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Abstract It is well-known that autoimmunity is significantly
more prevalent in females. Growing evidence indicates that
genes located on the X chromosome may play a role in
autoimmunity and immune dysregulation, as also indicated by
the frequent association of autoimmune phenomena in
patients with X-linked primary immune deficiencies (PIDs).
Hence, this group of genetic disorders is of particular interest
to study PID-causing genes in the setting of more complex
autoimmune disorders. This review focuses on the mecha-
nisms leading to the autoimmune phenomena that are
associated with the different X-linked PIDs, and on the
intriguing interplay between immune dysregulation and
immune deficiency in this unique setting.
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Introduction

Immune deficiencies, defined by abnormal or deficient
immune development and/or function, are often associated
with immune dysregulation and self-reactivity. Indeed,
autoimmunity and immune deficiency are no longer viewed

as two opposite extremes of immune function, but rather as
intertwined phenomena that reflect inadequate immune
function. Considerable research is focused on unraveling
the mechanisms underlying this association [1, 2]. One of
the earliest observations leading to this concept was the
high prevalence of autoimmune diseases in females
alongside the relative abundance of X-linked primary
immune deficiencies (PIDs) [3•].

Currently, 11 X-linked genetic defects are known to
result in PID (Fig. 1), and the clinical phenotype of most
of them includes significant autoimmune manifestations
(Table 1) [4••]. In an attempt to shed light on the
intriguing association of immune deficiency and autoim-
munity, this review focuses on the X-linked PIDs that are
more frequently associated with autoimmune phenomena.

Immune Dysregulation, Polyendocrinopathy,
and Enteropathy, X-Linked Syndrome

Immune dysregulation, polyendocrinopathy, and enterop-
athy, X-linked (IPEX) syndrome is characterized by early
onset and severe immune dysregulation resulting in
multiorgan damage. Patients with IPEX usually present
within the first few weeks or months of life with severe
enteropathy, dermatitis, and insulin-dependent diabetes
mellitus [1, 2, 5]. In addition, some patients develop
thrombocytopenia, hemolytic anemia, thyroiditis, and
nephropathy. If untreated, patients with typical and
severe clinical manifestations tend to die within the first
few years of life.

A similar phenotype had been described in the naturally
occurring “scurfy” mouse, with skin abnormalities, progres-
sive enterocolitis with malabsorption, lymphadenopathy, and
hepatosplenomegaly, as well as several hematologic abnor-
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malities and inflammatory infiltrates in endocrine glands that
led to death at 21–28 days of life [6].

IPEX and the scurfy mouse represent the archetype of
monogenic disorders of immune overactivation and remain
a key model for the study of regulatory T cells (Tregs) as
well as of mechanisms of immune dysregulation in general.

Thymus-derived natural Tregs (nTregs) play a critical role
in peripheral immune tolerance by suppressing self-reactive
lymphocytes. Development of nTregs is controlled by the
transcription factor forkhead box P3 (FoxP3), whose gene
maps at Xq28. The clinical phenotype of IPEX and the
“scurfy” mouse model had been known for many years, but it
was not until the year 2000 that the molecular basis of IPEX,
due to FOXP3 mutations, in humans was identified [7],
followed shortly thereafter by confirmation of the Foxp3

mutation also in scurfy mice [8]. Further studies in scurfy
mice showed that lack of Foxp3 expression abrogates
development of thymus-derived CD4+CD25+ nTregs [9].
These observations were also confirmed in patients with
IPEX [5]. Furthermore, it was shown that constitutive
activation of CD4+ T lymphocytes plays a significant role
in the pathogenesis of the autoimmune damage [6].

These discoveries paved the way for a better under-
standing of the central role of nTregs in mediating self-
tolerance by suppressing activation of autoreactive T
lymphocytes in the periphery [9, 10] and led to a better
understanding of the pathophysiology of nTreg-associated
autoimmunity.

Typically, a variety of autoantibodies directed against
insulin, glutamic acid decarboxylase, enterocytes, and
tissue-specific antigens are detected in patients with IPEX,
but cell-mediated mechanisms also contribute to the severe
tissue damage [1, 5].

