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Antibody-mediated immune responses play a critical
role in the immune defense against extracellular pathogens
(eg, bacteria) and many viruses. The primary antibody
repertoire is generated in the fetal liver and in the bone
marrow by means of the V(D)J recombination process,
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Abbreviations used
AID: Activation-induced cytidine deaminase
APOBEC-1: Apolipoprotein B mRNA-editing enzyme,
catalytic subunit 1
CD40L: CD40 ligand
CSR: Class-switch recombination
D: Diversity
DSB: Double-strand DNA break
EDA-ID: Hypohidrotic ectodermal dysplasia with
immunodeficiency
J: Joining
NEMO: Nuclear factor kB essential modulator
NF: Nuclear factor
S: Switch
SHM: Somatic hypermutation
sIg: Surface Ig
TRAF: TNF receptor–associated factor
UNG: Uracil N-glycosylase
V: Variable

which allows genomic rearrangement between variable
(V), diversity (D), and joining (J) gene elements of the Ig
heavy chain gene and between V and J elements of the Ig
light chain genes. This process, which is both antigen and
T lymphocyte independent, results in the expression of
membrane IgM and IgD molecules (Fig 1, A).
In contrast, the secondary antibody repertoire, characterized by the production of Igs of various isotypes with
high affinity for antigen, is shaped in secondary lymphoid
organs (lymph nodes, tonsils, and spleen), mainly through
a T cell– and antigen-dependent process that involves
2 distinct events: class-switch recombination (CSR) and
somatic hypermutation (SHM; Fig 1, A).1
CSR is accomplished by means of DNA recombination
between 2 distinct switch (S) regions located upstream of
the Cm and a target Cx region of another isotype; in this
process the intervening DNA sequence is deleted and circularized as an episomal fragment. By means of CSR, the
m chain of Igs is replaced by a different Cx heavy chain,
thus allowing production of Igs of different isotypes that
mediate distinct biologic properties and differ for halflife and tissue distribution. In contrast, CSR leaves the
sequence of the V region intact and thus does not affect
antibody specificity and affinity.
On the other hand, SHM is the process through which
discrete (mostly missense) mutations are introduced into
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Shaping of the secondary antibody repertoire is generated by
means of class-switch recombination (CSR), which replaces
IgM with other isotypes, and somatic hypermutation (SHM),
which allows production of high-affinity antibodies. However,
the molecular mechanisms underlying these important
processes have long remained obscure. Immunodeficiency with
hyper-IgM comprises a group of genetically heterogeneous
defects of CSR variably associated with defects of SHM. The
study of these patients has allowed us to recognize that both
T-cell–B-cell interaction (resulting in CD40-mediated signaling)
and intrinsic B-cell mechanisms are involved in CSR and SHM.
Elucidation of the molecular defects underlying these disorders
has been essential to better understand the molecular basis
of Ig diversification and has offered the opportunity to define
the clinical spectrum of these diseases and to prompt more
accurate diagnostic and therapeutic approaches. (J Allergy
Clin Immunol 2006;117:855-64.)
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FIG 1. A, Molecular mechanisms involved in generation of the primary and secondary antibody repertoire.
B, Schematic representation of DNA modifications at S and V Ig gene regions during CSR and SHM. The roles
of AID and UNG in this process are shown. Molecular defects involved in CSR defects, variably associated with
disturbed SHM, are shown in red.

the V regions of the Igs at high frequency (1 3 1023 bases
per generation). This mechanism allows selection of B
cells with a higher affinity for the antigen on interaction
with antigen-loaded follicular dendritic cells.
Although both CSR and SHM occur mainly in the
germinal center and are often observed in the same B-cell
lineage, they are independent processes, so that SHM can
occur in IgM-expressing B lymphocytes, and CSR (leading to IgG, IgA, and IgE expression) can occur without
changes in affinity for the antigen.
Three successive events are required for CSR and SHM
to occur (Fig 1, B)1-3:
Basic and clinical immunology

1. Transcription of target DNA sequences (S and V regions). In the S regions this is associated with formation of DNA-RNA hybrids on the template DNA
strand, leaving the nontemplate strand accessible to
DNA modification and cleavage. Appropriate cytokines and CD40 cross-linking on the surface of B
lymphocytes activate the specific I promoter located
59 to the target Cx gene and induce the synthesis and
splicing of so-called germline or sterile transcripts.
2. DNA cleavage. For CSR, single-strand DNA break
on the nontemplate strand is followed by doublestrand DNA breaks (DSBs); during SHM, both singlestrand DNA breaks and DSBs are scattered along the
target DNA sequence, but the mechanisms involved
in generation of the DNA breaks are still unclear.

3. DNA repair. During CSR, the histone gH2AX protein
is phosphorylated, and several proteins are recruited
at the site of DSBs in the S regions, including
53BP1, MRE11, RAD50, and NBS1. Then the nonhomologous end joining DNA repair enzymes (including DNA-PK and the KU proteins) mediate
joining of the Sm and Sx sequences. In contrast, DNA
repair during SHM involves intervention of the mismatch repair enzymes and error-prone DNA polymerases h, z, and u.
During the last years, the molecular mechanisms and
signals involved in CSR and SHM have been disclosed
through the characterization of a group of disorders
(collectively named class-switch recombination defects,
and previously known as hyper-IgM syndromes) characterized by impaired CSR and variably associated with
defective SHM.4-6 The main molecular and immunologic
features of these diseases are summarized in Table I.

