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The X-linked inhibitor of apoptosis (XIAP) deficiency, also known as the X-linked lymphoproliferative syn-
drome type 2 (XLP-2), is a rare primary immunodeficiency. XIAP deficiency is characterized by a key triad
of clinical manisfestations, which consist of a high susceptibility to develop hemophagocytic lympho-
histiocytosis (HLH) frequently triggered by Epstein-Barr virus (EBV) infection, recurrent splenomegaly
and inflammatory bowel disease (IBD) with the features of a Crohn’s disease. XIAP deficiency can be
considered as one of the genetic causes for inherited IBD. XIAP is an anti-apoptotic molecule, but it is
also involved in many other pathways. Recent findings demonstrate the role of XIAP in innate immu-
nity and in the negative regulation of inflammation. In this review, we focus on the clinical aspects, the
molecular etiology and the immunopathogenesis of XIAP deficiency. We also discuss recent progress in

Inflammation
the understanding of XIAP function in relation to the pathophysiology of XLP-2.
© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction
1.1. Discovery of the XLP-2 syndrome

In 2006, 12 boys of three non-related families were identi-
fied as carriers of deleterious mutations in XIAP leading to loss of
XIAP protein expression and function. These boys all suffered from
immunodeficiency and most of them had developed hemophago-
cytic lymphohistiocytosis (HLH) subsequently to Epstein-Barr
Virus infection (also termed virus-associated hemophagocytic
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syndrome (VAHS)) [1]. Some boys had also hypogammaglobu-
linemia and two developed inflammatory bowel disease (IBD).
The susceptibility to EBV infection that triggers HLH, and the
hypogammaglobulinemia, were reminiscent of the clinical phen-
otypes associated with the X-linked lymphoproliferative (XLP)
syndrome caused by mutations in the gene SH2D1A (also named
SAP deficiency) [2]. Based on these clinical similarities, XIAP defi-
ciency was defined as a second genetic cause of XLP and denoted
as XLP type 2 (XLP-2), while SAP deficiency was termed XLP-
1. Furthermore and interestingly enough, SH2D1A and XIAP are
both localized in Xq25 in the same vicinity and are only sepa-
rated by a region of 2 Mb containing a single gene. At that time,
it was tempting to hypothetize that SH2D1A and XIAP could form
a functional cluster. Since then, however, a growing body of evi-
dence has suggested that XLP-1 and XLP-2 are non-functionally
related diseases, even if they share some striking similarities at first
sight. The most convincing common feature is HLH, also known as
macrophage activation syndrome (MAS). HLH is a life-threatening
immunodeficiency characterized by hyperinflammation caused by
an uncontrolled and ineffective immune response, in which acti-
vated T lymphocytes and macrophages accumulate in organs, and
produce massive amounts of pro-inflammatory cytokines, such as
IFN-v, TNF-a and IL-6, resulting in tissue damage and organ fail-
ure [3,4]. HLH is triggered in most cases by infectious pathogens, in
particular viruses.

2. Functions of XIAP

XIAP belongs to the Inhibitor of Apoptosis Protein (IAP) gene
family and shares important functional and structural features with
two other cellular IAPs, cIAP-1 and cIAP-2. It is composed of 3 BIR
domains (Baculovirus Inhibitor of apoptosis Repeats), an Ubiquitin-
associated domain (UBA), and a C-terminal RING domain which has
E3 ubiquitin ligase activity. XIAP is ubiquitously expressed and its
expression is significantly increased in cancer cells. Originally, the
first function ascribed to XIAP was an anti-apoptotic activity. In fact,
XIAP is a potent inhibitor of programmed cell death/apoptosis by
its capacity to directly block the activated forms of the effector cas-
pases 3,7 and 9 via its BIR2 and 3 domains, in contrast to cIAP-1 and
cIAP-2 that are not direct inhibitors of caspases [5]. In addition to its
anti-apoptotic function, XIAP has been also shown to be involved
in a large variety of signaling pathways and/or cellular responses
[6,7]. Most of these additional functions of XIAP rely on its capac-
ity to promote protein ubiquitylation via its RING domain and to
activate the canonical NFkB and the MAPK pathways for example.
Activation of NFkB and the MAPKs by XIAP is dependent on its BIR1
domain that recruits the TAB1/TAK1 complex. The TGF-3-activated
kinase 1 (TAK1) s a ubiquitin-dependent MAP kinase kinase kinase
(MAPK3) that directly phosphorylates and activates the IkB kinase
complex (IKK) and the MAPKs, including JNK, p38 and ERK [8]. The
UBA domain of XIAP is also involved in the activation of NFkB by
its capacity to bind to polyubiquitylated NEMO of the IKK complex
[9].

Among the ancillary functions, a major breakthrough came in
2009 with the discovery that XIAP (as well as cIAP-1 and cIAP-2)
is required for the signal transduction and function of Nod-like
receptors (NLRs) NOD 1 and 2 [10]. NOD1 and 2 receptors are
intracellular pattern recognition receptors that sense degradation
products of the peptidoglycan from the bacterial cell wall [11]. In
addition, there is accumulating evidence that NODs can be acti-
vated by viral products [12,13]. When activated by their ligands,
NOD1/NOD?2 play an important role in innate immunity by their
ability to activate NFkB and to produce cytokines (including pro-
inflammatory, but also anti-inflammatory cytokines such as IL-10),
chemokines and antimicrobial peptides [11]. NOD1 is expressed in

epithelial cells, while NOD2 is more restricted to myeloid cells, and
Paneth cells in the gut.

At a molecular level, XIAP contributes to the signal transduc-
tion of NOD1/2 by its ability to promote ubiquitylation of the
receptor-interacting protein kinase 2 (RIPK2), an inducer of NFkB
activation. Inresponse to NOD1/2 ligands, RIPK2 is polybiquitylated
and plays the role of a scaffold for the binding of the TAB/TAK1
complex, which results in the activation of the MAPK and NFkB
pathways [14,15]. It was shown that XIAP binds to RIPK2 via its
BIR2 domain, and ubiquitylation of RIPK2 by XIAP upon NOD1/2
stimulation promotes the recruitment of the linear ubiquitin chain
assembly complex (LUBAC), which in turn activates NFkB and
cytokine production [16-18]. It is not clear whether the TAB/TAK1
complex is directly implicated in this XIAP-dependent activation
of NFkB cascade. TAB/TAK1 complex could be recruited via the
BIR1 domain of XIAP and/or via a cIAP-1- and/or cIAP-2-dependent
mechanism, since cIAP-1 and cIAP-2 are also required for NOD1/2
signaling by promoting RIPK2 ubiquitylation [10]. In mouse and
humans models, the absence of XIAP leads to defective secretion
of pro-inflammatory cytokines after stimulation with NOD ligands
[16-18].

More recently, the role of XIAP in innate immunity was extended
by the finding that XIAP is involved in the function of Dectin-1,
a pattern recognition receptor implicated in the control of fun-
gal infections by its capacity to recognize (3-glucan from fungi
[19]. In this model, XIAP was shown to be necessary for NFkB and
MAPK activation, cytokine production and phagocytosis, following
Dectin-1 activation by its ligands. This effect arises from the capac-
ity of XIAP to bind and to ubiquitylate BCL10, an important activator
of the canonical NFkB pathway, which was recently reported to
be also involved in Rac1-dependent phagocytosis. BCL10 is known
to be required for Dectin-1-induced NFkKB activation. Interestingly,
other pathways that required BCL10 to activate NFkB, such as the
T-cell receptor (TCR) seem also dependent to some extent of XIAP
to activate NFkB [19].