Laboratory signs of immune dysregulation in patients
with IPEX also include increased serum concentrations
of IgE, whose levels often correlate with the severity of
the clinical phenotype. This increased production of IgE
and the associated eosinophilia may reflect an excess of
T-helper type 2 (Th2) cytokines (interleukin [IL]-4, IL-5), and
reduced secretion of the Th1 cytokine interferon (IFN)–γ also
has been described [7].

The immune deficiency of IPEX is marked by
increased occurrence of a wide range of infections (seen
in up to 50% of the patients), and that may also include
life-threatening episodes such as sepsis and meningitis
[2, 5]. In spite of this, the FoxP3 defect seemingly does
not impair immune defense mechanisms per se. Most
patients can mount normal and protective specific anti-
body responses to immunization and maintain normal
complement levels and neutrophil function [5]. They also
show normal numbers and distribution of the major
lymphocyte subsets, with preserved ability to respond to
mitogens and antigens in vitro [2, 5]. This has led us to
hypothesize that infections in patients with IPEX may be
secondary to immune-mediated damage of mucosal tissue
and barrier compromise and/or to use of immunosuppressive
drugs that are required to control the severe autoimmune
manifestations of the disease.

The prognosis for untreated patients is poor, and mortality
is common within the first years of life. Although immune
suppression may offer some benefit, hematopoietic cell
transplantation remains the only curative treatment [5, 11].

Hypomorphic FOXP3 mutations that only partially
hinder FoxP3 expression and/or function have been shown
to result in a milder, delayed-onset phenotype that may
include asthma, food allergies, and autoimmune hepatitis
[2, 5, 12]. Furthermore, several patients have been
described with IPEX-like features, which do not carry

Fig. 1 Primary immunodeficiency genes and their arrangement on the
X chromosome. CGD—chronic granulomatous disease; EDA-ID—
hypohidrotic ectodermal dysplasia with immunodeficiency; IKKg—
IκB kinase-γ; IPEX—immune dysregulation, polyendocrinopathy,
and enteropathy, X-linked syndrome; NEMO—nuclear factor-κB
essential modulator; SCIDX1—X-linked severe combined immuno-
deficiency; WAS—Wiskott–Aldrich syndrome; XLA—X–linked
agammaglobulinemia; XLP—X–linked lymphoproliferative disease
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mutations in the FOXP3 gene. In few of them, biallelic
mutations of the IL2RA (CD25) gene have been identified
[13]. CD25 encodes the α chain of the IL-2 receptor, and
IL-2 is important in sustaining development and function of
nTregs [10]. However, most patients with IPEX-like
features and no FOXP3 mutations remain genetically
undefined.

Wiskott-Aldrich Syndrome

Wiskott-Aldrich syndrome (WAS) is caused by mutations
in the WAS gene encoding for the WAS protein (WASp).
WAS has an estimated frequency of 4 cases per 1 million
births in males. The main characteristics of this rare
X-linked PID are thrombocytopenia with small platelets
and associated bruising and bleeding tendency, eczema, and
susceptibility to infections, in particular due to encapsulated
bacteria and herpes viruses [14, 15]. Patients are also at
high risk for autoimmunity and malignancies.

However, significant variability of the clinical pheno-
type has been reported. Some patients present with a milder
variant of the disease and a more favorable prognosis,
known as X-linked thrombocytopenia (XLT) [16]. XLT is
usually associated with hypomorphic mutations of the
WAS gene that allow for residual protein expression and
function, while loss of expression or function is usually
associated with the complete WAS phenotype [14, 16].
Whereas WAS and XLT represent examples of loss-of-
function mutations of the WAS gene, a distinct phenotype
characterized by severe neutropenia and increased risk of
myelodysplasia has been associated with gain-of-function
mutations that result in constitutively activated forms of
WASp expression [17].

WASp is expressed in all nonerythroid hematopoietic
cells and functions in coupling cellular activation to actin
polymerization and cytoskeleton remodeling [14, 15].

