. Telangiectasia typically devel-
ops years after the onset of ataxia, on the bulbar con-
junctiva, ears, and nose (Fig. 9.1). Oculomotor apraxia, 
dysarthria and choreoathetosis are other neurologic 
manifestations [251]. Due to different onset and pro-
gression among patients, clinical presentations could 
be variable. Some patients do not develop noticeable 
ataxia until their teens. This could be justified with 
residual ATM kinase activity as well as the suggested 
compensatory role of Mre11 [52, 313]. T lymphocytes 
are usually decreased to some extent and do not 
respond well to mitogenes. Serum immunoglobulin 
levels show reduction in IgG, IgA and IgE. In contrast, 
IgM levels are normal to high [52, 259]. Specific anti-
body response has been shown to be defective [271]. 
Meanwhile, two-thirds of patients have mild or no 
immunodeficiency.

Associated immunodeficiency increases the risk of 
infections. Upper respiratory tract and sinopulmo-
nary infections are frequent in A-T patients. Recurrent 
pneumonias lead to a chronic lung disease. Respon-
sible microorganisms are rarely opportunistic. Poor 
muscle coordination causes aspiration of oropharyn-
geal secretions and reduces cough reflex which aggra-
vates the pulmonary vulnerability [259].

Malignancies occur in one-third of A-T patients 
during their lifetime. In younger children, B cell lym-
phoma or leukemia are more typical, while in teen-
agers T cell malignancies are seen more frequent. 
Nonlymphoid malignancies are detected, usually in 
older patients [52, 251].

ATLD. As mentioned above, clinically ATLD 
 resembles A-T. These patients show progressive 
cerebellar ataxia without telangiectasia [144, 172]. 
ATLD has a later onset and slower progression of 
the neurological symptoms than A-T. Serum alpha-
fetoprotein level is not elevated. Total serum levels 
of IgG, IgA and IgM are normal, although specific 
antibody response is defective. It is still unclear if a 
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Fig. 9.1 Telangiectasia in bulbar conjunc-
tiva of a boy with ataxia-telangiectasia

Table 9.2 Similarities and dissimilarities of A-T, ATLD, NBS, BS, and ICF

Finding A-T ATLD NBS BS ICF

Neurological defect Ataxia Ataxia None None Some cases
Telangiectasia Present Absent Occasionally Absent Rare
Muscular pathology Fasciculation Fasciculation None None Hypotonia
Chromosomal translocations 4/17 4/17 4/17 SCE 1/16/9
Microcephaly Absent Absent Present Present Present
Typical facies Absent Absent Bird like Bird like Various
Malformation Absent Absent Present Absent Absent
Metal retardation Absent Absent Some cases Absent Some cases
Malignancies Present Not reported Present Present Not reported
Respiratory infections Present Not reported Present Present Present
Skin abnormalities Present Not reported Present Some cases Some cases
Serum alpha-fetoprotein Elevated Normal Normal Normal Normal

Serum immunoglobulin Low Normal Low Low Low

A-T ataxia-telangeictasia, ATLD ataxia-telangeictasia-like disease, NBS Nijmegen breakage syndrome, BS Bloom’s syndrome, 
ICF immunodefi ciency, centromeric region instability, facial anomalies syndrome, SCE sister chromatin exchange

defect in hMRE11  predisposes patients to malignan-
cies [305]. Translocations in chromosomes 7 and 
14 are seen as well as A-T and NBS. Cellular radio-
sensitivity and radioresistant DNA synthesis (RDS) 
can be detected [305]. As the MRN complex is an 
essential one, it has been shown that null mutants of 
hMRE11 and hRAD50 are fatal [195, 341]. In agree-

ment with this, hMRE11 mutations in ATLD are 
hypomorphic [305].

NBS. Nijmegen breakage syndrome (NBS) used to 
be known as an “A-T variant” [280]. It shares some 
of A-T features (Table 9.2) such as radiosensitivity, 
translocations of chromosomes 7 and 14, and immu-
nodeficiency.
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Humoral immunity defects vary and consist of 
agammaglobulinemia, selective IgA deficiency, and 
IgG subclass deficiency. However, immunoglobulins 
levels can be normal in some cases [123]. Normal 
levels of IgM in the absence of IgG or IgA suggests 
that defect in NBS1 could affect CSR in B cells [317]. 
T lymphocyte response to mitogens is reduced in most 
of patients [77].

Patients with NBS are usually microcephalic, but 
ataxia or telangiectasia is not apparent. In spite of 
microcephalia, most of NBS patients have normal men-
tal development [1]. A quarter of affected infants have 
normal head circumference at birth, but they experience 
early growth retardation within the first few months 
[1]. The facial appearance in NBS is typical: receding 
forehead and mandible, prominent mid-face with long 
nose, long philtrum, tilted palpebral fissures with epi-
canthic folds, large ears, and sparse hair (Fig. 9.2).

The NBS cutaneous presentations are nonspecific 
findings such as ‘café au lait’ spots, vitiligo, and sun 
sensitivity. Telangiectasia is occasionally seen. Patients 
usually suffer congenital malformations, the most 
common of which are syndactyly and clinodactyly, 
anal stenosis, ovarian dysgenesis and hydronephrosis 

[1]. Due to associated immunodeficiency, infections 
with community acquired microorganisms are com-
mon. Respiratory and urinary tracts are the most 
frequent sites of infection.

Like other defective DNA repair disorders, these 
patients have a higher rate of malignancies. It has been 
shown that heterozygous members of NBS pedigrees 
are also at greater risk for cancer [284].

Another rare variant, known as A-T
Fresno

, shares the 
manifestations of both A-T and NBS [63]. The patients 
were shown to have a homozygous mutation in ATM
gene while NBS is intact.

BS. Patients are physically retarded at every age and 
have average intelligence. Their look is specified with 
narrow faces with prominent nose and micrognatia. 
Skin lesions are various; sun-sensitive malar rash and 
erythematoyus lesions on sun-exposed areas are typi-
cal. Hyperpigmented or depigmented macules are also 
notable [111].

Patients with BS have low levels of serum immu-
noglobulins and impaired delayed hypersensitivity. 
Interestingly, immunodeficiency is not seen in Wern-
er’s syndrome which is caused by lack of another 
member of RecQ helicase family [160]. The reduced 
immunoglobulin levels are not thought to be due to 
abnormal V(D)J rearrangement. In fact, V(D)J rear-
rangement is intact in Ig but abnormal in TCR [160]. 
Patients are  frequently affected by respiratory and gas-
trointestinal infections.

The main causes of death are cancers and lung dis-
ease. Tumors have the same chronological distribu-
tion as in the general population, but appear earlier 
in life [112]. Diabetes mellitus is also seen in BS as a 
clinical finding [112]. Other clinical features include 
“bird-like” face (Fig. 9.2), high-pitched voice, and 
infertility [111].

ICF. Serum immunoglobulin levels are decreased 
and recurrent respiratory and gastrointestinal infec-
tions are major consequences. Hypogammaglobuline-
mia might be restricted to IgG subclasses, some or 
all the immunoglobulin isotypes [99]. T and B lym-
phocytes population may be reduced in some patients 
[255]. The nature of immunodeficiency is still elu-
sive and patients are prone to recurrent bacterial and 
opportunistic infections.

Patients’ faces can be variably dysmorphic and in 
some patients might be normal. This includes flat 
nasal bridge, hypertelorism, epicanthic folds, micro-
gnathia, macroglossia, and low-set ears [84, 133]. A 
subset of patients shows mental retardation and neu-
rologic defects. Growth retardation, thin limbs and 
nonspecific skin pigmentations are other features of 

Fig. 9.2 Typical facial appearance of a patient with clinical 
diagnosis of Nijmegen Breakage syndrome. Similar look, 
described as bird-like face, may be presented in other DNA 
repair defect syndromes as in Bloom’s syndrome
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ICF. Some patients show hypotonia and ataxia [84]. 
No cancer predisposition has been reported among 
ICF patients so far. Due to severe infections, chronic 
gastrointestinal problems and failure to thrive, prog-
nosis of ICF patients is poor [133].

9.2.4
Diagnosis

A-T. Because of incomplete neurological presentations 
of A-T early in life, diagnosis is challenging and neces-
sitates laboratory examinations. However, by the age of 
10 years most of presentations are fully developed [52, 
251]. When suspected in young children, the diagnosis 
could be assisted by laboratory assays. Serum alpha-
fetoprotein (AFP) is usually elevated in A-T patients. 
Cytogenetic assays reveal specific chromosomal trans-
location (chromosomes 7 and 14). Radiosensitivity, as 
assessed by colony survival assay (CSA), gives clues for 
diagnosis. CSA measures the survival fraction of lym-
phoblastoid cell lines (LCL) from A-T patient. While 
a normal survival fraction is more than 36%, it would 
be below 21% for A-T cells [153, 299]. Evaluation of 
immune system is also helpful in diagnosis.

Magnetic resonance imaging (MRI) is useful in 
older children for evaluation of cerebellar atrophy. 
Finally, ATM protein assay and ATM gene mutation 
analysis could make the definite diagnosis. Molecular 
diagnosis helps differentiating A-T from other cerebel-
lar ataxias.

ATLD. Absence of telangiectasia in a patient resem-
bling A-T clinical features makes the diagnosis likely. 
A normal level of serum α-fetoprotein and immu-
noglobulins help in differentiating ATLD from A-T.

NBS. When the clinical suspicion rises, laboratory 
examinations could help in making the diagnosis. 
Contrary to A-T, NBS patients have normal serum α-
fetoprotein levels [1], but they have the same chromo-
somal aberrations as in A-T (Table 9.2). Cellular and 
humoral immunity is impaired. Detection of mutation 
in NBS1 confirms the diagnosis. The most frequently 
reported mutation is a truncating 5 bp deletion (657–
661 delACAAA) [77].

BS. When in a small individual, malignancies 
 unexpectedly arise early in life, BS should raise a 
 suspicion, especially when accompanied by other 
signs such as skin lesions and immunodeficiency. 
Mutational analysis in BS is laborious; therefore, 
 protein expression assay and cytogenetic studies could 
be helpful for definite diagnosis [160]. Increased 
chromosomal breakage is frequent and particularly a 

10-fold increase in sister-chromatid exchanges (SCE) 
is highly specific for BS [113].

ICF. ICF is quite rare, but it is thought that the 
syndrome is under-diagnosed [84]. In patients with 
primary antibody deficiency and normal B cell popu-
lation, standard cytogenetic studies can confirm the 
diagnosis. Mitogene-stimulated lymphocytes show 
multiradial chromosomes (3–10 arms), whole arm 
deletions, and juxta-centromeric breaks in chromo-
somes 1, 16 and 9 [84]. Furthermore, decondensa-
tion in 1qh and 16qh regions and hypomethylation of 
satellite DNA type 2 and 3 are specific findings. Cells 
from bone marrow and skin fibroblasts do not show 
the chromosomal aberrancies and thus should not be 
used for cytogenetic studies [84]. Mutation analysis 
of DNMT3B is not always promising as it cannot be 
found in all patients, but in the case of another affected 
family member, it is useful for diagnosis.

9.2.5
Management

There is no curative therapy for patients with either 
of these DNA repair defects. However, hematopoietic 
stem cell transplantation (HSCT) in two NBS cases 
succeeded in overcoming immunodeficiency and it is 
also suggested in patients with severe ICF [107, 108, 
133]. Most disappointingly, no practical treatment 
could efficiently help the patients with neurodegen-
eration in cases of A-T. The mainstay of management 
is antibiotic prophylaxis and immunoglobulin replace-
ment therapy in patients with antibody deficiency and 
recurrent infections. Rehabilitation could be helpful 
to retrieve the life and occupational skills. In A-T and 
ATLD, medications which improve the patient’s move-
ment disorders could be advised. Botulinum injec-
tions as a neurotoxin or surgical interventions might 
be employed to control tremors [251].

Patients with genomic instability should not be 
exposed to X-rays when it is not necessary, and diag-
nostic imaging must be benefit balanced. As the radi-
omimetic agents worsen the disease, chemotherapy 
of malignancies is a challenge. Prednisone could be 
a proper choice which also temporarily ameliorates 
ataxia [251].

BS patients should be under regular observation for 
early development of cancers. Unfortunately, there is 
no screening test which covers all types of cancers, and 
repeated blood examinations are not recommended 
psychologically. A close doctor–patient interaction is 
demanded for prompt detection and management of 
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tumors. When necessary, surgical intervention should 
be employed.

Most of patients with A-T have normal mental 
development, but depression is a threat among them. 
Psychiatric complications and mental retardation 
should be taken under specialists’ care.

9.3
Di George Syndrome

9.3.1
Definition

Di George syndrome (DGS, OMIM#188400) is a 
developmental disturbance of the neural crest occur-
ring during the embryogenesis and is attributed to 
the haplo-insufficiency of one or more of the genes 
located on the chromosomal region 22q11.2 [4, 68, 
163]. This condition was first described by Angelo 
DiGeorge in 1965 as the association of immuno-
deficiency and congenital absence of thymus gland 
which has been noted early in twentieth century [57]. 
The syndrome is classically defined as a congenital T 
cell immunodeficiency secondary to aplasia or hypo-
plasia of the thymus gland associated with congeni-
tal heart defects and hypocalcemia, due to small or 
absent parathyroid glands. The most common cause 
of the syndrome is a hemizygous deletion of 22q11.2, 
seen in approximately 90% of DGS patients, and 
which may occur as frequently as once in 4,000–6,000 
live births, affecting both sexes equally [74]. It is one 
of the most frequent genetic diseases, considering 
that it may be underestimated because of the rate of 
perinatal deaths observed in many cases with a severe 
 congenital heart defect.

The fact that the same deletion has been linked to 
a heterogeneous group of disorders with an overlap-
ping phenotype has led to further expansion of clini-
cal spectrum of DGS. Although each presentation is 
very different, it is important to remember that these 
are not distinct disorders, but represent points along 
the continuum of the same genetic disease, more 
appropriately named chromosome 22q11.2 deletion 
syndrome [80].

DGS was originally distinguished from the other 
overlapping diseases because of a prominent com-
ponent of immunodeficiency. It is known that a 
defect in the immune system is seen in all patients 
with the deletion despite the other clinical features. 
However, the term chromosome 22q11.2 deletion 

 syndrome should be used to describe patients where 
the  deletion has been confirmed, whereas DGS is 
typically used for both patients with 22q11.2 dele-
tion and those affected by the clinical triad of cardiac 
defects, immunodeficiency, and hypocalcemia, but 
without a demonstrable deletion.

9.3.2
Etiology

DGS is characterized by malformations attributed to 
abnormal development of the pharyngeal arches and 
pouches. The common threat among all the organs 
involved in DGS is that their development is depend-
ent on migration of neural crest cells to the region 
of pharyngeal pouches. Lammer and Opitz described 
DGS as a field defect in which a group of tissues, that 
are interdependent on each other for normal growth, 
develop in an abnormal fashion [27, 168, 179]. 
Although DGS has traditionally been described as 
abnormal development of the third and fourth pha-
ryngeal pouches, defects involving the first to sixth 
pouches are also known to occur. Animal studies 
have shown that acute ethanol exposure in mice at 
a time when neural crest cells are migrating results 
in a craniofacial phenotype similar to DGS [332]. 
Exposure to teratogens during pregnancy, including 
alcohol, retinoids, bisdiamine, can result in similar 
phenotypic syndromes [120, 332]. Thus, it is postu-
lated that any intrauterine insult to the facial neural 
crest can result in similar features of DGS.

Molecular Genetics. A 3-Mb deletion within 
22q11.2 is present in majority of cases, with a smaller 
1.5-Mb deletion found in less than 10% and some 
unique smaller deletions in a few cases [88, 278]. 
Most deletions are de novo, with 10% or less inher-
ited from an affected parent. At least 40 genes have 
been identified within this region. In spite of efforts 
to identify candidate gene(s), no single gene deletion 
has been shown to be sufficient for the development 
of DGS. Consequently, it is possible that more than 
one gene could contribute to the phenotype since 
DGS patients with different type of deletions have 
similar phenotypes.

Among the most investigated genes, TUPLE1 (TUP-
like enhancer of split gene-1), reported by Halford 
et al. [134], is an attractive candidate for the central 
features of the syndrome. It shows evidence of expres-
sion during the critical period of development of the 
outflow tract of heart, and of the neural crest-derived 
aspects of face and upper thorax.
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Moreover, TBX1, encoded for a “T box” transcrip-
tion factor, is involved in the regulation of devel-
opmental processes, and is usually affected in the 
majority of DGS patients [17]. Yagi et al. [343] iden-
tified three mutations within TBX1 in unrelated 
patients with 22q11.2 deletion syndrome phenotype 
but no detectable deletion in 22q11.2. One mutation 
was found in a case of sporadic velocardiofacial syn-
drome/conotruncal anomaly face, and a second in a 
sporadic case of DGS. The third mutation was shown 
in three patients from a family with velocardiofacial 
syndrome/conotruncal anomaly face. These findings 
indicated that TBX1 mutations were responsible for 
five major phenotypes of the 22q11.2 syndrome, 
namely, abnormal facies (conotruncal anomaly face), 
cardiac defects, thymic hypoplasia, velopharyngeal 
insufficiency of the cleft palate, and parathyroid dys-
function with hypocalcemia. These mutations did not 
appear to be responsible for typical mental retarda-
tion that is commonly seen in patients with the deletion 
form of 22q11.2 syndrome.

Other implicated genes include Crkl and COMT
genes. Crkl encodes an adaptor protein which is highly 
expressed in neural crest-derived tissue during develop-
ment. Crkl−/− mice die in uterus, whereas heterozygous 
ones survive [131, 187]. Catechol-O-methyltranferase 
(COMT), also located within the commonly deleted 
region [129], is involved in the metabolism of catecho-
lamines. The V158M polymorphism (COMT158met)
seems to result in decreased enzyme activity and to 
be associated with the development of psychiatric dis-
ease in patients with chromosome 22q11.2 deletion 
syndrome [119, 178]. In contrast, some studies have 
shown that patients carrying the met allele have a better 
cognition performance and that COMT V158M poly-
morphism affects minimally the executive function in 
22q11.2 deletion syndrome [115, 279].

Deletions on the short arm of chromosome 10 p13–
14 are also associated with a DGS-like phenotype, but 
are much less common than 22q11.2 deletions with an 
estimated frequency of 1 in 200,000 live births. Other 
chromosomal abnormalities that have been found in 
patients with presumed DGS include deletions on 
chromosomes 17p13, and 18q21 [121].

9.3.3
Clinical Manifestations

Congenital Abnormalities. Although many reports have 
greatly contributed to the understanding of the  clinical 
features and the pathophysiology of the disease, the 

DGS phenotype is much more variable and extensive 
than initially recognized, and several aspects still need 
to be clarified [18, 36, 57, 189, 229, 269, 318].

DGS has commonly been characterized as a triad of 
clinical features: congenital cardiac defects, immuno-
deficiency and hypocalcemia. A variety of cardiac mal-
formations are seen, in particular affecting the outflow 
tract. These include tetralogy of Fallot, type B inter-
rupted aortic arch, truncus arteriosus, right aortic arch 
and aberrant right subclavian artery.

Moreover, newborns and infants with DGS may 
have dysmorphic facial features. Ears are typically 
low-set and deficient in the vertical diameter with 
abnormal folding of the pinna. Telecanthus with short 
palpebral fissures is seen. Both upward and downward 
slanting eyes have been described. The philtrum is 
short and the mouth relatively small. In older children, 
the features overlap velocardiofacial (Shprintzen) syn-
drome with a rather bulbous nose, square nasal tip and 
hypernasal speech associated with submucous or overt 
palatal clefting.

Neonatal hypocalcemia, due to hypoplasia of 
the parathyroid glands, is characteristic and may be 
 sufficiently severe to present as tetany or seizures. 
However, it could be intermittent and resolve during 
the first year of life as the parathyroid glands hyper-
trophy. Latent hypoparathyroidism may occur in both 
children and adults [62].

Feeding difficulties and gastroesophageal reflux 
are also described. Renal abnormalities such as single 
kidney, multicystic dysplasic kidney, horseshoe kidney, 
and duplicated collecting system occur in approxi-
mately one-third of DGS patients. Short stature and 
variable mild to moderate learning difficulties are com-
mon. Other clinical features seen more rarely include 
hypothyroidism and deafness. Cases presenting later 
tend to have a milder spectrum of cardiac defect with 
ventricular septal defect being common.

Various psychiatric disorders have also been desc-
ribed both in children and adults [109, 300].  Different 
behavioral, psychiatric, and communication disor-
ders include attention deficit–hyperactivity disorder 
(ADHD), anxiety, language and speech delays, and 
affective disorders. An estimated 25% of children 
with 22q11 deletion syndrome develop schizophrenia 
in late adolescence or adulthood. Neurological abnor-
malities consist of structural brain anomalies (small 
vermis, small posterior fossa and small cysts adjacent 
to the anterior horns) and seizures [226].

Immunodeficiency. Thymic hypoplasia or aplasia 
leading to defective T cell function is the hallmark of 
DGS. Patients with the chromosome 22q11.2 deletion 
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have a broad range of T cell counts and proliferative 
responses. Complete absence of thymus (‘complete’ 
DGS) accounts for less than 0.5% of patients and 
exhibits a severe T cell immunodeficiency, resembling 
a severe combined immunodeficiency (SCID) phe-
notype. In ‘complete’ DGS, few T cells are detectable 
in peripheral blood (1–2%) and there is no response 
to T cell mitogenes. T cell receptor excision circles 
(TRECs), as a measure of newly emigrated thymic 
cells, are reduced [142].

In contrast, the majority of patients with 22q11.2 
deletion syndrome and immune defects exhibit mild to 
moderate deficits in T cell numbers (so-called ‘ partial’ 
DGS). Immunodeficiency in these patients is not caused 
by the absence of thymus, but due to abnormal thymic 
migration. Many patients have microscopic nests of 
thymic epithelial cells that account for their ability to 
produce T cells. A normal-sized thymus is not neces-
sary for normal T cell development, and patients with 
a very small thymus, even in an ectopic location, may 
have a T cell response to mitogens that ranges from 
below normal to normal. As such, total T cell numbers 
may not accurately reflect immune competence [210]. 
The majority of ‘partial’ DGS patients have normal T 
cell proliferations, although some patients show low 
mitogen responses. Therefore, mitogen responsiveness 
should be considered the most important parameter to 
assess T cell function and to better discriminate DGS 
as ‘partial’ or ‘complete’.

Most DGS patients have normal antibody levels, 
function and avidity. The aberrant regulation of B cells 
by the deficient T cells might also result in hypergam-
maglobulinemia. On the other hand, hypogamma-
globulinemia, IgA deficiency, delayed acquisition of 
appropriate antitetanus and antidiphtheria antibody 
titers have been described as well. In a cohort, 55% of 
patients showed impaired specific antibody responses 
to pneumococcal polysaccharide antigen [105]. 
Impaired T–B cell interaction is likely to explain the 
defective T-dependent antibody responses. In another 
study, 43% of patients exhibited evidence of antibody 
deficiency (IgA deficiency, IgM deficiency, IgG subclass 
deficiency or specific antibody deficiency) and a sig-
nificant correlation between the presence of recurrent 
infections and humoral abnormalities (P < 0.01) was 
found. CD27+ memory B cell subsets were reduced in 
patients with defective humoral immunity [97].

Patients with DGS who present with infections as 
the first manifestation are unusual because cardiac 
malformations and hypocalcemia are so severe that 
they usually manifest in the neonatal period. In fact, 

most of the early deaths are due to cardiac defects. 
However, recurrent infections are a major problem 
and an important cause of later mortality. Increased 
susceptibility to infections, caused by organisms typi-
cally associated with T cell dysfunction, is observed. 
These include systemic fungal infections, Pneumocystis 
jiroveci infection, and disseminated viral infections 
[209, 272]. Moreover, the combination of impaired 
immune response and abnormal palatal anatomy may 
be associated with high frequency of upper respiratory 
tract infectious.

Autoimmunity. Immunodeficiencies are frequently 
associated with autoimmunity [13], and the incidence 
of autoimmune disorders is increased in DGS as well 
[156, 220]. In one study of 20 patients with 22q11.2 
deletion syndrome, 10% had evidences of autoim-
mune disease [105]. Autoimmune cytopenias [66, 
183], juvenile rheumatoid arthritis-like polyarthritis 
[297] and autoimmune endocrinopathy [37] have 
been described. DGS and velocardiofacial syndrome 
were recently found to be significantly associated 
with eczema and asthma but not with allergic rhinitis 
[287]. A number of immune defects may predispose 
to the development of autoimmunity in these patients 
including increased infection, impaired develop-
ment of natural CD4+ CD25+ T-regulatory cells and 
impaired thymic central tolerance. One study of DGS 
patients demonstrated a significant decrease in the 
percentage of CD4+ CD25+ T cells when compared 
to normal control, which was most marked in infancy. 
However, no difference was observed in the percentage 
of CD4+ CD25+ T cells in 22q11.2 deletion syndrome 
patients with and without evidence of autoimmune 
disease [296]. Abnormal thymic development in DGS 
may thus result in impaired expression of autoim-
mune regulator gene (AIRE) and potentially of other 
transcription factors that regulate expression of organ-
specific antigens in the thymus, resulting in defective 
central tolerance [45, 149].

There is a wide range of phenotypic  variability 
associated with the 22q11.2 deletion syndrome as 
conotruncal anomaly face (Takao syndrome), and 
isolated outflow tract defects of the heart. While 
some patients present with classic findings of DGS, 
 others have relatively slight features such as minor 
 dysmorphic facial traits or mild cognitive impairment. 
Consequently, none of the phenotypic features is 
considered pathognomonic for the 22q11.2 deletion. 
Furthermore, to date, the deletion does not predict the 
organ effects or disease severity and the phenotypic 
expression does not seem to be related to the deletion 
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size. In addition, there are many published examples 
of affected kindreds demonstrating that the clinical 
presentation can be broadly different even within a 
single family [161, 181].

9.3.4
Diagnosis

The dysmorphic facial appearance in an individual 
with a major outflow tract defect of the heart or a 
history of recurrent infection should raise suspicion. 
In infancy, hypocalcemia, a characteristic feature, 
is usually evident with low parathyroid hormone 
(PTH) levels. Chest radiography may detect an absent 
thymic shadow, although this finding does not always 
 correlate with immune function. Newborns should 
be evaluated for T cell production and function. 
A complete blood count (CBC) and the measurement 
of the CD4+ subset of T cells can assess the presence 
and severity of lymphopenia. Meanwhile it is impor-
tant to evaluate T cell proliferative responses and not 
merely the number of T cells. In vitro studies of T cell 
function offer the most reliable estimate of the extent 
of immunodeficiency. Evaluation of humoral immu-
nity reveals variable immunoglobulin levels and 
depends on the degree of T cell deficiency. Patients 
with partial DGS generate good antibody response to 
protein vaccines [16].

The investigation of choice is a standard karyotype 
to exclude major rearrangements, and fluorescence 
in situ hybridization (FISH) using probes within the 
deletion segment, preferably those close to the translo-
cation breakpoint site. A 10p13–14 FISH study should 

also be considered if there is clinical evidence for DGS, 
but negative 22q11 FISH study. A positive FISH test for 
chromosome 22q11.2 deletion or a 10p deletion ascer-
tains the diagnosis. For patients without the deletion 
diagnosis is based on the clinical phenotype, although 
precise diagnostic criteria are difficult to establish [36, 
218, 269, 318] (Table 9.3). Parents should be screened 
for carrier status.

9.3.5
Management

The nonimmunologic features of DGS often require 
a coordinated medical management early after birth. 
Calcium supplements and 1,25-cholecalciferol may be 
needed to treat hypocalcemia. Cardiac defects are the 
usual focus of clinical management. Asymptomatic 
infants, where other features suggest the diagnosis, 
should be investigated with early echocardiography 
to search for cardiac defects. Unless the immunocom-
petence has been demonstrated, any affected child is 
at risk for opportunistic infections and should receive 
prophylaxis for Pneumocystis jiroveci pneumonia. 
Moreover, if undergoing major surgery, they should 
have a supply of irradiated blood to avoid graft-ver-
sus-host disease. Clefts may be submucous and should 
be sought. Speech therapy and additional educational 
assistance may be needed.

Several approaches have been attempted over time 
to achieve an immune reconstitution. Implantation of 
whole thymus was first described by Cleveland et al. in 
1968. Later, several other trials of fetal thymic tissue 
implantation were performed [217, 308]. Recently, 

Table 9.3 Diagnostic criteria for PARTIAL and COMPLETE Di George syndromea

Type of syndrome Diagnostic category Description

PARTIAL Di George syndrome Definitive <500/mm3 CD3+ T cells during the first three years of 
life, conotruncal cardiac defect and/or hypocalcemia 
possibly associated with chromosome 22q11.2 deletion

Probable <1,500/mm3 CD3+ T cells during the first three years 
of life and deletion of chromosome 22q11.2

Possible <1,500/mm3 CD3+ T cells during the first three years 
of life associated with cardiac defect or hypocalcemia 
or dysmorphic facies/palatal abnormalities

COMPLETE Di George syndrome Definitive Reduced/absent CD3+ T cells (less than 50/mm3) and 
documented athymia, hypocalcemia and heart defect

aAdapted from: European Society for Immunodefi ciencies, Di George syndrome diagnostic criteria, Clinical Working Party
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success has been reported using allogeneic, partially 
HLA-matched, postnatal thymus tissue to transplant 
infants with the complete DGS [211, 212]. After 4 
months, mature functional host T cells were identi-
fied with an adequate T cell proliferative responses to 
mitogens and restoration of immune function, sug-
gesting that early thymus transplantation (before the 
development of infectious complications) may pro-
mote successful immune reconstitution in the complete 
DGS [211, 212]. However, there are other disappoint-
ing reports for thymus transplantation. T cell function 
may improve in patients with partial DGS; therefore, 
thymus transplantation is not indicated [118]. In com-
plete DGS, bone marrow and peripheral blood T cell 
transplantation from HLA-matched sibling donor has 
been also efficacious [19, 35, 118, 215].

The prognosis of DGS patients varies significantly 
according to the degree of involvement of the cardiac 
and immune system. Heart problems are the major 
cause of deaths early in childhood and opportunis-
tic infections are the second most fatal complication. 
In most children who survive, the number of T cells 
rises spontaneously as they mature. Children who 
were successfully bone marrow or peripheral blood 
transplanted, as well as those who received thymus 
transplant and achieved a good immune reconstitu-
tion, remained free of infections for a long time after. 
Survivors are likely to be mentally retarded and to 
have other developmental and neurologic difficulties 
in later life.

9.4
Wiskott-Aldrich Syndrome

9.4.1
Definition

Wiskott-Aldrich syndrome (OMIM#30100) is a rare 
X-linked disorder characterized by persistent throm-
bocytopenia with small platelets, eczema, cellular and 
humoral immunodeficiency, and an increased risk of 
autoimmune disease and hematologic malignancy 
[8, 298]. In 1937, Wiskott described three brothers 
with thrombocytopenia, bloody diarrhea, eczema 
and recurrent ear infections. Later, in 1954, Aldrich 
demonstrated that this syndrome was inherited as an 
X-linked recessive. In the 1950s and 1960s, the features 
of immunodeficiency were identified, and Wiskott-
Aldrich syndrome (WAS) joined the list of primary 
immunodeficiency diseases. The disease is caused by 
mutations in the gene encoding a protein named, in 

honor of the disorder, the Wiskott-Aldrich Syndrome 
Protein (WASP). The gene (OMIM*300392) resides 
on Xp11.22–23. The exact function of WASP is not 
fully elucidated, but it seems to function as a bridge 
between signaling and movement of the actin fila-
ments in the cytoskeleton. Cloning of the WASP gene 
has allowed the recognition of an attenuated form of 
the syndrome, X-linked thrombocytopenia (XLT), 
manifesting mainly with chronic or intermittent 
thrombocytopenia and small platelets, sometimes 
associated with mild eczema [320, 348].

9.4.2
Etiology

The WASP gene was identified by positional cloning 
in 1994 [73]. The gene consists of 12 exons encod-
ing a 502 amino-acid intracellular protein (WASP) 
expressed exclusively in hemapoietic cells. WASP is a 
member of a family of proteins involved in the organi-
zation of the actin cytoskeleton [304]. The protein 
consists of several functional domains that regulate 
activity and subcellular localization. These include a 
N-terminal EVH1 (Ena/VASP homology 1) domain, a 
GTPase-binding domain (GBD), a proline-rich region 
and a C-terminal verproline homology/cofilin homol-
ogy/acidic region domain [221, 301]. Other members 
of this family include a more widely expressed  neural 
tissue homologue of WASP (N-WASP), and two 
newly identified WASP family proteins WAVE 2 and 
WAVE 3. These molecules are similar to WASP in their 
C- terminal region [303].

To carry out vital functions, such as growth, endo-
cytosis, exocytosis, and cytokinesis, cells have to rear-
range their actin cytoskeletons. This process requires 
the activation of a group of small guanosine triphos-
phate (GTP)-binding proteins, which cycle between 
an active GTP-bound form and an inactive guanosine 
diphosphate (GDP)-bound form. These proteins are 
called Rho, Rac and Cdc42, and regulate the formation 
of different polarized actin structures such as stress fib-
ers, lamellipodia, and filopodia [233]. Actin filament 
growth (F-actin) occurs by rapid monomer (G-actin) 
addition to the barbed leading end of a nucleated site. 
Members of the WASP family act as scaffold to which 
many elements, including actin, bind, permitting the 
reorganization of the cytoskeleton. At rest, WASP and 
N-WASP are in a closed configuration controlled by 
several proteins. The WASP-interacting protein (WIP) 
constitutively interacts with the N-terminal region 
of WASP, inhibiting WASP effector activity. WASP is 
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relieved after T cell receptor (TCR)-mediated  activation 
that results in WIP phosphorylation [321]. This proc-
ess allows WASP to be activated by Rho- family GTPases 
[275]. Binding of Cdc42 to GBD domain of WASP or 
N-WASP consent to these proteins to assume an open 
configuration and to bind at the C-terminal region the 
actin related protein 2/3 (Arp2/3) complex, leading to 
the nucleation of actin and thus controlling cell shape 
(Fig. 9.3). WASP and N-WASP represent key regulators 
of Arp2/3 molecular machine [282].

Many different WASP mutations that alter the  protein 
binding to different GTPases have been  identified, thus 
leading to defective cytoplasmic  signaling and actin 
polymerization. Presumably, WASP mutations inter-
fere with the proper signaling and growth of cells of 
the hematopoietic lineage, resulting in the platelet and 
immune defects observed clinically, although the exact 
mechanisms and defective pathways remain largely 
unknown. Studies have demonstrated that the Cdc42-
WASP interaction is necessary for certain chemoat-
tractant-induced T cell chemotaxis [132]. Furthermore, 
it was shown that defective WASP function results in 
abnormal  migration and motility in multiple key cellu-
lar components of the immune  system and specifically, 

dendritic cells (DCs), myeloid cells, macrophages, natu-
ral killer (NK) cells, as well as both B and T lymphocytes 
[33, 41, 114, 186, 244, 245, 347].

Mutation Analysis and Genotype/Phenotype  Correl-
ation. The identification of the WASP gene for WAS-XLT 
has provided powerful tools to confirm at a molecular 
level the diagnosis in symptomatic male subjects [72] 
[242, 298]. Villa et al. presented proof that mutations in 
the WASP gene can result in X-linked isolated thrombo-
cytopenia characterized by small-sized platelets [320].

To date, 158 unique WASP mutations were iden-
tified among a large cohort of patients with WAS/
XLT from 270 unrelated families studied in United 
States of America, Italy and Japan [242]. Mutations 
of WASP gene results in three different phenotypes: 
the classic WAS, characterized by thrombocytopenia-
small platelets, eczema and recurrent infections; the 
milder XLT variant [320, 348], which can be inter-
mittent; and congenital X-linked neutropenia [75]. 
The severity of the phenotype is largely depend-
ant on the effect of the mutations at a protein level. 
Patients with mutations that allowed expression 
of normal-sized mutated protein, even if in reduced 
quantity, were more likely to have XLT  phenotype, 

Fig. 9.3 Schematic representation of 
WASP and model of activation. In the 
inactive configuration, WASP is bound 
to WIP at the EVH1 domain and adopts 
an autoinhibited configuration in which 
the VCA domain interacts with the GBD 
and BR domains. T cell receptor (TCR)-
mediated activation results in WIP 
phosphorylation, which allows WASP to 
be activated by Rho, Rac, Cdc42. After 
activation WASP assumes an open con-
figuration and binds at the C-terminal 
region the Arp2/3 complex, leading to 
actin polymerization VCA verproline 
cofilin homology domain; GBD GTPase-
binding domain, BR basic region, PPPP
proline-rich region, Arp2/3 actin related 
protein 2/3
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whereas patients affected by mutations causing lack of 
protein expression or expression of a truncated pro-
tein were usually affected by classical WAS. However, 
in some cases genotype seemed not to correlate with 
phenotype, making it difficult to predict the  clinical 
course [242].

Recently, it was shown that somatic mosaicism, 
resulting from spontaneous reversion of mutations 
responsible for WAS, may contribute to explain the 
inconsistent genotype/phenotype correlation found 
in some patients [12, 326, 327]. Back mutations can 
restore wild type sequence in selected cell population; 
moreover, second-site mutations can lead to compen-
satory changes. Reversion has been detected mainly 
in T lymphocytes, capable of restoring their function 
[175], and more recently also in NK cells [196].