Another important advance was the recent demonstration that
cIAP-1, cIAP-2 and XIAP, are regulators of TNF receptor 1 signaling
by their ability to dampen and inhibit receptor-interacting pro-
tein kinase 1 (RIPK1)- and RIPK3-dependent downstream signaling
[20]. RIPK1 is known to be involved in TNFR1 signaling as a
scaffold necessary for cIAP-1/2-dependent NFkB activation [21]
and RIPK3 has been shown to be implicated in TNF-a-mediated
necroptosis, a inflammatory type of cell-death that arises in the
absence of caspase-8 activation [22]. In particular, XIAP (as well
as cIAP-1 and cIAP-2) in myeloid cells was shown to limit RIPK1-
and RIPK3-dependent TNF-a-induced pro-inflammatory cytokine
and chemokine secretion and cell death [23-25]. Intriguingly, this
abnormal signaling through RIPK1 and RIPK3 when XIAP is lacking,
results in the activation of the classical caspase-1/NLRP3 inflam-
masome complex and increased cell death [23,24]. However, the
exact role of XIAP in this inhibitory mechanism remains to be eluci-
dated. Besides, the implication of XIAP in inflammasome complexes
was previously suggested in two studies showing the association
of XIAP with the NLRP1/NALP1 inflammasome complex when acti-
vated, although the role of XIAP in this complex was not examined
[26,27].

3. Mouse models of XIAP deficiency

Xiap-deficient mouse models have been developed, and the first
characterization of these models did not reveal any obvious phe-
notype or abnormalities, in particular regarding apoptosis [28,29].
However, the following recent studies reveal that Xiap-deficient
mice have compromised immunity leading to decreased survival
when infected with certain pathogens. Those include intracellular
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gram-negative and -positive bacteria, such as Listeria monocyto-
genes [30], Chlamydophilia pneumonia [31] and Shigella flexneri[32],
and the fungus Candida albicans [19]. The control of viral infec-
tions appears to be also altered in Xiap-deficient mice, as they
displayed abnormal high viral loads when infected with MHV-68,
a murine y-herpes virus [23]. However, this sensitivity to infec-
tions seems not to be general; for instance Xiap-deficient mice are
not particularly susceptible to infection by Salmonella typhimurium,
a gram-negative intracellular bacteria [31]. Under infectious con-
ditions with L. monocytogenes, S. flexneri and C. albicans, the early
NFkB activation and cytokine production post infection were signif-
icantly reduced, which is suggestive of defective innate immunity.
Interestingly, Xiap-deficient mice infected with MHV-68 or C.
albicans developed splenomegaly several days post infection, with
increased cellularity of mononuclear cells including myeloid cells
[19,23].In C. albicans infection, the splenomegaly was concomitant
with increased levels of pro-inflammatory cytokines, and in MHV-
68 infection splenomegaly was driven by TNF-a and was dependent
on RIPK3 [23]. Thus, in these models splenomegaly appears to occur
secondarily to the innate defect, and could be dependent of abnor-
mal levels of inflammation caused by the persistence of pathogens.

Compromised innate immunity to L. monocytogenes and C.
albicans was associated with defects in NOD2- and Dectin-1-
mediated cytokine production by XIAP-deficient myeloid cells,
respectively [19,30]. Strikingly, Dectin-1-mediated phagocytosis of
C. albicans by macrophages was found to be abolished in absence
of XIAP, and restoration of phagocytosis by Resolvin D, an anti-
inflammatory lipid mediator rescued C. albicans clearance and
resolved the inflammation [19]. Similarly, the susceptibility of
Xiap-deficient mice to infection by S. flexneri is likely caused by
impaired NOD1 function, as clearance of S. flexneri is known to
depend on NOD1 [33]. The alteration of the NOD1/2 pathway in
Xiap-deficient mice was confirmed in additional studies that also
demonstrated the importance of the RING and the BIR2 domains
of XIAP in NOD1/2 function [17,18,30]. In comparison, responses
to ligands (pathogen- or danger-associated or molecular pattern
molecules/PAMPs or DAMPs) for Toll-like receptors (TLR) (includ-
ing TLR2, TLR3, TLR4, TLR5, TLR7/8 and TLR9) were found to be
normal and not dependent of XIAP [19,23,24,30], with the excep-
tion of the infectious model with C. pneumonia, in which the authors
reported abnormal TLR4 responses to LPS and decreased suscepti-
bility to endotoxin shock to LPS [31]. The reason of this discrepancy
is not known.

The function of XIAP together with those of clAP-1 and cIAP-2
(simply referred to as IAPs later on in the text) was also evalu-
ated in single, double or triple IAP-deficient mice, and sometimes
in combination with treatment of these mice with SMAC mimetics
that deplete IAP protein expression by inducing their proteosomal
degradation [34]. These experiments demonstrated an important
overlap and redundancy in the functions of XIAP, cIAP-1 and cIAP-2
[20,24,25,35]. Notably, it was shown that deletion of both XIAP and
cIAP-1 impaired anti-viral adaptive immunity during lymphocytic
choriomeningitis virus (LCMV) infection, due to increased apopto-
sis of virus-specific CD8 T cells that did not properly expand [35]. A
similar defect might account for the compromised immunity to the
MHV-68 virus in Xiap-deficient mice [23]. Other studies revealed
a crucial role for the IAPs in the limitation of pro-inflammatory
cytokine production by myeloid cells [24,25]. In one report, dele-
tion of IAPs in the myeloid lineage led to hyper-inflammation,
granulocytosis and splenomegaly, driven by over production of pro-
inflammatory cytokines [25]. This process was initially mediated
by TNF-a and TNFR1 signaling and was shown to be dependent of
RIPK1 and RIPK3. In another study, deletion IAPs in dendritic cells
and macrophages resulted in inflammasome activation and subse-
quent production of active IL-1f3, after priming of the cells by TLR
ligands, but was shown to be independent of TNF-a and TNFR1

signaling [24]. Interestingly, the cleavage of the IL-1 precursor
was mediated not only by the classical NLRP3-caspase-1 inflam-
masome, but also by activated caspase-8. Activation of caspases
in this setting was dependent of RIPK3 and reactive oxygen species
production by RIPK3, but not of RIPK1. Importantly, in a third study,
deletion of XIAP alone was sufficient to induce IL-1{3 production by
dendritic cells and macrophages by a similar mechanism, but in
contrast to the above study it was fully dependent of TNF-a/TNFR1
and independent of cIAP-1 and cIAP-2 [23]. Remarkably, treatment
of Xiap-deficient mice by Alum crystals, an activator of NLRP3, led
to exacerbated inflammation and splenomegaly characterized by
infiltration of neutrophils, macrophages, eosinophils and lympho-
cytes. Inall these studies, the production of inflammatory cytokines
was associated with increased cell death of myeloid cells, which
was dependent on RIPK3 and RIPK1.

4. XIAP deficiency in humans
4.1. Clinical features

Since its original discovery, more than 70 male patients from
different countries have been diagnosed with an XLP-2/XIAP
deficiency [1,36-40]. XIAP deficiency is mostly a pediatric disease
and boys can be affected very early in their life (during the first
months) with symptoms which are especially severe - the younger
the patient is. The most frequent clinical manifestations are HLH
(54%), recurrent splenomegaly (57%) and IBD (26%). EBV is very
often the trigger of HLH (in more than 60% of cases), but HLH
can develop in the course of cytomegalovirus (CMV) or human
herpesvirus 6 (HHV-6) viral infection, or in the absence of a
documented infectious agent. Importantly, all the symptoms can
occur independently from each other. HLH is often severe and
can be fatal in young boys presenting with fulminant infectious
mononucleosis associated with primary EBV infection. Episodes of
splenomegaly occur in the absence of systemic HLH and are usually
associated with fever and cytopenia. They likely represent minimal
forms of HLH, and hemophagocytosis, which is a key feature of
HLH was observed histologically in the spleen after splenectomy
[36]. Splenomegaly is the initial clinical presentation of the disease
in many cases [1,36,40]. Interestingly, several patients had inflam-
matory liver diseases that might also correspond to incomplete
forms of HLH [36,40,41].

