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1. Introduction  
 
1.1 The lower gastrointestinal tract 

The lower gastrointestinal (GI) tract is the region of the digestive system that extends 

to about 200-400 m2 and is composed of the small intestine and the large intestine, 

lined by epithelial surfaces called columnar intestinal epithelial cells (IECs). 

Anatomically, from the proximal to the distal end, the small intestine comprises the 

duodenum, the jejunum, and the ileum, and the large intestine consists of the caecum, 

the colon, and the rectum. Acting as gatekeepers, the IECs separate vast numbers of 

resident microbes known as the commensal microbiota (also called commensal 

bacteria, commensal microbes or commensals), in the lumen from the host. Tightly 

regulated interactions occur between the host and the commensal microbiota which 

forms the critical feature of intestinal homeostasis. Breach of such homeostatic 

environment is commonly observed in diseases such as inflammatory bowel disease 

(IBD). 

 

1.1.1 Microbial components in the lower GI tract 

The density of intestinal microbes in the human lower GI tract collectively sums to 1013-

1014.1 The concentration of these microbes progressively increases from the small 

intestine to the large intestine. Within the duodenum and the jejunum of the human 

small intestine, the concentration of luminal and mucosa-associated microbes is about 

103-105, in the ileum it is about 108 and in the large intestine, about 1010-1012.2 The 

microbial ecosystem along the lower GI tract consists of several diverse species 

belonging to Eukarya, Archea, and Eubacteria.3 Amongst these, two different bacterial 

phyla, the Bacteroidetes and the Firmicutes, are the most abundant in the gut. 

However, other bacterial phyla that are commonly present but less abundant include 

the Proteobacteria, Actinobacteria Verrucomicrobia, Tenericutes, Deferribacteres, and 

Fusobacteria.3,4 Collectively, in healthy individuals, the different commensal 

microbiotas co-exist in a symbiotic relationship with the host to help mediate proper 

physiological functioning of the host and prevent the dominance of gut-associated 

microbes capable of causing pathogenesis (pathobionts) or invading pathogens. There 

are several ways by which the commensal microbiota prevents the dominance of the 

pathobionts and pathogens. The commensal microbes produce toxins, which act 

against pathogenic members of their own or similar species. For instance, bacteriocins 
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produced by indigenous Escherichia coli of the Proteobacteria phylum, inhibit the 

growth of enterohaemorrhagic E. coli O157:H7.5 The commensal microbiota can also 

alter the local pH in the intestine to inhibit the growth of selective pathogens. In 

particular, the Bifidobacterium spp., of the Actinobacteria phylum acidify the intestinal 

environment to inhibit the growth of E. coli O157:H7.6 Moreover, commensals also 

consume amino acids and nutrients required for the growth of pathogens leading to 

the starvation of pathogens, thereby restricting the expansion of the pathogens. For 

example, the indigenous E. coli consumes proline that is needed for the growth of E. 

coli O157:H7, thus limiting the abundance of E. coli O157:H7.7 

 

The commensal microbiotas also prevent pathogen domination by promoting host 

immunity. The commensals express microbiota-associated molecular patterns 

(MAMPs) which are recognized by receptors present in the host cells called pattern 

recognition receptors (PRRs).8,9 The different families of PRRs include the Toll-like 

receptors (TLRs), the nucleotide-binding domain and leucine-rich repeat containing 

receptors (NLRs), and the retinoic acid-inducible gene-I (RIG-)-like receptors (RLRs).10 

The initial recognition of MAMPs by the PRR allows for signaling mechanisms involving 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) in the host. 

These signaling mechanisms subsequently lead to the expression and production of 

various host factors that further control the abundance of commensal microbiota to 

prevent pathogen invasion.11 For example, MAMP-PRR interactions are important to 

generate efficient quantities of host chemical barriers called anti-microbial peptides 

(AMPs), that further shape the abundance and communities of commensals to prevent 

pathogen invasion.12 Notably, although certain AMPs are expressed at germ-free (GF) 

conditions, some of these AMPs require PRR stimulation by MAMPs to be 

expressed.12 Thus, the commensal microbiotas play key roles in keeping pathogens at 

bay and the commensal-host interactions shape the host immunity which further 

regulates the commensal microbiota to inhibit pathogen intrusion.13 

 

1.1.2 The intestinal epithelium 

The IECs that connect the host and environment in the gut are structurally organized 

as glandular invaginations, called the crypts of Lieberkühn, which are intercalated with 

protrusions of villi and microvilli, specifically in the small intestine. Extensive chemical 

and nutrient absorption from food occurs in the small intestine that is mediated by the 
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presence of these villi and microvilli. In contrast, the large intestine lacks villi, forming 

a flat mucosal surface that allows little absorption of food and aids in the movement of 

the stool. 

 

The IECs undergo rapid turnover that takes in average about 3-5 days in the small 

intestine and 6-7 days in the colon. This process is driven by the intestinal stem cells 

(ISCs) that lie at the bottom of small intestinal crypts (Fig. 1.1).14 The ISCs exist as 

crypt base columnar cells (CBCs), that express leucine-rich repeat-containing G 

protein-coupled receptor 5 (Lgr5), and generate rapidly proliferating progenitor cells 

called transit-amplifying (TA) cells.15,16 These TA cells which are localized to the central 

region of the crypts differentiate into either the absorptive or secretory cell lineage. 

Absorptive enterocytes, secretory goblet, enteroendocrine, tuft cells and M cells 

migrate upwards, mature and live to approximately 3-5 days. In contrast, Paneth cells 

(PCs) that are present only in the small intestine, reside intermingled with CBCs and 

are long-lived, for about 20 days (Fig. 1.1).15,17,18 There also exists a quiescent stem 

cell population residing four positions from the crypt base (+4 position) directly above 

PCs, which is believed to restore the CBC stem cells upon damage.14,19,20  
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Figure 1.1 The intestinal epithelium 

IECs in the lower GI tract act as gatekeepers, separating vast numbers of commensal 
microbiota in the lumen from the host. IECs undergo rapid turnover driven by ISCs, 
which lie adjacent to PCs at the bottom of the crypts. IECs with the exception of PCs, 
migrate upwards, indicated by black dashed arrows. The PCs and goblet cells secrete 
PC-AMPS and mucus which regulate the commensal microbiota and act as host 
chemical barriers. Amongst all the IECs, the M cells in particular are involved in active 
transportation of luminal contents to the myeloid and the lymphoid cells present in the 
underlying Peyer’s patches and lamina propria. The host and resident microbes have 
regulated interactions which forms the central feature of intestinal homeostasis. 
Adapted from Peterson et al., (2014).21 
 

The absorptive enterocytes, which make up over 80% of the IECs, aid in nutrient and 

water absorption from the luminal contents. The enterocytes contain closely placed 

microvilli that comprise the filamentous brush border glycocalyx, which is a group of 



 5 

carbohydrate moieties of glycolipids and glycoproteins.15,22,23 The presence of 

microvilli on the surface of IECs not only aids in the absorption process, but is also vital 

for sampling the commensal microbes in the lumen to mediate immune tolerance in 

the host.24,25  

 

Certain IECs are responsible for secreting factors that physically protect the host. The 

goblet cells secrete mucus that is composed of glycoproteins called mucins and gastric 

peptides known as trefoil factors.26,27 The mucus layer plays dual roles of barrier 

protection to the host from luminal contents and lubricant to the mucosal surface.27,28 

The mucus layer in the small intestine exists as a thin layer which is penetrated by 

microbes. However, in the large intestine, it exists as two different layers, where the 

outer layer is penetrable by microbes and the inner layer is non-penetrable and firmly 

attached to the colonic epithelium (Fig. 1.1).29,30  

 

The epithelium also offers chemical barriers at the mucosal surface in the form of 

AMPs, which are predominantly secreted by PCs. As mentioned above, the AMPs are 

responsible for regulating the microbial numbers and shaping microbial communities 

in the gut.31 In addition to protecting the host, the gut produces hormones that play key 

roles in the modulation of the appetite, regulation of metabolite production in the 

microbiota and enablement of cross-talk with the brain immune cells.32–34 The hormone 

production in the lower GI tract in response to meal-related stimuli is carried out by the 

secretory enteroendocrine cells (EECs) (Fig. 1.1).35 

 

A unique population of IECs called the tuft cells (also known as brush, caveolated or 

solitary chemosensory cells) share close morphology to taste-receptor cells and are a 

subject of investigation in intestinal homeostasis.36 They are predicted to be involved 

in allergy control, which is based on the key observation that they initiate type-2 

mediated adaptive immune responses and produce cytokines like interleukin (IL-) 25 