9.4.3
Clinical Manifestations

WAS is a primary immunodeficiency disease involving 
both T and B lymphocytes. Platelets are also severely 
affected. In its classic form, WAS has a characteristic 
pattern of findings that include an increased tendency 
to bleed, caused by a significantly reduced number of 
platelets, eczema, and proneness to infection (Fig. 9.4). 
In addition, long-term observations of patients with 
WAS have revealed an increased incidence of malig-
nancies, including lymphoma and leukemia, and an 
increased incidence of a variety of autoimmune dis-
eases in many patients.

The clinical presentation of WAS varies from 
patient to patient. Some patients present with all three 
classic manifestations (thrombocytopenia and bleed-
ing, immunodeficiency and infection, and eczema), 
other patients present only with low platelet counts 
and bleeding. The initial clinical manifestations of 
WAS may be present soon after birth or develop in the 

first year of life. The incidence of the classic WAS is 
estimated to be about four cases per one million live 
male births [298].

Thrombocytopenia and small platelet volume is 
a pivotal finding in patients affected by mutation in 
the WASP gene. Only recently, precise missense muta-
tions identified within Cdc42-binding site have not 
been associated with platelet abnormalities [41, 75]. 
Platelet counts can vary within different WAS/XLT 
patients and among individuals from the same family 
being as low as 5,000/mm3 or as high as 50,000/mm3.
Intermittent thrombocytopenia with consistently 
reduced platelet volume was described in two families 
and has been associated with unique missense muta-
tions in the WASP gene [236]. The mean volume of 
platelets in WAS patients is 3.8–5.0 fl, compared to 
7.1–10.5 fl in individuals without WAS [241]. Platelet 
counts and volume usually increased after splenec-
tomy, although levels are still lower than in normal 
control [190]. This suggests that spleen platelet turno-
ver may play a role in determining thrombocytopenia. 
Platelets from WAS patients indeed show many func-
tional and morphologic abnormalities. An alternative 
explanation is a decrease in platelet production since 
it has been shown that megakaryocyte differentiation 
is dependent upon the interaction of WASP with actin 
filaments [222].

Male infants affected by WAS usually present with 
bleeding, commonly bloody diarrhea, prolonged 
 bleeding from circumcision, purpura, or unusual bruis-
ing. In a group of 154 patients, petechiae or  purpura 
were found in 78%, serious gastrointestinal bleeding 
(hematemesis or melena) in 28%, epistaxis in 16%, 
and intracranial bleeding in 2% of patients [298].

Eczema is one of the characteristic findings. 
Atopic symptoms are frequently present, and a his-
tory of either mild or severe eczema was reported to 
develop in 81% of patients [298]. When severe, it may 
be resistant to therapy and persist into adulthood. 

Fig. 9.4 A boy with Wiskott-Aldrich 
syndrome who suffered from vasculitis, 
intestinal bleeding and severe respira-
tory infections
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The eczema may improve as the patient gets older, 
although serious complications such as secondary 
infection (e.g., cellulitis, abscess, and Herpes simplex)
or erythroderma can occur. Defective chemotaxis of 
dendritic and Langherhans cells seem to responsible 
for the local generation of antigen-specific T cells and 
the development of eczema [310].

Because of the defective immune system, recur-
rent infections are frequent complaints in classical 
WAS. Bacterial infections due to common organ-
isms include otitis media, sinusitis, and pneumonia. 
 Serious infections also occur. Encapsulated organisms 
are frequent pathogens that may cause life-threaten-
ing complications, including meningitis, and sepsis. 
Pneumocystis jiroveci and viral infections, commonly 
Herpes simplex infections or Molluscum contagiosum,
may also become troublesome. Fungal infections, 
mainly caused by Candida albicans are observed in 
10% of patients [298].

The degree of the immune defect can be incon-
sistent among affected individual carrying different 
type of mutations and is largely dependant on protein 
expression. Both the cellular and humoral immune 
systems are affected. In classic WAS, serum IgM levels 
are moderately depressed and IgG levels are relatively 
normal, but IgA and IgE may be elevated. Typically, 
isohemagglutinin titers are low and antibody responses 
to several protein and polysaccharide antigens are 
depressed; in contrast, antibody responses to live vac-
cines are mostly normal [241, 298]. T cell prolifera-
tive responses to mitogens, in particular immobilized 
anti-CD3 mAb [228], and to allogeneic cells [241] are 
impaired [59]. Lymphopenia may also be found and is 
probably due to accelerated apoptosis of T cells [241, 
260]. Lately, abnormalities in the distribution of T cell 
subsets were identified, with an increased proportion 
of effector memory T lymphocytes among adults with 
WAS [248]. B cell function seems to be also affected; 
Epstein-Barr virus (EBV)-transformed B cells from 
patients with WAS show reduced levels of F-actin and 
impaired actin polymerization [91]. Moreover Park 
et al. identified phenotypic abnormalities of B cells in 
patients with WAS. A large proportion of circulating B 
cells fail to express CD21 and CD35, two complement 
receptors that are involved in antigen capture and pres-
entation by B lymphocytes [249]. This may compro-
mise the ability to elicit and sustain adequate antibody 
responses and may also contribute to autoimmunity, 
since downregulation of CD21 and CD35 has been 
reported in  several autoimmune diseases in humans 
and in murine models of autoimmunity [237]. Besides, 
the same study also reports on a decreased proportion 

of CD27+ post-germinal centre B cells and on the 
increased numbers of CD10+ CD27– CD38brightger-
minal centre B cell progenitors among WAS adults, 
suggesting a possible aberrant migration of patients’ B 
cells due to  underlying cytoskeletal defect.

WASP is also involved in innate immunity. NK cells 
from patients with WAS show a reduced accumulation 
of F-actin in the immunologic synapsis, therefore also 
affecting cytolitic NK function [114, 244]. Myeloid 
cells, macrophages, DCs and Langherans cells might 
also be affected by WASP mutations. Patients with 
WAS are unable to assemble podosomes in monocytes, 
macrophages, and DCs, resulting in a defect of adhesion 
and mobility [43].

Autoimmune disorders have been reported in 40% 
of WAS patients [298]. Autoimmune manifestations 
include hemolytic anemia, vasculitis (including cere-
bral involvement), Henoch-Shönlein purpura, polyar-
thritis, renal disease and inflammatory bowel disease. 
Other less frequent autoimmune diseases include 
neutropenia, dermatomyositis, uveitis and recurrent 
angioedema. Development of autoimmune complica-
tions in patients affected by XLT is generally less fre-
quent than in patients with WAS. IgA nephropathy, 
often causing chronic renal failure and requiring dialy-
sis or renal transplantation, was described as a frequent 
complication in Japanese patients affected by XLT. A 
high serum concentration of IgM was reported to be a 
risk factor for autoimmunity or early death [83]. Based 
on recent findings, WASP seems to play an important 
role in the activation and suppressor function of natu-
ral CD4+ CD25+ regulatory T cells (nTreg), and a dys-
function or incorrect localization of nTreg cells may 
contribute to the development of autoimmunity in 
WAS patients [5, 207].

Malignancies usually occur during adolescence or 
adulthood in patients affected by classic WAS and were 
reported in 13% of patients with lymphoma, mainly 
EBV-positive B cell lymphoma, being the most fre-
quent. WAS-associated malignancies have a poor prog-
nosis [298]. Few cases of lymphoma were described 
also in XLT, but the exact incidence is unknown.

9.4.4
Diagnosis

Because of the wide spectrum of the clinical presen-
tation, WAS/XLT should be considered in every male 
presenting with bleeding associated to congenital or 
early-onset thrombocytopenia and small platelets. 
A history or the presence of mild or severe eczema 
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supports the diagnosis. Infections and immunologic 
abnormalities are more characteristic of WAS. A scor-
ing system was established by Ochs et al. [240, 242] 
to better delineate markedly different clinical pheno-
types (Table 9.4).

Sequencing analysis of the WASP gene is essential 
for establishing final diagnosis and for identifying 
female carriers and performing prenatal diagnosis. 
X-inactivation studies in WAS carrier females have 
shown that the normal X chromosome is generally 
used as active X chromosome in all hemotopoietic 
cell lineages [334]. Protein expression studies by flow 
cytometry [162], using suitable anti-WASP antibody, 
are also important to assess the effect of WASP muta-
tions and it might also assist in estimating, carefully, 
the severity of the disease.

9.4.5
Management

Patients with thrombocytopenia may require intra-
venous immunoglobulin replacement therapy and/or 
corticosteroids [69]. If bleeding occurs, platelet and/or 
red blood cell transfusions may be required. As a gen-
eral rule, platelet transfusions should be avoided unless 
bleeding is serious in order to prevent sensitization. All 
blood products need to be irradiated and should be 
negative for cytomegalovirus. Splenectomy effectively 

stops bleeding tendency by increasing platelet num-
bers, although it might increase the risk of septicemia. 
Therefore, if performed, it requires lifelong antibiotic 
prophylaxis.

In case of infections, prompt and selective anti-
microbial therapy is essential. It is also important to 
search for a bacterial, viral or fungal etiology. Prophy-
lactic treatment with Ig substitution may be beneficial 
in patients with classical WAS because of the abnormal 
antibody responses to multiple antigens. Eczema is 
managed in the usual fashion, with careful attention to 
skin care, moisturization, and appropriate (route and 
potency) steroid therapy. If autoimmune phenomena 
develop, high doses of intravenous immunoglobulin 
(IVIG), systemic steroids or more aggressive immu-
nosuppression may correct the problem. Autoim-
mune hemolytic anemia might response to anti-CD20 
(rituximab) treatment. Surveillance for malignancy is 
an important aspect of care.

HSCT may be curative if an appropriate histocom-
patible donor is available [96]. Moreover, outcome of 
HSCT in WAS patients showed 70% 5-year survival 
rate for all patients who received transplants. When a 
matched sibling donor is unavailable, umbilical cord 
blood stem cell transplantation has been used. If HSCT 
is successful, hematological and immunologic defects 
are corrected and eczema resolves.

Successful results recently achieved by the use of 
gene therapy in SCID and other PID [98, 246] has 

Table 9.4 Clinical phenotypes associated with mutations of the WASP genea

Phenotype WAS XLT IXLT XLN

Thrombocytopenia Yes Yes Intermittent No
Small platelets Yes Yes Yes No
Eczema Yes Possible No No
Immunodeficiency Yes Possible (mild) No No
Infections Yes Possible (mild) No Typical for neutropenia
Autoimmunity and/or 
malignancies

Frequent Possible No No

Congenital neutropenia No No No Yes
WASP mutations Nonsense; frame shift Missense (exons 1–3); 

inframe deletions or 
insertions

Missense Missense in Cdc42-
binding site

WASP protein expression Absent or truncated Present, reduced 
quantity

Present, normal 
quantitiy

Present

WAS Wiskott-Aldrich syndrome, XLT X-linked thrombocytopenia, IXLT intermittent XLT; XLN X-linked neutropenia
aAdapted from [242]
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also encouraged the development of similar strate-
gies for WAS. Several groups are performing preclini-
cal studies with promising in vitro results both for 
human and murine cells [47, 82, 171, 214, 291, 292].

Long-term prognosis in patients with classic WAS 
is poor. The life expectancy was originally reported to 
be 3.5 years, and is now over 11 years, although sur-
vival continues to increase over time [298]. Incidence 
of malignancies, especially lymphomas, increases sub-
stantially during the third decade of life in classic WAS. 
The cause of death has remained similar over the years. 
Most patients died from complications of bleeding, 
infection, or malignancy. Median survival of 25 years 
is reported for patients who undergo splenectomy, 
and even longer for patients who undergo successful 
HSCT. Patients with XLT have a more favorable prog-
nosis, with the majority reaching adulthood.

9.5
Hyper-IgE Syndrome (Stat3 Deficiency, Tyk2 
Deficiency, HIES with Unknown Origin)

9.5.1
Definition

Hyper-IgE syndrome (HIES) is a rare primary immun-
odeficiency disease, characterized by the classical triad 
of recurrent staphylococcal skin abscesses, pneumonia 
with pneumatocele formation, and elevated levels of 
serum IgE, usually over 2,000 IU/ml [127]. It was first 
described as Job’s syndrome in 1966, in two girls with 
frequent sinopulmonary infections and recurrent cold 
skin abscesses due to Staphyloccocus auresus [67]. Later, 
when revealed that raised total IgE level is a common 
finding, the term “Hyper-IgE syndrome” was applied 
[40]. HIES is observed in all the ethnics and nations 
without sex predominance. While phenotypically it 
was established that HIES is a monogenic disorder 
with an either dominant (AD-HIES, OMIM#147060) 
or recessive (AR-HIES, OMIM#243700) pattern of 
autosomal inheritance [126, 261], molecular defects 
leading to HIES, in spite of almost 40 years of research, 
was not understood until quite recently.

9.5.2
Etiology

HIES had been shown to have different manifesta-
tions based on its mode of vertical transmission [261]. 
The typical form of HIES is found as an autosomal 

 dominant or sporadic trait with classical and specific 
clinical features, whereas the recessive form is different 
in many aspects.

A recent report of a patient with AR-HIES and sus-
ceptibility to mycobacterial infections shed a light on 
the puzzle [223]. They screened all the known genes 
[95] which are responsible for mendelian susceptibil-
ity to mycobacterial disease in a Japanese offspring of 
consanguineous parents. When this failed to show such 
a defect, other elements of interferon signaling path-
ways were examined and a homozygous deletion was 
detected in the gene coding human tyrosin kinase 2 
(TYK2, OMIM*176941). Tyk2 is a nonreceptor tyrosine 
kinase that belongs to the Janus kinase (Jak) family. In 
humans, Tyk2 deficiency (OMIM#611521) causes defec-
tive cytokine signaling pathways, including those for type 
I interferon, IL-6, IL-10, IL-12, and IL-23, and is respon-
sible for an impaired T helper (Th) 1 differentiation as 
well as susceptibility to viral, fungal and mycobacterial 
infections [223]. Tyk2 deficiency has not, however, been 
reported in other patients with HIES, and it is very likely 
that Tyk2 deficiency would make a subset of AR-HIES 
population [338].

Given the role of Tyk2 in AR-HIES, cytokine sig-
naling pathways were examined in AD-HIES. Even-
tually, mutations in DNA binding domain of STAT3
(OMIM*102582) were shown in classical and sporadic 
HIES patients [224]. However, in a bigger cohort of 
patients with either dominant or sporadic HIES, 
mutations in both DNA-binding and SH2 domains of 
STAT3 were detected [148]. None of these mutations, 
however, affected phosphorylation and expression 
properties of STAT3. Furthermore, nuclear localiza-
tion of STAT3 was normal in HIES patients [148]. 
Comparing the animal models of STAT3 deficiency 
with AD-HIES patients confirms the role of STAT3
in different organ dysmorphogenesis and impaired 
multi-system function.

9.5.3
Clinical Manifestations

HIES is a multi-system disease and appears early in life 
(Table 9.5). Most of patients with classical HIES are 
sporadic and share the same clinical findings of AD-
HIES. Patients with AR-HIES have distinct manifesta-
tions (Table 9.6).

AD/Sporadic HIES. In classical form, patients often 
develop a newborn rash at birth which is followed by 
eczema, recurrent skin abscesses, and pneumonia with 
subsequent cavity formation (pneumatocele). High 
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levels of serum IgE are usually accompanied by 
eosinophilia [127].

Staphylococcus aureus is the most commonly isolated 
microorganism. Streptococcus pneumoniae and Hae-

mophilus influenzae are other frequent pathogens. The 
pneumatoceles could be superinfected by Pseudomonas 
aeruginosa and Aspergillus fumigatus. The most  common 
opportunistic infection in HIES is mucocutaneous 
candidiasis [127]. Viral infections are rare in AD-HIES 
and sporadic patients [261].

Patients’ facial appearance is typical (Fig. 9.5), 
with wide nose, deep-set eyes, prominent chin and 
forehead, and thickened skin [34]. Chilitis is com-
monly seen in patients with a coarse look. Skeletal 
abnormalities are major findings, including short 
stature, pathologic fractures, scoliosis, and cranio-
synostosis [34, 147]. Joints are usually hyperflexible. 
Primary teeth may retain for a long time, which some-
times necessitates extraction for normal eruption of 
permanent teeth [238]. Malignancies and especially 
lymphomas have been reported among HIES patients 
[182]. Due to chronic respiratory insufficiency, toe 
clubbing is common. Arterial malformations, as 
 coronary aneurysms, in some cases are part of the 
clinical spectrum [188].

AR-HIES. Patients with AR-HIES are usually off-
spring of consanguineous mating [227, 261]. S. aureus
is, again, the most common bacterial pathogen. In 
contrast to sporadic cases, severe viral infections as 
Molluscum contagiosum and Herpes simplex infections 
are more frequently seen in AR-HIES. Although pneu-
monia might occur recurrently in AR-HIES, cavity for-
mation is restricted to AD/sporadic-HIES cases.

In a cohort of 13 AR-HIES, 7 patients had neu-
rological symptoms, including partial facial paralysis 
and hemiplegia [261]. There is no clear explanation 
yet for neurologic involvements, although autoim-
mune vasculitis could be justifying. Autoimmune 
 presentations have been reported in both AR-HIES 
and sporadic HIES [38, 234, 345]. AR-HIES patients 
do not have skeletal dismorphisms, pathologic frac-
tures, dental abnormalities, or the characteristic 
facial appearance as seen in AD-HIES [127]. Table 9.6 
compares the differences of clinical features between 
AD-HIES and AR-HIES.

9.5.4
Diagnosis

The diagnosis is made primarily according to clinical 
findings. The sole helpful laboratory tests are serum lev-
els of IgE and eosinophil count. The eosinophilia is more 
severe in AR-HIES patients [227, 261]. In addition, other 
immunoglobulin isotypes are usually raised. A 10-fold 

Table 9.6 Clinical comparison of AD-HIES and AR-HIES

Clinical feature AD-HIES AR-HIES

Eczema Yes Yes
Recurrent skin abscesses Yes Yes
Recurrent pneumonia Yes Yes
Pneumatoceles Yes No
Neurological signs No Yes
Vasculitis No Yes
Viral infections No Yes
Skeletal deformities Yes No
Joint hypermobility Yes No

Retained primary teeth Yes No

AD-HIES autosmal dominant hyper IgE syndrome, AR-
HIES autosomal recessive hyper IgE syndrome

Table 9.5 Frequent clinical and laboratory findings in 

patients with AD/sporadic hyper-IgE syndrome

Skin Eczema
Neonatal rash
Skin abscesses
Mucocutaneous candidiasis
Thickened skin

Lungs Recurrent pneumonia
Pneumatoceles

Facial appearance Coarse face
Deep-set eyes
Prominent chin and forehead
Chilitis
Wide nose

Teeth, joints and 
skeletal system

Failure of dental 
exfoliation
Joint hypermobility
Pathologic fractures
Scoliosis

Laboratory findings Elevated serum IgE
Eosinophilia

Staphylococcus isolation
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increase of IgE over the 95th percentile of the age norm 
is suggestive for HIES [127]. A scoring system, developed 
at the National Institutes of Health, helps quantifying the 
clinical and laboratory data, hence a more accurate clini-
cal diagnosis [128]. Expression assay of STAT3 may be 
of little help, as mutations have not been shown to affect 
protein expression levels yet [148]. Mutational analysis 
would be the gold standard for diagnosis.

9.5.5
Management

No curative treatment is so far available. Prophylac-
tic antibiotics (covering Staphylococcus) and sympto-
matic treatment are advised. Surgical interventions 
for abscess drainage and occasionally for correction 
of skeletal deformities are necessary. Dermatitis is 
usually treated with conventional cares and, in the 
case of Staphylococcal super-infection, systemic 
antibiotics are required. As the patients have poor 
inflammatory responses, they may not have fever 
during a severe infection course. The use of IFN-
γ and IFN-α has turned out to be helpful in some 
patients, if not in all [7, 166, 167]. Cyclosporine 
has been tried successfully in some patients [32, 
90, 339]. Immunoglobulin replacement therapy is 
also considered to be useful in some cases [23, 329]. 
HSCT attempts [106, 231] have not been satisfac-
tory. Understanding the molecular cause of HIES, 
encourages more studies for effective therapy.

9.6
Immuno-Osseous Dysplasias (Schimke 
Syndrome, Cartilage Hair Hypoplasia)

9.6.1
Definition

Immuno-osseous dysplasias are a heterogeneous group 
of disorders characterized by combined abnormalities 
in immune and skeletal systems. These disorders are 
manifest at birth mainly because of skeletal abnormal-
ities. However, there are variants which may present 
later in life (Table 9.7).

Schimke Immuno-Osseous Dysplasia. Schimke 
syndrome or Schimke immuno-osseous dyspla-
sia (SIOD, OMIM#242900) was first classified as 
a new lysosomal storage disease by Schimke in 
1974 [277]. He described a 6-year-old girl with 
spondyloepiphyseal dysplasia, progressive renal 
failure, lymphopenia and signs of defective cellu-
lar immunity. The increased amounts of urinary 
chondroitin 6-sulphate led him to speculate the 
condition as a new presentation of mucopolysac-
charidosis which was not confirmed in later stud-
ies [30, 285].

SIOD is an autosomal recessive multisystem 
disorder with invariant defining features of spondy-
loepiphyseal dysplasia, progressive proteinuria lead-
ing to renal dysfunction, and lymphocytopenia [29, 
30, 274, 277, 285]. There are some other  features 

Fig. 9.5 Facial look of a patient with 
sporadic hyper IgE syndrome; note the 
tickened skin, wide nose and perioral 
chilitis
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Table 9.7 Comparing the facts between schimke immuno-osseous dysplasia and cartilage-hair hypoplasia

Schimke immuno-osseous dysplasia Cartilage-hair hypoplasia

Responsible gene SMARCAL1 RNase RMRP
Chromosomal Locus 2q34-q36 9p21-p12
Inheritance Autosomal recessive Autosomal recessive
Stature Mainly short neck and trunk Mainly short limb dwarfism
Skin Multiple hyperpigmented macules (Lentigines) Hypopigmented skin with dysplastic, 

foreshortened nails
Skeletal system Spondyloepiphyseal dysplasia, Dysplastic hips, 

small capital femoral epiphysis
Chest deformities with flaring of ribs, fixed 
flexion deformity in elbow, long distal fibula, 
cone shaped epiphysis in the phalanges

Immune system Lymphopenia, T cell involvement, SCID 
(infrequently)

Lymphopenia, T cell involvement

Infections Recurrent fungal, viral and bacterial 
infections. Opportunistic infections

Mainly viral infections, Varicela and severe 
herpes infections

Kidneys Proteinuria, FSGN, renal failure in childhood Not reported
Hematopoietic system Bone marrow failure (very infrequent) Defective erythropoiesis (spontaneous 

remission on adulthood), Diamond-Blackfan 
Aplastic Anemia

Cardio-vascular system Early onset severe atherosclerosis, ischemic 
attacks in childhood, hypertension

Not reported

Other organs/systems Specific facial and habitual features, involve-
ment of eyes, teeth, azospermia, Endocrine 
abnormalities

Hematopoietic malignancies, Hirschprung’s 
disease, splenomegaly, dental abnormalities

which are variable among patients including hypothy-
roidism, bone marrow failure, numerous cutane-
ous lentigines, early-onset cerebral ischemic attacks, 
migraine type headaches, and peculiar faces [29, 30, 
76, 86, 165, 274, 285].

Cartilage Hair Hypoplasia (CHH). Metaphyseal 
chondrodysplasia, McKusick type, also known as 
cartilage hair hypoplasia (CHH, OMIM#250250), 
was first described 1965 in Amish families [219]. 
This condition is an autosomal recessive disorder 
that results in short-limb dwarfism. It is predomi-
nantly associated with cell-mediated immuno-
deficiency. Other associated conditions are skin 
hypopigmentation, increased risk of malignancy, 
defective hematopoiesis, and Hirschprung disease 
[200, 205, 295].

9.6.2
Etiology

Several studies had postulated various pathogen-
esis for SIOD, such as autoimmunity [158, 285] or 

metabolic defects [28, 54, 193, 277, 285], that could 
not explain all the features of SIOD. For example, 
scientists noticed that the disease does not recur in 
the transplanted tissues, not does tissue transplan-
tation protect other tissues from the disease process 
[86, 254]. In 2002, Boerkoel showed that mutations 
in SMARCAL1 gene (OMIM*606622), which encodes 
a SW1/SNF ATP-dependent chromatin remodeling 
protein, are the causative molecular defect of SIOD 
[30]. However, the role of this gene in the pathogen-
esis was not recognized at that time. Using a murine 
model, it was later shown that SMARCAL1 was 
expressed throughout development and is involved 
in all affected tissues [86].

The molecular defect of CHH has been identified 
in the gene for RNAase, RMRP (OMIM*157660), 
mapped to 9p21-p12. RMRP is a ribonucleoprotein 
present in the nucleus and mitochondria [264, 295]. 
RNase MRP has two functions: cleavage of RNA dur-
ing the mitochondrial DNA synthesis, and nuclear 
cleaving of pre-rRNA. Mutations in RMRP affect cell 
growth by impairing ribosomal assembly and altering 
cyclin-dependent cell-cycle regulation [306].
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9.6.3
Clinical Manifestations

SIOD. Schimke immuno-osseous affects both sexes 
equally [29, 285]. Facial features in SIOD patients 
are characteristic with a broad-low nasal bridge and 
 bulbous nasal tip. Spondyloepiphyseal dysplasia is a 
constant feature which manifests as truncal short stat-
ure. Vertebrae are usually flattened and ovoid. Increased 
lumbar lordosis is invariant and leads to a protuberant 
abdomen. Thoracic kyphosis, short neck, skull and rib 
abnormalities have also been mentioned. Epiphyseal 
changes are most consistently observed in the proxi-
mal femurs. Capital femoral epiphyses are small and 
laterally displaced with hypoplastic iliac wings, and 
shallow dysplastic acetabular fossae [29, 285].

Most of these children have multiple hyperpig-
mented macules, measuring a few millimetres, mainly 
on the trunk with extension to the extremities and 
face. These cutaneous lentigines usually progress with 
age [29, 274], but there is a report of regression during 
adolescence [29].

SIOD patients present with growth retardation and 
normal or nearly normal developmental milestones. 
There is invariable evidence of intrauterine growth 
retardation in them and maximum height of adult 
patients rarely reaches more than 150 cm. However, 
the bone age does not suggest hormonal deficiency. 
Growth hormone studies are normal in most cases and 
they do not respond to hormone supplementation. Up 
to 50% of the patients may have high TSH levels with 
normal T4 and free T3 levels; however, L-Thyroxin 
supplementation improves TSH levels without any 
effect on the course of disease [29].

The other constant feature of SIOD is renal failure, 
which usually starts with proteinuria and progresses 
to an end-stage disease within 1–11 years. The renal 
failure is refractory to treatment with glucocorticoids, 
cyclosporin A and cyclophosphamide [29]. Histopa-
thology specimens usually show focal, segmental 
glomerulosclerosis (FSGS) and, interestingly, there 
is no report of recurrence of FSGS in transplanted 
 kidney; nor of improvement in other organ systems 
after renal transplantation [29]. Hypertension is 
 relatively  common [29, 274].

Immune dysfunction in SIOD usually presents 
with lymphopenia and/or T cell dysfunction. Lym-
phocytopenia might be episodic in some patients, but 
all the patients show evidence of T cell dysfunction. 
The CD3+/CD4+ lymphocyte counts are reduced, 
whereas the CD3+/CD8+ lymphocyte counts can 
be either low or normal [29, 274]. All SIOD patients 

show a reduced response to at least one T cell specific 
mitogen [29]. Similarly, they respond poorly to T cell 
dependant B cell mitogens (pokeweed mitogen), but 
normally to B cell specific mitogen [29]. Absolute B 
cell counts are normal in most patients while immu-
noglobulin levels might be reduced in some [274]. 
Delayed hypersensitivity skin tests were negative in 
one patient [274]. Adverse effects to vaccinations 
have not yet been reported.

Arteriosclerosis is a common complication, lead-
ing to cerebral vascular accidents. Older patients fre-
quently develop migraine-type headaches [165]. The 
vascular disease is progressive and is not halted by 
renal transplantation, anticoagulants, or antimigraine 
medications. Large arteries including the aorta and 
carotids might be affected as well, which is much in 
advance of their chronological age [54].

Recurrent fungal (oral thrush, candidal dermatitis), 
viral (Herpes simplex), or bacterial infections (gingivitis, 
sinusitis, pneumonia, septicemia) are seen in almost 
50% of the patients [29, 274, 285]. The onset of infec-
tions usually follows growth failure and is preceded by 
ischemic events [29]. Opportunistic infections, includ-
ing Pneumocystis jiroveci, fulminant viral infections 
(cytomegalovirus and EBV), and atypical mycobacte-
rial infections have also been reported [29, 273, 290]. 
Recurrent infections are not associated with milder 
juvenile form of the disease [29].

Other findings in SIOD include microdontia with 
absence of dental pulp [64, 192], eye refraction dif-
ficulties and optical neuropathy [29], testicular hypo-
plasia with azospermia, fatty infiltration of cardiac 
wall, pulmonary emphysema, and high pitched voice 
[53, 286].

CHH. Cartilage-hair hypoplasia is equally distrib-
uted in both sexes and has been seen throughout the 
world [219]. The predominant feature in CHH is short-
limb dwarfism, which is evident at birth. Other skel-
etal  features can be variable which include incomplete 
extension at the elbow, anterolateral chest deformity 
with flaring of the ribs at the costochondral junction, 
Harrison grooves, genu varum, and excessively long 
fibula distally relative to the tibia [219]. Skeletal age can 
be reduced in some patients. Mild scoliosis has been 
observed in 25% of the patients [203]. Bonafe et al. sug-
gested that a diagnostic feature of CHH is cone-shaped 
epiphyses in the phalanges [31]. Anterior angulation 
of the entire sternum in CHH was described by Glass 
and Tifft [116]. The mean adult height is 131.1 cm and 
122.5 cm in males and females, respectively [204].

Skin manifestations of CHH are also variable. 
Most of these patients have hypopigmented skin. 
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Finger nails are foreshortened and dysplastic. The 
hair is fine, sparse and light-colored. Under light 
 microscopy, hair looks abnormally small caliber, 
and hypoplastic with lack of the central pigmented 
column [200].

Involvement of the immune system in CHH was 
noted by the time it was first described as an  unusual 
susceptibility to varicella infections [219]. The 
patient could be affected by severe herpes labialis 
[258]. Markedly impaired function of T cells as well 
as lymphopenia and neutropenia have been described 
in CHH [200, 258]. In spite of decreased CD4+ cells, 
B lymphocyte count is usually normal while NK 
cell population is normal only in 40% of patients. 
Lymphocyte stimulation studies with mitogenes 
were subnormal in most patients [201]. Buckley et 
al. have considered a case of CHH in their series of 
108 patients with SCID. However, CHH is not a com-
mon cause for SCID [39]. Moreover, a generalized 
hematopoietic impairment has been described which 
involve all myeloid lineages in patients with CHH 
[202]. Severe anemia and defective erythrogenesis 
requiring transfusion affect up to 79% of patients, 
but can undergo spontaneous and permanent remis-
sion before adulthood in the majority of the patients 
[200, 337].

There is a statistically significant increased risk of 
cancer among CHH patients which is mainly attrib-
utable to non-Hodgkin lymphoma and basal cell 
carcinoma. The latter can be partly related to skin 
hypopigmentation [205].

Hirschprung disease was described in some of these 
patients which may lead to aganglionic megacolon 
[295]. Splenomegaly with portal hypertension, dental 
abnormalities and defective spermatogenesis are other 
less known features [101].

9.6.4
Diagnosis

Skeletal abnormalities are manifest at birth and most 
of these children are born with evidence of intrau-
terine growth retardation and a short stature with a 
mean relative length of −3.0 SD [203]. Immunology 
tests could be impaired as discussed before. Other 
diagnostic features depend on the presentation and 
complications. Imaging studies can be diagnostic in 
some cases, but genetic testing is needed for confir-
mation. Thanks to recent advances, these conditions 
can be suspected and diagnosed in prenatal clinics 
[29, 192, 274].

9.6.5
Management

Severely affected SIOD patients usually present with 
growth failure in the neonatal period and die within 
the first decade of life. On the other hand, the milder 
juvenile form of the disease usually presents with 
growth failure and renal dysfunction between 8 and 
13 years of age and progresses to renal failure over the 
next 6–12 years into adulthood. Patients with severe 
phenotype have at least one null allele. However, the 
severity and age of onset do not invariably predict 
 survival [29, 54, 139, 192].

There is no proven treatment for SIOD or CHH. 
Medical and supportive care may prolong survival of 
severely affected patients [192]. Combined renal trans-
plantation and HSCT may treat the renal failure, bone 
marrow failure and immunodeficiency in SIOD [29], 
but not arteriosclerotic changes [254]. Prophylactic 
and early administration of antibiotics reduces the 
severity and frequency of infections [29] and prolongs 
survival of early-onset patients [192]. Dislocated hips 
may  warrant surgical treatment.

For CHH patients, management would similarly 
include treatment of complications. Acyclovir can be 
used for the treatment of severe varicella infections 
[81, 340]. These patients should not receive live attenu-
ated vaccines like, however, varicella vaccine would be 
worthy of consideration [135, 140]. For severe forms 
of anemia and hematopoietic malignancies, CHH 
patients may benefit from HSCT [337].

9.7
Chronic Mucocutaneous Candidiasis

9.7.1
Definition

Chronic mucocutaneous candidiasis (CMC) is a PID 
presenting as an inability to clear fungal infections and 
consequently as persisting and recurring infections of 
the skin and mucous membranes with yeasts, mostly 
Candida albicans.

The first case of CMC originally reported by 
Thorpe and Handley in 1929 in a 4.5-year-old child 
with hypoparathyroidism and chronic oral candidiasis 
[309]. However, it was reported as an isolated syndrome 
by Canales et al. in 1969 [44]. CMC is a heterogeneous 
clinical syndrome which usually presents in childhood 
and can have different modes of inheritance.
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9.7.2
Etiology

CMC can have an autosomal recessive (AR), dominant 
(AD) or sporadic mode of inheritance. The AR form 
of CMC with autoimmunity (OMIM#212050) results 
from mutations in the autoimmune  regulator (AIRE,
OMIM*607358) gene on 21q22.3, which is respon-
sible for the autoimmune  polyendocrinopathy with 
candidiasis and ectodermal dystrophy (APECED) 
[3, 230] (see Sect. 5.6 for more details). The G228W 
mutation in exon 6 of AIRE is associated with an AD 
form of syndrome (OMIM#114580) [46]. AD form 
of CMC with thyroid autoimmunity was found to 
be linked with a 15-cM region on chromosome 2p 
[15]. In a syndrome of familial chronic nail candi-
diasis, low serum intercellular adhesion molecule 1 
(ICAM-1) was noted [350]. The defect was linked to 
a 19-cM pericentromeric region on 11p12-q12 [206]. 
Candidiasis with hyper-IgE syndrome which has been 
defined as a distinct entity is caused by mutations in 
STAT3 gene located on 17q21 [148, 224]. The molec-
ular basis of several forms of CMC remains unknown 
(Table 9.8).

9.7.3
Clinical Manifestations

Most patients present in childhood (60–80%), 
although onset in adulthood is also seen [184]. The 
clinical severity of CMC ranges from recurrent, intrac-
table thrush or a few erythematous scaling plaques, 
to severe crusted granulomatous plaques (Fig. 9.6). 
The cutaneous plaques occur most frequently on the 
scalp, and in periorificial and intertriginous sites, but 
lesions may be generalized. Scalp infections may lead 
to scarring and alopecia. The nails become thickened, 
discolored and dystrophic, with associated parony-
chia. Although mucosal involvement is usually limited 
to oral thrush with hyperkeratotic plaques, chronic 
lesions on esophageal, genital and laryngeal mucosae 
with resultant stricture formation may occur. Sys-
temic involvement is rare but cutaneous dermatophyte 
infections are common. Recurrent or severe infections 
with organisms other than Candida were seen in 80% 
of the patients [51, 145]. Intracranial mycotic aneu-
rysms have been reported and can be life-threatening 
[130, 191]. Kirkpatrick has classified CMC into several 
clinical subgroups [169]. A modified Kirkpatrick clas-
sification is shown in Table 9.8. APECED is a rare con-
dition, with a relatively high prevalence among Iranian 

Fig. 9.6 A girl with chronic mucocutaneous candidiasis who 
suffered from disseminated candidiasis in different systems, 
including skin, gasterointestinal and urinary tract, and also 
recurrent respiratory infections

Table 9.8 Clinical syndromes of mucocutaneous candidiasis

Clinical
phenotype Locus Gene

Familial chronic 
mucocutaneous candidiasis

Unknown Unknown

Autoimmune polyendo-
crinopathy with candidiasis 
and ectodermal dystrophy

21q22.3 AIRE

Chronic mucocutaneous 
candidiasis with thyroid 
autoimmunity

2p Unknown

Chronic nail candidiasis 11p12-q12 Unknown
Chronic localized 
candidiasis

Unknown Unknown

Chronic mucocutaneous 
candidiasis with thymoma

Unknown Unknown

Candidiasis with chronic 
keratitis

Unknown Unknown

Candidiasis with hyper-IgE 
syndrome

17q21 STAT3
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Jews (1/8,000) and Sardinians (1/14,000) [3, 230]. It is
characterized by mucocutaneous candidiasis as the 
first manifestation followed by hypoparathyroidism 
and  adrenal  insufficiency [6]. The clinical diagno-
sis requires the presence of at least two of the three 
components. Other autoimmune endocrinopathies, 
immune- mediated gastrointestinal diseases, vitiligo and 
ectodermal dystrophy, may also be observed [22, 235].