IBD is generally severe and drug-resistant with a lethal outcome
in 10% of cases.In 2011, Wortley et al. reported the first description
by exome sequencing of an inactivating XIAP mutation in a young
boy, who presented at 15 months with an intractable inflammatory
bowel disease evoking Crohn’s disease, and no other symptoms
[42]. Based on the molecular diagnosis of XIAP deficiency, the
patient underwent hematopoietic stem cell transplant (HSCT)
and recovered from IBD. The predominant role of XIAP mutations
in the occurrence of pediatric IBD, was later confirmed by two
independent studies that analyzed cohorts of 96 and 83 male
patients with pediatric or early onset IBD as an unique clinical
trait. They respectively identified 4 and 3 boys to be carriers of
inactivating XIAP mutations, which is a compelling prevalence
(approximately 4%) [43,44]. Interestingly, in the study by Zeissig
et al., cohorts of patients with adult onset-Crohn’s disease and -IBD
were also analyzed and no mutations were detected [44]. From
these observations, XIAP deficiency is considered now as one of the
mendelian causes of inheritance for IBD in infancy [45]. IBD in XIAP
deficiency shares most of the biological and histology features of
Crohn’s disease, which is one of the most frequent IBD forms in
adults [43,44]. These features include focal inflammatory lesions
affecting all digestive segments with ulcerations, crypt abscesses,
granulomas, and polymorphic cellular infiltrates. Some XLP-2
patients (7% of patients) also experienced other inflammatory
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manifestations, including arthritis, cutaneous abscesses, erythema
nodosum, uveitis and nephritis (Aguilar and Latour, unpublished
observations) [40,43]. Hypogammaglobulinemia is reported in
16% of patients and it is rarely a severe and persistent symptom.

4.2. Mutations and genetics

The incidence of mutations in XIAP leading to XLP-2 is estimated
to be 1-2 cases per million of live births, making it a rare inherited
X-linked immunodeficiency. Today, more than 50 different delete-
rious mutations in XIAP have been identified [36-40,43,44,46-49].
They are distributed along all coding exons and include missense
and nonsense mutations, deletions and insertions [50]. A majority
of the mutations are amorphic or null mutations leading to com-
plete loss of protein expression. However, several hypomorphic
missense and nonsense mutations have beenreported. These muta-
tions preserve some residual expression of full-length or truncated
proteins. Interestingly, missense mutations form two hotspots that
target either the BIR2 domain or the RING domain, highlighting the
importance of these two domains in XIAP function [18,50]. How-
ever, a few missense mutations are found in the BIR1 (G39C) and
the BIR3 domains (K297T and A321G) as well. In any case, these
mutations behave as loss of function or inactivating mutations,
and carriers of hypomorphic mutations develop manifestations as
severe as patients carrying null mutations. In a same family the
symptoms can be quite different (HLH versus IBD) and very vari-
able in term of severity (asymptomatic to death) from one patient to
another. This individual variability is likely explained by additional
genetic and/or environmental factors that may influence the out-
come of the disease, including the emergence of rare phenotypes.
Along these lines, a modifier gene was identified in a large family
carrier of a hypomorphic XIAP mutation (G466X), leading to a weak
expression of a truncated protein [41]. In this family, the range of
the symptoms and the severity was broad (from asymptomatic to
death). In addition to the mutation in XIAP, symptomatic individ-
uals were carriers of a hypomorphic missense mutation in CD40LG,
which deficiency is known to cause X-linked hyperlgM syndrome
(XHIGM). Both mutations were proven to have functional effects
in vitro, and carriers of a single mutation were asymptomatic,
strongly suggesting that the association of XIAP and CD40L muta-
tions in this family is necessary for the clinical expression of the
disease. Furthermore, this genetic association might account for
the progressive hypogammaglobulinemia seen in all symptomatic
individuals of this family [41].

In disorders with a X-linked recessive inheritance, female car-
riers who have only one copy of the mutated allele are usually
asymptomatic. In accordance, female heterozygous carriers of XIAP
mutations were originally reported as healthy [1]. Interestingly, in
these women, the X chromosome inactivation of their peripheral
blood leukocytes (PBL) is not as random as expected, but shifted
toward the X chromosome carrying the mutated allele [1,51]. This
indicates that PBL with an active wild-type allele (in which the
mutated allele is inactive) have a selective survival advantage in
contrast to cells with an active mutated allele, and thus cells (in
PBL) with the active normal wild-type allele typically accumulated
in these women. These observations stress the role of XIAP in the
cell survival, which likely depends of its anti-apoptotic activity.
It would be interesting to know if this abnormal X chromosome
inactivation could occur in other tissues such as epithelial cells.
Remarkably, three female carriers of XIAP mutations (from three
different families) were recently reported to be symptomatic [43]
(Aguilar and Latour, unpublished observations). Two suffered from
IBD and one had an episode of EBV-triggered HLH. Notably, leuko-
cytes of these female symptomatic subjects showed a random X
inactivation or slightly shifted toward the wild-type allele, indicat-
ing that cells with an active mutated allele normally survived and

expanded, in contrast to whatis seen in healthy female carriers [43].
This very likely explains why these women develop symptoms. The
mechanism underlying this abnormal X inactivation is not known.

4.3. Outcomes and treatments

XIAP deficiency is associated to date (2006-2014) with a lethal
outcome in more than 20% of cases (22 deaths out of 100 known
patients) (Aguilar and Latour, personal communication). In fact,
12 patients died during allogenic hematopoietic stem cell trans-
plantation (HSCT), 4 of HLH, 4 of IBD, 1 of pneumonia and 1
of liver failure. HLH and IBD symptoms are treated with classi-
cal immunosuppressive drugs including etoposide, corticosteroids
and cyclosporine for HLH [52] and corticosteroids, azathioprine,
mesalazine and anti-TNF-« for IBD [40,43,44]. Hypersplenism can
require splenectomy (in 3 patients) and several patients with
IBD had colectomy (7 patients). The only curative treatment is
a hematopoetic stem cell transplant. Nevertheless, HSCT in XIAP
deficiency has been associated initially with a bad prognosis. A
retrospective international survey of 19 XIAP-deficient patients
demonstrated a high transplant mortality with 12 deaths [53].
In this study, the use of chemotherapy with full dose condi-
tioning/myeloablative regimen and the HLH at time of treatment
were identified as factors accounting for this harmful outcome. It
was proposed that chemotherapy in the absence of XIAP possi-
bly results in excessive apoptosis of hepatocytes and/or other cell
types and increased cytotoxicity [54]. Corroborating that minimal
chemotherapy can improve the outcome, successful HSCT follow-
ing reduced intensity conditioning has been recently reported
[54,55], although in another study reduced conditioning was
associated with complications of HLH [56]. Interestingly, of 6 XIAP-
deficient patients with severe IBD who received HSCT [40,42,43]
1 patient died, but the treatment allowed remission of the disease
in 5 patients, with a follow up of 3 years for the first transplanted
patient [43], arguing for a hematopoietic cell origin of IBD in XIAP
deficiency.

