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ZUSAMMENFASSUNG

Die intestinale Homoostase beruht maf3geblich auf der symbiotischen Interaktion
von Wirt und Mikrobiom. Ein Verlust dieser Symbiose (kann auch als Dysbiose
bezeichnet werden) kann eine Immun-Dysregulation auslosen und beeinflusst die
Suszeptibilitat fur chronisch entzundliche Darmerkrankungen (CED), welche ein
komplexes Erkrankungsspektrum darstellen, verursacht durch eine genetische
Veranlagung sowie aufderen Umwelteinflissen. Mutationen im Gen X-linked inhibitor
of apoptosis protein (XIAP) verursachen das seltene X-chromosomale
lymphoproliferative Syndrom Typ 2 (XLPZ2), welches haufig mit CED in Erscheinung
tritt. Die genaue Rolle von XIAP in entzindlichen Darmerkrankungen ist jedoch
weitestgehend unerforscht. Im Rahmen dieser Dissertation wurde anhand einer Reihe
von genetischen Mausmodellen gezeigt, dass XIAP eine mukosalen Entzindung im
Dunndarm verhindert, welche durch beide Tumor-Nekrose-Faktor (TNF)-Rezeptoren
1 sowie 2 ausgelost wird. Dementsprechend ist XIAP erforderlich, um die Integritat
des Darmepithels und insbesondere die Funktion der Paneth-Zellen zu erhalten. Ein
Fehlen von XIAP im Sinne des XLP2 Syndroms, wirkt darlber hinaus auch auf die
durch den Toll-like-Rezeptor 5 (TLR5) vermittelten Immunfunktionen aus, welche
unter anderem durch mikrobielle Einflisse im Darm gesteuert werden. Diese
Dissertation bietet einen Verstandnisrahmen fur jene Krankheiten, die durch einen
genetisch-induzierten XIAP-Mangel gekennzeichnet sind, und verdeutlicht die
essenzielle Rolle der Interaktion von Wirt und Mikrobiom in der TNF-induzierten

intestinalen Inflammation von CED.
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ABSTRACT

Intestinal homeostasis relies on the symbiotic nature of host-microbe interactions.
Loss of symbiosis (referred to as dysbiosis) can trigger immune dysregulation and is
considered to shape the susceptibility to inflammatory bowel diseases (IBD), a
complex trait influenced by genetic predisposition and environmental cues. The X-
linked lymphoproliferative syndrome type 2 (XLP2), a rare condition, is caused by
mutations in the X-linked inhibitor of apoptosis protein (XIAP). This syndrome is often
linked to Inflammatory Bowel Disease (IBD) and variants of XIAP have been found to
be connected to pediatric IBD. However, the role of XIAP in intestinal inflammation is
largely unexplored. By using a series of genetic mouse models, this thesis elucidates
how XIAP restricts mucosal inflammation in the small intestine which is driven by tumor
necrosis factor (TNF) receptor signaling. XIAP is required to maintain intestinal
epithelial integrity and specifically Paneth cell function. Moreover, XIAP-restricted TNF
signaling impacts toll-like receptor 5 (TLR5)-mediated immune functions which are
controlled by gut microbial cues. This dissertation provides a framework for
understanding diseases that are characterized by genetically induced XIAP deficiency
and highlight a critical role for host-microbe interactions in TNF receptor-driven

mucosal inflammation.
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.  INTRODUCTION

Inflammatory Bowel Disease (IBD) is the term used for a clinical condition
describing a set of chronic and relapsing inflammatory diseases affecting the
gastrointestinal tract (Maloy and Powrie 2011). These can present in two major forms
— Crohn's disease (CD) and ulcerative colitis (UC) (Roda et al. 2020; Kobayashi et
al. 2020). From a heuristic point of view, CD and UC are diagnosed by combining
clinical, histologic, endoscopic, and radiologic examinations (Roda et al. 2020;
Kobayashi et al. 2020). One of the key differences herein, used to discriminate UC
from CD, is the location and extent of inflammation along the gastrointestinal (Gl) tract.
While UC spreads proximally from the rectum but is generally limited to the colon, CD
can discontinuously affect virtually any part of the Gl tract, but mostly manifests in the

terminal ileum (Figure 1) (Roda et al. 2020; Kobayashi et al. 2020).

A B
Large Intestine q Stomach Large Intestine - —— Stomach
(Colon) (Colon) :
Small ~ Small > ~
Intestine "@Q Intestiné i
Rectum Rectum

Sigmoid Colon Sigmoid Colon

Figure 1. Anatomical regions affected by IBD. Schematic depiction of affected parts in
salmon red in the context of CD (A) or Ulcerative colitis (B). Adapted from open-source figure:
https://commons.wikimedia.org/wiki/File:Patterns_of Crohn%27s_Disease.svg

From a macroscopic perspective, in UC, large-scale ulcers span along the affected

colonic section. For one, these superficial ulcers impair the physiological roles of the
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intestine and can be the source of precancerous lesions developing over the course
of the disease (Kakiuchi et al. 2020). At the same time, mucosal lesions in CD exist
but are more often found in the vicinity of Peyer's patches, which can be considered
lymphoid tissue located within the mucosal layers of the small intestine (de Saussure
and Soravia 2005). Histologically these ulcers are the macroscopic correlate of
chronically inflamed tissue, elucidating the molecular reasons for which are the subject
of this dissertation. One key histological hallmark of CD is the occurrence of
macrophage aggregates which often form noncaseating granulomas (Yi Li et al.
2015). In contrast, UC is characterized by micro-abscesses composed of neutrophils

in the mucosa and crypts.

Importantly, also, differences in adaptive immune cell infiltration exist. While in CD,
the inflammatory component is amplified by T helper cells type 1 (Th1) with interferon
and IL-2 dominated milieu, UC is characterized by a strong involvement of Th2 cells
(Graham and Xavier 2020). Clearly, they represent the clinical challenge and reason
for complication and ensuing surgical approaches. The ultimate long-term
consequence of chronically inflamed mucosa is the development of fibrosis, fistulas,
and malignant transformation, representing a pressing need to better understand the

underlying molecular underpinnings.

Clinically, treatment modalities for IBD vary depending on the type, extent, and
severity of the disease and are comprehensively discussed in (Roda et al. 2020;
Kobayashi et al. 2020). And while the onset and course of IBD are determined by a
combination of genetic, host-specific, and microbial factors, the exact sequence of

events leading to IBD remains elusive. While Crohn's Disease (CD) and Ulcerative
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Colitis (UC) are distinct from a clinical perspective, it remains unclear whether they
also differ pathologically or if they fall within a single range. Therefore, genetic studies,
such as genomic fine-mapping efforts in the context of genome-wide association
studies (GWAS), are of critical importance. More recent studies have expanded our
view on the genetic basis of IBD, adding layers of complexity such as transcriptomic,
microbiomic, or metabolic and contributed significantly to a more comprehensive
understanding of the pathogenesis of IBD (Schirmer et al. 2019; Graham and Xavier

2020).
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Mucosa and mucosal inflammation

Mucosal Anatomy

By definition, the gastrointestinal tract spans from the oral cavity to the anus
and is covered by varying kinds of epithelial cell layers. Next to mechanical protection,
the intestinal epithelium takes over most tasks specific to the gastrointestinal tract
ranging from nutrient and water resorption to metabolic and hormonal functions. The
intestinal epithelium plays a crucial role in innate immunity by actively shielding the
host through various mechanisms that defend the mucosal layer (Allaire et al. 2018).
The primary line of defense against harmful factors in the lumen is provided by the
intestinal epithelial cells (IECs), and only when these defenses are breached do
professional immune cells become activated. This is because the IECs act as the initial
line of defense. The epithelium prepares and communicates with immune cells to
enhance an effective immune response or an inflammatory response. The intestinal
epithelium consists of various cell types such as enterocytes, goblet cells,
neuroendocrine cells, tuft cells, Paneth cells, and M cells, all subject to further

subclassification.

The various epithelial cell types work together to preserve the stability of the
intestine and support the host's defense mechanisms, utilizing their unique functions.
In conclusion, mucosal immunity has to be able to tolerate the luminal microbiota and
not react to their products while still safeguarding the intestinal mucosa from potentially

dangerous dietary antigens and invading pathogens.
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Anatomy of the crypt

Next to stratified intestinal non-keratinized squamous epithelium covering the
oral cavity, the upper two-thirds of the esophagus, as well as the rectum, the majority
of the functional gastrointestinal tract, is covered by glandular epithelium (van der
Flier and Clevers 2009; Sato et al. 2009; Beumer and Clevers 2021). These glands
consist of intestinal crypt, small, tube-like structures that are found in the lining of the
small intestine and colon. The crypts and villi are covered with specialized epithelial
cells, which are responsible for secreting mucus and other substances that help to

protect and lubricate the intestinal lining.

Crypts are important because they are the site of stem cell proliferation and
differentiation, which helps to maintain the intestinal lining (van der Flier and Clevers
2009; Sato et al. 2009; Beumer and Clevers 2021). When the intestinal lining is
damaged, stem cells in the crypts are activated to divide and differentiate into new
epithelial cells, which helps to repair the damage and maintain the integrity of the
intestinal lining. Crypts also play a role in the immune system, as they contain immune
cells called Paneth cells, which produce antimicrobial proteins that help to protect the

intestine from infection.
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Figure 2. Mucosal architecture of the villus crypt unit. The micro-histological depiction of
the mucosal architecture throughout the intestinal tract, especially the small intestinal tract as
depicted. Crypt-villus units line the entire small intestinal lumen and are rejuvenated by a
constant pool of self-replicating stem cells in a Paneth cell niche. Adapted from Gehart and
Clevers 2019, Nat Rev. Gastroenterology and Hepatology
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Epithelial cell types with functions in immunity

As discussed, a variety of specialized epithelial cell decorates the intestinal cell
lining, thus including the intestinal crypts. Among these, so-called Paneth cells are of
particular interest. Paneth Cells, originally coined as ,Paneth-Kérnerzellen by the
Austrian Physiologist Joseph Paneth (1857 — 1890), are merocrine cells, which are
hallmarked by the presence of eosinophile granules and reside at the basis of small
intestinal crypts (crypts of Lieberkuhn) but can occasionally also be found in the
stomach or rectal mucosa. The function of Paneth cells can be divided into two main
clades; first and foremost, these cells act similarly to immune cells secreting anti-
bacterial/microorganismal proteins such as lysozyme, several kinds of peptidases,
lactoferrins, or alpha-defensins. Secondly, Paneth cells play a vital role in maintaining
a viable intestinal stem cell pool by providing these ISCs with critical growth factors
and other ligands. A unique expression signature of these cells also qualifies them as
sensors for qualitative and quantitative aspects of bacterial or other microorganismal

presence in the lumen of the gut.

Notably, Paneth cells express high levels of Nucleotide-binding oligomerization
domain-containing protein 2 (NODZ2), whose importance in the context of IBD will be
of special interest throughout this dissertation (Damgaard et al. 2012). NOD2 is a
pathogen recognition receptor (PRR) and is involved in the immune response to
bacteria. As a member of the NOD-like receptor family, variants in NOD2, have been
linked to an increased risk of developing Crohn's disease, a type of inflammatory bowel
disease (IBD). These mutations can cause NOD2 to be overactive or underactive,

leading to an abnormal immune response in the digestive tract and the development
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of IBD or Blau’s Syndrome. While NOD2 mutations are not the only cause of Crohn's
disease, they are thought to play a role in the development of the condition in some
individuals. Clearly, more mechanistic insights are required to decipher how NOD2

variants cause hyperactivation of the immune system or immunodeficiencies.
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Considerations on the Origins of Inflammatory Bowel Disease (IBD): genetic

and non-genetic basis

As mentioned earlier, CD and UC are summarized and grouped together under
the term IBD. Symptomatic commonalities include diarrhea, and blood discharge from
the intestine, occasionally accompanied by abdominal pain. Clinically the disease
occurs in flares which is largely due to a cycling dysregulation of mucosal immunity
triggered by and shaping aberrant microbiota signatures, which molecular
underpinnings are the subject of this dissertation. IBD typically presents between the
second and third decade, although theoretically, it can begin at any age (GBD 2017
Inflammatory Bowel Disease Collaborators 2020). Epidemiologically prevalence is
increasing in virtually all age groups, including within pediatric or geriatric populations,
arguing for strong non-genetic but habitual factors shaping the onset of disease.
Among these metabolic and diet-linked aspects of Western life are suspected to play
a significant role, although the exact etiopathology remains to be fully elucidated
(Adolph et al. 2022). Importantly, genetic tools are increasingly used to elucidate
etiopathological aspects or to ascertain diagnoses in clinically suspicious cases

(Zeissig et al. 2015).

Inflammatory Bowel Disease (IBD) is driven by both genetic and environmental
factors, resulting in mucosal inflammation and erosion. It is linked to an imbalanced
commensal microbiome that leads to a recurring cycle of increasing and decreasing
pathological inflammation. While IBD was once considered to primarily affect Western
countries, its occurrence is growing in the Eastern Hemisphere, following the spread

of industrialization and westernization in these regions.
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The intestinal microbiome and inflammatory bowel disease (IBD)

The term microbiota encompasses microorganisms such as viruses (e.g.
bacteriophages), bacteria, archaea, and fungi, which colonize various niches within
the (human) body as a shared habitat (Manichanh et al. 2012; Wahida, Ritter, and
Horz 2016; Wahida, Tang, and Barr 2021). The relationship of the individual
organism to the host can be symbiotic, commensal, or under certain conditions,
pathogenic. In the human body, various niches are colonized by microbiota; the
gastrointestinal tract contains the largest number of microorganisms. By definition, the
microbiome comprises the totality of all microbial genomes and functions of a given
habitat. Numerically, the microbiota of the human intestine consists of up to 1014
bacterial species, most of which can be assigned to four bacterial phyla:
Actinobacteria, Bacteriodetes, Proteobacteria, and Firmicutes. The composition of the
intestinal flora can vary considerably even between related individuals. For example,
an analysis of the intestinal microbiome of a monozygotic twin pair only a match of 17
%. In contrast, the core functions performed by the intestinal flora as an "organ", such
as the breakdown of long-chain carbohydrates, are almost universally detectable in
healthy individuals. Metagenomic studies have shown that the diversity of microbial
species in the gut can serve as an indicator of the host's health. In contrast,
disturbances in microbiota composition are now associated with diseases of various
forms. These include gastrointestinal infections, malignancies, and rheumatological,

metabolic, and neurological diseases.

Pathological changes in microbiota diversity are also referred to as dysbiosis.

Thanks to the possibilities of modern metagenomic methods, such as high-
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performance gene sequencing and rapid advances in bioinformatics, our knowledge
of the human microbiome has multiplied. Data on the gut microbiome are largely based
on DNA obtained from stool samples and only to a small extent on biopsies. The
clinical applicability of these methods is currently still limited. One reason for this is the
high variability of results between different sequencing centers. Causative to the
development of IBD is an inappropriate immunological response to commensal
microbiota in individuals who are carriers of genetic susceptibilities (Strigli et al.

2021).

Dysbiosis was shown to be a feature of inflammatory bowel diseases.
Differences in the microbiota composition of patients with Crohn's disease or
ulcerative colitis, on the one hand, and healthy individuals, on the other hand, have
been demonstrated. This is generally reflected in a globally reduced biodiversity. As
representatives of this bacterial phylum, some Clostridia species, such as
Faecalibacterium prausnitzii or members of the Lachnospiraceae, produce short-chain
fatty acids, such as butyrate, which has anti-inflammatory properties and is also an
important source of energy for epithelial cells of the colon as well as potent signaling
properties on various cells in the gut. In contrast, patients with Crohn's disease,
especially with the involvement of the terminal ileum, experience an increase in
Enterobacteriaceae (phylum: Proteobacteria). Thus, Escherichia coli can be detected
more frequently in the area of granulomas or fistulas in patients with terminal Crohn's
ileitis. A shift in the ratio of Firmicutes to Bacteroidetes is associated with a
predisposition to various diseases. However, since this ratio can vary widely even
between healthy individuals, its clinical relevance is debatable. (Kurilshikov et al.