Chronic localized candidiasis presents as thick, 
tightly adherent crusts on the scalp and face [169]. 
Some patients have cutaneous horn formation. Most 
of these patients also have oral candidiasis. The disor-
der usually presents during early childhood, and both 
sexes are equally affected.

CMC with thymoma has only been described in 
adults. These patients may develop other thymoma 
associated disorders such as myasthenia gravis and 
hypogammaglobulinemia [170, 247, 266].

Candidiasis with chronic keratitis has been reported 
as an AD familial disorder [243]. However, about 35% of 
patients with APECED develop keratopathy as well [6].

Chronic candidiasis of mucous membranes and 
nails are common in AD-HIES [126]. The role of 
STAT3 in predisposition of these patients to candidia-
sis remains to be determined.

Candidal infections in the forms of thrush or diaper 
rash are not uncommon in infancy. Chronic use of sys-
temic antibiotics with alterations of the microbial flora 
is a common predisposing factor. Infection with HIV 
can also present with candidiasis. CMC should be dif-
ferentiated from these forms of secondary candidiasis.

9.7.4
Diagnosis

Fungal organisms are demonstrated in scrapings and 
cultures from cutaneous lesions.

Cell-mediated immunity is essential for prote-
ction against mucocutaneous candidiasis [169]. 
Patients with CMC have a selective defect in immu-
nity that leaves them susceptible to candidiasis. 
Abnormalities of type 1 cytokine production in 
response to candida have been reported. There is 
markedly impaired production of IFN-γ/IL-12 and 
dramatically increased levels of IL-10 in response to 
C. albicans stimulation of T lymphocytes [70, 316]. 
Cytokine production in response to other antigens 
is not markedly altered.

The patients do not express delayed-type hypersensi-
tivity (DTH) to Candida; however this anergy has been 
ameliorated after antifungal therapy in some patients.

Selective antibody deficiency and IgA deficiency 
have been reported in some CMC patients with recurrent 
respiratory infections [159]. Recurrent or resistant 
candidiasis should prompt for HIV testing.

The laboratory surveillance of hypoparathyroidism 
and adrenal insufficiency should be performed peri-
odically for early detection of APECED for familial 
cases. Several organ-specific autoantibodies have been 
reported in APECED that could be evaluated in the 
suspected patients [235].

9.7.5
Management

Patients with CMC generally do not respond to  topical 
therapy. The cutaneous granulomas are difficult to 
treat. Systemic itraconazole, fluconazole, and terbin-
afine are now the treatment of choice [169]. Courses 
are typically prolonged, repeated, and given at high 
doses, although it has been shown that CMC patients 
will frequently relapse as soon as antifungal  treatment 
is stopped [184]. There has been a long-standing 
debate about the efficacy of so-called transfer factors 
in management of CMC patients [169, 184]. Transfer 
factors are small proteins that restore cell-mediated 
immunity when transferred from immune donors to 
non-immune recipients [42, 176, 283]. However, their 
nature and mechanism of action remain obscure, and 
they are not approved for treatment of CMC patients.

9.8
Netherton Syndrome

9.8.1
Definition

Comèl-Netherton Syndrome or Netherton syndrome 
(NTS, OMIM#256500) is a rare autosomal recessive 
disorder of the skin, hair and immune system. In 1964, 
Wilkinson et al. [336] delineated the triad of congeni-
tal  ichthyosis or ichthyosis linearis circumflexa, trich-
orrhexis invaginata and atopy, as Netherton syndrome. 
Ichthyosis linearis circumflexa (ILC) was first described 
by Dr. Comel in 1949 [56]. Trichorrhexis invaginata 
(TI), also known as bamboo hair, had been expressed 
by Dr. Netherton in 1958 [232]. Trichorrhexis invagi-
nata is considered to be pathognomonic, but may be 
difficult to detect. Patients also exhibit atopic manifes-
tations including eczema-like rashes, atopic dermatitis, 
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pruritus, hay fever, angioedema, urticaria, high levels 
of IgE in the serum, and hypereosinophilia [281].

9.8.2
Etiology

Chavanas et al. [49, 50] established their report in 
2000, which clarified that mutations in SPINK5
(OMIM*605010) and subsequent elimination/inac-
tivation of the serine protease inhibitor LEKTI are 
the molecular cause of NTS. Other studies con-
firmed it later [24, 185, 286]. This gene, 61 kb in 
size, consists of 33 exons and encodes a recently 
discovered Kazal-type serine protease inhibitor [25, 
71, 137]. This protein is highly expressed in thymus 
and mucous epithelia, and thereby termed LEKTI 
for lympho-epithelial Kazal-type related inhibitor. 
Because of its inhibitory effect on trypsin in vitro, 
LEKTI could play a role in anti-inflammatory and/
or antimicrobial protection of mucous epithelia. 
Furthermore, it has a critical role in the process of 
normal desquamation. Several proteases such as the 
stratum corneum trypsin-like serine protease [85] 
and stratum corneum chymotryptic enzyme [150], 
are thought to play a key role during this process. It 
could potentially be  controlled by LEKTI, through 
the proteolysis of intercellular adhesion molecules 
and organization of lamellar body-derived lipid 
structures in the stratum corneum [154]. Lack of 
regulation of target serine proteases could lead to 
impaired proteolysis of membrane-bound recep-
tors, premature secretion of lamellar body contents 
and disturbance in the formation of the intercellular 
lipid layers [93] that cause defective epidermal bar-
rier. As SPINK5 is highly expressed in the thymus 
[199], defective LEKTI expression might have an 

effect on T cell differentiation, thus explaining the 
unbalanced Th2 immune response with markedly 
elevated serum IgE levels and the increased suscepti-
bility to infections characteristic for NTS.

9.8.3
Clinical Manifestations

NTS may first appear as severe congenital generalized 
exfoliative erythroderma. Later, serpiginous scaling 
and migratory polycyclic erythematous patches sur-
rounded by a doubled-edged scale (Ichthyosis linearis 
 circumflexa) may become visible (Fig. 9.7). These are 
usually found in flexural areas of untreated patients and 
leave no atrophy, scarring or pigmentation [56, 157].

All patients had abnormal hair [157, 281]. Hair 
growth on the scalp, eyebrows and body may be 
sparse. Individual hairs are dry, straight, lusterless 
and brittle. Scalp hair grew to 1–3 cm before break-
ing; especially on the occipital area due to friction. 
This hair shaft abnormality usually develops dur-
ing the infancy or early childhood and may improve 
with age. The eyebrows are particularly more pref-
erential to examine microscopically showing the 
characteristic ball-and-socket appearance or Bam-
boo hair (Fig. 9.8).

The invagination is caused by the softness of the 
cortex in keratinized zone, probably because of the 
reduced number of disulfide bands. Scalp scaling 
(39%), lichenified or eczematous changes (30%), palm 
or sole involvement (16%), pruritus (11%), excess 
vellous hair (9%), heat intolerance (7%), and abnor-
mal teeth or nails (5–7%) are other ectodermal mani-
festations. Some percentages of the patients may  have 
mental retardation, neonatal hypernatremia, decreased 
growth, and serum aminoaciduria [281].

Fig. 9.7 Ichthyosis linearis 
circumflexa; note the serpigi-
nous scaling and erythema-
tous patches surrounded by a 
doubled-edged scale. (Cour-
tesy of K. Balighi; Tehran, 
Iran)
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9.8.4
Diagnosis

Trichorrhexis invaginata associated with congeni-
tal icthyosiform erythderma or ichtiosis linearis 
circumflexa make the clinical diagnosis possible. 
Recurrent infections occur in 28–30% of cases with 
NTS, of which chronic upper respiratory tract and 
staphylococcal skin infections are the most com-
mon [122, 281]. IgG abnormalities (both hypo and 
hyper IgG) are presented in 12% [281]. Elevated 
levels of serum IgE (mean of 4,751 IU/ml in one 
series), positive skin test or RAST (radioallergosorb-
ent test) results, selective antibody deficiency to 
protein/ polysaccharide antigens, associated with 
IgA and IgG

2
 subclass deficiency, and decreased 

delayed type hypersensitivity responses has been 
reported in isolated cases or series [124, 293]. An 
increased incidence of deep tissue infections has 
not been reported.

9.8.5
Management

Treatment is usually symptomatic and should be 
adjusted to the patient’s needs. Topical emollients, 
keratolytics and corticosteroids may help. Low dose 
acitretin [138, 141] has been effective, but should 
be avoided in erythrodermic neonates, and its long-
term use is limited due to its potential side effects. 
Topical calcineurine inhibitors [270, 294], tacrolimus 
and pimecrolimus creams, and topical calcipotriol 
[117] have been effective in some patients. These 
treatments should be given with caution because of 
their systemic absorption [9] via the dysfunctional 
skin barrier.

9.9
Dyskeratosis Congenita 
and Høyeraal-Hreidarsson Syndrome

9.9.1
Definition

Dyskeratosis congenita (DC) or Zinsser-Engman-Cole 
syndrome is a rare genodermatosis with multisystem 
complications, is caused by inherited defects in the tel-
omerase complex [21]. It is characterized by cutaneous 
poikiloderma, nail dystrophy, and premalignant oral 
leukoplakia. Patients have a significant risk for develop-
ing aplastic anemia, myelodysplasia and malignancies. 
Zinsser in 1906 [349], Engman in 1926 [89] and Cole 
et al. in 1930 [55] first described it. Høyeraal-Hreidars-
son (HH) syndrome (OMIM#300240) is also a rare 
syndrome with cerebellar hypoplasia, psychomotor 
retardation, microcephaly, growth failure, and progres-
sive pancytopenia [151, 152]. Hoyerral et al. in 1970 
[151] and Hreidarsson et al. in 1988 [152] first described 
it, while the immunodeficiency feature of this syndrome 
was suggested by Berthet et al. in 1995 [20]. Mutations 
in the gene causing dyskeratosis congenita (DKC1) also 
cause Høyeraal-Hreidarsson syndrome. Although HH 
syndrome is recently put in PID classification, but DC is 
not categorized in this classification; however, as muta-
tions in the DKC1 gene could cause HH and DC, both 
diseases are described in this section.

9.9.2
Etiology

DC is a genetically heterozygous disorder. X-linked 
recessive (OMIM#305000), autosomal dominant 

Fig. 9.8 Trichorrhexis invagi-
nata; note the characteristic 
ball-and-socket appearance or 
Bamboo hair. (Courtesy of K. 
Balighi; Tehran, Iran)
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(OMIM#127550) and autosomal recessive (OMIM# 
224230) subtypes are recognized. The cause of the first 
two forms is a defect in the enzyme telomerase [225, 
323]. The genetic base of the latter is unknown yet, 
but the genes that are candidates for it, are related to 
telomerase complex too [330].

Eukaryotic chromosomes end with tandem repeats 
of simple sequences. These GC-rich repeats allow tel-
omere replication and stabilize chromosome ends 
[124]. Each round of DNA replication in the senes-
cent cells would result in the shortening one of the 
two daughter DNA molecules [125]. Telomerase is an 
enzyme that protects against progressive shortening 
of the chromosomes at each successive cell division 
[125, 136]. It is a ribonucleoprotein which consists of 
a nucleolar protein named dyskeratin [143], a telom-
erase reverse transcriptase (TERT) and an RNA tem-
plate that dictates the synthesis of the G-rich strand 
of telomere terminal repeats. In addition, three other 
proteins: GAR1, NHP2 and NPO10 are associated with 
dyskeratin in the core nucleoprotein formation.

The defect in telomerase function or activity results 
in accelerated telomerase shortening in DC cells and is 
associated with increased loss of cells by replicative cell 
senescence particularly from tissues that need constant 
renewal such as the dermatologic and hematopoietic 
systems [225].

The genetic defect for the X-linked form is 
located on Xq28 and associated with the DKC1 gene 
(OMIM*300126), that is translated into a 514 amino 
acid protein, dyskeratin. It is a core protein in the struc-
ture of active telomerase since it is associated with the 
H/ACA class of small nucleolar RNAs and is associated 
with telomerase RNA (hTR), which contains an H/ACA 
consensus sequence. Furthermore, it has a pseudouri-
dylation activity (guiding the conversion of uracil to 
pseudouracil in ribosomal RNA), that is an essential step 
in ribosomal biogenesis, in some mammals like mice 
[267]. The latter is not established in humans, however.

The autosomal dominant DC is due to mutations in 
the telomerase RNA component (TERC, OMIM*602322) 
gene [323]. TERC is a 451 nucleotide RNA and consists of 
four structural domains: the pseudoknot domain, CR4-
CR5 domain, the H/ACA domain and the CR7 domain. 
The pseudoknot and CR4-CR5 domains together with 
reverse transcriptase enzyme are required for its catalytic 
function while the H/ACA and CR7 domains are for TERC 
RNA accumulation. Several mutations in TERC have been 
found in several of the TERC domains. All of these muta-
tions result in reduced telomerase activity either due to 
RNA stability/accumulation or catalytic defect. Further-
more, it is seen that patients with autosomal dominant 

DC have a greater risk of malignancies and the greater 
severity in disease activity in successive generations [324]. 
A number of patients with aplastic anemia (AA), paroxys-
mal nocturnal hemoglobinuria (PNH), and myelodyspla-
sia (MDS) have mutations in TERC too [322, 344].

The other protein component of the telomerase is 
TERT, a class of DNA polymerase that uses RNA tem-
plates for replication. Heterozygous mutations of TERT 
have been revealed in some autosomal dominant forms 
of DC [14]. Mutations in TERC have also been found 
in the autosomal-dominant form of the inherited bone 
marrow failure syndrome and in a subset of patients 
with aplastic anemia and myelodysplasia [325]. An auto-
somal recessive form of DC could be caused by muta-
tion in the NOP10 (NOLA3, OMIM*606471) gene.

Høyeraal-Hreidarsson syndrome [151, 152] is an 
X-linked multisystem disorder [2] characterized by 
severe growth retardation, bone marrow failure, neu-
rological abnormalities and immunodeficiency [20]. 
Knight et al. revealed that HH is a severe variant of 
DC with mutations in dyskeratin gene [173] and other 
studies confirm that this syndrome is a genetic telom-
erase defect [302, 342].

Female patients with HH have also been reported 
and it is expected to be severe variant of the autosomal 
recessive form of DC. A novel homozygous TERT 
mutation in two unrelated consanguineous families 
has also been detected [60, 213].

9.9.3
Clinical Manifestations

DC is a severe inherited disease characterized by the 
triad of skin pigmentation, nail dystrophy and mucosal 
leukoplakia [58, 65, 78, 79].

The skin pigmentation and nail changes  usually 
appeared between the ages of 5 and 10 years. Nail changes 
are present in the vast majority of the patients. Initial 
changes include longitudinal ridging, thinning and split-
ting that may evolve to complete nail dystrophy.

The other essential feature of the syndrome is 
poikilodermatous change that mean coexistence of 
atrophy, pigmentation and telangiectasia of the skin. 
Fine reticulate pattern of hyperpigmentation devel-
ops during the first decade of life. This occurs usually 
on the neck, thighs, upper chest and upper arms and 
may be admixed with macules of hypopigmentation. 
Atrophic changes present but are more obvious on the 
dorsa of the hands and feet that give them a shiny and 
translucent pattern. Palmoplantar hyperhidrosis and 
hyperkeratosis may be seen.
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The mucosal manifestations of the disease are 
 usually after the onset of the skin and nail changes. 
At first, some frictional blisters and erosions develop 
at the lingual and buccal membranes. Later, irregular 
patches of leukoplakia are formed. Similar changes 
may be seen at the other mucosal surfaces like anorec-
tal and urethral epithelia.

A variety of noncutaneous (conjunctival, gastroin-
testinal, genital, dental, neurological, ophthalmic and 
skeletal) involvements have also been reported as well 
as generalized physical and mental retardation.

The HH syndrome as discussed above is an atypical 
form of DC with severe multisystem manifestations. 
It can present in the neonatal period and infancy. 
Some of the similar clinical features of this syndrome 
with X-linked DC led to analysis of the dyskeratin gene 
in the HH patients and revealed that some of the male 
patients with this syndrome are the severe clinical vari-
ant of the DC, where death from the other systemic 
involvements occur before the typical skin, mucosal 
and nail manifestations [151, 152].

The prognosis is usually poor since either the blood 
dyscrasia or carcinoma may be fatal. However, in some 
patients who do not progress to these complications 
and presented only with mucocutaneous manifesta-
tions the life expectancy seems to be normal.

9.9.4
Diagnosis

The poikilodermic cutaneous lesions are character-
istic. The disease should be differentiated from other 
bone marrow failure syndromes as Fanconi anemia 
as well as chronic graft versus host disease (GVHD). 
The immunological findings in DC vary. One study 
revealed severe B lymphopenia, moderate T lympho-
penia, decreased immunoglobulin M (IgM) levels 
and over expression of senescent markers, including 
CD57 and Fas receptor [174]. Community-acquired 
Pneumocystis jiroveci pneumonia and systemic candi-
diasis have also been reported [265, 335].

In HH syndrome, severe immunodeficiency could 
be one of the essential features and it is “T+B-NK-” 
type [60, 173].

9.9.5
Management

Allogeneic HSCT from either HLA-identical siblings 
or HLA-matched unrelated donors has been success-
fully used and affords the best outcome [10, 180, 256]. 

However, it cannot reverse the cutaneous and mucosal 
manifestations [155]. Transient benefits of granulocyte 
or granulocyte-macrophage colony-stimulating factor 
and erythropoietin have been reported [11, 268].
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Core Messages

● In syndromic immunodeficiencies, clini-
cal features not directly associated with the 
immune defect are prominent.

● Patients may present with either infectious com-
plications or with extra-immune medical issues.

● In addition to the immunologic abnormality, 
a wide range of organ systems may be affected. 
A number of different conditions feature 
symptoms related to the skeletal, neurologic, 
dermatologic, or gastrointestinal systems.

● Many of these conditions are associated with 
single gene defects, although they may also 
be caused by developmental abnormalities, 
chromosomal aberrations, or teratogens.

● The finding of immune deficits in a patient 
with extra-immune organ system involvement 
should prompt investigations to determine if 
an underlying genetic syndrome is present.

10.1
Introduction

In most primary immunodeficiency diseases (PID), 
frequent infections and complications arising 
from defective immune function are the predomi-
nant clinical manifestations. Most individuals 
will have no phenotypic abnormalities except for 
those related to the immunodeficiency. In con-
trast, in syndromic inmmunodeficiencies, abnor-
malities in other organ systems occur in addition to 
the immune defects. Many of these conditions are 
recognizable genetic syndromes [117].

In syndromic immunodeficiencies, the immunode-
ficiency may not present as the major clinical problem, 
and the immune abnormality may be characterized 
only after the underlying syndrome has been diagnosed. 
In addition, in some of these conditions, the immune 

defect may be present in only a subset of the patients. 
A number of genetic disorders, such as Wiskott–Aldrich 
syndrome and ataxia-telangiectasia, have been catego-
rized as PID [129], but may also be considered as syndro-
mic immunodeficiencies since such conditions have both 
characteristic organ dysfunction and/or dysmorphology 
unrelated to the immune system as well as a consistent, 
well-defined immunodeficiency (Table 10.1).

Syndromic immunodeficiencies may arise from sev-
eral diverse processes, including defective embryogenesis, 
metabolic derangements, chromosomal abnormalities, or 
teratogenic disorders. Recognition of the extra-immune 
and immune defects will facilitate accurate diagnosis of the 
underlying syndrome as well as clinical management. In 
this chapter, we delineate syndromic immunodeficiencies 
that are associated with recognizable genetic syndromes. 
We will provide an overview of the clinical manifestations 
and genetic aspects of each syndrome and delineate the 
specific associated immune defects. While the primary 
immunodeficiencies will be briefly discussed, the focus 
of this report will be on syndromic immunodeficiencies 
that are not classified as PID and for which there has been 
recent progress in characterization of the genetic, immune, 
or phenotypic features. Syndromic immunodeficiencies 
associated with growth deficiency (disproportionate or 
proportionate), gastrointestinal dysfunction, cutaneous 
abnormalities, neurologic dysfunction, inborn errors of 
metabolism, chromosome instability and/or defective 
DNA repair, and chromosomal abnormalities of number 
or structure will be discussed.

Thus, a number of genetic conditions feature immu-
nodeficiency in conjunction with other organ system 
involvement. This co-occurrence could arise from several 
different underlying mechanisms. First, the mutated gene 
could be directly involved in the function, regulation, or 
development of both the immune and nonimmune sys-
tems, resulting in abnormalities of both organ systems. 
Second, a contiguous gene deletion could affect different 
genes that are located close to each other on the same chro-
mosome. In this case, one gene critical in the function of 
the immune system and a second gene important for the 
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function of the other organ system would both be altered. 
Third, insults during a critical window in embryological 
development could affect more than one organ system if 
both were developing at that time. Fourth, abnormalities in 
bone or thymic development could affect development of
immune cells by providing an inhospitable environment. 

Last, exposure to toxic metabolites could disrupt the 
immune response and activity.

Recognition of an underlying syndrome is criti-
cal for optimal clinical care so that both the immune 
system and the other involved organ systems can 
be properly treated or even diagnosed before clini-

Table 10.1. Syndromic primary immunodeficiency diseases

Name Gene Extra-immune features More details
 1. ADA deficiency ADA Constochondral junction cupping/flaring Sect. 2.3
 2. Omenn syndrome RAG1/RAG2 Erythematous dermatitis, hemophagocytosis Sect. 2.4
 3. DNA ligase IV deficiency LIG4 Growth failure, developmental delay Sect. 2.5
 4. PNP deficiency NP Neurologic findings, hemolytic anemia Sect. 2.7
 5. WHN deficiency WHN Congenital alopecia, nail dystrophy Sect. 2.14
 6. Wiskott–Aldrich syndrome WASP Severe eczematous dermatitis, 

thrombocytopenia, bloody diarrhea
Sect. 9.4

 7. Ataxia-telangiectasia ATM Progressive cerebellar ataxia, telangiectasias Sect. 9.2
 8. Ataxia-like syndrome MRE11 Ataxia, chromosomal radiosensitivity Sect. 9.2
 9. Nijmegen breakage syndrome NBS1 Microcephaly, mental retardation, prenatal 

onset short stature, bird-like facies
Sect. 9.2

10. Bloom syndrome RECQL3 Short stature, sensitivity to sunlight Sect. 9.2
11. Di George syndrome Chr 22q11/10p Aortic arch anomalies, hypocalcemia, thymic 

hypoplasia, cleft palate
Sect. 9.3

12. Chediak–Higashi syndrome LYST Partial oculocutaneous hypopigmentation, 
giant cytoplasmic granules in leukocytes

Sect. 5.3

13. Griscelli syndrome, type II RAB27A Partial oculocutaneous hypopigmentation, 
lymphohistiocytosis, episodic thrombocytopenia

Sect. 5.3

14.  Leukocyte adhesion deficiency, 
type 2

FUCT1 Severe mental retardation, seizures, growth 
failure, congenital disorder of glycosylation

Sect. 4.4

15. Papillon–Lefèvre syndrome CTSC Palmar/plantar hyperkeratosis; precocious 
periodontal disease, furunculosis, pyoderma

Sect. 4.13

16.  Shwachman–Diamond 
syndrome

SBDS Metaphyseal dysplasia, exocrine pancreatic 
insufficiency

Sect. 4.11

17.  Anhidrotic ectodermal
 dysplasia with immunodefi-
ciency (X-linked)

NEMO Alopecia, hypo/anhydrosis, tooth anomalies Sect. 6.3

18.  Anhidrotic ectodermal dysplasia 
with immunodeficiency 
(autosomal recessive)

NFKBIA Alopecia, hypo/anhydrosis, tooth anomalies Sect. 6.3

19. WHIM syndrome CXCR4 Warts, hypogammaglobulinemia, infection, 
myelokathexis

Sect. 6.5

20. Cartilage-hair hypoplasia RMRP Metaphyseal dysplasia, mild leg bowing, fine/
sparse hair; severe varicella infection

Sect. 9.6

21. Schimke immuno-osseous 
dysplasia

SMARCAL1 Spondyloepiphyseal dysplasia, progressive 
nephropathy, pigmentary skin changes

Sect. 9.6

22. p14 deficiency MAPBPIP Hypopigmented skin, short stature, coarse 
facial features

Sect. 5.3

23. ICF syndrome DNMT3B Immunodeficiency, centromere instability, 
facial 
abnormalities

Sect. 9.2

24. Netherton syndrome SPINK5 Trichorrhexis invaginata (bamboo hair), 
dermatitis

Sect. 9.8
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cal symptoms arise. For a child with a recognizable 
genetic syndrome that is associated with immuno-
deficiency, it is important to establish if the immune 
defect is present so that appropriate treatment can 
be undertaken. Monitoring for laboratory or clinical 
evidence of immunodeficiency would also be benefi-
cial even if the patient does not currently show symp-
toms of the immunodeficiency since it could develop 
later. Alternatively, for a child with an immune defect 
and other anomalies, it is vital to determine if the 
other malformations fit into a recognizable pattern. 
This will aid in giving accurate prognosis for the 
immunodeficiency and other involved organ sys-
tems, including cognitive development. In addition, 
ascertainment of the underlying diagnosis may have 

implications for the medical care and genetic coun-
seling for other family members.

The inheritance pattern of each condition and the 
chromosomal location of the disease-related genes, 
when known, are indicated in the tables. Online Mendelian
Inheritance in Man (OMIM) [136] numbers are indi-
cated within parentheses in the text.

10.2
Syndromes Associated with Growth 
Deficiency

Several immunodeficiency states are associated with 
growth deficiency (Table 10.2). The growth defi-
ciency may be due to a skeletal dysplasia, in which 

Table 10.2 Syndromic immunodeficiencies associated with growth deficiency

Name

Inheritance 
(Chromo-
some) Associated features Immune defect Frequency of ID

Disproportionate short stature
1.  Cartilage hair 

hypoplasia
AR (9p13) McKusick type metaphyseal dysplasia, mild 

leg bowing, fine/sparse hair; varicella and 
other infections, increased risk for lym-
phoma/basal cell carcinoma

T, B ++++

2.  Schimke 
immuno-osseous 
dysplasia

AR (2q34-q36) Spondyloepiphyseal dysplasia, progressive 
nephropathy, episodic lymphopenia, pigmen-
tary skin changes

T ++++

3.  Short-limb 
skeletal dysplasia 
with combined 
immunodeficiency

AR Short-limb skeletal dysplasia, metaphyseal 
dysplasia, may be associated with adenosine 
deaminase deficiency or Omenn syndrome; 
heterogeneous

T, B ++++

4.  Roifman 
syndrome

?XL Spondyloepiphyseal dysplasia, retinal dys-
trophy

B ++++

5.  Roifman–Costa 
syndrome

AR Spondylometaphseal dysplasia, autoimmune 
conditions

B, T ++++

6.  Spondyloenchon-
drodysplasia

AR Radiolucencies in vertebral bodies and long 
bone metaphyses

B, T ++++

Proportionate short stature
7.  Growth hormone 

pathway defects
Various Defects in growth hormone synthesis or sen-

sitivity deficiency; sinopulmonary infections
B, T, NK +

8. Kabuki syndrome ?AD Long palpebral fissures, prominent eyelashes, 
skeletal anomalies, congenital heart disease; 
increased risk of autoimmune diseases

B +++

9.  CHARGE 
association

? Coloboma, heart defect, atresia choanae, 
retarded growth and development, genital 
hypoplasia, ear anomalies/deafness

T +

10.  Rubinstein–
Taybi syndrome

AD (16p13) Broad thumbs and halluces, prominent 
nasal septum below ala nasi, cryptorchidism, 
mental retardation

T +

11.  Mulvihill–Smith 
syndrome

?AD Prenatal growth deficiency, microcephaly, 
small face, premature aging, multiple nevi, 
mental retardation

T, B ++++

AR autosomal recessive, AD autosomal dominant, XL X-linked, ID immunodeficiency, T T cell defect, B B cell defect, 
NK NK cell defect
Frequency of ID: + less than 5% of reported cases with documented ID, ++ 5–30%, +++ 30–65%, ++++ >65%
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there is an abnormality of bone formation. Many 
skeletal dysplasias are associated with dispropor-
tionate short stature (the limbs and trunk are not 
proportional to each other). Forms of short stature 
that are not associated with skeletal abnormalities 
usually show proportionate growth failure. In this 
case, the overall height is small, but the various 
body parts are commensurate with one another. 
Short-limb skeletal dysplasia is a form of dispro-
portionate short stature that affects the limbs more 
than the trunk.

Primary Immunodeficiencies Associated 
with Disproportionate Short Stature

10.2.1
Cartilage Hair Hypoplasia

Cartilage hair hypoplasia (CHH, OMIM#250250) is 
characterized by short-limb dwarfism, fine sparse hair, 
and a cellular immune defect. Varicella infections can 
be severe. Metaphyseal dysplasia (flared, scalloped, 
and sclerotic metaphyseal ends) most frequently 
affects the lower extremities. There is significant vari-
ability in the phenotype, and some individuals have 
normal hair and may have normal immune function. 
The condition is caused by mutations in the RMRP
gene, which encodes a mitochondrial RNA-process-
ing endoribonuclease [149] (see Sect. 9.6 for more 
details).

10.2.2
Schimke Immuno-osseous Dysplasia

This condition (OMIM#242900) is associated with 
short stature with exaggerated lumbar lordosis, 
spondyloepiphyseal dysplasia, defective cellular 
immunity, and progressive renal failure [11, 157]. 
Patients may develop glomerulosclerosis and progress 
to end-stage renal disease, and an arteriopathy with 
cerebral infarcts and/or ischemia may be seen. Muta-
tions in the gene encoding the chromatin remodeling 
protein SMARCAL1 have been detected in affected 
patients [12]. Patients are prone to viral and bacterial 
infections and demonstrate decreases in CD4 T cell 
number, mitogen-induced proliferation, and delayed 
cutaneous hypersensitivity responses, while immu-
noglobulin levels are often abnormal [11] (see Sect. 
9.6 for more details).

Other Immunodeficiencies Associated 
with Disproportionate Short Stature

10.2.3
Short-Limb Skeletal Dysplasia with Combined 
Immunodeficiency

The conditions (OMIM 200900) in which short-limb 
skeletal dysplasia is associated with combined immuno-
deficiency are etiologically heterogeneous [179]. While 
some of these patients have adenosine deaminase (ADA) 
deficiency, other patients have more severe metaphyseal 
changes than are typically found in adenosine deami-
nase deficiency. Short-limb skeletal dysplasia may also 
be seen in association with Omenn syndrome, a fatal 
disorder characterized by eosinophilia, skin eruptions, 
and reticuloendotheliosis [55, 61, 159]. Both ADA defi-
ciency and Omenn syndrome are classified as PID (see 
Sects. 2.3 and 2.4 for more details).

10.2.4
Roifman Syndrome (Roifman Syndrome 1)

Five boys from four families had microcephaly, growth 
retardation, spondyloepiphyseal dysplasia, develop-
mental delay, and retinal dystrophy [151, 154]. They 
had low/absent antibody titers in response to infec-
tion, decreased isohemagglutinins, and decreased 
mitogenic response to Staphylococcus aureus Cowan A. 
T cell number and function were normal. There were 
epiphyseal dysplasia of the hips and long bones and 
vertebral anomalies. Because all reported patients have 
been male, X-linked recessive inheritance has been 
suggested (OMIM 300258).

10.2.5
Roifman–Costa Syndrome (Roifman 
Syndrome 2)

Four patients, including two siblings of first cousin 
parents, with spondylometaphyseal dysplasia, autoim-
mune conditions, combined immunodeficiency (low 
specific antibody titers, T cell mitogenic response, 
and CD4+ T cell count), and recurrent infections 
were described (OMIM 607944) [155]. A boy born to 
a consanguineous couple had spondylometaphyseal 
dysplasia, decreased CD4+ and CD8+ T cell numbers, 
recurrent infections, disseminated herpes zoster, and 
autoimmune disease [96].
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10.2.6
Spondyloenchondrodysplasia

This condition (OMIM%271550) is characterized by 
radiolucencies in the vertebral bodies and metaphyses 
of the long bones. Individuals from five kindreds were 
noted to have autoimmune disease, and one had docu-
mented hypogammaglobulinemia and reduced T cell 
mitogenic responses [147]. It has been suggested that 
some patients with Roifman–Costa syndrome may 
have spondyloenchondrodysplasia [148].

Syndromic Immunodeficiencies Associated with 
Proportionate Short Stature

10.2.7
Growth Hormone Pathway Defects

Patients with defects in the growth hormone pathway as 
well as immunodeficiency have been described. In patients 
with growth hormone deficiency (GHD) and X-linked 
agammaglobulinemia (OMIM#307200), individuals have 
recurrent sinopulmonary infections, short stature, and 
decreased growth hormone levels without other endo-
crinologic abnormalities [48]. Both B cell number and 
immunoglobulin levels are greatly decreased or absent, 
consistent with X-linked agammaglobulinemia (XLA). T 
cell number and function are normal. Mutations in the 
gene BTK, the gene associated with isolated XLA, have 
been detected in some but not all patients with GHD and 
XLA [1, 40, 167]  (see Sect. 3.2 for more details).

Additional immune defects reported in associa-
tion with isolated GHD include combined immu-
nodeficiency [107, 173], decreased NK activity [84], 
and hypogammaglobulinemia [132]. However, the 
vast majority of children with GHD do not display an 
increased susceptibility to infection [21, 166].

Some patients with growth hormone insensitivity were 
found to have a mutation in the STAT5B gene. One of the 
patients who had recurrent skin and respiratory infections 
had T cell lymphopenia and very low NK and CD4 + 
T cell numbers [7]. Both growth hormone and IL-2 recep-
tor signaling utilize Stat5 proteins in their pathways.

10.2.8
Kabuki Syndrome

This syndrome (OMIM%147920) features short 
stature, congenital heart disease, developmental 
delay, skeletal anomalies, and cleft palate [128, 194]. 
The distinctive facial features include long palpebral 

fissures with eversion of the lower lateral eyelid, 
prominent eyelashes, and abnormal ears. Frequent 
infections occur in approximately 60% of patients 
[20]. Hypogammaglobulinemia, including decreased 
IgG and very low IgA, is a common manifestation 
[73, 74]. Autoimmune conditions, including autoim-
mune hemolytic anemia, idiopathic thrombocyto-
penic purpura, and hypothyroidism, have also been 
reported [81, 116] and may reflect the underlying 
immune dysfunction.

10.2.9
CHARGE Association

The abnormalities (OMIM#214800) that comprise 
the CHARGE association include coloboma, heart 
defects, atresia of the choanae, retardation of growth 
and development, genital hypoplasia, and ear anoma-
lies and/or deafness [62, 137, 174]. Some patients with 
CHARGE syndrome have been found to have muta-
tions in CHD7 [189]. In this syndrome, asymmetric 
facial palsy, esophageal or laryngeal abnormalities, 
renal malformations, and facial clefts are present. 
Several patients with CHARGE association have had 
immune abnormalities, including severe combined 
immunodeficiency with undetectable thymus tissue 
[14], decreased T cell number and response to anti-
gen, antibody deficiency and impaired T cell prolifera-
tion, and isolated IgG2 deficiency [175]. Patients with 
CHARGE association who also had the Di George 
syndrome and who did not have a 22q11 deletion 
have been described [30]. In addition, other affected 
patients with Di George sequence but in whom the 
22q11 deletion status was not known have been 
reported [137, 197].

10.2.10
Rubinstein–Taybi Syndrome

Rubinstein–Taybi syndrome (OMIM#180849) is 
characterized by broad thumbs and great toes, char-
acteristic facial features, short stature, mental retarda-
tion, and cardiac abnormalities. There is an increased 
susceptibility to infection. Decreased T cell number, 
impaired delayed cutaneous hypersensitivity response 
[150], lymphopenia, thymic hypoplasia [85], poor 
response to pneumococcal vaccine [186], and a deficit 
in polysaccharide antibody response [125] have been 
reported. Microdeletions and truncating mutations 
in the gene encoding CREB-binding protein (CBP) 
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have been detected in a number of affected patients 
[141, 142]. Mutations in the gene EP300, which also 
encodes a transcriptional coactivator, have also been 
detected in three patients [153].

10.2.11
Mulvihill–Smith Syndrome

This disorder (OMIM 176690) is characterized by 
pre- and postnatal growth retardation, multiple 
pigmented nevi, microcephaly, reduced facial fat, 
genitourinary anomalies, and a high-pitched voice 
[31, 122]. Infectious complications are common, 
and the immunodeficiency is often progressive. 

Impaired T cell response to mitogen, decreased CD4 
count, and/or low Ig levels have been described [6, 
31, 131].

10.3
Syndromes Associated with Gastrointestinal 
Dysfunction

Gastrointestinal abnormalities may lead to malnutri-
tion and secondarily result in an immunodeficient 
state. However, in the syndromes described herein, 
the immunodeficiency precedes nutritional depriva-
tion and thus is likely to be intrinsic to each condition 
(Table 10.3).