HYPER-IgM SYNDROME CAUSED BY
DEFECTS OF CD40-MEDIATED SIGNALING
Interaction between T and B lymphocytes on the basis
of both cell-to-cell contacts and soluble factors (cytokines)
plays a major role in the maturation of antibody responses.
Among membrane interactions, binding of CD40 to CD40
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TABLE I. Clinical and immunologic features of hyper-IgM syndromes
Defect of CSR
CD40L
defect

CD40
defect

Protein affected
CD40L
CD40
Inheritance
XL
AR
Clinical features
Bacterial infections
1
1
Opportunistic infections
1
1
Lymphadenopathy
2
2
Autoimmunity
6
6
Tumors
1
2 (?)*
Immunologic features
Serum IgG
YY
YY
Serum IgA
YY
YY
Serum IgM
N or [ N or [
CD40-induced CSR
N
Undetected
CD271 B cells
Y
Y
SHM
Y
Y

Upstream Downstream
from DNA
from DNA
cleavage
cleavage

XL-EDA-ID

AR-AID

AID-C ter

AIDDC

UNG
defect

NEMO
XL

AID
AR

AID
AR

AID
AD

UNG
AR

?
AR

?
AR

1
2
2
1
2

1
2
11
1
2

1
2
11
1
2

1
2
11
1
2

1
2
1
2
2(?)

1
2
1
2
2

1
2
1
1
1

Variable
Variable
N or [
Variable
Y
Variable

YY
YY
N2Y
YY
YY
YY
YY
N2Y
YY
YY
[[à
[[à
[
[[à
N 2[à
Undetected Undetected Undetected Undetected Undetected
N§
N§
N§
N§
N
YY
N
N
N but biased
N

YY
YY
N 2[à
Undetected
Y
N

ligand (CD40L) is particularly important in promoting
survival of B lymphocytes and induction of CSR (Fig 1).
CD40L (also named TNFSF5 or CD154) is a member
of the TNF superfamily and is predominantly expressed
on activated CD41 T cells. It consists of 261 amino acids
and is encoded by a gene that maps on chromosome X
(Xq26-27). The CD40L protein is a type II transmembrane
protein and is expressed at the cell surface as a trimer.
In contrast, CD40 is a type I transmembrane molecule
of 277 amino acids and is constitutively expressed on the
surface of B lymphocytes, dendritic cells, and macrophages but also on some nonimmune cells, such as endothelial and neuronal cells. Engagement of the extracellular
region of CD40 by CD40L determines the trimerization of
the CD40 receptor, leading to signal transduction.
In particular, cross-linking of CD40 on the surface of
B lymphocytes promotes B-cell proliferation, rescues B
lymphocytes from apoptosis, induces homotypic cell
adhesion and expression of activation molecules, triggers
CSR and SHM, and favors generation of long-lived
plasma cells. Furthermore, CD154-CD40 interaction is
critically required for germinal center formation. On the
other hand, cross-linking of CD40 on the surface of
monocytes–dendritic cells induces secretion of IL-12 and
promotes terminal differentiation of monocyte-derived
dendritic cells.
Several signaling pathways are activated after CD40LCD40 interaction7,8; concurrent secretion of cytokines
(IL-2, IL-4, and IL-10) released by activated T lymphocytes synergizes with CD40 cross-linking in inducing
B-cell activation. Like other members of the TNF receptor
superfamily, the cytoplasmic domain of CD40 is devoid

of kinase activity and interacts with the TNF receptor–
associated factor (TRAF) 2, 3, and 6, which can recruit
TRAF-1 and TRAF-5 and form homotrimers or heterotrimers. Integrity of TRAF-2 and TRAF-3 binding sites
on the cytoplasmic tail of CD40 is essential for CSR.9
TRAFs act as adaptor molecules and recruit different
kinases, such as phospholipase Cg, nuclear factor
(NF)–kB–inducing kinase, phosphoinositol-3-kinase, the
serine-threonine mitogen-activated protein kinases c-Jun
N-terminal kinase and p38, and Bruton’s tyrosine kinase
(BTK). Eventually, this results in activation of the transcription factors activator protein-1 (AP-1) and NF-kB
(the latter through both p50 and p52 pathways).10 In
addition, CD40-mediated signaling might also involve
TRAF-independent pathways, such as activation of Janusassociated kinases (JAKs) and signal transducers and
activators of transcriptions (STATs) molecules.11 Finally,
it has been shown that CD40 on the surface of B lymphocytes interacts with C4 binding protein, the involvement of
which might also contribute to B-cell activation.12 These
observations have established a novel interface between
complement and B-cell activation and thus link innate
with adaptive immunity.
Several genes are expressed as the result of CD40 triggering in B lymphocytes; among them, activation-induced
cytidine deaminase (AICDA) encodes for activationinduced cytidine deaminase (AID), a molecule critically
involved in CSR and SHM (see below).
The critical role played by CD40L-CD40 interaction in
B-cell activation and maturation of antibody responses
explains why genetic defects that affect expression of
these molecules are an important cause of defects in CSR