2021).
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One of the early assumptions was that, since so many genetic susceptibilities
were found in genes encoding pattern recognition receptors, such as NOD2,
deregulated sensing of microorganisms was the reason behind the occurrence of
aberrant microbial architectures. Single nucleotide polymorphisms (SNPs) in various
genes important to immunity were therefore scrutinized regarding their potential effect
in affecting the microbiome and thereby representing a genetic liability in the context
of IBD. One of the foremost studies testing this hypothesis was conducted at the
Flavell lab and investigated the role of NLRPG6 and its potential ability to alter the overall
microbiome structure. Indeed, it was found that Nlrp6-knockout mice were more
susceptible to developing intestinal inflammation in a DSS model and this was

attributed to their inability to mount proper NiIrp6-mediated signaling cues.

Clearly, this established a conceptual framework for how impaired innate
signaling represented the common genetic basis for microbiome-driven inflation in the
gut. While this and subsequent studies provided an attractive and orthogonal model
for intestinal inflammation in general, one important procedural detail was left
unnoticed. In general, these studies were largely based on gene-targeted mice
comparing these to wildtype controls. Inbreeding of strains to generate the genotypes
of interest without the consideration of using heterozygous mice as breeders to
generate both wildtype animals, as well as homozygous knockout mice, led to the
accumulation of strain-specific maternally inherited microbiome signatures that
overruled potential genotype-driven patterns. The use case of NLRP6 as a candidate
relays shaping the microbiome and thereby the subsequent susceptibility to

inflammatory triggers was reevaluated in various hygienic/geographic contexts and
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using a rigorous breeding strategy with sufficient wildtype controls involved in the

generation of heterozygous animals (Mamantopoulos et al. 2017).

Unexpectedly, a detailed analysis of all 16S results of this study revealed that
deletion of Nirp6 in mice bore no effect on the propensity to develop exaggerated
inflammatory responses and by virtue of these to the microbiome overall. This seminal
work led to a reconsideration of what it actually meant when observing altered
microbiome changes were observed in different transgenic murine models (Wullaert,
Lamkanfi, and McCoy 2018; Elinav et al. 2018). Mouse husbandry and maternal
inheritance and the more or less spontaneous occurrence of intestinal inflammation in
conjuncture with altered microbiome patterns thus became one of the mainstays in
controlling for potential experimental biases. Nevertheless, the hypothesis that
impaired sensing of the microbiome as illustrated by the occurrence of genetic variants
in such genes or pathways still remains a valid path forward to disentangle aberrant

host-microbiota interactions.

The notion that NOD2 and IL23R are one of the three most frequent genes
affected in IBD, argues for this line of research, but mouse models fail to recapitulate
the human situation in its full. One of the reasons thereof is that mice are bred and
held in controlled environments minimizing the potential impact of pathogens or
alternative exponents which might lead to variability in experimental series. This has
been countered by the elegant so-called “rewilding” experiment (Lin et al. 2020;
Yeung et al. 2020). In the absence of spontaneous microbiome alterations or

inflammatory cues in conventional/SPF housing conditions, various mice lacking or
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carrying genes thought to play a critical role in IBD (i.e., Nod2, Atg16/1) were housed

in an outside enclosure with exposure to a vastly diverse microbial specter.

From a scientific point of view, one major question which needs to be addressed
is, whether dysbiosis represents the cause or alternatively the consequence of the
disease (Sommer et al. 2017). One could even reformulate this question to ask; are
the host's genetics the determinants which shape the architecture of the microbiome
(Weissbrod et al. 2018)? In healthy subjects, this question was addressed by the
Elinav group in 2018 (Rothschild et al. 2018). Here using a large-scale sequencing
effort, no considerable effect size was detected. Earlier studies have tried to address
the same question in patient collectives affected by IBD but were unable to identify a
clear genotypic basis for microbiota signatures, albeit identifying genetic variants

associated with subtle changes on the species-level (Jostins et al. 2012).

Taken together, GWAS efforts have landscaped a large collection of genetic
susceptibilities predisposing to IBD and converging with the development of microbial
dysbiosis, associated with a reduced diversity within the microbiome and a marked

loss of commensals in particular Firmicutes.
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Genetics of IBD

Subsequent to the deciphering of the draft human genome in 2001 (Venter et
al. 2001), large-scale efforts began rapidly trying to map the genetic heterogeneity of
human populations. The aim was to functionally assign genotype-phenotype
relationships, especially in the context of complex trait disorders, thereby identifying
both triggers and therapeutics to these conditions. To date, IBD has been linked to
over 200 gene loci, but identifying causative genes or variants within these loci
requires more than just sequencing. GWAS stands for "genome-wide association
study”. This is a high throughput method using genomics to identify genetic variants

associated with a particular (complex) trait or disease.

These studies employ genomic data from a vast number of individuals, trying
to identify specific single nucleotide polymorphisms (SNPs) or other genetic variations
which are statistically more common in individuals with a particular trait or disease
compared to control individuals lacking the trait or being disease free. Subsequently
these genetic variations or so-called "associated variants," can provide hints regarding

the underlying pathological mechanisms implicated in the trait or disease.

Over the past 20 years, GWAS has been a valuable tool in identifying genetic
factors involved in various diseases, such as cardiovascular disease, diabetes,
cancer, and mental illness, as well as non-disease traits such as height, weight, and
hair color. While GWAS has been effective in identifying IBD risk loci, identifying the
causative genes and variants within these loci requires further investigation. Trans-

ancestry studies of IBD have shown that NOD2 is more commonly associated with
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IBD in European populations, while TNFSF15 is more prevalent in East Asian
populations. The search for rare causal variants by exome sequencing can be limited
by the need for large cohort sizes, but there are ways to overcome this challenge.
Populations with a founder effect or genetic bottleneck, such as Ashkenazi Jews, can
provide a richer source of rare alleles and their associated phenotypes. Exome
sequencing studies of Ashkenazi Jews compared to non-Ashkenazi Jewish
Europeans have revealed new coding variants in GWAS loci and new genes
contributing to the higher incidence of CD in Ashkenazi Jews. Another solution is to
conduct genetic studies in diverse ethnic populations, which may uncover the
heterogeneity in genetic risk factors and suggest the existence of distinct disease

subtypes.

Exome sequencing has revealed multiple separate genetic variations in genes
that represent a range of allelic variations, which are associated with a spectrum of
outcomes ranging from disease risk to disease protection. For example, exome
sequencing identified risk and protective Risk and protection variants were identified
that form allelic series in multiple genes, including CARDS9, IL23R, and RNF. These
results highlight the significance of innate microbiome detection pathways, cytokine
networks, and barrier function in determining the risk of IBD. Further functional studies
are needed to elucidate the mechanistic basis of risk and protection. These efforts are
crucial for creating treatment plans that either suppress mechanisms related to

disease risk or imitate mechanisms that provide protection.
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Figure 4. Venn diagram with genes identified through GWAS studies. GWAS genes
where polymorphisms and variants have been associated to development of CD (salmon
red), UC (mauve) or IBD in general (overlap). Genes are clustered according to their
biological function e.g., immune related. Adapted from: https://www.ibdresearch.co.uk/what-
is-inflammatory-bowel-disease-ibd/identifying-the-ibd-genes/
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Although IBD is heritable, common susceptibility variants explain less than 20%
of IBD incidence in pediatric and adult-onset IBD (Jostins et al. 2012; Cutler et al.
2015). Remarkably, both adult- and pediatric IBD share the same spectrum of over
200 susceptibility variants, implying that non-genetic factors are involved in triggering
the pediatric disease. Genetic loci associated with disease progression are enriched
in pathways active in mononuclear phagocytes, T—cell exhaustion, and antigen
presentation. An exception is monogenic primary immunodeficiencies that have a
higher disease penetrance, with pediatric very-early-onset (VEO-IBD), as observed in
patients with mutations in IL-10 or 1I-10-receptor deficiency (Glocker et al. 2009; Zhu

et al. 2017).

Yet, despite these strong genetic drivers, not all primary immunodeficiency
patients succumb to IBD. Turning to sporadic IBD in adult patients, one of the most
frequently affected genes is ATG716L1, which in mice, even though homozygously
affected, does not show spontaneous inflammation even if Paneth cells are impaired
(Cadwell et al. 2008), arguing for (1) differences in rodent models of disease (2)
Paneth cell dysfunction alone is not sufficient to trigger disease — a concept which will

be important later on this dissertation.

However, a subsequent story was able to show that a second axis, if impaired,
could jointly with a loss of Atg/716/1 deficiency trigger intestinal inflammation (Adolph
et al. 2013). Biologically in essence is a member of the autophagy-related protein
family, which is critically involved in the process of autophagy. Autophagy plays a role
in getting rid of damaged or redundant cellular elements, especially during stressful

periods. Lastly, these fine mapping efforts also yield knowledge about yet

32



understudied aspects of IBD susceptibility beyond the regulation of inflammation.
Variants directly affecting epithelial integrity, such as epithelial polarity (TTC7A) have
been associated with very early-onset IBD (Bigorgne et al. 2014). This gene is
understood to maintain epithelial apicobasal polarity by acting as a critical component
of the PI4Kllla complex. Moreover, other examples exist, such as genes essential to
epithelial adhesion (EPCAM) (Lei et al. 2012), which when affected can lead to

congenital Tufting enteropathy or congenital sodium diarrhea.
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Figure 5. Anticorrelation of effect size and prevalence of disease associated genetic
variants. Graphical summary of how low frequent variants which are associated to
monogenic disease and present with a large effect size i.e. penetrance. On the contrary,
complex genetic trait disorders such as sporadic IBD present with variants with an inherent
low effect size but high prevalence. Adapted from Giudicessi et al. (Giudicessi and
Ackerman 2013)
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Beyond epithelial polarity, other important aspects of intestinal physiology such as
electrolyte transport mechanism are important genetic sites of susceptibility. For
instance, the familial diarrhea syndrome is caused by GUCY2C polymorphisms
(Mishra et al. 2021), and the gain of function variants controlling the secretion of NaCl
and water. GUCY2C encodes an epithelial receptor for endogenous ligands
uroguanylin and guanylin, which can activate the cyclic guanosine monophosphate
(cGMP) production and by virtue of this activation of CFTR via activation of protein
kinase GlI. Taken together, these findings broaden our understanding of new genes
that control metabolic processes such as electrolyte balance, epithelial orientation,

and barrier function.
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Primary Immunodeficiencies and (very)-early onset (VEO-)IBD as a tool to
dissect genotype-phenotype interactions

| elaborated on the fact that IBD progresses through a multifactorial stepwise
process driven by complex interactions of a series of polygenetic predispositions and
environmental factors. Interestingly, IBD is frequently diagnosed in the context of
monogenic diseases, especially primary immunodeficiencies (Pazmandi et al. 2019).
Next generation sequencing (NGS) of genomes has revolutionized the identification
of genetic variants for monogenic disorders. So far, over 350 primary immune
disorders have been discovered and connected to various molecular causes, of which

approximately a third are related to gastrointestinal symptoms.

Recently, a growing number of these rare diseases have been found to
frequently present as IBD, or solely as IBD. Early identification of these conditions
allows for the adaptation of treatments, which has a direct impact on the course of
IBD. One of the genes initially associated with extremely early-onset Inflammatory
Bowel Disease (IBD) was IL10RA. Individuals with severe hypomorphic alleles in this
gene have reduced IL-10 signaling, leading to a breakdown in tolerance. IL-10R
signaling in macrophages is critical for limiting intestinal inflammation. Similarly,
GWAS studies have found noncoding SNPs near IL10 and weaker signaling in the
IL10RA locus to be associated with adult IBD. Other examples include
lymphoproliferative disorders related to a lack of cell death regulatory genes such as
caspase 8 (CASP8) and XIAP, or genes involved in regulating T cells, such as FOXP3
or CTLA4, which often cause intestinal inflammation. On the other hand, mutations
associated with immunodeficiencies have shed light on intestinal mucosal immunity.

In patients with a mutation in MALT1 that impairs NF-kB signaling, defective selection
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of the T-cell receptor repertoire was observed. In addition, intestinal symptoms occur
in congenital immunodeficiencies such as chronic granulomatous disease, which is
linked to mutations in CYBB. Potential signs of the disease include an early onset,
reliance on intravenous nutrition, poor response to typical immunosuppressive
treatment, a family history of close relatives marrying, heightened vulnerability to
infections, specific histopathological observations, and blood test results that are

atypical for traditional Inflammatory Bowel Disease (IBD).
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Taking these factors into account, one could propose a diagnostic route to uncover
PID-dependent IBD (Tegtmeyer et al. 2017). Hyperinflammatory states associated
with cytokine imbalances, and Immunodeficiencies related to impaired antimicrobial

response. Immunodeficiencies can lead to an unhealthy relationship with the
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microbiome, thus providing a possible explanation for the intestinal Localization of

these pathologies.

o
(=
©
Sc
',%9
o ®
ck
5.2
<E

VDJ récombination

RAG1/2
DCRE1C
Nucleic acid B cells and

antibodies

metabolism

Epithelial
Barrier

Figure 7.Gene Clusters of PID associated with early onset IBD. Summary of all genes
associated to IBD in Primary immunodeficiencies, clustered according to gene function.

Adapted from (Pazmandi et al. 2019)
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XIAP deficiency at the intersection of aberrant TNF signaling and cell

death in intestinal inflammation

The intestinal epithelium has a very high cell replacement rate, and this process
is strictly controlled (Fuchs and Steller 2015). The transit-amplifying progenitor cells
in the intestinal epithelium produce approximately 300 cells per crypt on a daily basis.
Controlled cell death and shedding at the top surface maintains the overall cell count
in balance. An increase in the rate of death of intestinal epithelial cells (IECs) leads to
extensive epithelial erosion, which is a hallmark of several intestinal disorders such as
inflammatory bowel disease and infectious colitis. Growing evidence suggests that
necroptosis, autophagy, and pyroptosis play vital roles as forms of programmed cell
death in the intestine, in addition to apoptosis. The way in which cells die has an impact
on the tissue repair responses and, as a result, determines the potential for developing
intestinal fibrosis and colorectal cancer in the long term. A harmful cycle of intestinal
barrier disruption, abnormal cell death, and resulting inflammation is the central issue
in chronic inflammatory and infectious gastrointestinal conditions. (Patankar and

Becker 2020).
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TNF Signaling

Tumor necrosis factor (TNF) is a critical cytokine in pathological inflammation,
underscored by the fact that biologicals that can neutralize TNF are among the most
successful therapeutics for autoimmune and chronic inflammatory diseases (van Loo
and Bertrand 2022). More importantly, in physiology, TNF plays a pivotal role in
mediating inflammation to enforce homeostasis in various contexts. By instructing
inflammatory gene expression programs or, this has become clear in recent years, by
triggering cell death (Manolis Pasparakis and Vandenabeele 2015), TNF can fine-
tune and amplify inflammatory cues. And while cell death downstream of TNF has
clear physiological roles, aberrant activation thereof is the subject of intense research.
This dissertation will focus on one scenario in which TNF-dependent death is relevant
due to a deficiency of the X-linked inhibitor of apoptosis protein XIAP (encoded by

BIRC4).