(IL-25) and IL-13, in response to helminth infections in the gut.37,38 

 

A special type of IECs called follicle-associated epithelium (FAE) lie over isolated and 

organized lymphoid follicles called Peyer’s patches in the small intestine. Under 

constitutive conditions, about 10% of this FAE comprises M cells (Fig. 1.1) that actively 

sample the luminal contents and transport them to the myeloid and lymphoid cells 
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present in the underlying follicles and lamina propria compartments via the process of 

phagocytosis and transcytosis to initiate immune tolerance.39,40 

 

Following maturation and migration towards the villi, the IECs shed off into the lumen 

with age and die due to programmed cell death or apoptosis. Maintenance of intestinal 

homeostasis requires a constant balance between cell proliferation and cell loss. The 

expulsion of IECs occurs by a regulated mechanism where the tight junction and 

cytoskeletal proteins in the cell membrane undergo re-arrangement.41 This is followed 

by the expulsion of cells due to tension build-up by the action of proteins called Rho-

associated kinases.42 Once the IECs are released from the villus tip, a spatial gap in 

the epithelium is formed that is sealed by the tight junction proteins thereby not 

compromising the barrier integrity under basal conditions in the intestine.41 Thus, the 

different IECs offer protection to the host from the lumen as well as mediate tightly 

regulated interactions with the commensal microbiota and the underlying immune 

system of the host that eventually leads to a homeostatic environment in the gut. 

 

1.1.3 Paneth cells and their functions in the gut 

PCs were discovered by Gustav Schwalbe in 1869 but later named and described by 

Josef Paneth in 1884.43,44 The PCs are characterized by a unique morphology defined 

by pyramidic shape with the presence of granules in their cytoplasm. The extensive 

network of endoplasmic reticulum and Golgi bodies in the PC, reflects their secretory 

property and directs the large granules present in the cytoplasm to the apical side of 

the cells.12 The contents of the PC granules remined elusive until 1967 when the 

discovery of lysozyme in the PC granules led to the first idea that PCs may have a role 

in defense function of the host.45 With time, the discovery of several families of AMPs 

in these granules confirmed the central role of PCs in innate defenses in the gut. 

 

PCs can be identified by histochemical stains such as eosin or periodic acid Schiff’s 

stain that stains the secretory granules, in accordance with the cationic charge of the 

granules.46,47 More recently, antibodies against the AMPs are used to detect the PCs 

by means of immunostaining. PCs in humans start to appear at 13.5 weeks post-

gestation period in both the small intestine and in the colon, however, by 17 weeks of 

gestation, the PCs are confined to the small intestine.48 In rodents, PCs appear from 

the day of birth only in the small intestine and increase in the number between 14 to 
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28 days after birth, yet they do not appear in the colon.49 While PCs are usually 

confined to the small intestine of healthy adults, they may occur unusually in the 

stomach or the colon during chronic inflammation where they are called metaplastic 

PCs.50,51 The metaplastic PCs are structurally identical to normal PCs, and secrete 

AMPs to protect damaged epithelium during inflammation against microbial 

invasion.51–54 

 

1.1.3.1 Paneth cell antimicrobial peptides as chemical barriers of the gut 

At constitutive conditions, most IECs are capable of synthesizing AMPs, however, 

maximum production of different families of AMPs is observed by PCs.55,56 In the small 

intestine, the amount of AMPs produced by the PCs (PC-AMPs) increases from the 

proximal end to the distal end. In the large intestine low amounts of PC-AMPs in the 

lumen protect the host and regulate the microbiota.57,58 Investigations on GF mice have 

revealed that certain PC-AMPs are expressed independently of microbial stimulation 

whereas other PC-AMPs require microbial stimulus for their normal expression.59 

Importantly, the expression of all PC-AMPs is elevated following microbial 

stimulation.60 Subsequent to stimulation with microbial products or pharmacological 

agonists, secretion of the granules containing AMPs is accompanied by increased 

levels of cytosolic calcium ions (Ca2+) from within the cells as well as inflow of 

extracellular Ca2+.61,62 The increase of Ca2+ levels associated with the granule release 

is enabled by the Ca2+-dependent potassium channel KCa3.1 that is encoded by the 

gene KCNN4.62 Upon the release of the AMPs into the crypt lumen, the granules are 

moved further upwards by cystic fibrosis transmembrane regulator protein that is 

expressed on the apical side of the crypt cells present adjacent to the PCs.63–65  

 

1.1.3.1.1 Types of Paneth cell antimicrobial peptides 

PC-AMPs are cationic and confer protection against different bacteria, viruses, fungi, 

and parasites in the gut as described below and summarized in table 1.1. The different 

AMPs produced by PCs include α-defensins, cathelicidins, lysozyme C, group IIA 

phospholipase A2 (sPLA2), C type lectins and host defense-related ribonucleases.12 
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Table 1.1 Types of PC-AMPs 

 

α-defensins 

The α-defensins are amongst the first antimicrobials to be described in mammals, 

which are constitutively expressed and comprise six conserved cysteine residues, 

stabilized by disulfide bonds.66,67 α-defensins are highly expressed by PCs in the 

intestinal epithelium and the α-defensin gene expressed by PCs spans over two 

Name of the 

PC-AMP 

(humans) 

Name of the PC-

AMP (murine) 

Mechanism of 

action 
Antimicrobial activity 

α-defensins 

Cryptdin and 

Cryptdin-related 

sequence 

Pore-inducing, 

long fibrils 

(nanonets) 

 

Gram-negative and 

Gram-positive bacteria, 

fungi, parasites and 

viruses 

Cathelicidin- LL-

37 

Cathelicidin-

related 

antimicrobial 

peptide 

Pore-inducing 

Gram-positive and 

Gram-negative 

bacteria, fungi and 

some enveloped virus 

C-type lectin- 

regenerating 

islet-derived 

protein III α 

(REGIIIα) 

(REGIIIγ) Pore-inducing Gram-positive bacteria 

sPLA2 sPLA2 

Hydrolysis of 

phospholipids in 

cell membrane 

Gram-positive bacteria 

Lysozyme C 
Lysozyme C 

(Lyz1) 

Hydrolysis of 

peptidoglycan 

Gram-positive, less 

extent Gram-negative 

bacteria 

Angiogenin Angiogenin 4 - 
Gram-positive and 

Gram-negative bacteria 
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exons.68,69 The PC-α-defensins are of six types in humans: α-1, α-2, α-3, α-4 and 

human defensin 5 (HD5) and 6 (HD6), out of which HD5 and HD6 are the most 

characterized. In mice, α-defensins are known as crypt defensins or cryptdins, of which 

27 isoforms dominate the small intestine of the mice.46,70,71 There exists enormous 

variability between the closely-related yet different cryptdin forms across the different 

strains of mice that makes the study of α-defensins in mice challenging.72 In mice, most 

enteric α-defensins are expressed as biologically inactive precursors called pro α-

defensins. The pro α-defensins undergo cleavage by a protease enzyme called 

matrilysin or matrix metalloproteinase 7 (MMP-7) to form mature α-defensins, which 

are released from the PCs into the crypt lumen.73 In compliance with the central role 

of MMP-7 in regulating α-defensins, studies on mice which carry deletions of Mmp7 

(Mmp7-/- mice) have shown that these mice lack mature α-defensins in the small 

intestine due to which they display microbial imbalances also known as dysbiosis in 

their gut. Dysbiosis in Mmp7-/- mice makes them more susceptible to infection with 

pathogens when compared to the wildtype (WT) mice.73,74 Although these mice lack 

mature α-defensins in the small intestine, investigations revealed the presence of 

mature forms of α-defensins in the colon and caecum of these mice, indicating possible 

alternative mechanisms of α-defensin processing in the large intestine.58 The 

processing of immature α-defensins in humans follows a similar mechanism, however, 

this is carried out by the enzyme trypsin and not MMP-7.75 

 

In both mice and humans, α-defensins are secreted in response to lipopolysaccharide 