Name
Inheritance 
(Chromosome) Associated features Immune defect Frequency of ID

Gastrointestinal
1.  Shwachman syn-

drome
AR (7q11) Metaphyseal dysplasia, exocrine 

pancreatic insufficiency, cyclic neu-
tropenia; hematologic malignancy

B, Ph ++++

2.  Familial intestinal 
polyatresia

AR Multiple atresias from pylorus to 
rectum

T, B ++

3.  Trichohepatoenteric 
syndrome

AR Severe infantile diarrhea, hepatic 
cirrhosis, Trichorrhexis nodosa, 
characteristic facies

B, Ph ++++

Dermatologic – primary immunodeficiencies
1.  Wiskott–Aldrich 

syndrome
XL (Xp11) Severe eczematous dermati-

tis, thrombocytopenia, bloody 
diarrhea, recurrent infection; 
lymphoreticular malignancy; 
autoimmune disease

T, B ++++

2.  Chediak–Higashi 
syndrome

AR (1q42) Partial oculocutaneous hypopig-
mentation, leukopenia, neuropa-
thy, giant cytoplasmic granules 
in leukocytes; bacterial infections 
(especially Staphylococcus, 
Streptococcus)

Ph, NK ++++

3.  Griscelli syndrome, 
type II

AR (15q21) Partial oculocutaneous hypop-
igmentation, frequent pyogenic 
infections, lympho-histiocytosis, 
episodic thrombocytopenia

T, B, NK, Ph ++++

4. Omenn syndrome AR (11p13) Erythematous dermatitis, 
eosinophilia, lymphadenopathy, 
hemophagocytosis; severe 
combined immune deficiency

T, B ++++

5. WHN deficiency AR (17q11-q12) Congenital alopecia, nail 
dystrophy 

T ++++ (2 sibs)

(continued)

Table 10.3 Syndromic immunodeficiencies associated with specific organ dysfunction
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Name
Inheritance 
(Chromosome) Associated features Immune defect Frequency of ID

 6.  Papillon–Lefèvre 
syndrome

AR (11q14) Palmar/plantar hyperkeratosis; 
precocious periodontal disease, 
furunculosis, pyoderma

Ph +

 7. WHIM syndrome AD Warts, hypogammaglobulinemia, 
infection, myelokathexis

T, B, Ph ++++

 8.  Hypohydrotic/
anhidrotic ecto-
dermal dysplasia 
with immunodefi-
ciency

XL (Xq28) Alopecia, hypo/anhydrosis, tooth 
anomalies; hypogammaglobuline-
mia

T, B ++++

 Dermatologic – other syndromic immunodeficiencies

 9.  Incontinentia 
pigmenti

XL (Xq28) Erythematous vesiculobullous 
eruptions, central nervous system 
involvement, swirling macules of 
hyperpigmentation

T, B, Ph +

10.  OLEDAID 
syndrome

XL (Xq28) Anhidrotic ectodermal dysplasia, 
osteopetrosis, lymphedema

B ++++ (2 cases)

11.  Dyskeratosis 
congenita

XL, AR, AD 
(Xq28)

Atrophy and pigmentation of 
skin, nail dystrophy, leukoplakia 
of oral mucosa; risk of cancer of 
the mouth, anus, skin

T, B, Ph ++

12.  Hermansky–
Pudlak syndrome, 
type II

AR (5q14) Oculocutaneous hypopigmentation, 
platelet defects, congenital neutro-
penia

T, NK, Ph ++++

13.  Poikiloderma with 
neutropenia

AR Poikiloderma, progressive ery-
thematious rash, telangiectasias

Ph ++++

14.  Acrodermatitis 
enteropathica

AR (8q24) Vesiculobullous dermatitis, 
alopecia, diarrhea; due to zinc 
deficiency, may be associated with 
opportunistic infections

T, B, Ph ++

15.  Netherton syn-
drome

AR (5q32) Trichorrhexis invaginata 
(bamboo hair), ichthyosiform 
dermatitis, atopic diathesis; skin 
infections

T, B, Ph ++

16. p14 deficiency AR (1q22) Hypopigmented skin, short stat-
ure, coarse facies

T, B, Ph ++++

Neurologic
1. Myotonic dystrophy AD (19q13, 3q) Myotonia, muscle wasting, 

cataract, hypogonadism, cardiac 
arrhythmia; due to triplet repeat 
expansion

B ++

2.  Høyeraal–
Hreidarsson 
syndrome

XL (Xq28) Cerebellar hypoplasia, absent 
corpus callosum, microcephaly, 
growth failure, pancytopenia; 
fungal sepsis

T, B, Ph ++++

3. Cohen syndrome AR (8q22-q23) Prominent central 
incisors, hypotonia, obesity; 
gingivitis, periodontitis, 
skin infections

Ph ++

4. WHN deficiency AR (17q11-q12) Congenital alopecia, nail dystrophy T ++++ (2 sibs)

AR autosomal recessive, AD autosomal dominant, XL X-linked, ID immunodeficiency, T T cell defect, B B cell defect, Ph 
phagocyte defect, NK NK cell defect

Table 10.3 (continued)
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Primary Immunodeficiencies Associated with 
Gastrointestinal Dysfunction

10.3.1
Shwachman–Diamond Syndrome

This autosomal recessive syndrome (OMIM#260400) 
presents with pancreatic insufficiency, neutropenia, and 
metaphyseal dysostosis resulting in short stature. Neu-
tropenia (which may be intermittent or cyclic) occurs in 
88% of cases, and leukopenia and/or pancytopenia may 
arise [106, 163] (see Sect. 4.11 for more details).

Other Syndromic Immunodeficiencies 
Associated with Gastrointestinal Dysfunction

10.3.2
Familial Intestinal Polyatresia

Multiple atretic lesions are found throughout the gas-
trointestinal tract in this condition (OMIM%243150). 
Severe combined immunodeficiency was described in 
three affected brothers [120]. Adenosine deaminase 
activity was normal. The recurrent infections were not 
due to the intestinal problems since they occurred while 
the patients still had good nutritional status. Several 
other cases of multiple intestinal atresia associated with 
immune defects [57, 156, 164, 190] have been described. 
In addition, two families with duodenal atresia and 
immunodeficiency have been reported [119].

10.3.3
Trichohepatoenteric Syndrome

This condition (OMIM%222470) is characterized by 
severe infantile diarrhea, dysmorphic features (hyperte-
lorism, prominent forehead, flat/broad nose), hepatic cir-
rhosis, and the hair abnormality of trichorrhexis nodosa. 
Reported immune defects have included negative skin 
tests with absent specific antibody response [58], pancy-
topenia [98], and hypogammaglobulinemia [46].

10.4
Syndromes Associated with Cutaneous 
Abnormalities

While dermatitis or skin infection often occur in 
immunodeficient-patients, some immunodeficiency 
syndromes present with primarily cutaneous manifestations 
(Table 10.3). Some of these conditions present with 
alterations in pigmentation.

Primary Immunodeficiencies Associated 
with Cutaneous Abnormalities

10.4.1
Wiskott–Aldrich Syndrome

This well-defined X-linked primary immunodeficiency 
(OMIM#301000) is characterized by chronic eczema, 
thrombocytopenia (with small, defective platelets), and 
bloody diarrhea. Recurrent and life-threatening infec-
tions are a leading cause of death [170]. Abnormal 
humoral immune responses are typical. The disease phe-
notype is very variable. Mutations in the WAS gene have 
been detected [33] (see Sect. 9.4 for more details).

10.4.2
Chediak–Higashi Syndrome

Chediak–Higashi syndrome (OMIM#214500) presents 
with recurrent bacterial infections (especially with S. 
aureus and streptococci), partial oculocutaneous hypo-
pigmentation, prolonged bleeding time, nystagmus, and 
neuropathy. Most patients eventually develop a distinctive 
lymphoproliferative disorder characterized by generalized 
lymphohistiocytic infiltrates, which are difficult to treat. 
The defective gene, LYST, encodes a regulator of lysosomal 
trafficking [124] (see Sect. 5.3 for more details).

10.4.3
Griscelli Syndrome, Type II

This is an autosomal recessive syndrome of partial oculo-
cutaneous hypopigmentation, neutropenia and thrombo-
cytopenia, and lymphohistiocytosis (OMIM#214450) [39, 
65, 109]. Melanosomes accumulate in melanocytes, result-
ing in large clumps of pigment in hair shafts. Most patients 
suffer from recurrent and severe fungal, viral, and bacterial 
infections. T cell dysfunction, hypogammaglobulinemia, 
and neutropenia have been reported [39]. Mutations in the 
RAB27A gene, which encodes a GTP-binding protein of 
the Ras family, were detected in affected individuals [114]. 
A genetically distinct form of Griscelli syndrome that is not 
associated with immune deficits has also been described 
[114, 140] (see Sect. 5.3 for more details).

10.4.4
Omenn Syndrome

This autosomal recessive form of familial histiocytic 
reticulocytosis (OMIM#267700) presents with an 
erythematous skin rash, eosinophilia, reticulosis, 
hepatosplenomegaly, protracted diarrhea, alopecia, 
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and lymphadenopathy. A characteristic severe com-
bined immunodeficiency leads to failure-to-thrive, 
recurrent infection, and premature death. Mutations 
in genes encoding either of three proteins that play a 
role in V(D)J recombination, RAG1, RAG2, or Artemis 
(DCLRE1C) cause Omenn syndrome with SCID [41, 
185] (see Sect. 2.4 for more details).

10.4.5
WHN Deficiency

Siblings with congenital alopecia, nail dystrophy, and T 
cell dysfunction (OMIM#601705) [144] were found to 
have a mutation in the gene WHN, or winged-helix nude 
[50]. Mutations in the mouse ortholog cause the “nude” 
phenotype of abnormal hair growth and abnormal thy-
mus development [127] (see Sect. 2.14 for more details).

10.4.6
Papillon–Lefèvre Syndrome

This is an autosomal recessive disorder associated with 
palmar-plantar hyperkeratosis and severe periodontal 
disease leading to loss of both primary and permanent 
teeth (OMIM#245000). Approximately 17% of cases 
are associated with infections other than periodontal 
disease, most frequently furunculosis and pyoderma 
[181]. Neutrophil chemotaxis and random movement 
are both decreased. Mutations in the gene encoding 
cathepsin C (CTSC) have been demonstrated [68, 69] 
(see Sect. 4.13 for more details).

10.4.7
WHIM Syndrome

WHIM syndrome (OMIM#193670) is associated with 
multiple warts, hypogammaglobulinemia, infection, 
and myelokathexis (bone marrow retention of neu-
trophils) [60, 193]. Neutrophil count is reduced, B cell 
number and IgG and IgA levels are mildly decreased, 
and depressed T cell number and diminished response 
to mitogen and skin tests have been noted. Mutations in 
the gene encoding the chemokine receptor CXCR4 were 
detected [71] (see Sect. 6.5 for more details).

10.4.8
Hypohidrotic/Anhidrotic Ectodermal Dysplasia

A subset of patients with this form of ectodermal dys-
plasia has immune defects (EDA-ID, OMIM#300291) 
as well as diminished or absent sweat glands, thin and 

sparse hair, and hypodontia. The subset with immune 
defects is genetically distinct from those forms without 
immune defects. The most common immune defect is 
hypogammaglobulinemia [36, 204]. The X-linked reces-
sive form is due to mutations in the NEMO gene, which 
is involved in NF-κB regulation [36, 204]. An autosomal 
recessive form due to mutations in the NFKBIA gene has 
also been described [27] (see Sect. 6.3 for more details).

Other Syndromic Immunodeficiencies 
Associated with Cutaneous Abnormalities

10.4.9
Incontinentia Pigmenti

Linear erythematous vesiculobullous lesions that evolve 
into hyperpigmented swirling macules on the trunk and 
proximal extremities are typical findings for this X-linked 
dominant neurocutaneous disorder with fetal lethality 
in most affected males (OMIM#308300). Other find-
ings include mental retardation, seizures, alopecia, ocular 
abnormalities, nail dystrophy, and malformed teeth. In a 
review of 77 cases, 13% had significant infection, and four 
died of infectious causes [34]. No consistent immunologic 
abnormality has been detected, but decreased neutrophil 
chemotaxis and impaired proliferative response to phy-
tohemagglutinin have been described [77, 115]. Another 
girl had transient immunodeficiency that resolved, likely 
due to progressive selection against cells carrying an 
active mutated X chromosome [111]. Mutations in the 
gene encoding IKKγ, also termed NEMO, cause inconti-
nentia pigmenti [160]. The protein is involved in the reg-
ulation of the transcriptional regulator nuclear factor-κB
(NF-κB). Interestingly, mutations in this gene cause other 
forms of ectodermal dysplasia associated with immune 
defects: hypohidrotic ectodermal dysplasia and immuno-
deficiency, a primary immunodeficiency, and OLEDAID 
syndrome (see below).

10.4.10
OLEDAID Syndrome

Two male patients with osteopetrosis, lymphedema, 
ectodermal dysplasia, anhidrotic type, and immune 
deficiency (OLEDAID, OMIM#300301), were born 
from mothers with mild incontinentia pigmenti [36]. 
Both had multiple infections and died from infectious 
causes. The inflammatory response was poor, and 
isohemagglutinin titers and titers to Pneumococcus 
(despite documented infection) were decreased. Both 
patients had a mutation converting a stop codon to a 
tryptophan in NEMO [36].
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10.4.11
Dyskeratosis Congenita

Dyskeratosis congenita (OMIM#305000) is an X-linked 
disorder marked by reticulate skin pigmentation, nail 
dystrophy, leukoplakia of the oral mucosa, aplastic ane-
mia, and an increased risk of malignancy. Progressive 
bone marrow failure develops in most patients and is the 
major cause of early mortality. Neutropenia occurs in the 
majority of the patients, and both humoral and cellular 
immune responses may be defective [37, 165]. Thymic 
aplasia was reported in two patients [177]. The gene caus-
ing dyskeratosis congenita (DKC1) codes for a protein 
that is predicted to function in ribosome formation [70]. 
Mutations in this gene also cause Høyeraal–Hreidarsson 
syndrome (see Sect. 9.9 for more details).

10.4.12
Hermansky–Pudlak Syndrome, Type II

This autosomal recessive condition (OMIM#608233) is 
characterized by platelet defects leading to a hemorrhagic 
diathesis and oculocutaneous hypopigmentation. Con-
genital neutropenia is a distinguishing feature of Type II
compared to other forms of Hermansky–Pudlak  syndrome. 
Recurrent bacterial infections often occur. Defective cyto-
toxic T cell activity [23], decreases in NK cell number and 
activity [49, 80], and lymphohistio cytosis have also been 
described [44]. Mutations in the gene encoding the beta-3A 
subunit of the AP3 complex (AP3B1) have been described 
[32]. Of note, the family described by Kotzot et al. [93] 
with neutropenia, oculocutaneous hypopigmentation, 
intermittent thrombocytopenia, microcephaly, a protrud-
ing midface, rough and projecting hair, and mild mental 
retardation were found to have a mutation in AP3B1 [80] 
(see Sect. 5.3 for more details).

10.4.13
Poikiloderma with Neutropenia

This disorder (OMIM%604173) is characterized by 
a progressive erythematous rash which begins in 
infancy and the development of telangiectasias [24]. 
Neutropenia and neutrophil dysfunction are vari-
ably present, and recurrent pneumonias often occur. 
Originally noted in the Navajo population, patients 
from other ethnic groups have also been described 
[182, 191].

10.4.14
Acrodermatitis Enteropathica

Acrodermatitis enteropathica (OMIM#201100) is an 
autosomal recessive disorder characterized by diarrhea, 

dermatitis, and alopecia which is due to inadequate zinc 
metabolism. Severe infection with opportunistic patho-
gens occurs frequently and recurrent infection occurs in 
30% [183]. Decreased response to phytohemagglutinin 
and abnormal delayed cutaneous hypersensitivity skin 
response is typical [134]. Hypogammaglobulinemia and 
defective chemotaxis of neutrophils and monocytes are 
variably present [183, 192]. Both the clinical and immuno-
logical abnormalities resolve after normalization of serum 
zinc levels. Mutations in the gene encoding the intestinal 
zinc transporter SLC39A4 have been detected [97].

10.4.15
Netherton Syndrome

The triad of trichorrhexis (brittle “bamboo” hair), ichthyosi-
form erythroderma, and atopic diathesis make up the Neth-
erton syndrome (OMIM#256500), an autosomal recessive 
disorder. Recurrent infections occur in 28%, most com-
monly involving the skin [64, 169]. IgG abnormalities (both 
hypo- and hyper-IgG) are present in 12–14%. Impairment 
of delayed cutaneous hypersensitivity response, mitogen 
response, and neutrophil phagocytosis can occur. Increased 
IgE is found in 10% [162]. Mutations in the gene SPINK5,
which encodes a serine protease inhibitor, have been detected 
in affected patients [19] (see Sect. 9.8 for more details).

10.4.16
p14 Deficiency

A syndrome of hypopigmented skin, short stature, coarse 
facial features, and recurrent respiratory infections was 
described in four members of a kindred who had con-
sistently low neutrophil counts (OMIM#610798) [13]. 
Decreased CD8 cytotoxic T cell activity and abnormal 
B cell differentiation were also present. Deficiency of 
the endosomal adaptor protein p14 (also known as 
MAPBPIP) was identified, and functional reconstitu-
tion of granule activity was achieved with p14 gene 
transfer [13] (see Sect. 5.3 for more details).

10.5
Syndromes Associated with Neurologic 
Dysfunction

Neurological abnormalities ranging from structural 
abnormalities to epilepsy or ataxia have been reported 
in association with immunodeficiency (Table 10.3).

10.5.1
Myotonic Dystrophy

This autosomal dominant condition (OMIM#160900) 
is a multisystem disorder, characterized by difficulty 
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in relaxing a contracted muscle. Muscle weakness 
and wasting, cataracts, hypogonadism, and cardiac 
conduction defects are also frequent manifestations. 
Cognitive function may deteriorate in adults. In the 
congenital form, there is severe hypotonia and respira-
tory insufficiency.

Most cases of myotonic dystrophy are due to a trinu-
cleotide repeat expansion in the 3  untranslated region 
of the DMPK gene, which encodes the dystrophia 
myotonica protein kinase [16, 52, 108]. In general, the 
size of the expansion correlates with the severity of the 
disease and the age of onset. Interestingly, a large fam-
ily with features typical of myotonic dystrophy did not 
have the repeat expansion in the DMPK gene [146], 
but instead had an expansion in a CCTG repeat in 
intron one of the ZNF9 gene [100].

The most common immunologic abnormality in 
affected patients is a reduction in IgG level [195], although 
decreased IgA and IgM levels have occasionally been 
noted. Increased repeat length has been found to corre-
late with decreased serum IgG level, decreased total lym-
phocyte count, and low T cell number in one study [126], 
but another study found no correlation [138]. There is 
generally no increased susceptibility to infection [171].

10.5.2
Høyeraal–Hreidarsson Syndrome

A syndrome of X-linked cerebellar hypoplasia, psy-
chomotor retardation, microcephaly, growth failure, 
and progressive pancytopenia has been reported in 
several affected males (OMIM#300240). Decreased 
IgG [75] and death from fungal sepsis [8, 76] have 
been described. Progressive combined deficiency 
has been noted in other patients [89, 172]. This con-
dition is caused by mutations in the DKC1 gene, the 
same gene that is mutated in dyskeratosis congenita 
[89] (see Sect. 9.9 for more details).

10.5.3
Cohen Syndrome

Cohen syndrome (OMIM#216550) is an autosomal 
recesive condition featuring hypotonia, microcephaly, 
mental retardation, short stature, obesity, and charac-
teristic facies with short philtrum, prominent upper 
central incisors, and prominent nasal root. Neutrope-
nia is mild to moderate, intermittent, and not generally 
associated with severe infection, although gingivitis, 
periodontitis, and cutaneous infections are common 
[3, 86, 87, 135]. Mutations in the COH1 gene have been 
identified [91].

10.6
Inborn Errors of Metabolism Associated 
with Immunodeficiency

For most of these syndromes, it is unknown if the 
immunological deficit is due to block of a metabolic 
process important for immune function or if the 
buildup of toxic metabolites adversely affects immune 
cells (Table 10.4). Most of the immunological abnor-
malities appear to be secondary to the metabolic 
derangement since correction of the metabolic defect 
usually restores immune function.

Primary Immunodeficiencies Associated with 
Inborn Errors of Metabolism

10.6.1
Adenosine Deaminase Deficiency

Adenosine deaminase (ADA) deficiency (OMIM#
102700) is a well-characterized metabolic defect and is the 
most common single genetic cause of autosomal recessive 
severe combined immunodeficiency disease [72]. The 
enzyme converts adenosine and deoxyadenosine to ino-
sine and deoxyinosine, and their accumulation may lead 
to lymphocyte toxicity. The skeletal system is affected in a 
majority of patients, and manifestations include cupping 
and flaring of the costochondral junctions, platyspond-
ylysis, thick growth arrest lines, and an abnormal bony 
pelvis (see Sect. 2.3 for more details).

10.6.2
Purine Nucleoside Phosphorylase Deficiency

Purine nucleoside phosphorylase (PNP) deficiency 
(OMIM#164050) is due to a defect in an enzyme 
required for normal catabolism of purines. Abnormal 
motor development, including ataxia and spasticity, 
may occur. Viral and fungal infections frequently arise, 
and T cell number and function are greatly decreased  
(see Sect. 2.7 for more details).

10.6.3
Leukocyte Adhesion Deficiency, Type 2

Leukocyte adhesion deficiency, type 2 (LAD-2, 
OMIM#266265) is an autosomal recessive disorder 
characterized by recurrent infections, persistent leu-
kocytosis, microcephaly, cortical atrophy, short stat-
ure, and severe mental retardation. This condition 
has also been termed congenital disorder of glycosyla-
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tion IIc (CDG-IIc). The patient’s cells lack fucosylated 
 molecules due to mutations in the gene SLC35C1
encoding the GDP-fucose transporter (FucT1) [103]. 
Although the immunodeficiency can be severe in 
infancy, children that have survived seem to have fewer 
serious infections and they may only have chronic per-
iodontitis in later childhood. Leukocytosis with neu-
trophilia is consistently observed. There is defective 
pus formation and a failure of neutrophil recruitment 
to sites of inflammation [143]. Neutrophil motility is 
greatly decreased, although phagocytic activity is nor-
mal [45, 51] (see Sect. 4.4 for more details).

Other Syndromic Immunodeficiencies 
Associated with Inborn Errors of Metabolism

10.6.4
Congenital Disorders of Glycosylation, Type I

Congenital disorders of glycosylation (CDG), also 
known as carbohydrate-deficient glycoprotein syn-

dromes (CDGS), are autosomal recessive disorders 
characterized by decreased glycosylation of glycopro-
teins. In type I CDG, there is a defect in the produc-
tion of lipid-linked oligosaccharides or their transfer 
to nascent proteins. Hypotonia and poor growth are 
present, and other organ system involvement is often 
present, depending on the type of CDG. Type Ia CDG 
(OMIM#212065) is due to a defect in phosphoman-
nomutase 2 and abnormal fat distribution is charac-
teristic. Severe infections often occur, and decreased 
IgA or IgG levels, defective response to vaccines, and 
diminished neutrophil chemotaxis have been observed 
[10]. Type Ig CDG (OMIM#607143) is due to a defect 
in the gene encoding a mannosyltransferase (ALG12). 
Microcephaly and male genital hypoplasia are char-
acteristic. Recurrent infections and decreased IgG 
levels often occur [18]. A short-limb skeletal dyspla-
sia was noted in two affected siblings [94]. Type Ik 
CDG (OMIM#608540) is due to a defect in manno-
syltransferase I, and refractory  seizures, microcephaly, 
and early death are characteristic. An affected patient 

Table 10.4 Inborn errors of metabolism associated with immunodeficiency

Name

Inheritance 
(Chromo-
some) Associated features

Immune 
defect

Frequency
of ID

Primary immunodeficiencies
1.  Adenosine deami-

nase deficiency
AR (20q13) Severe combined immunodeficiency, cupping 

and flaring of costochondral junctions
T, B ++++

2.  Purine nucleoside 
phosphorylase defi-
ciency

AR (14q13) Severe immunodeficiency, neurological find-
ings, hemolytic anemia; viral/fungal infections

T ++++

3.  Leukocyte adhesion 
deficiency, type 2 
disorder of glyco-
sylation IIc

AR (11p11) Severe mental retardation, seizures, growth 
failure, abnormal facies, congenital

Ph ++++

Other syndromic immunodeficiencies
4.  Congenital disorders 

of glycosylation, vari-
ous types Ia, Ig, Ik

Decreased glycosylation, hypotonia, poor 
growth, other organ systems may be involved 
depending on the type

B, Ph ++

5.  Glycogen storage 
disease Ib/Ic

AR (11q23) Hypoglycemia, glucose-6-phosphate transport 
defect; perianal abscesses; inflammatory bowel 
disease

Ph +++

6. Barth syndrome XL (Xq28) Endocardial fibroelastosis, myopathy, abnor-
mal mitochondria, 3-methylglutaconicaciduria

Ph ++++

7. Galactosemia AR (9p13, 
17q24)

Hepatomegaly, hypoglycemia, jaundice, feed-
ing difficulties; risk for E. coli sepsis

Ph +

8.  Brached chain 
amino acidemias

AR (various) Methylmalonic, propionic, and isovaleric 
acidemias; acidosis, vomiting, ketosis

T, B, Ph +++

9.  Lysinuric protein 
intolerance

AR (14q11) Dibasic aminoaciduria, hepatomegaly, failure 
to thrive; severe varicella infection

T, B, Ph, NK +++

AR autosomal recessive, AD autosomal dominant, XL X-linked, ID immunodeficiency, T, T cell defect, B B cell defect, Ph 
phagocyte defect, NK NK cell defect
Frequency of ID: + less than 5% of reported cases with documented ID, ++ 5–30%, +++ 30–65%, ++++ >65%
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was noted to have very decreased B cell number and 
absence of IgG [95].

10.6.5
Glycogen Storage Disease Ib/Ic

Glycogen storage disease (GSD) Ib and Ic (OMIM#
232220, #232240) are marked by hypoglycemia. Severe 
neutropenia occurs in 87% of patients with GSD Ib 
[188] and is also frequently found in GSD Ic [187]. 
Neutrophil function may be diminished [59]. Inflam-
matory bowel disease, oral lesions, and perianal 
abscesses occur with increased frequency and are most 
like due to defective neutrophil function.

10.6.6
Barth Syndrome

This X-linked condition (OMIM#302060) is charac-
terized by short stature, cardiac and skeletal myopathy, 
endocardial fibroelastosis, and structural mitochon-
drial anomalies [5]. Urinary 3-methylglutaconate and 
3-methylglutarate are increased [83]. Neutropenia is 
often persistent and can lead to serious infections. The 
defective gene, TAZ, codes for a protein involved in 
cardiolipin metabolism [9].

10.6.7
Galactosemia

A defect in galactose-1-phosphate uridyl transferase 
results in galactosemia (OMIM#230400), which 
presents with jaundice, hepatomegaly, cataracts, devel-
opmental delay, and feeding difficulties. These patients 
are at increased risk for fatal sepsis from E. coli in 
the neonatal period [99]. Granulocyte chemotaxis is 
impaired, while bactericidal activity is usually normal. 
In vitro exposure of neutrophils to galactose also results 
in impaired function, especially in neonates [90].

10.6.8
Branched-Chain Amino Acidurias

Three diseases affecting branched-chain amino acid 
metabolism are associated with leukopenia: meth-
ylmalonic acidemia (OMIM#251000), propionic 
acidemia (OMIM#232000), and isovaleric acidemia 
(OMIM#243500) [82, 112, 121]. The conditions present 
with metabolic acidosis, lethargy, failure to thrive, and 
recurrent vomiting. These individuals are at increased 

risk for infection, which may precipitate episodes of aci-
dosis. Decreases in B cell number and immunoglobulin 
levels have also been reported [22, 145, 196].

10.6.9
Lysinuric Protein Intolerance

This condition (OMIM#222700) is marked by defective 
transport of the dibasic amino acids lysine, arginine, 
and ornithine in the intestine and renal tubules, lead-
ing to decreased levels of these substances in the blood, 
hyperammonemia, protein intolerance, and failure to 
thrive. Decreases in CD4+ T cell number [35], lympho-
penia [123], IgG subclass deficiency and poor humoral 
response to vaccination [105], and leukopenia with 
decreased leukocyte phagocytic activity [200] have been 
reported. Varicella infection may be severe [104].

10.7
Syndromes with Chromosome Instability 
and/or Defective DNA Repair Associated 
with Immunodeficiency

Syndromes associated with chromosome instability 
often have immune abnormalities and such patients are 
often at increased risk for malignancy (Table 10.5).

Primary Immunodeficiencies Associated 
with Chromosome Instability and/or Defective 
DNA Repair 

10.7.1
Nijmegen Breakage Syndrome

Patients with Nijmegen Breakage syndrome (NBS, 
OMIM#251260) have short stature, microcephaly, 
and bird-like facies [180]. Characteristic facial features 
include a receding forehead, prominent midface with a 
long nose, large ears, and micrognathia. Mental retar-
dation may occur. There is an increased risk of malignancy, 
especially lymphoma. Cells from NBS patients are sen-
sitive to ionizing irradiation. Bronchopneumonia and 
urinary tract infections commonly occur, and there is 
an increased risk of otitis media, mastoiditis, and sinusi-
tis. Patients generally have abnormal immunoglobu-
lin levels, most commonly including IgG (especially 
IgG2 and IgG4), and may have agammaglobulinemia 
[66]. Reduced CD3+ and CD4+ cell number with 
a decreased CD4/CD8 ratio have been noted. A mark-
edly decreased proliferative response to T cell mitogens 
was noted in 94% of patients. Mutations in the NBS1
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Table 10.5 Syndromes associated with chromosomal instability and/or defective DNA repair

Name
Inheritance 
(Chromosome) Associated features

Immune 
defect Frequency of ID

Primary immunodeficiencies
1.  Nijmegen breakage 

syndrome
AR (8q21) Microcephaly, mental retardation, pre-

natal onset short stature, bird-like facies; 
malignancy (lymphoma); sinopulmonary 
and urinary tract infections

T, B ++++

2. Bloom syndrome AR (15q26) Short stature, telangiectatic erythema of 
face, sensitivity to sunlight; pneumonia, 
otitis media; risk for leukemia/lymphoma

T, B, NK +++

3. Ataxia-telangiectasia AR (11q22) Progressive cerebellar ataxia, telangiecta-
sias (conjunctival), choreoathetosis; risk 
for leukemia/lymphoma

T, B ++++

4.  DNA ligase IV 
deficiency

?AR (13q22-q34) Microcephaly, growth failure, develop-
mental delay; pancytopenia, radiosensi-
tivity

Ph ++++

Other immunodeficiencies
5.  ICF syndrome 

(immunodeficiency, 
centromeric 
instability, and 
facial anomalies)

AR (20q11) Mental retardation, chromosomal 
instability, facial dysmorphism; sinop-
ulmonary, gastrointestinal, cutaneous 
infections

T, B ++++

6.  Fanconi 
pancytopenia

AR (various) Radial hypoplasia, hyperpigmentation, 
pancytopenia, short stature

Ph, NK ++++

AR autosomal recessive, AD autosomal dominant, XL X-linked, ID immunodeficiency, T, T cell defect, B B cell defect, Ph 
phagocyte defect, NK NK cell defect
Frequency of ID: + less than 5% of reported cases with documented ID, ++ 5–30%, +++ 30–65%, ++++ >65%

gene (also termed Nibrin or p95), which encodes a sub-
unit of the Rad50/Mre11 protein complex involved in 
double-stranded break repair. were detected in patients 
with NBS [113, 184] (see Sect. 9.2 for more details).

10.7.2
Bloom Syndrome

This autosomal recessive condition (OMIM#210900) 
is characterized by growth failure, hypersensitivity 
to sunlight, and characteristic facial features (malar 
hypoplasia, micrognathia, and prominent ears). 
Neoplasia, especially leukemia and lymphoma, is 
greatly increased and is the most frequent cause of 
death [56]. The diagnosis may be established by the 
finding of an increased number of sister chromatid 
exchanges in cells grown in medium with bromo-
deoxyuridine (BrdU). There is an increased suscep-
tibility to infection, especially pneumonia and otitis 
media. Immunological defects may involve both the 
humoral and cellular responses [92]. The product of 
the BLM gene encodes a RecQ DNA helicase that is 

involved in DNA duplex unwinding and may inter-
act with topoisomerases or other proteins involved 
in DNA repair [42] (see Sect. 9.2 for more details).

10.7.3
Ataxia-Telangiectasia

Ataxia-telangiectasia (A-T, OMIM#208900) is an 
autosomal recessive condition marked by progres-
sive cerebellar ataxia, oculocutaneous telangiectasias, 
and chromosome instability. Patients with A-T are at 
increased risk for malignancy, especially leukemia and 
lymphoma. Elevated alpha-fetoprotein is a consistent 
finding. There is an increased sensitivity to ionizing 
radiation. The severity and type of immune dysfunc-
tion is very variable. A variety of immunological defects 
have been reported, including hypogammaglobuline-
mia (low IgG, IgA, and/or IgE) [54] and decreased T cell 
response to antigen and mitogen. Defects in the gene 
ATM, which is involved in DNA damage response and 
interacts with NBS1, have been identified [25, 53, 158, 
201]. Patients with progressive cerebellar degeneration 



 Chapter 10 Syndromic Immunodeficiencies 305

similar to that seen in ataxia-telangiectasia but who did 
not have telangiectasias were diagnosed with the ataxia-
like syndrome and were found to have mutations in 
MRE11 [168] (see Sect. 9.2 for more details).

10.7.4
DNA Ligase IV Deficiency

Deficiency of DNA ligase IV (OMIM#601837) is associ-
ated with microcephaly, growth failure, and developmental 
delay, and the phenotype has some resemblance to that of 
the Nijmegen Breakage syndrome [130]. Cell lines from 
these patients showed marked radiosensitivity, and pancy-
topenia has been reported (see Sect. 2.5 for more details).

Other Syndromic Immunodeficiencies 
Associated with Chromosome Instability 
and/or Defective DNA Repair

10.7.5
ICF Syndrome

This autosomal recessive condition (OMIM#242860) 
is comprised of immunodeficiency, centromeric insta-
bility (involving chromosomes 1 and 16, often 9, rarely 
2 and 10), and facial anomalies (ocular hypertelorism, 
flat nasal bridge) syndrome [110, 176]. Mental retarda-
tion is frequent. Deletions, breaks, interchanges between 
homologous and nonhomologous chromosomes, and 
multibranched configurations involving pericentric het-
erochromatin have been described. The ICF syndrome 
differs from many other chromosome instability syn-
dromes in that no hypersensitivity to clastogenic agents 
has been demonstrated, and hence it is not a chromo-
some breakage syndrome.

Severe chronic sinopulmonary, gastrointestinal, 
and cutaneous infections occur. Generally, at least two 
immunoglobulin classes are affected in each patient 
[110, 161]. T cell number and lymphoproliferative 
response to mitogen may be decreased [47, 161]. Muta-
tions in the gene encoding the DNA methyltransferase 
DNMT3B have been identified [133, 199]. However, 
other patients diagnosed with ICF with centromeric 
instability of chromosomes 1 and 16 do not have identi-
fied DNMT3B mutations [78, 88]. Of note, the patient 
reported by Braegger et al. [15] with intrauterine growth 
deficiency, ischiadic hypoplasia, microcephaly, renal 
dysfunction, cryptorchidism, postaxial polydactyly, and 
hypogammaglobulinemia, was subsequently diagnosed 
with ICF [88] (see Sect. 9.2 for more details).

10.7.6
Fanconi Pancytopenia

This autosomal recessive syndrome (OMIM#227650) is 
associated with hyperpigmentation of the skin, cafe au 
lait spots, radial hypoplasia, short stature, microcephaly, 
renal and genital anomalies, mental retardation, and a 
characteristic facial appearance (microphthalmia, micro-
gnathia, broad nasal base, and epicanthal folds). Single 
chromatid breaks and gaps, as well as multiradials of the 
nonhomologous type are present. Increased sensitivity to 
the clastogenic agent diepoxybutane is useful for diagno-
sis and prenatal detection [79]. Neutropenia secondary to 
bone marrow failure occurs in over 95% of patients. T 
and B cell functions are generally normal. At least 12 dif-
ferent genes are associated with this condition.

10.8
Syndromes Associated with Chromosomal 
Abnormalities of Number or Structure

Primary Immunodeficiencies Associated 
with Chromosomal Abnormalities of Number 
or Structure

10.8.1
Deletions of 22q11 and 10p13-p14

Deletions of the chromosomal regions 22q11 and 
10p13-p14 are associated with the Di George syndrome 
[43, 63]. This malformation sequence is due to defec-
tive development of the third and fourth pharyngeal 
pouches, resulting in thymic absence or hypoplasia, 
conotruncal cardiac defects, and parathyroid hypo-
plasia (with hypocalcemia). The Di George syndrome 
(OMIM#188400) is considered a primary immunode-
ficiency (see Sect. 9.3 for more details).

Other Syndromic Immunodeficiencies 
Associated with Chromosomal Abnormalities 
of Number of Structure

10.8.2
Trisomy 21

Down syndrome (OMIM#190685) results from tri-
somy 21 and is associated with mental retardation, car-
diac defects, gastrointestinal abnormalities, leukemia, 
and early-onset Alzheimer disease. Affected individuals 
can experience significant morbidity and mortality due 
to infections, especially respiratory infections [178] 
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(Table 10.6). Although most individuals do not have 
clear immune dysfunction, a number of immunologic 
abnormalities have been noted. B lymphocyte counts 
are often low throughout childhood, and the T lym-
phocyte count may also be low in the first 15 months 
of life, though these normalized with time [29]. No 
relationship between the lymphocyte subpopulation 
sizes and the frequency of infections was detected. 
Decreased B cell number and low specific antibody 
response have been reported [101, 178]. Proliferation 
in response to phytohemagglutinin and alloantigens, 
delayed cutaneous hypersensitivity response, and 
T cell-mediated killing is variably reduced [118, 178]. 
Total NK cell number is increased but the activity is 
decreased [26, 118]. Phagocyte number is normal, but 
chemotaxis and oxidative metabolism, and hence kill-
ing, is impaired [4]. There is an increased incidence of 
autoimmune conditions [28]. Proliferation and IL-2 
production in response to phytohemagglutinin were 
decreased in adult men with Down syndrome [139].