Basic and clinical immunology

XL, X-linked; AR, autosomal recessive; AID-C ter, patients with mutations in the C-terminal region of AID; AIDDC, patients with AID C-terminal deletions;
AD, autosomal dominant; N, normal.
*Not observed in the few patients reported thus far.
Not observed in the few patients with UNG deficiency reported thus far; however, tumors are common in ung2/2 mice.
àIgM levels before Ig substitution therapy.
§CD271 B cells from these patients express sIgM and sIgD only.
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FIG 2. Schematic representation of CD40L-CD40 interaction and its effects on CSR and SHM. Activated CD41
T cells in the lymph nodes interact with CD40-expressing B cells and secrete ILs that interact with cytokinespecific B-cell receptors (IL-R). CD40-mediated signaling activates the NF-kB signaling pathway and ultimately
results in the expression of AID and UNG. Mutations that affect CD40-mediated B-cell activation result in some
of the forms of hyper-IgM syndrome. MHC-II, Major histocompatibility complex of class II; TCR, T-cell receptor; CD40L-ID, X-linked immunodeficiency caused by CD40L defect; CD40-ID, immunodeficiency caused by
CD40 deficiency; XL-EDA-ID, X-linked immunodeficiency with ectodermal dystrophy; AID-ID, immunodeficiency caused by AID deficiency; UNG-ID, immunodeficiency caused by UNG deficiency; PC, plasma cell.

and SHM (Fig 2). On the other hand, these defects also
compromise monocyte–dendritic cell activation and hence
affect T-cell priming. This explains why the immunologic
and clinical features of defects of CD40-mediated signaling are broader and more severe than pure antibody deficiencies.

Basic and clinical immunology

X-linked immunodeficiency with hyper-IgM
(CD40L deficiency)
Inherited as an X-linked trait, CD40L deficiency was
the first form of hyper-IgM syndrome for which the
molecular basis was identified.
Most patients present in infancy with recurrent bacterial
or opportunistic infections, including Pneumocystis
jiroveci–induced pneumonia and diarrhea caused by
Cryptosporidium species infection.7,13 Neutropenia is a
common finding and might further contribute to susceptibility to bacterial infections. Severe liver–biliary tract disease, progressing to sclerosing cholangitis, occurs in a
significant number of patients (with some discrepancy between the European and the United States registries) and is
often associated with Cryptosporidium species infection.
A high proportion of patients (50% in the European series)
die before the fourth decade of life, despite substitution
treatment with Igs. This has prompted more aggressive
forms of treatment on the basis of hematopoietic stem
cell transplantation. However, a retrospective analysis of
38 European patients treated with hematopoietic stem
cell transplantation has shown that only 22 (58%) of
them were cured.14
Patients with CD40L deficiency have markedly decreased serum IgG and IgA levels and normal to increased
IgM levels. Occasionally, IgA levels might be normal.

This is likely due to a CD40L-CD40–independent CSR
mechanism, in which B cells are activated by B-lymphocyte stimulator/B-cell activating factor (BLyS/BAFF) and
a profileration-inducing ligand (APRIL) molecules (expressed by dendritic cells activated by IFN-a, IFN-g, or
LPS), along with signals provided by cytokines (TGF-b)
and B-cell receptor engagement.15
Flow cytometry represents the most important screening assay for diagnosis of CD40L deficiency. In most
patients, in vitro activation of T lymphocytes with phorbol
esters and ionomycin fails to induce expression of the
CD40L molecule, as revealed by staining with CD40Lspecific mAbs or a CD40-Ig chimeric construct. In any
case final confirmation of mutations requires molecular
analysis. Genomic abnormalities are scattered along the
CD40L gene (Fig 3).16 In a minority of patients, milder
mutations that allow binding of CD40 (albeit at reduced
intensity) are associated with a less severe clinical course,
which in a few cases was characterized uniquely by parvovirus B19–related anemia.
B lymphocytes from the patients coexpress surface IgM
(sIgM) and sIgD; in most cases the proportion of memory
(CD271) B lymphocytes and the frequency of SHM are
reduced. Importantly, defects of CSR and SHM reflect abnormalities of the T-cell compartment, as indicated by the
fact that the patients’ B cells can be induced to undergo
CSR in vitro on activation with CD40 agonists and cytokines.17
In addition, lymph nodes from CD40L-deficient patients show primary follicles but are devoid of germinal
center formation, indicating the importance of CD40LCD40 interaction for maturation of secondary lymphoid
organs.
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In patients with CD40L deficiency, impaired expression
of CD40L by activated CD41 T cells also affects monocytes and dendritic cells, with impaired secretion of IL-12
by monocytes, which results in reduced secretion of IFNg by T lymphocytes and defective T-cell priming.18 These
functional abnormalities contribute to the susceptibility of
CD40L-deficient patients to opportunistic infections.

CD40 deficiency
Up to now, only 4 families have been identified with
CD40 deficiency (Notarangelo, unpublished observations; Fig 4).19,20 In all cases the disease was inherited
as an autosomal recessive trait and was diagnosed on the
basis of a lack of expression of CD40 on the surface of
B lymphocytes and monocytes.
The clinical and immunologic findings of these patients
were identical to those reported in CD40L deficiency, with
recurrent bacterial and opportunistic (Pneumocystis and
Cryptosporidium species) infections, severe biliary tract
disease, and increased mortality. Patients have very low
serum IgG and IgA levels and normal to increased IgM
levels. The number of memory B cells is reduced, and
SHM is impaired. However, at variance with what is reported in CD40L deficiency, B cells from CD40-deficient
patients are unable to undergo CSR in vitro on activation
with CD40 agonists and cytokines.19 Furthermore, CD40
deficiency causes impaired function of monocyte-derived
dendritic cells, with reduced secretion of IL-12, impaired
T-cell priming, and diminished release of IFN-g by cocultured T lymphocytes.21
Class-switch recombination defects caused
by defective NF-kB activation
Cross-linking of CD40 results in activation of the NFkB signaling pathway (Fig 2), the critical role of which in