Both adaptive and innate immune responses, including
Treg function, are affected by WAS mutations. In particular,
WASp plays a major role in cell migration by facilitating

Table 1 Autoimmune manifestations of X-linked primary immunodeficiencies

Gene Disease Immune deficiency Autoimmune manifestations Reference(s)

CYBB CGD Bacterial and fungal infections,
granulomas

Inflammatory bowel disease, rheumatoid
arthritis, sarcoidosis, systemic lupus
erythematosus, discoid lupus erythematosus,
idiopathic thrombocytopenic purpura,
Behcet’s syndrome

[24, 28–30]

PFC Properdin deficiency Fulminant meningococcal infections – [4••]

WAS WAS Thrombocytopenia with small platelets,
eczema, susceptibility to infections,
autoimmunity, malignancies

Autoimmune hemolytic anemia, neutropenia,
vasculitis, purpura, inflammatory bowel
disease, dermatomyositis, uveitis

[14, 15]

XLT Thrombocytopenia, milder phenotype – [16]

FOXP3 IPEX Immunodysregulation, polyendocrinopathy,
enteropathy, recurrent infections

Multiorgan autoimmune-mediated damage,
thrombocytopenia, hemolytic anemia,
dermatitis, thyroiditis, nephropathy

[1, 2, 5]

IL2RG SCIDX1 T- B + NK- SCID: susceptibility to
infections, hypogammaglobulinemia

Rash, hemolytic anemia [4••]

BTK XLA Hypogammaglobulinemia, low B cells,
recurrent infections

Diabetes, hemolytic anemia, arthritis,
scleroderma

[48–50]

SHD2D1A XLP type 1 Fulminant EBV infection, splenomegaly,
lymphoproliferation, bone marrow failure,
hepatic necrosis, hypogammaglobulinemia

Hemophagocytic syndrome, vasculitis,
nephritis

[20, 21]
XIAP XLP type 2 [22]

CD40L CD40 ligand deficiency Recurrent infections, biliary tract disease,
gastrointestinal and biliary tract tumors

Autoimmune hemolytic anemia, inflammatory
bowel disease, arthritis, hypothyroidism,
hepatitis

[34–36]

IKBKG EDA-ID Hypohidrotic ectodermal dysplasia,
susceptibility to infections, elevated
IgM levels (incontinentia pigmenti
in females with null mutations)

Autoimmune hemolytic anemia, inflammatory
bowel disease, arthritis

[41–43]

DKC1 Dyskeratosis congenita Mucocutaneous abnormalities, bone marrow
failure, increased predisposition to cancer

– [4••]

CGD chronic granulomatous disease, EBV Epstein-Barr virus, EDA-ID hypohidrotic ectodermal dysplasia with immunodeficiency, IPEX immune
dysregulation, polyendocrinopathy, and enteropathy, X-linked syndrome, NK natural killer, SCID severe combined immunodeficiency, SCIDX1
X-linked severe combined immunodeficiency, WAS Wiskott-Aldrich syndrome, XLA X-linked agammaglobulinemia, XLP X-linked
lymphoproliferative disease, XLT X-linked thrombocytopenia
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formation of podosomes. Accordingly, chemokine-induced
migration and trafficking of WASp-deficient monocytes,
dendritic cells, neutrophils, as well as T and B lymphocytes
is impaired [14].

The T-cell compartment is abnormal in WAS patients
as a result of accelerated T-cell death that favors
progressive T-cell lymphopenia. Reduced T-cell in vitro
proliferation and IL-2 secretion upon T-cell receptor
cross-linking also have been demonstrated [18]. Serum
IgA and IgE levels tend to be above normal values, but IgM
levels are usually low. Antibody responses to T-dependent
and T-independent antigens are reduced [14]. Defective
cytolytic natural killer (NK) cell function is seen and
results from a markedly reduced accumulation of F-actin
at the immunologic synapse and defective immunologic
synapse formation [15].

Autoimmune manifestations are very common in WAS.
Up to 70% of patients will develop one or more
autoimmune disorders, including autoimmune hemolytic
anemia, vasculitis, renal disease, Henoch-Schönlein–like
purpura, and inflammatory bowel diseases. Less frequent
are neutropenia, dermatomyositis, angioedema, and uveitis
[14, 15]. Autoimmunity is more common in severely
affected WASp-negative patients but also may be observed
in patients with residual WASp expression [15, 16].

Various mechanisms may account for the increased
occurrence of autoimmune manifestations in WAS. In
particular, Treg function was shown to be reduced in both
WASp-deficient humans and mice [19]. WASp-deficient
Tregs express decreased levels of activation markers, lack
several tissue-homing markers, and produce less of the
immunosuppressive cytokine IL-10. Moreover, inability to
clear pathogens, impaired phagocytosis, defective leukocyte
trafficking, decreased production of IL-2 (which is impor-
tant for Treg function), and increased production of
autoantibodies owing to B-cell–intrinsic dysfunction all
may contribute to autoimmunity [15].

