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INTRODUCTION patients are often referred to infectious disease specialists

Recurrent infection is the predominant presenting com-
plaint for primary antibody deficiency (PAD) disorders. Thus,
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prior to being seen by a clinical immunologist. Infectious dis-
ease consultants also play an important role in the manage-
ment of infectious complications after immunodeficiency has
been diagnosed. The infectious disease specialists’ familiarity
with PADs and principles of their diagnosis and management
is therefore paramount for early disease recognition and opti-
mum interdisciplinary care.
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The majority of the antibody deficiencies that have been
defined at the molecular level arise from defects that are in-
trinsic to B-cell development and function. This is not surpris-
ing given that plasma cells derived from B cells are the only
cells in the body that secrete immunoglobulin. However, some
disorders that are manifested mainly by impaired antibody
production may also arise due to defects in T cells or other
cells that cooperate with or provide “help” to B cells for
plasma cell development (14). Furthermore, the majority of
patients with antibody deficiency have syndromes defined by
clinical and laboratory criteria and whose molecular basis re-
mains unknown.

The true incidence and prevalence of immunodeficiency are
unknown, as no large prospective studies have been per-
formed. The incidences and prevalences of all forms of primary
immunodeficiency estimated from reports of surveys or regis-
tries in over 40 countries range from 1:10,000 to 1:2,000 indi-
viduals (113). However, this is suspected to be an underesti-
mate since it is likely that many cases of immunodeficiency are
undiagnosed. A recent random telephone survey in the United
States determined a prevalence of all immunodeficiencies of
approximately 1:2,000 to 1:800 individuals (18). Antibody de-
ficiencies account for 50 to 60% of all immunodeficiencies
(113).

In this review, we begin with a discussion of B-cell develop-
ment with reference to specific biochemical pathways, whose
derangement leads to clinical immunodeficiency. We will dis-
cuss in some detail the infections that are characteristic of this
group of diseases, as well as the clinical, laboratory, and mo-
lecular elements defining each diagnosis. We conclude with a
brief discussion of principles of management.

B-LYMPHOCYTE DEVELOPMENT

B lymphocytes develop in the bone marrow and spleen
through a series of stages from a pluripotent precursor cell to
a mature B cell. This process does not require B-cell contact
with antigen. After antigen stimulation in concert with other
signals, a B cell will become either an antibody-producing
effector cell (plasma cell) or a memory cell. Genetic lesions
affecting B-cell development and function result in the clinical
manifestations of antibody deficiency.

Antigen-Independent B-Cell Development

The formation of mature B cells is independent of antigen
contact and takes place predominantly in the primary lym-
phoid organs, the fetal liver during gestation, and, subse-
quently, the bone marrow throughout the remainder of life. A
key event in the development of a diverse repertoire of anti-
body specificities is the functional rearrangement of the immu-
noglobulin heavy-chain (IgH) and immunoglobulin light-chain
(IgL) segments of the B-cell receptor (BCR) genes (5, 94).

B-cell receptor gene rearrangement and early B-cell devel-
opment. Receptor gene rearrangement follows a sequential
order, starting with recombination of the variable (V), diversity
(D), and joining (J) (VDJ) gene segments of the IgH locus,
followed by V and J rearrangement of the IgL locus (Fig. 1A).
The recombinase-activating gene 1 (RAG1) and RAG2 en-
zymes play essential roles in this complex process as well as in
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the rearrangement of T-cell receptor gene segments. A muta-
tion of RAG1 or RAG2 leads to severe combined (B- and
T-cell) immunodeficiency (19, 73, 125).

Productive immunoglobulin M (IgM) () heavy-chain re-
combination leads to progression from the pro-B-cell stage to
the pre-B-cell stage, which is characterized by the expression of
a pre-BCR (Fig. 1A). In order to assemble a receptor prior to
having rearranged its light-chain locus, the w heavy chain forms
an immunoglobulin-like receptor with the heterodimer of the
proteins A5 and VpreB, which have strong homology to the
constant regions of Ig light chains and function as surrogate
light chains. The pre-BCR is formed by the association of the
w heavy chain, the surrogate light-chain heterodimer, and the
signal-transducing proteins Iga and Igp (67, 71, 118).

The pre-BCR is a critical checkpoint for the regulation of
B-cell development, since the expression of a pre-BCR and
signaling through it are prerequisites for expansion and further
differentiation. Signaling is likely mediated by ligand-indepen-
dent oligomerization of the pre-BCR. The cytoplasmic kinase
Bruton’s tyrosine kinase (BTK), which is encoded on the X
chromosome, plays a pivotal role in signal transduction down-
stream of the pre-BCR and, later, of the mature BCR. BTK is
expressed in B cells at all stages of development except the
plasma cell stage and is also expressed in myeloid cells and
platelets.

Mutation of the BTK gene in humans leads to a failure of
early B-cell maturation, causing X-linked agammaglobulin-
emia (XLA). Mutations in components of the pre-BCR and
intracellular signaling machinery account for most of the re-
mainder of the agammaglobulinemia subtypes identified in
humans to date. These include mutations in the genes for the
w heavy chain, A5, Iga, IgB, and B-cell linker protein (BLNK),
an adaptor protein downstream of Btk in the B-cell signaling
cascade (8, 29). Another form of agammaglobulinemia arises
from the disrupted function of the protein leucine-rich repeat
containing 8§ (LRRCS8). Its role in B-cell development is un-
known (124).

Following heavy-chain gene rearrangement, the B-cell pre-
cursor proceeds with rearrangement of the V and J segments
of its k or \ light-chain locus to produce a light-chain protein,
which associates with the previously synthesized IgM heavy
chain. The immature, IgM-expressing B cell leaves the bone
marrow to complete its maturation in the spleen, becoming a
mature, or naive, B cell expressing IgM and IgD (Fig. 1B).
Subsequent B-cell development to form memory B cells or
plasma cells takes place in peripheral lymphoid organs upon
exposure to antigen (73, 86).

Antigen-Dependent B-Cell Development

Driven by contact with antigen and T cells, the B cell un-
dergoes a further diversification of its antibody repertoire in
the peripheral lymphoid organs, mainly through the events of
class switch recombination (CSR) and somatic hypermutation
(SHM), which are responsible for the acquisition of different
immunoglobulin isotypes and increased antigen specificity, re-
spectively. The lymph node germinal centers are the primary
sites for CSR, SHM, B-cell memory, and plasma cell genera-
tion.
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FIG. 1. Overview of B-cell development and defects causing antibody deficiency. (A) Early B-cell development progresses independently of
antigen contact with the sequential VDJ rearrangement of the IgM heavy chain (Ign HC) followed by the Ig light chain (Ig LC). The pre-BCR
is assembled from the rearranged IgM heavy chain, the components of the surrogate light chain (VpreB and A5), and the signaling molecules Iga
and IgB. After successful recombination of the Ig LC, the BCR is formed. Defects in components of the pre-BCR or in signaling molecules
downstream of the receptor (BTK and BLNK) lead to an early developmental block, resulting in agammaglobulinemia. (B) Defects in later stages
of antigen-dependent B-cell differentiation result in diseases with different degrees of disrupted antibody production. VDJy;, Ign HC recombi-
nation of the V (Vy), D, and J (J;) gene segments; VJ, Ig LC recombination of V; and J; segments. The exact point at which mutations in
LRRCS lead to a block in B-cell development has not yet been determined.

CSR and SHM. The immunoglobulin class or isotype is
determined by its heavy-chain constant region (Cy;). IgM and
IgD expressions occur through alternative splicing of a single
mRNA encompassing the Cp. and C38 genes (Fig. 2). The
mechanism of class switching to the other isotypes (IgG, IgA,
and IgE) is the recombination of the previously rearranged
VDJ assembly with downstream Cyy regions by the intrachro-
mosomal deletion of intervening segments, which are looped
out as circular DNA. The recombination occurs between short
GC-rich DNA sequences called switch (S) regions located up-
stream of each of the Cy genes (other than C38), resulting in
the substitution of Cp or C8 with either one of the subclasses
of Cy or Ca, or Cg, to produce the IgG and IgA subclasses,
or IgE.

In contrast, SHM targets the V regions of the immunoglobu-
lins, introducing point mutations in the V genes of light- and
heavy-chain loci at high frequency, permitting the selection of
cells producing higher-affinity antibody required for neutraliz-
ing the infectivity and pathogenicity of some microbes and
their toxins. Despite the distinct results of these two central
processes of antigen-dependent B-cell maturation, they share
several characteristics including activation signals and enzyme
machinery for DNA cleavage and repair.

The transcription of non-protein-encoding, so-called “germ
line” RNA transcripts is initiated in response to cytokines and
specific activation signals, most importantly derived from
CD40/CD40 ligand (CD40L) interactions but also from inter-
actions of transmembrane activator and calcium modulator

and cyclophilin ligand interactor (TACI [TNFRSF13B]) with
its ligands and activation of Toll-like receptor (TLR)-mediated
pathways (Fig. 2). The germ line transcripts form stable RNA-
DNA hybrids with the template DNA strand, leaving both
DNA strands accessible to the DNA-editing enzyme activa-
tion-induced cytidine deaminase (AID) (93).

