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Abstract The hyper IgM syndromes are a group of rare
inherited immune deficiency disorders characterized by im-
pairment of immunoglobulin isotype switching resulting from
defects in the CD40 ligand/CDA40 signaling pathway. X-linked
forms of hyper IgM are caused by defects in the CD40 ligand
gene or NF-kB essential modulator, while autosomal reces-
sive forms of hyper IgM are caused by defects in CD40 or
downstream signaling molecules including activation-induced
cytidine deaminase, uracil N glycosylase or postmeiotic seg-
regation increased 2. The loss of interaction between CD40
and its ligand results in an impairment of T cell function, of B
cell differentiation and of monocyte function while only B cell
differentiation appears to be affected in defects of sinaling
molecules downstream of CD40 with the exception of defects
of the NF-kB complex, which mediates signaling via multiple
receptor pathways. With many genetic defects in the hyper
IgM syndrome identified, it is possible to diagnose patients
definitively, to perform genetic screening, and to delineate the
clinical manifestations of the different diseases in this syn-
drome. Stem cell transplantation is an available therapeutic
option for defects that result in a combined immunodeficiency
while antibody replacement appears sufficient for the strictly
humoral immunodeficiencies.
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Introduction

The hyper IgM (HIGM) syndromes are a group of rare inherited
immune deficiency disorders characterized by low or absent
serum levels of IgG, IgA, and IgE with normal or elevated
serum IgM [1]. Affected patients are susceptible to recurrent
sino-pulmonary infections, opportunistic infections, neutrope-
nia, autoimmune disease, and cancer [1], particularly of the
liver, pancreas or biliary tree [2]. The disease was first described
in 1961 independently by Rosen and by Burtin [3-5]. The defect
in HIGM results in a failure of immunoglobulin isotype
switching in B cells from IgM/IgD to IgG, IgA, or IgE, which
requires contact-dependent help from T cells [6]. Twenty years
ago, we and four other groups independently discovered that X-
linked HIGM (X-HIGM) results from defects in the gene for
CD40 ligand [7-12], which is expressed transiently on the
surface of activated T cells [13]. Subsequently, several other
gene defects have been identified affecting the CD40 signaling
pathway including CD40 and enzymes required for generation
or repair of double strand DNA breaks during immunoglobulin
isotype switching [14]. Some of these enzymes are also in-
volved in somatic hypermutation, a mechanism by which B
cells generate antibody of higher affinity, and therefore, some of
the causes of HIGM are associated with defective somatic
hypermutation. In addition, defects in NF-«B signaling, which
is involved in the CD40 signaling pathway, result in X-linked
ectodermal dysplasia with immunodeficiency that may present
with a HIGM phenotype [15]. There are secondary forms of
HIGM [1] that will not be discussed in this review.

Molecular Pathology

HIGM results from defects in the CD40 ligand/CD40 sig-
naling pathway leading to impairment of immunoglobulin
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isotype switching in B cells. Patients with X-HIGM have a
defect in the CD40 ligand gene, which consists of five exons
[16] and is located on the X chromosome at Xq26.3-Xq27.1
[17]. The product of the CD40 ligand gene is a 39-kDa type
I membrane glycoprotein that is homologous to tumor ne-
crosis factor (TNF)-o« and is expressed transiently on the
surface of activated CD4" T cells and can also be expressed
on CD8" T cells, B cells, mast cells, basophils, eosinophils,
and platelets [18]. CD40, the receptor for CD40 ligand, is a
50-kDa member of the TNF receptor family of proteins that
is found on B cells, monocytes, dendritic cells, epithelial
cells, endothelial cells, fibroblasts, and some cancer cells
[18]. The interaction between CD40 ligand on T cells and
CDA40 on antigen-presenting cells plays a very important role
in immunity and the failure of this interaction is responsible for
the immune deficiency in HIGM. Indeed, patients with an
autosomal recessive form of HIGM (AR-HIGM), with both
males and females affected, have normal CDA40 ligand but have
a defect in the CD40 signaling pathway in B cells [19, 20] that
leads to immunoglobulin isotype switching including defects in
CDA40 itself [21] or in enzymes involved in generation or repair
of DNA breaks during immunoglobulin isotype switching such
as activation induced cytidine deaminase (AID) [22, 23], uracyl-
N-glycosylase (UNG) [24], postmeiotic segregation increased 2
(PMS2) [25], ataxia telengiectasia mutated (ATM) [26] and the
gene encoding Nibrin [27], which is defective in Nijmegen
breakage syndrome (NBST7). Furthermore, gene targeting of
either CD40 [28, 29] or its ligand [30, 31] in mice results in a
phenotype that resembles the human disease X-HIGM.
Therefore, HIGM is caused by defective signaling via CD40
because of the failure to express CD40 ligand, failure of CD40
ligand to bind to CD40 or as a result of a defect in the CD40
signaling pathway.