WAS patients are also prone to malignancies (espe-
cially lymphomas and leukemias), with a 10-fold increase
in the age-specific mortality rate for cancer compared
with the general population. The risk of malignancies is
even higher in WAS patients with autoimmune manifes-
tations [14, 15].

X-Linked Lymphoproliferative Disease

X-linked lymphoproliferative disease (XLP) is character-
ized by extreme susceptibility to Epstein-Barr virus (EBV)
infections. Patients remain asymptomatic until primary
EBV infection, which results in an unrestrained immune
response with polyclonal expansion of different lineages
[20, 21]. Occasionally, other infectious agents such as

cytomegalovirus, measles virus, and other pathogens, also
may precipitate the XLP phenotype [21]. Various tissues are
infiltrated by activated lymphocytes that produce an array
of inflammatory mediators and cause substantial tissue
damage.

XLP is a very severe disease [20, 21]. Patients may
present with fulminant infectious mononucleosis, rapid
liver and spleen enlargement, and liver necrosis. Alterna-
tively, hemophagocytosis may lead to bone marrow failure.
There is a high risk of development of lymphoma
(especially large B-cell lymphoma). Mortality is extremely
high, approaching 100% by age 20. A minority of patients
may survive and develop progressive dysgammaglobuli-
nemia, with reduced levels of IgG and increased serum
concentrations of IgM.

To date, two distinct genetic defects have been found to be
associated with XLP. The SH2 domain protein 1A (SH2D1A)
that encodes for the signaling lymphocyte activation mole-
cule (SLAM)-associated protein (SAP) is mutated in about
80% of XLP patients, while the X-linked inhibitor of
apoptosis (XIAP) gene that is adjacent to SH2D1A at Xq25
is mutated in the remaining 20% [20–22].

SAP is an adaptor protein involved in intracellular
signaling through receptors of the SLAM family that
includes SLAM (CD150, the receptor for measles virus),
2B4 (CD244), NTB-A, and Ly9 (CD229). SAP is
selectively expressed by T, NK, and NKT lymphocytes
[20, 21]. SAP deficiency results in functional abnormal-
ities in multiple lymphoid lineages. These include reduced
CD8+ and NK lymphocytes’ cytotoxicity, altered follicular
CD4+ T lymphocytes’ function, impaired NKT cell
development, defective class-switched memory B-cell
generation, and abnormal antibody production [20, 21].

Sap-deficient mice show vigorous proliferation and
activation of CD8+ T cells upon infection with lympho-
cytic choriomeningitis virus or with γ-herpesvirus-68,
with a dramatic skewing toward production of Th1
cytokines that leads to sustained inflammation and tissue
damage [20, 23].

Intriguingly, XIAP-deficient patients do not present
with most of the T- and NK-cell abnormalities described
in SAP-deficient patients. They do, however, present
with a lack of NKT lymphocytes [20, 22]. Furthermore,
XIAP-deficient peripheral blood lymphocytes and immor-
talized B cells have increased sensitivity to apoptotic
stimuli in vitro [22].

Although the mechanisms leading to the XLP phenotype
in XIAP-deficient patients are not yet clear, it is possible
that the NKT-cell defect, which is shared by SAP-deficient
and XIAP-deficient patients, plays a key role in the
development of susceptibility to EBV-induced lymphopro-
liferation, immune dysregulation, and hemophagocytic
syndrome seen in these patients.
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X-Linked Chronic Granulomatous Disease

Chronic granulomatous disease (CGD) is the result of
deficient oxidative burst and impaired generation of
reactive oxygen species by the NADPH oxidase complex
due to mutations in any of the genes encoding for its
different subunits. The X-linked form (X-CGD) results
from mutations in the CYBB gene coding for NOX2
(gp91phox), while the remainder of the cases are caused by
mutations in the autosomal genes that encode for other
NADPH oxidase subunits [24]. Patients present with severe
bacterial and fungal infections, usually within the first years
of life. Other manifestations include colitis and multiple
noninfectious granulomata, in some cases leading to
secondary manifestations such as gastric outlet obstruc-
tion [24]. Staphylococcus aureus, Burkholderia cepacia,
Serratia marcescens, Nocardia spp, and Aspergillus spp
are the most common pathogens [25]. Although recent
advances and modern antibacterial and antifungal agents
have significantly improved the prognosis of these
patients, the disease carries significant morbidity and
mortality, and hematopoietic cell transplantation remains
an important curative option [26]. Several groups are
investigating gene therapy approaches for X-CGD; these
studies hold significant promise for the future [26, 27].