CSR and SHM has been disclosed by the recognition of
patients affected with hypohidrotic ectodermal dysplasia
with immunodeficiency (EDA-ID), which is often characterized by low levels of serum IgG and IgA, normal to increased IgM levels, and impaired antibody responses,
particularly to polysaccharide antigens.5
In most cases EDA-ID is inherited as an X-linked
trait and is caused by hypomorphic mutations in the zincfinger domain of NF-kB essential modulator (NEMO, also
known as IKK-g), a scaffolding protein that binds to IKKa and IKK-b, 2 kinase proteins.22 After CD40 ligation,
activation of the IKK complex results in phosphorylation
and subsequent ubiquitination of the inhibitors of NFkB (IkB). This releases the cytoplasmic components of
NF-kB that can translocate to the nucleus and drive transcription of several target genes involved in CSR and
SHM, including the gene encoding for AID (see below).
The association of ectodermal dysplasia in these
patients is accounted for by defective signaling through
the ectodysplasin receptor, which is also dependent on
NEMO and the NF-kB signaling. On the other hand,
hypomorphic mutations outside the zinc-finger domain of
NEMO have been associated with osteopetrosis, lymphedema, and increased susceptibility to environmental
mycobacteria, whereas Ig levels are often normal in these
patients, indicating a critical role of the zinc-finger domain
of NEMO for maturation of antibody responses.
Patients with X-linked EDA-ID show a remarkable
defect of switched memory (IgD2 CD271) B cells and an
excess of naive B lymphocytes, which coexpress IgM and
IgD. The quality of B-cell function appears to differ between patients, likely reflecting heterogeneity of the mutations. Indeed, it has recently been shown that the Ig
variable region in B lymphocytes from patients with
EDA-ID carrying the same unique NEMO mutation is

Basic and clinical immunology

FIG 3. Schematic representation of the CD40L gene and of mutations identified in European patients with
X-linked immunodeficiency with hyper-IgM (CD40L deficiency). Boxes identify the various exons of the gene.
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FIG 4. Schematic representation of the CD40 gene and of disease-causing mutations identified in patients with
CD40 deficiency. Boxes identify the various exons of the gene. TNFR, Tumor necrosis factor receptor.

devoid of SHM,23 although normal SHM generation has
been found in others (Durandy, unpublished observations). A similar variability has been observed for CSR
on in vitro activation of B lymphocytes with CD40 agonists (Durandy, unpublished observations).22 Even when
sterile and AID transcripts were detected, c-Rel activation was found to be severely impaired, and no CSR was
observed.23 Interestingly, NF-kB1/c-Rel knockout mice
show a severe impairment of humoral immunity, with
markedly reduced serum Ig levels and inability to mount
antigen-specific antibody responses.24
The observation that AID is normally induced after
CD40 ligation in B cells from patients with EDA-ID, even
when no CSR is detected, whereas c-Rel activation is
impaired, suggests that other possibly c-Rel–dependent
factors are strictly required for CSR and SHM. Evaluation
of the gene expression profile induced by CD40 crosslinking in B cells from these patients has shown selective
deficiency in the expression of some genes, including
LYL1, MRE11, RAD50, and LIG4, the products of which
play a role in CSR.23 In fact, LYL1 has been implied to
be involved in recruitment of the switch recombinase,
MRE11 and RAD50 are involved in formation of nuclear
foci at DSB S regions, and LIG4 is involved in DNA repair.

B CELL–INTRINSIC DEFECTS OF
CSR AND SHM
Basic and clinical immunology

Although defects in CD40-mediated signaling lead to a
broad immune deficiency that involves dendritic cells,
monocytes, and T lymphocytes in addition to B cells, other
forms of hyper-IgM syndromes are caused by defects
intrinsic and selective to B lymphocytes.25 The identification
of the molecular basis of these forms of hyper-IgM syndrome has offered a significant contribution to the elucidation of the mechanisms involved in CSR and SHM (Fig 1, B).
The activation-induced cytidine deaminase gene
(AICDA) was first isolated by means of a subtractive hybridization from a murine B-cell lymphoma line stimulated
to undergo CSR in vitro.26 Both in mice and in human subjects, the gene is expressed only in B cells undergoing CSR
or SHM. The human AICDA gene encodes a 198-aminoacid 24-kd protein that contains a functional cytidine

deaminase domain. AID shares homology with apolipoprotein B mRNA-editing enzyme, catalytic subunit 1
(APOBEC-1), an mRNA cytidine deaminase RNA-editing
enzyme that catalyzes the production of 2 distinct apolipoprotein B mRNA species. For this activity, APOBEC-1
requires another ubiquitously expressed auxiliary factor.
In addition to the cytidine deaminase domain, AID
also contains a putative nuclear localization signal at the
N-terminus and a nuclear export signal at the C-terminus.
Furthermore, a leucine-rich region at the C-terminus of the
protein is likely involved in protein-protein interaction.27
Ectopic expression of AID in the presence of a proper
substrate (eg, artificial switch constructs or actively transcribed target sequences) is able to induce switch recombination and somatic mutation, indicating that AID is the
only B cell–specific component that is necessary and
sufficient for both CSR and SHM.28
The mechanisms of action of AID are still debated.1-3
On the basis of its homology with APOBEC-1, it has
been originally hypothesized that AID edits an mRNA
that encodes a molecule involved in both CSR and
SHM. The demonstration that CSR requires de novo
protein synthesis beyond AID expression is in keeping
with this hypothesis.
However, several lines of evidence indicate that AID
is a DNA-editing enzyme (Fig 1, B). Transfection of AID
into Escherichia coli results in deamination of DNA deoxycytidine residues into deoxyuridine. Furthermore, it has
been demonstrated that AID can induce cytidine deamination on single-stranded DNA in cell-free experimental
conditions. As discussed above, transcription of S regions
during CSR results in the formation of DNA-RNA hybrids
on the template strand, leaving single-stranded nontemplate strand accessible to AID activity onto DNA.
The molecular mechanisms by which AID might work
as a DNA-editing enzyme have been recently characterized. It has been demonstrated that AID is phosphorylated
by protein kinase A29 and then interacts with replication
protein A, a single-stranded DNA-binding protein. This
might enhance AID activity on transcribed double-stranded
DNA containing CSR or SHM target sequences.30
Deamination of deoxycitidine to deoxyuridine on singlestranded DNA by AID represents a physiologic trigger for
base excision repair.
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FIG 5. Schematic representation of the AID gene and of disease-causing mutations identified in patients with
hyper-IgM syndrome caused by AID deficiency. Boxes identify the various exons of the gene. NLS, Nuclear
localization signal; NES, nuclear export signal.