4.4, Immunological parameters and defects

No gross abnormalities in the classical immunological parame-
ters have been reported in asymptomatic or stable XIAP-deficient
patients. However, several defects associated with XIAP deficiency
have been demonstrated in vitro or upon challenge. XIAP-deficient
T lymphocytes (from patients) are characterized by a high sus-
ceptibility to apoptosis in vitro in response to stimulation of the
cell-death receptors FAS/CD95, TRAIL-R or when activated by the
T-cell antigen receptor (TCR), which results in activation-induced
cell death [1,37,40]. Activation-induced cell death in T lympho-
cytes, that is dependent on CD95, is known to be important to
shut down T cell responses [57]. Consequently, the expansion of
activated XIAP-deficient T cells in vitro is compromised and is res-
cued by expression of wild-type XIAP [1]. In proliferating T cells,
XIAP interacts with caspases-3/-7, thereby blocking their full acti-
vation and subsequent cell death induction [58]. This exagerated
sensitivity to apoptosis of activated T lymphocytes in vitro has no
influence on circulating blood lymphocytes populations in patients,
whose cell numbers and proportions are apparently normal, with
the exception of innate-like T cell populations.

XIAP-deficient patients often exhibit decreased numbers of
circulating innate-like T lymphocyte populations, iNKT cells and
MAIT cells [1,51,59]. Deficiency in iNKT cells likely results from
their depletion secondary to EBV infection or/and the high inflam-
matory environment associated with HLH and IBD. Indeed, some
patients with normal iNKT cell numbers have not encountered
EBV, and patients with HLH not related to XIAP deficiency can also
have low numbers of iNKT cells [51,59]. iNKT and MAIT cells are in
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fact characterized by a pro-apoptotic propensity, and so are likely
more dependent on XIAP for their survival than other populations
of T cells [59].

Recently, several studies showed that monocytes from PBMC
of XIAP-deficient patients have compromised cytokine production,
including TNF-a and IL-8, in response to NOD2 ligands, while the
response to TLR-2, -4 receptor stimulation is normal [42-44]. In
one study, it was shown that this defect can be used as a reliable
and easy cell-based functional test for diagnosis of XIAP deficiency,
which clearly discriminates with other immunodeficiencies shar-
ing similar clinical hallmarks [47].

Pro-inflammatory cytokines in the serum of 10 XIAP-deficient
patients who presented with HLH have been analyzed. IL-18 levels
were found to be markedly high in these patients. IL-6, TNF-a and
IFN-vy were also found to be elevated but their levels were compa-
rable to those in patients with XLP-1 and FLH. Interestingly, IL-18
concentrations remained elevated and stable in XIAP-deficient
patients that recovered from HLH, in contrast to levels of IL-6,
TNF-a and IFN-y that declined [48]. IL-18 is mainly produced by
cells of myeloid lineage and is synthetized as pro-IL-18, an inactive
precursor that needs to cleaved through caspase-1/inflammasome
activation to be active, similarly as IL-1f3 [60]. It would be impor-
tant to test whether IL-18 levels are also elevated in patients that
never experience HLH.

After the discovery of the XLP-2 syndrome, studies of XIAP-
deficient humans and mice have looked for defects similar to those
associated with the SAP deficiency (XLP-1 syndrome), because
of the apparent clinical similarities of the two diseases. The
immunopathogenesis of XLP-1 is quite well understood and mul-
tiple defects have been documented in SAP-deficient humans
and mice. Those include a complete block of iNKT cell develop-
ment, altered antibody production associated with low numbers
of switched memory B cells and loss of germinal center formation,
and defective CD8* T and NK cell-cytotoxicity against EBV-infected
B cells [2]. In XIAP-deficient patients, the T and NK cell-cytotoxicity
responses are normal, including those specific for EBV and did
not display a defect in the numbers of switched memory B cells
[1,37,61]. These observations contribute to the notion that XLP-
1 and XLP-2 are different and non-related immune disorders (see
Section 1).

4.5. Pathophysiology of XIAP deficiency

The recent advances revealing a key role for XIAP in innate
immunity and in the regulation of inflammation, now offer new
and important clues in the understanding of the pathogene-
sis of XLP-2, which can help to explain the different clinical
phenotypes.

4.5.1. Susceptibility to EBV

The susceptibility to EBV (and also CMV) infection in XIAP defi-
ciency could be explained in part by defects in adaptive immunity,
affecting T lymphocyte responses that are particularly important
during viral infections. Of note, immune response against EBV
and CMV in immunocompetent individuals depends on a massive
expansion of CD8* T cells, which can be associated with an impor-
tant inflammatory response resulting in infectious mononucleosis,
a self limiting lymphoproliferative disorder. In XIAP-deficient
patients, the excessive susceptibility to FAS-mediated apoptosis
of activated T cells seen in vitro, may compromise in vivo the
expansion and proliferation of virus-specific T cells during EBV
infection. Supporting this assumption, studies in mice have shown
that XIAP and cIAP-1 are required for the survival and the expan-
sion of virus-specific T cells, when mice are infected with the
LCMV virus [35]. Of note, EBV is not infectious in mice. In these
studies, the defective expansion results from increased apoptosis

of virus-specific T cells, which is partially dependent on TNF-
o/TNF-R1, and presumably on others cell-death receptors such
as FAS and TRAIL-R. Hence, in humans, exacerbated inflamma-
tion during EBV infection may contribute to cell-death of T cells
(including iNKT and MAIT cells) and other cell types, in addi-
tion to FAS- and TRAIL-mediated apoptosis. Along these lines,
hypogammaglobulinemia could be thus a consequence of transient
exhaustion of B lymphocytes in the context of elevated inflamma-
tion.

The deficiency of iNKT cells (which are highly susceptible to
apoptosis in the absence of XIAP) might also contribute to the
susceptibility of EBV infection [62]. iNKT cells are known to be
rapidly activated in the early phases of immune responses includ-
ing viral responses [63], and there are some indications that
EBV-infected cells can directly activate IFN-vy production and cyto-
toxicity by iNKT cells [64]. Furthermore, defects in iNKT cells
occur in several other primary immunodeficiencies characterized
by a peculiar susceptibility to EBV and EBV-associated pathologies
[65]. Defects in NOD2 might also contribute to the susceptibil-
ity to EBV in accordance with recent findings showing that NOD2
can also sense viral products including those from a herpes virus
[12,13].

4.5.2. HLH

Several genetic defects causing familial HLH (FHL), including
XLP-1 have been identified, and all defects resulted in the impair-
ment of cytotoxic responses of CD8* T lymphocytes and NK cells
[3,4]. In this context, infected cells are not eliminated and per-
sist, leading to exaggerated cytokine production by activated T and
NK cells, that subsequently activates macrophages. Production of
IFN-vy by activated T and NK cells plays an essential role in these
inherited forms of HLH, as pathology can be reversed by anti-IFN-y
antibodies. In contrast to FHL and XLP-1, HLH triggered by EBV in
XIAP deficiency is not associated with defects in the cytotoxicity
responses of NK and CD8" T cells, which are apparently normal
[1,37,61]. These observations tend toward different pathophysi-
ological mechanisms at work in the manifestation of HLH in the
absence of XIAP.

The recent observations in mice showing that XIAP is a
potent negative regulator of the NLRP3 inflammasome and pro-
inflammatory cytokine production provide a reliable explanation
for this specific emergence of HLH in XIAP-deficient patients
[23-25]. Although, we do not know if XIAP in humans is also
an inhibitor of NLRP3 (and/or other inflammasomes), like it is in
mice. Impairment of this control might represent a key pathologi-
cal mechanism, leading to hyperinflammation in the context of viral
infections or persistent infections (Fig. 1). This could account not
only for HLH, but also for the episodes of splenomegaly, which may
be reflective on the infectious status of the patient. This is exempli-
fied by the splenomegaly that develops in Xiap-deficient mice few
days after being infected by the fungus C. albicans in association
with high levels of inflammatory cytokines [19]. Direct evidence
for a role of NLRP3 in splenomegaly is provided by the observa-
tion that Xiap-deficient mice exhibit TNF-a- and RIPK3-dependent
splenomegaly, when mice are treated with Alum, an activator of
NLRP3 [23]. Splenomegaly is also seen when mice are infected with
the MHV-68 virus, and it is RIPK3-dependent, strongly suggest-
ing that NLRP3 is actually activated during MHV-68 infection [23].
However, MHV-68 and LCMV infections have not been reported to
trigger full-blown HLH in Xiap-deficient mice, possibly due to the
redundancy with the other IAPs in mice.