The various reported defective forms of CD40 ligand
include single amino acid substitutions, truncations, in-
frame deletions, or out-of-frame deletions and most of the
mutated CD40 ligand proteins do not bind to CD40 [32, 33].
Some of the mutated CD40 ligand proteins can be expressed
on the surface of T cells and are detectable by monoclonal or
by polyclonal antibodies [11, 12, 34]. Because the genetic
defect is not lethal to T cells, carriers have random inactiva-
tion of the X chromosome in their T cells [35, 36] with no
apparent effect on immune function except in the event of
severe skewing which may be associated with a mild HIGM
phenotype [37]. The inability of mutated CD40 ligand pro-
tein to bind to CD40 interrupts the interaction between CD4
T cells and B cells and prevents immunoglobulin isotype
switching as well as all the other consequences of this inter-
action including T cell costimulation and memory B cell
development (Fig. 1).

An autosomal recessive form of HIGM (AR-HIGM) af-
fecting males and females equally with a similar phenotype
to X-HIGM results from defects in CD40 [38]. Affected

patients are susceptible to opportunistic infections, neutro-
penia, and sclerosing cholangitis. The mutations found in
four patients from three families with CD40 deficiency in-
cluded a single amino acid change in a highly conserved area
of an extracelluar cystein-rich domain, a 6-bp deletion from
exon 4 and a cryptic splice site resulting in skipping of exon
5. The absence of any signaling via CD40 interrupts immu-
noglobulin isotype switching as well as B cell memory
formation and T cell costimulation (Fig. 1).

The most common identified cause of AR-HIGM results
from defects in the AICDA gene encoding for AID [22], an
enzyme required for immunuglobulin isotype switching and
somatic hypermutation in B cells [39]. AID is a 198 amino
acid protein member of the APOBEC family of cytosine/
cytidine deaminases. Expression of AID is upregulated in
response to CD40 signaling and it initiates immunoglobulin
isotype switching by deaminating deoxycytosine in the switch
regions of the immunoglobulin heavy chain genes generating
deoxyuracils in both DNA strands [40]. UNG then removes
deoxyuracils from DNA and initiates the DNA repair pathway
[41]. Defects in UNG also result in AR-HIGM syndrome [24].
The clinical picture is similar to that of AID deficiency,
including defective class switch recombination, lymphoid
hyperplasia and recurrent bacterial infections.

Most cases of mutations in the AID gene cause HIGM
syndrome in an autosomal recessive manner. However, more
recently seven patients have been described with an autoso-
mal dominant form involving a heterozygous mutation in the
C terminal end of the molecule, a region involved in nuclear
egress [42]. The latter patients have shown defective class
switch recombination but intact somatic hypermutation.

Defective immunoglobulin isotype switching leading to a
HIGM phenotype has also been found in patients with mu-
tations in enzymes involved in DNA mismatch repair includ-
ing PMS2 protein [25], which is associated with the devel-
opment of gastrointestinal adenocarcinomas [43], ATM [26]
and NBSI [27], the genes causing ataxia-telengiectasia and
Nijmegen breakage syndrome, respectively. Some patients
with ataxia-telengiectasia develop a HIGM phenotype but
other patients with mutations in either of these three genes
may have reduced but not absent levels of IgG and IgA.
Unlike mutations in NBSI, mutations in PMS-2 and ATM do
not affect somatic hypermutation [25, 44].

Defects in NF-«kB signaling, which is involved in the
CDA40 signaling pathway, can also cause a HIGM phenotype.
Hypomorphic defects in the /[KBKG gene encoding for the
NF-kB essential modulator (NEMO, IKK-gamma) results in
X-linked ectodermal dysplasia with immunodeficiency char-
acterized by a HIGM phenotype in boys [45—47] and gain of
function mutations in NFKBIA, the gene encoding for IKB«,
part of the NF-kB inhibitory complex result in the same
phenoptype in boys and girls [48—50]. Because of the wide-
spread expression of NF-kB and its involvement in multiple
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Fig. 1 Schematic
representation of the interaction
of a CD4 T cell with an antigen-
presenting cell (4PC) including
B cells. CDA40 ligand is
expressed on the surface of the
CD4 T cell after stimulation via
the TCR/CD3 complex
recognizing peptide antigen/
major histocompatibility
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signaling pathways including antigen receptors, toll like
receptors, the interleukin-1 receptor family and other mem-
bers of the TNF-receptor family, the immunodeficiency in
this condition is more severe than an antibody deficiency
resulting from defective immunoglobulin isotype switching,
affects the innate and adaptive immune systems and is asso-
ciated with an entropathy that can complicate the outcome of
stem cell therapy [51].