TNF (tumor necrosis factor) signaling is a complex process that involves the
activation of TNF receptors, the production of downstream signaling molecules, and
the regulation of various cellular processes. TNF is a cytokine secreted by mainly
innate immune cells, playing a key role in the immune system's response to infection,
inflammation, and tissue damage. There are two types of TNF binding receptors, TNF-
alpha receptor 1 (TNFR1) and TNF-alpha receptor 2 (TNFR2). When TNF binds to
these receptors, it activates signaling pathways that lead to various cellular responses,
including inflammation, cell death, and changes in gene expression. TNF signaling
can be either pro-inflammatory or anti-inflammatory, depending on the context in which

it occurs.
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Nevertheless, prolonged inflammation can also lead to tissue damage or
chronic disease (van Loo and Bertrand 2022). TNF signaling is regulated by various
signaling molecules, including protein kinases and transcription factors, which control
the activation and expression of downstream targets. TNF signaling involves various
physiological and pathological processes, including immune responses, inflammation,
cancer, and autoimmune diseases. Dysregulation of TNF signaling has been linked to
various diseases, including rheumatoid arthritis, Crohn's disease, and cancer.
Understanding TNF signaling may help to develop new therapies for these and other
diseases. In recent years, it has become clear that TNF triggers inflammatory
responses not only directly by inducing inflammatory gene expression, but also
indirectly by triggering cell death, which triggers inflammatory immune responses and
disease development. Therefore, cell death inhibitors are emerging as novel therapies

for TNF-dependent inflammatory diseases.
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X-linked lymphoproliferative syndrome type 2 (XIAP deficiency) and as an

ultra-rare cause of mendelian IBD

XIAP is best known as a checkpoint of non-immunogenic apoptosis. However,
mutations in the gene encoding for XIAP, BIRC4, are the mendelian cause of the
immunodeficiency termed X-linked lymphoproliferative syndrome type 2 (XLP2).
Original reports describing young boys with a fatal early onset lymphoproliferative
syndrome, histologically hallmarked by lymphohistiocytosis, a marked hyperactivation
by various T-cell and dendritic cell subsets, were published in 1975 by Purtilo et al.
(Purtilo et al. 1975) In 2006, seminal work revealed the underlying genetic cause of
XLP2 syndrome, i.e. mutations in BIRC4 the gene coding for XIAP (Rigaud et al.,
2006). About 30% of these XLP2 patients succumb to a form of IBD that is frequently
resistant to therapy and associated with a lethal outcome in roughly 10% of all patients
(Speckmann et al., 2013). In addition, XIAP mutations were identified in 4% of
pediatric very-early-onset (VEO) IBD male patients (Zeissig et al., 2015). Recently
our group implicated XIAP in restricting RIPK3-dependent inflammatory cell death
(Yabal et al. 2014). However, the role of TNFR2 mediating inflammatory cell death in

vivo and thus pathology in XLP2 disease remained unclear.
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XIAP and cell death — molecular biology

XIAP directs cell survival through various regulated cell death pathways and
directs a spectrum of inflammatory signaling events. Initially classified as a protein that
binds to caspases, XIAP was initially believed to primarily prevent apoptosis caused
by both internal and external triggers. On the other hand, XIAP prevents cell death
caused by TNF and receptor-interacting protein 3 (RIPK3) by regulating the
ubiquitylation of RIPK1 and inhibiting the death of inflammatory cells. Identifying
individuals with hereditary mutations in XIAP, known as XLP-2 syndrome, emphasized
the significance of XIAP in regulating inflammation. XIAP promotes the
proinflammatory signaling of NOD2 by enhancing the ubiquitination of RIPK2 within
the NOD2 signaling complex, leading to the activation of NF-kB and MAPK and the
production of cytokines and chemokines that cause inflammation. In general, XIAP
plays a crucial role in regulating various cell death and inflammatory processes,
making it a promising target for drugs in treating tumors and inflammatory diseases.

(Damgaard et al. 2012; Yabal et al. 2014; Jost and Vucic 2020).
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Cell death in IBD — general aspects and TNF therapy

A crucial series of genes not originally identified in GWAS encode proteins that
regulate inflammatory cell death, also known as regulated necrosis, or necroptosis.
The importance of this pathway in intestinal homeostasis was first shown in murine
studies of Caspase-8 (Gunther et al., 2011). Epithelial deletion of Caspase-8 resulted
in severe ileal inflammation characterized by Paneth cell death and increased immune
cell infiltration and as well as marked elevated expression of RIPK3. Cell death was
induced by TNF-mediated activation of RIPK1. Importantly, the central role of TNF,
RIPK1 and RIPK3 in mediating intestinal epithelial cell death was also demonstrated
in the murine model of ATG16L1 deficiency, an IBD susceptibility gene discussed
above (Matsuzawa-lshimoto et al., 2017). Furthermore, deleting epithelial Ripk1
resulted in an increased TNF-dependent apoptotic cell death (Takahashi et al. 2014).
Supporting these murine findings, in the subsequent, mutations in RIPK1 and CASP8
have been identified in patients with severe immune deficiencies and IBD (Cuchet-
Lourenco et al. 2018; Lehle et al. 2019; Yue Li et al. 2019). However, in addition to
promoting cell death, RIPK3 was also shown to promote epithelial tissue repair in the
murine DSS-colitis model (Moriwaki et al. 2014). Thus, there remain open questions
on the precise role of these proteins in both disease initiation and progression,
especially in non-mendelian IBD (Matsuzawa-lshimoto et al. 2017). This paragraph
was adapted or partly taken from a previously published manuscript “Wahida, A., et
al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis by
promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,

eabf7235.”
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Open questions and aim of this study

As broadly discussed, one important point in IBD research is linking genetic
susceptibility with non-genetic factors triggering the disease. The second main
question is establishing a clear sequence of events leading to chronic inflammation in
the gut. Lastly, specific questions related to XIAP deficiency, in particular, will be of
special interest to this dissertation. The first deals with establishing the exact roles of
TNF-receptors 1 and 2 and their pleiotropic role in different cell types in the intestinal
tract. The second question largely relates to the question of varying penetrance in IBD.
While the penetrance of developing IBD-like symptoms in XLP-2 syndrome is much
higher compared to sporadic IBD, 30 % versus < 1 %, there is still room for elucidating
non-genetic factors triggering pathology. In the absence of large and diverse human
specimens to work with, the main model that was used throughout this project is a
murine model of XIAP-deficiency, the Xiap™ mouse generated almost two decades
ago (Olayioye et al. 2005). This mouse constitutes a “full-body” knockout model,
therefore mimicking the clinical situation in patients carrying truncating and therefore

deleterious variants in BIRCA4.

Additionally, we leveraged a series of gene-targeted murine models to dissect the
role of both TNF receptors in the pathogenesis of intestinal inflammation. Next to this
main workhorse, a small number of patient biopsies served as the basis for omic

analyses, supporting the hypotheses and data generated a priori in a murine setting.
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RESULTS

Intestinal inflammation in Xiap™ mice varies in husbandries with varying

hygienic contexts

Although a murine model of the XIAP-deficiency syndrome (XLP-2 disease) had
been developed before the discovery that genetic lesions in BIRC4 are the genetic
cause of this primary immunodeficiency (Rigaud et al. 2006), the intestinal phenotype
of these mice was never studied in depth (Olayioye et al. 2005). To address this
question, the intestinal histological phenotypes of wildtype and Xiap~~ were assessed.
Using the “Swiss Roll’ technique (Moolenbeek and Ruitenberg 1981), a longitudinal

examination of the entire intestinal tract becomes possible.

Next to basic staining methods allowing for the assessment of basic
histopathological findings, intestinal tissue embedded with this technique also allows
for epitope-specific immunohistochemistry in relation to the anatomical/spatial

expression.

The first assessment of the small intestines of a series of mice of both
genotypes and sexes and of 8 — 14 weeks old, revealed that, overall, there was no
overt phenotype in the sense of massive intestinal inflammation such as accumulation
of immune cell infiltrates, erosion of the mucosa with tissue architecture destruction or
the occurrence of fissures/fistulas and fibrosis, reminiscent of the human
histopathological correlate. On the contrary, overall tissue architecture seemed intact,

with a regular lining of crypt-villus structure along the duodenal-jejunal-ileal tract. In
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fact, section-specific examination and comparison revealed that in comparison to
wildtype controls, the duodenum and jejunum did not show any differences when

examined in a blinded manner.

However, a closer examination of the terminal ileum, an anatomical site
especially vulnerable to the development of IBD-like phenotypes, revealed that in
Xiap™~ mice intestinal villi showed some signs of apical congestion (Figure 8A-B). A
distortion of the upper two-thirds of the villus characterized this. This was hallmarked
by a dislocation of the basal layer of the epithelial cell lining with basal membrane
bridges connecting the epithelium with the lamina propria. Although fixing and
dehydration would not confirm or exclude the exact pathogenic origin of this, rodent
pathology classifies this finding as a mild subepithelial edematous swelling. This
finding is observed during transient intestinal infections or sublethal radiation and
could indicate intestinal inflammation in the context of genetic susceptibility. This yields
the necessity of several control experiments and considerations which will be

described in the subsequent sections.

Before doing so, an in-depth histological examination was performed. First, and
in a plausible manner regarding the intestinal phenotype, hyperproliferation as a
possible consequence of low-grade inflammation was observed. For instance, a
BRDU proliferation measurement showed a significant increase in positive nuclei in
single-housed mice which were knockouts for XIAP compared to wildtype controls
(Figure 9A-B). Additionally, Beta-catenin nuclearization was observed, indicative of

elevated Wnt signaling in the context of hyperproliferation (Figure 9A-B).
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Figure 8. lleitis in XIAP-deficient mice is dependent on the hygienic context.

A. Representative pictures (scale bars are at 200 ym) of ileal microsections stained for
Hematoxylin and eosin, CD3 via IHC and PAS reaction.

B. Quantification of edema score of HE sections of wildtype and Xiap™~ animals from the
conventional housing (Conv), or SPF-housing (SPF)

C. Number of goblet cells were counted for 20 representative villi of wildtype and Xiap™"
animals from the conventional housing (Conv), or SPF-housing (SPF) and averaged per
mouse

D. Number of CD3+ T-cells were counted for 20 representative villi of wildtype and Xiap™~
animals from the conventional housing (Conv), or SPF-housing (SPF) and averaged per
mouse

E. Serum concentration of FITC-dextran as a proxy for intestinal permeability in wildtype
and Xiap™~ mice from the conventional or SPF-housing context.

F. Cladogram of differentially abundant bacterial taxa between wildtype and Xiap™~ mice.
Significantly altered species and families or taxa (alpha < 0.05) are color-coded
according to corresponding sample groups. Nonsignificant taxa are represented in
translucent circles.

G. Bacterial diversity (Richness) based on 16S sequencing of wildtype and Xiap™ mice
from conventional and SPF-housing.

All data were analyzed by one-way ANOVA (P < 0.0001) and in figure are reported P values
from post hoc analysis with Holm-Sidak’s correction. In all figure panels, each dot represents
a mouse.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and
dysbiosis by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol
6, eabf7235”
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Furthermore, in accordance with the hyperproliferative and inflammatory
character of the subepithelial edema, CD3+ cells were quantified as a marker for T-
cell infiltration (Figure 9D) and PAS reaction (Figure 9C), which stains mucin-positive
cells such as goblet cells and whose abundance can serve as differentiation marker
and therefore proliferative turnover rate. Both an increased infiltration of T cells as
measured by CD3, the T cell receptor as a pan T cell marker, and decreased number
of PAS+ cells, which constitute the goblet cell population, were indicative of low-grade

inflammation.
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Figure 9. Hyperproliferative effect on inflamed tissue of XIAP-deficient mice.

A. Representative sections of beta-Catenin, Ki67, and BrDU in ileal tissue microsections from
wildtype and Xiap™~ mice from the conventional housing facility. BrDU staining 24h after
injection.

B. Quantification of A using average count in 20 representative crypts or villi averaged per mouse.

All data were analyzed by Student’s t-Test and p-values are reported in figure.
Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A., Popper, B.,
Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al.

(2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate
immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235”
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A general consideration, also in conjuncture with the absence of observed
phenotypes in the same mouse lines in different mouse husbandries, was that the
phenotype could be mouse line and/or housing specific rather than genotype driven.
Indeed, mouse husbandries differ regarding their hygiene status, and mouse
inbreeding introduces breeding artifacts and accumulation of polymorphisms
potentially masking or amplifying the underlying genetic lesion in question. In our case,
mice were housed in a conventional facility, not fulfilling the requirements to receive
SPF (specific pathogen-free) status, usually standard for mouse experiments. Among
other microorganisms, the mouse husbandry harbored various Helicobacter species,
a bacterium known to induce low-grade inflammation in genetically susceptible
animals (Chichlowski et al. 2008) (Figure 10B). Thus, to challenge this hypothesis,
Xiap™ mice were rederived, recrossed with wildtype animals, and kept in an

alternative mouse husbandry, located not in Munich but in Italy (Calco, LC).

Surprisingly, mice that were housed in an SPF facility did not show signs of
intestinal inflammation as observed in the original cohort bred in Munich (Figure 9A).
Clearly, this finding suggested that either a breeding artifact (and) or an external factor
triggered the onset of intestinal inflammation in XIAP-deficiency. The first reason
would be a clearly disappointing finding and signify a clear mismatch between murine
and human pathophysiology. The latter would on the contrary support the notion of a
two-hit model in IBD-like clinics in the context of XLP-2 disease, with environmental

factors triggering disease in a genetically susceptible host.

Next, a functional test, corroborating the consequences of the histological

phenotype, we performed a barrier test to investigate whether the inflammation would
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affect intestinal permeability (Figure 9E). To this end, we employed the FITC-dextran
permeability assay, where a large molecular dextran molecule is coupled to a
fluorophore (FITC) and orally gavaged to mice. Subsequent to an “incubation time” of
four hours, upon which the permeability of the intestinal barrier will more or less let
these molecules trespass into the bloodstream. The concentration in the serum of
mice is then measured using an automated plate reader able to detect fluorescence.
This experiment revealed that in line with the histological findings indeed the barrier
function of XIAP-deficient mice was impaired and that the leakiness, as measured by

the FITC-dextran permeability assay, was significantly heightened.

Clearly, a hygienic context drove a functionally relevant loss of mucosal
integrity, raising the question of how the microbiome composition in our mice was
constituted. Therefore, we set out to map out microbial diversity and variance in our
different mouse lines. To investigate the microbiome, most stable to habitual or other
external factors, we chose the cecal microbiome, reported to reflect long-term changes
in the intestinal flora landscape. We collected cecal content from hour mice and
collaborated with Prof. Dr. Dr. André Gessner and Dr. Andreas Hiergeist (both at the
Department of Microbiology, University of Regensburg) who aided us in performing
ribosomal 16S sequencing of our samples. This method allows for a phylogenetic-
based characterization of the full breadth of bacterial diversity in a specific sample and
is a routinely used method in microbiota research. After 16S-rRNA sequencing several
parameters regarding overall diversity and the specific abundance of individual clades,
families, or even species can be performed. This experiment consisted of wildtype

animals compared to XIAP-deficient animals of whom we compared the microbiome
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of several animals in several batches to exclude any cage effects possibly influencing

the microbiome signatures independent of any genotypic influence (Figure 9F).
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Figure 10 Hyperproliferative effect on inflamed tissue of XIAP-deficient mice.
A. Cladogram of differentially abundant bacterial taxa between conventionally- housed and
SPF-housed Xiap™ mice. Significantly altered lineages (a, 0.05) are color-coded
according to corresponding sample groups. Non-significant taxa are represented in white.
B.

Relative abundance of Helicobacter spp. in wildtype or Xiap-deficient mice from
conventional versus SPF housing. N.d. not determined.