(LPS), and muramyl dipeptide (MDP), present on the cell wall of bacteria.60 There are 

different mechanisms by which α-defensins induce bacterial killing. In vitro studies 

have revealed that when α-defensins associate with artificial lipid bilayer membranes, 

they form anionic permeable channels for conducting ions that induces microbial 

killing.76 Accordingly, human defensin α-1 induces membrane pores and DNA 

fragmentation in the protozoan Trypanosoma cruzi which subsequently leads to the 

death of the protozoan.77 Moreover, the α-defensin HD-6 also entraps bacteria and 

prevents bacterial entry into the epithelium by forming long fibrils.78 As such, defensins 

offer wide antimicrobial activity against a variety of microbes including Gram-positive 

and Gram-negative bacteria, viruses, fungi and parasites.12,59,79–82  
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In addition to the cryptdins, cryptdin-related sequences (CRS) are produced by PCs in 

mice whose pro-form has over 95% sequence similarity to the pro-form of α-

defensins.83 Six different CRS peptides are found in mice and exhibit similar 

antimicrobial activity when compared to α-defensins.84 GF mice have very low levels 

of CRS peptides when compared to conventionally raised mice suggesting that CRS 

peptides require microbial stimulation to be expressed.83 

 

Cathelicidins 

Another family of antimicrobials called cathelicidins are secreted by PCs which are 

polypeptides that comprise α-helical structures along with N-terminal cathepsin L 

inhibitor-like domain that is conserved across different vertebrates and a variable C-

terminal region that carries the domain for antimicrobial activity.85,86 In humans, 

cathelicidins have two leucine amino acid residues among the 37 amino acids present, 

hence the name LL-37, and in mouse they are called cathelicidin-related antimicrobial 

peptide (mCRAMP).87,88 Their expression is induced by short chain fatty acids such as 

butyrate which is commonly found in fermentation products of undigested fiber from 

bacteria.89 Similar to the defensins, they induce pores in the cell membrane of 

microbes and have antimicrobial activity towards a range of Gram-positive, Gram-

negative bacteria, fungi and some enveloped virus.90–93  

 

C-type lectins 

PCs also secrete AMPs that belong to the family of C-type lectins, which in humans is 

called hepatocarcinoma-intestine-pancreas/pancreatitis-associated protein (HIP/PAP) 

and in mice is called regenerating islet-derived protein 3γ (REG3γ).94,95 The C-type 

lectins comprise a carbohydrate recognition domain and an N-terminal signal peptide 

which can bind peptidoglycan, a component of the bacterial cell wall.94 Upon binding, 

the AMPs form a hexameric membrane-permeabilizing pore on the cell wall of Gram-

positive bacteria that induces the bacterial killing.96 C type lectins are induced by the 

TLR-myeloid differentiation primary response protein 88 (MyD88; an adaptor protein 

critical for TLR signaling) signaling following MAMP-PRR interactions. Their 

antimicrobial action occurs in the mucus layer of the gut, induced by the cleavage of 

their pro-peptide anionic N-terminal sequences by trypsin.97–99 Studies on Reg3γ-/- 

mice revealed that this lectin is crucial for spatial segregation of microbes from the 

epithelium in the ileum. In the absence of Reg3γ, mice display mucosal inflammation 
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with upregulation of cytokine Il-22 suggesting that PC-AMPs can also impact immune 

signaling.100,101 

 

sPLA2 and lysozyme C 

PCs constitutively secrete antimicrobial enzymes such as sPLA2 and lysozyme C 

(LyzC), which have potent antimicrobial activities mediated by specific enzymatic 

mechanisms. sPLA2 has a preferential bactericidal activity towards Gram-positive 

bacteria. It penetrates through the cell wall and hydrolyses phospholipids in the cell 

membrane of bacteria, therefore destroying the membrane integrity.102–104 LyzC is a 

glycoside hydrolase enzyme that exists only in one form in humans, but in mice, are 

expressed by macrophages (encoded by Lyz2 gene) and PCs (encoded by Lyz1 

gene).12 LyzC hydrolyses the glycosidic bonds between N-acetylglucosamine and N-

acetyl-muramic acid of peptidoglycan in the cell wall of the microbes to kill them.12,105–

107 

 

Defense-related ribonucleases (Angiogenin) 

A distinct and an important class of antimicrobials known as the defense-related 

ribonucleases (RNase) have recently been discovered. The murine angiogenin 4 

(ANG4) and the human angiogenin (ANG) protein belong to the RNase superfamily, 

which is exclusively expressed by PCs and displays antimicrobial activity against a 

wide variety of Gram-positive and Gram-negative microbes.108 The antimicrobial 

mechanism of ANG4 is still under investigation. The expression of Ang4 from PCs is 

induced by microbial stimulation, and more specifically, previous studies have shown 

Ang4 is expressed upon colonization with the microbe Bacteroides 

thetaiotaomicron.59,108 

 

1.1.3.1.2 Paneth cell-dependent regulation of commensal microbiota and host 

immunity 

Years of study in mice models have helped us understand how PCs regulate the 

commensal microbiota (Fig. 1.2). Aforementioned, PCs play a key role in controlling 

microbial abundance in the gut. This has been demonstrated in mice which carry 

deletions of the NLR nucleotide-binding oligomerization domain-containing protein 2 

(Nod2-/- mice) that have defective expression of α-defensins, and therefore are unable 

to control the amounts of commensal microbiota in the ileum. In particular, Nod2-/- mice 
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display increased abundance of mucosa-adherent bacteria in the ileum when 

compared to WT mice and the crypts isolated from Nod2-/- mice show defects in 

bacterial killing in vitro when compared to crypts isolated from WT mice.109 PCs also 

tightly shape the composition of the gut microbiota (Fig. 1.2). Accordingly, increased 

amounts of Firmicutes, more particularly, increased segmented filamentous bacteria 

(SFB), as well as low amounts of Bacteroidetes are detected in Mmp7-/- mice that lack 

mature α-defensins. Whereas, an opposite trend is observed in mice that have 

transgenic expression of the human defensin HD5 (DEFA5-TG mice).74 

 

PC-AMPs also tightly shape the host immunity. Commensal bacteria in the lumen are 

recognized and taken up by the host myeloid dendritic cells which migrate to the 

mesenteric lymph nodes where they initiate adaptive immune tolerance.110–113 Ablation 

of PCs using mice that express diphtheria toxin under the control of the cryptdin-2 

promoter, led to defective microbial killing in the gut and increased microbial 

translocation into the mesenteric lymph nodes, suggesting that PC-AMPs are critical 

in regulating bacterial translocation to mesenteric lymphnodes.60,114 Furthermore, as 

mentioned previously, Mmp7-/- mice have increased abundance of SFB while DEFA5-

TG mice have low abundance of SFB.74 SFB are microbes capable of initiating pro-

inflammatory IL-17 responses from adaptive T cells (TH17 cells), and in accordance 

with abovementioned alterations of SFB in Mmp7-/- and DEFA5-TG mice, high amounts 

of TH17 cells are present in Mmp7-/- mice, while TH17 cells are absent in DEFA5-TG 

mice.74,115,116 Thus, the PC-AMPs also tightly modulate the host immune system by 

regulating the commensal microbiota in the gut. 
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Figure 1.2 PC functions in the gut 

The PCs (in red) that lie at the bottom of the small intestinal crypts are important 
producers of AMPs in the gut, which play key roles in regulating the quantities and 
communities of the commensal microbiota. PCs also provide niche signals for ISC (in 
green) differentiation, which are critical in vitro but may be dispensable in vivo due to 
ISC niche signals provided by mesenchymal cells (MSC; in blue) in the underlying 
lamina propria. Adapted from Stzepourginski et al., (2017).117 
 

1.1.3.2 Regulation of the intestinal stem cell niche by Paneth cells 

The ISCs and the crypt environment are tightly controlled by different signaling 

pathways such as the Wingless/Int (WNT) pathway, NOTCH pathway and the 

epidermal growth factor (EGF) pathway.118 The WNT signaling pathway is critical for 

the proliferation and differentiation of both the TA progenitors as well as the ISCs, and 

plays a central role for post-natal crypt development in the gut including the maturation 

of PCs.119–122 The NOTCH signaling pathway is also important for the ISC proliferation 

and differentiation.123,124 Further, the WNT and NOTCH pathway together monitor the 

lineage specification of differentiated cells in the intestinal epithelium.125,126 The EGF 

signaling pathway was also demonstrated to regulate ISC proliferation, and activation 

of the EGF pathway, promotes ISC proliferation and inhibits ISC apoptosis (a form of 

cell death).127,128 
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ISC differentiation in the intestinal crypt is regulated by niche signals that are 

comprised of the ligands that activate the WNT, NOTCH and EGF pathways.118 The 

expression of some of these ligands, particularly those that activate the WNT and the 

NOTCH pathways, may require cell to cell contact.124,125,129 Accordingly, expression 

profiling of ISCs and PCs revealed that PCs which lie adjacent to ISCs express the 

WNT ligands Wnt3a and Wnt5, NOTCH ligand delta-like 4 (Dll4) and EGF receptor 

ligands Egf as well as transforming growth factor alpha (Tgfa) that support ISC 

differentiation and formation of ex vivo intestinal organoids (Fig. 1.2). Importantly, in 

vitro culturing of single-cell sorted PCs along with ISCs, led to organoid formation that 

was 10 fold more effective than those formed by culturing ISCs alone.130 However, 

contradictory in vivo studies in mice have suggested that IEC-specific deletion of the 

transcription factor atonal bHLH transcription factor 1 (Math1), responsible for driving 

the formation of secretory cell lineage in the intestinal epithelium, led to complete loss 

of PCs in mice but revealed functional ISCs that undergo successful proliferation and 

differentiation, suggesting that PC-niche signals are not required in vivo.129,131,132 

Accordingly, recent studies have now demonstrated that mesenchymal cells which 

exists below the IECs in the lamina propria also provide other niche signals to ISCs 

that can compensate for the loss of PC-specific niche signals (Fig. 1.2).133,134 Thus, 

while the PC-specific niche signals may be indispensable in an in vitro system, these 

are not required for the regulation of ISC in vivo. 

