Paneth cell dysfunction and the intestinal microbiome in XIAP deficiency
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Abstract

New data suggest how epithelial dysfunction and intestinal dysbiosis contribute to
inflammatory bowel disease in patients and in models of XIAP deficiency (see the related
Articles by Strigli et al. and Wahida et al.).

Numerous innate and adaptive immune mechanisms ensure that cells of the gastrointestinal
tract integrate signals of the billions of bacteria at the mucosal surfaces to provide barrier
function and host protective immunity without causing immunopathology. Recent advances in
single cell transcriptomic technologies allow mapping of the intestinal cellular landscape
unravelling an emerging diversity of new epithelial cell subtypes and activation states within
different locations of the gastrointestinal tract (1). These cells adapt to environmental factors
(nutrients and microbes), as well as to host factors (endocrine and inflammatory stimuli), both
key for maintaining homeostasis and barrier integrity. Paneth cells are integrated mediators of
these host-microbe interaction networks. Located at the intestinal crypt base, Paneth cells
secrete antimicrobial peptides to regulate microbial colonization and produce growth factors
that regulate the epithelial stem cell activity and regeneration. It is increasingly clear that the
effects of genetic risk factors that determine the susceptibility to Crohn’s disease, such as an
ATG16L1 genetic variant, are modulated by environment interactions. Tobacco smoke, a well-
established risk factor for Crohn’s disease, can cause Paneth cell defects in a genetic susceptible
host with a common ATG16L1 variant (2).



Whereas multifactorial inflammatory bowel disease (IBD) is a spectrum of diseases with
polygenic contribution, in exceptional cases IBD can be caused by variants in a single gene
(for simplicity called monogenic IBD). The X-linked inhibitor of apoptosis encoded by XIAP
is a ubiquitin ligase that ubiquitinates RIP kinases and controls signalling of intracellular
pathogen recognition receptors as well as cytokine receptors (3). XIAP is expressed in multiple
cell types of the innate and adaptive immune system as well as in the epithelial cell
compartment. Deficiency of XIAP causes an immune dysregulation disorder with a
combination of immunodeficiency and tissue inflammation. This includes susceptibility to
infections like Epstein-Barr virus, a macrophage activation syndrome associated with high
levels of inflammatory cytokines such as IL-113 and IL-18 and Crohn’s disease like IBD (3, 4).
Interestingly, IBD is observed only in one third of XIAP deficient patients and the age is
variable ranging from infancy to young adulthood. Among the mechanisms that likely
contribute to IBD susceptibility in XIAP deficiency is defective NOD2 signalling and RIPK2
dependent defective antimicrobial activity (5). Although changes in the intestinal microbiome
(dysbiosis) have been observed in patients with XIAP deficiency (6), it is not clear in humans
whether these changes are a cause or consequence of inflammation in particular since many
patients receive antibiotic treatments due to systemic infections caused by the primary

immunodeficiency, intestinal symptoms and severe Crohn’s disease with fistulising phenotype.

In this issue of Science Immunology Strigli et al. and Wahida et al. report on the link between
epithelial dysfunction, the microbiome and intestinal inflammation in models of XIAP
deficiency and in patients (7, 8). As in many other models of IBD, intestinal inflammation in
XIAP deficiency depends on the presence of an inflammation supporting microbiota. XIAP
deficient mice develop intestinal inflammation under conventional housing conditions
associated with an altered composition of the microbiome, whereas under specific pathogen-
free conditions spontaneous colitis is not observed (7, 8). However, an additional trigger such
as a treatment with the chemical dextran sulfate sodium or infection with the facultative
pathogenic bacterium Helicobacter hepaticus causes intestinal inflammation with formation of
granuloma in the terminal ileum very similar to what is observed in patients with Crohn’s
disease. In addition to changes in the microbial community structure, an altered bacterial
localization within the crypts and close to the epithelium is observed in XIAP deficient mice
(8). Intestinal inflammation is associated with a reduced gene expression of antimicrobial
peptides and antibactericidals and with the loss of protective microbial species in particular



Clostridia spp. (7). Strigli et al. and Wahida et al. identify numeric and functional defects in
Paneth cells in the intestine of XIAP deficient mice and XIAP deficient patients (7, 8). Paneth
cells show a reduced response to microbial triggers in XIAP deficient murine epithelium, that
is associated with an altered TLR5 and TNF receptor signalling in Paneth cells (7). The Paneth
cell loss is mechanistically controlled by TNFR1, RIPK1 and RIPKS3 signalling (7, 8). These
findings altogether suggest a complex mechanism with several amplification loops: defective
Paneth cells fail to control the microbiome; dysbiosis causes Paneth cell defects and epithelial
barrier breakdown which leads to an increased translocation of bacteria. This causes an
inflammatory immune response in a genetic susceptible host, again amplifying TNF dependent
Paneth cell death (Figure 1). These studies illustrate that even in a monogenic disorder
classified as a primary immunodeficiency, additional features can affect epithelial cell function
and Paneth cell activity.