Data are reported as dot plots, where every dot represents an animal and were analyzed by

one-way ANOVA (correction p<0.0001). p values from post hoc analysis with Sidak’s
correction are reported in figure.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis

by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”
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Detailed analysis showed a distinct bacterial composition of conventionally-
housed Xiap—— mice compared to wildtype mice. In addition, conventionally-housed
Xiap—— mice showed a loss of bacterial richness and an extensive reduction in the
Firmicutes phylum (particularly various members of Clostridium Clusters IV and XlIVa
within the class Clostridia), which was not observed in SPF-housed Xiap—— mice
(Figure 9F). To establish gut microbial differences between these two facilities
(irrespective of the genotype), we performed an in-depth analysis of the 16S
sequencing and identified various members from the Helicobacter genus, that were
existent only in conventionally-housed wildtype and Xiap—— mice but not SPF-housed
mice. The amplicon sequence variants that mapped to the Helicobacter genus showed
a 98% sequence identity with Helicobacter rodentium (alignment against the NCBI
reference RNA sequence database) (Chichlowski et al. 2008). Taken together, we
observed that conventionally-housed Xiap—— mice spontaneously displayed signs of
intestinal inflammation and epithelial dysfunction, which was associated with a clear
gut microbiota signature (i.e., loss of diversity and specifically Clostridia when

compared to wildtype mice, and the presence of Helicobacter spp.).
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Co-housing experiments test the transmissibility of microbial signatures as well

as the possibility of an infectious agent triggering inflammation

Since inflammation was clearly correlated with exposure to the hygienic context
of the conventional housing facility, one control experiment was required to exclude
the presence of an infectious agent triggering disease in genetically susceptible
animals. Obviously, one possible explanation of the onset of inflammation could be an
infectious agent that caused inflammation and would therefore be transmissible to
wildtype animals housed in the conventional husbandry. Next to testing this
hypothesis, the transmissibility of potentially protective factors present in the wildtype
line could be investigated. To test these hypotheses, mice of either sex or genotype
were housed together just after weaning enabling the possibility for a cross-genotype
exposure to strain-specific microbiota. Mice possess the intrinsic behavior of
coprophagy (Klaasen et al. 1990), which allow for a swift and efficient dispersal of
microbiota species present in stool pellets to be transmitted across animals present in
one cage. This behavioral trait was exploited to check whether an infectious agent was
present in XIAP-deficient mice or secondly whether protective bacterial strains were

absent, thereby triggering disease in a genotype-dependent manner.

In analogy to the initial analysis of Xiap-deficient mice, first, an overall
histological examination was performed (Figure 11). To our surprise, hematoxylin and
eosin staining revealed that the mild ileitis was entirely abrogated in knockout animals,
although they were housed in the facility that actually triggered the disease. The fact
that single-housed mice (mice being housed only with littermates of the same
genotype) were affected by intestinal inflammation, but as soon as these mice were

housed with wildtype mice, were “cured”, strongly argued against the involvement of
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an infectious agent of microorganismal nature triggering inflammation. Moreover, the
data suggested that some kind of transmission of several protective microbiota strains
happened during the cohousing experiment. Since mice were cohoused over the
duration of four weeks, ample opportunity for microbial exchange was given.
Supporting the data obtained by Hematoxylin and eosin staining, goblet cell numbers
were also restored to wildtype levels, as indicated by the quantification of PAS-positive
cells (Figure 11B) along the small intestinal parts that were quantified. Also, the
infiltration of CD3-positive T-cells (Figure 11C) into the mucosal layers of the ileum
was diminished and not distinguishable from wildtype levels. Thus, clearly, cohousing
abrogated inflammation in Xiap-deficient hosts, which prompted us to conclude that
the microbiome signatures observed in single-housed mice — and that were associated
with inflammation in the conventional facility — were the drivers of inflammation but

possessed a recessive nature.
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Figure 11. Cohousing rescues ileitis in XIAP-deficient mice.

A. Quantification of edema as “Edema score” of wildtype and Xiap™" in the conventional
facility (Conv) and cohoused wildtype and Xiap™~ mice (chWT and chXiap™") in the same
housing facility.

B. Goblet cell count of wildtype and Xiap™ in the conventional facility (Conv) and cohoused
wildtype and Xiap™ mice (chWT and chXiap™") in the same housing facility.

C. Quantification CD3* cells of wildtype and Xiap™ in the conventional facility (Conv) and
cohoused wildtype and Xiap™~ mice (chWT and chXiap™") in the same housing facility.

D. Serum concentration of FITC-dextran as a proxy for intestinal permeability of wildtype
and Xiap™ in the conventional facility (Conv) and cohoused wildtype and Xiap™~ mice
(chWT and chXiap™") in the same housing facility.

All data were analyzed by a one-way ANOVA (P <0.0001) and in figure are reported P values

from post hoc analysis with Holm-Sidak’s correction.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,

Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,

De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis

by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,

eabfr7235”
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Figure 12. Restoring Clostridia abundance prevents intestinal inflammation in Xiap-
deficient mice.

A.

B.

D.

Cladogram with significantly altered lineages (alpha < 0.01) which are color-coded
according to corresponding sample groups.

Bacterial diversity based on 16S sequencing of Xiap™ and chXiap™™ mice from
conventional housing. Statistical significance of richness was determined by one-way
ANOVA and in the figure are reported P values from post hoc analysis with Holm-Holm-
Sidak’s correction.

Butyrate concentrations in cecal content from all the experimental groups. One-way
ANOVA analyzed data and in the figure are reported P values from post hoc analysis
with Holm-Sidak’s correction.

beta-hydroxybutyrate concentrations in cecal content from all the experimental groups.

One-way ANOVA analyzed data and in the figure are reported P values from post hoc
analysis with Holm-Sidak’s correction.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabf7235”
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Next, we investigated whether indeed the “curative” exchange that had
proceeded between wildtype and knockout animals concerned the species which were
a priori found to be depleted in knockout animals, or for that matter enriched but with
a still unknown pathobiological value. Thus, and in analogy to previous approaches to
mapping the intestinal microbiome of our mice, we sampled the cecal content of
cohoused mice of several groups consisting of both sexes, several cages, and several
animals of both genotypes and proceeded to profile the ribosomal diversity of the
microbiome by 16S sequencing (Figure 12). Surprisingly almost no bacterial clades
were significantly differentially abundant in both genotypes when housed together.
Moreover, we noted that co-housing with reversed loss of diversity in Xiap—— mice.
These data indicated that the wildtype microbiota corrects intestinal pathology in Xiap—
/— mice and argued against a pathogen as a cause of inflammation in Xiap—— mice.
Importantly this effect was transient underscoring the inability of the XIAP-deficient

host to sustain a symbiotic relationship with its microbiome (Figure 13A-B).

Given that members of the Clostridia class, particularly Roseburia species,
Faecalibacterium, and other Lachnospiraceae, are significant producers of butyrate, a
powerful anti-inflammatory short-chain fatty acid, we theorized that the decline in
butyrate levels would result from a reduction in the abundance of Clostridia. Unbiased
metabolite analysis through nuclear magnetic resonance (NMR) and colorimetric
analysis of fecal matter revealed a decrease in both butyrate and beta-
hydroxybutyrate, a byproduct of butyrate, in Xiap—— mice (Figure 12C-D). Given that
butyrate regulates gene expression by suppressing histone deacetylases, we

conducted transcriptomic analysis of the small intestine ileal crypts from conventionally
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housed animals to determine the impact of co-housing on host epithelial stem cells

and PCs.
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Figure 13. Separation experiment.

A. Schematic of experimental setup specifying housing conditions, treatment timepoint, and
duration as well as the time point of analysis of cohousing of wildtype and Xiap~~ mice
from conventional housing facility.

B. Eden}a score of WT, Xiap™~, chWT, and chXiap™~ mice and separated (sep) wildtype and
Xiap™~

Data are reported as dot plots, where every dot represents an animal, and were analyzed by
one-way ANOVA (correction p<0.0001). P values from post hoc analysis with Sidak’s
correction are reported in the figure.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”
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Epithelial defects induced by TNF trigger intestinal inflammation in Xiap-

deficiency

The previous findings suggested that the way the host reacts to changes in the
microbiome — or vice versa — was encrypted by host-dependent factors, most
importantly genetics. With a clear presence of a microorganism — triangulation of the
differences between SPF and conventionally housed animals revealed a clear hint
towards Helicobacter spp. — the question was how the genetically susceptible host
reacted to the presence of such “pathobionts”. The fact that Helicobacter spp. might
represent a pathobiont and trigger disease in XIAP deficiency was suggested by
elegant work from our collaborator Prof. Sebastian Zeil3ig (Strigli et al. 2021) and

reviewed in depth by Azabdaftari et al. (Azabdaftari and Uhlig 2021).

Therefore, to understand the signaling cues underlying the misguided response
of the XIAP-deficient host, an unbiased survey of RNA transcripts was performed
using RNA sequencing. The tissue that was chosen to undergo bulk RNA-seq
consisted of purified intestinal crypts, the microanatomic site of inflammation harboring
Paneth cells. Crypt isolation was performed as previously described (Sato et al. 2009),
and subsequently, whole transcriptomic analysis was performed using polyA-specific
SCRB-Seq as described in (Bagnoli et al. 2018) with the help of Dr. Rupert Ollinger
(library prep) and Thomas Engleitner (bioinformatic analysis) both from the group of
Prof. Roland Rad, as well as Dr. Sainitin Donakonda (bioinformatic analysis) from the

group of Prof. Percy A. Knolle.
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For the analysis and reflecting the initial hypothesis, four groups were included
each consisting of 4 — 5 mice. The experiment involved four groups of mice, consisting
of two pairs of wildtype and Xiap—— mice. In two of the groups, the mice were co-
housed regardless of their genotype, while in the other two groups, mice were housed
according to their genotype. Initial unsupervised clustering analysis of the differentially
expressed genes revealed two distinct groups, closely matching the pathological

segregation observed through H&E staining and scoring.

This result was surprising and suggested that the clustering of genes was able
to reflect the underlying pathohistological differences seen in the gut rolls. While one
group consisted of single-housed Xiap—— mice exhibiting signs of inflammation, the
other group was composed of both co-housed Xiap—— and wildtype mice, as well as
single-housed wildtype mice. These data suggest that the changes detected by RNA
sequencing could serve as a pathological signature reflecting the underlying causes
of the disrupted host-mediated responses leading to intestinal inflammation,
potentially providing insights into the relationship between the changes in gene
expression and the onset of ileitis. A thorough analysis of biological pathways revealed
increased transcriptional activity in pathways related to oxidative and endoplasmic
reticulum (ER) stress, as well as lipid metabolism. Additionally, we detected a loss of
expression of AMPs as well as mucins (i.e., Muc13, Reg3g, Reg3b, and Reg4)
underscoring the concept of Paneth cell together with goblet cell dysfunction in single
housed Xiap—— mice, all while being absent in cohoused knockout mice. Given the
impact of the intestinal microbiota on inflammation in Xiap-deficient mice, our
subsequent transcriptional analysis focused on the expression patterns of toll-like

receptors.
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We specifically analyzed TLRS and observed that the absence of XIAP had a
potent effect on suppressing TLR5 expression. This highlights the potential role of
TLRS in the development of inflammation in Xiap-deficient mice. We next created a
transcriptomic gene expression signature for TLRS through gene-set enrichment
analysis (GSEA), using data from a stimulation experiment in which wildtype, PC-
enriched intestinal organoids were exposed to flagellin (GSE117772). This allowed us
to identify genes that were differentially expressed in response to TLRS activation. The
results showed that compared to wildtype or co-housed Xiap-deficient mice, flagellin-
stimulated TLR5 signaling was absent in the epithelial organoids of Xiap-deficient
mice. In addition to the impaired TLR5 response, we observed that the TNF signaling
pathway was highly upregulated. This suggests that TNF signaling could play a
decisive role in the development of inflammation in Xiap”~ mice. Based on these
observations, we hypothesized that TNF-mediated signaling is a crucial factor in the
dysfunction of epithelial cells and the development of inflammation in Xiap-deficient

mice.

Importantly to test this hypothesis we measured transcript levels of Tnf and its
receptors and found that both were significantly upregulated in XIAP-deficient animals
who showed signs of intestinal inflammation (Figure 17). Secondly, we crossed Xiap-
deficient mice to Tnf-deficient mice to check whether genetic loss of Tnf was sufficient
to abrogate inflammation and reverse the phenotypes observed in Xiap—— mice

(Figure 18).
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Figure 14. Transcriptomic analysis of XIAP deficient versus wildtype tissue.

A. Heatmap of selected deregulated genes from RNA-seq of Sl crypts from WT, Xiap——, chWT, and
ch Xiap—— mice.

B. Dot plot of epithelial Tir5 target genes and TNF signaling genes highlighted in mauve, based on
GSE117772.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A., Popper, B.,
Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al.
(2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate immune
responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235”
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Next, we utilized CRISPR-Cas9-mediated sgRNA to delete either TIr5 or the
adaptor protein Myd88 in the organoids and assessed their ability to respond to
flagellin stimulation. This allowed us to examine the role of these genes in the
development of inflammation in Xiap-deficient mice. When either TIr6 or Myd88 was
absent, both wildtype and Xiap-deficient organoids were unable to induce TNF
expression in response to flagellin stimulation. This indicates that these genes play a
crucial role in activating TNF signaling in response to flagellin stimulation and provides
further insight into the mechanisms underlying inflammation in Xiap-deficient mice.
Based on these findings, we propose that the dysregulation of TLRS signaling in Xiap-
deficient mice leads to the dysregulation of TNF signaling, which in turn drives the

development of inflammation in these mice.

We observed that TNF signaling was the primary pathway activated by TLR5
stimulation. This highlights the critical role of TNF signaling in the response to TLR5
stimulation and provides further evidence of its involvement in the development of
inflammation in Xiap-deficient mice. This was a noteworthy discovery, as TNF is
known to play a key role in the development of IBD and TLR5 is predominantly
expressed by PCs, which have been suggested to be the primary site of origin for IBD.
This observation further underscores the importance of TNF and TLRS5 signaling in the
development of IBD and provides a potential target for therapeutic intervention.
Therefore, we evaluated the ability of wildtype and Xiap-deficient intestinal epithelial
organoids to react to the cognate TLR5-ligand flagellin as well as TNF. This analysis
aimed to determine the role of TLR5 and TNF in the development of inflammation in

Xiap-deficient mice.
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When exposed to flagellin, the expression levels of TNF mRNA did not differ

significantly between wildtype and Xiap-deficient organoids.

However, when

stimulated with recombinant TNF, the expression of TNF in Xiap-deficient organoids

was found to be higher compared to wildtype organoids. This suggests that the lack

of XIAP leads to increased sensitivity to TNF stimulation, potentially contributing to the

development of inflammation.
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Figure 15. TLRS signaling is abrogated in XIAP-deficient mice
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@ Xiap™

A. Tir5 GSEA was based on GSE117772, comparing gene expression of crypts from

wildtype versus Xiap™"

B. Quantification of Tnf mRNA levels via qPCR in flagellin- and TNF-stimulated wildtype

and Xiap™~ Sl organoids

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,

eabf7235”
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We utilized the primary epithelial organoid system to further explore whether, beyond
immune-derived TNF, the intrinsic production of TNF in epithelial cells could cause

epithelial cell damage.

We stimulated both wildtype or Xiap-KO organoids with either flagellin or,
alternatively TNF and carried out a morphometric survey to study the differentiation
capacity of epithelial cells. This analysis aimed to provide insights into how the
stimulation affected the differentiation of these cells. In response to stimulation with
the TLRS5 ligand flagellin, Xiap-deficient organoids demonstrated a higher occurrence
of decaying cystic organoids, suggesting a decrease in cellular growth as well as
differentiation. This result was not present in wildtype or organoid cultures that lacked
TIrS or Myd88. Organoids lacking both Xiap and TIr5 or Myd88 remained susceptible
to TNF stimulation and showed a decrease in the number of differentiated enteroids.
The findings show that upon stimulation of TLRS by flagellin, the intrinsic production

of TNF has a harmful impact on epithelial cells lacking XIAP.

Finally, to explore the mechanism by which the rise in butyrate following co-
housing of both genotypes alleviated inflammation in knockout mice, we treated both
organoids from both genotypes with TNF in the presence and also absence of butyrate
and conducted a morphometric survey. The addition of butyrate to TNF-stimulated
wildtype organoids did not result in any noticeable alterations in epithelial

differentiation when comparing these to the stimulated cultures with TNF only.

65



In Xiap-knockout organoids, the presence of both TNF and butyrate resulted in
a significant decrease in the frequency of cystic organoids compared to those treated
with TNF alone. Together, these results suggest that one of the ways in which the
increased presence of Clostridial species in Xiap—— mice led to diminished

inflammation was by mitigating the harmful effects of TNF on Xiap——intestinal cells.
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Organoid Differentiation
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Figure 16. TNF-dependent
toxicity in Xiap™" epithelium is
induced by TLRS signaling.

A. Representative bright-field
microscopy images of the
morphological classification
of Sl organoid differentiation
(%20 magnification; scale
bars, 100 pm).