In recent years, longer follow-up of CGD patients yielded
evidence for significant autoimmunity associated with CGD.
CGD patients are prone to autoimmune diseases such as
sarcoidosis, Crohn’s disease, and rheumatoid arthritis, as
well as discoid lupus, systemic lupus erythematosus,
idiopathic thrombocytopenic purpura, and Behcet’s syn-
drome [28–30]. Interestingly, female carriers of X-CGD
are also prone to autoimmune manifestations such as
lupus-like cutaneous manifestations, oral ulcers, Ray-
naud’s phenomenon, and a variety of joint symptoms. It
is possible that these autoimmune manifestations in female
carriers of X-CGD reflect the presence of mutant cells in
the periphery due to random X chromosome inactivation
[28, 30]. Similarly, murine models of X-CGD have been
shown to be susceptible to noninfectious inflammatory
processes in various organs, including joints, skin,
digestive tract, brain, eyes, and lungs [30].

CGD patients also present with cellular abnormalities
in the B-cell compartments, which include increased
proportion of CD5+ B cells and a significantly decreased
number of CD27+ B cells [31]. Activated dendritic cells
from NADPH oxidase–deficient mice were shown to
secrete higher levels of tumor necrosis factor (TNF)-α,
IL-1β, IL-6, and transforming growth factor-β in vitro and
to enhance the secretion of IL-17 and IFN-γ from
responding T cells in vivo. These mice also show
predisposition for T-cell–mediated inflammatory condi-
tions [32]. Apoptosis processes were shown to be aberrant

in neutrophils of CGD patients as well as in murine
models of X-CGD. This was also shown to be associated
with autoantibody production [33]. Controversy as to
which of the phagosomal bactericidal mechanisms is more
affected by the NADPH oxidase deficiency still exists, and
the abnormal production of active superoxide metabolite,
defective flux of potassium ions, and abnormal activity of
neutrophil elastase and cathepsin G, among others, was
suggested [25]. Regardless, the inability to efficiently
clear phagocytized pathogens results in diversion of CGD
cells from bactericidal function to a hyperinflammatory
state, with increased production of IL-6 and TNF-α

CD40 Ligand Deficiency

CD40 ligand (CD40L) deficiency is associated with normal
to increased serum IgM levels with very low levels of the
other immunoglobulin subtypes [34]. It is part of a
genetically heterogeneous spectrum of disorders of immu-
noglobulin class switching that may reflect B-cell–intrinsic
defects or impaired Th cell activity [35]. CD40L deficiency
is inherited as an X-linked trait, and the responsible gene
(CD40LG) maps at Xq25 [36].

CD40L is a member of the TNF family. It is mostly
expressed on activated CD4+ T cells. This allows these
T cells to interact with CD40-expressing cells, mainly B
cells, dendritic cells, and macrophages. Engagement of
CD40 on the surface of B cells results in activation of the
downstream signaling pathway that includes TNF receptor-
associated factor 2 (TRAF2), TRAF3, and TRAF6 and
leads to activation and nuclear translocation of nuclear
factor-κB (NF-κB). As a result, expression of NF-κB-
responsive genes such as AICDA and UNG is induced [2,
36]. The expression of these molecules is critical for
immunoglobulin class switching. Expression of the cos-
timulatory proteins CD80/CD86 on the surface of B
lymphocytes and dendritic cells is also dependent on
CD40L–CD40 interaction [37].