Clinical and Laboratory Manifestations

The clinical manifestations of HIGM are variable and, in part,
depend on the defect in the CD40 ligand/CD40 signaling
pathway (Fig. 1). Defects in CD40 ligand (X-HIGM) and
CD40 interrupt the interaction between CD4 T cells and B
cells (as well as other antigen presenting cells) resulting in a
combined immunodeficiency with defective immunoglobulin
isotype switching and susceptibility to opportunistic infec-
tions [38, 52]. In contrast, defects in the immunoglobulin
isotpye switching enzymes AID and UNG result in a primarily
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antibody deficiency, lymphoid hyperplasia and a higher pro-
pensity for autoimmune disease [23, 24, 53]. The other con-
sequences of the interaction of CD40 with its ligand such as T
cell costimulation are not affected and the patients do not
suffer from opportunistic infections. Defects in the NF-«B
signaling pathway result in ectodermal dysplasia and HIGM
with recurrent infections including susceptibility to mycobac-
terial infections and their course can be complicated by an
enteropathy because the defect affects all cells that depend on
NF-«kB signaling including gut epithelial cells [15].

The majority of patients with X-HIGM (CD40 ligand de-
fects) develop recurrent sino-pulmonary infections in the first
2 years of life [33, 54] (Table 1). Some patients present to
medical attention with Preumocystis (carinii) jiroveci pneumo-
nia during their first year of life, while other patients may not
present until adolescence with a parvoviral-induced aplastic
anemia [55, 56]. Some patients also suffer from recurrent or
persistent neutropenia which may be associated with stomatitis
[33, 54]. Patients with X-HIGM are also susceptible to infec-
tions with Histoplasma capsulatum and with Cryptosporidium
parvum;, the latter is associated with chronic diarrhea and
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Table 1 Clinical manifestations in X-HIGM Table 2 Causes of death in X-HIGM
Clinical manifestation N (%) Cause Age at death N
Pneumonia 110 (81) Infection

Pneumocystis jiroveci 56 (41) Pneumonia and sepsis
Upper respiratory tract infection 88 (65) P, jiroveci and S. aureus 9 months 1
Neutropenia 88 (65) Pneumonia

Chronic 52 (38) P, jiroveci 9, 14 months 2

Intermittent/cyclic 36 (27) Cytomegalovirus 10 years 1
Anemia 30 (22) Disseminated Infection
Diarrhea 55(41) Cytomegalovirus 20 years 1
Oral ulcers 49 (36) M. tuberculosis 15 years 1
Sepsis 18 (13) Peritonitis 3.5 years 1
Hepatitis 16 (12) Encephalitis
Sclerosing cholangitis 16 (12) Echovirus 3 years 1
CNS infection 16 (12) Cytomegalovirus 12, 16 years 2
Tumors 5(@4) Liver failure

Sclerosing cholangitis 11, 39 years 2
Combined US/European registries, 135 patients in total Sclerosing cholangitis post liver transplant 13 years 1
Post liver transplant 14 years 1

sclerosing cholangitis, which may predispose patients to tumors Cirthosis 14, 18 years 2
of the liver, pancreas or biliary tree [2]. Cholangitis with eleva- Hemolytic uremic syndrome 25 years 1

tion of liver enzymes develops with time and is more common
in older patients with X-HIGM. A few patients have been
reported to develop a fatal and rapidly proliferating neuroendo-
crine carcinoma [57-59].

Registries for X-HIGM and other primary immune deficien-
cy diseases have been established in Europe by the European
Society for Immunodeficiencies and by the Immune Deficiency
Foundation and the National Institute of Allergy and Infectious
Diseases in the United States of America. A report by the
European group describes the clinical manifestations and im-
mune function in 56 patients, who met the criteria for X-HIGM
[54]. Infection was the most common clinical manifestation
with respiratory tract infections being the most frequent among
them. Gastrointestinal disease was the second most common
clinical manifestation occurring in over half of the patients and
included diarrhea, oral ulcers associated with neutropenia, scle-
rosing cholangitis associated with cryptosporidosis, hepatitis,
and liver cirrhosis with hepatic failure or severe cholestasis
requiring liver transplantation. Hematologic abnormalities in-
cluded neutropenia and anemia. Thirteen of the 56 X-HIGM
patients in this report [2] had died between 9 months and
23 years of age (Table 2). The causes of death included infec-
tion, liver failure, and cancer. The oldest living patient was
23 years old.