AID deaminates dC to dU nucleotides, initiating a subse-
quent base excision repair process. The dU residues are re-
moved after deglycosylation by uracil-N-glycosylase (UNG),
leaving abasic sites. These are cleaved by Apel endonuclease,
resulting in nicked DNA strands. If single-strand DNA breaks
(SSBs) are sufficiently near, double-strand breaks (DSBs) form
due to the high density of GC base pairs in the switch regions.
It has been shown that mismatch repair (MMR) proteins,
which play a role primarily in meiosis, are also involved in CSR
downstream of AID and UNG, with the likely function of
creating DSBs, if the SSBs on opposite strands are not close
enough to each other (128). The nicked ends are joined by a
complex enzyme machinery that operates to repair DSBs
caused by any means (enzymatic, chemical [e.g., by DNA-
modifying chemotherapeutic drugs], or physical [ionizing radi-
ation]). The process is called nonhomologous end joining; the
same mechanism repairs the DNA breaks arising in VDJ re-
combination described above.

Genomic mutations in humans leading to an absence of the
tumor necrosis factor (TNF) receptor family member CD40
(also called TNF receptor superfamily member 5 [TNFRSF5])
or its receptor CD40L (TNF superfamily member 5 [TNFSF5])
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FIG. 2. Molecular mechanisms of immunoglobulin CSR in B cells. As an example, isotype switching to IgA is shown (the human heavy-chain
locus is depicted in a simplified way, not distinguishing the two IgA subclass constant regions). (A) After the productive rearrangement of heavy-
and light-chain variable-region gene segments, nonswitched B cells produce IgM or IgD isotypes by alternative splicing. (B) Several B-cell
activation signals, including the engagement of CD40, TACI, and TLRs, in combination with isotype-promoting cytokines lead to germ line
transcription and the expression of AID. (C) In the S regions upstream of the heavy-chain genes, AID deaminates dC to dU, which is then removed
by UNG. The resulting abasic sites are cleaved, creating SSBs that spontaneously form DSBs if they are close enough to each other. MMR is a
second repair pathway that is thought to convert SSBs that are not near each other on opposite strands into DSBs through the recruitment of
exonuclease 1 (Exo 1) and other proteins. (D) The intervening DNA is circularized and deleted. The two broken switch junctions are joined by
the nonhomologous end-joining DNA repair machinery, and IgA is expressed.
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(also called CD154) or mutations of AID or UNG result in
disorders characterized by defective CSR and SHM. These are
collectively designated CSR defects, or hyper-IgM syndromes,
due to the predominant production of IgM isotype antibodies
as a consequence of a limited or absent capability of isotype
switching (27, 93, 128).

Mutations in the gene encoding the MMR protein Pms2
were recently described for three patients with impaired iso-
type switching and a high rate of malignancies (101). Polymor-
phisms in the MMR protein MutS homolog 5 (Msh5) have
been reported to be associated with IgA deficiency and com-
mon variable immunodeficiency (CVID) (126).

T-cell-dependent antibody responses. The interaction of
CD40 with its ligand CD40L is a central element in T-cell-
dependent antibody responses. CD40, a transmembrane glyco-
protein cell surface receptor, is constitutively expressed on the
surface of B cells, dendritic cells, and macrophages. Its ligand,
CDA40L, is transiently expressed on the surface of T-helper
cells after activation by antigen-presenting and costimulatory
molecule-expressing dendritic cells. The engagement of CD40
on the B-cell surface leads to the transcription of target genes
that result in B-cell clonal expansion, germinal-center forma-
tion, isotype switching, SHM, and the generation of long-lived
memory cells and plasma cells. The formation of germinal
centers depends largely on the presence of T-helper cells and
CD40/CD40L interactions; hence, they form only during T-
cell-dependent antibody responses to protein antigens (109).

Inducible costimulator (ICOS) is a costimulatory molecule
upregulated on activated T effector cells. The interaction of
ICOS with its ligand ICOSL (also known as B7RP-1, B7h, and
B7-H2) on B cells in secondary lymphoid organs is thought to
play a critical role in T-B-cell cooperation, which is required
for generating T-cell-dependent antibody responses (81). A
homozygous deletion in the ICOS gene was reported to be the
first genetic defect causing CVID in humans (<1% of all
cases). Germinal centers do not form in these patients, and
numbers of switched memory B cells are markedly reduced
(51).

T-cell-independent antigen responses. While T-cell-depen-
dent antibody responses take several days to form, T-cell-
independent or thymus-independent (TI) antibody responses
are characterized by a quick production of generally lower-
affinity antibodies with limited isotype switching. TT antigens
are nonprotein antigens such as polysaccharides, glycolipids,
and nucleic acids. Therefore, they cannot be presented to T
cells in the context of major histocompatibility complex mole-
cules (136). TT antigens can elicit antibody responses through
a variety of pathways, such as cross-linking of BCRs on the
B-cell surface through repetitive antigenic epitopes, as is the
case for bacterial capsular polysaccharides, or the activation of
B cells through the engagement of TLR pathways, as has been
shown for hypomethylated CpG-containing DNAs from bac-
teria and viruses through TLR9 (58, 136). In response to TLR
activation, dendritic cells and B cells also upregulate and re-
lease the TNF superfamily factors B-cell-activating factor of
the TNF family (BAFF) (TNFSF13B) and a proliferation-
inducing ligand (APRIL) (TNFSF13) (see below) (76). These
factors can mediate CD40/CD40L-independent isotype switch-
ing upon engagement with their common receptor, TACI, on B
cells.
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TACI receptor-ligand interactions. The TNF family recep-
tor TACI and its ligands BAFF and APRIL were recently
found to play an essential role in mediating T-cell-independent
antigen responses. TACI, BAFF, and APRIL are part of a
complex system of TNF family receptors and ligands, which are
involved in B-cell homeostasis, activation, and isotype switch-
ing. TACI is expressed mainly on B cells and is upregulated
upon B-cell activation. APRIL and BAFF also bind to B-cell
maturation antigen (BCMA) (TNFRSF17), which is not in-
volved in class switching but promotes the survival of long-lived
plasma cells. Additionally, BAFF binds to its own receptor,
BAFF-R, driving B-cell development and survival (76). BAFF-
and BAFF-R-deficient mice have a severe defect in B-cell
development, with an almost complete absence of mature B
cells. TACI-deficient mice and APRIL-deficient mice have an
impaired ability to mount antibody responses to polysaccha-
ride antigens and have decreased isotype switching to IgA
(76, 80).

In humans, the engagement of TACI with its ligands BAFF
and APRIL induces B-cell class switching to IgA, IgG, and IgE
in the presence of isotype-specific cytokines (25). TACI can be
upregulated by the engagement of innate receptors such as
TLRY (68). As further evidence of the synergy between TACI
and TLRs in B-cell activation, a recent study by Xu et al.
revealed that viral double-stranded RNA can induce CD40-
independent isotype switching to IgA and IgG by engaging
TLR3 in upper respiratory mucosal B cells, augmented by
BAFF, which was found to be produced abundantly by sur-
rounding mucosal dendritic cells (144).

TACI gene mutations have been identified in a subgroup of
patients with CVID (see below) (24).

MZ and B1 B cells in response to polysaccharides. Special-
ized subsets of B cells, marginal zone (MZ) B cells and B1 B
cells, are mediators of the early T-cell-independent humoral
immune response. MZ B cells reside in the spleen at the
border of the white and red pulps in the periarteriolar lym-
phoid sheath, where they encounter and react to blood-borne
pathogens as one of the first lines of host defense. Their re-
sponse to polysaccharides makes them particularly important
for the defense against potentially life-threatening but widely
prevalent encapsulated bacteria. Polysaccharides can activate
the complement system by the alternative pathway, generating
complement fragments including C3d, which then, in conjunc-
tion with antigen, can further enhance B-cell activation (79).
The complement receptor for C3d (CD21 [also called comple-
ment receptor 2]) is highly expressed on MZ B cells.

B1 B cells are a subset of B cells that are enriched in the
peritoneum and pleural cavities and also have innate-like func-
tion with a restricted antibody repertoire specific to common
pathogen structures, such as bacterial cell wall polysaccharides.
They are thought to produce so-called “natural antibodies” to
bacteria in naive hosts and are capable of generating rapid
responses to pathogens introduced to mucosal surfaces (57).
TACI is upregulated on MZ and B 1 B cells and likely plays a
role in the activation of these cell populations (80). Together,
MZ and B1 B cells are thought to bridge the gap between
innate and highly specific adaptive immune responses (57, 79).

The absence of these B-cell populations in asplenic patients
and the immaturity of the splenic MZ in young children have
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been suggested to contribute to the decreased polysaccharide
antibody responses and the resulting high susceptibility to en-
capsulated bacteria in these patient groups (137).

The B-cell surface protein CD19 cooperates in a cell surface
complex with CD21 in lowering the BCR signaling threshold
after the binding of immune complexes containing comple-
ment. Furthermore, CD19 appears to influence the differenti-
ation of the B1 B-cell subset. CD19-deficient mice have de-
creased numbers of natural antibody-producing B1 B cells and
are susceptible to infections with Streptococcus pneumoniae
(52). CD19 deficiency has been recognized to cause CVID in a
small number of patients (135).