Thus, CD40L-deficient patients produce only IgM anti-
bodies in response to T-dependent antigens and cannot
generate memory B cells. They also have low numbers of
CD45R0+ primed T cells as well as abnormal proliferation
to antigens in vitro despite normal number and distribution
of CD4+ and CD8+ subsets [35, 37]. Lymph nodes of
CD40L-deficient patients contain primary follicles but lack
germinal centers [36]. CD40–CD40L interaction was
shown to be important in T-cell selection and maturation
in the thymus, where CD40 is expressed by resident
dendritic and B cells as well as on medullary and cortical
thymic epithelial cells [34]. Furthermore, a reduced number
of Aire-expressing (a transcription factor that plays a major
role in deletion of autoreactive T cells) medullary thymic
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epithelial cells has been observed in CD40−/−mice [38].
CD40L–CD40 interaction was also shown to play a critical
role in the production of Tregs [39]. Finally, peripheral
B-cell tolerance is also affected in CD40L-deficient
patients, in whom mature naive B cells were shown to
express a high proportion of autoreactive antibodies [40].
Taken together, these observations suggest that CD40L–
CD40 interaction is essential not only for normal immune
function but also for maintaining normal central and
peripheral tolerance. This may explain the fact that the
clinical manifestation of CD40L deficiency resulting from
these defects includes susceptibility to infections as well
as various autoimmune manifestations. Patients present
early in life with recurrent opportunistic infections and a
tendency for developing gastrointestinal and biliary tract
neoplasms [36]. Pneumocystis jiroveci and Cryptosporidium
spp are among the typical infections [34, 36]. Autoimmune
manifestations are frequent and involve joints, bowel, liver,
skin, endocrine, hematopoietic, and vascular systems
[35]. Antinuclear, anti-Ro, anti-RNP, anti-smooth muscle,
anticardiolipin, antiplatelet, thyroid, and various other
autoantibodies often can be detected.

Nuclear Factor-κB Essential Modulator/IKKγ
Deficiency

Hypohidrotic ectodermal dysplasia (EDA) was recently
found to be associated with immunodeficiency in a subset
of patients with mutations of the IKBKG gene (EDA-ID)
[41, 42]. About 20% to 25% of these patients also present
with a hyper-IgM phenotype; hence, EDA-ID is also
considered a part of the HIGM group (HIGM6). However,
most patients present with variable levels of immunodefi-
ciency without elevated IgM levels [43]. IKBKG encodes
for the NF-κB essential modulator (NEMO)/IKKγ compo-
nent of the IκB kinase (IKK) complex that plays a crucial
role in the regulation of the NF-κB signaling pathway.

Whereas hypomorphic mutations of the IKBKG gene in
males result in the EDA-ID phenotype, complete lack of
IKBKG expression is lethal. Interestingly, females who are
heterozygous for IKBKG null mutations present with
incontinentia pigmenti [42, 43].

NF-κB is a key transcription factor responsible for the
expression of many immune- and non-immune-related
genes. The pathway leading to its activation is complex
and may be triggered by various signal transduction signals
initiated by different receptors, including Toll-like receptors
(TLRs), members of the TNF receptor family (eg, CD40),
and the B-cell receptor. Under resting conditions, NF-κB
translocation to the nucleolus is prevented by IκB.
Activatory signals that allow IKK-mediated phosphoryla-
tion of IκB release cytoplasmic NF-κB and permit its

translocation to the nucleus, where it drives transcription of
NF-κB-dependent genes. IKBKG mutations inhibit IκB
phosphorylation and hence also impair nuclear transloca-
tion of NF-κB and expression of NF-κB-responsive genes,
such as the ectodysplasin receptor responsible for the EDA
phenotype, as well as UNG and AID, resulting in the
immunologic abnormalities seen in these patients [43].

In addition, activation of CD40- and TLR-dependent
pathways in dendritic cells and macrophages is impaired in
patients with EDA-ID [41, 43]. Some of the patients present
with hypogammaglobulinemia, but most fail to mount
normal specific antibody production [43]. Defects in T
and NK cells were also reported in HIGM6 [35, 41, 43].
This results in severe susceptibility to bacterial and
mycobacterial infections in almost all patients with IKBKG
mutations.

On the other hand, NF-κB is also involved in regulating
the inflammatory process, as shown in patients with NOD2
and DLG5 mutations that are associated with Crohn’s
disease [44] and by evidence that TLR signaling may be
involved in the pathophysiology of autoimmunity [45].
Consequently, patients with IKBKG mutations also present
with significant autoimmune manifestations, including
inflammatory bowel disease, arthritis, and autoimmune
hemolytic anemia [43].