Interestingly, the importance of inflammasome activation in
HLH has been recently highlighted by the identification of two dom-
inant activating mutations in the NLRC4 inflammasome in humans
suffering from recurrent HLH and autoinflammation [66,67]. These
mutations result in the spontaneous formation and activation of
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Fig. 1. Model for the pathogenesis of HLH and IBD in XIAP deficiency. (A) In healthy individuals, innate and adaptive responses are efficient. On one hand, XIAP inhibits
caspases in activated T cells allowing their survival and expansion, in particular for virus-specific CD8* T cells that kills infected cells. On the other hand, XIAP participates in
innate immunity for the signaling and function of the pattern-recognition receptors (NOD1/2 and Dectin-1), which are sensors of derived products from bacteria and fungi,
respectively. When NOD1/2 and Dectin-1 are activated by their ligands during infection, they promote cytokine production by myeloid cells, resulting in acute inflammation
necessary to clear the infectious pathogens, in part by recruiting neutrophils and phagocytes. Moreover, XIAP is involved in the inhibitory signaling of inflammasomes (NLRP3
in mice) and limits its TNF-a-dependent or independent activation by various pathogen-associated molecular patterns (PAMPS), which can activate TNF-a production via
Toll-like receptors (TLRs). In this context, local acute inflammation is rapidly resolved and general inflammation is low. (B) In XIAP-deficient patients, innate and adaptive
responses are compromised, leading to accumulation of infectious pathogens (and the associated PAMPS) and subsequent uncontrolled activation of the inflammasomes,
which is not properly regulated in the absence of XIAP. In this context, there is accumulation of pro-inflammatory cytokines such as TNF-, IL-13 and IL-18, and increased
cell-death of lymphocytes, myeloid cells and possibly other cell types. This results in a high chronic inflammatory environment leading to splenomegaly, IBD and HLH.

the NLRC4 inflammasome, leading to constitutive secretion of IL-
18 by myeloid cells. Increased IL-13 was also observed, but only
in response to stimuli that activate NLRC4. Importantly, patient
carriers of these mutations had elevated IL-18 serum levels, like

it is reported for XIAP-deficient patients [48], and hence it is
plausible that IL-18 may play an important and specific role in
the pathogenesis of HLH associated with abnormal inflammasome
activation.
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As discussed above, it is not known whether NLRP3 is regu-
lated by XIAP in humans, but dominant gain mutations in NLRP3
in humans cause rare inherited dominant autoinflammatory disor-
ders named Cryopyrin-associated periodic syndromes (CAPS) [68].
Even though the clinical expression of NLRP3 mutations has a
wide spectrum, IBD and HLH have not been reported to be asso-
ciated with NLRP3 mutations. This could suggest that XIAP is not
implicated in NLRP3 regulation in humans, but rather in other
inflammasomes such as NLRC4.

4.5.3. IBD

Monocytes from XIAP-deficient patients displayed a defective
capacity to secrete cytokines and chemokines including TNF-a, IL-
10, IL-8 and MCP-1, in response to stimulation with NOD2 ligands
[42-44]. Similarly, production of IL-8 and IL-6 by XIAP-deficient
fibroblasts from patients had diminished responses to NOD1 lig-
ands [43]. Notably, NOD2 is the strongest genetic factor associated
with Crohn’s disease in adults, for which it contributes to 2.5-5%
of the total genetic variance [69-71]. The NOD2 risk alleles are
known to alter the ligand recognition capacity and the function
of NOD2 [72]. Thus, the pathological mechanisms underlying IBD
in XIAP deficiency are, in all likelihood, very close to those of
Crohn’s disease associated with NOD2 risk alleles. Many studies
suggest a pivotal role of NOD2 in immune innate host defense
in the gut. Remarkably, IL-8 and MCP-1 that are among the most
predominant cytokines secreted in response to NOD2 activation,
are important chemokines for the recruitment of neutrophils. Fur-
thermore, IL-10 is a crucial anti-inflammatory cytokine involved
in intestinal homeostasis, and defects in the IL-10 pathway cause
very early onset IBD (VEO-IBD) [73]. Therefore, NOD2-impaired
secretion of these cytokines may disturb intestinal homeostasis
in XIAP-deficient patients. Impaired IL-8 and MCP-1 production
could compromise neutrophil influx, a defect which has been doc-
umented in patients with Crohn’s disease [74-76]. A key role of
neutrophils and myeloid cells in the pathogenesis of IBD is also
supported by the observation that 40% of patients with chronic
granulomatous disease (CGD) - a primary immunodeficiency due
to mutations affecting the oxidative respiratory burst of phagocytes
- develop IBD indistinguishable from Crohn’s disease [77]. In XIAP
deficiency, the predominant contribution of a myeloid defect to
IBD is further underlined by the findings of low level of XIAP and
defective NOD2 response in monocytes of a symptomatic female
(carrier of a deleterious XIAP mutation), who developed IBD with-
out other symptoms, while expression of XIAP was almost normal
in her lymphocytes [43]. Taken together, these observations point
to amodel, in which compromised cytokine production in response
to NOD2 would impair bactericidal response of neutrophils and
macrophages, leading to defective clearance of pathogenic bacte-
ria or agents in the gut. This could also account for gut microbiota
imbalance or dysbiosis, that have been well documented in Crohn’s
disease patients. Along these lines, the immune response to S.
flexneri, an invasive enteropathogenic bacteria, involves NOD1 acti-
vation in intestinal epithelial cells [33], and which depends on XIAP
in mice [32]. Moreover, S. flexneri infection is known to provoke
severe inflammatory colitis [78].

Accumulation of pathogenic bacteria might secondarily trigger
progressive inflammation, which could not be properly control in
the absence of XIAP leading to the NLRP3 inflammasome activation
and increased cell death via a LPS-, TNF-a- and RIPK3-dependent
pathway (Fig. 1) [23]. In support for a role of this pathway in IBD,
is the high level of RIPK3 expression in association with increased
necroptosis that has been observed in Paneth cells of patients with
Crohn'’s disease [79]. Additional mechanisms may also contribute
to IBD, including defective NOD1 functions (in epithelial cells) and
increased cell death of T lymphocytes populations in the gut, in
particular MAIT and iNKT cells that are highly dependent of XIAP

for their survival [59]. MAIT and iNKT cells are characterized by
their tropism for mucosal tissues and their rapid activation by bac-
teria, and they have been recently implicated in the homeostasis
and the defense of the gut [80-83]. These additionnal defects might
account for the early onset and the higher severity and penetrance
of IBD in XIAP-deficient patients compared to carriers of NOD2 risk
alleles. Finally, it should be pointed out that Xiap-deficient mice
have not been yet reported to be prone to develop colitis like their
human counterparts.

Based on mouse and human studies, a potential model for the
immunopathogenesis of the inflammatory manifestations in the
XIAP deficiency is depicted in Fig. 1.