B-cell memory. Memory is a classical phenomenon in hu-
moral immunity, characterized by accelerated antibody re-
sponses upon rechallenge with antigen in conjunction with
increased antibody affinity for the antigen. It is mediated by
memory B cells, which are generated in germinal centers in
response to T-cell-dependent antigens. This population of B
cells can be distinguished by expressing the surface marker
CD27 (TNFRSF7), which interacts with its ligand CD70
(TNFSF7), which is expressed on T cells. Memory B cells
can rapidly differentiate into antibody-secreting plasma cells
and are poised to interact with T cells as a result of an efficient
presentation of antigen in the context of major histocompati-
bility complex class II, a high level of expression of adhesion
molecules on their surface, and the capacity for a rapid up-
regulation of the costimulatory molecules B7-1 and B7-2 (also
called CD80 and CDS86, respectively). Memory B cells circulate
in a resting state and are capable of producing high-affinity,
isotype-switched antibodies upon reexposure to antigen (112).

The continued presence of protective antibodies of a given
specificity even after antigen has been eliminated is thought to
be derived from long-lived plasma cells, which reside in sur-
vival niches in the bone marrow. If depleted, they can be
replenished by the pool of memory B cells, suggesting that
antigen contact or activation signals such as cytokines or TLR
signals may chronically drive memory B cells to differentiate
into long-lived antibody-secreting plasma cells (131).

Patients with CSR defects including CD40L, CD40, and
AID deficiencies have decreased numbers of or absent class-
switched memory B cells (93). Markedly decreased numbers
of switched memory B cells are also found for a subgroup of
patients with CVID, which is characterized by a higher rate of
disease-associated complications (122, 138, 140).

ANTIBODY DEFICIENCY STATES

The differential diagnosis of hypogammaglobulinemia en-
compasses a variety of pathological conditions. Causes not
related to primary immunodeficiency include nephrotic syn-
drome, protein-losing enteropathy, malabsorption, hemato-
logic malignancies, chemotherapy, solid-organ transplantation,
infectious diseases (e.g., human immunodeficiency virus and
congenital rubella), and adverse effects of specific therapeutic
drugs (95, 96). Hypogammaglobulinemia can be caused by
prolonged courses of systemic corticosteroids, although spe-
cific antibody responses are not affected in most of these pa-
tients (72). Rituximab, a monoclonal antibody targeting the
B-cell marker CD20, is now often used for the treatment of
antibody-mediated autoimmune diseases and can cause long-
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lasting B-cell depletion and hypogammaglobulinemia. It is usu-
ally well tolerated, although rare cases of infectious complica-
tions characteristic of severe antibody deficiency have been
reported (108). Other drugs that are known to cause hypogam-
maglobulinemia are anticonvulsants, antimalarial drugs, gold
salts, sulfasalazine, D-penicillamine, and fenclofenac (95). Not
all forms of secondary hypogammaglobulinemia are thought to
confer an increased risk of infections, but this has not been well
studied for the majority of conditions (97).

Hypogammaglobulinemia and impaired antibody responses
are the hallmark of PAD disorders yet can also be due to
combined immunodeficiency and can be part of the presenta-
tion of a number of specific immunodeficiencies that affect
primarily the cellular immune compartment. The focus of this
review is on PADs and the infectious complications character-
istically associated with these disorders (Table 1).

PRIMARY ANTIBODY DEFICIENCIES

Agammaglobulinemias

Agammaglobulinemias are rare antibody deficiencies caused
by defects in early B-cell development and characterized by
low numbers of or absent B cells, marked hypogammaglobu-
linemia, and increased susceptibility to infections.

XLA. XLA accounts for ~85% of known cases of agamma-
globulinemia and is caused by a deficiency of the tyrosine
kinase BTK (29). BTK mutations have been identified through-
out the five functional domains of the gene, which is located in
the middle portion of the X chromosome at Xq22. It is usually
a fully penetrant, X-linked recessive disorder. However, milder
atypical phenotypes have been described. Some mutations that
permit the production of a small amount of functioning BTK
protein lead to milder disease, but a completely consistent
genotype-phenotype correlation has not been found (29).

The incidence of XLA in the United States has been esti-
mated to be at least 1/190,000 male births. The age of onset of
symptoms for most patients is between 3 months and 3 years,
with over 50% of patients becoming symptomatic by 1 year of
age and more than 90% of patients becoming symptomatic by
5 years of age (141). The transfer of maternal IgG through the
placenta during gestation provides protection to affected in-
fants for the first few months of life and can obscure early
diagnoses.

T-cell numbers and function are normal for patients with
XLA. Neutropenia, often severe, is found in 15 to 25% of
patients at the time of diagnosis. Neutropenia appears to be a
result of the patient’s high bacterial burden related to associ-
ated infections, since it has been observed only in the presence
of infections and resolves with antimicrobial and immunoglob-
ulin therapy (39). Characteristic physical examination findings
of XLA are paucity or absence of lymphatic tissue such as
tonsils or palpable lymph nodes.

Noninfectious complications have been described for XLA,
including a higher incidence of juvenile rheumatoid arthritis,
aseptic polyarthritis, sensorineural hearing loss, and colorectal
cancer (12, 20, 75). Autoimmune diseases such as Crohn’s
disease and type I diabetes mellitus have been described for a
few patients with XLA, albeit much less frequently than for
CVID (15). The occurrence of a dermatomyositis-like syn-
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TABLE 1. Antibody deficiency disorders

Disease Laboratory feature(s)

Clinical feature(s) Molecular defect(s)

Agammaglobulinemia (X linked
and autosomal recessive) <2% of lymphocytes; absent

specific antibody responses

CSR defects or hyper-IgM
syndromes

Low IgG and IgA levels and

normal B-cell numbers,
impaired specific antibody
responses, decreased T-cell
responses in CD40L/CD40
deficiency

CVID

B-cell numbers, impaired
specific antibody responses,
variably decreased T-cell
responses

Selective IgA deficiency IgA levels of <7 mg/dl and

normal IgM and IgG levels,

normal B-cell numbers, normal

specific antibody responses in
most patients
IgG subclass deficiency Low levels of one or more IgG
subclasses; normal total IgG,
IgM, and IgA levels; normal
B-cell numbers; impaired
specific antibody responses in
some patients

Specific antibody deficiency
impaired specific antibody
responses (polysaccharides);
normal B-cell numbers

THI Low IgG levels and variably low
IgA and rarely low IgM levels,
normal specific antibody
responses in most patients,
normal B-cell numbers

Absent IgM, IgG, and IgA; B cells

normal-to-increased IgM levels,

Low IgG and variably low IgA and
IgM levels, normal or decreased

Normal IgG, IgM, and IgA levels;

Recurrent and severe
bacterial infections,
enteroviral infections,
absent lymphoid tissue,
some autoimmunity and
malignancy

X linked (BTK), autosomal
recessive (p heavy chain,
A5, Iga, IgB, BLNK,
LRRCS), unknown in
5-10% of cases

Recurrent and severe
bacterial infections,
opportunistic infections
and liver disease in
CD40L/CD40 deficiency,
lymphoid hyperplasia in
AID/UNG deficiency,
autoimmunity and
malignancy

Intrinsic B-cell defects (AID,
UNG), combined
immunodeficiencies
(CD40L, CD40)

Recurrent and severe
bacterial infections,
autoimmunity and
malignancy,
lymphoproliferative and
granulomatous disease,
gastrointestinal disorders

TACI, ICOS, CD19;
unknown in 90% of cases

Usually asymptomatic; some Unknown
association with atopy,
autoimmunity, and

gastrointestinal disorders

Usually asymptomatic, some Unknown
association with atopy

and autoimmunity

Recurrent, predominantly Unknown
respiratory tract bacterial

infections

Recurrent, predominantly Unknown
respiratory tract bacterial

infections

drome, marked by peripheral edema, erythematous rash, and
evidence of inflammation of the skin and muscle on biopsy
specimens, has been associated with disseminated enteroviral
disease in patients with XLA (84) (see below).

At the time of diagnosis, most, but not all, patients have low
serum immunoglobulin levels, with IgG levels of <200 mg/dl,
IgA levels of <15 mg/dl, and IgM levels of <40 mg/dl (141).
Almost all patients with classic XLA have markedly decreased
B-cell numbers, with <2% of CD19- or CD20-positive lym-
phocytes in the blood. B-cell lymphopenia with normal T-cell
numbers can be considered diagnostic in the context of a pos-
itive family history or if the mother is an identified carrier for
the disease. Maternal carrier status can be established by an
evaluation of maternal B cells for a pattern of nonrandom
X-chromosome inactivation. If there is no family history of

XLA, it can be helpful to measure BTK protein expression by
Western blotting or by flow cytometric analysis of the patient’s
monocytes or platelets (47). Flow cytometric analysis for cyto-
plasmic BTK expression can also detect carrier females, re-
vealing BTK-positive and BTK-negative populations (46). In
cases of atypical XLLA, in which a poorly functional BTK pro-
tein is expressed, genetic analysis of the BTK gene might be
necessary to distinguish it from other forms of severe antibody
deficiency such as CVID (70).

ARA. In an estimated 10% of cases, agammaglobulinemia is
not due to mutations in BTK; rather, it is inherited as an
autosomal trait and is therefore classified as autosomal-reces-
sive agammaglobulinemia (ARA). Underlying molecular de-
fects are heterogeneous, with several key components of early
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B-cell development found to be affected in different individuals
(Fig. 1). A specific defect has not been identified for approx-
imately 5% of patients.