10.8.3
Partial Deletions of Chromosome 4p

Patients with partial deletions of chromosome 4p or 
Wolf–Hirschhorn syndrome (OMIM#194190) have pre-

natal-onset growth deficiency, mental retardation, micro-
cephaly, ocular hypertelorism, coloboma of the iris, and 
seizures [202]. The critical region has been narrowed to 
165 kb on 4p16.3 [198], and a second critical region has 
been proposed [203]. Patients have frequent episodes of 
respiratory infections, due in part to recurrent aspiration, 
but antibody deficiencies are also common. Immune 
defects include common variable immunodeficiency, IgA 
with IgG2 subclass deficiency, selective IgA deficiency, 
and impaired polysaccharide responsiveness [67]. T cell 
immunity is normal. Immunodeficiency does not appear 
to correlate with deletion size, and all of these patients 
were deleted for the 4p16.3 critical region. This region 
likely contains a gene or genes critical for B cell function.

10.8.4
Turner Syndrome

Patients with a missing or structurally abnormal 
X chromosome often present with short stature, shield 
chest, congenital lymphedema, and ovarian dysgenesis. 
The syndrome is associated with an increased risk for 
upper respiratory and ear infections, autoimmunity, 
and occasional neoplasia. IgG, IgM, and/or IgA levels 
may be abnormal [102]. Decreased T cell number with 
poor response to phytohemagglutinin, absent delayed 

Table 10.6 Syndromes associated with chromosomal abnormalities of number or structure
Name Associated features Immune defect Frequency of ID
Primary immunodeficiencies
1a.  Deletion of long arm of 

chromosome 22 (22q11.2) 
(Di George/velo-cardio-
facial syndrome)

Aortic arch anomalies, hypocalcemia, thymic hypo-
plasia, cleft palate, facial dysmorphism; autoim-
mune disease, immune cytopenia, hypothyroidism

T, B ++++

1b.  Deletion of short arm of 
chromosome 10 (10p13-p14)

Hypoparathyroidism, Di George syndrome; some 
with deafness, renal anomaly

T ++

Other immunodeficiencies
2.  Trisomy 21 (Down 

syndrome)
Hypotonia, flat facies, upslanting palpebral fissures, 
mental retardation; sinopulmonary infections; risk 
of leukemia; autoimmune thyroiditis

T, B, Ph, NK ++

3.  Deletion of short arm of 
chromosome 4 (4p16) 
(Wolf–Hirschhorn 
syndrome)

Growth and developmental deficiency, “Greek hel-
met”-like facies, microcephaly, coloboma; respira-
tory infections

B +++

4.  Missing or abnormal X 
chromosome (Turner syn-
drome; XO, isoX, ring X)

Short stature, webbed neck, broad chest, ovarian 
dysgenesis, Congenital lymphedema; pulmonary/
ear infections; autoimmune disease (e.g., thyroid 
disease, celiac disease, arthritis); gonadoblastoma (if 
Y chromosome material present)

T, B ++

ID immunodeficiency, T, T cell defect, B B cell defect, Ph phagocyte defect, NK NK cell defect
Frequency of ID: + less than 5% of reported cases with documented ID, ++ 5–30%, +++ 30–65%, ++++ >65%
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cutaneous hypersensitivity reactions, and common 
variable immunodeficiency occasionally occur [2, 17, 
38, 152]. The relationship, if any, between the immune 
defects in Turner syndrome and the X-linked primary 
immunodeficiencies is unknown.
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Core Messages

● Treatment of primary immunodeficiency dis-
eases (PID) should be tailored to counteract the 
immune defect and prevent complications.

● Initiating treatment early in the course of the 
disease is essential.

● Prevention of infections is very important 
in all forms of PID. This can be achieved by 
reducing exposure to pathogens, with aggres-
sive use of antimicrobial drugs, and with 
immunoglobulin substitution therapy.

● In infants with severe combined immunodefi-
ciency, hematopoietic stem cell transplantation 
is the treatment of choice, and leads to perma-
nent cure in the majority of patients.

● Replacement immunoglobulin is the main-
stay of therapy for patients with predomi-
nantly antibody deficiencies.

● Autoimmune manifestations are not rare in 
PID. In general, their treatment should not 
differ from what is otherwise in use in immu-
nocompetent individuals.

● Antibacterial and antifungal prophylaxis is 
essential in defects of phagocytosis. In addi-
tion, granulocyte-colony stimulating factor is 
the treatment of choice in patients with severe 
congenital neutropenia.

● Apart from combined immunodeficiencies, 
hematopoietic stem cell transplantation can 
be considered also in the treatment of severe 
phagocytes defects and of immunodeficiency 
with immune dysregulation.

11.1
Introduction

The essential principles for therapy of patients with 
primary immunodeficiency diseases (PID) are to 
reduce exposure to infectious agents, aggressive use of 

appropriate anti bacterial, antifungal and/or antiviral 
agents, and replacement or restoration of immunity 
where possible.

An overview of different treatment modalities is 
shown in Table 11.1. About 70% of all patients with 
PID require immunoglobulin replacement, which its 
common indications are listed in Table 11.2. In this 
chapter, different options available for the treatment 
of some forms of PID are briefly discussed [15].

11.2
Therapy for Combined T and B Cell 
Immunodeficiencies

11.2.1
Severe Combined Immunodeficiency

Once a diagnosis of severe combined immunodefi-
ciency (SCID) is confirmed, therapy must be initiated 
as quickly as possible as it is a pediatric emergency. The 
first step is isolation, since infants with SCID are prone 
to fulminant life-threatening infections.

The first line of therapy is antibiotics. Since Pneumo-
cystis jiroveci pneumonia is a common early complication, 
infants should receive prophylaxis, usually trimethoprim-
sulfamethoxazole (5 mg/kg of trimethoprim given once 
daily 3 times a week). Alternative prophylactic regimens 
include pentamidine isethionate (5 mg/kg every 4 weeks), 
dapsone (1 mg/kg daily), and atovaquone (30 mg/kg 
daily). Early signs of infection should be promptly rec-
ognized, and antimicrobial regimens initiated early and 
for prolonged periods. Antiviral medications should be 
started when suspecting Varicella zoster virus (VZV) or 
cytomegalovirus (CMV) infections, which are common 
viral illnesses in this group.

Since antibody production does not occur in most 
forms of SCID, intravenous immunoglobulin (IVIG, 
400–500 mg/kg) or the equivalent given subcuta-
neously (SCIG) is important [16]. Replacement of 

Chapter 11

Treatment of Primary 
Immunodeficiency Diseases 11
Hale Yarmohammadi 
and Charlotte Cunningham-Rundles



316 Hale Yarmohammadi and Charlotte Cunningham-Rundles

Table 11.1 General therapeutic principles in primary immunodeficiency diseases
Predominantly antibody deficiencies
(1) Therapy of infections with standard dose regimens
(2)  Immunoglobulin replacement therapy ( Intravenous immunoglobulin, 

400–600 g/kg) every 2–4 weeks when indicated
(3) Antimicrobial chemoprophylaxis

Children Adults
Amoxicillin 20 mg/kg/qd or 

bid
500 g/qd or bid

Trimethoprim/sulfamethoxazole 5 mg/kg/qd 160 mg/qd
Azithromycin 10 mg/kg/qwk 500 mg/qwk

(4)  Supportive care
Fluid and nutritional support, enteral, parenteral
Cardiopulmonary support

Combined T and B cell immunodeficiencies

(1)  Immunoglobulin replacement therapy (Intravenous immunoglobulin, 
400–600 mg/kg) every 2–4 weeks when indicated

(2)  Antibiotic prophylaxis as mentioned above, also including antifungal medication
(3) Total parenteral nutrition (TPN)/supportive care
(4) Stem cell transplant
(5) IFN-γ
(6) Interleukin-2/other cytokines
(7) Gene therapy
(8) No live virus/mycobacterial vaccines

Phagocytes Defects
(1) G-CSF (Granulocyte colony-stimulating factor)
(2) IFN-γ
(3) Prophylactic antibiotics (antibacterial/antifungal)
(4) Stem cell transplant

bid twice per day, qd once per day, qwk once per week

Table 11.2 Indications of immunoglobulin replacement therapy in primary immunodeficiency diseases
Predominantly antibody deficiencies
Agammaglobulinemia with absent B cells
Immunoglobulin class switch recombination deficiencies (due to intrinsic B cell defects)
Common variable immunodeficiency
Combined T and B cell immunodeficiencies
Severe combined immunodeficiency, all types
Immunoglobulin class switch recombination deficiencies (affecting CD40-CD40L)
Other well-defined immunodeficiencies
Ataxia-telangiectasia
Di George syndrome, complete type
Wiskott-Aldrich syndrome

immunoglobulin will give time for further therapeutic 
interventions. This treatment is continued through-
out the course of therapy and in some cases, even after 
successful hematopoietic stem cell transplantation 
(HSCT), as a significant number of SCID patients have 
a degree of failure of B cell engraftment.

Live vaccines such as yellow fever, MMR (mumps, 
measles, rubella), small pox, varicella and BCG 
(Bacille Calmette-Guérin), are to be avoided as they 
can result in fatal infections. Nonirradiated blood 
products should not be used, as infants with SCID 
do not have the ability to reject foreign tissue and 
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donor T cells result in graft-versus-host disease 
(GVHD).

An essential initial step is to identify a histocom-
patible match as soon as possible. This may be from 
an HLA-identical sibling or, if required, a haploiden-
tical matched or unmatched donor. Another source 
of stem cells for transplant has been cord blood. 
Umbilical cord blood stem cell transplantation has 
several advantages, including the ready availability of 
the unit, a lack of risk to the donor, and a lower risk of 
GVHD even in the absence of a perfect HLA matching 
[87]. As 30–40% of patients will not have a matched 
related or unrelated donor, cord blood could be an 
alternative [42]. Experience indicates that outcome 
after stem cell transplant depends greatly on the age 
at diagnosis and intervention. Patients who receive 
transplants within the neonatal period (first 28 days 
of life) have a significantly improved reconstitution 
after transplant compared to a later date [17]. The 
absence of serious infection is another important ele-
ment leading to favorable prognosis after transplant. 
Therefore, the use of trimethoprim-sulfamethoxazole 
(TMP-SMX) prophylaxis has been shown to have a 
significant effect on survival after related HLA-iden-
tical transplantation [5].

Patients with SCID due to ADA deficiency may 
benefit from the administration of polyethylene gly-
col (PEG)-ADA. The mortality rate of 48 ADA-SCID 
patients who received PEG-ADA (30 U/kg intramus-
cularly twice a week) was 15% [54]. All experienced 
clinical improvement with marked reduction of 
opportunistic infections, although immuno-reconsti-
tution, based on the number of lymphocytes or anti-
body response, was incomplete. Serum ADA activity 
and serum nucleotide levels can be used to monitor 
response to therapy and compliance [54]. Antibodies 
to PEG-ADA develop in 65% of patients [54]. PEG-

ADA is generally not administered to patients for 
whom stem cell transplant is planned.

Gene therapy has been used for the immunorecon-
stitution of patients with SCID who do not have HLA-
identical sibling or other suitable donors. For this, ex 
vivo gene transfer (genes for common gamma chain 
or ADA) into autologous hematopoietic stem cells iso-
lated from the patient is used for reconstitution [48]. 
Although cases of leukemia have occurred among a 
few X-linked SCID patients who received gene therapy, 
in other forms of SCID this therapy has shown some 
success [20]. Therapeutic principles for treatment of 
patients with SCID are listed in Table 11.3 (see Sects. 
2.2.5 and 2.3.5 for more details).

11.2.2
Immunoglobulin Class Switch Recombination 
Deficiencies (Affecting CD40-CD40L)

Patients with these Immunoglobulin class switch 
recombination (Ig CSR) deficiencies are usually given 
prophylactic antibiotics such as TMP-SMX, while 
Pneumocystis jiroveci pneumonia occurs in 30–40% 
of cases [72]. Other common  opportunistic infec-
tions are infections with cryptosporidium, CMV 
and mycobacteria. Therapy for infections would be 
guided by the organism present. Nitazoxanide (100–
200 mg twice daily) has been approved for treatment 
of diarrhea caused by Cryptosporidium. While healthy 
individuals recover without treatment, gastrointestinal 
cryptosporidium infection can lead to cholangitis in 
Ig CSR deficiencies. Severe anemia caused by parvo-
virus B19 infection has necessitated hospitalization 
and blood transfusions. Administration of high dose 
gammaglobulin has been used to clear this infection 
[21]. Neutropenia occurs in a significant percentage 

Table 11.3 Therapeutic principles for infants diagnosed with severe combined immunodeficiency

 (1) Consider this a medical pediatric emergency
 (2) Isolate infant
 (3) Treat any infections promptly
 (4) Avoid administration of live-attenuated vaccines
 (5) If growth failure is present, start parenteral nutrition
 (6)  Take into account the high frequency of Pneumocycstis jiroveci pneumonia. Take appropriate measures to 

evaluate this possibility. If Pneumocystis jiroveci pneumonia suspected or proven, use trimethoprim-sulfam-
ethoxazole (20 mg/kg/day IV)

 (7) Start prophylaxis of fungal infections with fluconazole (5 mg/kg/day)
 (8) Start prophylaxis with Trimethoprim-sulfamethoxazole (5 mg/kg/day)
 (9) Give immunoglobulin replacement therapy (intravenous immunoglobulins regularly 400 mg/kg/21 days)
(10) Always irradiate blood products, if transfusions are necessary
(11) Immediately plan for a stem cell transplantation
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of patients with defects of CD40 ligand deficiency and 
is responsive to granulocyte colony-stimulating factor 
(G-CSF) [72, 87]. If a sustained response is seen, this 
therapy can be discontinued because neutropenia in 
this disorder may resolve spontaneously.

Chronic diarrhea (often leading to growth failure) 
has been associated with poor prognosis. TPN (total 
parenteral nutrition) and hydration is a key treatment 
in these patients.

Stem cell transplant has been shown to be curative 
for CD40 ligand deficiency, although its overall success 
appears less than for SCID. In cases where stem cell trans-
plant has failed, deaths have been due to liver disease. 
They occurred either because cryptosporidial infection 
progressed rapidly following pretransplantation condi-
tioning or because ongoing hepatic inflammation acti-
vated donor T lymphocytes, initiating severe liver GVHD 
[87]. This is especially the case in older patients with more 
advanced liver disease [40]. In one case, cadaveric liver 
transplantation was followed by HSCT from a different 
matched unrelated donor. Liver transplantation alone in 
CD40 ligand deficiency appears to have a poor outcome 
[61] (see Sect. 2.8.5 for more details).

11.2.3
MHC Class II Deficiency

MHC class II deficiency, while not as severe an immune 
defect as SCID, does require certain precautions [16]. 
As there are reports of Pneumocystis jiroveci infection, 
administration of prophylactic antibiotics such as TMP-
SMX is recommended. High dose of TMP-SMX should 
be given with caution as profound hypoglycemia has 
been reported as a side effect of the medication in this 
particular group [43]. While full immuno-reconstitu-
tion is desired, stem cell transplantation has been prob-
lematic. The prognosis with this procedure is poorer 
than for other forms of SCID. In one series, overwhelm-
ing viral infections have been the predominant cause of 
death [102, 105]. The possibility of gene therapy is under 
investigation [79] (see Sect. 2.9.5 for more details).

11.3
Therapy for Predominantly Antibody 
Deficiencies

11.3.1
Agammaglobulinemia with Absent B Cells

Most subjects with agammaglobulinemia are males (X-
linked agammaglobulinemia XLA), although rare forms 

of autosomal defects can lead to this in both males and 
females. The therapy for the agammaglobulinemic syn-
dromes includes the use of antibiotics as needed and full 
doses of immune globulin for antibody replacement [15].

When infections occur, the most common organ-
isms isolated are Streptococcus pneumoniae and Hae-
mophilus influenzae and antibiotic choices are based on 
this spectrum [22]. Whether or not prophylactic anti-
biotics are indicated in the management of agamma-
globulinemia is unclear; many physicians use chronic 
antibiotic therapy for all patients and others use these 
only for patients with known lung impairment. While 
less common at this time due to the use of immunoglob-
ulin (Ig) replacement, central nervous system enterocy-
topathic human orphan (ECHO) virus infections have 
been a prominent infection in agammaglobulinemia, 
especially XLA [107]. Therapy has been at least partly 
successful with immunoglobulin given at high doses 
and maintaining IgG trough levels of >1,000 mg/dl 
[88]. Intrathecal gamma globulin has also been used. 
Despite initial responses to these treatments, relapses 
have occurred. Some patients have been treated suc-
cessfully with the antiviral drug pleconaril, although 
it is not generally available [99, 107]. Systemic infec-
tions due to vaccine strain poliovirus have also been 
reported. Occasionally, patients have Ureaplasma spe-
cies arthritis and other tissue involvement. The diag-
nosis may be difficult, as laboratory methods do not 
readily identify mycoplasma, although a molecular 
means has been successfully used [7]. These infec-
tions respond to appropriate antibiotic treatment and, 
in fact, may be tried for patients with unclear arthri-
tis even when the cause is not clear [7]. Pneumocystis 
jiroveci pneumonia has been rarely reported in XLA.

Immunoglobulin replacement is essential in the 
agammaglobulinemia syndromes, usually in doses of 
400–600 mg/kg per month, given either intravenously 
or subcutaneously. Higher doses have been used in 
some cases, and may be helpful in those with more rapid 
utilization of IgG, or those with chronic infections or 
lung disease [62]. Long-term follow-up of patients has 
shown that bronchiectasis and gastroenteritis may occur 
despite what appears to be adequate immunoglobulin 
treatment [8]. Close monitoring and aggressive treat-
ment of acute and chronic infections are essential [8, 
89]. In a study, lung transplantation has been performed 
in a few patients with XLA. Survival of 6 and 12 months 
in two patients with XLA following double lung trans-
plantation for end-stage lung disease has been reported 
[81] (see Sect. 3.2.5 for more details).

Hypogammaglobulinemia with thymoma, (Good 
syndrome) is associated with concomitant T cell defects, 
and prophylactic antibiotics such as TMP-SMX one 
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tablet (160/800 mg) a day may be used for Pneumocystis 
jiroveci infection or antibacterial prophylaxis. Good 
syndrome is also associated with other opportunistic 
infections, including mucocutaneous candidiasis, VZV, 
CMV, and recurrent herpes simplex virus (HSV) [116].

Autoimmunity, most notably pure red cell aplasia or 
neutropenia also occurs in Good syndrome. Chronic 
diarrhea of unclear origin is another complication 
and maybe caused by CMV [64, 125]. In patients with 
Good syndrome, while a thymoma may be excised 
for verification to determine if there is an element of 
malignancy, removal does not appear to be followed by 
normalization of immune phenotype or function or 
remission of associated autoimmune diseases [116].

11.3.2
Hypogammaglobulinemia with Normal/Low 
Number of B Cells

The predominant clinical manifestations of common 
variable immunodeficiency (CVID) are r ecurrent res-
piratory tract infections, such as sinusitis, otitis media, 
bronchitis, and recurrent pneumonias. The main 
organisms include encapsulated (Haemophilus influ-
enzae, Streptococcus pneumoniae) or atypical (Myco-
plasma sp.) bacteria [25]. The mainstay of therapy in 
CVID is the use of Ig replacement, in doses as given 
for agammaglobulinemia [9]. Higher doses of Ig 
may be useful for subjects who have developed lung 
impairment (600 mg/kg/month or more). The more 
long-term issues of the pulmonary tract which require 
additional management include the development of 
bronchiectasis, granulomatous infiltrations or lym-
phocytic interstitial pneumonitis. These complications 
result in significantly enhanced morbidity and poten-
tially mortality in CVID [22]. For lung damage, addi-
tional doses of immunoglobulin coupled with chronic 
antibiotics are the mainstay of therapy; postural drain-
age and physical therapy to retain lung capacity is rec-
ommended. The cause of granulomatous diseases is 
not known, but low dose steroids are usually useful; 
hydroxycloroquine may be added as it has the potential 
to reduce macrophage/monocyte antigen presentation. 
TNF inhibitors have been tried with some success, but 
mostly for skin or generalized granulomatosis [51]. 
Infliximab has been used at a dose of 5 mg/kg every 
3 weeks for a total of four infusions. For lymphocytic 
infiltrates, broad-spectrum antibiotics are the first 
choice as the lymphocytes may be responding to a spe-
cific bacterium. However, when diffusion capacity is 
reduced, steroids (pulse or low dose continuous) may 
be required.

Many subjects with CVID have gastrointestinal com-
plications. Giardiasis and enteritis with Campylobacter 
jejuni or salmonellosis are the most common enteric 
infections. Treatment should be started accordingly if 
these infections occur. CMV enteritis may also occur 
which is harder to treat [111]. Another complication is 
an inflammatory bowel like disease; the treatment here 
includes metronidazole, ciprofloxacin, and/or mesala-
mine, low dose steroid or a short course of 6MP (mer-
captopurine) can be useful as well. Seronegative arthritis 
and vasculitides have also been observed [25]. Autoim-
munity, especially idiopathic thrombocytopenic pur-
pura or ITP (6%) and hemolytic anemia (5%), occurs 
at a higher frequency in patients with CVID [24]. Per-
nicious anemia is not uncommon and is treated with 
injections of Vitamin B12. For these autoimmune ail-
ments, the treatment is the same as that rendered to an 
immuno-competent person, starting with moderate 
doses of steroids and using other immune suppressants 
with caution, including cyclosporine and potentially 
rituximab among others [75].

Currently, there are no specific approaches for malig-
nant complications of CVID and standard measures are 
used [25]. Lymphoma is commonly seen in CVID [29]. 
The prevalence of non-Hodgkin lymphoma (B cell lym-
phoma) (2.2–7.7%) and gastric cancer (0.8–1.7%) are 
increased in CVID [26]. There may be at least a 10-fold 
increase in the relative risk for developing gastric cancer 
compared with the normal population. Nonmalignant 
lymphoproliferative disease is seen frequently in CVID 
and usually warrants no therapy [25]. The treatment of 
the disease and its complications are listed in Table 11.4 
(see Sect. 3.3.5 for more details).

11.3.3
Immunoglobulin Class Switch Recombination 
Deficiencies (Due to Intrinsic B Cell Defects)

AID (activation-induced cytidine deaminase) and 
UNG (Uracil-DNA glycosylase) deficiency are inherited 
as autosomal recessive defects. These syndromes are 
characterized by recurrent upper and lower respira-
tory tract infections caused by encapsulated bacteria 
suggesting the choice of antibiotics which are likely to 
be helpful [97, 98]. Patients with this diagnosis should 
also be given immunoglobulin replacement (400–
600 g/kg every 3–4 weeks) as it effectively reduces 
the incidence and the severity of infectious illnesses 
[59]. Neither of these immune defects appear to lead 
to  opportunistic infections, therefore prophylaxis for 
Pneumocystis jiroveci pneumonia appears unnecessary 
[35]. The  lymphoid  hyperplasia associated with this 
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disease does not appear to improve with Ig replace-
ment [35] (see Sect. 3.4.5 for more details).

11.3.4
Selective IgA Deficiency

IgA deficiency is quite common, depending on the 
populations studied; however, most subjects are 
asymptomatic and require no therapy. For those 
who come to medical attention, clinical manifes-
tations include respiratory and gastrointestinal 

tract infections, atopy, or autoimmune diseases. 
Up to one-third experience recurrent infections, 
including frequent sinopulmonary infections, or 
gastrointestinal infections [50]. Aggressive antimi-
crobial therapy and prophylaxis are often indicated. 
Antibiotics such as TMP-SMX (160/400 mg) have 
been used for prophylaxis. Some patients who have 
frequent infections may benefit from longer-term 
prophylactic antibiotics.

IgA deficiency is also associated with higher 
prevalence of atopy. Allergic inflammation can 

Table 11.4 Treatment of common variable immunodeficiency
Replacement Gammaglobulin (400–500 mg/kg) intravenous or subcutaneous every 3–4 

weeks
Infections
Gram negative
Gram positive
Giardia
Mycoplasma
Viral hepatitis/CMV enteritis

Augmentin (amoxicillin/clavulinic acid)
Cephalosporins
Metronidazole 500 mg twice per day
Macrolydes (Biaxin/clarythromycin, azithromycin)
Supportive therapy

Autoimmune disease Gammaglobulin at a higher dose (1–2 g/kg) for 1–2 courses

Idiopathic thrombocytopenic 
purpura (6%)

Prednisone (20–60 mg) for a short term
Splenectomy (avoid, if possible)
Anti D (Rhogam)
Rituximab 375 mg/m2, intravenous, weekly for a total of four doses
Steroids, oral or parenteral
B12 injections monthly
Consider prednisone
Consider Plaquenil
Consider cyclosporin

Hemolytic anemia (5%)
Pernicious anemia
Rheumatoid arthritis

Granuloma Prednisone low dose (10–20 mg once a day) for 6 months
Consider higher dose of gammaglobulin (1–2 g/kg) for 1–2 courses
Cyclosporin
Hydroxycloroquine
Consider Enbrel or monoclonal antibody against TNF-α

Gastrointestinal involvement
Celiac disease
Inflammatory disease
Malabsorption
Nodular lymphoid hyperplasia

Avoidance of gluten
Metronidazole/ciprofloxacin, mesalamine
Zinc, fat soluble vitamins, parenteral nutrition, low dose prednisone (10–20 mg)
Usually no treatment required

Cancer

Non-Hodgkin lymphoma (2.2–7.7%)
Gastric cancer (0.8–1.7%)

Standard treatment (chemotherapy, etc.)
Standard treatment

Preventative measures
Vaccination
Physical therapy

Patients can receive all vaccinations when recommended
Pulmonary rehabilitation
Exercise
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predispose patients to respiratory tract infections, 
especially sinusitis and otitis media. Allergy should 
be diagnosed and treated using standard modalities 
(environmental control or avoidance, medication, 
immunotherapy) [74]. IgA-deficient individuals are 
also somewhat more likely to develop autoimmune 
diseases, including ITP, hemolytic anemia, pernicious 
anemia, lupus-like illnesses, juvenile idiopathic arthri-
tis, and gastrointestinal illnesses, including Crohn’s 
disease, ulcerative colitis or celiac disease [69].

A rare patient with what appears to be selective IgA 
deficiency has a defect in production of antibodies, either 
to carbohydrate antigens alone, or a more global defect 
also involving protein antigens [33]. To determine if an 
IgA-deficient subject with recurrent significant infec-
tions might benefit from Ig replacement, IgG antibody 
responses to protein and polysaccharide vaccines can be 
evaluated [33]. Patients with IgA deficiency and con-
comitant IgG2 subclass deficiency might also benefit 
from Ig replacement [10, 33]. Without a demonstrable 
impairment of specific antibody formation, Ig replace-
ment is not likely to be of value. A percentage of subjects 
with selective IgA deficiency have anti-IgA antibodies; in 
a rare case, an infusion reaction can develop if exposure 
to IgA containing blood products occurs [69]. Treat-
ment for IgA deficiency is summarized in Table 11.5 
(see Sect. 3.5.5 for more details).

11.3.5
Isolated IgG Subclass Deficiency

The most common forms of IgG subclass deficiencies 
are deficits of IgG1 and IgG3, which may lead to defi-
cient antibody production when significantly reduced. 
Impaired polysaccharide antibody responses may be 
associated with IgG2 subclass deficiency; isolated IgG3 
subclass deficiency does not appear to result in a detect-
able impairment [118, 119]. For subjects with significant 
loss of antibody, antibiotic therapy, sometimes in prophy-
lactic doses, are useful. The choices of antibiotic include 
agents used for the same kinds of organisms that affect 
other antibody deficient subjects. For adults these include 
TMP-SMX (160/400 mg) daily, amoxicillin 500 mg twice 
a day and azithromycin 250 mg twice a week. These doses 
should be adjusted in the pediatric population based on 
weight. Immunoglobulin replacement is more controver-
sial, as this therapy is reserved for cases in which clear-
cut antibody deficiency can be demonstrated [11]. In 
many cases of IgG subclass deficiency, this is not the case 
[118]. Environmental hypersensitivity is also frequently 
encountered in patients with IgG subclass deficiency, thus 

management may include therapy of allergy [55] (see 
Sect. 3.6.5 for more details).

11.3.6
Specific Antibody Deficiency with Normal 
Immunoglobulin Concentrations

An occasional person has antibody deficiency but 
normal serum immunoglobulins. This may result in 
recurrent upper and/or lower respiratory tract infec-
tions and require Ig replacement. Antibody deficiency 
should be evaluated for both proteins based or polysac-
charide based vaccines in order to delineate and better 
confirm this diagnosis.

Patients who fail to respond to pneumoccocal polysac-
charide vaccine when immunized may respond to the con-
jugate vaccine [109, 110] (see Sect. 3.7.5 for more details).

11.3.7
Transient Hypogammaglobulinemia of Infancy

Infants are normally protected by transplacentally 
acquired maternal IgG for the first 3–4 months of life. In 
some infants, production of IgG does not reach normal 
levels until the second or third year of life, a condition 
termed transient hypogammaglobulinemia of infancy 
(THI). This delay in antibody production may be asso-
ciated with recurrent infections. Since common clinical 
findings of THI include bacterial sinopulmonary infec-
tions and other respiratory tract infections, preventive 
antibiotic therapy may be indicated [108]. A period of Ig 
replacement may be considered if infections are severe or 
the diagnosis is not yet clarified. If serum IgA and IgM 
levels increase while on Ig replacement, it is likely that res-
olution of THI has occurred; to test this, gammaglobulin 
therapy should be stopped and the status of the patient’s 
humoral immune function tested after 5–6 months of 
therapy [27] (see Sect. 3.8.5 for more details).

11.4
Therapy for Phagocytes Defects

11.4.1
Severe Congenital Neutropenias/Cyclic 
Neutropenia

G-CSF is the mainstay of treatment and is recom-
mended in all patients with severe congenital neu-
tropenia and some patients with cyclic neutropenia 
[30]. There is a 90% response rate in cyclic neutropenia 
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Table 11.5 Treatment of IgA deficiency
Infections

Gram positive

Gram negative
Mycoplasma

Augmentin (amoxicillin/clavulinic acid)/Fluroquinolones with recurrent sinusitis/
otitis media
Cephalosporins
Macrolides (Biaxin/clarythromycin, azithromycin, etc.)

Autoimmune disease Gammaglobulin at a higher dose (1–2 g/kg) for 1–2 courses
Idiopathic thrombocytopenic 
purpura
Hemolytic anemia
Pernicious anemia
Neutropenia

Oral or parenteral steroids, anti-D, vincristine, Rituxan, splenectomy

Oral or parenteral steroids, Rituxan
B12 injections
Prednisone low dose (20 mg/day for 5 days); G-CSF, oral or parenteral steroids, 
Rituxan

Juvenile idiopathic arthritis/
Lupus-like illnesses

Nonsteroidal anti-inflamatories, hydroxychloroquine consider corticosteroids, 
anti-TNF therapies

Allergy

Atopic Dermatitis Moisturizing on a daily basis
Steroid creams (Mometazone furoate 0.1% cream twice a day)
Prednisone low dose (20 mg/day for 4–5 days) in severe cases with oozing lesions
Cephalexin treatment of Staphylococcus aureus on skin

Allergic Rhinitis Preventative environmental precautions such as cleaning and washing linen on a 
weekly basis and getting dust mite covers for the bedroom
Taking inhaled nasal steroids (fluticasone)
Taking oral antihistamines (cetirizine)
Taking antileukotriene inhibitors (montelukast)
Depending on its severity, with Inhaled steroids or a combination of inhaled ster-
oid with a long acting B agonist (salmeterol)

Asthma

Gastrointestinal involvement
Celiac disease Strict avoidance of gluten
Chrons disease Sulfasalazine, mesalamine
Ulcerative colitis Prednisone low dose (20 mg/day × 4–5 days)
Giardia diarrhea Metronidazole 500 mg twice a day
Cancers
Gastrointestinal lymphoma Standard therapy
Preventative measures
Vaccination Patients can receive all vaccinations

Recommend vaccination with pneumococcal vaccine in patients with recurrent 
sinusitis

Blood product reactions Consider anti-IgA antibody blood testing to avoid infusion reaction

Physical therapy Pulmonary rehabilitation
Exercise

to G-CSF. The initial dose for G-CSF (filgrastin) is 
500 mcg/kg/day. Pegfilgrastin (pegylated form of 
filgrastin) can be used as a single dose of 6 mg, or 
if not effective can be used as 100 mcg/kg daily 
or intermittently for cyclic neutropenia. As with 

other neutrophil defects, preventive and supportive 
measures are important elements of therapy. These 
include prophylactic antibiotics such as TMP-SMX 
(160/400 mg daily) amoxicillin (500 mg twice a day) 
or azythromycin (250 mg twice a week), for recurrent 
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infections. As neutropenia leads to dental and gingi-
val infections, dental follow up and gingival care is 
recommended.

For severe congenital neutropenia, stem cell trans-
plant may be curative and are considered for patients 
who do not respond to G-CSF. Success has been 
reported with both HLA-identical sibling donors and 
HLA-matched unrelated donors [126] (see Sects. 4.2.5 
and 4.3.5 for more details).

11.4.2
Leukocyte Adhesion Deficiency

Supportive treatment of leukocyte adhesion defi-
ciency type 1 (LAD-1) consists of prompt use of 
antibiotics for infection and surgical debridement 
of wounds [18]. Granulocyte transfusions may 
be useful to treat infections otherwise unrespon-
sive to therapy. Consideration may be given to the use of 
antibacterial and/or antifungal prophylactic treatment 
[4]. These patients also have recurrent teeth/gum 
infections and require dental follow up on a regular 
basis (every 3–4 months).

Stem cell transplant is curative for LAD-1 and 
should be considered early in the course of disease for 
patients with complete LAD-1. Allogeneic stem cell 
transplant leading to a mixed chimeric population of 
normal and LAD-1 myeloid stem cells can achieve a 
clinical cure [76].

Oral fucose supplementation has induced expres-
sion of fucosylated selectin ligands on neutrophils in 
a few patients with LAD-2; this results in normaliza-
tion of neutrophil counts, and possibly decreased 
infections. Whether there may be improvement in 
psychomotor abilities has not been established [78]. 
One patient with LAD-3 identified had significant 
ear and urinary tract infections; transplant was con-
sidered. Antibiotic treatment included Amoxicilin/
clavulinic acid or fluroquinolones. One patient with 
RAC-2 deficiency had stem cell transplant which was 
successful [122] (see Sects. 4.4.5 and 4.5.5 for more 
details).

11.4.3
Chronic Granulomatous Disease

The principal bacterial pathogens in chronic granulo-
matous disease (CGD) are Staphyloccus aureus, Salmo-
nella, Klebsiella, Aerobacter, Serratia, and Burkholderia
[41, 123]. Infection with Aspergillus fumigatus occurs 

in most patients; Candida albicans is another promi-
nent fungal pathogen. Prophylactic treatment with 
TMP-SMX 5 mg/kg divided into twice-daily dosages 
has been shown to reduce the rate of severe bacterial 
infections in patients with CGD by 50% [82]. Prophy-
lactic treatment with itraconazole (100 mg/day up to 
50 kg of body weight, 200 mg/day thereafter) reduces 
the number of infections with Aspergillus [83]. Pro-
phylactic IFN-γ, 50 µg/m2 administered subcutane-
ously 3 times per week, reduces severe infections in 
both X-linked and autosomal recessive CGD [38]. In 
patients with CGD, aggressive surgical debridement 
is indicated for abscesses unresponsive to medical 
therapy. Deep-seated granulomatous infections in 
patients with CGD do not respond readily to intrave-
nous antibiotic therapy, even with granulocyte trans-
fusions. If there is not a prompt clinical response to 
medical therapy, aggressive surgical debridement is 
necessary. Adverse effects are frequent and limit the 
usefulness of this therapy [13].

A colitis similar to Crohn’s disease occurs in approxi-
mately 17% of patients [6, 82]. Granulomatous inflamma-
tion may lead to obstruction of the gastric outlet, ureter, 
or esophagus. Oral steroids or in some cases 6MP would 
be considered for treatment. CGD has been successfully 
treated with stem cell transplantation. Long-term survival 
using HLA-identical sibling donors is approximately 80%. 
Stem cell transplant may be considered for patients with 
recurrent, severe infections despite supportive treatment 
and those who have an HLA-matched sibling. Detailed 
treatment modalities are shown in Table 11.6 (see Sect. 
4.7.5 for more details).

11.5
Therapy for Genetic Disorders of Immune 
Regulation

11.5.1
Chediak-Higashi Syndrome

The infections of this disease are pyogenic and affect 
mainly the skin, respiratory tract, and, occasionally, 
other organs [60]. If recurrent infections appear, pro-
phylactic antibiotics such as TMP-SMX (80/400 mg 
daily) amoxicillin (500 mg twice a day) or azythromy-
cin (250 mg twice a week) should be considered. In the 
so-called accelerated phase, proliferation of T cells and 
massive infiltration of lymphoid compartments occur, 
causing lymphadenopathy, hepatosplenomegaly, and 
bone marrow failure. Without aggressive treatment, 
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this is usually fatal. This phase is treated with high-dose
glucocorticosteroids (Prednisone 60 mg daily) and 
chemotherapeutic agents. However, relapses are frequent. 
Allogeneic stem cell is the only curative therapy for the 
accelerated phase and the immunologic defect [32]. 
The oculocutaneous hypopigmentation and neuro-
logic manifestations associated with Chediak-Higashi 
syndrome are not corrected by stem cell transplant 
[32] (see Sect. 5.3.5 for more details).