nuclear antigen. Additional proteins (XRCC1, DNA
ligase, DNA polymerases, and APE1) are also recruited
in the UNG2-associated repair complex, which allows
completion of CSR and SHM.35
The steps at which B cell–intrinsic defects occur along
CSR are shown in Fig 1, B.

AID deficiency
AID deficiency in human subjects was identified by
means of whole-genome linkage analysis in families with
autosomal recessive hyper-IgM syndrome, which mapped
the locus to chromosome 12p13 in a region containing the
AICDA gene.36 A variety of mutations scattered along the
gene have been identified in patients with AID deficiency
(Fig 5).
In most cases the disease presents in childhood,
although late diagnoses are not rare. Patients mainly
have recurrent bacterial infections of the upper and lower
respiratory tracts. Gastrointestinal infections (including
giardiasis, which can cause malabsorption), central nervous
system infections, and arthritis have been also reported in
12% to 27% of the patients. Lymphoid hyperplasia (especially of tonsils and cervical lymph nodes) is a prominent
feature of the disease and is due to massive enlargement of
germinal centers that are filled with actively proliferating
(Ki-671) B cells that coexpress CD38, sIgM, and sIgD,
phenotypic markers of germinal center founder cells.
Autoimmunity (hemolytic anemia, thrombocytopenia,
and hepatitis) affects about 20% of the patients.
Patients with AID deficiency have a profound deficiency (virtual absence) of serum IgG and IgA, whereas
IgM levels are normal or increased. Antibody responses

Basic and clinical immunology

Uracil N-glycosylase (UNG) mediates deglycosylation
and removal of deoxyuridine residues.31 The resulting
abasic site is then cleaved by an apyrimidinic endonuclease,
like APE1, leading to single-stranded DNA breaks that are
processed and repaired (Fig 1, B).32 Alternatively, lowfidelity DNA repair (by error-prone DNA polymerases)
at the cleaved end could result in point mutations. This
would allow completion of CSR and SHM.1
According to this model, UNG deficiency is predicted
to impair generation of DNA breaks at S regions, thus
affecting CSR. Furthermore, UNG deficiency leads to
inability to remove deoxyuridine residues generated by
AID and thus causes accumulation of transition at G/C
residues (G>A, C>T) as a result of fixation of deoxyuridine/deoxyguanidine lesions on DNA replication. These
findings have indeed been observed in UNG-deficient
mice.33 Importantly, discovery of a biased pattern of
SHM in UNG–deficient mice and human subjects has
given further support to the hypothesis that AID is a
DNA-editing enzyme.
In contrast with these observations, an apparent dispensability for UNG activity in CSR has been recently
reported34; however, the UNG mutants analyzed in this
article were not completely devoid of functional activity,
thus calling into question the conclusions of this report.
Both in mice and in human subjects, the UNG gene has
2 distinct promoters and gives rise to 2 isoforms: UNG1
and UNG2. The former is ubiquitously expressed and
localizes in mitochondria, whereas UNG2 is a nuclear
protein expressed in actively proliferating cells, including
CSR-induced B cells. Importantly, UNG2 has been shown
to interact with several proteins involved in base-excision
repair, such as replication protein A and proliferating cell
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FIG 6. Schematic representation of the UNG gene and of disease-causing mutations identified in patients with
hyper-IgM syndrome caused by UNG deficiency. Two different isoforms of the UNG protein (mitochondrial
UNG1 and nuclear UNG2) are shown, resulting from use of distinct promoters and alternative splicing.

Basic and clinical immunology

are restricted to the IgM isotype, without change in affinity
after repeating immunization.
The number of circulating T and B cells is normal;
however, B cells uniquely express sIgM and sIgD. The
proportion of memory (CD271) B lymphocytes is also
normal, but there are no switched (sIgM2) memory B lymphocytes.
Cross-linking of CD40 induces B-cell proliferation;
however, addition of anti-CD40 plus IL-4 is unable to
promote IgE synthesis. In this system sterile S transcripts
are normally generated, but DNA DSBs are not induced in
the S regions, indicating that AID acts downstream from
transcription of the S region and upstream from DNA
cleavage.37 In keeping with these observations, gH2AX
and NBS1 foci are not formed in AID-deficient mice
and human subjects.38
In addition, sequence analysis of the V regions of
CD271 B lymphocytes from AID-deficient patients has
disclosed lack of somatic mutations, indicating that AID
is required also for SHM.
Examination of a large cohort of AID-deficient patients
has disclosed unique features associated with specific
mutations of the AICDA gene. In particular, mutations in
the C-terminus of the gene result in selective impairment
of CSR, leaving SHM intact. This finding suggests that
the C-terminus of AID might interact with a protein
uniquely involved in CSR.27 Because mutations in the
Sm regions are normally found in these patients, it is likely
that this AID-binding protein plays a role in DNA repair
during CSR.
On the other hand, experiments in mice have shown that
mutations in the N-terminal region of AID might affect
SHM but leave CSR intact, suggesting that different
domains of AID interact with cofactors specifically
involved in CSR or SHM.39
Furthermore, although AID deficiency is usually inherited as an autosomal recessive trait, a specific nonsense
mutation in the C-terminus, which results in deletion of
the last 9 amino acids, has been shown to be associated
with an autosomal dominant pattern of inheritance of