Similarly, a North American cohort involving 79 patients
from 60 families [33] described clinical features of patients
with X-HIGM with the most common manifestations includ-
ing sino-pulmonary infections (pneumonia 81 %, upper re-
spiratory infections 49 %, sinusitis 43 %, recurrent otitis
43 %) and chronic diarrhea (34 %) (Table 1). Also described
but less frequently occurring were CNS infections (14 %),

Cancer
Hepatocellular carcinoma 5, 16, 24, years 3
Hepatocellular carcinoma and Primitive 23 years 1

Neuroectodermal tumor of the colon

Combined US/European registries, 135 patients in total

sepsis (13 %), cellulitis (13 %), hepatitis (9 %), and osteo-
myelitis (1 %). In addition to the opportunistic infections
described in the European cohort, other opportunistic infec-
tions described in the US cohort included Bartonella, herpes
family viruses, Cryptosporidium, Cryptococcus, Candida,
and Histoplasma. Eight patients had died between the ages
of 9 months and 39 years from infection, cancer or liver
failure (Table 2). Findings from both these cohorts empha-
size that X-HIGM is a severe immune deficiency with sig-
nificant morbidity and mortality.

The laboratory findings in X-HIGM are not sufficient for
making a definitive diagnosis. Low or undetectable serum
IgG, IgA and IgE levels with normal or elevated serum IgM
in a boy is suggestive of X-HIGM. Patients with X-HIGM
produce specific antibodies in response to vaccination, how-
ever, the antibodies are restricted to the IgM isotype and they
do not exhibit memory responses to repeated immunizations
[60]. X-HIGM patients have a normal number of mature B
cells but absent switched memory B cells [61], and have
normal numbers of T cells and T cell subsets with normal T
cell proliferation to mitogens [1, 54], but possibly impaired T
cell proliferation to antigens. A group of patients with X-
HIGM had decreased T cell proliferation to one or more
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antigens [62]. However, in the report from the European
registry, ten out of the 16 patients appeared to have normal
T cell proliferation to antigens [54] suggesting that antigen-
induced T cell proliferation may not be defective in all
patients with X-HIGM. Activated CD4" T cells [13] and
platelets [63] from patients with X-HIGM may not express
CD40 ligand on their surface. However, cell surface expres-
sion of CD40 ligand on activated T cells or on platelets is not
a reliable diagnostic tool in all patients. Some of the muta-
tions in CD40 ligand result in defective proteins that may be
detectable by monoclonal or polyclonal antibodies [11, 12,
34], or less frequently, by soluble CD40 [34]. Furthermore,
some patients with common variable immunodeficiency
have decreased or absent CD40 ligand expression [64].
Therefore, a definitive diagnosis of X-HIGM in a male
patient with hypogammaglobulinemia may require docu-
mentation of a mutation in the CD40 ligand gene, especially
if the patient does not have maternal uncles or cousins with a
confirmed diagnosis of X-HIGM. The Pan American Group
for Immunodeficiency and the European Society for
Immunodeficiencies have published criteria for the diagnosis
of many primary immune deficiency diseases including X-
HIGM [65].

CDA40 deficiency presents with clinical manifestations that
are very similar to X-HIGM including a susceptibility to
opportunistic infections and association with neutropenia [38]
(Fig. 1). Few patients have been identified and reported to date
and thus the full spectrum of the clinical manifestations of
CD40 deficiency may not be appreciated until larger numbers
of patients are identified and reported. CD40 deficiency should
be suspected in any female patient presenting with a classical
picture of X-HIGM or any male patient with a X-HIGM
phenotype but normal expression of CD40 ligand as deter-
mined by staining with soluble CD40 in addition to monoclo-
nal antibody. To date, all patients with CD40 deficiency had no
detectable CD40 on the surface of their B cells [38].

The clinical manifestations of patients with defects in AID
and UNG differ from the clinical manifestations of X-HIGM
(Fig. 1). While serum immunoglobulin levels and a suscep-
tibility to sino-pulmonary infections are similar between the
two diseases, opportunistic infections and neutropenia occur
much less frequently in these patients [23, 24, 53]. In addi-
tion, patients with AR-HIGM resulting from mutations in the
AID or UNG genes have lymph node hyperplasia caused by
the presence of giant germinal centers. In contrast, patients
with X-HIGM have an inability to generate germinal centers
[66]. Six of 22 patients with AID defects had autoimmunity
or inflammation: diabetes mellitus, polyarthritis, autoim-
mune hepatitis, hemolytic anemia, immune thrombocytope-
nia, Crohn’s disease and chronic uveitis [53]. In the report on
AD-HIGM from mutations in the C terminal end of the AID
gene [42], four of the seven patients had recurrent infections
but none exhibited autoimmunity. Identification of more
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patients with AR-HIGM will help delineate the clinical man-
ifestations of these disorders and may help discover other
gene defects that may be responsible for HIGM.