B. Quantification of Tnf mRNA
levels in flagellin- and TNF-
stimulated WT and Xiap™~ Sl
organoids not transduced or
transduced with CRISPR-
Cas9 and sgTLR5 and
sgMyD88

C. to E. Morphometric analysis
of organoids treated as
reported (flagelin = 500
ng/ml; TNF = 20 ng/mi;
butyrate = 1 mM).

Data were generated by at least
three independent experiments,
each including two to three
domes, with 100 to 200
organoids per dome, and
analyzed by an experimenter
blind to genotype and treatment.
Statistical analysis was
performed using a chi-square
test, with exact P values reported
in the figures.

Figure and Legend were
modified and taken from
“‘Wahida, A., Miller, M.,
Hiergeist, A., Popper, B., Steiger,
K, Branca, C,
Tschurtschenthaler, M.

Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021).
XIAP  restrains TNF-driven
intestinal  inflammation  and
dysbiosis by promoting innate
immune responses of Paneth



Both TNF receptors drive ileal inflammation in Xiap-deficiency and

dysbiosis

Since TNF was identified as the main driver of epithelial damage in XIAP-
deficient mice, the next obvious question was through which receptor this detrimental
effect was mediated. Especially within the context of XIAP deficiency TNF receptors
act differently than normally expected in wildtype cells. For one, XIAP deficiency
significantly elevates the propensity for cells (especially TLR expressing) to die in an
inflammatory (necroptotic) manner, but also the downstream effects (as elaborated in
the introduction) significantly differ from the wildtype situation. To further investigate
the importance of both TNF receptors in the context of XIAP deficiency, we crossed
our mice to gene-targeted mice lacking either receptor (Tnfrsfia or Tnfrsf1b). The
desired genotypes consisting of double-knockout animals were then subjected to the
same series of experimental procedures to investigate their intestinal phenotype

(Figure 19).
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Figure 17. TNF and its receptors are upregulated in XIAP-deficiency.

A. Quantification of the depicted genes from ileal tissues from Xiap~™— mice, from the
conventional facility, relative to their wildtype counterparts. Each dot represents an animal.

Data were analyzed by one-way ANOVA (p<0.0001) and in figure are reported p values from
post hoc analysis with Holm-Sidak’s correction.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”
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Figure 18. TNF drives intestinal inflammation in Xiap-deficient mice

(A-C) Edema score (A) and Goblet cell count (B), and FITC-dextran assay (C) of epithelial
integrity of WT, Xiap™, and Tnf’Xiap” mice from conventional housing.

Data are reported as dot plots, where every dot represents an animal and were analyzed by
one-way ANOVA (correction p<0.0001 for Edema and PAS stain, p =0.0002 for FITC). p
values from post hoc analysis with Sidak’s correction (PAS stain) or Dunnett’s correction
(Edema score, FITC-dextran concentration) are reported in figure.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”

First, the overall microanatomical architecture was examined, and to our
surprise, the apical villous edema, hallmarking the low-grade inflammation in Xiap—"—
animals was completely absent in both Tnfr1—"—/ Xiap—"— as well as Tnfr2—'—/Xiap™~
animals. Additionally, the phenotype reversal was also true for the aberrant T-cell
infiltration (marked by CD3* cells) and goblet cell count in the case of both receptors

(Figure 19).
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Figure 19. TNF drives intestinal inflammation in Xiap-deficient mice

Edema score of WT, Xiap™~, Tnfr1™”"Xiap™", and Tnfr2”Xiap™~ mice

goblet cell count of WT, Xiap™, Tnfr17 Xiap™-, and Tnfr2”~Xiap™~ mice

Quantification of CD3+ cells per villus of WT, Xiap™, Tnfr1” Xiap™~, and Tnfr2” Xiap™~

mice

Serum concentration of FITC-dextran of of WT, Xiap™, Tnfr1” Xiap™, and

Tnfr2”Xiap™ mice

Bacterial diversity (Richness) of WT, Xiap™, Tnfr17"Xiap™-, and Tnfr2”~Xiap™~ mice

and cladogram of differentially abundant bacterial taxa based on 16S sequencing of

Tnfr17 Xiap™~

G. and Tnfr27-Xiap™ mice from conventional housing. In the cladogram, significantly
altered lineages (alpha < 0.01) are color-coded according to corresponding sample
groups.

o ow»

nm

Data in (A) to (E) are reported as dot blot, where each dot represents one mouse. Data in (A)
to (E) were analyzed by one- way ANOVA (P < 0.0001) and in figure are reported P values
from post hoc analysis with Holm-Sidak’s correction.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”
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The epithelial compartment is rescued by the deletion of TNFR1

So far, the data clearly established a pathogenic role for TNF and both of its
receptors TNFR1 and TNFR2. Upstream thereof is the engagement of TLR5 which
efficiently induces the expression of TNF in small intestinal organoids, leading to their
demise in Xiap-deficient tissue. This argued for the presence of an epithelial cell type
able to sense flagellin by TLR5 and then engage either TNFR1 or 2, depending on
their cell type-specific expression. Thus, this warranted the presence of an epithelial
cell type mediating this effect. A TLR-wide expression survey indicated that Paneth
cells expressed TLRS by using a reporter mouse system (Price et al. 2018). To test
the hypothesis of whether Paneth cells were at the origin of intestinal inflammation, a
finding that would put XIAP deficiency in line with a range of other genetic causes of
inflammatory bowel disease triggered by Paneth cell loss/dysfunction, we proceeded
by morphologically examining their abundance. To do so, we first stained tissue
obtained from wildtype and Xiap—— mice for a lectin expressed on Paneth cells, UAE1,
and imaged its distribution across small intestinal crypts. Examination revealed a
significant volume decrease of UEA1-positive cells and especially vesicles only in
Paneth cells originating in Xiap-deficient mice, while no change could be detected in
wildtype Paneth cells. These data were the first indication that in Xiap-deficiency

Paneth Cells are unable to appropriately respond to microbial triggers.
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Figure 20. TNFR1 signaling impairs TLR5 PC function in Xiap-deficient mice

A.

B.

@m

Representative images of Paneth cells stained with UEA1 (in purple) and lysozyme (in
yellow) from WT and Xiap—" ileal sections.

Transmission electron microscopy (TEM) of ileal crypts. Type | and Type Il Paneth cells
are outlined in white lines, and representative images of mitochondria types A-D are
shown.

Representative TEM images of WT and Xiap—— organoids illustrating the distorted crypt-
regions of organoid buds and disrupted ER-membranes and mitochondrial morphology
in Xiap—— Paneth cells.

Representative TEM images of PC morphology in WT and Xiap—— ileal sections
illustrating distorted vesicle, ER membrane, and mitochondrial morphology.

PC grading into type | and type Il according to morphology and mitochondrial integrity of
WT (n = 8), Xiap——, (n = 8) chWT (n = 4), chXiap— (n = 4), Tnfr1—"—Xiap—"— (n = 4),
and Tnfr2—~—Xiap—— (n = 4) mice from indicated housing. Data were analyzed by one-
way ANOVA (P < 0.0001) and in figure are reported P values from post hoc analysis with
Holm-Sidak’s correction.

Representative images (scale bars, 100 um) (F) and
quantification of TLR5 signal within the crypt of ileal tissues (n = 5 to 10) from WT, Xiap—
=, Tnfr1——Xiap——, and Tnfr2——Xiap—"— mice from conventional housing. A score of 0
is equivalent to no detectable expression, and 3 is a high expression. Twenty crypts per
animal were evaluated by an experimenter blinded to the genotype.

Morphometric analysis of organoids from WT, Xiap—"—, Tnfr1—"—Xiap—"—, and Tnfr2——
Xiap™— mice stimulated with TNF (20 ng/ml) or flagellin (500 ng/ml). Data were obtained
by at least three independent experiments, each including two to three domes, with 100
to 200 organoids per dome. Statistical analysis was performed using a chi-square test,
with exact P values reported in the figures.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”
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Next, we took a further step in characterizing Paneth cell integration using
transmission electron microscopy, to obtain an in-depth assessment of their
ultramicroscopic appearance. At first glance Paneth cells appeared to be present in
two populations, subsequently termed type | or type Il Paneth cells (Figure 20B).
While type | Paneth cell appeared to show a normal mitochondrial morphology with
predominantly mitochondria of type A and tightly stacked endoplasmatic Reticulum
membranes, type |l showed strong signs of mitochondrial damage (here
predominantly mitochondria of type D were detected), as well as signs of widespread
endoplasmatic reticulum stress, depicted as dislocation membranes and structure.
Moreover, a defective vesicular compartment was observed supporting the data
obtained by the UAE1-stain (Figure 20A). These data clearly supported the notion of
Paneth cell stress in Xiap-deficiency, as reported in previous models of IBD, and so
we proceeded to systematically quantify these defects across all our experimental and

genotypical groups.

Lastly, transmission electron microscopy analysis of Paneth cells from
cohoused Xiap—— as well as Tnfr1—'—Xiap—— mice exposed a marked reduction in
the frequency of type |l Paneth cells in these mice, compared with single housed Xiap—
/—. Surprisingly, the loss of Tnfr2 did not increase the number of type | Paneth cells.
Since our hypothesis of TNF-mediated Paneth cell impairment assumed TLR5
engagement, we looked at TLR5 expression in ileal crypts, precisely in Paneth cells.
Semiquantitative analysis showed reduced expression of TLR5 in PCs of Xiap—— and
Tnfr2——Xiap—— mice, whereas cohousing and the deletion of Tnfr1 were
independently sufficient to increase TLRS expression. Thus, reduced TLR5

expression in PC correlated with their disordered organelle morphology (Figure 20).
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Based on these observations, it appeared that the deletion of Tnfr1 had the most
impact on PC integrity, whereas Tnfr2 likely exerted its function elsewhere. Therefore,
to functionally test this hypothesis, we generated organoids from Tnfr1——Xiap——and
Tnfr2——Xiap—— mice to assess the impact of TNF and flagellin on their growth
(Figure 20H). Morphometric analysis showed that although both TNF and flagellin
inhibited differentiation in Tnfr2—~—Xiap—— cultures, Tnfr1—'—Xiap—— cultures
remained impervious to both TNF and flagellin (Figure 20H). These data, therefore,
suggested that TLR5-mediated epithelial and PC dysfunction in Xiap—— epithelium
could be attributed to TNFR1-mediated signaling (Figure 20). This paragraph was
adapted or partly taken from a previously published manuscript “Wahida, A., Miiller,
M., Hiergeist, A., Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M.,
Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021). XIAP restrains TNF-driven
intestinal inflammation and dysbiosis by promoting innate immune responses of

Paneth and dendritic cells. Sci Immunol 6, eabf7235.”
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TNFR2 targets an elusive TLR5 expressing (immune) cell compartment

Careful examination and comparison of the intestinal crypt compartment versus
the overall phenotype of Tnfr2——Xiap—— mice revealed a stunning and seeming
contradiction. While the overall phenotype was clearly indistinguishable from wildtype
animals, ultramicroscopic analysis of the crypt compartment revealed a similar picture
found in conventionally housed and therefore inflamed Xiap—— animals (Figure 20).
Clearly, the mechanism by which the TNF-TNFR2 axis led to inflammation, therefore,
remained elusive. The hypothesis that a second population, beyond Paneth cells,
expressed TLR5 and was exclusively targeted by TNFR2 was formulated. Thus, a
conclusion was that similar to the Paneth cell compartment aberrant TNF signaling
could target a second, yet-to-be-determined TLRS+ population, whose identity will be
needed to be ascertained. Thorough literature research revealed that a relatively
uncharacterized DC population in the gut also expressed TLRS and whose definite
identity will be elucidated in the upcoming inaugural thesis of Madeleine Muller, co-

first author of Wahida et al. Sci Immunol. (2021).
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RIPK3 but not MLKL drives inflammation

Previous work published by Drs. Jost and Yabal revealed that in the absence
of XIAP, TNFR2 activation alone could trigger RIPK3-dependent cell death modality
in myeloid cell populations, prior to TLR (and for that matter MYD88) activation (Yabal
et al. 2014; Lawlor et al. 2017). Based on these previous results, the next hypothesis
was that RIPK3 could be the cellular effector attributable to cellular loss of the TLR5+
myeloid population in the absence of XIAP in our mouse model of intestinal
inflammation. Thus, mice were generated by crossing Xiap—— with Ripk3—'— mice to
generate double knockout Ripk3—"—Xiap—— mice. Additionally, we generated MIkl——
Xiap——mice, which lacked MLKL the downstream effector of RIPK3, and the
canonical executor of the necroptosis (Galluzzi et al. 2017). First, we tested this
hypothesis by examining the intestinal phenotype of these mice, by employing our set
of readouts indicative of mild mucosal inflammation in the context of Xiap deficiency

(Figure 21A-C).
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Figure 21. Ripk3 deletion rescues ileitis in Xiap™ mice

A. Edema score or;

B. Goblet cells of wildtype, Xiap™", Ripk3™ Xiap™", and MIkI”~Xiap™~ mice.

C. Quantification of type | and Il PCs based on TEM of ileal crypts from indicated genotypes,
based on 5 to 10 crypts per mouse per genotype, four to five mice per genotype.

All data were analyzed by one-way ANOVA (for all comparisons, P < 0.0001) and in the figure
are reported P values from post hoc analysis with Sidak’s correction.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”

Deletion of RIPK3 but not MLKL rescued the phenotype in terms of villous
edema, a hallmark of inflammatory signaling in Xiap-deficient mice, but not in the case
of co-deletion of MLKL. Furthermore, this correlated with a rescue of Paneth cells and
goblet cells which were comparable to wildtype and again not phenocopied by deletion
of MLKL. Thus, in MIkI—"—Xiap—— mice, no real improvement of the inflammatory
phenotype was observed compared to the deletion of RIPK3 in Xiap—— mice. We
concluded that these data showed that activation of RIPK3 in Xiap—— mice was the
main driver of inflammatory cues in the intestinal compartment, while MLKL did only

play a minor role.
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Complicated disease course in human subjects is marked by high TNFR2

expression

In order to examine the contribution of TNF signaling in pediatric inflammatory
bowel disease, we examined two distinct cohorts, the XLP-2 patient cohort (Figure
22A-B) and the RISK study (Marigorta et al. 2017) (GSE93624). The XLP-2 cohort
consisted of mucosal biopsies from the colon of seven confirmed XLP-2 patients with
diagnosed IBD (XLP-2), eight pediatric IBD patients (termed IBD), and 15 non-IBD
(healthy cohort) pediatric controls. The non-IBD ,healthy” control samples consisted
of non-inflamed mucosa sampled from pediatric patients who underwent surgery for

possible appendicitis, which was then excluded retrospectively.
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Figure 22. Histopathological examination of intestinal inflammation in human XLP2

disease.

A. Hematoxylin and eosin (H&E) staining of colonic biopsies from non-IBD, IBD, and XLP2
patients used for RNA-seq analysis.

B. Blinded pathological assessment of the tissues in (A) for cellular infiltrates illustrating no
significant pathological differences between the IBD and XLP2 patient cohorts.

Samples were obtained from Prof. Hirokazu Kanegane affiliated at the Department of Child

Health and Development at the Tokyo Medical and Dental University

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,

Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,

De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis

by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,

eabfr7235”



First, we collaborated with PD Dr. med Julia Slotta-Huspenina (Technical
University of Munich) to perform an unbiased blinded pathological examination
which revealed that both the IBD and XLP-2 cohorts presented a similar
histopathological appearance when comparing them to the healthy controls (Figure
22). As a validation cohort independent of XIAP-mutational status, we leveraged the
RISK cohort (GSE93624) which included 27 patients with Crohn’s Disease who
progressed to a complicated clinical course (complicated disease; cCD) within the first
three years, as well as a total of 210 treatment-naive patients with CD, and 35 non-
IBD healthy controls. Pathway analysis of gene expression data from these two
cohorts revealed a similar pattern of deregulated inflammatory and metabolic
pathways, characteristic of IBD (Figure 23 and Figure 25). When analyzing these
pathways, we were reminded of the deregulation seen in single-housed Xiap™ mice,
which served as a layer of confirmation of the XIAP mouse model as a viable disease
model of XLP2 disease. First, we noted several commonalities between cCD and
XLP2, among which the TNF-dependent cytokine oncostatin M (OSM) and its receptor
OSMR, as well as related genes MMP9, and CX3CL1, which ranked among the most
up-regulated genes. OSM has been reported to play a major role in complicated IBD
(West et al. 2017). Notably, the OSM pathway has been linked to resistance to anti-
TNF therapy. Furthermore, we detected TNFR2, among the most upregulated genes,
which prompted us further to understand the involvement of TNF in disease

progression.
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XLP2 vs IBD
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Figure 23. Elevated TNFR2 correlates with complicated disease in pediatric IBD
Network analysis of upregulated TNF pathway genes in XLP2 (left) and cCD (right) compared
to their controls (IBD and CD, respectively).