AID deficiency.40 Two nonmutually exclusive hypotheses
have been postulated to account for this observation: (1)
the deletion affects the nuclear export signal domain of
the protein and can lead to nuclear accumulation of the
mutant form, which might interfere with normal AID trafficking and function,41 and (2) it has been shown that CSR
requires AID multimerization. It is therefore possible that
the 9-amino-acid deleted form of AID is incorporated into
these multimers and impairs their activity. According to
this hypothesis, the mutant form would exert a dominant
negative effect.27

UNG deficiency
Up to now, 3 cases of UNG deficiency have been
reported in human subjects.42 In all cases both alleles were
mutated. The 4 mutations identified in these patients were
located in the catalytic region of the protein and affected
both UNG1 and UNG2 expression (Fig 6). In particular,
2 patients carried frame-shift mutations that lead to premature termination, whereas one patient was homozygous for
a missense mutation, leading to F251S amino acid substitution. This mutation has been shown to cause mislocalization of the mutant UNG2 protein to the mitochondria
rather than to the nucleus.31
All 3 patients with UNG deficiency had a history of
recurrent infections, and 2 of them showed lymphadenopathy.
The immunologic phenotype of UNG deficiency in
human subjects includes a profound defect of CSR, with
very low serum IgG and IgA levels, increased IgM levels,
and lack of IgG antibody response to vaccine antigens.
In vitro activation of patients’ B lymphocytes with CD40
agonists plus IL-4 fails to induce CSR, and the defect is
located downstream from induction of sterile transcripts
but upstream from DNA cleavage.
Furthermore, although UNG-deficient patients have a
normal number of CD271 B cells (all of which express
sIgM), these cells show a biased pattern of SHM, with
accumulation of transitions at C/G residues (whereas both
transitions and transversions are detected at A/T residues).
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CONCLUSIONS
The study of immunodeficiency with hyper-IgM in
human subjects has shed light on the complex molecular
mechanisms that govern CSR and SHM. In many cases
hyper-IgM syndromes have been initially defined in
human subjects, indicating once more the importance of
primary immune deficiencies as models of defective
immune development and maturation. Furthermore, the
study of large cohorts of patients has revealed unexpected
clinical, immunologic, or genetic findings that have
significant implications on the molecular basis of CSR
and SHM, as shown for hypomorphic NEMO mutations
and for patients with specific AID defects that differently
affect CSR and SHM. Therefore the study of naturally
occurring primary immune deficiencies has been essential
to the advance of immunology.