5. Conclusion and perspectives

The recent findings revealing that XIAP (as well as cIAP-1 and
cIAP-2) is an important player in innate immunity and in the
negative regulation of inflammation provide new insights into the
immunopathogenesis of XIAP deficiency in humans. These studies
also open novel perspectives for the treatment of the XIAP defi-
ciency or related diseases. TNF-a and IL-18 appear to be important
cytokines associated with the disease, thus they may represent
potential therapeutic targets for inflammation inhibition. Further-
more, there are still remaining important and interesting questions,
and many more to come, emanating from these novel observations.
Some of them that would come to mind are listed below. There are
convincing indications that adaptive responses are compromised in
the absence of XIAP. How do these defects contribute to the patho-
genesis of the XIAP deficiency? The absence of XIAP clearly results
in increased cell death from apoptosis and necroptosis. It is not
clear what are the XIAP-dependent pathways and/or mechanisms
involved in each type of cell death, and under what circumstances
they occur? More importantly, it is not known, what is the contri-
bution of this increased cell death to the pathogenesis of XLP2. Is it
an amplification mechanism of inflammation? Do cell death and/or
dead cells directly or indirectly activate inflammation? Other fun-
damental issues also emerge from these observations. What is the
exact contribution of each IAP in innate immune responses and in
the regulation of inflammation? Is the redundancy of IAPs observed
in mice any different and/or less important than in humans? What
are the exact mechanisms by which XIAP and cIAP1-2 limit inflam-
masome activation? Is XIAP involved in innate receptors/pathways
and inflammasomes other than NOD1/2, Dectin-1 and NLRP3?
The answers to many of these questions will undoubtedly provide
a better understanding of immunodeficiencies associated with
inflammatory disorders, and hopefully suggest potential therapies.

Acknowledgements

S. L. is a senior scientist at the Centre National de la
Recherche Scientifique-CNRS (France) and C.A. is an M.D./Ph.D.
and was a fellowship recipient of the Fondation ARC pour la
Recherche sur le Cancer. This work was supported by grants
from INSERM, the Agence Nationale de la Recherche (ANR) (ANR-
14-CE14-0028-01, ANR-2010-MIDI-005-02, ANR-10-IAHU-01 and
ANR-08-MIEN-012-01), the Fondation ARC pour la Recherche sur
le Cancer (France), the European Research Council (ERC-2009-
AdG_20090506 n° FP7-249816), the Fondation Maladies Rares
(France) and the Association Francois Aupetit (France). We also
thank Claire Soudais for critical reading of the manuscript.

References

[1] Rigaud S, Fondaneche MC, Lambert N, Pasquier B, Mateo V, Soulas P, et al.
XIAP deficiency in humans causes an X-linked lymphoproliferative syndrome.
Nature 2006;444:110-4.



122 S. Latour, C. Aguilar / Seminars in Cell & Developmental Biology 39 (2015) 115-123

[2] Tangye SG. XLP: clinical features and molecular etiology due to mutations in
SH2D1A encoding SAP. ] Clin Immunol 2014;34:772-9.

[3] Usmani GN, Woda BA, Newburger PE. Advances in understanding the patho-
genesis of HLH. Br ] Haematol 2013;161:609-22.

[4] Janka GE. Familial and acquired hemophagocytic lymphohistiocytosis. Annu
Rev Med 2012;63:233-46.

[5] Eckelman BP, Salvesen GS, Scott FL. Human inhibitor of apoptosis proteins: why
XIAP is the black sheep of the family. EMBO Rep 2006;7:988-94.

[6] Galban S, Duckett CS. XIAP as a ubiquitin ligase in cellular signaling. Cell Death
Differ 2009;17:54-60.

[7] Kenneth NS, Duckett CS. IAP proteins: regulators of cell migration and devel-
opment. Curr Opin Cell Biol 2012;24:871-5.

[8] Wang C, Deng L, Hong M, Akkaraju GR, Inoue ], Chen ZJ. TAK1 is a ubiquitin-
dependent kinase of MKK and IKK. Nature 2001;412:346-51.

[9] Gyrd-Hansen M, Darding M, Miasari M, Santoro MM, Zender L, Xue W, et al.
IAPs contain an evolutionarily conserved ubiquitin-binding domain that reg-
ulates NF-kappaB as well as cell survival and oncogenesis. Nat Cell Biol
2008;10:1309-17.

[10] Bertrand M]J, Doiron K, Labbe K, Korneluk RG, Barker PA, Saleh M. Cellular
inhibitors of apoptosis cIAP1 and cIAP2 are required for innate immunity
signaling by the pattern recognition receptors NOD1 and NOD2. Immunity
2009;30:789-801.

[11] Philpott DJ, Sorbara MT, Robertson SJ, Croitoru K, Girardin SE. NOD pro-
teins: regulators of inflammation in health and disease. Nat Rev Immunol
2014;14:9-23.

[12] Sabbah A, Chang TH, Harnack R, Frohlich V, Tominaga K, Dube PH, et al.
Activation of innate immune antiviral responses by Nod2. Nat Immunol
2009;10:1073-80.

[13] Kapoor A, Forman M, Arav-Boger R. Activation of nucleotide oligome-
rization domain 2 (NOD2) by human cytomegalovirus initiates innate
immune responses and restricts virus replication. PLOS ONE 2014;9:
€92704.

[14] Park]JH, Kim YG, Shaw M, Kanneganti TD, Fujimoto Y, Fukase K, et al. Nod1/RICK
and TLR signaling regulate chemokine and antimicrobial innate immune
responses in mesothelial cells. ] Immunol 2007;179:514-21.

[15] Hasegawa M, Fujimoto Y, Lucas PC, Nakano H, Fukase K, Nunez G, et al. A criti-
cal role of RICK/RIP2 polyubiquitination in Nod-induced NF-kappaB activation.
EMBO ] 2008;27:373-83.

[16] Krieg A, Correa RG, Garrison B, Le Negrate G, Welsh K, Huang Z, et al. XIAP
mediates NOD signaling via interaction with RIP2. Proc Natl Acad Sci U S A
2009;106:14524-9.

[17] Damgaard RB, Nachbur U, Yabal M, Wong WW, Fiil BK, Kastirr M, et al. The
ubiquitin ligase XIAP Recruits LUBAC for NOD2 signaling in inflammation and
innate immunity. Mol Cell 2012;46:1-13.

[18] Damgaard RB, Fiil BK, Speckmann C, Yabal M, Stadt UZ, Bekker-Jensen S, et al.
Disease-causing mutations in the XIAP BIR2 domain impair NOD2-dependent
immune signalling. EMBO Mol Med 2013;5:1278-95.

[19] Hsieh WC, Chuang YT, Chiang IH, Hsu SC, Miaw SC, Lai MZ. Inability to resolve
specific infection generates innate immunodeficiency syndrome in Xiap—/—
mice. Blood 2014;124:2847-57.

[20] Moulin M, Anderton H, Voss AK, Thomas T, Wong WW, Bankovacki A, et al. IAPs
limit activation of RIP kinases by TNF receptor 1 during development. EMBO ]
2012;31:1679-91.

[21] Bertrand M], Milutinovic S, Dickson KM, Ho WC, Boudreault A, Durkin J, et al.
cIAP1 and cIAP2 facilitate cancer cell survival by functioning as E3 ligases that
promote RIP1 ubiquitination. Mol Cell 2008;30:689-700.

[22] Vanden Berghe T, Linkermann A, Jouan-Lanhouet S, Walczak H, Vandenabeele
P.Regulated necrosis: the expanding network of non-apoptotic cell death path-
ways. Nat Rev Mol Cell Biol 2014;15:135-47.

[23] Yabal M, Muller N, Adler H, Knies N, Gross CJ, Damgaard RB, et al. XIAP restricts
TNF- and RIP3-dependent cell death and inflammasome activation. Cell Rep
2014;7:1796-808.