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”
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Thus, we further analyzed the transcriptomic differences in the TNF pathway
with special attention to the differences between the cCD and CD cohorts. We thereby
identified eight significantly up-regulated genes; TNF, CX3CL1, CREB3L1, IL18R1,
MMP9, MLKL, TNFRSF1B, and CCL5 (Figure 23 and 24). The overexpression of
MLKL was indicative of a necroptotic aspect within this particular clinically complicated
disease cohort. When returning back to our in-house generated XLP-2 and IBD cohort,
also several members of the TNF pathway were significantly upregulated in XIAP-
deficiency, hinting towards some overlap with complicated course subjects; most
excitingly though, was the overexpression of TNFR2 and a concomitant correlation
with SELE (E-Selectin), IL6, and MMP3, all of which are strong contributors of

inflammatory tissue damage (Figure 23).

82



TNFRSF1A TNFRSF1B osm MMP9

ns 0.0001 0.0073 0.0034

s & 27, 20304 4 0.0074 2 —ns

Hed e 1%? zéég 1$&?

N

Relative expression to >
non-IBD median (log,)

Relative expression to
non-IBD median (log,)
<
foe
td
P~
o
P
G2
Cto
=)
=1
=]

S 9 9 O 9 O
Q’ &’ QL Q’ &’ L Q’ R Q’ L
o(\\ A\ 'P/ QQ\ N 'P/ o(\,\ N _P/ o(\,\ A\ _P,
A\ < < <
TNFRSF1A TNFRSF1B osm MMP9
% ns 245310° 6.63x10 — 002558
ns
é g 4 ns 329 _ns 3_40_“0,;;5
§§ 2 8 1024
o
58 JE@A s hA
°>-’Q L H 2 Ao ,Eé, Y:(
52 os Y He§ YV
TS5 0.5
X< 025+ — -
SSSP SSS SO
Qo‘\ QOQ (\o‘\
RIPK3 MLKL OSMR
e ns 1.83x10 145x10°
58 4 mm g 8
w .
@é 21 A 4 4 4
g0 1 0 S i 24 2\
o E & G 2 n
ea os{ [ |V & 1
20 | . % Vi
55
o3& 025 o 0.5 Y
X <0125l 1+ Sl 0.25 7
S S LSS 000 LS
& & &
< < <

Figure 24. Expression patterns of TNF pathway members in XLP2 disease and RISK

cohort.

A. Expression of TNFRSF1A, TNFRSF1B, RIPK3, MLKL, OSM, and OSMR in ileal biopsies
from non-IBD, IBD, and XLP2 (A) and the RISK patient cohort (GSE93624)

B. The Wald test was used to generate the indicated P values from the pairwise com-
parisons.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”
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All of these findings were indicative of the fact that intestinal inflammation in
XLP2 was associated with markers of severe and complicated disease and
characterized by elevated TNFRSF1B expression. Interestingly, TNFRSF1B was
positively correlated to MLKL in the cCD cohort and negatively correlated to RIPKS3 in
the XLP2 cohort. These data are in line with observations in our murine studies of
XIAP deficiency, in which aberrant activation of the necroptotic machinery, proceeded
independently of MLKL. In summary, TNFRSF1B positively correlated with biomarkers
disease severity in both cohorts hinting at common mechanisms, despite the different

genetic backgrounds of these two patient cohorts.
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Figure 25. Top deregulated KEGG pathways in XLP2 patients compared to non- IBD

controls.

A. and B. Top deregulated KEGG pathways in complicated Crohn’s disease patients (cCD)
compared to healthy controls based on GSE93624 (n = 35 non-IBD, 210 treatment-naive
patients of which 27 patients progressed to complicated disease).

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabf7235”
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KEGG Cytokine-Cytokine Receptor Interaction
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Figure 26. Network analysis of upregulated genes. Comparison of cytokine-cytokine
receptor genes upregulated in the complicated CD group versus the XLP2 group. Data
analysis was performed using the dataset GSE93624, and from transcriptomic analysis of of
seven characterized XLP2 patients with a diagnosis of IBD (XLP2).

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”
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Concluding, we found a striking similarity in the complicated disease course in
the RISK cohort with the XLP2 cohort which was marked by both markers of disease
severity and strong expression patterns of TNFR2 (Figure 26). These findings suggest
a common mechanism of disease amplification, which in the context of XIAP

deficiency is masked by inflammatory death of these cells.
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Figure 27. Disease model. Model illustrating the signaling events leading to abrogated
TLRS5 signaling in XIAP-deficiency.

Figure and Legend were modified and taken from “Wahida, A., Miiller, M., Hiergeist, A.,
Popper, B., Steiger, K., Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S.,
De Coninck, J., et al. (2021). XIAP restrains TNF-driven intestinal inflammation and dysbiosis
by promoting innate immune responses of Paneth and dendritic cells. Sci Immunol 6,
eabfr7235”
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Table 1. Patient Characterization

Patient cohorts

Non-IBD Control Cohort

Patient | Age | Sex | Anatomical Location | Histopathological diagnosis
A1 14 male proximal colon healthy control tissue
A2 11 male proximal colon healthy control tissue
A3 14 male proximal colon healthy control tissue
A4 11 male proximal colon healthy control tissue
A5 13 male proximal colon healthy control tissue
A6 12 male proximal colon healthy control tissue
A7 13 male proximal colon healthy control tissue
A8 11 male proximal colon healthy control tissue
A9 13 male proximal colon healthy control tissue
A10 13 male proximal colon healthy control tissue
A11 14 male proximal colon healthy control tissue
A12 8 male proximal colon healthy control tissue
A13 10 male proximal colon healthy control tissue
A14 10 male proximal colon healthy control tissue
A15 10 male proximal colon healthy control tissue
IBD Control Cohort
Patient | Age | Sex | Anatomical Location | Histopathological diagnosis
B1 12 male ascending colon pediatric Crohn’s disease
B2 19 male transverse colon pediatric Crohn’s disease
B3 13 male transverse colon pediatric Crohn’s disease
B4 17 male sigmoid colon pediatric Crohn’s disease
B5 17 male transverse colon pediatric Crohn’s disease
B6 17 male ascending colon pediatric Crohn’s disease
B7 15 male ascending colon pediatric Crohn’s disease
B8 18 male transverse colon pediatric Crohn’s disease
XLP-2 Disease Cohort
Patient | Age | Sex | Anatomical Location | Histopathological diagnosis
C1 14 male ascending colon XLP-2 associated colitis
(c.1021_1022delAA)
C2 9 male intestine XLP-2 associated colitis (c.847C>T)
C3 5 male sigmoid colon XLP-2 associated colitis
(c.448 449insC)
C4 9 male descending colon XLP-2 associated colitis (deletion of
exon 1)
C5 11 male ascending colon XLP-2 associated colitis (c.340C>T)
C6 7 male sigmoid colon XLP-2 associated colitis (c.1141C>T)
Cc7 10 male transverse colon XLP-2 associated colitis (c.1141C>T)

Table was modified and taken from “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K.,
Branca, C., Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021). XIAP
restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate immune responses of
Paneth and dendritic cells. Sci Immunol 6, eabf7235”

*C1, 2, 3,4, 5,6, and 7 correspond to P6, P19, P15, P14, P16, P18, and P18 in

S. Ono, K. et al (2021), doi:10.1016/}.jaip.2021.05.045.
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MATERIALS AND METHODS

Overall Study design

e The goal of this project was to delineate the sequence of events leading to intestinal
inflammation in XIAP deficiency (XLP-2 Syndrome).

e Various methods including immunohistochemistry, confocal imaging techniques,
and transcriptome analysis were utilized to investigate the origins of spontaneous
ileitis in knockout mice.

e Throughout the study, both male and female were used in this study and different
hygienic contexts and housing strategies were assigned to the experimental mice.

e All analyses were initially performed in a blinded manner. Sample sizes and

biological or technical replicates are denoted throughout the figure legends.
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Mice

The following paragraph was adapted or partly taken from a previously published
manuscript “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K., Branca, C.,
Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021).
XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate

immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235.”

The mice employed: Birc4—— (Olayioye et al. 2005), Tnf~—(M. Pasparakis et
al. 1996), Tnfr1—— (Rothe et al. 1993), Tnfr2——(Erickson et al. 1994), Ripk3—'—
(Newton, Sun, and Dixit 2004), and MIkI—~— (Murphy et al. 2013). Mouse lines mice
lacking Birc4, are described as Xiap™ mice, and were subsequently crossed with Tnf—
/=, Tnfr1—"—, Tnfr2—"—, Ripk3—"—, and MIkI—'—mice in order to generate the respective

double knockout lines.

For cohousing experiments mice were housed together for four weeks directly
after weaning. For separation experiments, cohoused mice of both genotypes were
separated for a period of four weeks before being subjected to analysis. The mice
were housed in an environment with a 12-hour light:dark cycle, an ambient
temperature of 24°C, and a humidity level of 55%. Following the experiment, the mice
were euthanized, and their organs were harvested for analysis. All mice were bred
and housed under either conventional or specific pathogen—free conditions according

to the guidelines of the Federation of Laboratory Animal Science Association.

Ethics protocols and approvals: All mice experiments were authorized by

permission of the District Government of Upper Bavaria (Vet 02-19-103). Ethics
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approval for human samples was obtained from the ethics committee of the Klinikum

rechts der Isar, TU Munchen (339/20 S-KH).
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Human patient cohort

The following paragraph was adapted or partly taken from a previously published
manuscript “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K., Branca, C.,
Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021).
XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate

immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235.”

Patient material was sourced from three institutions: the Department of
Pathology at Klinikum Schwabing in Munich, Germany provided non-IBD control
tissue, the IBD cohort was obtained from the Institute of Pathology at Technical
University of Munich, Germany, and the XLP2 cohort was procured from the
Department for Child Health and Development at Tokyo Medical and Dental
University, Japan. The XLP2 cohort comprised of colonic mucosal biopsies obtained
from male pediatric patients with XIAP deficiency and confirmed colitis through
endoscopy. The IBD control group included male pediatric patients of similar age
range. Biopsies were collected during diagnostic colonoscopies from therapy-naive
disease stages. The study used colonic mucosa biopsies from 15 pediatric patients as
non-IBD controls. The patients underwent endoscopy before appendectomy to rule
out concurrent inflammation. Cases with macroscopically and histologically normal
mucosa and localized acute appendicitis were included for analysis. The biopsies were
evaluated through histopathological analysis using hematoxylin and eosin (H&E) and
periodic acid-Schiff (PAS) staining. A pathologist used a semi-quantitative scoring
system to assess inflammation, including quantification and distribution of
lymphocytes, plasma cells, neutrophilic and eosinophilic granulocytes, and histiocytes.

The pathologist also noted the presence or absence of PCs, crypt apoptosis, surface
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epithelial necrosis, and regenerative changes. The study performed RNA-seq analysis

on FFPE biopsy specimens by extracting RNA from 8- to 12 p-thick sections.

Histopathological analysis and confocal microscopy of murine ileal tissue

sections

The following paragraph was adapted or partly taken from a previously published
manuscript “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K., Branca, C.,
Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021).
XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate

immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235.”

lleal tissue was prepared according to the “swiss rolls” method as described
previously in (Moolenbeek and Ruitenberg 1981) and stained with H&E, PAS

reaction, or IHC antibodies (see table below).

Antigen Producer, Catalog no.
TLRS Abcam, ab62460
CD3 DCS Diagnostics, C1597C002
Ki-67 ThermoFisher Scientific, RM-9106
5-bromo-2'-deoxyuridine (BrdU) Bu20a, Cell Signaling, no. 5292
beta-catenin E247, Abcam, no. ab32572

To quantify CD3+ cells and goblet cells (PAS+ cells along the villus lining) at
least 20 villi per mouse were evaluated and the average per mouse used as a proxy

for the overall goblet cell or t cell abundance in one particular organ.
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To assess the degree of subepithelial edema, a semi-quantitative scoring
system was devised. Subepithelial edema is characterized by the presence of a (focal)
gap beneath the villous epithelial cells and the lamina propria at the edges or tips of
the villi, and can be distinguished from autolysis. Autolysis of the small intestine
typically involves detachment from the epithelium and concurrent contraction of the

lamina propria

Edematous detachment of basal
_— membrane

Middle | B4 | BS | B6

Bottom | C7 | C8 | C9

[ —

Increasing Severity

yidaq Buiseauou

Figure 28. Schematic of the edema score.

For evaluating the extent of the edema, each countable villus is divided into
three sections, and the edema in each level proportionally quantified. The
deeper the edema stretches along the villus-axis, the higher the obtained score.
The numerical score is calculated as  follows: (0*Score
0+A1*1+A2*2+A3*3+B1*4+B2*5+B3*6+C1*7+C2*8+C3*9)/ (Total number of

scored villi).
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All confocal images were generated, by flushing approximately 1 cm of ileal
tissue and fixing these in 4 % formaldehyde at 4°C. Cryopreservation was performed
by incubating tissue for 24h in a 30% sucrose solution. Thereafter tissue was
embedded in Tissue-Tek O.C.T. compound solution. Subsequently, sections were cut
and stained an antibody against UAE | DyLight 649 (Vector Laboratories, DL-1068) or
lysozyme EC 3.2.1.17/FITC (Dako, F0372) and counterstaining with 4',6-diamidino-2-
phenylindole (DAPI; Sigma-Aldrich). The stained sections were imaged on a TCS SP8
confocal microscope from Leica in conjuncture with a DMi Thunder Imager with a
Pecon Incubator i8 setup also manufactured by Leica. IMARIS software was utilized

(v9.5) for analysis.
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Transmission electron microscopy

The following paragraph was adapted or partly taken from a previously published
manuscript “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K., Branca, C.,
Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021).
XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate

immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235.”

The samples were fixed in Karnovsky's Fixative, which was freshly prepared by
Electron Microscopy Sciences, and then embedded in Epon, supplied by Serva
Electrophoresis. Ultrathin sections measuring 70 nm were cut and treated with
UranyLess EM Stain from Electron Microscopy Sciences and 3% lead citrate from
Leica using the Leica EM AC20 contrasting system. The JEOL 1200EX Il TEM from
JEOL in Akishima, Tokyo was used to image the samples at 80 kV. A digital camera
(KeenViewll; Olympus, Germany) captured images that were processed using the
iTEM software package (analySIS Five; Olympus, Germany). For TEM imaging, at
least three random ultrathin sections were used for each biological replicate. The
distribution of type | and || PCs was assessed by evaluating the extent of endoplasmic
reticulum (ER) disruption and distortion of PC mitochondria, with grading of
mitochondria following the method outlined by (Cadwell et al. 2008). At least 20 PCs

were blindly quantified for each genotype.
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Intestinal microbiome analysis by 16S-rDNA semiconductor sequencing

The following paragraph was adapted or partly taken from a previously published
manuscript “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K., Branca, C.,
Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021).
XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate

immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235.”