11.5.2
Griscelli Syndrome, Type II

Infections are not consistent in all individuals but are 
mainly pyogenic bacterial infections that involve the 
respiratory tract, skin, or other organs. Prophylactic 
antibiotics such as TMP-SMX (80/400 mg daily) amox-
icillin (500 mg twice a day) or azythromycin (250 mg 
twice a week) could be considered. The accelerated 
phase of Griscelli syndrome should be treated with 
cytotoxic chemotherapy as it could be fatal. Stem cell 
transplant offers the only hope for long-term survival 
[103] (see Sect. 5.3.5 for more details).

11.5.3
X-Linked Lymphoproliferative Syndrome

As the clinical presentation is heterogeneous and 
includes different patterns (fulminant infectious 
mononucleosis, lymphoma, hypogammaglobuline-
mia and aplastic anemia), treatment should be 
focus on these complications [68]. Immunoglobu-
lin replacement should be started for patients with 
X-linked lymphoproliferative syndrome (XLP) and 
hypogammaglobulinemia or dysgammaglobuline-
mia and infections. Some have used Ig to prevent 
primary or recurrent Epstein-Barr virus (EBV) 
infections [96]. The effectiveness of this treatment 
is unknown, but primary infection and relapses of 
EBV disease have occurred in patients while receiv-
ing immunoglobulin [96].

At present, allogeneic stem cell transplantation is 
the only curative treatment of XLP [46, 49]. Satisfac-
tory results have been obtained mostly with stem cell 
transplants from HLA-matched family donors. 
Significant mortality and long-term morbidity have 
been reported for stem cell transplants from mis-
matched family donors or from matched unrelated 

Table 11.6 Treatment of chronic granulomatous disease
Infections
Prophylaxis Trimethoprim-sulfamethoxazole 5 mg/kg twice a day (based on the 

Trimethoprim)
Itraconazole 100 mg/day up to 50 kg of body weight, 200 mg/day thereafter
IFN-γ50 g/m2 subcutaneously 3 times a week

Gram negative (Serratia/Salmonella) Augmentin (amoxicillin/clavulinic acid)
Fluorquinolones (ciprofloxacin)

Gram positive Cephalosporins
Aspergillus fumigatus, Candida Amphotericin
Granulomatous abscesses Cephalosporins
Gastrointestinal involvement
Inflammatory disease/Colitis (17%) Sulfasalazine/steroids
Bowel obstruction Observation/surgical intervention if needed

Steroids 1 mg/kg for a brief period and then tapered to a low dose on alter-
nate days. To avoid relapse use prolonged course for maintenance
Cyclosporin A
Infliximab (humanized monoclonal antibody against TNF-α)

Urological involvement (38%)
Bladder granuloma, Ureteral obstruction Steroids 1 mg/kg for a brief period and then tapered to a low dose on alter-

nate days is quite successful
Preventative measures
Personal hygiene Patients can receive all vaccinations when recommended
Vaccination Pulmonary rehabilitation
Physical therapy Exercise
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donors [46]. Stem cell transplants before clinically evi-
dent disease is controversial. Patients that have lym-
phoproliferative disease due to XLP may be treated 
with chemotherapy followed by stem cell transplant. 
For hemophagocytosis and lymphoproliferation, a 
regimen of chemotherapy designated HLH-94 consists 
of etoposide, corticosteroids, cyclosporine A, and, in 
selected patients, intrathecal methotrexate [53]. Stem 
cell transplant, if possible, is then performed [53] (see 
Sect. 5.4.5 for more details).

11.6
Therapy for Defects in Innate Immunity: 
Receptors and Signaling Components

11.6.1
IRAK-4 Deficiency

The patients with IRAK-4 deficiency had recurrent 
episodes of cellulitis, arthritis, meningitis, osteomyeli-
tis, organ abscesses, and sepsis caused mainly by Sta-
phylococcus aureus and Streptococcus pneumoniae [65]. 
Serious infections with other bacteria also occurred 
[95]. Therapy is directed toward treatment and preven-
tion of infections [65]. Antibiotic prophylaxis and/or 
Ig replacement may be considered (see Sect. 6.2.5 for 
more details).

11.6.2
Mendelian Susceptibility to Mycobacterial
Diseases

Defects of the IFN-γ/IL-12 axis lead to infections 
caused by BCG or other less pathogenic mycobacteria, 
disseminated tuberculosis, systemic and/or persistent 
nontyphi Salmonella, or severe herpesvirus infection 
[67]. For patients with complete IFN-γR defects, there 
is no benefit from IFN-γ treatment. Individuals with 
partial IFN-γR mutations and IL-12p40 or IL-12Rβ1
mutations with nontuberculous mycobacterial disease 
may benefit from adjunct therapy with subcutaneous 
IFN-γ [3]. In both cases, standard antimycobacterial 
therapy should be used. Surgical treatment of iden-
tified foci of infection should be considered [31]. 
Patients are treated with prophylaxis with azithro-
mycin or clarithromycin. For IFN-γR HLA-identical 
sibling stem cell transplant may be considered [56], 
however HSCT has been disappointing for unclear 
reasons [91] (see Sect. 6.4.5 for more details).

11.6.3
Warts, Hypogammaglobulinemia, Infections, 
Myelokathexis (WHIM) Syndrome

While hypogammaglobulinemia is a component of 
the WHIM syndrome, antibody production appears 
not greatly impaired. Both G-CSF and GM-CSF 
(granulocyte-macrophage colony-stimulating factor) 
have been reported to result in 4- to 100-fold increases 
in peripheral blood neutrophil counts. Adverse effects 
may limit therapy. Interestingly, serum IgA and IgG 
levels may normalize following G-CSF or GM-CSF 
administration [57]. For female patients, the HPV 
(human papiloma virus) vaccine may be contem-
plated (see Sect. 6.5.5 for more details).

11.7
Therapy for Autoinflammatory Disorders

11.7.1
Familial Mediterranean Fever

Colchicine is so effective in preventing attacks of 
Familial Mediterranean Fever (FMF) and preventing 
the development of amyloidosis that the most impor-
tant aspects of medical care are to make the correct 
diagnosis and to institute therapy. Treatment is as 
follows: Administer colchicine therapy daily (0.6 mg 
twice a day) in patients at risk of developing amy-
loidosis. If attacks are rare and patients can determine 
when they are beginning, treatment with intermittent 
colchicine therapy at the onset of attacks may be suf-
ficient. The regimen for acute attacks in patients not 
taking daily colchicine is 0.6 mg every hour for four 
doses, then 0.6 mg every 2 hours for two doses and 
then 0.6 mg every 12 hours for four doses. Hemodial-
ysis can be used for patients who develop renal failure. 
Peritoneal dialysis tends to increase the number of 
abdominal attacks. Patients who experience episodes 
of prolonged myalgia with fever and severe pain may 
need treatment with prednisone (1 mg/kg) for as long 
as 6 weeks [112]. Patients who develop seronegative 
spondyloarthropathy are treated with nonsteroidal 
anti-inflammatory drugs [63]. Some patients require 
remission-type drugs (as used in rheumatoid arthri-
tis) and receive follow-up care by a rheumatologist. 
Before the advent of colchicine therapy, renal trans-
plantation was performed in patients with end-stage 
renal disease due to amyloid nephropathy [12] (see 
Sect. 7.2.5 for more details).



326 Hale Yarmohammadi and Charlotte Cunningham-Rundles

11.7.2
Other Autoinflammatory Disorders

Mevalonate kinase deficiency causes recurrent fevers, 
yet amyloidosis does not occur, thus the main goal in 
therapy is symptomatic treatment [28]. In Muckle-
Wells Syndrome, anakinra, an interleukin 1 receptor 
antagonist, may lead to an improvement in the hear-
ing loss [19, 52]. CINCA (chronic infantile neurological 
cutaneous articular) syndrome, also known as ‘neonatal 
onset multisystem inflammatory disease,’ or NOMID, is 
another rare congenital inflammatory disorder, in which 
anakinra has been shown to be clinically beneficial

The main focus of treatment in TNF receptor-
associated periodic syndrome (TRAPS) should be 
to prevent amyloidosis causing renal failure. Several 
medications have been studied for the treatment of 
TRAPS including etanercept, infliximab, and tac-
rolimus. However, no single drug has been shown to 
treat all cases of TRAPS [58] (see Sects. 7.3.5, 7.4.5 and 
7.5.5 for more details).

11.8
Therapy for Complement Deficiencies

11.8.1
Deficiencies of Classical, Lectin and Alternative 
Pathways Components

Patients with deficiencies of early classical pathway com-
ponents may have recurrent respiratory tract bacterial 
infections, resembling subjects with antibody deficien-
cies. However, there is also a higher prevalence of autoim-
mune disease resembling systemic lupus erythematosus 
in C2- and C4-deficient individuals [36]. Defects of the 
MBL (mannan-binding lectin) and the alternative com-
plement activation pathways may also be associated with 
increased susceptibility to bacterial infections (recurrent 
respiratory) and lupus-like autoimmunity [71], but this 
has remained unclear. For subjects with early comple-
ment component defects, antibiotic prophylaxis may be 
considered. Anti-inflammatory therapies would be used 
for treatment of the associated autoimmune disease (see 
Sects. 8.2.5, 8.3.5 and 8.4.5 for more details).

11.8.2
Deficiencies of Terminal Pathway 
Components

Terminal pathway complement deficiencies (C5 to C9 
deficiencies) are associated with susceptibility to neis-

serial infections, also reported for deficiency of the 
alternative pathway component, properdin. Immu-
nization against pathogens such as Pneumococcus, 
Haemophilus influenzae, and Meningococcus is rec-
ommended. Long-term antibiotic therapy is not usu-
ally needed [86]. There is no concentrate to replace 
these components (see Sect. 8.6.5 for more details).

11.8.3
C1 Inhibitor Deficiency

Hereditary angioedema is due to defects of the com-
plement protein C1 esterase inhibitor (C1INH). While 
this is due to a genetic complement deficiency, the 
clinical phenotype does not include predisposition 
to infection or autoimmune disease. Treatment of 
C1INH deficiency has been mainly aimed at avoid-
ing angioedema attacks. Attenuated androgens such 
as stanazolol or danazol are usually given, as they 
increase transcription of the normal allele of C1INH 
[2]. Another class of agents used for prophylaxis is the 
antifibrinolytic agents such as Tranexamic acid and 
aminocaproic acid which act by blocking plasmin gen-
eration [1]. Although their efficacy is less than that of 
attenuated androgens, some view that the incidence 
of side effects is also less than that of the androgens. 
While not widely available, C1 esterase inhibitor con-
centrate is the most effective agent for treatment of 
acute attacks [2] (see Sect. 8.7.5 for more details).

11.9
Therapy for Other Well-Defined 
Immunodeficiencies

11.9.1
Ataxia-Telangiectasia

Patients with ataxia-telangiectasia (A-T) commonly 
experience respiratory tract infections with encapsu-
lated organisms. Therefore, using prophylactic anti-
biotics such as TMP-SMX (160/400 mg), amoxicillin 
(500 mg twice a day) and azithromycin 250 mg (twice 
a week) may be desirable. Opportunistic infections are 
rare [100]. This disease is sometimes associated with 
IgG2 subclass deficiency and some patients benefit 
from Ig replacement (400–600 mg/kg) [104]. Patients 
with A-T and related disorders benefit from a coor-
dinated multidisciplinary approach to management, 
as neurodegenerative disorders require subspecialty 
treatment and rehabilitation services [70, 100]. Can-
cer, more commonly non-Hodgkin lymphoma (40%), 
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is also seen at a higher rate [124]. Outcomes of stand-
ard chemotherapeutic regimens for malignancy in A-T 
are poor due to the toxic effects of these regimens in 
these patients. Modified regimens are associated with 
less morbidity and longer survival [124]. Radiation 
therapy should be completely avoided even if part of a 
standard treatment protocol. A summary of treatment 
parameters are listed in Table 11.7 (see Sect. 9.2.5 for 
more details).

11.9.2
Di George Syndrome

Treatment of infants with complete Di George syn-
drome (DGS) requires some form of cellular reconsti-
tution which has been accomplished by transplantation 
of fetal thymus, postnatal thymus tissue, HLA-identi-
cal sibling HSCT, and peripheral blood mature T cell 
transplantation [93]. A recent series of cases treated 
by thymic transplant has been reported [77]. Com-
prehensive pediatric medical care at a medical center 
with experience treating DGS is desirable, due to car-
diac and endocrine involvement. Heart defects are the 
most severe manifestation and therefore cardiac inter-

ventions might be required [77]. With hypocalemia 
patients require calcium (1–2 g/day) and Vitamin D 
supplementation (0.04–0.08 mcg/kg/day). Feeding dif-
ficulties and failure to thrive are common, especially 
in those with significant cleft palates. Occasionally, 
placement of a nasogastric or gastrostomy tube is nec-
essary for feeds during the first 6–12 months of life. 
The tube provides adequate nutrition to prevent seri-
ous growth failure [34].

Live attenuated vaccines are contraindicated in 
complete DGS. However, two retrospective studies 
of children with partial DGS who received live viral 
vaccines (MMR and/or varicella) did not reveal any 
increased incidence of adverse events associated with 
these immunizations [94]. One study offered criteria 
for safe administration of live vaccines (CD4+ cell 
count of >500 cells/mm3 and adequate response to 
polyclonal mitogens, not further specified). However, 
in both studies, some patients with lower CD4+ T cell 
counts received these vaccines without serious adverse 
events [84, 114, 121]. Prophylaxis with TMP-SMX 
(160/400 mg a day), amoxicillin (500 mg twice a day) 
and azithromycin (250 mg twice a week) is recom-
mended for recurrent infections [14]. Immunoglobu-
lin replacement may be of use in patients with a severe 

Table 11.7 Treatment of Ataxia-Telangiectasia
Neurodegeneration
Basal ganglia dysfunction L-dopa derivatives

Dopamine agonist
Anticholinergics
Use of antioxidants

Drooling Anticholinergics
Loss of balance Amantidine
Speech problems Fluoxetine

Buspirone
Infections
Gram positive

Consider prophylaxis
Sinuisitis/otitis/Augmentin 875 mg twice a day for 7–10 
days

Gram negative Cephalosporins/Fluroquinolones
Recurrent sinopulmonary
infections

Consider Gammaglobulin 400–500 mg/kg

Mycoplasma Macrolydes (Biaxin/clarythromycin, azithromycin)

Cancer Avoid radiation therapy as part of treatment
Non-Hodgkin lymphoma (40%)
Leukemia (25%)
Solid tumors (25%)
Telangiectasia Annual ophthalmology evaluation
Preventative measures
Vaccination Patients can receive all vaccinations when recommended
Physical therapy Pulmonary rehabilitation for bronchiectasis

Exercise
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degree of thymic hypoplasia or complete Di George 
syndrome. Autoimmune disease is not commonly 
seen, but a few cases of juvenile idiopathic arthritis, 
idiopathic thrombocytopenic purpura, and autoim-
mune hemolytic anemia have been reported which are 
treated according to standard treatment protocols [80] 
(see Sect. 9.3.5 for more details).

11.9.3
Wiskott-Aldrich Syndrome

The only curative therapy for Wiskott-Aldrich syn-
drome (WAS) is stem cell transplant [92]. HLA-identi-
cal sibling donor transplants have a high success rate 
(5-year probability of survival of 87%) [23]. HLA-
matched unrelated donor transplants under age 5 years 
have a similar success rate. Unrelated donor trans-
plants after age 5 years have a lower rate of survival 
[115]. Even though stem cell transplant can be cura-
tive it is not always the first step taken, due to potential 
complications, especially in the absence of a perfectly 
matched donor [23].

Patients can develop infections with both gram positive 
and gram negative bacteria. Therefore prophylactic antibiot-
ics with TMP-SMX (160/400 mg) daily could be considered. 
Since antibody deficiency is part of WAS, Ig replacement is 
often used (400–600 mg/kg). Viral and fungal infections 
occur as well and therefore using antivirals such as acyclo-
vir and/or antifungal medication may be required. Eczema, 
another common complication, may require moisterizing 
on a daily basis and using steroidal creams with mid to 
high potency (mometazone furoate 0.1% cream) when 
necessary.

Thrombocytopenia is one of the most common 
problems in WAS and high-dose Ig administration 
has been used, yet the response is variable [106]. Glu-
cocorticosteroids are successful for this purpose, but 
immune suppression is undesirable [115]. For mucosal 
bleeding, Amicar (amino caproic acid) 100 mg/kg over 
15 min intravenous (or 5 AMICAR tablets of 1,000 mg 
orally during the first hour of treatment, followed by 
a continuing rate of 1 AMICAR 1,000 mg tablet/hour) 
may be helpful [117]. Splenectomy has been used to 
increase platelet counts in WAS, however it is associated 
with significant risk of infection and therefore should 
be avoided when possible.

Gene therapy is also considered a potential treat-
ment [90]. Of note is the fact that there has been spon-
taneous reversibility noted in 11% of patients [113]. 
Treatment options for WAS and its complications are 
listed in Table 11.8 [85, 115] (see Sect. 9.4.5 for more 
details).

11.9.4
Hyper-IgE Syndrome

Recurrent lung and skin infections and chronic derma-
titis are characteristic of Hyper-IgE syndrome. Recur-
rent lung infections with Staphylococcus (often leading 
to abscess formation) or Aspergillus are common. Pro-
phylactic antibiotic therapy, TMP-SMX 160/400 mg 
or cephalexin 500 mg twice a day/dicloxicillin to 
prevent Staphylococcal infection is essential. Antifun-
gal prophylaxis (fluconazole 100 mg weekly) has also 
been considered useful as cutaneous fungal infections 
are common. Pulmonary rehabilitation is recom-
mended. The use of immunoglobulins may be consid-
ered if antibody deficiency is documented [44, 45].

Treatment of eczema includes moisturizing on a 
daily basis and using low to mid potency steroid creams 
on the affected areas. Prednisone low dose (20 mg/day 
for 4–5 days) could be used in severe cases with weep-
ing lesions. As these lesions are superimposed with 
Staphylococcus aureus antibiotic therapy is important. 
Small amounts of bleach added to the bath water (twice 
a week) can aid in clearing skin infection.

The possibility of fracture should be considered 
even with relatively minor trauma. Calcium and 
vitamin D and biphosphonates may be prescribed. 
Children should be monitored carefully for scoliosis 
and, as necessary, retained primary teeth extracted 
if needed.

Mortality in hyper-IgE syndrome has been due to 
pulmonary hemorrhage as a result of Pseudomonas
pneumonia, invasive pulmonary aspergillosis and other 
complicated lung abcesses [37]. Embolectomy may be 
required. Coronary artery aneurysms have been reported 
[73]. Congenital patent ductus arteriosis also seen in 
association with hyper-IgE syndrome should be treated 
using standard measures [101]. There are rare reports of 
improvement of clinical indicators with administration 
of IFN-γ, but evidence is not sufficient to consider this 
to be standard therapy. In a reported case, HSCT was not 
curative and the immune defect reappeared after trans-
plant [39] (see Sect. 9.5.5 for more details).

11.9.5
Chronic Mucocutaneous Candidiasis

As the main problem in this disease is cutaneous fungal 
infections, antifungal agents are the mainstays of ther-
apy. Specifically, Fluconazole (Diflucan) 200 mg daily 
and decreased to 100 mg daily, if possible. Prolonged 
treatment with antifungal agents may be required, 
depending on the extent of candidal disease. Systemic 
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fungal infections are not generally present. Bacterial 
infections are not uncommon; as a result, antibiotic 
prophylaxis maybe necessary. Ig treatment should only 
be initiated if there is evidence of antibody deficiency.

The endocrine complications of chronic mucocu-
taneous candidiasis such as hypoparathyroidism, oste-
openia or adrenal insufficiency are treated according 
to standard policies [66]. Autoimmune disease such as 
diabetes mellitus, ITP, hemolytic anemia, gonadal insuf-
ficiency, alopecia, vitiligo and chronic active hepatitis 
have been seen and treatments follow standard proto-
cols [47]. Immunosuppressive therapy (cyclosporine A 
5 mg/kg/day for 8 months duration) has been helpful 
in reducing the onset or progression of autoimmune 
disease in a patient with an AIRE mutation [120]. No 
other therapies are known to affect the course of this 
disorder (see Sect. 9.7.5 for more details).
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A
Abscess

cutaneous (skin), 14, 15, 136, 267, 268
liver, 145, 150, 151
lung, 144
perianal, 144, 302, 303
periumbilical, 141
recurrent, 14
sterile, 225
superficial, 134

Acanthosis, 208
ACTB, 5, 132, 141, 143
Actinobacillus actinomycetum, 158, 159
Activation-induced cytidine deaminase. See AID
ADA (Adenosine deaminase), 3, 12, 46, 49, 293, 294, 298, 

301, 302
ADA deficiency

clinical manifestations, 52
definition, 48
diagnosis, 52
etiology, 49
management, 52

Adaptor protein, 12, 13, 172, 175, 178, 197, 218, 
259, 300

Addison disease, 183
Adenocarcinoma., 105 See also Carcinoma
Adenoidal hypertrophy, 24
Adenosine deaminase deficiency. See ADA deficiency
Adenovirus, 44, 47, 60, 63, 64, 170, 200
Adhesion molecule

intercellular. See Intercellular adhesion molecule (ICAM)
platelet cell. See Platelet cell adhesion 

molecule (PCAM)
Adrenal (Adrenocortical) failure, 182–184
Adrenocorticotropin deficiency, 183
Adult-onset Still’s disease (AOSD), 216, 227
Aerobacter, 323
Agammaglobulinemia, 2, 13, 20, 21, 25, 28, 39, 64, 97, 256, 

295, 303, 318, 319. See also Agammaglobulinemia 
with absent B cells

Agammaglobulinemia with absent B cells
clinical manifestations, 101–104
definition, 99
diagnosis, 104

etiology, 99–101
management, 104, 105

AICDA. See AID
AID deficiency

clinical manifestations, 113
definition, 111
diagnosis, 113
etiology, 111–113
management, 113

AID, 4, 15, 111–113, 319
AIRE (Autoimmune Regulator), 6, 18, 75, 182, 184, 262, 

273, 329
Albinism. See Oculocutaneous hypopigmentation
Alemtuzumab, 140
Allergic rhinitis, 115, 118, 260
Allergy, 21, 24, 53, 115–117, 321, 322
Alopecia, 44, 53, 73, 102, 183, 184, 273, 298–300
Alpha (α)1-antitrypsin deficiency, 24
Alpha (α)-fetoprotein, 254, 257, 304
ALPS. See Autoimmune lymphoproliferative syndrome (ALPS)
Alzheimer disease, 305
Amantidine, 327
Amicar, 328
Aminoaciduria, 221, 275
Amoxicillin, 111, 158, 321–324, 326, 327
Amphotericin, 324
Amyloidosis, 102, 217–219, 223, 228, 325, 326
Anakinra, 220, 221, 223, 224, 227, 326
Anal stenosis, 256
Anamnesis, 45
Anemia

aplastic. See Aplastic anemia
autoimmune hemolytic. See Autoimmune hemolytic 

anemia
congenital hypoplastic, 58. See Diamond Blackfan 

syndrome
dyserythropoietic, 227. See also Majeed syndrome
fanconi, 278, 305. See also Fanconi pancytopenia
hemolytic, 64, 113, 148, 153, 186, 265, 266, 295, 

319, 321, 328, 329. See also Autoimmune 
hemolytic anemia

pernicious. See Pernicious anemia
Aneurysm, intracranial mycotic, 273
Angioedema, 24, 236, 237, 244, 265, 275, 326, 329

Index
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Anhidrotic ectodermal dysplasia with immunodeficiency 
(EDA-ID)

AD-EDA-ID
clinical manifestations, 200, 201
definition, 199
diagnosis, 201
etiology, 199, 200
management, 201

XL-EDA-ID
clinical manifestations, 200, 201
definition, 199
diagnosis, 201
etiology, 199, 200
management, 201

Antibiotics, 27, 28, 44, 52, 53, 97, 98, 102, 104, 110, 115, 117, 
118, 136, 139–141, 143, 152, 155, 159, 184, 199, 201, 
203, 205, 206, 227, 238, 269, 272, 274, 315, 317–320, 
322–324, 326, 328

Anti-CD20. See Rituximab
Anti-CD28, 171
Anticholinergic, 327
Antifibrinolytic agent, 326
Antifungal, 53, 71, 76, 149–152, 154, 274, 315, 323, 328
Antihistamine, 322
Anti-IgA, 115, 116, 321
Antileukotriene inhibitor, 322
Antiphospholipid hypercoagulopathy, 148
Anti-thymocyte globulin (ATG), 58, 140, 171, 186
Antiviral, 47, 53, 65, 71, 76, 315, 318, 328
AP3B1, 5, 133, 172, 300
AP50, 237
Apathy, 169
APECED. See Autoimmune polyendocrinopathy with 

candidiasis and ectodermal dystrophy (APECED)
Aphtous stomatitis, 216, 226. See also Periodic fever, 

aphtous stomatitis, pharyngitis and cervical adenitis
Aplastic anemia, 72, 169, 177, 276, 277, 300, 324
Appendicitis, 218
Apraxia, 254
APRIL (A Proliferation-Inducing Ligand), 106–108
Artemis deficiency

clinical manifestations, 52, 53
definition, 48, 49
diagnosis, 52
etiology, 49–52
management, 52

Artemis. See DCLRE1C
Arteriopathy, 294
Arteriosclerosis, 271
Arthralgia, 15, 221–223
Arthritis

juvenile, 18, 148, 216, 219, 224, 227, 271, 272. See also
Juvenile idiopathic arthritis (JIA)

pediatric granulomatous arthritis (PGA), 225
pyogenic, 215, 225. See also Pyoderma gangrenosum and 

acne (PAPA) syndrome
rheumatoid (RA), 102, 109, 148, 219, 240, 260

septic, 101, 176
systemic, 216, 227. See also Systemic onset juvenile 

idiopathic arthritis (SoJIA)
Aspergillosis, 20, 328
Aspergillus

fumigatus, 145, 268, 323
hyphae, 153
nidulans, 145, 146, 151

Asplenia, 16, 183
Asthma, 21, 29, 109, 115, 117–119, 260
A-T. See Ataxia-Telangiectasia
Ataxia-like syndrome

clinical manifestations, 254–257
definition, 252, 253
diagnosis, 257
etiology, 253, 254
management, 257, 258

Ataxia-telangiectasia (A-T)
clinical manifestations, 254–257
definition, 252, 253
diagnosis, 257
etiology, 253, 254
management, 257, 258

Ataxia-telangiectasia-like disorder. See Ataxia-like syndrome
ATLD. See Ataxia-like syndrome
ATM (Ataxia-Telangiectasia Mutated), 8, 111, 252–257
Attention deficit–hyperactivity disorder (ADHD), 259
Atypical familial hemolytic uremic syndrome (aHUS), 18, 

238, 244, 245
Atypical mycobacteria, 71, 201, 271
Augmentin, 320, 322, 324, 327, 329
Autoantibody (autoantibodies), 18, 57, 76, 113, 115, 179, 

183–186, 227, 244, 245, 274
Autoimmune

adrenal dysfunction, 18
cytopenia(s), 15, 18, 19, 56, 64, 180, 184, 260
endocrinopathy (endocrine disorder), 260
enteropathy (gastrointestinal disorder), 18, 45, 74, 75
hemolytic anemia, 18, 57, 75, 109, 115, 185
hepatitis, 18, 113, 183
inflammatory, 15, 18, 24, 76, 185, 186
lymphoproliferative syndrome, 19, 168. See also

Autoimmune lmphoproliferative syndrome
neutropenia, 57, 180, 185
parathyroid dysfunction, 18, 259
polyendocrinopathy with candidiasis and ectodermal 

dystrophy. See Autoimmune polyendocrinopathy 
with candidiasis and ectodermal dystrophy

regulator, 182. See also AIRE
thrombocytopenia, 186
thyroid disease (dysfunction), 185
thyroiditis, 115
vasculitis, 18, 67, 71, 154, 177, 225, 265. See also

VasculitisAutoimmune lymphoproliferative 
syndrome (ALPS)

ALPS Ia, 6, 178–182
ALPS Ib, 6, 178–182
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ALPS IIa, 6, 178–182
ALPS IIb, 6, 178–182
ALPS III, 6, 178–182
clinical manifestations, 180
definition, 178
diagnosis, 180, 181
etiology, 178–180
management, 181, 182

Autoimmune polyendocrine syndrome, 182. See also
Autoimmune polyendocrinopathy with candidiasis 
and ectodermal dystrophy (APECED)

Autoimmune polyendocrinopathy with candidiasis 
and ectodermal dystrophy (APECED)

clinical manifestations, 182, 183
definition, 182
diagnosis, 183, 184
etiology, 182
management, 184

Autoimmunity, 11, 12, 14–19, 24, 42, 43, 51, 56, 75, 97, 107, 
109, 113, 134, 148, 167, 168, 180–182, 185, 238, 240, 
241, 251, 260, 265, 270, 273, 306, 319, 326

Autoinflammatory disorders
classification, 7, 10, 215
definition, 215
prevalence, 219
therapy, 325, 326

Azathioprine, 68, 181, 186
Azithromycin, 111, 321, 325–327
Azospermia, 271

B
B cell receptor (BCR), 13, 49, 110 Bacille-Calmette-Guérin. 

See BCG (Bacille-Calmette-Guérin)
BAFF (B Cell Activating Factor of the TNF Family), 

106–108
BAFFR (BAFF Receptor), 106–108
Bamboo hair, 20, 274, 275, 300
Bare lymphocyte syndrome. See MHC class II deficiency 

BCG (Bacille-Calmette-Guérin), 27, 44, 47, 60, 
146, 201–204, 316, 325

BCGitis, 47, 72, 145
Bcl-2, 57, 74, 179
Behçet’s disease (BD), 216, 227, 228
Beta (β)-actin deficiency

clinical manifestations, 142
definition, 141
diagnosis, 143
etiology, 141, 142
management, 143

Biotin-dependent carboxylase deficiency, 58
BIRC4. See XIAP (X-linked inhibitor-of-apotosis)
Blackfan-Diamond anemia. See Diamond Blackfan 

syndrome
Bladder granuloma (granulomata), 146, 324
Blau syndrome

clinical manifestations, 225
definition, 224

diagnosis, 225
etiology, 224, 225
management, 225

Bleeding, 139, 157, 172–174, 177, 182, 264–267, 298, 328
BLM, 8, 253, 254, 304
BLNK (B Cell Linker), 4, 13, 101–104
BLNK deficiency

clinical manifestations, 101–104
definition, 99
diagnosis, 104
etiology, 99–101
management, 104, 105

Blood group
ABO, 11, 110, 119
Bombay. See hh blood group
Cromer. See Cromer blood group
hh. See hh blood group
Inab. See Inab blood group

Bloom’s syndrome
clinical manifestations, 254–257
definition, 252, 253
diagnosis, 257
etiology, 253, 254
management, 257, 258

Bombay blood group. See hh blood group
Bone marrow failure, 155, 156, 270, 272, 277, 278, 300, 

305, 323
Bone marrow transplantation (BMT), 47, 134, 140. 

See also Hematopoietic stem cell transplantation 
(HSCT)

Borrelia recurrentis, 217
53BP1, 111
Bronchiectasis, 14, 21, 64, 66, 70, 78, 97, 101, 109, 110, 

113–115, 117, 218, 319
Bronchopulmonary dysplasia, 24
Brucellosis, 170, 217
BTK (Bruton’s tyrosine kinase)
Btk deficiency

clinical manifestations, 101–104
definition, 99
diagnosis, 104
etiology, 99–101
management, 104, 105

Burkholderia, 145, 151, 323. See also Pseudomonas cepacia
Burkitt, 176
Buspirone, 327
Busulfan, 58, 140, 152, 186

C
C1 inhibitor deficiency

clinical manifestations, 244, 245
definition, 243
diagnosis, 245
etiology, 243, 244
management, 246

C1INH (Complement component 1 inhibitor), 235–238, 
243–246, 326
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C1q/C1r/C1s deficiencies
clinical manifestations, 239
definition, 238
diagnosis, 239
etiology, 238, 239
management, 239

C1QA, 7
C1QB, 7
C1QG, 7
C1R, 7, 237, 239
C1S, 7, 237, 239
C2 deficiency

clinical manifestations, 239
definition, 238
diagnosis, 239
etiology, 238, 239
management, 239

C3 (Complement component 3), 5, 8, 22, 141, 235–245 
C3 deficiency. See Deficiency of Complement 
Component C3

C4 deficiency
clinical manifestations, 239
definition, 238
diagnosis, 239
etiology, 238, 239
management, 239

C4A, 7, 237, 239
C4B, 7, 237, 239, 243
C5-9 deficiencies. See also Deficiencies of terminal 

pathway components
clinical manifestations, 242
definition, 242
diagnosis, 242, 243
etiology, 242
management, 243

C8A (Complement component 8, alpha subunit), 8
C8B (Complement component 8, beta subunit), 8
Caenorhabditis elegans, 198
Café au lait’ spots, 256
Calcipotriol, 276
CalDAG-GEFI, 5, 132, 137
Campath, 140, 186
Camptodactyli, 225
Campylobacter jejuni, 101, 319
Cancer. See also Carcinoma; and Malignancy (ies)

breast, 77
colorectal, 105
gastric, 319
predisposition, 251, 257. See also susceptibility
skin, 207, 208
stomach, 109. See also gastric
susceptibility, 252
therapeutic, 77

Candida albicans, 153, 265, 272, 323
Candidiasis

APECED, 18, 168, 273, 274. See also Autoimmune 
polyendocrinopathy with candidiasis and 
ectodermal dystrophy

CMC, 182, 183. See also Chronic mucocutaneous candidiasis
CAPS. See Cryopyrin-associated periodic syndrome
Carbamazepine, 114
Carcinoma. See also Cancer; and Malignancy(ies)

basal cell, 272, 293
gastric, 105 See also Adenocarcinoma
skin, 207
squamous cell, 148, 183, 184

CARD15 (Caspase recruitment domain family 15), 7, 217, 
224, 225, 227

Cardiomegaly, 142
Cardiomyopathy, 133
Cartilage hair hypoplasia (CHH)

clinical manifestations, 271–272
definition, 270
diagnosis, 272
etiology, 270
management, 272

CASP10, 6, 180
CASP8, 6, 180
Cataract, 301, 303
CD10, 265
CD107, 171, 174
CD11a, 137
CD11b, 70, 137, 179, 243, 245
CD11c, 137, 243, 245
CD122, 74. See also IL-2, β subunit
CD127. See IL7-Rα
CD14, 196
CD154. See CD40L
CD15A, 139, 143
CD16/56+ NK cells, 45
CD18 deficiency. See also LAD-1

clinical manifestations, 137–139
definition, 136–137, 243
diagnosis, 139, 245
etiology, 137
management, 139–141

CD18, 137. See also ITGB2 (Integrin, beta-2)
CD19 deficiency

clinical manifestations, 108, 109
definition, 105
diagnosis, 110
etiology, 105–108
management, 110, 111

CD19, 4, 12, 45, 98, 103–106, 110
CD2 antigen-binding protein 1. See PSTPIP1
CD21, 106, 265
CD225, 106
CD247. See CD3Z
CD25 deficiency

clinical manifestations, 75
definition, 74
diagnosis, 75, 76
etiology, 74
management, 76

CD25. See also IL-2, α subunit
deficiency, 74, 76, 185. See also CD25 deficiency
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expression, 75
gene, 75. See also IL2RA
regulatory T cells, 18, 183, 185, 265. See also Treg (CD4+ 

CD25+ regulatory T cells)
soluble (sCD25). See Soluble IL-2 receptor

CD25. See IL2RA
CD27, 61, 71, 106, 107, 177, 206, 260, 265
CD28, 70, 106, 171
CD29, 72
CD2BP1. See PSTPIP1
CD3

ε chain, 42, 46, 68
δ chain, 43
γ chain, 74
anti-CD3, 54, 69, 72, 73, 76, 171, 201, 265
deficiency (deficiencies). See CD3δ/ε/γ/ξ deficiencies
genes. See D3G, CD3D, CD3E, CD3Z
ξ chain, 43, 46

CD3δ/ε/γ/ξ deficiencies
clinical manifestations, 44–45
definition, 42
diagnosis, 45–46
etiology, 42–44
management, 46–48

CD30, 53
CD31, 108
CD34, 140, 156
CD35, 265
CD38, 265
CD3D, 3, 40, 42
CD3E, 3, 40, 42
CD3G, 3, 40, 42, 45
CD3Z, 3, 40, 42
CD4

/CD8 ratio, 108, 303
+ CD25+ regulatory T cells. See Treg (CD4+ CD25+ 

regulatory T cells)
+ helper, 25
+ T cell (lymphocyte), 107, 108, 176, 184, 185
+CD8+ (double-positive), 43, 56, 57
-CD8-(double-negative), 56, 179
deficiency. See CD4 deficiency; p56lck deficiency 

and idiopathic CD4 lymphopenia
CD4 deficiency

clinical manifestations, 71
definition, 70
diagnosis, 71
etiology, 70–71
management, 71–72

CD40
activation, 112
agonist, 112
CD40-CD40L, 59, 60, 317
deficiency. See CD40 deficiency
expression, 60–62
gene. See CD40
signaling (signal transduction), 201
splicing, 60

CD40 deficiency
clinical manifestations, 60–61
definition, 59
diagnosis, 61
etiology, 59–60
management, 61–62

CD40 ligand deficiency
clinical manifestations, 60–61
definition, 59
diagnosis, 61
etiology, 59–60
management, 61–62

CD40, 3, 22, 40, 59–62, 111–113, 133, 200, 201, 203, 316–318
CD40L

deficiency. See CD40 ligand deficiency
expression, 59
gene (CD40L), 3, 59, 61

CD45 deficiency
clinical manifestations, 44–45
definition, 42
diagnosis, 45–46
etiology, 42–44
management, 46–48

CD45, 42–46, 48
deficiency. See CD45 deficiency
gene. See LCA

CD45RA, 45, 71, 74, 179
CD45RO, 53, 56, 72, 74, 201
CD46 deficiency

clinical manifestations, 244–245
definition, 243
diagnosis, 245
etiology, 243–244
management, 246

CD46. See also MCP
deficiency. See CD46 deficiency
expression, 245
gene. See MCP

CD5, 106, 181
CD55

deficiency. See CD55 deficiency
gene. See DAF (decay-accelerating factor)

CD55 deficiency
clinical manifestations, 244–245
definition, 243
diagnosis, 245
etiology, 243–244
management, 246

CD57, 70, 179, 278
CD59

deficiency. See CD59 deficiency
gene, 8, 237, 243–245

CD59 deficiency
clinical manifestations, 244–245
definition, 243
diagnosis, 245
etiology, 243–244
management, 246
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CD62L. See L-selectin
CD79A, 4, 98, 100, 101
CD79B, 4, 98, 100, 101
CD8

+ cytotoxic, 25, 168
+ T cell (lymphocyte), 45, 65, 108, 170, 171, 175, 294
alpha (α) chain

defect. See CD8α chain defect
beta (β) chain, 68, 70
deficiency. See CD8 deficiency
gene. See CD8A and ZAP-70
soluble CD8, 170
TCR. See T cell receptor (TCR)

CD8 deficiency
clinical manifestations, 69
definition, 68
diagnosis, 69–70
etiology, 68–69
management, 70

CD81, 106
CD8A, 3, 41, 68, 70
CD8α chain defect

clinical manifestations, 69
definition, 68
diagnosis, 69–70
etiology, 68–69
management, 70

CD95
deficiency. See Autoimmune lymphoproliferative 

syndrome, ALPS Ia
gene. See FAS
mediated apoptosis, 178–180

CD95L
deficiency. See Autoimmune lymphoproliferative 

syndrome, ALPS Ib
gene. See FASL

CEBPE, 5, 132, 154
Celiac disease, 115, 186, 321
Cellular immunodeficiency. See Combined T and B cell 

immunodeficiencies
Cellulitis, 44, 116, 205, 265, 325
Central nervous system (CNS)

infection, 71, 102
inflammation, 102, 176
involvement, 102, 148, 297

Cephalexin, 328
Cephalosporin, 149
Cerebellar

ataxia, 254, 257, 304
atrophy, 257
degeneration (neurodegenerative disorder), 304. 