This draws attention to reoccurring pathogenic features such as defective Paneth cell function
and defective antimicrobial activity that apply to polygenic and monogenic forms of IBD. A
number of puzzling questions remain. Recent data suggests that genetic variants in NOD2 cause
an ileocolonic IBD phenotype including strictures through activation of macrophages and
fibroblasts via IL-6 cytokine family receptor GP130 dependent mechanisms (9). Given the
established role of XIAP within the NOD2-RIPK2 signalling cascade, it is likely that XIAP
will mediate similar effects. However, it is surprising that patients with XIAP deficiency
instead present with granulomatous colitis and perianal invasive disease as well as macrophage
activation defects not typical in IBD patients with heterozygous and biallelic loss of function
of NOD?2 variants. This indicates a role of XIAP deficiency beyond NOD?2 signalling; for
instance, additional and potentially synergistic pathogenic mechanisms might be caused by

defective NOD1 signalling or non-canonical activities of XIAP.

Whereas medical treatments that target inflammatory cytokines such as IL-1[ and IL-18 have
been suggested in XIAP deficiency, and correcting the haematopoietic compartment is an
option (3), the question remains which therapeutic strategies can support epithelial function
and prevent Paneth cell defects even in the presence of pathogenic XIAP variants. In this
context it will be interesting to investigate whether biological therapies that target TNF as
standard of care for patients with Crohn’s disease work partially by preventing TNF-mediated
Paneth cell defects as suggested by animal studies (2). Haematopoietic stem cell transplant
(HSCT), the only curative treatment option in XIAP deficiency so far, has a variable outcome,



and some patients develop severe inflammatory complications after HSCT suggesting an
involvement of non-hematopoietic effectors. Recent studies show that HSCT in XIAP
deficiency can rescue the IBD phenotype and improve bacterial diversity (6). Future studies
will be required to identify whether development of intestinal inflammation or the intestinal
complications post-HSCT can be prevented by early resetting of the dysbiosis. This is an
important consideration beyond current therapies since future treatment options might include
gene therapy where the phagocyte and lymphocyte defects are corrected by reengineered XIAP
but epithelial defects remain. Novel therapies that target RIP kinases might have potential in
the treatment of intestinal inflammation considering that inhibition of RIPK1 rescued Paneth
cell loss in XIAP deficient mice (8). However, further insight into the host protective
mechanisms of RIPK1 activity is required since patients with biallelic loss of function variants
in RIPK1 present with immunodeficiency as well as tissue inflammation including arthritis and

IBD-like intestinal inflammation (10).

Although monogenic IBD suggests a considerably simpler genetic structure compared to
polygenic diseases, it doesn’t mean that the pathogenesis is simple. The case of XIAP
deficiency illustrates the connectivity of signalling pathways and cells within the mucosal
barrier function that cannot be illustrated by a single sequential inflammatory pathway nor
mapped onto a small group of immune and non-immune cells. Defective Paneth cell function
is one overarching integrated feature in subsets of patients with common and rare forms of
inflammatory bowel disease modulated by environmental factors. Understanding these defects

may allow for more impactful treatments.

Fig. 1. Intestinal inflammation is linked to epithelial barrier function, dysbiosis and
dysregulated immune cell activation.

Under homeostatic conditions, the intestinal epithelial cell barrier allows very few bacteria to
translocate through the epithelium, where bacteria are ingested and degraded by phagocytes
such as monocytes, macrophages and dendritic cells. This allows host protective immunity and
limits inflammatory adaptive immune responses.

XIAP deficiency compromises epithelial barrier function, with Paneth cell loss or dysfunction
causing a reduced secretion of antimicrobial peptides. This causes an altered microbial
diversity (i.e. loss of protective Clostridia species) and susceptibility to pathogenic bacteria



(such as Helicobacter hepaticus infection). In XIAP deficiency Paneth cells are activated by
TLR5 dependent TNF signalling via TNFR1 which initiates a RIPK1and RIPK3 dependent
Paneth cell death. This causes a breakdown of the epithelial barrier allowing more bacteria to
penetrate the subepithelial space. Impaired bacterial killing by monocytes and macrophages
causes dysregulated inflammatory cytokine secretion (TNFa, IL-1pB, IL-18 and others). A
contribution of adaptive immune cells to the pathogenesis in XIAP deficiency is likely but not

fully understood.
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