Isolation of DNA from stool specimens: Mice cecum contents were collected,
immediately cooled on dry ice, and stored at -80°C until processing. Upon thawing,
each sample weighing 100 mg wet weight was mixed with a pool of three spike
bacteria, namely Salinibacter ruber, Rhizobium radiobacter, and Alicyclobacillus
acidiphilus, at a concentration of 1e+8, 8e+7, and 3e+8 16S rDNA copies per sample,
respectively. These spike bacteria served as an internal control standard [Andreas
H1]. To lyse cells, the samples were exposed to S.T.A.R. Buffer (Roche, Mannheim,
Germany)/proteinase K, followed by five cycles of freezing in liquid nitrogen and
boiling, and then repeatedly subjected to bead beating using a mixture of 0.1 mm silica
spheres and two 1.4 mm titanium beads on the TissueLyser Il (Qiagen) instrument.
DNA was then purified using the MagNA Pure 96 instrument (Roche) and the MagNA
Pure 96 DNA and Viral NA Large Volume Kit (Roche). The total nucleic acids were
quantified using the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific,

Wilmington, DE, USA).

Quantification of 16S rDNA copies by qPCR: To determine the 16S rRNA gene
copy numbers of total bacteria in the isolated DNA, qPCR was performed on a
LightCycler 480 Il Instrument (Roche) using universal eubacterial 16S rRNA gene

primers S-D-Bact-0341-b-S-17 and S-D- Bact-0785-a-A-21, along with a universal
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6FAM-labelled hydrolysis probe 506R and the LightCycler 480 Probes Master

(Roche). Spike bacteria-specific gPCRs were also performed as described earlier.

The V4 to V6 hypervariable regions of bacterial 16S rRNA genes were amplified using
the forward primer S-D-Bact-0517-a-A-17, which contains a 10-bp barcode sequence,
and the reverse primer S-D-Bact-1046-b-A-19, from a total of 1e+7 bacterial 16S rDNA
copies for each sample. The resulting ~600 bp amplicons were purified using MagSi-
NGSPREP Plus beads (Steinbrenner Laborsysteme, Wiesenbach, Germany), and the
copy numbers of amplicons containing A and P1-adaptors were determined using the
KAPA Library Quantification lonTorrent Kit (Roche Diagnostics, Mannheim,
Germany). The DNA library was prepared by pooling equimolar concentrations of
adaptor-labeled amplicons and then re-amplified by isothermal amplification using the
lon PGM Template |A 500 Kit (Thermo Fisher Scientific, Darmstadt, Germany). Finally,
the library was subjected to sequencing on an lon TorrentTM PGM (Thermo Fisher

Scientific, Darmstadt, Germany).

Processing and analysis of 16S amplicon sequencing data: The Torrent Suite
Software Version 5.10 was used for signal processing and base-calling without quality
trimming of sequencing reads. Amplification primer and adapter sequences were
removed from processed reads using cutadapt [Andreas H3] 1.16, and reads with an
average quality below 15 were also removed. Low quality bases from the 3' ends were
trimmed using sickle [Andreas H4] version 1.33 with a quality cutoff of 15 and a length
cutoff of 250 bases in a sliding window approach. Cutadapt was used for
demultiplexing of filtered reads with no allowance for errors. Subsequent analyses
were performed using R v3.6.3. Demultiplexed reads were further processed and

denoised using the dada2 v1.16 pipeline with a homopolymer gap penalty of -1 and
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singletons retained before pooling of reads. Downstream analyses were conducted
only on sequences with a maximum of 5 expected errors. The IDTAXA algorithm of
the DECIPHER v2.18 package was applied for taxonomic classification of all detected
amplicon sequence variants (ASV) using the SILVA 138 release 16S rRNA reference
database. The alpha diversity measures and principal coordinates analyses based on
weighted and unweighted UniFrac distances were calculated using the phyloseq v1.34
package (data not shown). Differential abundance analyses and generation of
cladograms were carried out using the MicrobiotaProcess package with an alpha index
cutoff of 0.01, and all plots were generated with ggplot2 v3.3.2. The species-level
classification of ASVs that were mapped to Helicobacter spp. was manually verified
using the IDNS3 Eubacteria 16S reference database within the web-based

SmartGene IDNS3 pipeline (SmartGene GmbH, Zug, Switzerland).
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RNA-seq of human and murine tissue

The following paragraph was adapted or partly taken from a previously published
manuscript “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K., Branca, C.,
Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021).
XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate

immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235.”

Crypt enrichment: To enrich for murine crypts, single-housed and cohoused wildtype
and Xiap—— mice were euthanized in accordance with local ethical regulations, and
their small intestines were removed. The small intestines were opened longitudinally
and cleansed of mucus and fecal remnants by flushing with ice-cold PBS. Next, the
intestines were cut into 0.5 cm? pieces and rigorously washed multiple times with ice-
cold PBS until the supernatant was clear. The small intestinal pieces were then
incubated with a 2mM EDTA solution in PBS for 30 minutes at room temperature.
Several fractions were obtained by flushing the tissue pieces with ice-cold PBS using
a transfer pipette, and the suspension was collected and further re-suspended in PBS.
The fraction with the highest concentration of crypts and the least amount of debris
was selected for analysis. RNA was extracted using the RNA isolation NucleoSpin®

kit from Macherey-Nagel.

RNA-isolation from patient FFPE tissue. Sections of FFPE biopsy specimens,
measuring approximately 8-12 um thick, underwent deparaffinization and were
digested with Proteinase K for one hour. An automated nucleic acid extraction system,

the Promega Maxwell RSC16, was used to extract RNA along with the LEV RNA FFPE
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Purification Kit from Promega. Tissue was scraped from the slide and then treated with
the TURBO DNA-freeTM Kit from ThermoFisher Scientific to remove DNA and obtain
DNA-free RNA. The QuBit 3.0 system and the QuBit RNA high-sensitivity kit from
ThermoFisher Scientific were used to measure the concentration of RNA

fluorometrically.

Library Preparation: The library preparation for bulk 3'-sequencing of poly(A)-RNA
was carried out as previously described. Briefly, barcoded cDNA for each sample was
generated using Maxima RT polymerase (ThermoFisher Scientific) with oligo-dT
primers containing barcodes, unique molecular identifiers (UMIs), and an adapter. The
5' ends of the cDNAs were extended using a template switch oligo (TSO), and full-
length cDNA was amplified by binding primers to the TSO-site and adapter after
pooling all samples. The cDNA was then tagmented using the Nextera XT kit
(lumina), and 3'-end-fragments were amplified using primers with lllumina P5 and P7
overhangs. The P5 and P7 sites were exchanged compared to Parekh et al. to enable
better cluster recognition by sequencing the cDNA in read1 and barcodes and UMIs
in read2. The library was sequenced on a NextSeq500 (lllumina®) using 65 cycles for
the cDNA in read1 and 16 cycles for the barcodes and UMIs in read2. The published
Drop-seq pipeline (v1.0) was used to generate sample- and gene-wise UMI tables.
Alignment was performed using the GRCh38 reference genome, and transcript and

gene definitions were based on the ENSEMBL annotation release 75.

RNAseq analysis and normalization: The analysis and normalization of RNAseq

data involved obtaining Gencode gene annotations v28 and the human reference

genome GRCh38 from the Gencode homepage (EMBL-EBI). The Dropseq tool v1.12
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was used for mapping the raw sequencing data to the reference genome, and the
resulting UMI filtered count matrix was imported into R v3.4.4. Prior to differential
expression analysis with DESeq2 v1.18.1, the dispersion of the data was estimated
using the severity of the disease as a covariate. The Wald test was then used to
determine the differentially regulated genes between all possible pairwise
comparisons, with genes being considered differentially regulated if the adjusted p-
value was less than 0.05. The differentially regulated genes were then subjected to
gene set overrepresentation analysis using Enrichr within the KEGG gene set
database. The data were then transformed using rlog transformation with the

aforementioned model for further downstream processing.

For the mouse dataset, Gencode gene annotations m18 and the mouse reference
genome GRCm38 were obtained from the Gencode homepage (EMBL-EBI). Mapping
of the data was conducted as described above, and the dispersion of the data was
estimated using a dummy variable that described all possible genotype-housing
combinations. The LRT-test was used to compare the aforementioned model to a
reduced Intercept-only model. Genes were considered differentially regulated if the
adjusted p-value was below 0.05, and unsupervised clustering was used to determine
sub-clusters. Gene set overrepresentation analysis with Enrichr within the KEGG
pathway database was then performed on the genes in each cluster. Pathways were
considered significantly associated with a cluster if the adjusted p-value was less than
0.05. The Wald-test was used to determine foldchanges between all pairwise
comparisons, and the apeglm shrunken fold changes were calculated. GSEA of
selected pairwise comparisons was then conducted with default settings in the pre-

ranked mode using the apeglm shrunken folds as the ranking metric. A pathway was
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considered significantly associated with an experimental group if the FDR was less

than 0.05.
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TLRS signature: Raw data with accession number GSE117772 were obtained from
NCBI GEO and aligned to the reference genome using STAR. The same downstream
analysis was then performed as previously described, wherein the data dispersion was
assessed using a parametric fit with the experimental group included as a covariate in
the model. The TLRS signature was identified using genes that were significantly
differentially expressed between the untreated and flagellin-treated groups, with an
adjusted alpha level of 0.05 as the threshold. This signature was used as a user-

defined gene set in GSEA analysis for other experiments in this study.

Correlation network analysis: To distinguish the positive and negative relationships
in the TNF signaling pathway, we used the R function rcorr to calculate the Pearson
correlation coefficient between genes based on their expression values in the
pathway. A correlation network was then generated based on these values, and

Cytoscape v3.7.1 was utilized to visualize the network.
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Small intestinal organoid culture

The following paragraph was adapted or partly taken from a previously published
manuscript “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K., Branca, C.,
Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021).
XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate

immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235.”

Organoids derived from the small intestine (SI) were cultured following
established protocols. Specifically, Matrigel (Corning Incorporated) was used to seed
approximately 200 Sl crypts, which were then cultured in IntestiCult® medium
(StemCell®) containing 1% sterile penicillin-streptomycin (ThermoFisher Scientific).
Organoid cultures were not stimulated until at least one passage had occurred. To
induce stimulation, organoids were passaged and allowed to rest for 2 to 3 days before
being treated with TNF (20 ng/ml), Na-butyrate (1 mM), or flagellin (500 ng/ml) in
IntestiCult® medium. For morphometric analysis of organoid proliferation and
differentiation, at least three domes per condition were used in three independent
experiments per genotype and treatment group. Cultures were imaged at x10
magnification using a Leica DMi8 Thunder Imager equipped with a Pecon Incubator i8
setup. The resulting organoids were categorized into four morphological profiles,
including enteroids (fully differentiated organoids), enterospheres, or cystic

(undifferentiated organoids).

CRISPR-Cas9—mediated deletion of Myd88 and TIr5 in organoids was

performed by transducing organoids with a lentiCRISPRV2 lentiviral system (Addgene
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plasmid no. 52961; http://n2t.net/ addgene:52961; RRID:Addgene_52961) (Sanjana,

Shalem, and Zhang 2014).

The sgRNA oligos were designed as follows using the in silico webtool

[Benchling (2021), https://benchling.com].

Gene Forward primer
Tir5 AGGGAGATATTACCAACACG (Exon 4)
Myd88 CCCACGTTAAGCGCGACCAA (Exon 1)

For organoid transduction, lentiviral vectors were produced (Wubbenhorst et
al. 2010), and organoids were treated as previously described (Van Lidth de Jeude
et al. 2015). As a control, pHIV-7 SFeGFP IRES puromycin was used as control
vector. Transduced organoids were then maintained for two to three passages under

puromycin selection (5 g/ml; InvivoGen®).

In order to evaluate the existence of insertions and deletions (indels) in the
genomic area aimed by the CRISPR-Cas9, Sanger sequencing was performed on the
sgRNA target region of both MyD88 and Tir5. The efficiency of indels was evaluated
by employing the webtool "TIDE: Tracking of Indels by Decomposition" (Brinkman et

al. 2014).
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Gene Forward primer Reverse primer
TirS TACTGGTGCCCGTGTGTAAA ACAGCCGAAGTTCCAAGAGA

Myd88 GCCTAGTCCATCCACCTTGA GCTAGCCTCGTTGATCCTTG

For experiments, organoid cultures were expanded to reach a density of 100 to
200 organoids per Matrigel dome. For each independent experiment, four domes of
each genotype were stimulated with either TLR5-ligand flagellin (FLA-BS Ultrapure,
FPB-41-01, tlrl-pbsfla, InvivoGen®) at 500 ng/ml or recombinant mouse TNF-
(BioLegend®, 575204) at 20 ng/ml, 2 days after passaging. After 4 days of stimulation,
two to three wells per condition were imaged with Leica Thunder at x10 magnification
and with computational clearing. After imaging, organoids were harvested and
subjected to real-time gPCR with the GoTag gPCR (Promega®) according to the
manufacturer’s instructions, with the following primers from the following table.
Relative expression was calculated using the AACt method. Each biological sample

was run in LightCycler 480 Il (Roche) with three technical replicates.

Gene Forward primer Reverse primer

Tnf CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG
Tnfrsfia CCGGGAGAAGAGGGATAGCTT  TCGGACAGTCACTCACCAAGT
Tnfrsf1b ACACCCTACAAACCGGAACC AGCCTTCCTGTCATAGTATTCCT
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Metabolic studies

The following paragraph was adapted or partly taken from a previously published
manuscript “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K., Branca, C.,
Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021).
XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate

immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235.”

The study involved analyzing metabolites, which were measured using NMR
following a previously described method (Prokesch et al. 2017). NMR experiments
were conducted at 310 K using a Bruker Avance Ill 500 MHz spectrometer with a TXI
probe head. The samples' spectra were processed automatically (0.3 Hz exponential
line broadening), phased, and referenced to TSP at 0.0 ppm using Bruker Topspin 3.1
software (Bruker GmbH, Rheinstetten, Germany). The metabolites of interest
corresponding to a specific number of protons and the external standard's integral
regions were defined, normalized to the number of protons, and the concentration was
determined using the external standard concentration. The Chenomx NMR Suite 8.2
was used to determine non-labeled compound concentrations by internal standard

concentrations.

The concentration of Beta-hydroxybutyrate in the cecal content was measured

using the Beta-Hydroxybutyrate Assay Kit (MAKO041, Sigma-Aldrich), following the

manufacturer's instructions.
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FITC-dextran permeability assay

The following paragraph was adapted or partly taken from a previously published
manuscript “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K., Branca, C.,
Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021).
XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate

immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235.”

To assess the permeability of the intestinal barrier, oral gavage of FITC-dextran
(Sigma-Aldrich, no. FD4) in phosphate-buffered saline (PBS) was given to mice at a
dose of 44 mg/100 g body weight. Four hours later, serum was collected from whole
blood and mixed with PBS (pH 7.4) at a 1:1 ratio. The concentration of FITC in the
serum was measured using a spectrophotofluorometer (BioTek®) by exciting at 485
nm and measuring the emission wavelength at 528 nm. The concentration was

determined using serially diluted FITC-dextran in PBS as a standard.
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Statistical analysis

The following paragraph was adapted or partly taken from a previously published
manuscript “Wahida, A., Miiller, M., Hiergeist, A., Popper, B., Steiger, K., Branca, C.,
Tschurtschenthaler, M., Engleitner, T., Donakonda, S., De Coninck, J., et al. (2021).
XIAP restrains TNF-driven intestinal inflammation and dysbiosis by promoting innate

immune responses of Paneth and dendritic cells. Sci Immunol 6, eabf7235.”

All statistical analyses except for omics experiments (R as described in the
methods) were performed on GraphPad Prism (version 9.2.0). For datasets including
one variable, a two-tailed nonparametric Mann-Whitney U test was used to test
significance. For multivariable analyses, an analysis of variance (ANOVA) test was
used with a Holm-Sidak post hoc analysis. All statistical details are described in the

respective figure legends.
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Iv.

DISCUSSION

Throughout this dissertation, | have aimed to provide a molecular explanation for
the sequence of events leading to intestinal inflammation in an ultra-rare hematological
inborn condition termed X-linked lymphoproliferative syndrome Type 2 (XLP-2) or

XIAP deficiency (Mudde, Booth, and Marsh 2021).