Patients with defects in NEMO demonstrate a range of
phenotypic diversity with susceptibility to infection present
in almost all patients but ecodermal dysplasia being absent in
about a quarter of the patients [15]. Hypogammaglobulinemia
was present in over half the patients but only 15 % had a
HIGM phenotype. Interestingly, about 37 % of the patients
had an elevated serum IgA level. Natural killer cell function
was deficient in all patients tested and a majority of patients
had specific antibody deficiency. Infections included pyogen-
ic bacterial infections, mycobacterial infections, P. jiroveci
and DNA viral infections. Disease was complicated by auto-
immune or inflammatory disorders in about a quarter of the
patients. At the time of the study, 36 % of the patients had
died, indicating that this is another very serious and life-
thretening condition. NEMO defects should be considered
and investigated in every male patient presenting with a severe
infection, a HIGM phenotype and normal expression of CD40
ligand.

The clinical manifestations of other causes of a HIGM
phenotype including PMS2, ATM and NBSI1 are associated
with a susceptibility to infection from the resultant antibody
deficiency as well as features typical of the underlying disease.
Patients with PMS2 have reduced but not absent IgG levels
and may develop gastrointestinal adenocarcinoma [43]. In
ataxia telengiectasia, ataxia may not be recognized until the
child starts walking and telengiectasia may not be present in
the first few years of life. However, alpha-fetoprotein levels
are usually elevated [67] and the patients have hypersensitiv-
ity to X-irradiation. Patients with Nijmegen breakage syn-
drome also show hypersensitivity to X-irradiation, but have
microcephaly and do not have elevated alpha-fetoprotein
levels [27]. The HIGM phenotype of low or absent IgG and
IgA with normal or elevated IgM can be found in other
immunodeficiency diseases including X-linked agammaglob-
ulinemia, common variable immunodeficiency [32] and as
recently reported, in association with a hypomorphic mutation
in the RAG2 gene in a patient whose relative had Omenn’s
syndrome and carried the same mutation in RAG2 [68]. While
some forms of common variable immunodeficiency with a
HIGM phenotype may be difficult to differentiate from HIGM
with an unknown gene defect, agammaglobulinemia is asso-
ciated with very low or absent B cells and the patient with a
RAG2 mutation had lymphopenia with nearly absent B cells
and poor T cell proliferation to mitogens. Nevertheless, it is
evident that there is significant clinical heterogeneity in many
immune deficiency diseases including HIGM, and that when a
definitive diagnosis cannot be confirmed, other causes of
HIGM should be investigated and known causes of HIGM
should be considered in patients who may have some but not
all the features HIGM.



Clinic Rev Allerg Immunol (2014) 46:120-130

125

Pathogenesis of HIGM

Failure of CD40 signaling upon engagement/or lack of en-
gagement by CD40 ligand is the underlying cause of HIGM
[69]. CDA40 ligand is expressed on the surface of T cells after
activation via the T cell receptor/CD3 complex (Fig. 1).
Mutations and deletions in the CD40 ligand gene in X-
HIGM result in a defective CD40 ligand protein, which, if
expressed on the surface, does not activate CD40 normally.
Defective expression of CD40 ligand because of abnormali-
ties in the promoter region [70] or in T cell signal transduction
would also be expected to result in X-HIGM. There are a few
patients who have no detectable CD40 ligand on the surface of
activated T cells but have no mutation in the CD40 ligand
mRNA sequence [8] or who lack any detectable CD40 ligand
mRNA (unpublished observations) who may have a defect in
CDA40 ligand transcription. Patients with AR-HIGM have a
defect in CDA40 signaling and thus, although CDA40 ligand is
expressed normally and binds to CD40, the defect in CD40
signaling leads to a similar immune defect as in X-HIGM. A
complete lack of signaling by CD40 in all CD40-expressing
cells results in an almost identical immune defect as in X-
HIGM (Fig. 1). However, most patients with AR-HIGM do
not appear to have the T cell defects and susceptibility to
opportunistic infections found in X-HIGM. Indeed, the pa-
tients with defects in the AID or UNG genes have an immune
deficiency that is limited to the failure of immunoglobulin
isotype switching and somatic hypermutation [14], and appear
to have normal, or at least sufficient CD40 signaling in mono-
cytes and dendritic cells [71]. In addition, these patients differ
from patients with X-HIGM in that they have lymphoid
hyperplasia secondary to large germinal centers instead of an
inability to develop germinal centers [22-24, 53].