Although novel exciting findings are awaited from the
study of yet genetically undefined forms of hyper-IgM
syndrome, identification of distinct molecular defects
among the characterized forms of these disorders has
enabled collection of clinical data from a large cohort of
well-defined patients, thus aiding in diagnosis, assessment
of prognosis, and prompting of more accurate forms of
treatment.
REFERENCES
1. Maizels N. Immunoglobulin gene diversification. Annu Rev Genet 2005;
39:23-46.
2. Chaudhuri J, Alt FW. Class-switch recombination: interplay of transcription, DNA deamination and DNA repair. Nat Rev Immunol 2004;4:
541-53.
3. Xu Z, Fulop Z, Zhong Y, Evinger AJ, Zan H, Casali P. DNA lesions and
repair in immunoglobulin class switch recombination and somatic hypermutation. Ann N Y Acad Sci 2005;1050:146-62.
4. Gulino AV, Notarangelo LD. Hyper-IgM syndromes. Curr Opin Rheumatol 2003;15:422-9.
5. Durandy A, Revy P, Fischer A. Human models of inherited immunoglobulin class switch recombination and somatic hypermutation defects
(hyper-IgM syndromes). Adv Immunol 2004;82:295-330.
6. Etzioni A, Ochs HD. The hyper IgM syndrome. An evolving story.
Pediatr Res 2004;56:519-25.
7. Geha RS, Plebani A, Notarangelo LD. CD40, CD40 ligand and the
hyper-IgM syndrome. In: Ochs HD, Smith CIE, Puck JM, editors.
Primary immunodeficiency diseases. A molecular and genetic approach.
2nd ed. Philadelphia: Oxford University Press; 2006. In press.
8. Quezeda SA, Jarvinen LZ, Lind EF, Noelle RJ. CD40/CD154 interactions at the interface of tolerance and autoimmunity. Annu Rev Immunol
2004;22:307-28.
9. Jabara HH, Laouini D, Tsitsikov E, Mizoguchi E, Bhan AKI, Castigli E,
et al. The binding site for TRAF2 and TRAF3 but not TRAF6 is essential
for CD40-mediated immunoglobulin class switching. Immunity 2002;17:
265-76.
10. Zarnegar B, He JQ, Oganesyan G, Hoffman A, Baltimore D, Cheng G.
Unique CD40-mediated biological program in B cell activation requires
both type 1 and type 2 NF-kappaB activation pathways. Proc Natl Acad
Sci U S A 2004;101:8108-13.
11. Hanissian SH, Geha RS. Jak3 is associated with CD40 and is critical for
CD40 induction of gene expression in B cells. Immunity 1997;6:379-87.
12. Brodeur SR, Angelini F, Bacharier LB, Blom AM, Mizoguchi E,
Fujiwara H, et al. C4b-binding protein (C4BP) activates B cells
through the CD40 receptor. Immunity 2003;18:837-48.
13. Winkelstein JA, Marino MC, Ochs HD, Fuleihan R, Scholl PR, Geha R,
et al. The X-linked hyper-IgM syndrome. Clinical and immunologic
features of 79 patients. Medicine 2003;82:373-84.
14. Gennery AR, Khawaja K, Veys P, Bredius RGM, Notarangelo LD,
Mazzolari E, et al. Treatment of CD40 ligand deficiency by hematopoietic stem cell transplantation: a survey of the European experience,
1993-2002. Blood 2004;103:1152-7.
15. Litinskiy MB, Nardelli B, Hilbert DM, He B, Schaffer A, Casali P, et al.
DCs induce CD40-independent immunoglobulin class switching through
BlyS and APRIL. Nat Immunol 2002;3:822-9.
16. Lee W-I, Torgerson TR, Schumacher MJ, Yel L, Zhu Q, Ochs HD.
Molecular analysis of a large cohort of patients with the hyper immunoglobulin M (IgM) syndrome. Blood 2005;105:1881-90.
17. Durandy A, Schiff C, Bonnefoy JY, Forveille M, Rousset F, Mazzei G,
et al. Induction by anti-CD40 antibody or soluble CD40 ligand and
cytokines of IgG, IgA and IgE production by B cells from patients
with X-linked hyper IgM syndrome. Eur J Immunol 1993;23:2294-9.
18. Jain A, Atkinson TP, Lipsky PE, Slater JE, Nelson DL, Strober W.
Defects of T-cell effector function and post-thymic maturation in X-linked
hyper-IgM syndrome. J Clin Invest 1999;103:1151-8.
19. Ferrari S, Giliani S, Insalaco A, Al-Ghonaium A, Soresina AR, Loubser
M, et al. Mutations of CD40 gene cause an autosomal recessive form of
immunodeficiency with hyper IgM. Proc Natl Acad Sci U S A 2001;98:
12614-9.

Basic and clinical immunology

Other genetically undefined, B cell–intrinsic
defects of CSR
Most cases of hyper-IgM syndrome caused by intrinsic
B-cell defects are not due to AID or UNG deficiency.
Although the molecular basis of these cases is still
unknown, their clinical and immunologic findings have
been well characterized.5,43,44 In particular, 2 distinct
forms have been recognized on the basis of immunologic
and molecular findings. In both, the clinical phenotype
resembles AID deficiency, with recurrent sinopulmonary
and intestinal bacterial infections. Lymphoid hyperplasia,
when present (50% of the cases), is milder and is not associated with giant germinal centers. The defect of CSR is
also milder because residual serum IgG levels can be
detected in some patients. However, there is no evidence
of specific IgG production in response to immunization.
In the first of these 2 forms, the CSR defect appears to
be located downstream from S region transcription but
upstream from DNA cleavage (Fig 1, B). Importantly (and
at variance with AID and UNG deficiencies), SHM is
normal both in frequency and in pattern. The number of
CD271 memory B cells is also normal. It is possible
that this form is due to impaired targeting of AID (or other
components of the switch recombinase) onto S regions.
From the clinical point of view, these patients have a good
prognosis and are not prone to autoimmunity or tumors.
The second form of hyper-IgM syndrome caused by
undefined, B cell–intrinsic defects of CSR is characterized
by a reduced number of memory B lymphocytes. Because
DSBs are normally detected in the Sm region in CSRinduced B cells, the defect occurs downstream from DNA
cleavage (Fig 1, B) and could involve a yet unidentified
DNA repair protein. Importantly, despite the low number
of memory B cells, SHM is present in normal frequency
and pattern, indicating that the defect must involve a
protein that plays a role in CSR, although not in SHM.
From a clinical point of view, these patients are
susceptible to autoimmune manifestations and possibly
also to tumors (lymphomas).