See also Neurodegenerative disease
hypoplasia, 101, 276, 301

Cerebral palsy, 57
Cernunnos deficiency

clinical manifestations, 55
definition, 55

diagnosis, 55–56
etiology, 55
management, 56

CERNUNNOS, 3, 20, 40, 51, 55, 56, 253, 254
Cetirizine, 322
CFD (Complement factor D), 8, 237, 241
CFH (Complement factor H), 8, 237, 243
CFI (Complement factor I), 8, 237, 243
CGD. See Chronic granulomatous disease (CGD)
CH50, 237, 239
Chediak-Higashi syndrome (CHS)

clinical manifestations, 173
definition, 172
diagnosis, 173–174
etiology, 172–173
management, 174

Chemiluminescence assay, 25, 148
Chemotaxis, 25, 141, 143, 144, 154, 156, 158, 159, 205, 206, 

263, 265, 299, 300, 302, 303, 306
Chemotherapy, 1, 24, 178, 257, 324, 325 CHH. See Cartilage 

hair hypoplasia
Chilitis, 268
Chlamydia, 148
Choleithiasis, 183
Chondrodysplasia, 155, 156, 270
Choreoathetosis, 254
Chorioretinal scars, 147
Chromobacterium violaceum, 145, 151
Chromosome 18 abnormalities, 114
Chromosome 18q-minus syndrome, 20
Chromosome 22q11.2 deletion, 19, 258, 259, 261. See also

Di George syndrome
Chromosome instability, 252, 291, 303–305. See also

Syndromic immunodeficiencies, Syndromes with 
chromosome instability and/or defective DNA 
repair associated with immunodeficiency

Chronic granulomatous disease (CGD)
clinical manifestations, 144–148
definition, 143
diagnosis, 148–149
etiology, 143–144
management, 149–152

Chronic infantile neurological cutaneous articular 
syndrome

clinical manifestations, 223–224
definition, 223
diagnosis, 224
etiology, 223
management, 224

Chronic mucocutaneous candidiasis (CMC)
clinical manifestations, 273–274
definition, 272
diagnosis, 274
etiology, 273
management, 274

Chronic recurrent multifocal osteomyelitis (CRMO), 204, 
216, 227
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CHS. See Chediak-Higashi syndrome (CHS)
CIAS1, 7, 216, 223, 224, 227
CIITA (Class II transactivator), 3, 41, 62–64
CIITA deficiency

clinical manifestations, 63–64
definition, 62
diagnosis, 64
etiology, 62–63
management, 64–65

Ciliary dyskinesia, 24
CINCA. See Chronic infantile neurological cutaneous 

articular syndrome
Ciprofloxacin, 319
Cirrhosis, 109, 298
Cleft palate, 259, 295, 327
Clinodactyly, 256
Colchicine, 219, 221, 325
Coloboma, 295. See also CHARGE association
Combined T and B cell immunodeficiencies

classification, 3
definition, 42, 48–49, 53–56, 59, 62, 65, 68, 70, 72–74, 76
prevalence, 9, 11
therapy, 315–318

Comèl-Netherton syndrome. See Netherton syndrome
Common variable immunodeficiency (CVID)

clinical manifestations, 108–109
definition, 105
diagnosis, 110
etiology, 105–108
management, 110–111

Complement activation, 235, 236, 238, 240, 241, 
243–245, 326

Complement deficiencies
classification, 7–8
definition, 238–243
prevalence, 9–10, 15
therapy, 326

Condyloma acuminata, 205
Congenital heart defects, 206, 258
Conical teeth, 20
Conjunctivitis, 52, 102, 103, 115, 222, 223
Conotruncal anomaly face, 259, 260
Cortical atrophy, 30, 138
Cotrimoxazole. See Trimethoprim-Sulfametoxazole 

(TMP-SMX)
Coxsackievirus, 64, 102
CRAC deficiency

clinical manifestations, 72
definition, 72
diagnosis, 72–73
etiology, 72
management, 73

CRACM1. See ORAI1
Craniosynostosis, 101, 268
CREB-binding protein (CBP), 295
Crohn’s disease (CD), 227. See also Inflammatory bowel 

disease (IBD)

Cromer blood group, 245
Cryopyrin-associated periodic syndrome (CAPS)

clinical manifestations, 223–224
definition, 223
diagnosis, 224
etiology, 223
management, 224

Cryptococcus neoformans, 60, 61, 71
Cryptorchidism, 305
Cryptosporidium, 44, 60, 62–64, 317, 318
CSF3R (Colony-stimulating factor 3 receptor). See GCSFR
CSF3R deficiency

clinical manifestations, 134
definition, 131
diagnosis, 134
etiology, 132–134
management, 134–135

CTSC, 5, 132, 158, 159, 292, 299
Cutaneous lentigines, 270, 271
CVID. See Common variable immunodeficiency
CXCR4, 6, 133, 195, 205, 206, 292, 299
CYBA, 5, 14, 132, 144
CYBB, 5, 14, 132, 144, 148
Cyclic neutropenia

clinical manifestations, 136
definition, 135
diagnosis, 136
etiology, 135–136
management, 136

Cyclophosphamide, 58, 68, 271
Cyclosporin A, 76, 271
Cyclosporin, 68, 76, 171, 181, 186, 269, 271, 319, 

325, 329
Cystic fibrosis, 24, 66, 67, 157, 240
Cytokine. See Interleukin (IL-)
Cytomegalovirus (CMV), 44, 45, 47, 51, 52, 57, 60, 61, 

64, 69–75, 170, 185, 186, 200, 203, 266, 271, 315, 
317, 319

D
DAF (decay-accelerating factor), 8, 243, 245
Danazol, 238, 246, 326
DCLRE1C, 3, 40, 49, 51, 52–55, 299
Deafness, 259, 295
Decay-accelerating factor. See DAF
Defective TLR signaling with ectodermal dysplasia

clinical manifestations, 200–201
definition, 199
diagnosis, 201
etiology, 199–200
management, 201

Defective TLR signaling without ectodermal dysplasia
clinical manifestations, 198
definition, 196–197
diagnosis, 198–199
etiology, 198
management, 199
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Defects in innate immunity: receptors and signaling 
components

classification, 6
definition, 196, 199, 201, 205, 207
prevalence, 11, 199
therapy, 325

Deficiencies of alternative pathway components
clinical manifestations, 241
definition, 240–241
diagnosis, 241
etiology, 241
management, 241

Deficiencies of classical pathway components
clinical manifestations, 239
definition, 238
diagnosis, 239
etiology, 238–239
management, 239

Deficiencies of complement regulatory proteins
clinical manifestations, 244–245
definition, 243
diagnosis, 245
etiology, 243–244
management, 246

Deficiencies of lectin pathway components
clinical manifestations, 240
definition, 239–240
diagnosis, 240
etiology, 240
management, 240

Deficiencies of terminal pathway components. 
See also C5-9 deficiencies

clinical manifestations, 242
definition, 242
diagnosis, 242–243
etiology, 242
management, 243

Deficiency of complement component C3
clinical manifestations, 242
definition, 241
diagnosis, 242
etiology, 242
management, 242

Delayed separation of the umbilical cord, 21, 137–139, 
141, 198

Dermatitis
atopic, 53, 119, 274
candidal, 271
eczematous, 44
erythematous, 69, 102, 273, 275
exfoliative, 185
ichthyosiform, 300
vesiculobullous, 299. See also Acrodermatitis 

enteropathica
Dermatomyositis, 265
Dermatomyositis-like syndrome, 102
Dexamethasone, 151, 171

DGS. See Di George syndrome
Di George syndrome

clinical manifestations, 259–261
definition, 258
diagnosis, 261
etiology, 258–259
management, 261–262

Diabetes insipidus, 183
Diabetes mellitus (Type 1 diabetes), 18, 75, 113, 153, 154, 

183–186, 256, 329
Diamond Blackfan syndrome, 58, 156, 270
Diarrhea

bloody, 185, 262, 264, 298
chronic, 30, 44, 54, 60, 75, 101, 103, 183, 184, 201, 

318, 319
infectious, 30
intractable, 20, 24, 39
protracted, 298
recurrent, 119
severe, 53, 184

Diathesis, 297, 300
Diflucan. See Fluconazole
Dihydrorhodamine (DHR), 25, 148, 153
Diphtheria, 110, 118, 119, 329
Discoid lupus, 18, 144
Disseminated BCG. See BCGitis
DKC1 (Dyskerin), 9, 133, 276, 277, 300, 301
DNA ligase IV deficiency

clinical manifestations, 54–55
definition, 54
diagnosis, 55
etiology, 54
management, 55

DNMT3B, 8, 253, 254, 257, 292, 305
Dopamine agonist, 327
Down syndrome. See Trisomy 21
Dwarfism, 20, 270, 271, 294
Dysarthria, 254
Dysgammaglobulinemia, 59, 107, 175, 176, 178, 324
Dyskeratosis congenita

clinical manifestations, 277–278
definition, 276
diagnosis, 278
etiology, 276–277
management, 278

Dysmorphic (facial) feature, 256, 259–261

E
Echovirus, 102
Eczema, 18, 21, 115, 185, 251, 260, 262–267, 274, 298, 328
EDA-ID. See Anhidrotic ectodermal dysplasia with 

immunodeficiency (EDA-ID)
Ehrlichia risticii, 148
ELA2 (Elastase 2), 4–5, 132–135
ELA2 deficiency

clinical manifestations, 134
definition, 131
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diagnosis, 134
etiology, 132–134
management, 134–135

Eladil, 329
Emphysema, 66, 271
Empyema, 144
Enamel hypoplasia, 183
Enbrel, 320
Encephalitis, 61, 72, 102, 103, 198
Encephalopathy, 177
Endocardial fibroelastosis, 302, 303
Endocrinopathy(ies)

autoimmune. See Autoimmune, endocrinopathy; and 
Autoimmune Polyendocrinopathy with Candidiasis 
and Ectodermal Dystrophy (APECED)

immunodysregulation. See Immunodysregulation, 
Polyendocrinopathy, Enteropathy, X-linked (IPEX)

with candidiasis and ectodermal dystrophy. See
Autoimmune Polyendocrinopathy with Candidiasis 
and Ectodermal Dystrophy (APECED)

Entamoeba histolytica, 60, 148
Enterocytopathic human orphan (ECHO) virus, 318
Enteropathy, 6, 18, 19, 45, 74, 75, 103, 109, 168, 

184–187. See also Autoimmune enteropathy; 
and Immunodysregulation, Polyendocrinopathy, 
Enteropathy, X-linked (IPEX)

Enteroviral
encephalitis, 103
encephalomyelitis, 97
hepatitis, 102
infection, 102
meningoencephalitis, 102

Enterovirus, 61, 63, 64, 97, 102, 170
Environmental factor, 1, 12, 179
Eosinophilia, 45, 53, 186, 268, 275, 294, 298
Epicanthal folds, 305
Epidermodysplasia verruciformis (EV)

clinical manifestations, 207–208
definition, 207
diagnosis, 208
etiology, 207
EV type 1, 207–208
EV type 2, 207–208
management, 208

Epilepsy, 134, 300
Epistaxis, 77, 78, 264
Epstein-Barr virus (EBV), 12, 16, 44, 110, 167, 170, 206, 

265, 324
Erysipelas-like erythema, 218
Erythema nodosum, 225, 227
Erythroderma, 40, 185, 265, 275, 300
Escherichia coli (E. coli), 64, 242
Esophagitis, 75
Etanercept, 221, 223, 326
Etoposide, 171, 178, 325
EV. See Epidermodysplasia verruciformis (EV)
Evans syndrome, 180, 181

EVER1, 6, 207, 208
EVER2, 6, 207, 208
Exocrine pancreatic insufficiency, 155, 156

F
Face (Facies)

bird-like, 55, 256, 303
coarse, 20, 173, 268, 300
conotruncal anomaly. See Conotruncal anomaly face
flat, 256, 305
greek helmet-like, 306
peculiar, 270
prominent midface, 303
protruding midface, 300
small, 293

Factor D deficiency
clinical manifestations, 241
definition, 240–241
diagnosis, 241
etiology, 241
management, 241

Factor H deficiency
clinical manifestations, 244–245
definition, 243
diagnosis, 245
etiology, 243–244
management, 246

Factor I deficiency
clinical manifestations, 244–245
definition, 243
diagnosis, 245
etiology, 243–244
management, 246

Failure to thrive, 20, 21, 24, 43, 44, 52, 60, 69, 73, 75, 103, 
156, 184–186, 201, 221, 257, 303, 327

Familial cold autoinflammatory syndrome
clinical manifestations, 223–224
definition, 223
diagnosis, 224
etiology, 223
management, 224

Familial hemophagocytic lymphohistiocytosis
clinical manifestations, 169
definition, 168
diagnosis, 169–171
etiology, 168–169
management, 171–172

Familial Hibernian fever. See Tumor necrosis factor 
receptor–associated periodic syndrome (TRAPS)

Familial intestinal polyatresia, 296, 298
Familial mediterranean fever (FMF)

clinical manifestations, 218–219
definition, 217
diagnosis, 219
etiology, 217–218
management, 219

Fanconi pancytopenia, 58, 278, 304, 305
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Fanconi syndrome. See Fanconi pancytopenia
Fansidar, 182
FAS, 6, 180
Fas-associated death domain, 178–179
FASL, 6, 180
FCAS. See Familial cold autoinflammatory syndrome
FHL. See Familial hemophagocytic lymphohistiocytosis
Filgrastin. See Granulocyte Colony-Stimulating 

Factor (G-CSF)
Fluconazole, 154, 274, 328
Fludarabine, 58, 140, 186
Fluoroquinolone, 149, 151
Fluoxetine, 327
Fluroquinolone, 323
Fluticasone, 322
FMF. See Familial mediterranean fever (FMF)
Food intolerance, 115, 119
FOXN1 (Forkhead Box N1). See WHN
FOXP3, 6, 74, 75, 167, 184–187
FRP1, 5, 132, 158
FTT. See Failure to thrive
Fucose supplementation, 138, 140, 323
FUCT1, 5, 132, 137, 292, 302
Fulminant infectious mononucleosis, 12, 107, 167, 

175–178, 324
Fungal infection, 71, 142, 144, 145, 149, 151, 170, 260, 

265, 272, 301, 328, 329
Furunculosis, 299
Fusobacterium nudatum, 159

G
G6PD (glucose-6-phosphate dehydrogenase), 5, 132, 148, 

152–153
Galactosemia, 302, 303
Gamma (γ)c deficiency

clinical manifestations, 44–45
definition, 42
diagnosis, 45–46
etiology, 42–44
management, 46–48

Gammaglobulin. See Immunoglobulin (Ig) replacement 
therapy

Gastroesophageal reflux, 24, 29, 259
GCSFR (granulocyte colony-stimulating factor 

receptor), 4, 132–134
Gene therapy, 29, 39, 47–48, 53, 59, 104, 131, 138, 140, 

152, 184, 186, 266, 316–318, 328
Genetic disorders of immune regulation

classification, 5–6, 179–180
definition, 168, 172, 175, 178, 182, 184
prevalence, 9–10
therapy, 169, 170, 175, 178, 184, 186

Genu varum, 271
GFI1 deficiency

clinical manifestations, 134
definition, 131
diagnosis, 134

etiology, 132–134
management, 134–135

GFI1, 4, 131–133
Giardia, 63, 101, 103, 113
Giardiasis, 109, 115, 319
Gingival hyperplasia, 134
Gingivitis, 61, 102, 134, 136, 144, 271, 301
Glomerulonephritis, 67, 102, 180, 185

membranoproliferative, 237, 242, 244
Glycogen storage disease Ib/Ic, 133, 302, 303
Gonadoblastoma, 306
Gonadotropin deficieney, 183
Good syndrome, 318, 319
gp91 phox deficiency

clinical manifestations, 144–148
definition, 143
diagnosis, 148–149
etiology, 143–144
management, 149–152

Graft versus host disease (GVHD), 29, 44, 45, 47, 54, 55, 
140, 151–152, 261, 278, 317, 318

Granulibacter bethesdensis, 146, 151
Granulocyte colony-stimulating factor (G-CSF), 134, 206, 

315, 316, 318
Granulocyte macrophage colony-stimulating factor 

(GM-CSF), 76, 206, 278, 325
Granuloma, 143, 146, 201, 203–205, 225
Granulomatous disease. See Chronic granulomatous 

disease (CGD)
Griscelli syndrome, type II

clinical manifestations, 173
definition, 172
diagnosis, 173–174
etiology, 172–173
management, 174–175

Growth hormone
binding protein, 77
deficiency (GHD), 101, 183, 295
insensitivity, 77, 295
pathway defects, 293, 295. See also Growth hormone 

deficiency
receptor, 77, 295

Growth retardation, 54, 77, 78, 101, 148, 252, 253, 256, 
271, 272, 277, 294, 296. See also Short stature

H
H2AX, 111, 253
Haemophilus influenzae, 97, 101, 113, 114, 238, 242, 

268, 318, 319, 326
Harrison grooves, 271
HAX1 deficiency

clinical manifestations, 134
definition, 131
diagnosis, 134
etiology, 132–134
management, 134–135

HAX1, 4, 131–134
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Hay fever, 275. See also Allergic rhinitis, 275
Hearing loss, 102, 223, 224, 326
Heat intolerance, 201, 275
Helicobacter

cinaedi, 102
pylori, 109

Hematopoietic progenitor, 178, 205
Hematopoietic stem cell transplantation (HSCT), 24, 28, 29, 

39, 46–48, 52, 53, 55, 56, 58, 59, 62, 65, 68, 69, 72, 73, 
76, 78, 98, 104, 116, 131, 135, 138, 140, 141, 143, 144, 
151, 152, 157, 158, 171–173, 175, 178, 182, 186, 201, 
205, 257, 266, 267, 269, 272, 278, 315, 316, 318, 325, 
327, 328

Hemolytic-uremic syndrome, 237
Hemophagocytic lymphohistiocytosis (HLH). See Familial 

hemophagocytic lymphohistiocytosis
Hemophagocytosis, 170, 177, 325
Hemorrhage. 328. See also Bleeding
Henoch-Shönlein purpura, 18, 218, 265
Hepatic

abnormalities, 64, 147
cirrhosis. See Cirrhosis
encephalopathy, 177
failure, 102, 184
inflammation, 318
veno-oclussive disease with immunodeficiency 

syndrome, 107
Hepatitis

autoimmune. See Autoimmune hepatitis
B, 102, 109, 176
C, 64, 102, 103, 109
chronic, 183
drug-induced, 147
enteroviral. See Enteroviral hepatitis
lobular, 147

Hepatomegaly, 102, 142, 148, 180, 221, 227, 303
Hermansky-Pudlak syndrome, type II

clinical manifestations, 173
definition, 172
diagnosis, 173–174
etiology, 172–173
management, 174–175

Herpes simplex virus (HSV), 16, 44, 60, 64, 113, 198, 200, 
203, 319

hh blood group, 132, 138
HHV8, 71
Hibernian fever. See Tumor necrosis factor 

receptor–associated periodic 
syndrome (TRAPS)

HIDS. See Hyperimmunoglobulinemia D and periodic 
fever syndrome

HIES. See Hyper-IgE syndrome (HIES)
Hirschprung disease, 270, 272
Histoplasmosis, 71, 203
HLA

DQ, 62, 64, 106, 114
DR, 106, 114,

identical, 28, 47, 48, 65, 151, 317, 323, 325, 327, 328
matched (compatible), 47, 58, 65, 144, 262, 278, 323, 

324, 328
nonidentical, 140

HMG-CoA reductase inhibitor, 221
Hodgkin’s disease. See Hodgkin’s lymphoma
Hodgkin’s lymphoma, 153
Horseshoe kidney, 259
Høyeraal-Hreidarsson Syndrome

clinical manifestations, 277–278
definition, 276
diagnosis, 278
etiology, 276–277
management, 278

HPS. See Hermansky-Pudlak syndrome
Human immunodeficiency virus (HIV), 1, 22, 25, 45, 70, 71, 

116, 170, 205, 240, 274
Human papilloma virus (HPV), 195, 205, 207, 208, 325
Humoral immunodeficiency, 60, 67, 262. See also

Predominantly antibody deficiencies
Hydronephrosis, 256
Hydroxychloroquine, 114, 319, 322
Hyperammonemia, 303
Hyperbilirubinemia, 170
Hypereosinophilia, 44, 53, 275
Hyperferritinemia, 177
Hypergammaglobulinemia, 67, 73, 181, 260
Hyperhidrosis, 277
Hyper-IgE syndrome (HIES)

clinical manifestations, 267–268
definition, 267
diagnosis, 268–269
etiology, 267
HIES with unknown origin, 267–269
management, 269
Stat3 deficiency, 267
Tyk2 deficiency, 267

Hyper-IgM, 59, 60, 111, 201. See also Immunoglobulin 
class switch recombination deficiencies

Hyperimmunoglobulinemia D and periodic 
fever syndrome

clinical manifestations, 220–221
definition, 219–220
diagnosis, 221
etiology, 220
management, 221

Hyperkeratosis, 20, 158, 159, 208, 277
Hypernatremia, 275
Hyperparathyroidism, 61
Hyperpigmentation, 20, 277, 305
Hyperprolactinemia, 78
Hypertelorism, 256, 298, 305, 306
Hyperthyroidism, 183
Hypertriglyceridemia, 170
Hypoadrenalism, 19
Hypocalcemia, 19, 184, 252, 258–261, 305
Hypofibrinogenemia, 170
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Hypogammaglobulinemia with normal/low number of B cells
clinical manifestations, 108–109
definition, 105
diagnosis, 110
etiology, 105–108
management, 110–111

Hypogammaglobulinemia, 4, 6, 12, 16, 24, 28, 45, 52, 55, 
56, 60, 64, 67, 70, 71, 97, 99, 105–111, 115, 118, 
119, 176, 201, 205–207, 253, 256, 260, 274, 295, 
298–300, 304, 305, 318, 319, 321, 324, 325. See also
Hypogammaglobulinemia with normal/low number 
of B cells; Predominantly antibody deficiencies; 
Transient hypogammaglobulinemia of infancy; 
Warts, Hypogammaglobulinemia, Infections, 
Myelokathexis (WHIM) syndrome

Hypoglycemia, 133, 302, 303, 318
Hypoglycorrhachia, 102
Hypogonadism, 183, 301
Hypohidrotic/anhidrotic ectodermal dysplasia. 

See Anhidrotic ectodermal dysplasia with 
immunodeficiency (EDA-ID)

Hyponatremia, 170
Hypoparathyroidism, 182–184, 259, 272, 274, 329
Hypoproteinemia, 53, 170
Hypothyroidism, 75, 142, 183, 259, 270, 295
Hypotonia, 57, 169, 255, 257, 297, 301, 302, 306

I
ICF syndrome

clinical manifestations, 254–257
definition, 252–253
diagnosis, 257
etiology, 253–254
management, 257–258

Ichthyosis linearis circumflexa, 274, 275
Eikenella corrodens, 159
ICOS (Inducible costimulator), 4, 12, 98, 105, 106, 176
ICOS deficiency

clinical manifestations, 108–109
definition, 105
diagnosis, 110
etiology, 105–108
management, 110–111

Idiopathic CD4 lymphocytopenia
clinical manifestations, 71
definition, 70
diagnosis, 71
etiology, 70–71
management, 71–72

Idiopathic CD4 lymphopenia. See Idiopathic CD4 
lymphocytopenia

Idiopathic thrombocytopenia purpura (ITP), 15, 109, 115, 
148, 319, 321, 329

IFN (interferon)
alpha(α), 42, 184
gamma(γ), 60, 62, 68, 71, 149, 168, 203. See also IFNγ
omega(ω), 184

type 1, 193, 203, 267
α/β, 197, 198, 203, 204

IFNGR1 (Interferon, gamma, receptor 1), 6, 202
IFNGR2 (Interferon, gamma, receptor 2), 6, 202
IFNγ (IFN-γ or interferon-gamma)

/IL-12. See IL-12/IFN-γ pathway
gene. See IFNGR1 and IFNGR2
pathway. See IL-12/IFN-γ pathway
production, 203
prophylactic, 149, 323
receptor (IFN-γR), 201, 203–205, 325
receptor deficiencies. See IFN-γ receptor 1/2 deficiencies
stimulated-γ-factor-3 (ISGF3), 203
treatment, 325

IFN-γ receptor 1/2 deficiencies
clinical manifestations, 203
definition, 201–202
diagnosis, 203–204
etiology, 202–203
management, 204–205

Ig heavy chain deletions
clinical manifestations, 116–117
definition, 116
diagnosis, 117
etiology, 116
management, 117

Igα/Igβ deficiency
clinical manifestations, 103
definition, 99
diagnosis, 104
etiology, 99–101
management, 104–105

IgA with IgG subclass deficiency
clinical manifestations, 116–117
definition, 116
diagnosis, 117
etiology, 116
management, 117

IgG1 deficiency, 116. See also Isolated IgG subclass deficiency
IgG2 deficiency, 116, 117, 295. See also Isolated IgG subclass 

deficiency
IgG3 deficiency, 116, 321. See also Isolated IgG subclass 

deficiency
IgG4 deficiency, 116. See also Isolated IgG subclass deficiency
IGHM (Ig heavy mu chain), 4, 98, 100, 101
IGKC, 4, 98, 116
IGLL1, 4, 98, 100, 101
IKBA, 6, 198, 200
IKBKG. See Nuclear factor (NF)-κB essential modulator (NEMO)
IL-1, 170, 199, 219

blocker, 220–227
IL-1b(β), 197
receptor (IL-1R), 197, 199

IL-10, 60, 72, 74, 76, 106, 176, 179, 181, 267, 274
IL-12, 18, 60, 108, 197, 200–204, 267, 274, 325

/23 receptor β1 chain
deficiency. See IL-12/23 receptor β1 chain deficiency
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/IFN-γ pathway, 200
ligand, 201
p35, 203
p40

deficiency. See IL-12p40 deficiency
p70, 201
production, 203
Rβ1. See IL-12/23 receptor β1 chain

deficiency. See IL-12/23 receptor β1 chain deficiency
Rβ2, 201
signaling, 201, 202

IL-12/23 receptor β1 chain deficiency
clinical manifestations, 203
definition, 201–202
diagnosis, 203–204
etiology, 202–203
management, 204–205

IL12B (Interleukin 12B), 5, 202, 203
IL-12p40 deficiency

clinical manifestations, 203
definition, 201–202
diagnosis, 203–204
etiology, 202–203
management, 204–205

IL12RB1 (Interleukin 12 receptor, beta-1), 6, 202
IL-15, 43
IL-15R, 13
IL-18, 108, 199
IL-2

production, 185, 306
receptor (IL-2R)

gene. See IL2RA and IL2RG
soluble. See Soluble IL-2 receptor
α chain (IL-2R α), 13, 74, 76
α chain deficiency. See CD25 deficiency
γ chain deficiency. See Gamma (γ)c deficiency

signaling, 77
treatment, 71
α subunit, 74. See also CD25
β subunit, 74. See also CD122
γ subunit, 74

IL-21, 43
receptor, 43

IL-23, 203, 204, 267
IL-23 receptor, 18. See also IL-12/23 receptor β1 chain

IL2RA, 3, 41, 74
IL2RG, 3, 29, 40, 42, 46
IL-4, 43, 53, 60, 72, 185, 226
IL-6, 170, 197, 226, 267
IL-7, 13, 43, 71, 108

deficiency. See IL7-Rα deficiency
gene. See IL7-R
production, 108
receptor (IL-7Rα)

IL7-Rα (Interleukin-7 receptor alpha), 3, 40, 42–44, 46, 48
IL7-Rα deficiency

clinical manifestations, 44

definition, 42
diagnosis, 46
etiology, 43
management, 48

IL7-R, 3, 40, 42–44, 46, 48
IL-8, 141
IL-9, 43
Immune dysregulation, 117, 132, 167, 168, 172, 176. 

See also Immunodysregulation
Immune neutropenia of infancy, 134
Immunodeficiency with hypopigmentation

clinical manifestations, 173
definition, 172
diagnosis, 173–174
etiology, 172–173
management, 174–175

Immunodysregulation, 6, 18, 19, 74, 168, 184–187. 
See also Immunodysregulation, Polyendocrinopathy, 
Enteropathy, X-linked (IPEX)

Immunodysregulation, polyendocrinopathy, enteropathy, 
X-linked (IPEX)

clinical manifestations, 185–186
definition, 184
diagnosis, 186
etiology, 184–185
management, 186–187

Immunoglobulin (Ig) replacement therapy, 28, 110, 113, 
117–119, 178, 182, 199, 206, 257, 266, 269

Immunoglobulin class switch 
recombination deficiencies

affecting CD40-CD40L. See CD40 deficiency and CD40 
ligand deficiency

due to intrinsic B cell defects. See AID deficiency 
and UNG deficiency

Immunoglobulin substitution. See Immunoglobulin 
replacement therapy

Immuno-osseous dysplasias
clinical manifestations, 271–272
definition, 269–270
diagnosis, 272
etiology, 270
management, 272

Impaired antibody response, 12, 107, 108, 114, 198, 199
Inab blood group, 237, 245
Incontinentia pigmenti, 200, 297, 299
Infection

cutaneous (skin), 134, 136, 301, 305
ear, nose, throat (ENT), 21, 24. See also Otitis media 

and Sinusitis
gastrointestinal tract, 63, 97, 101, 113, 115, 200, 298, 320. 

See also Diarrhea
gingival, 158, 159, 323
respiratory tract

lower (lung), 60, 61, 66, 69, 101, 103, 319, 321. 
See also Pneumonia

upper, 14, 15, 60, 61, 63, 64, 66, 67, 69, 101, 119, 136, 
254, 260, 276, 306, 319, 321. See also Sinusitis
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Infectious mononucleosis, 176, 177. See also Fulminant 
infectious mononucleosis

Infertility, 256
Inflammatory bowel disease (IBD). See also Ulcerative 

colitis and Crohn’s Disease
Infliximab, 147, 186, 223, 319, 326
Intercellular adhesion molecule (ICAM), 137, 273, 275
Interleukin. See IL-
Interrupted aortic arch, 259
Intravenous immunoglobulin (IVIG), 27, 28, 61, 

102–105, 109, 110, 113, 115, 119, 266, 315, 316.
See also Immunoglobulin replacement

IPEX. See Immunodysregulation, polyendocrinopathy, 
enteropathy, X-linked (IPEX)

IRAK4 (Interleukin-1 receptor-associated kinase 4), 6, 15, 
16, 195–200, 325

IRAK-4 deficiency
clinical manifestations, 198
definition, 196–197
diagnosis, 198–199
etiology, 198
management, 199

Iron deficiency, 24
Irradiation, 1, 140, 240, 303
Ischemic attacks, 270
Ischiadic hypoplasia, 305
Isohemagglutinin, 58, 110, 119, 265, 294, 299
Isolated IgG subclass deficiency

clinical manifestations, 116–117
definition, 116
diagnosis, 117
etiology, 116
management, 117

Isoniazid, 47
Isovaleric acidemia, 302, 303
ITAM (immunoreceptor tyrosine-based activation motif), 

13, 68
ITGB2 (Integrin, beta-2), 5, 8, 132, 137, 237
Itraconazole, 145, 149, 152, 154, 274, 323

J
JAK3 deficiency

clinical manifestations, 44
definition, 42
diagnosis, 46
etiology, 43
management, 48

JAK3, 3, 13, 40, 42–44, 46, 48
Jaundice, 153, 169, 303
JC virus, 57, 61
Job’s syndrome. See Hyper-IgE syndrome (HIES)
Joint hypermobility, 268
Juvenile idiopathic arthritis (JIA), 148, 216, 219, 224, 227, 

321, 325, 328

K
Kabuki syndrome, 20, 293, 295
Kaposi(‘s) sarcoma, 71

Kappa (κ) light chain deficiency
clinical manifestations, 116–117
definition, 116
diagnosis, 117
etiology, 116
management, 117

Kawasaki disease, 27
Keratitis, 274
Keratoconjunctivitis. See Conjunctivitis
Keratopathy, 274
Klebsiella, 66, 155, 186, 323
Kostmann syndrome. See Severe congenital 

neutropenias
Ku70, 51, 54, 55, 253
Ku80, 51, 54, 55, 253
Kyphosis, 271

L
Lactobacillus, 30
LAD. See Leukocyte adhesion deficiency (LAD)
Lambda (λ)5/14.1 deficiency

clinical manifestations, 101–104
definition, 99
diagnosis, 104
etiology, 99–101
management, 104–105

LCA, 3, 40
LCK, 3, 41, 70
Lectin pathway, 7, 236, 237, 239
LEF1 (Lymphoid enhancer-binding factor 1), 132
Legionella pneumophila, 148
Leishmaniosis, 170
Leptomeningitis, 102
Lethargy, 303
Leukemia, 48, 54, 55, 104, 140, 254, 264, 304, 305, 317
Leukocyte adhesion deficiency (LAD)

Canine LAD (CLAD), 140
clinical manifestations, 137–139
definition, 136–137
diagnosis, 139
etiology, 137
LAD-1, 12, 136–141, 245, 323
LAD-2, 136–141, 301, 302, 323
LAD-3, 136–141, 323
management, 139–141

Leukocytosis, 139, 141, 145, 206, 301, 302
Leukoplakia, 276–278, 300
LFA-1, 137. See also CD11a
LIG4 (DNA ligase IV), 3, 20, 40, 51, 54, 55, 253, 254, 292, 

304, 305
Listeria, 44
Listeriosis, 203
Liver. See also Hepatic

abscess, 145, 150, 151. See also Abscess, Liver
dysfunction, 109, 170, 177
enzymes, 44, 147
failure, 177
granuloma, 225
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involvement, 44
transplantation, 60, 246, 318

Localized juvenile periodontitis
clinical manifestations, 158
definition, 158
diagnosis, 158
etiology, 158
management, 158

Lovastatin, 221
LRRC8 deficiency

clinical manifestations, 101–104
definition, 99
diagnosis, 104
etiology, 99–101
management, 104–105

LRRC8, 4, 98, 99, 101
L-selectin, 141, 199
Lupus erythematosus

discoid, 18, 144, 147. See also Discoid lupus
See Systemic lupus erythematosus (SLE)

Lymphadenitis, 151
Lymphadenopathy, 53, 75, 109, 113, 144, 169, 176, 178, 180, 

221, 227, 299, 323
Lymphangiectasia, 45
Lymphedema, 200, 299, 306
Lymphocytopenia, 269, 271. See also Idiopathic CD4 

lymphocytopenia
Lymphocytopenia. See Lymphopenia
Lymphohistiocytosis. See Familial hemophagocytic 

lymphohistiocytosis
Lymphoid (lymphocytic) interstitial pneumonitis, 109, 319
Lymphoma

hodgkin’s. See Hodgkin’s lymphoma
mucosa-associated lymphoid tissue (MALT), 109
non-hodgkin. See Non-Hodgkin lymphoma

Lymphopenia, 24, 39, 44, 45, 55, 206, 261, 265, 269, 271, 272, 
295, 303. See also Idiopathic CD4 lymphocytopenia

Lymphoproliferation
B cell, 55
EBV-associated, 52, 55
T cell, 74

Lymphoproliferative disease (syndrome)
autoimmune, 19, 167, 168, 178–182. See also

Autoimmune lymphoproliferative syndrome (ALPS)
X-linked, 12, 107, 110, 167, 168, 175–178, 324–325. See

also X-Linked symphoproliferative syndrome (XLP)
Lysinuric protein intolerance, 302, 303
LYST (Lysosomal trafficking regulator), 5, 133, 172, 292, 298
LZ-NEMO deficiency

clinical manifestations, 203
definition, 201
diagnosis, 203, 204
etiology, 202, 203
management, 204, 205

M
Macroglossia, 256
Macrolyde, 320, 327, 329

Majeed syndrome, 227. See also Chronic recurrent 
multifocal osteomyelitis (CRMO)

Malabsorption, 63, 101, 103, 109, 113, 115
Malar rash. See Rash, malar
Malaria, 170, 217
Malignancy (ies). See also Cancer; Carcinoma

hematopoietic, 29, 170, 272. See also Leukemia
lymphoid, 55, 105, 115. See also Lymphoma
nonlymphoid, 51, 52, 254
secondary, 55, 71

Malnutrition, 1, 53, 296
Mannosyltransferase, 302
MAPBPIP, 5, 133, 173, 292, 300
Marenostrin. See Pyrin
MASP (MBL-associated serine proteinases), 7, 235–237, 

239, 240, 243
MASP2 (Mannan-binding lectin serine protease 2), 7, 236, 

237, 239, 240
MASP2 deficiency

clinical manifestations, 240
definition, 239–240
diagnosis, 240
etiology, 240
management, 240

Mastoiditis, 52, 57, 303
MBL (Mannan-binding lectin), 7, 22, 25, 114, 235–240, 326
MBL deficiency

clinical manifestations, 240
definition, 239–240
diagnosis, 240
etiology, 240
management, 240

MBL2, 7, 237, 239
MBP1. See MBL2
McKusick type, metaphyseal dysplasia (chondrodysplasia). 