Clinical and laboratory features of ARA are essentially iden-
tical to those of XLA. ARA is suspected for females with
agammaglobulinemia, for families with an autosomal pattern
of inheritance, if consanguinity is found to be present, or if a
BTK mutation has been excluded for an affected male (14, 29).

Immunodeficiency with Low IgG and Normal or High IgM
Levels (Class Switch Recombination Defects)

The term hyper-IgM has been used to describe a group of
disorders of CSR with characteristically elevated IgM levels
and low levels of switched isotypes (IgG, IgA, and IgE). In the
past decade, the molecular defects for the majority of these
disorders have been identified, and their characterization has
been instrumental in elucidating some of the central mecha-
nisms of antibody isotype switching and SHM (Fig. 2).

X-linked hyper-IgM is caused by mutations of the gene en-
coding CD40L (TNFSF5). A very rare autosomal-recessive
form with an identical phenotype is due to mutations in the
gene encoding CD40 (TNFRSFS). Defective CD40L or CD40
expression results in a combined humoral and cellular immu-
nodeficiency with absent or abortive germinal center formation
as well as impaired interactions of T cells with dendritic cells.
Patients usually present in infancy with severe and/or recurrent
bacterial respiratory and gastrointestinal infections as well as
opportunistic infections such as Prneumocystis jirovecii pneumo-
nia, disseminated fungal infections, disseminated cytomegalo-
virus (CMV) and herpes simplex virus infections, and cholan-
gitis due to Cryptosporidium parvum. Other clinical features
are neutropenia, chronic anemia associated with erythrovirus
(parvovirus B19) infections, and an increased incidence of gas-
trointestinal tumors (77, 93, 142).

Two forms of hyper-IgM with autosomal-recessive inheri-
tance are caused by deficiencies of AID or UNG, both result-
ing in profoundly defective CSR. Patients present with recur-
rent or severe infections of the type classically associated with
profound antibody deficiency. Lymphoid hyperplasia is present
in about two-thirds of patients due to massive germinal center
enlargement, which often manifests as prominent cervical
lymphadenopathy and tonsillar hypertrophy. Patients have an
increased incidence of autoimmune disease such as autoim-
mune hemolytic anemia and autoimmune thrombocytopenia
(62, 105).

Mutations in the genes encoding the I-kB kinase y chain
(also called NF-«kB essential modulator [NEMOJ]) or I-kB ki-
nase a chain result in a distinct phenotype characterized by
variable manifestations of ectodermal dysplasia (conical or ab-
sent teeth, sparse hair, frontal bossing, and decreased eccrine
sweat glands) and susceptibility to mycobacterial infections in
addition to antibody deficiency with often high serum IgM or
IgA levels (63, 99). These disorders are sometimes classified as
hyper-IgM syndromes. However, these defects include signifi-
cant elements of T-cell and NK cell dysfunction and are best
classified among the combined (cellular and humoral) immu-
nodeficiencies.

Patients with a CD40L or CD40 deficiency have markedly
reduced IgG levels (IgG levels of <250 mg/dl), often low IgA
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levels, and normal to elevated IgM levels (142). Among those
patients with AID and UNG deficiency, IgG and IgA levels are
generally profoundly decreased (IgG levels of <200 mg/dl and
IgA levels of <20 mg/dl), and IgM levels are normal to in-
creased (100 to 3,700 mg/dl) (105). Specific IgG responses are
poor for all subtypes of CSR defects. Lymphocyte subset com-
position is normal. T-cell proliferative responses are normal
except for patients with CD40L and CD40 deficiencies, who
have impaired responses to recall antigens. CD40 and CD40L
expression can be evaluated by flow cytometric analysis. Gene
testing for mutations in CD40, CD40L, AID, UNG, and
NEMO is available (14).

Common Variable Immunodeficiency

CVID is a heterogeneous disorder of B-cell differentiation
and maturation with dysfunctional antibody production. Pa-
tients have markedly reduced serum concentrations of IgG,
impaired specific antibody responses, and recurrent infections.
With an estimated prevalence of 1 in 25,000 to 1 in 75,000
individuals, it is the most common of the more severe primary
immunodeficiencies that come to medical attention (41, 54). A
familial pattern of inheritance has been demonstrated for ap-
proximately 10 to 20% of patients with CVID (54). The vari-
ability of its phenotype and the incomplete penetrance of some
of its associated molecular defects suggest that the etiology of
CVID is multifactorial, with a combination of defects of B-cell
differentiation resulting in antibody deficiency.

While the etiology remains unknown for the majority of
patients, gene defects have been revealed for approximately 10
to 15% of CVID patients in recent years. Thus far, mutations
or polymorphisms in four genes, two of which appear to affect
only very few patients, have been described. Mutations in the
gene encoding TACI have been identified for 8 to 10% of
patients with CVID (24, 120). Two TACI sequence variants,
Cys104Arg and Alal81Glu, have shown a significant associa-
tion with CVID even in a heterozygous state. However, these
TACI mutations are also present in some healthy individuals;
hence, it has been proposed that additional genetic and/or
environmental factors are needed to develop disease (76, 119).

Several single nucleotide polymorphisms in the gene encod-
ing Msh5, an MMR protein with likely involvement in CSR,
have recently been reported to occur more frequently in pa-
tients with CVID and IgA deficiency in a combined analysis of
U.S. and Swedish cohorts (126). Again, these polymorphisms
are also found in healthy individuals, and other potentially
disease-modifying factors are yet to be determined.

The other two recently identified monogenetic defects are
very rare causes for CVID but may be exemplary of how
defects affecting different stages of antigen-dependent B-cell
maturation can result in primary antibody production failure.
Nine individuals with CVID due to ICOS deficiency have been
reported. They all carry an identical large homozygous dele-
tion in the ICOS gene and likely descend from a common
ancestor (121). Four patients from two unrelated families who
developed CVID due to homozygous mutations in the gene
encoding the B-cell surface protein CD19 have been described.
Their phenotype was characterized by normal total peripheral
B-cell numbers but severely reduced numbers of memory B
cells (135).
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The age of presentation of CVID varies widely. According to
arecent large European registry study of 334 patients, the most
common age at the onset of symptoms was in the third decade,
with a mean of 26.3 years and a median of 24 years. The mean
age at diagnosis was 35.3 years, with a median of 33 years (26).
This indicates that many patients suffer from their disease for
many years before their immunodeficiency is recognized.

Patients often come to medical attention due to acute or
chronic bacterial and, less frequently, viral infections. Nonin-
fectious complications are also frequent, encompassing auto-
immune diseases, lymphoproliferative disease, granulomatous
disease, a spectrum of gastrointestinal disorders, as well as
malignancies. Significant morbidity and mortality arise from
chronic lung disease as a consequence of recurrent and chronic
infections as well as granulomatous and lymphoid interstitial
pneumonitis (32). Granulomatous disease is present in 5 to
10% of patients with CVID. Granulomas are of the noncase-
ating type and resemble those found in sarcoidosis. In many
cases, patients are misdiagnosed with sarcoidosis before their
antibody deficiency is detected and the diagnosis of CVID is
made (40, 85). Although granulomas most commonly affect the
lungs, they are also found in almost any other organ including
skin, liver, spleen, bone marrow, and the gastrointestinal tract
of patients (85). Hypertrophy of lymphoid tissue is common in
CVID. Splenomegaly has been reported for 26% of patients
according to one study (111).

The overall prevalence of autoimmune disease is estimated
to be 20 to 30% and includes a wide spectrum of disorders. The
most frequently encountered are idiopathic thrombocytopenic
purpura, autoimmune hemolytic anemia, rheumatoid arthritis,
and pernicious anemia (32, 64, 111). Both hematologic malig-
nancies and solid tumors have an increased prevalence in pa-
tients with CVID. Particularly common are non-Hodgkin B-
cell lymphoma and gastric cancer, with reported prevalences of
approximately 2 to 8% and 1 to 2%, respectively (14, 69, 87).
Studies have found no increased risk of malignancies among
relatives of patients with CVID, suggesting that the immuno-
deficiency itself predisposes one to cancer (87).

For patients with CVID, IgG levels are reduced by greater
than 2 standard deviations (SDs) below the mean for age. An
associated reduction in either the IgA or IgM level has been
included as part of the diagnostic criteria by some authors.
Also essential for establishing the diagnosis is evidence of
impaired specific antibody responses to infection or vaccine
challenge. Peripheral B-cell numbers can be either normal or
reduced. T-cell numbers and function are also reduced in some
patients.

CVID remains predominantly a diagnosis of exclusion.
Other specific immunodeficiency diagnoses have to be ruled
out by careful evaluation of clinical features and laboratory
phenotypes. In some cases, molecular testing may be required
to distinguish other diseases with similar phenotypes, including
CSR defects, agammaglobulinemia, and X-linked lymphopro-
liferative syndrome (caused by mutations in SH2D1A) (37).
ICOS expression on T cells can be assessed by flow cytometric
analysis; however, it is not routinely done due to the extraor-
dinarily rare occurrence of this mutation. It may be considered
for individuals who can trace their ancestry to the Black Forest
region of Germany. The expression of CD19 is routinely as-
sessed as part of the lymphocyte subset evaluation. In a rare
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individual with other clinical and laboratory features of CVID
in whom no B cells are detected after staining for CD19, the
presence of measurable numbers of B cells with analysis of
another marker, such as CD20, may suggest the defect. TACI
gene sequence analysis is commercially available.