Furthermore, NF-κB2-deficient mice present with multi-
organ infiltration of activated T cells and high levels of
autoantibodies to multiple organs. This was partially
attributed to a marked reduction in the number and function
of specific mature medullary thymic epithelial cells, which
play a critical role in the negative selection of self-reactive
T-cell clones as well as in the role of NF-κB in the
regulation of thymic expression of Aire [46, 47].

Hence, IKBKG mutations leading to disturbances in the
regulation of the NF-κB signaling pathway result in
inflammatory and autoimmune abnormalities through both
central and peripheral immune-related processes as well as
by affecting nonimmune cells and processes.

X-Linked Agammaglobulinemia

X-linked agammaglobulinemia (XLA) is considered the
prototype of PIDs. It is caused by impaired B-cell
development and function due to mutations in the BTK
gene that encodes for a cytoplasmic tyrosine kinase [48,
49]. Patients present with hypogammaglobulinemia and
severely decreased numbers of peripheral B cells, leading to
recurrent bacterial infections [50].

B cells are blocked at the pro-to pre-B-cell differentia-
tion stage in the bone marrow resulting from impaired
signal transduction through the pre-B-cell receptor due to
the lack of BTK function.
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It is surprising that up to 15% of XLA patients have
autoimmune manifestations such as arthritis, diabetes,
hemolytic anemia, and scleroderma despite the pronounced
immunoglobulin deficiency [51, 52]. Although manifesta-
tions such as arthritis or the myositis often seen in XLA
patients may in fact be of infectious origin, it has been
postulated that chronic inflammation due to subclinical and
chronic infections significantly contributes to immune
dysregulation. It should be noted that the autoimmune and
inflammatory manifestations of XLA do not always
respond to immunoglobulin replacement therapy that
otherwise significantly reduces the frequency of infections.
This supports the notion that other BTK-dependent but
antibody-independent mechanisms may be involved in the
pathophysiology of autoimmunity in XLA [53]. These may
include abnormal signaling by TLR9 through NF-κB, RelA
activation [54, 55], as well as deficits in dendritic cell
populations [56]. Thus, XLA serves as an important model
for the understanding of autoimmunity in the near absence
of immunoglobulins.

Other PIDs

The remaining three PIDs are X-linked severe combined
immunodeficiency, properdin deficiency, andXL-dyskeratosis
congenita (Hoyeraal-Hreidarsson syndrome). To date, no
significant autoimmune manifestations have been described
in association with these diseases; nevertheless, this may
be the result of masking of the phenotype by early
treatment due to the severity of X-linked severe combined
immunodeficiency, the relatively narrow phenotype of
properdin deficiency that includes mainly susceptibility to
fulminant meningococcal infections, and the extreme
rareness of XL-dyskeratosis congenita [4••].

Conclusions

Our understanding of many aspects of the immune
system has evolved through the ongoing research into
PIDs. These unique “experiments of nature” enabled
scientists to segregate the critical role of single gene
products in the development, function, and homeostasis
of the immune system. More recent observations of
significant autoimmune phenomena associated with PIDs
have led to further investigation of the role of PID-
causing genes in the pathophysiology of more complex
autoimmune disorders.

The group of X-linked PIDs is of particular interest due
to the higher prevalence of autoimmunity in females and
the growing body of evidence pointing to the distinctive
role played by genes encoded on the X chromosome in

autoimmunity and immune dysregulation. This is further
reinforced by the high prevalence of significant autoim-
mune manifestations observed in most X-linked PIDs.

The study of female carriers of X-linked PID is also
evolving and serves as a unique opportunity to study effects
such as gene dosage and patterns of X chromosome
inactivation that may play a role in autoimmunity. This has
been demonstrated by various studies such as the studies of
autoimmune phenomena in female carriers of X-CGD
described previously [28, 30], as well as in recent studies
of FOXP3 selective activation in CD4+CD25hi Tregs of
healthy female carriers of different FOXP3 mutations [57].
Another approach has used the X chromosome monosomy
seen in Turner’s syndrome to study the role of X-linked
FOXP3 in the autoimmune susceptibility [58].

In combination, these approaches present an exceptional
vantage point to the understanding of autoimmunity and its
unique link to the X chromosome.
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