 

1.2 Inflammatory bowel disease 

As described above, the host and microbiota shape each other to maintain a symbiotic 

relationship. Disruption of this physiological cross-talk and breaching of the essential 

host barriers in the gut, allows for direct and inappropriate immune responses towards 

the commensal microbiota that form the basis of intestinal inflammation as observed 

in diseases such as IBD. IBD encompasses a group of disorders that are characterized 

by chronic relapsing inflammation of the GI tract. The symptoms of IBD includes 

intestinal bleeding, bloody diarrhea, abdominal pain and fever that can often lead to 

undernourishment in children and at some cases, a risk of developing colon cancer.135 

The most prevalent forms include ulcerative colitis (UC) and Crohn’s disease (CD). In 

UC, the inflammation typically originates in the rectum and proceeds to affect the 

mucosa of the colon in a continuous manner. CD is most commonly associated with 

inflammation in the small intestine and the colon, however, may affect the entire GI 
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tract. CD is accompanied by transmural inflammation in patches, with non-necrotizing 

granulomas as the defining histological hallmark.136 Around 3 million people in Europe 

have been documented with IBD with increasing incidence of the disease observed 

throughout the world.137–139 Most patients with IBD display clinical onset between 16-

35 years.140 However, IBD can also manifest at childhood and is then referred to as 

pediatric or early-onset IBD. Treatment regimes in IBD are based on 

immunosuppression, and include the use of corticosteroids, thiopurines and biologicals 

such as anti-tumor necrosis factor (TNF) antibodies.141 These treatments inhibit 

inflammation and suppress IBD symptoms but do not provide cure to the disease. 

Furthermore, many patients are refractory to these treatments. Although the precise 

etiology of IBD is unknown, altered host-environmental interactions are a hallmark of 

IBD and contribute to the disease pathogenesis in genetically susceptible hosts.142,143 

 

1.2.1 The microbiota in IBD 

In the last couple of decades, our understanding of the complex roles of the commensal 

microbiota in IBD has vastly improved due to the advent of high throughput microbial 

sequencing studies. Furthermore, critical contributions of the microbiota have been 

documented in many IBD-associated mouse models where intestinal inflammation is 

often ameliorated or abrogated upon administration of antibiotics or GF rederivation of 

the mice. For example, mice with a deletion of the regulatory cytokine interleukin Il10 

display spontaneous intestinal inflammation. However, when they are treated with 

antibiotics such as neomycin-metronidazole or ciprofloxacin from birth or when 

rederived GF, these mice show no inflammation.144–146 

 

In line with the contributions of the microbiota to IBD pathogenesis, early life 

administration of antibiotics can however lead to persistent alteration of commensal 

communities and is associated with an increased incidence of IBD later in life.147–150 

As such, a study conducted by Shaw SY et al., identified that the use of antibiotics 

during the first year of life was associated with a three-fold risk of developing IBD in 

adults.151 Another study also described an increased risk of pediatric CD related to 

early antibiotic use.152 Studies to delineate the mechanistic basis of these observations 

have shown that the presence of commensal bacteria and their products during early 

life has persistent effects on immune cell composition and function in the intestine. For 

instance, the presence of Bacteroides fragilis or isolated products from this microbe 
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such as glycosphingolipid GSL-Bf717 inhibits the proliferation of lipid-recognizing 

invariant natural killer T (iNKT) cells that protects the mice from NKT cell-mediated 

colitis at adult age.153 Thus, appropriate commensal colonization and development of 

specific microbial communities in neonatal life, can have an impact on the development 

of IBD in adult life. 

 

With the aim of understanding which kind of microbial alterations are involved in IBD, 

studies have identified specific microbes, some of which are associated with promoting 

intestinal inflammation while others are associated with protective effects. For 

example, studies in rodents have recognized certain microbial symbionts of the 

Bacteroidetes phylum capable of promoting intestinal inflammation. These include, 

Bacteroides vulgatus, Bacteroides thetaiotaomicron and Bacteroides unifirmatis that 

are capable of inducing colitis in mice.154–156 Conversely, Clostridium spp., and the 

commensal microbiota Faecalibacterium prausnitzii belonging to the Firmicutes 

phylum, can alleviate inflammation by promoting anti-inflammatory signaling and 

regulatory adaptive T cell development.157–160 In accordance with these alterations, 

IBD patients present with altered abundances of the Bacteroidetes and the Firmicutes 

phyla.161–165 More importantly, altered Bacteroidetes and reduced Firmicutes in IBD 

patients are often accompanied by increased abundance of the Proteobacteria phylum, 

known to actively promote intestinal inflammation.157,163,164,166–169 For instance B. 

wadsworthia, a Deltaproteobacterium is capable of inducing intestinal inflammation in 

WT as well as Il10-/- mice.170,171 Similarly, several members of Helicobacter spp. and 

Enterobacteriaceae spp. can induce intestinal inflammation in mice and humans as 

described in the paragraphs below.172–174 

 

While microbial alterations are evident in IBD, whether or not dysbiosis contributes to 

disease pathogenesis or whether intestinal inflammation causes secondary microbial 

alterations is still under discussion. Nevertheless, dysbiosis may be accompanied by 

increased abundance of specific pathobionts that are capable of initiating intestinal 

inflammation or providing susceptibility to intestinal inflammation, irrespective of the 

genetic background of the mice. Garrett et al., made these observations in mice that 

are double deficient for T-box protein 21 of (T-bet-/-) and recombination-activating gene 

(Rag2-/-) (also known as the TRUC mice model) which present with spontaneous 

colitis.156 Analysis of the microbial communities in the gut revealed that spontaneous 
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colitis in TRUC mice was driven by Klebsiella pneumoniae and Proteus mirabilis from 

the Proteobacteria phylum, which usually exist in low amounts. Moreover, colitis was 

transferrable from the TRUC mice to normal WT mice upon co-housing. Although these 

microbes induced inflammation in WT mice, it is key to note that colonization of K. 

pneumoniae and P. mirabilis alone into GF TRUC mice did not initiate inflammation, 

suggesting that presence of the endogenous commensal microbiota was required for 

eliciting intestinal inflammation.156 Similarly, mice that carry deletions of NLR family, 

pyrin domain containing 6 (Nlrp6-/- mice) are characterized by increased abundance of 

Prevotellaceae spp., belonging to the Bacteroidetes phylum, that make them 

susceptible to chemically-induced colitis, which is transferrable to WT mice on co-

housing.175 Moreover, antibiotic treatment abrogated colitis to the same extent in the 

co-housed WT and Nlrp6-/- mice that was associated with similar levels of 

Prevotellaceae spp., in these mice, thus demonstrating that Prevotellaceae spp., may 

drive colitis irrespective of the genetic background.175 

 

Dysbiosis may also be present as a consequence of genetic defects in the absence of 

inflammation. This has been demonstrated in Mmp7-/- mice which present with 

aforementioned alterations in microbial communities but do not have any spontaneous 

inflammation. Similarly, Nod2-/- mice that have defective expression of PC a-defensins 

display increased abundance of Bacteroides (of the phylum Bacteroidetes) in the small 

intestine but do not have spontaneous inflammation.109,176  

 