Failure of interaction between CD40 and its ligand results
in a defect in B cell differentiation which is reflected in the
patients' serum immunoglobulin levels and in their response
to immunization. In HIGM, mature B cells neither undergo
immunoglobulin isotype switching nor exhibit memory re-
sponses [60]. There is a lack of development of memory B
cells, specifically switched memory B cells [61], which is
consistent with studies in mice showing that generation of
memory B cells is dependent on the interaction of CD40 with
CDA40 ligand [18] and with in vitro studies demonstrating
that persistence of CD40 engagement by CD40 ligand results
in memory B cell development [72]. Patients with X-HIGM
[66], but not patients with AR-HIGM, also lack germinal
centers in their secondary lymphoid organs indicating that
germinal center formation does not require the AID gene but
results from other CD40-mediated signaling events.

The susceptibility to opportunistic infections in X-HIGM
but not in AR-HIGM suggests that T cell immunity is affected
in X-HIGM. Indeed, T cell priming and differentiation in X-
HIGM may be defective. In contrast to T cells from age-

matched controls, T cells from patients with X-HIGM were
found to have a lower frequency of the memory cells as
determined by the CD45RO isoform, had decreased secretion
of the Th; cytokine interferon (IFN)-y, and were incapable of
inducing IL-12 secretion by antigen-presenting cells [73]. In
vitro infection of peripheral blood mononuclear cells from X-
HIGM patients with Toxoplasma gondii also failed to secrete
IFN-y and to stimulate IL-12 secretion, which was corrected
by incubation with soluble CD40 ligand in vitro [74]. Priming
of naive CD4" T cells appears to be dependent on the interac-
tion between CD40 ligand and CD40, which stimulates the up-
regulation of B7-1/B7-2 on antigen presenting cells that, in
turn, deliver a costimulatory signal back to the naive T cell via
CD28 [75] (Fig. 1). In addition, priming of CD8" T cells by
dendritic cells requires interaction between CD40 ligand on a
CD4" T cell and the dendritic cell [76], suggesting that defects
in CD40 ligand may also contribute to a defect in priming of
CD8" T cells. Furthermore, differentiation of CD4" T cells into
Th; helper cells requires IL-12 secretion by antigen-presenting
cells, which is also dependent on the interaction between
CD40 and its ligand [77]. The susceptibility to opportunistic
infections may be secondary to a failure of T cell priming and
differentiation, or may be due to the absence of a direct CD40
ligand-mediated signal to the infected cells. Protection of se-
vere combined immunodeficient mice from P. (carinii) jiroveci
infection by reconstitution with human T cells was abrogated
by antibody to CD40 ligand [38]. CD4" T cells were able to
protect against P. (carinii) jiroveci in the absence of B cells
suggesting that CD40 ligand on T cells was interacting with
CD40 on cells other than B cells, such as monocytes.
Furthermore, infection by C. parvum results in chronic diar-
rhea and is associated with the development of sclerosing
cholangitis and tumors of the pancreas, liver and biliary tree
[2]. This is thought to result from a failure to clear C. parvum
infection of bile duct epithelium. Engagement of CD40 on C.
parvum-infected HepG2 cells resulted in the induction of
apoptosis and in a reduction in the number of C. parvum-
infected cells suggesting that interaction between CD40 ligand
on T cells and CD40 on infected bile duct epithelium is
necessary for clearing C. parvum [2]. However, IL-12 can
protect immune competent and immune deficient mice from
C. parvum [ 78] indicating that the failure of IL-12 secretion by
antigen presenting cells may also be responsible for the sus-
ceptibility of X-HIGM patients to C. parvum.

The association of autoimmunity with HIGM remains to
be elucidated. Neutropenia is common in X-HIGM and
CDA40 deficiency but has not been associated with the pres-
ence of anti-neutrophil antibodies. The patogenesis of the
neutropenia is unknown but it does respond to G-CSF [79].
There were no significant autoimmune complications report-
ed in the X-HIGM registries from Europe [54] or the US [33]
except for a few patients (<5 %) who had anemia and
thrombocytopenia in the US registry with no mention of
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the presence of autoantibodies. However, six of 22 patients
with AID defects had autoimmunity or inflammation: diabe-
tes mellitus, polyarthritis, autoimmune hepatitis, hemolytic
anemia, immune thrombocytopenia, Crohn’s disease and
chronic uveitis [53], indicating that the AR-HIGM resulting
from defects in AID and possibly UNG may have a higher
susceptibility to autoimune diseases than X-HIGM or CD40
deficiency.