As detailed in the introductory part of this thesis, XIAP deficiency constitutes a
mendelian cause of very-early onset inflammatory bowel disease (VEO-IBD) in
affected boys (Zeissig et al. 2015). With a relatively high estimated reported
penetrance of 30 % regarding the development of intestinal inflammation, the effect
size of deleterious variants in BIRC4, the coding gene for XIAP, is considerably more
pronounced than in sporadic IBD (Graham and Xavier 2020), which usually present
in young adults. In the context of sporadic IBD, such as Crohn's disease and ulcerative
colitis, GWAS studies have identified several genetic variations that may contribute to
the development of the condition (Graham and Xavier 2020). Here, it is generally
believed that inflammation is caused by a combination of genetic susceptibilities and
non-genetic triggers, with the exact causes of the condition still not fully understood.
These genetic variations, therefore, increase an individual's risk of developing IBD.
Fine mapping these variants revealed that these affect the immune system or the way
the host processes and responds to certain microorganismal components, such as

those originating from bacteria in the gut.

However, it has been proven arduous to link the pathogenic effect of these variants

with certainty to the probability of developing the disease. As such it has been posited
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that only a minor fraction of people being carriers of these variants will develop IBD
over the duration of their lives. Therefore, elucidating pathogenic mechanisms in the
context of mendelian and early onset cases presents an opportunity to dissect
genotype-phenotype causality and consequently bring novel therapeutic strategies to

the fore.
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Microbiome signatures associated with inflammatory bowel disease

One point of convergence to mendelian and sporadic IBD is the development
of dysbiotic alterations in the intestinal microbiome and concomitantly loss or blooming
of bacterial families, more or less adapted to an inflammatory environment. While the
intestinal flora strongly affects the host’s physiology mounting evidence suggests that
equivocally the host and potential inflammatory cues arising from him can shape the

composition and function of the microbiota (Sommer et al. 2017).

Thus, next to converging features of TNF-mediated inflammation and cell
death, one common aspect of IBD is a gradual change of intestinal microbial
ecosystems. A wealth of knowledge acquired after the advent of high throughput
sequencing methods such as 16S-ribosomal RNA sequencing has suggested that the
blooming and vanishing of several bacterial families is a driving force of the clinical
disease course, and thus may ultimately also serve as a therapeutic target (Schirmer
et al. 2019). This has raised one critical question in the field of IBD concerning the
debate of whether dysbiosis is a trigger or consequence of inflammation

(Stappenbeck and Virgin 2016).

To date, two congruent theories have been galvanized which aim to link genetic
susceptibility with the disease-associated changes in the intestinal microbiota. The
first consideration is that genetic predisposition per se does not lead to changes in the
microbiome alone. Rather, they collaborate with external triggers (so-called second
hits) which in analogy to the Knudson hypothesis (Manolis Pasparakis and

Vandenabeele 2015) then propagate an exaggerated inflammatory reaction in the gut,
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which is the second congruent concept critical to this theory. Carriers of
polymorphisms or even mutations that ultimately render these individuals susceptible
to hyperinflammatory reactions also allow pathobionts, otherwise innocuous
microorganisms, to create havoc. Identifying these microorganisms could pave the

way for precision medicine approaches in such individuals.

Recent studies underscore this idea, which is unable to identify plausible
genotype-microbiome associations when comparing the microbiome of diseased and
healthy carriers of NODZ2 variants associated with IBD, but rather posit that dysbiosis
is linked to disease status. The data presented in this thesis argue in favor of the model
in which host genetics regulate the propensity for exaggerated inflammatory
responses, which, in turn, ultimately drive microbial dysbiosis. In our model,
phenotypic XIAP-deficient mice displayed a microbiome signature hallmarked by
dysbiosis (loss of diversity), which was largely due to a decrease in various Clostridial
species. This observation correlated with the presence of inflammation, which could
not be intrinsically linked to the genetic loss of Xiap alone. Rather, the conclusion from
the experimental lineup was that an inappropriate reaction to an environmental trigger,
most likely a bacterial trigger, drove aberrant TNF-mediated destruction of

homeostasis with encompassing loss of microbiome and mucosal integrity.

This concept has been supported by a study that was published colloquially
with our study (Strigli et al. 2021). Here, colleagues focused on scrutinizing the
necessity for a bacterial trigger against which XIAP-deficient host animal could not
mount appropriate immune responses. Inoculation of these mice with Helicobacter

hepaticus, otherwise innocuous in wildtype animals, led to the loss of mucosal integrity
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in parts resembling the phenotype observed in our colonies. Next to the loss of Paneth
cell viability and function, a clear pathogenic role for the TNF-TNFR1-RIPK3 axis
mediating the pathology was established using gene-targeted mice, similar to our
approach and thus supporting the overall pathomechanistic framework established by

both studies.

Another important control experiment we performed to exclude the involvement
of a pathogen also able to provoke intestinal inflammation in wildtype animals,
according to the Koch postulates (Singh, Proctor, and Willing 2016), we performed
cohousing experiments where Xiap™  mice were housed together with same-sex
wildtype animals. Due to the inherent murine behavior of coprophagy (Klaasen et al.
1990) which allows for the dissemination of dominant microbial strains across animals,
we were able to show that the dysbiotic phenotype and ensuing inflammatory
phenotype were not transferable to wildtype mice. We therefore concluded and also
propose the concept of dysbiosis in this context being a recessive trait, leading to host
phenotypes in genetically susceptible individuals. This notion serves as the basis for
fecal matter transplantations (Blaser 2019), and the exact mechanisms thereof are

the topic of my current scientific focus.
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Aberrant cell death in inflammatory bowel disease

One of the most fascinating aspects of studying the molecular underpinnings of
inflammatory bowel disease is the observation that irrespective of the host's genotype,
be it a genetic polymorphism or highly penetrant mutation, or disease-promoting
factors, the occurrence of aberrant cell death represents a common feature of
pathology (Patankar and Becker 2020). Intriguing about this observation is
furthermore that the inflammatory nature of the cell death modality involved often
constitutes a disease driving force, therefore providing a molecular rationale why
certain biologicals such as antibodies against tumor necrosis factor (TNF) do not only
dampen cues amplifying the overall inflammatory component but also causally
address the cell death component driven by aberrant TNF signaling (Glinther et al.
2011; Atreya et al. 2014). Since apoptosis is generally understood to be
immunologically silent, it is difficult to conceive how TNF-driven apoptosis might play
a prominent role in this context. As elaborated in the introductory part, the outcomes
of TNF signaling can be very diverse only leading to cell death in a minority of cases,
with necroptosis most likely to play a role in gut inflammation (Patankar and Becker

2020).

In Xiap™~ mice, aberrant TNF signaling caused an impairment of Paneth cells
which was shown by various complementary methods. Paneth cells are essential
components of the intestinal crypt and therefore stem cell niche, but furthermore
orchestrate — in an immune-like manner — how inflammatory responses are
coordinated within this microanatomic compartment. Best known for their ability to

produce antimicrobial peptides, the malfunction of these highly secretory and long-
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lived cells; thus, particularly sensitive to ER stress, TNF signaling, and defective
autophagy, and hence cell death, has been traced back to being the cellular cause of

IBD (Adolph et al. 2013; Azabdaftari and Uhlig 2021).

In our model, TNF played a critical role and exerted its pathogenic function
through both its receptors. This was exemplified through the use of gene-targeted
mice, harboring deletions in Tnf, Tnfr1, or Tnfr2. Earlier, in vitro data suggested that in
the absence of XIAP, beyond TNFR1 (Yabal et al. 2014) TNFR2 could also trigger
inflammatory cell death (Lawlor et al. 2017), by yet-to-be-determined mechanisms, in
vivo evidence linked to a relevant disease model was lacking. Our model now links
these aspects as underlying rationale which levels with the search for clinically

relevant therapies in XLP-2 disease.

Still, even with the certainty of a TNF-driven pathology, the exact source of TNF
in the intestine was a continuing matter of concern since the gut represents an organ
where the inflammatory response is tightly and cautiously regulated (van Loo and
Bertrand 2022). The presence of a plethora of microorganisms could amount to up to
several billion and thereby constitute a serious threat to trigger hyperinflammatory
cues if it were not for tolerogenic immune cell subsets restraining pro-inflammatory
bursts such as secretion of TNF. Next to regulatory T and B-cells, whose exact
physiology — and for that matter role in disease — extends beyond the scope of this
dissertation, various tolerogenic innate subsets collaborate with these adaptive
populations to coordinate tolerance in the gut. Among these, dendritic cells act as
master regulators informing subsequent immune responses by eliciting specific

immune responses in reaction to sampling microorganismal components such as
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bacterial cell walls or flagellar proteins, i.e., flagellin. After these antigen-presenting
functions, the secretion of specific cytokines then orchestrates an appropriate
response or lowers the propensity for inflammation by inducing tolerance (Cummings
et al. 2016). Next to these immune cell functions, specialized non-hematopoietic cells,
most importantly Paneth cells, can also modulate and finetune immunogenic reactions
in the gut, by secretion of soluble factors influencing adjacent and distant effector
immune cells in the mucosa. One key family of molecules that are understood to shape
these responses are Toll-like receptors (TLRs) which have been studied at large in the
context of innate immunity (Burgueio and Abreu 2020). However, their exact role in
mucosal immunity has been hampered by the lack of precise information regarding
the expression pattern across the spectrum of immune (like) populations in the
intestinal mucosa. Recently a resource paper, using reporter constructs for every
different TLR in mice was published, with the goal of studying the expression patterns
of TLRs in the gut (Price et al. 2018). This study revealed that as hypothesized the
expression of TLRs is tightly regulated to prevent aberrant hyperinflammatory
reactions in light of the myriad of microorganisms present in the gut. Along these lines,
the expression of TLR4 was largely absent and only present dimly on certain
infiltrating, probably patrolling, cells in the lamina propria of intestinal villi, thereby most
likely constituting cycling immune cells such as monocytes of macrophages.
Interestingly one major TLR family member — TLR5 — was seemingly strongly

expressed, albeit only on a small fraction of cells, divided into two subgroups.

One subset of cells was located at the bottom of the intestinal crypt, another

scattered around the lamina propria of the intestinal villi. The TLR5+ epithelial fraction

residing at the bottom of the crypt was subsequently identified as Paneth cells, a cell
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type that | discussed elaborately earlier. Validatory experiments showed that TLR5
engagement by its cognate ligand, flagellin, induced strong para- and autocrine TNF
response. Since the destruction of Paneth cells was both an essential feature of the
phenotype identified in XIAP deficiency (as well as overall in IBD) and genetic loss of
TNF was able to reverse this, the hypothesis was generated as to how TLRS as a
critical source of TNF in the intestine was linked to this. Underscoring the overall
importance of the question is that, dysfunctional Paneth cells associated with dysbiosis
represent a recurrent hallmark of IBD (Adolph et al. 2013) and also independent of
the risk allele, ultimately thus a cellular origin theory for IBD. Nevertheless, there are
data which suggest the opposite: the presence of dysfunctional in non-IBD patients.
These findings are suggestive that PC dysfunction alone is not sufficient for the

development of IBD, but possibly a perquisite.

We were also able to observe this seemingly contradictory finding. Since
deletion of Tnf abrogated intestinal inflammation and all ensuing phenotypes, we
generated mouse models carrying deletions in either receptor mediating downstream
signaling. Interestingly Tnfr1 deficiency protected both PC function and rescued
TLRS+ immune cell numbers; loss of Tnfr2 only rescued LP TLR5+ cells. However, in
line with human observation, we could not detect that in the absence of intestinal
inflammation Paneth Cell integrity was restored. Essential to the question of which
TNF receptor exerted which pathogenic role, the identity of the alleged immune cell
compartment rescued by deletion of Tnfr2 remained elusive. Except for their
expression of TLRS, their exact identity remained unknown. While earlier in vitro work

suggested these cells which were sensitive to TNFR2-mediated cell death after
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priming with TLR engagement, were of innate ontogeny, the in vivo correspondent

population was unknown.

Lastly, previous work revealed that in the context of Xiap™ deficiency,
inflammatory cell death occurred in a RIPK3-dependent manner (Yabal et al. 2014).
Throughout the introduction, necroptosis as a highly immunogenic cell death modality
was already introduced (Linkermann and Green 2014). However, it remained unclear
whether these proposed mechanisms which were identified in vitro were also relevant
in vivo. Again, murine genetic studies were the workhorse to test this hypothesis.
Indeed, similar to in vitro findings, the deletion of RIPK3 was sufficient to abrogate the
detrimental effects of TNF in XIAP-deficient mice. Restoration of Paneth cell integrity
and restoration of intestinal integrity and TLRS5+ populations showed that downstream

of both TNF receptors RIPK3 acted as a central relay mediating tissue damage.

Additionally, we knew that TLR activation on myeloid cells is able to induce the
expression of TNFR2 (Lawlor et al. 2017) on myeloid cells. One association found in
our model could thus also be that the engagement of TLRS specifically induced the
expression of TNFR2 on myeloid cells, which are yet to be fully identified, and which
would render these cells vulnerable to TNF-RIPK3 dependent cell death, which by
virtue of engaging a pathway releasing intracellular contents, most importantly DAMPs
(Manolis Pasparakis and Vandenabeele 2015), would be amplifying inflammation.
Another interesting layer of complexity relates to the seemingly disparate expression
pattern of MLKL in the XLP2 versus cCD cohort. While MLKL was strongly upregulated

in XIAP-Wildtype cCD patients, the missing MLKL expression in the XLP2 patient
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cohorts reflects its dispensable role in cell death induction in the absence of XIAP, as

shown in our mouse experiments.

Beyond the scope of our findings, the role of TLR5 remains largely unknown,
partly because of differing baseline hygienic microbial composition. For instance, loss
of TLRS was shown to govern the onset of spontaneous colitis (Vijay-Kumar et al.
2007), which has been further corroborated by cell type-specific deletions of TLRS,
where TLR5 was shown to be important for maturation of the microbiome (Fulde et
al. 2018). Interestingly only the deletion of TLRS5 in intestinal epithelial cells provoked
changes in relevant bacterial clades such as Firmicutes or Bacteroides, while the role
of TLRS in DCs was not equal (Uematsu and Akira 2009). Our data would support
this notion since the deletion of Tnfr1 but not Tnfr2 could revert the microbiota changes
more strongly. These data thus suggest that contrary to the loss of TLRS epithelial
cells, the loss of the elusive TLR5+ immune cell population is not pathogenic per se,

rather their inflammatory death could be the reason for intestinal inflammation.
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Therapeutic implications

This study has established a clear role for two axes driving pathology in a non-
redundant manner; while TNFR2 drove immunopathology and its genetic deletion was
sufficient to abrogate intestinal inflammation, TNFR1 was driving epithelial damage.
This was clearly established using gene-targeted mice lacking the corresponding
expression of either receptor or showed that based thereupon the changes in the
microbiota otherwise observed in diseased mice were also absent. Published work
based on XIAP-deficient patient studies that underwent hematopoietic stem cell
transplantation (Ono et al. 2021), the only viable therapeutic option which leads to
durable remissions in XLP-2 disease, monitored the microbiota’s reaction before,
during, and after HSCT. Supporting the findings of this thesis and the colloquially
paper published upfront (Wahida et al. 2021), the pediatricians observed that with the
decrease in clinical symptoms and intestinal inflammation, HSCTs could reverse the
changes normally observed during inflammatory flares. Most importantly they were
able to increase Clostridial abundance thereby underscoring the importance of the
immune system in shaping the overall microbial landscape in the gut. The model
presented here might serve as a blueprint for how epithelial and immune cells
collaborate by distinct axes of the same pathway. Also, the XIAP model showcases
the sequence of events leading to disease-driving dysbiosis which is a recurrent
finding independent of genotype. The clearly established pathogenic role of TNFR2 is
a novel and exciting context that on its own deserves attention as a potential target in
future therapeutic endeavors. But more so re-establishing a population that is capable
of generating appropriate TLR responses is a principle that might serve as a

springboard for future interventions.
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