Intestinal inflammation may be induced by specific opportunistic microbes exclusively 

in certain IBD mouse models that do not affect WT mice. For example, infection with 

the opportunistic microbe Helicobacter hepaticus that exists in many animal facilities 

does not initiate inflammation in WT mice but elicits granulomatous ileitis in Nod2-/- 

mice and colitis in Il10-/- mice.172,177 Similar observations were also made in mice that 

are hypermorphic (HM) for autophagy-related gene Atg16l1 (Atg16l1HM mice) which 

present with PC granule abnormalities.178 Infection of the Atg16l1HM mice with the 

opportunistic microbe Murine norovirus (MNV) leads to changes in PC morphology and 

gene expression, and exposure of MNV-positive Atg16l1HM mice to dextran sulfate 

sodium (DSS; a chemical colitogen) is associated with pathology in the ileum 

resembling CD that is not observed in WT mice or MNV-negative Atg16l1HM mice.179 
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Inflammation itself may also cause secondary alterations in microbial communities 

which promotes the growth of pathogens and pathobionts. Previous studies by Lupp 

et al., showed that during chemically-, microbially- or genetically-induced inflammation 

in mice that leads to a reduction in the abundance of commensal microbiota, the 

Enterobacteriaceae spp., of the Proteobacteria phylum take advantage of the reduced 

abundance of the commensal microbiota to enhance their growth.174 These secondary 

alterations that enhance the abundance of microbes belonging to the Proteobacteria 

phylum, can further promote the inflammation.169,170,172,174,175,180 Similarly, Helicobacter 

rodentium-induced colitis in Il10-/- mice worsened when the mice were exposed to the 

Proteobacterium Helicobacter trognotum and the inflammation was associated with 

reduced abundance of several anaerobic microbes with beneficial roles in the gut.181 

The reduced abundance of these anaerobic microbes was further associated with 

enhanced damage and permeability of the intestinal mucosa, and translocation of 

Enterobacteriaceae into the liver that caused sepsis in the Il10-/- mice.181 Inflammation-

associated microbial alterations are also observed in patients with IBD. Ileal biopsies 

of CD patients contain elevated amounts of the adherent-invasive E. coli (AIEC).182 

AIEC binds and adheres to the adhesion receptor carcinoembryonic antigen-related 

cell adhesion molecule 6 (CEACAM6), present on the surface of the IECs, in order to 

invade the IECs. In vitro studies revealed that stimulation of IECs with TNF-α or 

interferon gamma (IFN-g) or infection of cultured IECs with AIEC, leads to the 

upregulation of CEACAM6, which further promotes the binding of more AIEC.183 The 

upregulation of CEACAM6 is associated with secondary promotion of intestinal 

inflammation and faster disease progression.142,183  

 

Together, microbial alterations that may either precede and promote inflammation in 

genetically susceptible hosts or occur secondary to intestinal inflammation, form the 

basis of IBD pathogenesis.  

 

1.2.2 Genetic factors in IBD 

IBD may appear in a sporadic or familial form, the former occurring considerably more 

frequently. Several studies in monozygotic twins have vastly improved our 

understanding of the heritability factor in IBD, which is about 15-50% in CD and around 

10-20% in UC.184 The complexity of the genetic factors in IBD has been illustrated by 

genome-wide association studies (GWAS) which have documented over 230 genetic 
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loci associated with IBD.143,185,186 The predominant focus of GWAS are common single 

nucleotide polymorphisms (SNPs) with moderate to high allele frequencies and low to 

moderate effect size. GWAS have offered critical insight about the genetic basis of 

IBD. Examples of these include the identification of the autophagy-related gene 

ATG16L1, the intracellular receptor NOD2 and interleukin 23 receptor IL23R mutations 

in CD.187–190 However, as mentioned above, most of these SNPs are of low to 

moderate risk effect size and are not located within the coding regions of genes, both 

of which has limited our understanding of how these SNPs functionally contribute to 

IBD.142,191 

 

On the other hand, next-generation sequencing (NGS) and whole exome sequencing 

(WES), have allowed to identify rare and exonic variants that are typically associated 

with loss or severe impairment of gene function that can give rise to monogenic forms 

of IBD. Identification of these rare Mendelian disorders, which typically manifest at 

young age, has provided important novel insight to pathways critical for control of 

intestinal inflammation and the pathogenesis of IBD.185,191 For example, loss-of-

function mutations in the genes encoding the regulatory cytokine IL-10 protein and its 

receptor subunits IL10RA and IL10RB leads to very early-onset CD, which invariably 

manifests within the first year of life.192,193 Accordingly, mice with constitutive deletion 

of the Il10 gene or its receptor subunit Il10rb display spontaneous colonic inflammation 

in the presence of the commensal microbiota, confirming that loss of this gene or its 

receptor form is sufficient to induce intestinal inflammation.194 Similarly, loss-of-

function mutations in other genes critical for the regulatory branch of adaptive 

immunity, such as FOXP3 and CTLA4, are also associated with IBD.195,196  

 

In addition to defects in regulatory and adaptive immunity, mutations in genes essential 

for intestinal epithelial barrier function can give rise to monogenic forms of IBD. As an 

example, a disintegrin and metalloprotease 17 (ADAM-17) is a protein responsible for 

cleaving TGF-α ligand from the cell membrane to bind to its receptor EGF receptor 

(EGFR), which is critical for the maintenance of IEC barrier integrity and patients with 

ADAM-17 deficiency present with early-onset IBD.197–199 In accordance with this, 

studies on mice with a reduced activity of ADAM-17 (Adam17ex/ex mice) have revealed 

that these mice demonstrate increased gut permeability and susceptibility to 

chemically-induced colitis.200 Moreover, the Adam17ex/ex mice had improved 
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regeneration of the epithelial cells in the chemically-induced colitis model upon the 

administration of exogenous TGF-α, suggesting that ADAM-17 deficiency leads to the 

incapacity to shed off EGFR ligands, thus compromising epithelial barrier integrity.200 

Another example is, patients with mutations in the gene encoding for the inhibitor of 

NF-κB kinase subunit gamma (NEMO), present with IBD.201 In accordance with this 

observation, mice which have IEC-specific deficiency of NEMO display spontaneous 

intestinal inflammation, highlighting that the absence of NEMO in the intestinal 

epithelium contributes to intestinal inflammation.202 

 

Monogenic forms of IBD may also arise due to mutations in genes associated with 

innate immunity. IBD, particularly early-onset IBD is often observed in patients with 

chronic granulomatous disease (CGD).203–205 CGD is an immunodeficiency disorder 

that is associated with defective phagocytic killing of microbes that invade the host. It 

is observed in patients with mutations in genes that encode for proteins that are a part 

of the phagocyte NADPH oxidase (phox) complex (responsible for generating reactive 

oxygen species) such as neutrophil cytosolic factor 1 (NCF1), neutrophil cytosolic 

factor 2 (NCF2) or neutrophil cytosolic factor 4 (NCF4). 

 

In addition to providing insights into pathways leading to intestinal inflammation, 

studies on rare monogenic forms of IBD have also identified the successful use of 

novel personalized therapies to induce remission of intestinal inflammation in patients 

with IBD.206 For instance, patients with IL10 mutations or CGD patients with IBD who 

have defects in the hematopoietic cells, achieve disease remission upon allogenic 

stem cell transplantation.207–211 Together, these studies demonstrate the importance 

of studying rare monogenic forms of IBD that have high effect size that provide insights 

to the disease pathogenesis and novel treatment options in IBD. 

 
1.2.2.1 X chromosome-linked inhibitor of apoptosis protein variants in early-

onset Crohn’s disease 
IBD is closely associated with immunodeficiency, and several primary 

immunodeficiencies (PIDs) often present with IBD-like pathology and phenotypes.206 

For example, as mentioned in the previous section, CGD is often accompanied by 

early-onset IBD. Furthermore, another PID called X-linked lymphoproliferative 

syndrome type 2 (XLP-2) elicited by Epstein-Barr virus (EBV) infection, is 

characterized by excessive production of cytokines resulting from over-activation of 
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macrophages and lymphocytes also known as hemophagocytic lymphohistiocytosis 

(HLH). XLP-2 is caused by mutations in the gene encoding X chromosome-linked 

inhibitor of apoptosis protein (XIAP). In line with the association of PID and IBD 

mentioned above, early studies on the description of families with XLP-2, have 

described cases of IBD in these studies.212–214 Moreover, Worthey et al., reported a 

pediatric male patient with severe CD manifesting at the age of 15 months, in whom 