864 Notarangelo et al

20. Kutukculer N, Moratto D, Aydinok Y, Lougaris V, Aksoylar S, Plebani
A, et al. Disseminated Cryptosporidium infection in an infant with hyperIgM syndrome caused by CD40 deficiency. J Pediatr 2003;142:194-6.
21. Fontana S, Moratto D, Mangal S, De Francesco M, Vermi W, Ferrari S,
et al. Functional defects of dendritic cells in patients with CD40 deficiency. Blood 2003;102:4099-106.
22. Doffinger R, Smahi A, Bessia C, Geissmann F, Feinberg J, Durandy A,
et al. X-linked anhidrotic ectodermal dysplasia with immunodeficiency
is caused by impaired NF-kappaB signaling. Nat Genet 2001;27:
277-85.
23. Jain A, Ma CA, Lopez-Granados E, Means G, Brady W, Orange JS, et al.
Specific NEMO mutations impair CD40-mediated c-Rel activation and
B cell terminal differentiation. J Clin Invest 2004;114:1593-602.
24. Pohl T, Gugasyan R, Grumont RJ, Strasser A, Metcalf D, Tarlinton D,
et al. The combined absence of NF-kappa B1 and c-Rel reveals that
overlapping roles for these transcription factors in the B cell lineage
are restricted to the activation and function of mature cells. Proc Natl
Acad Sci U S A 2002;99:4514-9.
25. Durandy A, Revy P, Imai K, Fischer A. Hyper-immunoglobulin M syndromes caused by intrinsic B-lymphocyte defects. Immunol Rev 2005;
203:67-79.
26. Muramatsu M, Sankaranand VS, Anant S, Sugai M, Kinoshita K,
Davidson NO, et al. Specific expression of activation-induced cytidine
deaminase (AID), a novel member of the RNA-editing deaminase family in germinal center B cells. J Biol Chem 1999;274:18470-6.
27. Ta VT, Nagoaka H, Catalan N, Durandy A, Fisher A, Imai K, et al. AID
mutant analyses indicate requirement for class-switch-specific cofactors.
Nat Immunol 2003;4:843-8.
28. Okazaki IM, Kinoshita K, Muramatsu M, Yoshikawa K, Honjo T. The
AID enzyme induces class switch recombination in fibroblasts. Nature
2002;416:340-5.
29. Basu U, Chaudhuri J, Alpert C, Dutt S, Ranganath S, Li G, et al. The
AID antibody diversification enzyme is regulated by protein kinase
A phosphorylation. Nature 2005;438:508-11.
30. Chaudhuri J, Khuong C, Alt FW. Replication protein A interacts with
AID to promote deamination of somatic hypermutation targets. Nature
2004;430:992-8.
31. Kavli B, Andersen S, Otterlei M, Liabakk NB, Imai K, Fischer A, et al.
B cells from hyper-IgM patients carrying UNG mutations lack ability to
remove uracil from ssDNA and have elevated genomic uracil. J Exp Med
2005;201:2011-21.
32. Schrader CE, Linehan EK, Mochegova SN, Woodland RT, Stavnezer J.
Inducible DNA breaks in Ig S regions are dependent on AID and UNG.
J Exp Med 2005;202:561-8.

J ALLERGY CLIN IMMUNOL
APRIL 2006

33. Rada C, Williams GT, Nilsen H, Barnes DE, Lindahl T, Neuberger MS.
Immunoglobulin isotype switching is inhibited and somatic hypermutation perturbed in UNG-deficient mice. Curr Biol 2002;12:1748-55.
34. Begum NA, Kinoshita K, Kakazu N, Muramatsu M, Nagaoka H, et al.
Uracil DNA glycosylase activity is dispensable for immunoglobulin class
switch. Science 2004;305:1160-3.
35. Akbari M, Otterlei M, Pea-Diaz J, Aas PA, Kavli B, Liabakk NB, et al.
Repair of U/G and U/A in DNA by UNG2-associated repair complexes
takes place predominantly by short-patch repair both in proliferating and
growth-arrested cells. Nucleic Acids Res 2004;32:5486-98.
36. Revy P, Muto T, Levy Y, Geissmann F, Plebani A, Sanal O, et al. Activation-induced cytidine deaminase (AID) deficiency causes the autosomal
recessive form of hyper-IgM syndrome (HIGM2). Cell 2000;102:565-75.
37. Catalan N, Selz F, Imai K, Revy P, Fischer A, Durandy A. The block in
immunoglobulin class switch recombination caused by activation-induced
cytidine deaminase deficiency occurs prior to the generation of DNA
double strand breaks in switch mu region. J Immunol 2003;171:2504-9.
38. Petersen S, Casellas R, Reina-San-Martin B, Chen HT, Difilippantonio
MJ, Wilson PC, et al. AID is required to initiate Nbs1/gamma-H2AX
focus formation and mutations at sites of class switching. Nature 2001;
414:660-5.
39. Begum NA, Kinoshita K, Kakazu N, Muramatsu M, Nagaoka H, Shinkura R, et al. Separate domains of AID are required for somatic hypermutation and class-switch recombination. Nat Immunol 2004;5:707-12.
40. Imai K, Zhu Y, Revy P, Morio T, Mizutani S, Fischer A, et al. Analysis
of class switch recombination and somatic hypermutation in patients
affected with autosomal dominant hyper-IgM syndrome type 2. Clin
Immunol 2005;115:277-85.
41. Ito S, Nagaoka H, Shinkura R, Begum N, Muramatsu M, Nakata M, et al.
Activation-induced cytidine deaminase shuttles between nucleus and
cytoplasm like apolipoprotein B mRNA editing catalytic polypeptide 1.
Proc Natl Acad Sci U S A 2004;101:1975-80.
42. Imai K, Slupphaug G, Lee WI, Revy P, Nonoyama S, Catalan N, et al.
Human uracil-DNA-glycosylase deficiency associated with profoundly
impaired immunoglobulin class-switch recombination. Nat Immunol
2003;4:1023-8.
43. Imai K, Catalan N, Plebani A, Marodi L, Sanal O, Kumaki S, et al.
Hyper-IgM syndrome type 4 with a B-lymphocyte intrinsic selective
deficiency in immunoglobulin class switch recombination. J Clin Invest
2003;112:136-42.
44. Durandy A, Revy P, Fischer A. Autosomal hyper-IgM syndromes caused
by an intrinsic B cell defect. In: Ochs HD, Smitch CIE, Puck JM, editors.
Primary immunodeficiency diseases. A molecular and genetic approach.
Philadelphia: Oxford University Press; 2006. In press.

Basic and clinical immunology