The number of isotype-switched memory B cells in the
peripheral blood has been found to be one of several useful
parameters to distinguish distinct phenotypes of CVID. Re-
duced numbers of switched memory B cells (<2% of total B
cells) have been shown to correlate with disease-associated
complications such as splenomegaly and granulomatous dis-
ease (140). One study reported a significant correlation with
autoimmune disease if the cutoff level for switched memory B
cells was lowered to <0.55% of total B cells (122). A low
percentage of naive CD4 T cells also correlates with overall
disease severity and splenomegaly (50).

IgA Deficiency

Selective IgA deficiency is a common immunological variant
with a prevalence of 1:400 to 1:600 in the healthy U.S. popu-
lation. Affected individuals are asymptomatic in up to 90% of
cases (28). There is familial clustering of IgA deficiency with
CVID, with 20 to 25% of individuals having a positive family
history of either IgA deficiency or CVID. Some IgA-deficient
patients progress over time to CVID. The pattern of inheri-
tance of selective IgA deficiency is unclear (54). The underly-
ing defect has also not been determined for the majority of
patients. Patients with associated chromosomal abnormalities,
particularly on chromosome 18, have been described. Acquired
IgA deficiency has been associated with a relatively large num-
ber of medications (see above) (14).

Despite its association with a benign clinical course in most
patients, a subgroup of IgA-deficient patients develops recur-
rent sinopulmonary and gastrointestinal infections typical of
antibody deficiency, yet invasive infections such as meningitis
or sepsis generally do not occur. IgA-deficient individuals are
at an increased risk of developing autoimmune disease, par-
ticularly systemic lupus erythematosus and rheumatoid arthri-
tis, and gastrointestinal disease such as inflammatory bowel
disease and celiac disease (2). A higher prevalence of asthma
and allergies has also been reported.

Selective IgA deficiency is defined as a serum IgA level
below 7 mg/dl in the presence of normal serum IgG and IgM
levels for a patient older than 4 years of age after other causes
for hypogammaglobulinemia have been excluded. Young chil-
dren can have a physiological delay in IgA production that they
will outgrow and therefore are not considered deficient. The
clinical presentation together with an evaluation of specific
antibody responses should determine further management

(14).

IgG Subclass Deficiency

IgG subclass deficiency is defined as an abnormally low level
of one or more IgG subclasses (IgG1, IgG2, IgG3, or I1gG4)
with normal levels of total IgG and normal levels of the other
immunoglobulin isotypes. It is sometimes associated with IgA
deficiency (14).

The diagnosis of IgG subclass deficiency is controversial,
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since low levels of one or more IgG subclasses can be found in
2 to 20% of healthy individuals. Diagnosis is further compli-
cated by the variation of IgG subclass levels with age and by
different methods used in individual laboratories for determin-
ing the serum levels (17). The sequence of appearance of the
different subclasses throughout childhood reflects the order of
the respective heavy-chain constant-region genes on chromo-
some 14 (Fig. 2). Levels of IgG3 and IgG1 rise quickly during
infancy, followed by delayed increases in IgG2 and IgG4 levels,
with adult levels often not being reached before puberty. Since
IgG2 is the isotype that is primarily responsible for responses
against polysaccharides, it was postulated that a deficiency of
this subclass in children would predispose patients to infections
with encapsulated bacteria. However, some studies identified
children with low IgG2 levels in the healthy population without
evidence of increased susceptibility to infections (127). An-
other study revealed a resolution of IgG2 deficiency in all
children observed over a time period of 6 years (6). The pres-
ence of symptoms seems to correlate rather with an impair-
ment of specific antibody responses to vaccines or to natural
exposure to pathogens (21). If patients are symptomatic, they
present with recurrent sinopulmonary bacterial infections. As-
sociation with atopy and autoimmune disease has been re-
ported, similarly to IgA deficiencies (14).

IgG subclass deficiency can be established if one or more
IgG subclasses are 2 SDs below the age-adjusted norm, with
normal total serum IgG levels. Only if associated infections are
present is further immunological workup warranted, including
evaluation of specific antigen responses to protein and poly-
saccharide antigens (21).

Specific Antibody Deficiency

Specific antibody deficiency (SAD) is characterized by im-
paired IgG responses to polysaccharides in the presence of
normal serum concentrations of IgG, IgM, and IgA. It is there-
fore also called selective antibody deficiency with normal im-
munoglobulin. Patients have poor responses to polysaccharide
antigens such as pneumococcal polysaccharide and Haemophi-
lus influenzae type b capsular polysaccharide. The underlying
molecular defect is not known. The prevalence of SAD is also
unknown but is estimated to be high, with a few studies re-
porting 5 to 10% of children who are evaluated for recurrent
infections being affected (61). Patients present with infections
characteristic of PAD, with a predominance of recurrent upper
and lower respiratory tract bacterial infections.

A diagnosis of SAD requires a demonstration of poor re-
sponses to polysaccharide vaccines in the context of normal
serum immunoglobulin concentrations. It may be difficult to
establish the diagnosis with confidence for young children be-
low the age of 2 years, as they have less consistent responses to
polysaccharide vaccine challenge. Abnormal responses to pro-
tein vaccines or evidence of further abnormal laboratory find-
ings can be indicative of a more extensive defect and should
prompt evaluation for other immunodeficiencies.

Transient Hypogammaglobulinemia of Infancy

Transplacentally acquired maternal antibodies protect the
infant against pathogens until his or her own antibody produc-
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tion has reached sufficient levels. The hiatus between the loss
of maternal antibodies and the onset of a robust antibody
synthesis represents a physiological period of hypogamma-
globulinemia, usually lasting from 3 months to about 6 months
of age. Prolongation and accentuation of this phase with de-
creased levels of IgG and, in some cases, also IgA and IgM
production until early childhood are considered to account for
cases of transient hypogammaglobulinemia of infancy (THI).
The term is somewhat misleading given that hypogammaglobu-
linemia persists until childhood in most cases and may not be
transient in other cases but rather represents an early presen-
tation of a more profound antibody deficiency such as CVID
(33, 83). The delay in antibody production is sometimes asso-
ciated with recurrent infections. Infectious manifestations in-
clude mostly upper respiratory tract infections and, less com-
monly, pneumonia. Rarely, invasive infections such as sepsis or
meningitis have been reported (14).

Laboratory evaluation reveals serum IgG levels 2 SDs below
the mean for age-matched controls. Serum levels of IgA and,
less frequently, IgM can also be decreased. Evaluation should
include specific antibody responses to vaccines and also flow
cytometric quantitation of lymphocyte subsets to rule out more
substantial defects. Specific antibody responses are most often
normal in patients with transient hypogammaglobulinemia. Pa-
tients should be monitored over time until levels have normal-
ized. The disease is self-limited by definition; however, medical
intervention is indicated for some patients, and the diagnosis
has to be revised for others (91).

Unspecified Antibody Deficiencies

Patients with primary hypogammaglobulinemia and intact
cellular immunity who do not fulfill diagnostic criteria of any of
the PADs are said to have unspecified hypogammaglobulin-
emia. Some of these individuals are predisposed to developing
infections and have to be managed according to their clinical
presentation, sometimes requiring intervention with antimicro-
bials and/or gammaglobulin (14).

INFECTIONS AND PRIMARY
ANTIBODY DEFICIENCIES

Despite the heterogeneity in the clinical spectrum of dis-
eases and age of presentation, the high prevalence of chronic
or recurrent infections is shared by all clinically significant
PADs. Pyogenic encapsulated bacteria, predominantly Strepto-
coccus pneumoniae and Haemophilus influenzae, are overrep-
resented as the most commonly isolated pathogens for patients
with PAD, which is reflective of the important role of antibod-
ies in the opsonization of encapsulated bacteria. However, for
subgroups of patients, commonly encountered infectious or-
ganisms also include Staphylococcus aureus, Pseudomonas spp.,
Mycoplasma spp., Enterobacteriaceae, Campylobacter, Giardia,
and enteroviruses. In rare cases of CVID and XLA, severe
infections with opportunistic pathogens such as Pneumocystis
jirovecii and other fungi can occur (32, 74, 90, 103, 141).

Patients with a CSR defect due to a CD40L, CD40, or
NEMO deficiency commonly present in early childhood with
severe opportunistic infections such as Pneumocystis jirovecii
pneumonia and gastrointestinal Cryptosporidium infections
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(93). This is a result of an additional profound impairment of
cellular immunity associated with these disorders, which are
therefore better classified as combined immunodeficiencies.

Even though at the time of diagnosis of PAD, the presence
of infections is often established at one anatomical site, infec-
tions tend to occur at multiple sites over time. A review of 96
XLA patients showed that more than two-thirds of patients
with upper respiratory tract infections at the time of diagnosis
also developed infections of the lower respiratory tract and/or
gastrointestinal tract (74).

Respiratory Infections

Almost all patients with PAD suffer from upper and lower
respiratory tract bacterial infections, predominantly otitis me-
dia, sinusitis, and pneumonia. This is true for both pediatric
and adult patients, although otitis media is less common in the
adult patient population. If nasal cultures are obtained, they
grow Haemophilus influenzae, Streptococcus pneumoniae, and
Moraxella catarrhalis for the majority of patients, often with
evidence of more than one pathogen present. Concomitant
infections with viruses, predominantly rhinovirus and entero-
viruses, have been reported (22, 65). Sinusitis is chronic in
most patients and often refractory to conventional antimicro-
bial therapy. Surgical intervention alone often provides only
temporary relief (22, 103, 106).