WES revealed a loss of function mutation in XIAP. Importantly, this patient showed IBD 

in the absence of any signs of lymphoproliferation.215 Upon investigation of such rare 

pediatric-onset CD patients through WES, research work by Zeissig et al., also 

identified a hemizygous, de novo nonsense mutation in the XIAP gene in a 9-month-

old male patient who presented with CD but not XLP-2,. This patient showed severe 

colitis which ameliorated upon ileostomy, but he continued to have mild persistent 

discontinuous colitis and did not respond to immunomodulatory or biological 

treatment.216 Subsequently, Sanger sequencing in cohorts of 780 patients with adult-

onset UC, 1900 patients with adult-onset CD and 275 patients with pediatric IBD 

revealed three additional, novel variants of XIAP, all of which occurred in male patients 

with early-onset CD in the absence of XLP-2.216 Together, 4% of male patients with 

early-onset CD in this cohort harbored XIAP variants. Furthermore, studies by 

Speckmann et al., described that six out of twenty five (24%) patients with XIAP 

mutations presented with CD and amongst the six CD patients, five did not have HLH 

and the sixth patient had partial HLH.217 Similarly, studies by Schmid JP et al., 

demonstrated that five out of thirty (17%) patients with XIAP mutations had chronic 

hemorrhage colitis and amongst these five patients, three did not present with HLH.214 

Thus, these studies show an association of genetic variants in XIAP with CD that can 

occur independent of lymphoproliferative disease. Numerous studies have now 

described novel XIAP mutations in male pediatric patients, and a few have reported 

adult CD cases independent of lymphoproliferative disease, indicating the importance 

of screening for XIAP mutations, especially in patients presenting with early-onset 

CD.217–224 

 

1.2.3 Paneth cell dysfunction in Crohn’s disease 

Several studies in humans and mice have described functional and morphological 

alterations in PC which are central to the pathophysiology of CD. The CD susceptibility 

gene NOD2, one of the first genes to be discovered in CD, is associated with defective 
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expression of PC-AMPs.189,225 Many reports have established that ileal CD patients 

with NOD2 mutations have reduced α-defensin expression, and ileal crypts isolated 

from these patients show defective killing of bacteria.226–228 This concept is further 

supported in Nod2-/- mice which aforementioned, show reduced α-defensin expression 

when compared to the WT mice.176 

 

Previous reports by Wehkamp et al., showed that ileal CD patients with decreased α-

defensin expression have defective expression of the WNT signaling pathway 

transcription factor -T cell-specific transcription factor 4 (TCF4) and correspondingly, 

mice which lack Tcf4 (Tcf4-/- mice) show reduced levels of cryptdins.227 This may be 

explained by the role of WNT signaling in the regulation of PC-AMPs.122 Activation of 

WNT signaling by its ligands results in the accumulation of ß-catenin (a transcription 

co-activator) in the cytoplasm which then translocates into the nucleus of the cells to 

bind to TCF4.119,229 This binding regulates the expression of target genes encoding for 

MMP-7 and cryptdins, thus explaining the reduction of cryptdins in the absence of 

TCF4.122 Moreover, the deteriorated expression of α-defensins in the absence of TCF4 

occurs independently of NOD2, which led to the notion that TCF4 may directly be 

associated with ileal CD. In line with this, sequencing studies of three IBD cohorts led 

to the discovery of TCF4 as a CD susceptibility gene.230 

 

Mutations in KCNN4, which encode for the potassium channel KCa3.1 that regulates 

the PC granule secretion, is also associated with CD.231 Supporting this observation, 

mice which carry deletion of KCa3.1 (KCa3.1-/- mice) show increased sensitivity to T-

cell induced colitis.232 Although there were no direct implications of PC defects in the 

KCa3.1-/- mice, previous reports have indeed demonstrated that defects in the KCa3.1 

channel can lead to improper PC-AMP secretion.62,232 This allows for a speculation 

that the reduction in PC-AMPs due to defective PC-AMP secretion, may also contribute 

to increased sensitivity to intestinal inflammation in the absence of KCa3.1 channel. 

 

Apart from alterations in levels of PC-AMPs, CD is also associated with defects in PC 

morphology. CD patients who have mutations in an autophagy-related gene ATG16L1, 

present with disorganized and diffused PC granules when compared to control 

patients, also confirmed in Atg16l1HM mice.178 Likewise, mutations in the immunity-

related GTPase (IRG) M (IRGM) which is another protein that regulates autophagy, 
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are associated with CD.233,234 In accordance with this observation, studies on Irgm1-

deficient mice have revealed that the size of the PC granules in these mice are irregular 

and the granules are less dense when compared to the WT mice.235 Thus, CD is 

associated with PC morphological alterations. 

 

While functional or morphological PC defects in the above-mentioned mice models do 

not lead to spontaneous intestinal inflammation, studies on the CD-susceptibility gene 

X-box binding protein-1 (XBP1) have revealed that PC dysfunction can itself induce 

intestinal inflammation.236 XBP1 is a protein that is required for the transcription of 

several genes involved in a process called unfolded protein response (UPR), which 

ensures proper management of proteins emerging from the ER of stressed cells.237 

Amongst the different cellular compartments of IECs, PCs particularly have high 

susceptibility to ER stress due to their increased secretory properties. Accordingly, 

studies have shown that the constitutive or IEC- or PC-specific deletion of Xbp1 in mice 

leads to PC loss that induces inflammation in the ileum (ileitis).238 Similarly, IEC-

specific deletion of protein kinase C iota (a protein critical for PC differentiation; 

PKC l/i) in mice, leads to the loss of PCs that drives spontaneous intestinal 

inflammation due to increased IEC apoptosis driven by microbiota.239 Thus, PC 

dysfunction may also lead to intestinal inflammation. In conclusion, these different 

studies establish that functional and morphological defects in PC are central to CD and 

genetic defects inducing PC dysfunction can either provide increased susceptibility to 

inflammation or directly cause inflammation. 

 

1.3 X chromosome-linked inhibitor of apoptosis protein 

Apoptosis or programmed cell death is a form of regulated cell death where cells 

undergo morphological and biochemical changes that allows for their removal by 

adjacent phagocytic cells.240,241 Several virus in order to replicate efficiently have 

evolved to obstruct this process of cell death in the host.242 Screening for genes 

involved in the inhibition of apoptosis led to the discovery of the inhibitor of apoptosis 

(IAP) family of proteins in baculovirus-infected insect cell lines.243 Subsequently, many 

IAPs were discovered in organisms ranging from viruses to mammals. One of the first 

mammalian IAPs that was found to inhibit apoptosis was called MIHA (mammalian 

homologues of IAP), later termed XIAP, as it was X chromosome-linked.244–248 Overall, 
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eight mammalian IAPs exist, with XIAP having gained much attention due to its pivotal 

roles in the regulation of immunity and cancer.249–251  

 

1.3.1 XIAP structure 

A common feature of all IAP family members is the presence of baculoviral IAP repeat 

(BIR) motifs on their N-terminus, derived from the initial discovery of the IAPs in 

baculovirus-infected insect cell lines.243 IAPs are characterized by the presence of one 

to three BIR domains (Fig. 1.3), each of which contains approximately 70 amino acids 

that fold to form four a-helices surrounding and linking three stranded-b sheets. These 

structures generate a central core of hydrophobic residues along with a zinc-binding 

fold which is tetrahedrally coordinated by three cysteines and a histidine amino acid 

residue.252–254 The presence of three BIR domains in XIAP allows for strong 

interactions with different proteins which is of functional relevance to their involvement 

in several signaling pathways.255 The three BIR domains are categorized under two 

types. Type I BIR domain consists of the BIR1 domain that is implicated in TGF-b and 

bone morphogenetic protein (BMP) signaling, essential for mesoderm development in 

early Xenopus embryos.256,257 The BIR2 and BIR3 domains are grouped under the type 

II BIR domain that contain a deep peptide-binding hydrophobic cleft (absent in type I 

BIR domain) called IAP-binding motif (IBM) through which IAPs mediate interactions 

with tetrapeptides on caspases.258–262 The BIR2 domain is also implicated in NOD2-

dependent NF-kB signaling important in regulating innate immunity. In addition to the 

BIR domains, some of the IAPs including XIAP, share a carboxy-terminal ubiquitin 

(Ub)-associated domain (UBA) (Fig. 1.3), through which they add mono- or poly-Ub 

molecules to a target protein, allowing them to participate in the proteasome-

dependent degradation process.263 Ub-dependent protein degradation by 

proteasomes is essential for signaling events such as cell cycle control, discarding 

misfolded or damaged proteins.264,265 The addition of Ub molecules occurs via a multi-

step process that involves different ubiquitination enzymes such as E1, E2 and E3 

which activate, conjugate and ligate the Ub molecules respectively to target proteins.266 

The ubiquitination process is carried out together with the adjacent C-terminal RING 

finger domain of XIAP (Fig. 1.3), which confers E3-ligase activity (that further depends 

on the E1 and E2 enzymes).264,267 XIAP thus functions as an ubiquitin ligase which is 

critical for mediating NF-κB signaling to promote cell survival.256,263 Together, the 
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different domains of XIAP carry out several important roles in cell death and immunity 

as highlighted in the following sections. 