[24] Vince JE, Wong WW, Gentle I, Lawlor KE, Allam R, O'Reilly L, et al. Inhibitor
of apoptosis proteins limit RIP3 kinase-dependent interleukin-1 activation.
Immunity 2012;36:215-27.

[25] Wong WW, Vince JE, Lalaoui N, Lawlor KE, Chau D, Bankovacki A, et al. cIAPs
and XIAP regulate myelopoiesis through cytokine production in an RIPK1- and
RIPK3-dependent manner. Blood 2014;123:2562-72.

[26] Abulafia DP, de Rivero Vaccari JP, Lozano ]D, Lotocki G, Keane RW, Diet-
rich WD. Inhibition of the inflammasome complex reduces the inflammatory
response after thromboembolic stroke in mice. ] Cereb Blood Flow Metab
2009;29:534-44.

[27] de Rivero Vaccari JP, Lotocki G, Marcillo AE, Dietrich WD, Keane RW. A molec-
ular platform in neurons regulates inflammation after spinal cord injury. ]
Neurosci 2008;28:3404-14.

[28] Harlin H, Reffey SB, Duckett CS, Lindsten T, Thompson CB. Characterization of
XIAP-deficient mice. Mol Cell Biol 2001;21:3604-8.

[29] Olayioye MA, Kaufmann H, Pakusch M, Vaux DL, Lindeman GJ, Visvader JE. XIAP-
deficiency leads to delayed lobuloalveolar development in the mammary gland.
Cell Death Differ 2005;12:87-90.

[30] Bauler LD, Duckett CS, O’'Riordan MX. XIAP regulates cytosol-specific innate
immunity to Listeria infection. PLoS Pathog 2008;4:e1000142.

[31] Prakash H, Albrecht M, Becker D, Kuhlmann T, Rudel T. Deficiency of
XIAP leads to sensitization for Chlamydophila pneumoniae pulmonary infec-
tion and dysregulation of innate immune response in mice. ] Biol Chem
2010;285:20291-302.

[32] Andree M, Seeger JM, Schull S, Coutelle O, Wagner-Stippich D, Wiegmann K,
et al. BID-dependent release of mitochondrial SMAC dampens XIAP-mediated
immunity against Shigella. EMBO ] 2014;33:2171-87.

[33] Girardin SE, Tournebize R, Mavris M, Page AL, Li X, Stark GR, et al. CARD4/Nod1
mediates NF-kappaB and JNK activation by invasive Shigella flexneri. EMBO Rep
2001;2:736-42.

[34] Bai L, Smith DC, Wang S. Small-molecule SMAC mimetics as new cancer ther-
apeutics. Pharmacol Ther 2014;144:82-95.

[35] Gentle IE, Moelter I, Lechler N, Bambach S, Vucikuja S, Hacker G, et al. Inhibitors
of apoptosis proteins (IAPs) are required for effective T-cell expansion/survival
during antiviral immunity in mice. Blood 2014;123:659-68.

[36] Pachlopnik Schmid ], Canioni D, Moshous D, Touzot F, Mahlaoui N, Hauck F,
et al. Clinical similarities and differences of patients with X-linked lymphopro-
liferative syndrome type 1 (XLP-1/SAP deficiency) versus type 2 (XLP-2/XIAP
deficiency). Blood 2011;117:1522-9.

[37] Marsh RA, Madden L, Kitchen BJ, Mody R, McClimon B, Jordan MB, et al. XIAP
deficiency: a unique primary immunodeficiency best classified as X-linked
familial hemophagocytic lymphohistiocytosis and not as X-linked lymphopro-
liferative disease. Blood 2010;7:1079-82.

[38] Yang X, Kanegane H, Nishida N, Imamura T, Hamamoto K, Miyashita R, et al.
Clinical and genetic characteristics of XIAP deficiency in Japan. J Clin Immunol
2012;32:411-20.

[39] Horn PC, Belohradsky BH, Urban C, Weber-Mzell D, Meindl A, Schuster V. Two
new families with X-linked inhibitor of apoptosis deficiency and a review of all
26 published cases. J Allergy Clin Immunol 2011;127:544-6.

[40] Speckmann C, Lehmberg K, Albert MH, Damgaard RB, Fritsch M, Gyrd-Hansen
M, et al. X-linked inhibitor of apoptosis (XIAP) deficiency: the spectrum of
presenting manifestations beyond hemophagocytic lymphohistiocytosis. Clin
Immunol 2013;149:133-41.

[41] Rigaud S, Lopez-Granados E, Siberil S, Gloire G, Lambert N, Lenoir C, et al.
Human X-linked variable immunodeficiency caused by a hypomorphic muta-
tion in XIAP in association with a rare polymorphism in CD40LG. Blood
2011;118:252-61.

[42] Worthey EA, Mayer AN, Syverson GD, Helbling D, Bonacci BB, Decker B, et al.
Making a definitive diagnosis: successful clinical application of whole exome
sequencing in a child with intractable inflammatory bowel disease. Genet Med
2011;13:255-62.

[43] Aguilar C, Lenoir C, Lambert N, Begue B, Brousse N, Canioni D, et al. Charac-
terization of Crohn disease in X-linked inhibitor of apoptosis-deficient male
patients and female symptomatic carriers. ] Allergy Clin Immunol 2014;(June),
http://dx.doi.org/10.1016/j.jaci.2014.04.031. pii:S0091-6749(14)00606-X.

[44] Zeissig Y, Petersen BS, Milutinovic S, Bosse E, Mayr G, Peuker K,
et al. XIAP variants in male Crohn’s disease. Gut 2014;2014(February),
http://dx.doi.org/10.1136/gutjnl-2013-306520.

[45] Speckmann C, Ehl S. XIAP deficiency is a mendelian cause of late-onset IBD. Gut
2013;(December), http://dx.doi.org/10.1136/gutjnl-2013-306474 [Epub ahead
of print].

[46] Zhao M, Kanegane H, Ouchi K, Imamura T, Latour S, Miyawaki T. A novel XIAP
mutation in a Japanese boy with recurrent pancytopenia and splenomegaly.
Haematologica 2009;95:688-9.

[47] Ammann S, Elling R, Gyrd-Hansen M, Duckers G, Bredius R, Burns SO, et al. A
new functional assay for the diagnosis of X-linked inhibitor of apoptosis (XIAP)
deficiency. Clin Exp Immunol 2014, http://dx.doi.org/10.1111/cei.12306 [Epub
ahead of print].

[48] Wada T, Kanegane H, Ohta K, Katoh F, Imamura T, Nakazawa Y, et al. Sustained
elevation of serum interleukin-18 and its association with hemophagocytic
lymphohistiocytosis in XIAP deficiency. Cytokine 2014;65:74-8.

[49] Beser OF, Conde CD, Kutlu T, Cokugras FC, Boztug K, Erkan T. Inflammatory
bowel disease with lethal disease course caused by a nonsense mutation in
BIRC4 Encoding X-linked inhibitor of apoptosis protein (XIAP). J Pediatr Gas-
troenterol Nutr 2014, http://dx.doi.org/10.1097/MPG.0000000000000504.

[50] Pedersen J, LaCasse EC, Seidelin JB, Coskun M, Nielsen OH. Inhibitors of apopto-
sis (IAPs) regulate intestinal immunity and inflammatory bowel disease (IBD)
inflammation. Trends Mol Med 2014;20:652-65.

[51] Marsh RA, Villanueva ], Kim MO, Zhang K, Marmer D, Risma KA, et al. Patients
with X-linked lymphoproliferative disease due to BIRC4 mutation have normal
invariant natural killer T-cell populations. Clin Immunol 2009;132:116-23.

[52] Henter ]I, Horne A, Arico M, Egeler RM, Filipovich AH, Imashuku S, et al.
HLH-2004: diagnostic and therapeutic guidelines for hemophagocytic lympho-
histiocytosis. Pediatr Blood Cancer 2007;48:124-31.