Pneumonia is a common infectious manifestation of PAD.
Studies of CVID revealed that at least two-thirds of patients
had one or more episodes of pneumonia prior to diagnosis (32,
59). Patients are prone to pneumonia-associated complica-
tions; one study reported that more than half of CVID patients
who developed pneumonia required hospitalization (23). In
the majority of reported cases, acute pneumonia was treated
empirically without isolation of a causative pathogen. If iso-
lated, common pathogens are Streptococcus pneumoniae, Hae-
mophilus influenzae type b, Haemophilus parainfluenzae, Myco-
plasma spp., Pseudomonas spp., and Staphylococcus spp. (141).
Evidence for an increased susceptibility to mycoplasma infec-
tions in PAD patients is the increased incidence of pneumonia
caused by Ureaplasma urealyticum, which is rarely associated
with nonurogenital infections in immunocompetent hosts
(117). In rare cases of pneumonia in patients with XLA or
CVID, other organisms have been isolated, including Preumo-
cystis jirovecii, Mycobacterium hominis, Mycobacterium avium,
and adenovirus (15, 32, 114, 141). A case of measles pneumo-
nia, which developed after exposure to wild-type virus, has
been reported for a patient with XILA who had absent B cells
(141).

Chronic lung disease is a well-recognized complication of
PAD and one of the primary causes of morbidity and early
mortality for patients with CVID and XLA (32, 66). Bronchi-
ectasis is present in a large number of patients with CVID at
the time of diagnosis, even younger patients (111). Some stud-
ies revealed that bronchiectasis correlated with a late diagnosis
of PAD, suggesting that it develops as a consequence of
chronic pulmonary infections prior to the initiation of aggres-
sive therapy (103). However, chronic pulmonary complica-
tions, particularly in CVID, also stem from dysregulated in-
flammation and lymphoproliferation or autoimmune disease.
These are manifested as granulomatous lung disease and in-
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terstitial lymphoid pneumonitis. Progression of chronic pulmo-
nary changes remains a significant problem for patients even
after the institution of immunoglobulin replacement therapy
(66, 103, 106, 111).

Gastrointestinal and Hepatic Infections

Patients with PAD frequently suffer from gastrointestinal
complications, with chronic or recurrent diarrhea being the
most common clinical presentation sometimes accompanied by
malabsorption and weight loss. In CVID, the differential diag-
nosis for gastrointestinal complaints is broad, with a high prev-
alence of noninfectious complications including nodular lym-
phoid hyperplasia, inflammatory bowel disease, atrophic
gastritis, sprue-like illness with villous atrophy, and intestinal
lymphangiectasia (32, 143). The reported incidence of infec-
tious diarrhea for patients with CVID and XLA varies from
5% to approximately 30% (143). Giardia lamblia is the most
frequently identified pathogen in the stool of symptomatic
patients, and a resolution of symptoms upon antiprotozoal
therapy has been reported (78). In mice, the elimination of
Giardia from the gut has been shown to correlate with the
onset of secretion of Giardia-specific IgA into the intestinal
mucosa. A lack thereof might provide a potential explanation
for the increased susceptibility of humans with PAD to giardi-
asis. Studies of humans have not consistently confirmed this
observation, but data are scant (43).

Other pathogens identified in patients with infectious colitis
include Rotavirus, Campylobacter, Enterovirus, Salmonella spp.,
and Clostridium difficile (141). Rare cases of Cryptosporidium
and CMV infections of the small bowel have been reported for
patients with CVID. Evidence of latent CMV infection has
been found for the majority of patients with CVID, yet an
increased risk of developing clinical CMV disease has not been
clearly established for PAD patients (34). The occurrence of
Cryptosporidium parvum infections is usually indicative of a
T-cell defect in addition to antibody deficiency, as seen in
patients with CD40L deficiency. Cryptosporidium infections of
these patients are associated with the development of scleros-
ing cholangitis and severe chronic liver disease (115).

Cases of hepatitis C virus infection have been reported, most
of which could be traced back to contaminated intravenous
(i.v.) immunoglobulin or other blood preparations more than
15 years ago. Improved methods of donor screening and man-
ufacturing of gammaglobulin have eliminated this particular
risk (110). There have been no further cases of any disease
transmission by purified immunoglobulin since that time.

Systemic Bacterial Infections

Agammaglobulinemic patients and, to a lesser extent, pa-
tients with CVID have an increased risk of developing blood-
borne bacterial infections, particularly prior to the diagnosis
and institution of adequate therapy with gammaglobulin.
These are thought to arise from localized infections with sec-
ondary dissemination of bacteria through the bloodstream.
About 6 to 10% of patients with XLLA have been reported to
develop sepsis, in most cases before a diagnosis of primary
immunodeficiency is established, compared to approximately
1% of CVID patients. For both patient groups, the most com-
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monly isolated bacteria in cases of sepsis are Pseudomonas
spp., Streptococcus pneumoniae, and Haemophilus influenzae
(32, 103, 141). Bacterial meningitis is caused predominantly by
Streptococcus pneumoniae and Haemophilus influenzae type b
and has been reported to occur in 3 to 4% of XLA patients and
in 1 to 2% of CVID patients (10, 32, 64, 103, 141). Other
reported causative bacteria were Pseudomonas spp., Neisseria
meningitidis, Staphylococcus aureus, Escherichia coli, and Liste-
ria monocytogenes (32, 59). Septic arthritis and osteomyelitis
have been reported for 7% and 3% of XLA patients, respec-
tively, and rarely for patients with CVID (32, 141).

Chronic Infectious Arthritis

Mycoplasma and Ureaplasma infections have been described
to be a cause of chronic, often severe, erosive arthritis in
patients with severe antibody deficiency due to either XLA or
CVID (44, 45). Infections presented mostly as large-joint
monoarthritis involving the knee, shoulder, elbow, or hip joints
and, in a few cases, as symmetrical polyarthritis. Ureaplasma
urealyticum, Mycoplasma pneumoniae, Mycoplasma hominis,
Mycoplasma felis, Mycoplasma orale, and Mycoplasma saliva-
rium have been isolated from synovial fluid of affected patients
(16, 44, 45, 100). Antibody-deficient patients have been shown
to have an increased rate of colonization of respiratory tract
and urogenital tract mucosa with Mycoplasma and Ureaplasma
organisms, which is likely a result of lacking protective anti-
bodies at mucosal sites (45, 117). Why there is predilection for
joint involvement remains unknown. Treatment consists of ad-
equate immunoglobulin replacement combined with tetracy-
clines. The outcome is variable, with most patients responding
to treatment but with some patients suffering from therapy-
refractory disease with tetracycline-resistant organisms. The
occasional resemblance to rheumatoid arthritis presents a di-
agnostic challenge given that seronegative noninfectious ar-
thritis is also prevalent in the CVID population (44).

Enteroviral Infections

Although cell-mediated immunity plays a dominant role in
host defense against most viruses, defense against enterovi-
ruses appears to also depend on antibody-mediated mecha-
nisms. This is evidenced by the increased susceptibility of se-
verely antibody-deficient patients with XLA or, in rarer cases,
CVID to severe, often fatal infections with enteroviruses
including echoviruses, polioviruses, and coxsackieviruses
(53, 84).

A few patients with XLLA were reported to have developed
vaccine-related poliomyelitis after vaccination with live atten-
uated poliovirus, which is associated with a high rate of mor-
tality. Those who survived had severe neurological sequelae
such as permanent paralysis (53). A case of wild-type poliovi-
rus infection of a patient with XLLA has also been described
(123).

Chronic enteroviral meningoencephalitis of agammaglobu-
linemia is a recognized complication of patients suffering from
severe antibody deficiency. It clinically presents either with
slowly progressive neurological symptoms such as ataxia, par-
esthesias, loss of cognitive skills, developmental regression,
and sensorineural hearing loss or, in other cases, acutely with
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fever, headaches, seizures, and/or paralysis (53, 84). Infections
often disseminate to involve multiple organs, causing hepatitis,
arthritis, and a dermatomyositis-like syndrome with edema of
the subcutaneous (s.c.) tissue, erythematous rash, and myositis
(84). Enteroviruses have been isolated from the cerebrospinal
fluid of patients or, less commonly, from other anatomical sites
such as joints and muscle and have rarely been found in the
stool. Echoviruses are the most commonly encountered spe-
cies, with a predominance of echovirus 11. In rare cases, cox-
sackievirus A or B could be identified. The virus may not grow
in culture in all cases; the detection of viral nucleic acid by
PCR may be diagnostic (139). Cerebrospinal fluid pleocytosis
and abnormal protein or glucose levels are inconsistently
found. Treatment usually consists of high-dose i.v. immuno-
globulin. Intrathecal immunoglobulin applications have also
been tried in severe cases, with variable outcomes (53, 89, 107).
Fortunately, it appears that the incidence of chronic enterovi-
ral meningoencephalitis of agammaglobulinemia has de-
creased significantly since it has become standard practice to
maintain higher serum IgG doses for patients with PAD.