 

  
Figure 1.3 Schematic representation of the different domains of XIAP 

XIAP interacts with different proteins via its BIR domains (BIR1-3) present on its N-
terminal. The C-terminal UBA and RING domains are responsible for the ubiquitin 
ligase function of XIAP. 
 

1.3.2 XIAP in the regulation of TNF-dependent cell death pathways 

 

1.3.2.1 TNFR1 signaling 

TNF is a pro-inflammatory cytokine which binds to its receptor TNFR1 to initiate either 

NF-κB-dependent signaling to promote cell survival and inflammation, or cell death. 

Following ligation of TNF and TNFR1, complex I formation is initiated by the 

recruitment of TNF receptor associated via death domain (TRADD) and receptor 

interacting serine/threonine kinase 1 (RIPK1). These molecules subsequently recruit 

the signal transducers TNF receptor-associated factor 2 (TRAF2) and TRAF5 as well 

as cellular inhibitor of apoptosis proteins (cIAPs) that belong to the family of IAPs (Fig. 

1.4).268–271 Further, ubiquitination of RIPK1 by cIAPs and recruitment of linear ubiquitin 

chain assembly complex (LUBAC) to the complex I activates NF-κB signaling to 

promote cell survival and inflammation.272 However, depending on the cellular status 

and the fate of RIPK1, and in the absence of IAPs, particularly XIAP, cell death 

pathways can be activated (Fig. 1.5).273,274  
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Figure 1.4 TNFR1-dependent cell survival pathway 

When TNF engages with its receptor form TNFR1, complex I (which contains TRADD, 
RIPK1, TRAF2, TRAF5, cIAP, LUBAC) is formed, leading to the activation of NF-κB 
signaling to promote cell survival and inflammation. Adapted from Lawlor et al., 
(2015).275 
 

Destabilization of complex I leads to the formation of complex II that promotes cell 

death pathways (Fig. 1.5).271,276 Complex II may occur in the presence or absence of 

RIPK1. Accordingly, when RIPK1 levels are low, complex IIa is formed, which is 

composed of TRADD (dissociated from complex I), adaptor molecule Fas-Associated 

protein with Death Domain (FADD), the anti-apoptotic regulator Fas-associated death 

domain-like interleukin-1β converting enzyme inhibitory protein (cFLIP) and the 

cysteine protease caspase-8.277 In the presence of active caspase-8, the apoptotic 

form of cell death is carried out.278,279,279,280 Cell death signaling in the presence of high 

levels of RIPK1, leads to the formation of complex IIb also known as the ripoptosome, 

which consists of the same components of complex IIa along with RIPK1 and 

RIPK3.277,278,281,282 When caspase-8 is active, apoptosis is carried out similar to in 

complex IIa, however, when caspase-8 levels are low, RIPK1 associates with RIPK3 

to phosphorylate the RIPK3 substrate mixed lineage kinase domain-like (MLKL) and 
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forms a complex called the necrosome, therewith initiating another form of cell death 

called necroptosis (Fig. 1.5).281,283–285 

 

 
Figure 1.5 TNFR1-dependent cell death pathway 

The cell death pathway downstream to TNFR1 signaling is activated based on the 
cellular status, the fate of RIPK1, and in the absence of IAPs. Upon engagement of 
TNF with TNFR1, Complex IIa (consisting of TRADD, FADD, cFLIP and caspase-8) is 
formed in the absence of RIPK1 when caspase-8 is activated, which leads to the 
initiation of apoptosis. In the presence of RIPK1, complex IIb is formed, which based 
on the RIPK1 and RIPK3 activity that can either induce ripoptosome formation 
(comprised of TRADD, cFLIP, RIPK1, RIPK3 and caspase-8) leading to apoptosis, or 
necrosome formation (comprised of RIPK1, RIPK3 and MLKL) leading to necroptosis. 
Adapted from Lawlor et al., (2015).275 
 

1.3.2.2 XIAP-dependent regulation of ripoptosome 

The ripoptosome complex is known to be activated by different signals such as TLR 

stimulation, TNF binding to its receptor TNFR1, or genotoxic stress.273,282 The cIAPs 

play an important role in the ubiquitination of RIPK1 upstream which is critical in 

diverging the pathway from ripoptosome formation, to NF-κB signaling that promotes 
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cell survival (Fig. 1.4).263,270,286–288 Interestingly, studies have proven that XIAP inhibits 

ripoptosome formation upon TLR stimulation of myeloid cells by blocking RIPK3-

dependent induction of cell death downstream to TNFR1 signaling.273 More 

comprehensive investigation by Lawlor et al., revealed that in the absence of XIAP in 

myeloid cells, stimulation of TLRs allowed for MyD88 signaling that induced the 

production of TNF which upon binding to its receptor form TNF-receptor 2 (TNFR2), 

led to degradation of cIAP1 and TRAF2 (Fig. 1.6). Further, degradation of cIAP1 and 

TRAF2 in the absence of XIAP switched the pathway from NF-κB-dependent cell 

survival to RIPK3- and caspase-8-dependent cell death pathway, downstream to 

TNFR1 signaling.289 While myeloid cell death in these studies was shown to occur 

downstream of caspase-8, previous studies by Yabal et al., showed that RIPK3-

dependent activation of cell death upon TLR stimulation in XIAP-deficient myeloid cells 

occurs independent of caspase-8, suggesting that cell death could be mediated by the 

necroptotic pathway.273 Consistent with this observation, Wicki et al., have shown that 

TNF stimulation of neutrophils in mice led to necroptosis of the neutrophils in the 

absence of XIAP.290 Taken together, XIAP inhibits ripoptosome formation and 

regulates both apoptotic and necroptotic pathways. 
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Figure 1.6 XIAP- dependent control of the ripoptosome 

Stimulation of TLRs allows for MyD88 signaling that induces the production of TNF that 
upon binding to its receptor TNFR2 further induces degradation of cIAP1 and TRAF2. 
The degradation of cIAP1 and TRAF2 in the absence of XIAP is associated with 
caspase-8 and RIPK3-dependent apoptotic cell death in the ripoptosome complex. 
Adapted from Lawlor et al., (2017).289 
 

1.3.2.3 XIAP-dependent regulation of caspases 

Apoptosis is carried out by a regulated cascade that involves proteolytic enzymes 

called cysteine aspartases or caspases.291 There are two categories of caspases 

which perform different roles in the process of apoptosis. The first category of caspases 

called initiator includes caspase-2, -8, -9 and -10 which are responsible for the initiation 

of apoptosis. The second type called effector caspases comprises caspase-3, -6 and 

-7 and play a role in the actual execution of apoptosis.291 Internal and external death 

signals trigger the recruitment, dimerization and autocatalytic processing of inactive 

initiator caspases to activate them. The internal death signals are induced by the 

mitochondrial signaling pathway, which activate caspase-9, while external death 

signals such as TNF ligands and Fas ligands induce the activation of caspase-8 and 
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caspase-10.280,292 These active initiator caspases further allow for proteolytic cleavage 

and activation of execution caspases such as caspase-3 and caspase-7.291,293,294 The 

execution caspases then cleave several downstream proteins, some of which are 

responsible for regulating DNA fragmentation, that leads to the phagocytosis of the 

cells.295–298 

 

XIAP plays a central role in inhibiting effector caspases downstream to caspase-8 

activation.248,260,299,300 It is the only IAP family member capable of directly inhibiting 

caspase-3, -7 and to a lesser extent caspase-9, by interfering with the proteolytic 

activity of the caspases (Fig. 1.7).248,260,299,300 More specifically, the BIR2 domain of 

XIAP, belonging to the type II BIR domain, mediates interaction with different 

downstream caspases through the IBM motif.253,259,261,301 While the BIR2 domain is 

involved only in binding to caspases, the insertion of the linker region between BIR1 

and the BIR2 domain of XIAP into the catalytic groove of the effector caspases, 

facilitates the caspase inhibition activity.260,261,301 The BIR3 domain (belongs to the type 