See Cartilage hair hypoplasia
McLeod syndrome, 148
MCP (Membrane cofactor protein), 8, 18, 237, 243–246
Measles, 27, 316, 329
Mediterranean fever. See Familial mediterranean fever 

(FMF)
MEFV, 7, 217–219, 227
Melanocyte, 172, 298
Melphalan, 140, 186
Membrane cofactor protein. See MCP
Memory B cell, 60, 106, 107, 109, 174, 176, 177, 206, 260
Mendelian susceptibility to mycobacterial diseases

clinical manifestations, 203
definition, 201–202
diagnosis, 203–204
etiology, 202–203
management, 204–205

Meningitis, 15, 52, 57, 61, 64, 101, 103, 114, 116, 118, 119, 
176, 185, 198, 200, 224, 265, 325

Meningococcal infection, 15. See also Meningitis and 
Meningoencephalitis

Meningoencephalitis. 64, 101, 102 See also Encephalitis 
and Enteroviral meningoencephalitis
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Mental retardation, 57, 142, 148, 173, 221, 224, 256, 258, 
259, 275, 295, 299–306

Meropenem, 151
Mesalamine, 319
Metaphyseal chondrodysplasia. See Metaphyseal dysplasia
Metaphyseal dysostosis. See Metaphyseal dysplasia
Metaphyseal dysplasia, 20, 155, 156, 270, 294, 298
Methylprednisolone, 182
Metronidazole, 158, 319
Mevalonate kinase deficiency (MVD)

clinical manifestations, 220–221
definition, 219–220
diagnosis, 221
etiology, 220
management, 221

Mevalonic aciduria
clinical manifestations, 220–221
definition, 219–220
diagnosis, 221
etiology, 220
management, 221

MHC class I deficiency
clinical manifestations, 66–67
definition, 65
diagnosis, 67
etiology, 65
management, 67–68

MHC class II deficiency
clinical manifestations, 63–64
definition, 62
diagnosis, 64
etiology, 62–63
management, 64–65

Microcephaly, 20, 54, 55, 101, 138, 253, 276, 294, 296, 300–306
Microdontia, 271
Micrognatia, 256
Microphthalmia, 305
Migraine type headaches, 270, 271
Migratory polycyclic erythematous patches, 275
Mitochondrial anomalies, 303
Molluscum contagiosum, 44, 71, 200, 203, 265, 268
Mometazone furoate, 328
Monocytopenia, 132, 133
Mononucleosis. See Infectious mononucleosis
Montelukast, 322
Moraxella catarrhalis, 97
MPO (Myeloperoxidase), 5, 132, 143, 153
MRE11A, 8
MSMD. See Mendelian susceptibility to mycobacterial diseases
Mu (µ) heavy chain deficiency

clinical manifestations, 103
definition, 99
diagnosis, 104
etiology, 99–101
management, 104–105

Muckle-Wells syndrome
clinical manifestations, 223–224

definition, 223
diagnosis, 224
etiology, 223
management, 224

Mucosal swelling, 24
Mulvihill-Smith syndrome, 293, 296
Mumps, 27, 316, 329
Munc 13-4 deficiency

clinical manifestations, 169
definition, 168
diagnosis, 171
etiology, 168
management, 171–172

MUNC13-4, 5, 168, 171, 172
Muscular dysplasia, 73
MVK, 7, 216, 220, 221, 228
Myalgia, 110, 149, 219, 222, 325
Myasthenia gravis, 274
Mycobacteria, 16, 20, 44, 60, 61, 70, 71, 150, 195, 198, 

200–205, 317, 325. See also Tuberculosis
Mycobacterium

avium, 28, 200, 203
bovis, 200
infection. See Mycobacteria and Tuberculosis
kansasii, 200
tuberculosis, 203

Mycophenolate mofetil, 182
Mycoplasma, 102, 318, 319
MyD88 (Myeloid differentiation factor-88), 16, 196–198
Myeloablative (conditioning regimen), 140, 178
Myelodysplasia, 135, 152, 276, 277

with neutropenia. See Neutropenia with myelodysplasia
Myelodysplastic syndrome, 134, 153, 156
Myeloid differentiation factor-88 (MyD88), 196–198
Myelokathexis, 196, 205, 206, 299, 325. See also Warts, 

hypogammaglobulinemia, infections, myelokathexis 
syndrome

Myeloperoxidase deficiency
clinical manifestations, 153–154
definition, 153
diagnosis, 154
etiology, 153
management, 154

Myopathy, 72, 303
Myotonic dystrophy, 297, 300–301

N
NADPH, 141–144, 146, 152, 153
Nail dystrophy, 73, 276, 277, 299, 300
NALP3. See CIAS1
NBS1 (Nijmegen breakage syndrome gene), 8, 111, 252–254, 

256, 257, 292, 303, 304
NCF1, 5, 14, 132, 144
NCF2, 5, 14, 132, 144
Necrotizing

enterocolitis. See Typhlitis
granulomatous lesion, 66–68
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infection, 145
lymphadenitis (lymph node), 146, 151
retinochoroiditis, 67

Necrotizing enterocolitis. See Typhlitis
Neisseria meningitides, 241, 242
Neisserial infection, 236, 241, 242, 326
NEMO. See Nuclear factor (NF)-κB essential modulator 

(NEMO)
Neonatal-onset multisystem inflammatory disease. 

See Chronic infantile neurological cutaneous 
articular syndrome

Neoplasia, 148, 304, 306. See also Cancer
Nephritis. See Glomerulonephritis
Netherton syndrome

clinical manifestations, 275–276
definition, 274–275
diagnosis, 276
etiology, 275
management, 276

Neurodegenerative disease, 55, 154, 326
Neurodevelopmental delay, 156, 173
Neurologic(al) abnormalities (defects), 172, 259, 277, 300
Neurologic(al) symptom (manifestation), 59, 102, 168, 169, 

172, 173, 175, 224, 254, 268
Neuronal lipofuscinosis, 153
Neuropathy, 173, 271, 298
Neurosensorial hearing loss. See Hearing loss
Neutropenia

autoimmune. See Autoimmune neutropenia
chronic, 173, 174
congenital, 132, 133, 300. See also Severe congenital 

neutropenias
cyclic, 135–136, 216, 226, 321, 322. See also Cyclic 

neutropenia
intermittent, 156
moderate, 156
of infancy, 134. See also Immune neutropenia of infancy
poikiloderma with. See Poikiloderma with neutropenia
secondary, 134
severe neutropenia, 131, 134, 303. See also Severe 

congenital neutropenias
transient, 198
with myelodysplasia. See Neutropenia with 

myelodysplasia
X-linked, 263. See also Neutropenia with myelodysplasia

Neutropenia with myelodysplasia
clinical manifestations, 134
definition, 131
diagnosis, 134
etiology, 132–134
management, 134–135

Neutrophil G-6PD deficiency
clinical manifestations, 153
definition, 152–153
diagnosis, 153
etiology, 153
management, 153

NFAT. See Nuclear Factor (NF)-κB of activated T cells
NHEJ1 (Nonhomologous end-joining 1). 

See CERNUNNOS
Nibrin, 252, 253, 304
Nijmegen breakage syndrome

clinical manifestations, 252–256
definition, 252
diagnosis, 257
etiology, 253–254
management, 257

Nitroblue tetrazolium (NBT), 25, 148, 153
Nocardia, 145, 150, 151
NOD (Nucleotide-binding and oligomerization domain), 7, 

195, 216, 217, 224
NOD2. See CARD15 (Caspase recruitment domain 

family 15)
Nodular lymphoid hyperplasia, 109, 115, 320
Non-Hodgkin lymphoma, 71, 109, 272, 319, 320, 327
Nonhomologous end joining (NHEJ), 3, 51–52, 54, 55, 

253–254
Nonsteroidal anti-inflammatory drugs, 114, 325
NRAS, 6, 19, 180
Nuclear factor (NF)-κB

essential modulator (NEMO), 6, 18, 198–203, 
292, 299

of activated T Cells (NFAT), 185
Nucleotide-binding and oligomerization domain (NOD), 

195, 215, 216
Nystagmus, 173, 298

O
Oculocutaneous hypopigmentation, 172–174, 298, 

300, 324
OLEDAID syndrome, 297, 299
Omenn syndrome

clinical manifestations, 53
definition, 53
diagnosis, 53–54
etiology, 53
management, 54

Omphalitis, 134, 137, 139
Opportunistic infection, 52, 56, 60, 61, 69, 71, 113, 200, 

201, 206, 256, 261, 262, 268, 271, 317, 319, 326
ORAI1, 3, 72, 73
Orchitis, 218
Orotic aciduria, 58
Osteomyelitis, 144–146, 185, 203, 204, 216, 

227, 325
Osteopenia, 61, 156, 329
Osteopetrosis, 200, 299
Other immunoglobulin isotypes or light chain 

deficiencies
clinical manifestations, 116–117
definition, 116
diagnosis, 117
etiology, 116
management, 117
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Other syndromes associated with defective 
DNA repair

clinical manifestations, 254–257
definition, 252–253
diagnosis, 257
etiology, 252–254
management, 257–258

Other well-defined immunodeficiencies
classification, 8
definition, 251
prevalence, 273
therapy, 326–329

Otitis media, 14, 15, 66, 101, 103, 109, 111, 114, 115, 119, 
134, 156, 265, 303, 304, 319, 321

Ovarian dysgenesis (failure), 256, 306

P
p14 deficiency

clinical manifestations, 173
definition, 172
diagnosis, 173–174
etiology, 172–173
management, 174–175

p22 phox deficiency. See also Chronic granulomatous 
disease (CGD)

clinical manifestations, 144–148
definition, 143
diagnosis, 148–149
etiology, 143–144
management, 149–152

p47 phox deficiency. See also Chronic granulomatous 
disease (CGD)

clinical manifestations, 144–148
definition, 143
diagnosis, 148–149
etiology, 143–144
management, 149–152

p56lck deficiency. See also Chronic granulomatous 
disease (CGD)

clinical manifestations, 71
definition, 70
diagnosis, 71
etiology, 70–71
management, 71–72

p67 phox deficiency. See also Chronic granulomatous 
disease (CGD)

clinical manifestations, 144–148
definition, 143
diagnosis, 148–149
etiology, 143–144
management, 149–152

Palivizumab, 47
Pancytopenia

fanconi. See Fanconi pancytopenia
progressive, 101, 276, 301

PAPA. See Pyogenic arthritis, pyoderma gangrenosum 
and acne (PAPA) syndrome

Papillon-Lefèvre syndrome
clinical manifestations, 159
definition, 158
diagnosis, 159
etiology, 158–159
management, 159

Parathyroid
dysfunction, 18, 259
hormone (PTH), 261
hyper. See Hyperparathyroidism
hypo. See Hypoparathyroidism
hypoplasia, 259, 305

Paronychia, 273
Paroxysmal nocturnal hemoglobinuria (PNH), 244–246, 277
Partial deletions of chromosome 4p, 306
Parvovirus B19, 61, 317
Pathogen-associated molecular pattern (PAMP), 195, 196
Pattern recognition receptor (PRR), 195, 216
PEG (Polyethylene glycol), 59, 317
Penicillamine, 114
Penicillium piceum, 146
Perforin deficiency

clinical manifestations, 169
definition, 168
diagnosis, 169–171
etiology, 168–169
management, 171–172

Perforin, 168, 169, 171, 172, 179
Pericarditis, 57, 148, 218
Periodic fever syndrome

CAPS. See Cryopyrin-associated periodic syndrome
FMF. See Familial mediterranean fever
HIDS. See Hyperimmunoglobulinemia D and periodic 

fever syndrome
PFAPA. See Periodic fever, aphtous stomatitis, pharyngitis 

and cervical adenitis
TRAPS. See Tumor necrosis factor receptor–associated 

periodic syndrome
Periodic fever, aphtous stomatitis, pharyngitis and cervical 

adenitis (PFAPA), 216, 221, 226, 227
Periodontal infection, 138
Periodontitis

aggressive, 158
chronic, 302
juvenile. See Localized juvenile periodontitis
prepubertal. See Localized juvenile periodontitis

Periorbital edema, 222
Peritonitis, 218
Pernicious anemia, 109, 183, 319, 321
PFC (Properdin P factor, complement), 8, 237, 241
Phagocytes defects

classification, 4–5
definition, 131, 135, 136, 141, 143, 152–155, 158
prevalence, 145, 146
therapy, 131, 135, 137, 138, 140, 141, 143, 145–152, 157–159

Phenytoin, 114
Photophobia, 173
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Photosensibility, 132
PID. See Primary immunodeficiency diseases (PID)
PIGA (Phosphatidylinositol glycan, class A), 244
Pimecrolimus, 276
Pityriasis, 207
PKC, 13
Plaquenil, 32
Platelet cell adhesion molecule (PCAM), 137
Pleconaril, 318
Pleocytosis, 102, 170
Pleuritis, 218, 222
Pneumatocele, 252, 267, 268
Pneumococcal vaccine, 15, 110, 240, 295
Pneumocystis jiroveci, 44, 47, 53, 60, 61, 64, 69, 71, 77, 102, 

113, 200, 260, 261, 265, 271, 278, 315, 317–319
Pneumonia

fungal, 145
interstitial, 39, 44, 77
Pneumocystis jiroveci. See Pneumocystis jiroveci
pseudomonas. See Pseudomonas
recurrent, 14, 78, 117, 154, 254, 300, 319
Staphylococcus (Staphylococcal). See Staphylococcus 

pneumoniae
Streptococcus. See Streptococcus pneumoniae

PNP (Purine nucleoside phosphorylase), 45, 46, 56–59, 301
Poikiloderma with neutropenia, 297, 300
Poikiloderma. See Poikiloderma with neutropenia
Poliovirus, 27, 64, 102, 318
Polydactyly, 305
Polyendocrinopathy with candidiasis and ectodermal 

dystrophy. See Autoimmune polyendocrinopathy 
with candidiasis and ectodermal dystrophy

Polyethylene glycol (PEG), 59, 317
Polygenic/multifactorial autoinflammatory diseases, 7, 215, 

226–228
Polymyositis, 237
Poor (impaired) wound healing, 24, 132, 137, 141
Posaconazole, 145, 149
Precocious periodontal disease, 292, 297
Prednisone, 147, 186, 257, 324, 325, 328
Predominantly antibody deficiencies

classification, 3, 107
definition, 99, 105, 111, 113–114, 116–118
prevalence, 105, 109
therapy, 97, 98, 101–105, 109, 110, 113–119

Prenatal diagnosis, 39, 46, 52, 54, 61, 64, 104, 139, 266
PRF1, 5, 168
Primary antibody deficiencies (PAD). See Predominantly 

antibody deficiencies
Primary biliary cirrhosis, 75, 109
Primary immunodeficiency diseases (PID)

adjunct therapies, 29–30
autoimmunity, 15–19
classification, 2–11
clinical manifestations, 14–20
definition, 1–2
diagnosis, 20–25

diagnostic approach, 21–24
etiology, 2–14
gene therapy, 29
genetic defects, 11–12
history, 2
immunoglobulin replacement therapy. See

Immunoglobulin replacement therapy
infections, 14–15
laboratory tests, 24–25
malignancies, 19
management, 25–30
pathophysiology, 12–14
prevalence, 1, 2, 9
registries, 2
transplantation, 28–29
vaccination, 26–27
warning signs and symptoms, 20–21

Properdin deficiency
clinical manifestations, 241
definition, 240–241
diagnosis, 241
etiology, 241
management, 241

Propionic acidemia, 303
Protein intolerance, 302, 303
Pruritus, 275
Pseudomonas, 66, 69, 145, 155, 268. See also Burkholderia 

aeruginosa
Psoriasis, 71, 185, 227
PSTPIP1, 7, 225, 228
Purine nucleoside phosphorylase (PNP) deficiency

clinical manifestations, 57
definition, 56
diagnosis, 58
etiology, 56, 57
management, 58, 59

Purpura
Henoch-Shönlein. See Henoch-Shönlein purpura
idiopathic thrombocytopenia. See Idiopathic 

thrombocytopenia purpura (ITP)
thrombotic thrombocytopenic, 71

Purtilo syndrome, 175
Pus formation, 137, 138, 141, 142, 154, 302
Pustulosis palmoplantaris, 227
Pustulosis, 227
Pyelonephritis. See Glomerulonephritis
Pyoderma, 102, 225, 299. See also Pyogenic arthritis, 

pyoderma gangrenosum and acne syndrome
Pyogenic arthritis, pyoderma gangrenosum and acne 

(PAPA) syndrome
clinical manifestations, 225
definition, 225
diagnosis, 226
etiology, 225
management, 226

PYPAF1. See CIAS1
Pyrin, 217, 218, 225
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R
RAB27A, 5, 133, 172, 292, 298
RAC-2 deficiency

clinical manifestations, 141
definition, 141
diagnosis, 141
etiology, 141
management, 141

RAC2, 5, 14, 132, 141, 159
RAD50, 111, 253–255, 304
Radial hypoplasia, 305
Radiation sensitivity. See Radiosensitivity
Radiosensitive severe combined immunodeficiency, 253. 

See also DNA ligase IV deficiency and cernunnos 
deficiency

Radiosensitivity, 51, 55, 252, 255, 257, 305
RAG (Recombination activating genes)

RAG1, 3, 40, 48–54, 252, 292, 299
RAG2, 3, 40, 49–54, 292, 299

RAG1/2 deficiencies
clinical manifestations, 52
definition, 48, 49
diagnosis, 52
etiology, 49–52
management, 52–53

Rash
eczema-like, 274
erythematous, 102, 222, 298, 300
ichtyosiform, 225
malar, 256
migratory, 216, 222
neonatal, 224, 268
salmon-pink, 227
urticarial(-like), 183, 216,

Reactive oxygen species (ROS), 138, 143, 252
Recombination activating genes. See RAG

(Recombination activating genes)
RecQ, 254, 256, 304
Respiratory syncytial virus (RSV), 44, 47, 64
Reticular dysgenesis, 3, 40, 51
Retinal dystrophy, 294
RFX5 deficiency

clinical manifestations, 63–64
definition, 62
diagnosis, 64
etiology, 62–63
management, 64–65

RFX5, 3, 41, 63, 64
RFXANK deficiency

clinical manifestations, 63–64
definition, 62
diagnosis, 64
etiology, 62–63
management, 64–65

RFXANK, 3, 41, 62, 64
RFXAP deficiency

clinical manifestations, 63–64

definition, 62
diagnosis, 64
etiology, 62–63
management, 64–65

RFXAP, 3, 41, 62, 64
Rhogam, 320, 329
Rifampicin, 47
Right aortic arch, 259
Rituximab, 171, 178, 182, 266, 319
RMRP, 9, 133, 270, 292, 294
Roifman syndrome (Roifman syndrome 1), 294
Roifman-Costa syndrome (Roifman syndrome 2), 294
Rotavirus, 27, 69
Rothmund–Thomson syndrome, 254
Rubella, 27, 114, 316, 329
Rubinstein-Taybi syndrome, 293, 295

S
SAD. See Specific antibody deficiency with normal 

immunoglobulin concentrations
Salmonella (typhi), 44, 60, 64, 102, 103, 202, 323, 325
Salmonellosis, 71, 201, 203, 319
SAP deficiency

clinical manifestations, 176–177
definition, 175
diagnosis, 177–178
etiology, 175–176
management, 178

Sarcoidosis, 109, 148, 224, 225
SBDS (Shwachman–Bodian–diamond syndrome), 5, 132, 

133, 155, 156, 292
Scapular blunting, 20
Schimke immuno-Osseous dysplasia (SIOD). See Schimke 

syndrome
Schimke syndrome

clinical manifestations, 271–272
definition, 269–270
diagnosis, 272
etiology, 270
management, 272

SCID. See Severe combined immunodeficiency (SCID)
Sclerosing cholangitis, 15, 44, 60, 64
SCN. See Severe congenital neutropenias
Scoliosis, 268, 271, 328
SDS. See Shwachman-diamond syndrome
Seckel syndrome, 20, 253
Secondary immunodeficiency, 1, 116, 258
Seizure, 102, 169, 173, 224, 259, 299, 302, 306
Selective IgA deficiency

clinical manifestations, 114–115
definition, 113–114
diagnosis, 115
etiology, 114
management, 115–116

Sepsis, 18, 52, 53, 101, 103, 116, 118, 119, 151, 154, 156, 176, 
182, 185, 240, 265, 301, 303, 325

Septic shock, 136
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Septicemia, 64, 69, 101, 114, 198, 200, 266, 271
Serositis, 218, 227
Serratia (marcescens), 145, 151, 323
Serum amyloid A, 218
Severe combined immunodeficiency (SCID)

T-B+ severe combined immunodeficiency
clinical manifestations, 44–45
definition, 42
diagnosis, 45–46
etiology, 42–44
management, 46–48

T-B- severe combined immunodeficiency
clinical manifestations, 52
definition, 48–49
diagnosis, 52
etiology, 49–52
management, 52–53

Severe congenital neutropenias
clinical manifestations, 134
definition, 131
diagnosis, 134
etiology, 132–134
management, 134–135

SGD. See Specific granule deficiency
SH2D1A (Src homology 2-domain protein), 5, 12, 107, 175, 

176, 178
Shield chest, 306
Shigella (sonnei), 64, 198
Short stature, 76–78, 138, 156, 173, 259, 268, 271, 272, 294, 

295, 298–306. See also Growth retardation
Short-limb skeletal dysplasia with combined 

immunodeficiency, 293, 294
Shprintzen syndrome. See Velocardiofacial syndrome
Shwachman-diamond syndrome

clinical manifestations, 156
definition, 155
diagnosis, 156–157
etiology, 155–156
management, 157–158

SIgAD. See Selective IgA deficiency
Simvastatine, 221
Sinusitis, 14, 15, 29, 57, 60, 64, 68, 101, 103, 109, 113, 115, 

116, 118, 119, 205, 265, 271, 303, 319, 321, 322
Sirolimus, 186
Sjögren syndrome, 71
Skeletal

abnormalities, 156, 252, 268, 265, 268, 269, 272, 294, 295
anomalies. See Skeletal abnormalities
defect. See Skeletal abnormalities
deformities. See Skeletal abnormalities
dismorphisms. See Skeletal abnormalities
dysplasia, 293, 294, 302. See also Syndromic 

immunodeficiencies, Syndromes associated with 
growth deficiency

features. See Skeletal manifestations
manifestations, 20, 271
problems. See Skeletal abnormalities

SLAM, 175, 176
SLC35C1. See FUCT1
SLP65. See BLNK (B Cell Linker)
Small pox, 26, 316
SMARCAL1, 9, 270, 292, 294
Soluble IL-2 receptor (sIL2R), 170, 177
Somatic hypermutation (SHM), 60, 67, 107, 111, 112, 254
Sparse hair, 256, 292–294, 299
Spastic paraplegia, 57
Spastic paresis, 57
Specific antibody deficiency with normal immunoglobulin 

concentrations
clinical manifestations, 118
definition, 117
diagnosis, 118
etiology, 117
management, 118

Specific granule deficiency
clinical manifestations, 154
definition, 154
diagnosis, 154–155
etiology, 154
management, 155

SPINK5, 9, 275, 292, 300
Splenectomy, 182, 264, 266, 267, 328
Splenomegaly, 77, 108, 109, 134, 148, 170, 176, 178, 180, 227, 272
Spondyloenchondrodysplasia, 293, 295
Spondyloepiphyseal dysplasia, 20, 269–271, 294
Sprue-like illness, 109
Stanazol, 326
Staphylococcus

aureus, 53, 97, 101, 137, 145, 154, 198, 200, 268, 294, 
325, 328

pneumoniae, 15, 51, 66, 97, 101, 114, 198, 200, 236, 
238, 268, 318, 319, 325

STAT (Signal transducer and activator of transcription)
STAT1, 6, 16, 22, 201–205
STAT3, 8, 267, 269, 273, 274
STAT5B, 3, 41, 76–78, 295

STAT1 deficiency
clinical manifestations, 203
definition, 201–202
diagnosis, 203–204
etiology, 202–203
management, 204–205

STAT5B deficiency
clinical manifestations, 77
definition, 76
diagnosis, 77–78
etiology, 76–77
management, 78

Steroids, 54, 67, 68, 78, 146, 147, 151, 178, 186, 205, 221, 
223–227, 266, 319, 323

Still’s disease. See Adult-onset Still’s disease (AOSD)
Streptococcus pneumoniae, 15, 66, 97, 101, 114, 198, 200, 

236, 238, 268, 318, 319, 325
STX11 (Syntaxin 11), 5, 168, 169, 171



356 Index

Subcutaneous immunoglobulin (SCIG), 28, 104, 110, 315. 
See also Immunoglobulin 
replacement therapy

Sulfasalazine, 114, 322, 324
Sulfisoxazole, 111
Sweet syndrome, 227
Syndactyly, 256
Syndromic immunodeficiencies

classification, 292–293
definition, 291
inborn errors of metabolism associated with 

immunodeficiency
other syndromic immunodeficiencies associated with 

inborn errors of metabolism, 302–303
primary immunodeficiencies associated with inborn 

errors of metabolism, 301–302
syndromes associated with chromosomal abnormalities 

of number or structure
other syndromic immunodeficiencies associated with 

chromosomal abnormalities, 305–306
primary immunodeficiencies associated with 

chromosomal abnormalities, 305
syndromes associated with cutaneous abnormalities

other syndromic immunodeficiencies associated with 
cutaneous abnormalities, 299–300

primary immunodeficiencies associated with 
cutaneous abnormalities, 298–299

syndromes associated with gastrointestinal 
dysfunction

other syndromic immunodeficiencies associated with 
gastrointestinal dysfunction, 298

primary immunodeficiencies associated with 
gastrointestinal dysfunction, 298

syndromes associated with growth deficiency
other immunodeficiencies associated with 

disproportionate short stature, 294–295
primary immunodeficiencies associated with 

disproportionate short stature, 294
syndromic immunodeficiencies associated with 

proportionate short stature, 295–296
syndromes associated with neurologic dysfunction, 

300–301
syndromes with chromosome instability and/or defective 

DNA repair associated with immunodeficiency
other syndromic immunodeficiencies associated with 

chromosome instability and/or defective DNA 
repair, 305

primary immunodeficiencies associated with 
chromosome instability and/or defective DNA 
repair, 303–305

Synovitis, 225
Syntaxin 11 deficiency

clinical manifestations, 169
definition, 168
diagnosis, 169–171
etiology, 168–169
management, 171–172

Systemic lupus erythematosus (SLE), 17, 18, 57, 115, 147, 
236, 326

Systemic onset juvenile idiopathic arthritis (SoJIA), 216, 227

T
T cell receptor (TCR), 41–46, 48–51, 67–70, 72, 77

/CD3, 45, 70, 72
complex deficiencies. See CD3δ/ε/γ/ξ deficiencies
Vβ, 64, 74, 76
α/β, 67–70, 72, 181
γ/δ, 67, 68, 70, 72

T cell receptor excision circles (TREC), 45, 46, 108, 260
TACI (Transmembrane activator and calcium modulator 

and cyclophilin ligand), 4, 12, 98, 105–107, 114
TACI deficiency

clinical manifestations, 108–109
definition, 105
diagnosis, 110
etiology, 105–108
management, 110–111

Tacrolimus, 186, 276, 326
Takao syndrome. See Conotruncal anomaly face
TAP1, 3, 41, 65–67
TAP1/2 deficiencies

clinical manifestations, 66–67
definition, 65
diagnosis, 67
etiology, 65–66
management, 67–68

TAP2, 3, 41, 65–67
Tapasin deficiency

clinical manifestations, 66–67
definition, 65
diagnosis, 67
etiology, 65–66
management, 67–68

TAPBP, 3, 41, 65
TdT, 51
Tel Hashomer criteria, 219
Telangiectasia, 18, 20, 58, 111, 114, 252–257, 277, 300, 304, 

305, 326, 327. See also Ataxia-Telangiectasia and 
Ataxia-like syndrome

Telomerase reverse transcriptase (TERT), 277
Telomerase RNA component (TERC), 277
Terbinafine, 274
Testicular hypoplasia, 271
Tetanus, 22, 25, 45, 70, 110, 118, 119, 329
Tetralogy of fallot, 259
THI. See Transient hypogammaglobulinemia of infancy
Thrombocytopenia

autoimmune. See Autoimmune thrombocytopenia
episodic, 292, 296
idiopathic. See Idiopathic thrombocytopenia purpura (ITP)
intermittent, 262, 264, 266, 300
non-immune mediated, 147
persistent, 251, 262
X-linked. See X-linked thrombocytopenia (XLT)
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Thymic
aplasia, 252, 300
epithelium (epithelial cell), 41
hypoplasia, 259, 295, 328
transplant, 47, 327. See also Thymus transplant

Thymic hypoplasia, 259, 295, 328
Thymoma, 274, 318, 319
Thymus transplant, 262
Thyroiditis. See Autoimmune thyroiditis, 115
Thyroid, 18, 115, 184, 185, 273
Tinea versicolor, 207
TLR3 (Toll-like receptor 3), 6, 16, 195–199
TLR3 deficiency

clinical manifestations, 198
definition, 196–198
diagnosis, 198–199
etiology, 198
management, 199

TMEM142A. See ORAI1
TNFRSF1A, 7, 216, 222
Toll

interleukin-1 receptor (TIR), 6, 197, 201
receptor-associated activator of interferon (TRIF), 

196, 197
receptor-associated molecule (TRAM), 196, 197

Toll-like receptor (TLR), 6, 16, 108, 195–201, 216
Total parenteral nutrition (TPN), 76, 318
Toxoplasma gondii, 66, 67, 148
Toxoplasmosis, 17
Transcobalamine 2 deficiency, 58
Transforming growth factor beta (TGF-ß), 114
Transfusion

blood, 46, 317
erythrocyte, 58, 59, 157
granulocyte, 138, 141, 323
plasma, 246
platelet, 157, 266
reactions, 115

Transient hypogammaglobulinemia of infancy
clinical manifestations, 118–119
definition, 118
diagnosis, 199
etiology, 118
management, 199

Trapezoidal philtrum, 20
TRAPS. See Tumor necrosis factor receptor–associated 

periodic syndrome (TRAPS)
Treg (CD4+ CD25+ regulatory T cells), 185, 265
Trichohepatoenteric syndrome, 296, 298
Trichorrhexis

invaginata, 274, 276
nodosa, 298

Trimethoprim-Sulfametoxazole (TMP-SMX), 140, 145, 149, 
151, 317, 318, 320–324, 326, 328

Trisomy 21, 305–306
Truncus arteriosus, 259
Tuberculosis, 146, 151, 170, 203, 204, 325

Tumor necrosis factor (TNF)
alpha (TNF-α), 72, 170, 204, 236, 320, 324
ligand superfamily, member 5 (TNFS5B). See CD40L
ligand superfamily, member 6 (TNFSF6). See FASL
receptor superfamily, member 1a (TNFRSF1A). See

TNFRSF1A
receptor superfamily, member 5 (TNFRSF5). See CD40
receptor superfamily, member 6 (TNFRSF6). See FAS

Tumor necrosis factor receptor–associated periodic 
syndrome (TRAPS)

clinical manifestations, 222
definition, 221
diagnosis, 222–223
etiology, 222
management, 223

Turner syndrome, 306–307
TYK2 (Tyrosine kinase 2), 8, 202, 267
Typhlitis, 136

U
Ulcer

aphthous, 144
genital, 221, 227
oral, 61, 134, 136
skin, 137

Ulcerative colitis, 109, 186, 321. See also Inflammatory 
bowel disease (IBD)

Ulcerative proctitis, 109
Umbilical cord, delayed separation. See Delayed separation 

of the umbilical cord
UNC13D. See MUNC13-4
UNC-93B deficiency

clinical manifestations, 198
definition, 196–197
diagnosis, 198–199
etiology, 198
management, 199

UNC-93B, 6, 16, 195–199
UNG (Uracyl-DNA glycosylase), 4, 98, 111–113, 319
UNG deficiency

clinical manifestations, 113
definition, 111
diagnosis, 113
etiology, 111–113
management, 113

Ureaplasma, 318
Urticaria, 115, 183, 215, 223, 224, 275
Uveitis, 113, 180, 224, 225, 227, 265

V
Valproic acid, 114
Varicella zoster virus (VZV), 45, 69, 315, 319
Variola. See Small pox
Vasculitis, 18, 67, 71, 154, 177, 225, 265, 268
Velocardiofacial syndrome, 259, 260
Veno-oclussive disease. See Hepatic veno-oclussive disease 

with immunodeficiency syndrome
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Villous atrophy, 18, 63, 75, 185, 186
Vincristine, 322
Vitamin B12, 319
Vitamin D, 184, 327, 328
Vitiligo, 115, 183, 184, 256, 274, 329
Voriconazole, 145, 148, 149, 151
VpreB, 12, 13, 100, 101, 103

W
Wart, 205–207, 299, 325. See also Warts, 

hypogammaglobulinemia, infections, 
myelokathexis syndrome

Warts, hypogammaglobulinemia, infections, myelokathexis 
(WHIM) syndrome

clinical manifestations, 205–206
definition, 205
diagnosis, 206
etiology, 205
management, 206–207

WAS. See also Wiskott–Aldrich syndrome
WAS protein (WASP), 4, 8, 133, 134, 262–264, 266, 292, 

296, 297, 299
WASP-interacting protein (WIP), 262, 263

Wegener disease, 66
Werner’s syndrome, 254, 256
WHIM. See Warts, hypogammaglobulinemia, infections, 

myelokathexis (WHIM) syndrome
WHN (Winged-helix-nude), 3, 73, 292
Winged-helix-nude (WHN) deficiency

clinical manifestations, 73
definition, 73
diagnosis, 73–74
etiology, 73
management, 74

Wiskott-Aldrich syndrome
clinical manifestations, 264–265
definition, 262
diagnosis, 265–266

etiology, 262–264
management, 266–267

Wolf–Hirschhorn syndrome. See Partial deletions of 
chromosome 4p

X
X chromosome inactivation, 12, 46, 100, 144
Xanthinuria, 58
XIAP (X-linked inhibitor-of-apotosis), 5, 175, 176, 178
XIAP deficiency

clinical manifestations, 176–177
definition, 175
diagnosis, 177–178
etiology, 175–176
management, 178

XLA (X-linked agammaglobulinemia). See Btk deficiency
XLF (XRCC4-like factor), 3, 40, 51, 55
X-linked lymphoproliferative syndrome (XLP)

clinical manifestations, 176–177
definition, 175
diagnosis, 177–178
etiology, 175–176
management, 178

X-linked thrombocytopenia (XLT), 262–267
XLP. See X-linked lymphoproliferative syndrome (XLP)
Yellow fever, 27, 316

Z
ZAP-70 deficiency

clinical manifestations, 69
definition, 68
diagnosis, 69–70
etiology, 68
management, 70

ZAP-70, 3, 41, 68–70, 72, 108
Zinc deficiency, 58, 297
Zinsser-Engman-Cole syndrome. See Dyskeratosis congenita
Zonisamide, 114
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