Conjunctivitis

An increased occurrence of acute and/or recurrent bacterial
conjunctivitis has been reported, with an incidence of 8 to 20%
for agammaglobulinemic patients; the reported numbers for
patients with CVID vary (103, 141). The causative infectious
agent, if isolated, has been reported for only a few cases, with
Haemophilus influenzae being the predominantly isolated or-
ganism. Conjunctivitis is sometimes associated with more seri-
ous corneal ulceration and keratitis (55, 103). A single case
report described bilateral Chlamydia trachomatis conjunctivitis
with corneal scarring in a boy with XLA (3).

Cutaneous Infections

While the skin is a less common site for infections in the
overall population of patients with humoral immunodeficiency,
cutaneous infectious complications such as cellulitis and s.c.
abscesses do occur with increased frequency in patients with
XLA, with a reported incidence of 18 to 27%, and have also
been encountered at an increased rate in cohorts of patients
with CVID (56, 103, 141). Recurrent subacute and chronic skin
infections with Flexispira-like organisms and also with Helico-
bacter and Campylobacter have been reported for patients with
XLA. The spectrum of presentation extends from atypical cel-
lulitis lacking overt signs of inflammation to chronic ulcer-
ations often accompanied by bacteremia and systemic illness.
Organisms are difficult to culture, and treatment typically re-
quires prolonged courses of i.v. antibiotics (30, 49, 134). Severe
herpes zoster virus manifestations are a known skin complica-
tion of CVID patients (32, 64). Apart from infectious prob-
lems, patients with CVID often suffer from noninfectious cu-
taneous complications associated with autoimmune conditions.

GENERAL DIAGNOSTIC CONSIDERATIONS

Awareness of PAD remains limited among health care pro-
fessionals, which is likely due to the presumed rarity of these
diseases. A large retrospective study of CVID patients re-
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vealed a mean diagnostic delay of 7 years, with 20% of patients
being diagnosed more than 15 years after the onset of symp-
toms (26).

Who Should Be Screened for PAD?

Patients presenting with infections that are characterized by
either an increased frequency of occurrence, unusual severity,
or lack of response to therapy should be evaluated for an
underlying immunodeficiency. As described above, the major-
ity of infections associated with PAD are caused by pathogens
that are prevalent in the community, most commonly, but not
exclusively, by encapsulated bacteria.

Children may also present with poor growth, failure to
thrive, or recurrent fever of unknown origin in addition to
recurrent infections of the respiratory or gastrointestinal tracts
(143). Congenital absence of tonsillar tissue should raise the
suspicion of agammaglobulinemia. The age of disease onset is
very variable. More severe forms of PAD present during
infancy or early childhood; the most severe defects present
around the age of 6 months, when maternal antibodies have
dissipated. However, some common forms of PAD often do
not manifest until early adulthood to mid-adulthood (32,
111).

In a number of cases, the presenting symptoms are related
to noninfectious complications such as autoimmune disease
in CVID patients. As an example, a study of 21 patients with
CVID and immune thrombocytopenic purpura revealed that
CVID was diagnosed in only 19% of cases prior to the onset of
immune thrombocytopenic purpura (88). Other clinical fea-
tures associated with PAD can be clues for diagnosis, such as
granulomatous disease, splenomegaly, unexplained chronic
lung disease, unexplained chronic gastrointestinal disease, or
inflammatory arthropathy (32, 64, 111). Patients with sus-
pected antibody deficiency should be referred to a clinical
immunologist.

Initial Evaluation

A detailed clinical history, including family history, is critical
for the evaluation of a patient with suspected PAD. In addition
to the physical examination, radiographic evaluation of target
organs such as lungs or sinuses may be indicated. A systematic,
stepwise approach to the laboratory evaluation of the humoral
immune system is recommended, particularly since initial
screening tests are easy to perform. A complete blood count is
essential to determine the lymphocyte count and the presence
of other possibly associated cytopenias. Initial laboratory test-
ing includes quantitative serum immunoglobulin levels (IgM,
IgG, and IgA) and evaluation of specific antibody responses to
both protein and polysaccharide antigens (92). It is important
to interpret serum immunoglobulin levels according to age of
pediatric patients. IgG during early infancy is derived from
placental transfer; therefore, serum levels do not reflect the
infant’s own level of production; immunoglobulin serum levels
for some isotypes and isotype subclasses often do not reach
adult levels until early adolescence.

CLIN. MICROBIOL. REV.

Specific Antibody Responses

Antibodies against tetanus and diphtheria toxoids are indic-
ative of functional T-cell-dependent antibody responses. The
same is true for antibodies against the polyribose phosphate
capsular antigen of Haemophilus influenzae type b and capsular
polysaccharides of Streptococcus pneumoniae when elicited by
vaccines in which these moieties are coupled to a protein
carrier. Antibodies against S. pneumoniae produced after nat-
ural exposure or vaccination with the unconjugated 23-valent
pneumococcal polysaccharide vaccine are indicative of T-cell-
independent responses.

Specific antibody titers must be interpreted in the context
of the patient’s age and immunization history. There are no
well-validated criteria to define age-specific normal vaccine
responsiveness to pneumococcal polysaccharides. It is current
practice to evaluate postimmunization serotype-specific IgG
antibody concentrations with respect to the increase over the
preimmunization level for a given serotype and the percentage
of serotypes to which a patient responds. A postimmunization
serum antibody concentration of >1.0 to 1.3 pg/ml (note that
this may not be the correct value for all methods of measure-
ment) or at least fourfold over baseline is considered to be an
adequate response (14). Polysaccharide responses cannot be
tested reliably for children below the age of 2 years; some may
respond, but many healthy children will have low responses.
Between the ages of 2 and 5 years, children should respond to
at least half of the vaccinated pneumococcal serotypes, and
individuals older than 5 years should respond to 70% of sero-
types. If titers are low, patients might receive a booster immu-
nization with a subsequent determination of responses 3 to 6
weeks later (14). For some patients, serum isohemagglutinins
(IgG and IgM antibodies against ABO blood group antigens,
which occur naturally in response to polysaccharide antigens of
the gut flora) are measured, but these are generally considered
to be less reliable than the assessment of vaccine antibody
responses for evaluating humoral immunodeficiency. It has to
be noted that nonresponsiveness to some vaccines can also be
found in healthy individuals with otherwise intact humoral
immunity. For example, the nonconversion rate following a full
series of immunizations with the hepatitis B virus vaccine is
about 5 to 15% for healthy individuals and has been linked to
the presence of specific HLA haplotypes (4). Primary nonre-
sponsiveness to the hepatitis B virus vaccine is diagnosed for a
healthy immunocompetent individual who fails to seroconvert
following two full series of hepatitis B virus immunizations
(82). For these patients, a more global PAD can be ruled out
by the demonstration of otherwise normal vaccination re-
sponses.

Further Laboratory Evaluation

The specific diagnostic criteria for the different forms of
PAD are discussed in their respective sections. If immunoglob-
ulin serum levels and antibody responses to specific antigens
are normal for patients with susceptibility to encapsulated bac-
teria, alternative diagnoses such as anatomical defects, ciliary
dyskinesia, complement deficiencies, or other rare defects of
innate immune mechanisms must be considered.

Patients with significant hypogammaglobulinemia should
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have their lymphocyte subset numbers and distributions deter-
mined (14, 92). Flow cytometric analysis is now widely avail-
able to enumerate T-cell, B-cell, and NK cell subsets and will
identify patients with agammaglobulinemia. Patients with
CVID might benefit from a further characterization of their
specific phenotype. Several classification schemes for CVID
have been proposed on the basis of B-cell and T-cell immuno-
phenotyping (50, 102, 138, 140). Clinical or laboratory features
that are suggestive of defects of cellular immunity or of a
combined defect, including T-cell lymphopenia, opportunistic
infections, or failure of young children to thrive, might warrant
an assessment of T-cell function by testing of lymphocyte pro-
liferative responses to recall antigens and mitogens.

Analysis of specific protein expression by Western blotting
or flow cytometry is required for the diagnosis of some PADs.
Gene sequencing is commercially available for many of the
known gene defects and, depending on the presenting clinical
and laboratory features, may be indicated to confirm or rule
out specific diagnoses. Whenever possible, molecular diagnosis
is desirable for accurate genetic counseling.

MANAGEMENT

As infections and infection-related complications constitute
the predominant clinical problems that arise as a consequence
of antibody deficiency, management focuses largely on the
prevention and treatment of infections as well as monitoring
for early detection of associated complications. Antibody re-
placement therapy and antimicrobial therapy thus play central
roles in the care of patients with PAD. Surveillance for and
treatment of noninfectious complications such as autoimmu-
nity and malignancies are also critical elements in the manage-
ment of primary disorders of humoral immunity; these were
reviewed elsewhere previously (31). Periodic follow-up of pa-
tients with antibody deficiency is recommended to detect com-
plications that can occur despite adequate treatment with gam-
maglobulin and/or antimicrobials.