[53] Marsh RA, Rao K, Satwani P, Lehmberg K, Muller [, Li D, et al. Allogeneic
hematopoietic cell transplantation for XIAP deficiency: an international survey
reveals poor outcomes. Blood 2013;121:877-83.

[54] Worth AJ, Nikolajeva O, Chiesa R, Rao K, Veys P, Amrolia PJ. Successful stem cell
transplant with antibody-based conditioning for XIAP deficiency with refrac-
tory hemophagocytic lymphohistiocytosis. Blood 2013;121:4966-8.

[55] Tsuma Y, Imamura T, Ichise E, Sakamoto K, Ouchi K, Osone S, et al. Successful
treatment of idiopathic colitis related to XIAP deficiency with allo-HSCT using
reduced-intensity conditioning. Pediatr Transplant 2015;19:E25-8.

[56] Varghese AS, Lee H, Bonney D, Hughes S, Wynn R. Complications of reduced
intensity conditioning HSCT for XIAP deficiency (Alloimmune Cytopenias and
HLH) successfully managed with donor lymphocyte infusion. J Pediatr Hematol
Oncol 2014, http://dx.doi.org/10.1097/MPH.0000000000000191.

[57] Bouillet P, O'Reilly LA. CD95, BIM and T cell homeostasis. Nat Rev Immunol
2009;9:514-9.




S. Latour, C. Aguilar / Seminars in Cell & Developmental Biology 39 (2015) 115-123 123

[58] Paulsen M, Ussat S, Jakob M, Scherer G, Lepenies I, Schutze S, et al. Interac-
tion with XIAP prevents full caspase-3/-7 activation in proliferating human T
lymphocytes. Eur ] Immunol 2008;38:1979-87.

[59] Gerarts$, Siberil S, Martin E, Lenoir C, Aguilar C, Picard C, et al. Human iNKT and
MAIT cells exhibit a PLZF-dependent proapoptotic propensity that is counter-
balanced by XIAP. Blood 2013;121:614-23.

[60] van de Veerdonk FL, Netea MG, Dinarello CA, Joosten LA. Inflammasome acti-
vation and IL-1beta and IL-18 processing during infection. Trends Immunol
2011;32:110-6.

[61] Lopez-Granados E, Stacey M, Kienzler AK, Sierro S, Willberg CB, Fox CP, et al. A
mutation in X-linked inhibitor of apoptosis (G466X) leads to memory inflation
of Epstein-Barr virus-specific T cells. Clin Exp Immunol 2014;178:470-82.

[62] Latour S.Natural killer T cells and X-linked lymphoproliferative syndrome. Curr
Opin Allergy Clin Immunol 2007;7:510-4.

[63] Diana ], Lehuen A. NKT cells: friend or foe during viral infections. Eur ] Immunol
2009;39:3283-91.

[64] Chung BK, Tsai K, Allan LL, Zheng DJ, Nie JC, Biggs CM, et al. Innate immune
control of EBV-infected B cells by invariant natural killer T cells. Blood
2013;122:2600-8.

[65] Veillette A, Perez-Quintero LA, Latour S. X-linked lymphoproliferative syn-
dromes and related autosomal recessive disorders. Curr Opin Allergy Clin
Immunol 2013;13:614-22.

[66] Romberg N, Al Moussawi K, Nelson-Williams C, Stiegler AL, Loring E, Choi M,
et al. Mutation of NLRC4 causes a syndrome of enterocolitis and autoinflam-
mation. Nat Genet 2014;46:1135-9.

[67] Canna SW, de Jesus AA, Gouni S, Brooks SR, Marrero B, Liu Y, et al. An activat-
ing NLRC4 inflammasome mutation causes autoinflammation with recurrent
macrophage activation syndrome. Nat Genet 2014;46:1140-6.

[68] LevyR,Gerard L, Kuemmerle-Deschner ], Lachmann HJ, Kone-Paut [, CantariniL,
etal. Phenotypic and genotypic characteristics of cryopyrin-associated periodic
syndrome: a series of 136 patients from the Eurofever Registry. Ann Rheum Dis
2014, http://dx.doi.org/10.1136/annrheumdis-2013-204991.

[69] Hugot JP, Chamaillard M, Zouali H, Lesage S, Cezard JP, Belaiche ], et al. Associa-
tion of NOD2 leucine-rich repeat variants with susceptibility to Crohn’s disease.
Nature 2001;411:599-603.

[70] Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, et al. Host-
microbe interactions have shaped the genetic architecture of inflammatory
bowel disease. Nature 2012;491:119-24.

[71] OguraY, Bonen DK, Inohara N, Nicolae DL, Chen FF, Ramos R, et al. A frameshift
mutation in NOD2 associated with susceptibility to Crohn’s disease. Nature
2001;411:603-6.

[72] Strober W, Asano N, Fuss [, Kitani A, Watanabe T. Cellular and molecular mech-
anisms underlying NOD2 risk-associated polymorphisms in Crohn’s disease.
Immunol Rev 2014;260:249-60.

[73] Glocker EO, Kotlarz D, Klein C, Shah N, Grimbacher B. IL-10 and IL-10 receptor
defects in humans. Ann N'Y Acad Sci 2011;1246:102-7.

[74] Marks DJ, Harbord MW, MacAllister R, Rahman FZ, Young ], Al-Lazikani B, et al.
Defective acute inflammation in Crohn’s disease: a clinical investigation. Lancet
2006;367:668-78.

[75] Smith AM, Rahman FZ, Hayee B, Graham SJ, Marks D], Sewell GW, et al.
Disordered macrophage cytokine secretion underlies impaired acute inflam-
mation and bacterial clearance in Crohn’s disease. ] Exp Med 2009;206:
1883-97.

[76] Casanova JL, Abel L. Revisiting Crohn’s disease as a primary immunodeficiency
of macrophages. ] Exp Med 2009;206:1839-43.

[77] Marks DJ, Miyagi K, Rahman FZ, Novelli M, Bloom SL, Segal AW. Inflammatory
bowel disease in CGD reproduces the clinicopathological features of Crohn’s
disease. Am ] Gastroenterol 2009;104:117-24.

[78] Ashida H, Ogawa M, Mimuro H, Kobayashi T, Sanada T, Sasakawa C. Shigella are
versatile mucosal pathogens that circumvent the host innate immune system.
Curr Opin Immunol 2011;23:448-55.

[79] Gunther C, Martini E, Wittkopf N, Amann K, Weigmann B, Neumann H, et al.
Caspase-8 regulates TNF-alpha-induced epithelial necroptosis and terminal
ileitis. Nature 2011;477:335-9.

[80] Serriari NE, Eoche M, Lamotte L, Lion ], Fumery M, Marcelo P, et al. Innate
mucosal-associated invariant T (MAIT) cells are activated in inflammatory
bowel diseases. Clin Exp Immunol 2014;176:266-74.

[81] Ruijing X, Mengjun W, Xiaoling Z, Shu P, Mei W, Yingcheng Z, et al. Jalpha33+
MAIT cells play a protective role in TNBS induced intestinal inflammation.
Hepatogastroenterology 2012;59:762-7.

[82] An D, Oh SF, Olszak T, Neves JF, Avci FY, Erturk-Hasdemir D, et al. Sphingolipids
from a symbiotic microbe regulate homeostasis of host intestinal natural killer
T cells. Cell 2014;156:123-33.

[83] Olszak T, Neves JF, Dowds CM, Baker K, Glickman J, Davidson NO, et al. Pro-
tective mucosal immunity mediated by epithelial CD1d and IL-10. Nature
2014;509:497-502.