The potential mechanisms for the development of auto-
immunity in HIGM is the requirement for CD40 ligand for
negative selection in the thymus as has been shown in mice
[80]. However, CD40L is also required for effector function
in cellular and antibody-mediated autoimmunity [81].
Therefore, there may be no clinically significant autoimmu-
nity in X-HIGM or CD40 deficiency. Central and peripheral
B cell tolerance were examined in patients with X-HIGM
and AID defects. The results showed that there was no effect
of CD40 ligand deficiency on central B cell tolerance be-
cause the antibody characteristics of new emigrant B cells
was similar to controls [82]. However, mature naive B cells
had a high percentage of autoantibodies including anti-
nuclear antibodies (ANA) suggesting an important role for
CD40 ligand in peripheral B cell tolerance. In contrast, new
emigrant B cells and mature naive B cells from AID-
deficient patients had a high frequency of autoantibodies
indicating a role for AID in both central and peripheral B
cell tolerance [83]. Furthermore, anti-nuclear IgM antibodies
were detected in the serum of all AID-deficient patients. In
addition, CD40 ligand and AID-deficient patients had re-
duced regulatory T cells and increased serum levels of
BAFF, which contribute to the failure of peripheral B cell
tolerance [82, 83]. Together, these results are consistent with
the reports of autoimmunity in a small percentage of CD40
ligand-deficient patients and in about 25 % of AID-deficient
patients and suggest that autoimmunity may be more likely
in AID-deficient patients. Investigation of autoimmunity and
reporting of autoimmune disease in registries as well as in
the literature will be important to understand the impact of
these complications on HIGM patients.

The reasons for the increased susceptibility of X-HIGM
and CD40-deficient patients to cancer is not well known. The
development of cancer of the liver, pancreas and biliary tree
in X-HIGM appears to be associated with chronic inflam-
mation and infection with C. parvum [2]. X-HIGM patients
are also susceptible to a rapidly progressive and poorly
differentiated neuroendocrine carcinoma [57-59] (and
unpublished observation), the pathogenesis of which is un-
known. It is presumed that the combined immunodeficiency
in X-HIGM contributes to the susceptibility to cancer and is
likely similar in patients with CD40 deficiency. Longer
follow-up and identification of larger numbers of patients
with all forms of AR-HIGM will be needed to determine if
there is an increased incidence of cancer in these patients. Of
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interest is the role of UNG in removing Uracil from DNA,
which is part of the process of generation of double-strand
breaks in immunoglobulin isotype switching, but also nec-
essary for removal of oxidized cytosines after exposure to
ionizing radiation, which may predispose to the development
of some cancers [84]. UNG-deficient mice develop lympho-
ma late in their life [85]. There are no reports of cancer in
UNG-deficient HIGM patients, but long-term follow-up of
these patients will be necessary to determine if there is an
increased risk of cancer.

Therapy of HIGM

The antibody deficiency in all forms of HIGM requires immu-
noglobulin (Ig) replacement with intravenous or subcutaneous
immunoglobulin, which reduces the frequency and severity of
infections but does not prevent lymphoproliferative disease [1],
sclerosing cholangitis or malignancies [2, 57-59]. Whether Ig
replacement therapy can prevent autoimmune disease in defects
in AID and UNG remains to be determined. Infections should
be treated agressively with specific anti-microbial therapy and
patients with X-HIGM or CD40 deficiency need Preumocystis
(carinii) jiroveci prophylaxis with oral trimotheprim sulfameth-
oxazole or pentamidine, IV or inhaled. The length of prophy-
laxis is not known as the incidence of Prneumocystis (carinii)
Jiroveci pneumonitis appears to decrease with age. However, P
(carinii) jiroveci pneumonitis can occur in young adults with X-
HIGM after stopping antibiotic prophylaxis (unpublished ob-
servations). Neutropenia can be treated successfully with G-
CSF [79].

Stem cell transplantation can cure X-HIGM [86] and
HIGM due to CD40 deficiency [87-89] as well as the associ-
ated neutropenia [90], cholangiopathy [91] and in combina-
tion with a liver transplant for liver failure [92], but may be
feasible only when an HLA-matched sibling or closely
matched unrelated donor is available. A report from Europe
on stem cell transplantation for 38 X-HIGM patients showed
that 58 % of the patients were cured, but 32 % died of
infection-related complications with half of the patients hav-
ing severe cryptosporidiosis and half-developing Grade 2—4
graft-vs.-host disease [93]. Long-term studies on the benefit
and risk of stem cell transplantation vs. Ig replacement therapy
and P (carinii) jiroveci prophylaxis needs to be done to
determine the best course of action for a particular patient or
to identify patients at higher risk for life-threatenting compli-
cations and thus may benefit from stem cell transplantation.