Immunoglobulin Replacement Therapy

Several studies have demonstrated the efficacy of gamma-
globulin replacement therapy for decreasing the incidence of
upper and lower respiratory tract infections and reducing the
use of antimicrobials and the rate of hospital admissions for
patients with PAD (23, 106, 129). It is generally accepted that
patients with significantly diminished levels of specific antibody
production require replacement therapy with immunoglobulin
(98). Replacement therapy is the mainstay of treatment for
PADs at the severe end of the spectrum, including agamma-
globulinemia, CVID, and CSR defects (or hyper-IgM syn-
dromes), which are all characterized by different degrees of
hypogammaglobulinemia, impaired specific antibody produc-
tion, and susceptibility to recurrent and/or severe infections.
Early diagnosis and institution of immunoglobulin therapy for
these patients have been demonstrated to be crucial not only
for the prevention of acute infections such as pneumonia or
meningitis but also for decreasing the morbidity and mortality
associated with chronic complications such as chronic lung
disease or chronic enteroviral infections (36, 64, 103, 105, 116,
142).
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The decision to treat patients with less pronounced defects
of antibody production with immunoglobulin is based upon the
patient’s clinical and laboratory presentation and response to
conventional antimicrobial therapy. IgG replacement therapy
is generally recommended under these conditions if failure to
mount specific antibody responses has been documented and if
there is evidence of recurrent or severe infections that are
inadequately controlled with antimicrobial therapy. Significant
infectious morbidity usually has to be present, such as recur-
rent pneumonias that predispose a patient to bronchiectasis or
recurrent episodes of documented bacterial sinusitis (14, 98).

Patients with milder antibody deficiencies (particularly chil-
dren, who require treatment with immunoglobulin) may be
reevaluated at some time after initiation of therapy if they are
doing well. Replacement therapy is preferably discontinued in
spring or summer, when the incidence of respiratory infections
is low; antibody responses can be tested 4 to 6 months later. In
some cases, clinical course and vaccine challenge responses
improve over time; in others, therapy has to be reinstituted
(14, 98).

While the majority of symptomatic patients with THI can be
managed with antibiotic prophylaxis, those who fail or do not
tolerate antimicrobial treatment may benefit from short-term
gammaglobulin replacement but should be reevaluated peri-
odically (14). IgG subclass deficiency and selective IgA defi-
ciency per se are not indications for replacement therapy, but
it might be warranted in cases in which poor specific antibody
production can be demonstrated in the context of otherwise
insufficiently controlled recurrent infections and inadequate
responses to antibiotics.

Patients with agammaglobulinemia or severe hypogamma-
globulinemia (<200 mg/dl) might require a loading dose (e.g.,
1 dose of 1 g/kg body weight or divided into separate doses).
For maintenance therapy of PAD, a starting dose of 400 to 600
mg/kg/month is generally recommended. This is administered
i.v. every 3 to 4 weeks or s.c. once weekly or every other week.
The mean physiological elimination half-life for IgG is approx-
imately 23 days, with a wide variability, ranging from about 20
to 60 days, observed among individuals receiving i.v. or s.c.
replacement therapy (13). Generally, doses and intervals are
adjusted to keep serum trough levels at least above 500 mg/dl.
However, the replacement regimen has to be individualized for
each patient by also taking into account the specific underlying
condition and the clinical response to treatment. Some studies
have shown that higher-than-standard doses are beneficial for
selected patients (38, 116). Maintenance of increased IgG
trough levels (>800 mg/dl) might be indicated for patients with
chronic lung disease or and/or chronic refractory sinusitis.
Both conditions present a challenge in the treatment of PAD,
since progression of disease even despite adequate therapy has
been reported (66, 106). Whether or not sustaining higher IgG
trough levels can consistently prevent the occurrence or pro-
gression of these complications remains to be determined.

Specific infectious conditions may require a temporary insti-
tution of even higher doses of immunoglobulin therapy, e.g.,
treatment of XLA patients suffering from chronic enteroviral
meningoencephalitis, where maintaining IgG trough levels of
>1,000 mg/dl has shown some success (84, 89). For patients
with SAD who have quantitatively normal total serum IgG

0T0Z ‘8T dun( uo AYVHEIT VINVATASNNId 40 ALISHIAINN ¥e Bio°wse wd woly papeojumod


http://cmr.asm.org

410 FRIED AND BONILLA

levels, obtaining trough levels is not helpful; therefore, treat-
ment has to be titrated according to the clinical response.

s.c. administration of IgG has been shown to be safe and at
least as efficacious as i.v. infusion of IgG in treating PAD and
is gaining popularity as an alternative to i.v. administration of
1gG (42, 48). Its main advantages are fewer systemic adverse
effects, smaller fluctuations in IgG serum concentrations, and
improved quality of life for patients due mostly to the conve-
nience of self-administration at home (7, 11). It should be
considered in particular for patients with reactions to i.v. ad-
ministration of IgG or difficult venous access. Local side effects
(erythema, swelling, and tenderness) occur commonly with s.c.
administration of IgG. These are mostly mild and resolve
within 24 h. Only rarely do they cause significant discomfort.
The total amount of IgG administered per month is generally
the same for both i.v. administration of IgG and s.c. adminis-
tration of IgG. The more frequent s.c. dosing of IgG is neces-
sitated by the limited amount of medication that can be ac-
commodated s.c. (7, 11).

Prophylactic Antibiotics

Many patients with a milder phenotype of PAD, including
patients with THI, selective IgA deficiency, or IgG subclass
deficiency, who present with recurrent upper respiratory infec-
tions can be managed successfully with antibacterial chemo-
prophylaxis only (9, 60). It might be particularly helpful for
patients with mild transient deficiency. Thus, prophylaxis with
antibiotics is considered to be the initial mode of therapy for
most patients with THI and is often required only during the
winter months for a few years (14).

Many experts recommend antibiotic prophylaxis in addition
to immunoglobulin replacement for patients with CVID or
XLA who have chronic infectious complications that are dif-
ficult to control, such as chronic sinusitis or bronchiectasis. The
presumed lack of transport of infused IgG to mucosal surface
sites and the lack of IgM and IgA in some patients have been
postulated to contribute to the persistence of infections in spite
of replacement with gammaglobulin (103). There are no pub-
lished controlled trials examining the potential benefits of ad-
ditional antibiotic prophylaxis for patients who are treated with
gamma globulin. However, the effectiveness in reducing pul-
monary complications was demonstrated in a retrospective
analysis when treatment was used in conjunction with intra-
muscular immunoglobulin prior to the availability of the cur-
rently used i.v. or s.c. preparations (130).

Standard prophylactic antibiotic regimens for PAD are de-
rived largely from data from studies of immunocompetent pa-
tients with recurrent upper respiratory infections (35, 104).
Prophylaxis is usually initiated with amoxicillin (amoxicilline),
trimethoprim-sulfamethoxazole, or azithromycin. If not effec-
tive, other agents such as amoxicillin-clavulanate or clarithro-
mycin (or others) may be used. Some practitioners use full
therapeutic doses, and others use half-doses. Some rotate pre-
ventive antibiotics every 1 to 6 months, and others maintain
therapy with a single agent. There are no published data on the
effectiveness of any specific regimen for this patient popula-
tion.
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Treatment of Infections

General principles that guide the management of infections
in immunocompetent individuals, such as the early recognition
of specific symptoms, precise definition of the focus of infec-
tion, as well as identification of the causative organism with the
help of imaging, cultures, and/or biopsy specimen data, if nec-
essary, also apply to PADs. Antimicrobial treatment should be
based on susceptibilities, if possible. Some patients need longer
courses of antibiotics than immunocompetent individuals, and
vigilance has to be exercised in making sure that infections are
completely eradicated at the end of a treatment course. Bron-
chiectasis is highly prevalent in patients with CVID and XLA
and is often characterized by insidious onset and silent pro-
gression (66). Infections in the context of bronchiectasis usu-
ally require intensified treatment, often in a multidisciplinary
setting involving adequate pulmonary airway clearing, culture-
guided aggressive antimicrobial therapy, anti-inflammatory
therapy, and monitoring of disease progression by pulmonary
function testing and, at periodic intervals, by computerized
tomography (or high-resolution computerized tomography)
(14, 66, 133). Finally, the increased prevalence of certain in-
fections in PAD (such as Giardia enteritis, arthritis due to
Mycoplasma or Ureaplasma, or cutaneous infections with Flex-
ispira-like organisms) has to be taken into consideration for the
choice of microbiological identification techniques and antimi-
crobial selection. As serology is unreliable for detecting infec-
tions of patients with PAD, culture- or molecular-based assays
often have to be used. For many infectious organisms such as
Mycoplasma or Ureaplasma species, conventional PCR or real-
time PCR is available, providing equivalent or superior sensi-
tivity for the detection of acute infection compared to serology
and culture (1, 132).

CONCLUSION

Recent discoveries of some of the molecular defects that
cause PAD have shed much light on central pathways of B-cell
biology, such as the molecular mechanisms of CSR and the
regulation of terminal B-cell differentiation. Our rapidly grow-
ing understanding of the underlying pathophysiology of these
diseases will likely have many implications for diagnosis and
management in the near future.

Significant advances in the preparation of immunoglobulin
and in its administration have made treatment safe and highly
effective. Timely diagnosis and early onset of replacement
therapy with immunoglobulin have been shown to significantly
decrease the morbidity and mortality associated with diseases
such as XLA and CVID. The recognition and accurate diag-
nosis of the milder forms of antibody deficiency are also of
great importance. Most of these patients will benefit from early
and aggressive antibiotic therapy. Some patients require pre-
vention with antibiotic prophylaxis or immunoglobulin replace-
ment, which can break the cycle of recurring infection, often
resulting in a greatly improved quality of life.
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