Therapy with CD40 agonists has been attempted using a
soluble form of CD40 ligand in one study [94] and an ago-
nistic antibody to CD40 in the other [95]. In the first study,
recombinant CD40 ligand was not able to rescue the defect in
specific antibody synthesis but improved T cell antigen re-
sponses were demonstrated during therapy as well as
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improved secretion of IFN-y and TNF-« and changes in the
size and architecture of lymph nodes. Agonistic antibody to
CD40 was tested in two patients with cryptosporidiosis, which
was well tolerated but failed to cure the disease or induce
specific antibody synthesis. Frequent dosing in one patient
reduced oocyte shedding in the stool and also improved IFN-y
secretion by T cells. The CD40 receptor was rapidly internal-
ized following binding with the agonstic antibody, which
might explain the limited effectiveness of this type of therapy.
Evaluation of therapy with CD40 agonists is important even if
it does not correct the immunodeficiency, because it may help
suppress the infectious complications of the disease while the
patient is undergoing definitive therapy with hematopoietic
stem cell transplantation.

Identification of the genetic defect has made carrier detec-
tion and prenatal diagnosis possible [96], and may lead to a
genetic therapy of X-HIGM. The success of gene therapy in the
treatment of X-linked severe combined immune deficiency
disease (X-SCID) and adenosine deaminase deficient SCID is
encouraging for the treatment of other immune deficiency
diseases [97-100]. However, the development of leukemia in
some of the patients with X-SCID who received gene therapy is
concerning [101, 102]. In addition, gene therapy of X-HIGM
will be more complicated than that of X-linked severe com-
bined immune deficiency because expression of the CD40
ligand gene is highly regulated and current methods of gene
transfer result in constitutive gene expression. Attempts to
transfer the CD40 ligand gene by a recombinant retrovirus in
CD40 ligand-deficient mice corrected humoral immunity but
resulted in thymic lymphoproliferative disease [103]. In addi-
tion, aberrant expression of CD40 ligand is associated with the
autoimmune disease systemic lupus erythematosis [104].
Furthermore, many of the defective forms of CD40 ligand in
X-HIGM associate with normal CD40 ligand [105-107] and
may behave as dominant negative mutations that inhibit the
function of the transferred gene. Therefore, gene therapy of X-
HIGM may require correction of the mutation in the endoge-
nous gene. Advances in the delivery of genetic material to
hematopoietic stem cells and a better understanding of the
regulation of CD40 ligand gene expression and of its role in
the immune response is necessary before considering gene
therapy for X-HIGM. Towards that end, CD40 ligand expres-
sion was corrected in CD40 ligand deficint mice using pre-
mRNA trans-splicing [108]. A lentivirus trans-splicer encoding
exons 2-5 of the normal CD40 ligand gene was used to infect
CD40 ligand-deficient bone marrow cells that were then ad-
ministered to CD40 ligand-deficient mice. The vector will
splice in the normal exons 2—5 when the endogenous CD40
ligand gene is transcribed, thereby maintaining normal regula-
tion. Recipient mice of the transduced bone marrow cells had
corrected CD40 ligand expression in CD4 T cells after CD3
stimulation and corrected antigen-specific IgG; responses to
immunization with keyhole limpet hemocyanin. In addition, P

(carinii) jiroveci infection was attenuated and there was no
evidence of lymphoproliferative disease for over 1 year. Other
methods of endogenous gene correction are being examined.
Improved efficiency of gene correction with maintenance of
normal regulation may make gene therapy a possibility for X-
HIGM. Until then, improved methods for stem cell transplan-
tation with reduced side effects will be critical for providing
patients with a long-term cure.

Conclusion

HIGM is a severe immune deficiency resulting from the
failure of signaling via the CD40 ligand/CD40 pathway,
which is critical for immunoglobulin isotype switching, so-
matic hypermutation, B cell memory, germinal center forma-
tion, and T cell priming and function. Complete absence of
CD40 signaling in X-HIGM resulting from a defect in CD40
ligand or CD40 leads to a profound immune deficiency in-
volving both the humoral and cellular arms of the immune
system. Defects in NF-kB also result in ectodermal dysplasia
and a severe immunodefciency that may present as HIGM but
involves the innate and adaptive immune systems and inter-
rupts several critical signaling pathways important for immu-
nity. Defects in AID and in UNG in AR-HIGM result in an
immune deficiency that is limited to immunoglobulin isotype
switching and somatic hypermutation in B cells and does not
appear to affect T cell function. Defects in DNA repair en-
zymes such as PMS2, ATM and Nibrin may also present with
HIGM in addition to their characteristic clinical phenotype.
The HIGM syndrome emphasizes the benefit of unraveling
the molecular basis of primary immune deficiency diseases,
which serve as experiments of nature that demonstrate the role
of the defective genes in the human immune system. A better
understanding of the pathogenesis of HIGM and of the func-
tion and regulation of expression of the affected genes, as well
as advances in bone marrow transplantation or methods for
gene transfer/correction may lead to novel and definitive
therapeutic options for affected patients.
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