II BIR domain) bearing approximately 40% homology with BIR2 domain, binds and 

inhibits caspase-9, but the mechanism by which caspase-9 is inhibited is 

fundamentally different. The BIR3 domain binds to caspase-9 through a small distal 

helix present at the C-terminus of XIAP and monomerizes caspase-9, leaving the 

protein in an inactive form.300,302 The RING domain of XIAP was also implicated in 

regulating cell death in vivo. An interesting observation by Yang et al. was that XIAP is 

capable of self-ubiquitination through its RING domain, regulating itself to allow for 

apoptosis in cells. This in vitro study was carried out on thymocytes which upon 

treatment with glucocorticoid or etoposide (to induce apoptosis) and when co-

transfected with XIAP that lacks the RING domain, displayed less apoptosis in 

comparison to apoptotic thymocytes that were co-transfected with the whole XIAP 

protein.303 However, contradicting in vivo studies on mice that have a truncated RING 

domain (XiapDRING) revealed that these mice have an increased caspase-3 activity and 

impaired ubiquitination of active caspase-3 that led to increased apoptosis of 

embryonic stem (ES) cells and fibroblasts in these mice when compared to the ES 

cells and fibroblasts isolated from wildtype mice.304 This suggests that the RING 

domain may be important to inhibit apoptosis efficiently in vivo. Thus, XIAP plays a 

central role in regulating caspases to inhibit apoptosis. 
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Figure 1.7 XIAP-dependent control of caspase-mediated apoptosis 

XIAP acts on effector caspases such as caspase-3, -7, and -9 to promote apoptosis. 
XIAP through its BIR2 domain binds to caspase-3, and caspase-7 and it interferes with 
the proteolytic activity of these caspases thereby inhibiting apoptosis. XIAP also binds 
to caspase-9 through its BIR-3 domain and leaves caspase-9 in an inactive form thus 
inhibiting caspase-9 mediated apoptosis. The RING domain has also been shown to 
interfere with caspase-3 activity although it is speculated that this mechanism may be 
due to the ubiquitin ligase function of the RING domain. Adapted from Filipovich et 
al.,(2010).213 
 

1.3.3 XIAP in the regulation of innate and adaptive immunity 

XIAP and its closely related forms cIAP1 and cIAP2, together coordinate different 

signaling pathways involved in immunity including cell death inhibition, ubiquitin ligase 

function, or NF-κB signaling.262 While XIAP so far has not been directly implicated in 

the NF-κB signaling downstream to TNFR1 pathway, it signals through various other 

pathways to promote NF-κB signaling (highlighted in the paragraphs below). 

 

1.3.3.1 XIAP-dependent regulation of the inflammasome pathway 

As described above, XIAP inhibits ripoptosome formation upon TLR stimulation of 

myeloid cells by blocking RIPK3-dependent induction of cell death downstream to 

TNFR1 signaling.273,289 However, an interesting observation is that ripoptosome 

formation also lead to the activation of the NACHT, LRR and PYD domains-containing 

protein 3 (NLRP3) inflammasome pathway (Fig. 1.8). The activation of NLRP3 

inflammasome occurs when the N-terminus of the NLRP3 interacts with a bipartite 

adaptor protein called apoptosis-associated speck-like protein containing a caspase 

recruitment domain (ASC) which further bridges the cysteine aspartase caspase-1 to 

form the NLRP3 inflammasome complex. These processes subsequently allow for the 
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production of the proinflammatory cytokine IL-1b (Fig. 1.8).305,306 The NLRP3 

inflammasome pathway also controls the production of cytokine IL-18, a process that 

occurs in a similar manner to the production of IL-1b.307 Both these cytokines have 

effector roles in inflammatory diseases including IBD and their effector functions 

require the conversion from an inactive pro-form to an active form which is carried out 

by the enzyme caspase-1 in the inflammasome pathway.308 Importantly, patients with 

XIAP mutations that have XLP-2, present with elevated levels of IL-18309, and XLP-2 

in these patients is often accompanied by EBV infection.212,214,217,310–312 In accordance 

with this, since EBV does not cause infection in mice, Yabal et al., adopted murine g-

herpesvirus 68 (MHV-68) and infected the mice which carry deletions of XIAP (Xiap-/- 

mice) as well as XiapDRING mice with MHV-68, that led to hyperinflammation with 

increased IL-1b production in these mice, mimicking XLP-2 pathology. in humans273 

These studies suggest that increased inflammasome responses that contribute to the 

XLP-2 pathology in patients with XIAP deficiency are likely mediated by EBV infections. 

Although studies by Yabal et al., suggested that XIAP-dependent regulation of IL-1b 

may occur independent of the other IAP forms cIAP1 and cIAP2, another study has 

shown that XIAP can coordinate with cIAPs to regulate the inflammasome pathway 

and production of IL-1b.273,274 Nevertheless, both these studies have highlighted the 

importance of XIAP in regulating myeloid homeostasis by controlling the 

inflammasome pathway. 
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Figure 1.8 XIAP-dependent control of the inflammasome pathway 

Ripoptosome formation in the absence of XIAP is associated with apoptotic cell death 
as well as the activation of NLRP3 inflammasome pathway. The activation of NLRP3 
inflammasome occurs when NLRP3 interacts with the ASC adaptor protein which 
further associates with caspase-1 to form the NLRP3 inflammasome. These processes 
subsequently allow for the production of the proinflammatory cytokine IL-1b. Adapted 
from Lawlor et al., (2017).289 
 

1.3.3.2 XIAP-dependent induction of the TGF-b and BMP signaling 

As mentioned above, TGF-b and BMP signaling is essential for mesoderm 

development in early Xenopus embryos and XIAP plays a central role in regulating this 

pathway.256,257 Following the binding of TGF-b/BMP ligand to its respective receptor 

forms, the protein TGF-b activating kinase 1 (TAK1), an ubiquitin-dependent mitogen-

activated protein kinase kinase kinase, is recruited to the TGF-b/BMP signaling 

pathway. The binding and activation of TAK1 requires the interaction with TGF-b 

activated Kinase 1 also known as TAB1.313,314 Previous studies have shown that XIAP 

via its BIR1 domain bridges TAB1 to TAK1 allowing for the activation of TAK1 (Fig. 
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1.9).256,257,315 This process further activates the MAP kinases downstream, leading to 

NF-κB transcription to promote inflammation and cell survival.315,316 

 
 

Figure 1.9 XIAP-dependent regulation of TGF-b and BMP signaling 

XIAP interacts with TAB1 via its BIR1 domain and bridges TAB1 to the TGF-b/BMP 
signaling pathway. TAB1 binds and activates TAK1, which that further leads to the 
activation of NF-κB signaling. Adapted from Yusuke et al., (2017).317 
 

1.3.3.3 XIAP-dependent control of Dectin-1 signaling 

XIAP also plays an important role in eliciting responses towards fungal infections.318 

Recognition of b-glucan which is a polysaccharide present in the cell wall of several 

microbes including fungi by the PRR Dectin-1, is critical for NF-κB-dependent innate 

immune responses against fungal infections.319 Previous studies have demonstrated 

that following Dectin-1 stimulation by b-glucan, XIAP was required for recruiting, 

binding and ubiquitinating B-cell chronic lymphocytic leukemia/lymphoma 10 (BCL10), 

that activates NF-κB signaling, allowing for the initiation of effective innate responses 

against fungal infections (Fig. 1.10).318,320 In accordance with this, the Xiap-/- mice 

when infected with the fungus Candida albicans, had defects in the production of pro-
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inflammatory cytokines at acute stages due to defective NF-κB signaling. Moreover, 

XIAP-dependent recruitment of BCL10 was also required for carrying out phagocytosis 

of C. albicans (Fig. 1.10). When NF-κB-dependent innate immunity is compromised at 

initial stages and phagocytosis does not occur efficiently in Xiap-/- mice following C. 

albicans infection, the pathogen accumulates in macrophages which at later stages 

causes hyperactivation of macrophages that leads to inflammation in the Xiap-/- 

mice.320 These processes may also describe the mechanism behind XLP-2 that is 

associated with hyperactivation of macrophages and excessive production of cytokines 

observedduring chronic inflammation.321  

 

 
 

Figure 1.10 XIAP-dependent control of the fungal infections 

Following C. albicans infection (on the left) where Dectin-1 stimulation occurs (1), XIAP 
binds to and ubiquitinates BCL10 (2) which subsequently leads to phagocytosis to 
remove C. albicans from macrophages as well as activation of NF-κB signaling to 
produce pro-inflammatory cytokines that mediate effective innate responses against 
C. albicans infection (3). On the right, XIAP deficiency leads to improper NF-κB 
signaling that causes defective production of cytokines as well as impaired 
phagocytosis, allowing for the accumulation of C. albicans at acute stages of infection 
in the macrophages. Adapted from Chiocchetti A (2014).317 
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1.3.3.4 XIAP-dependent regulation of NOD1/2 signaling 

XIAP also gained much attention, when it was discovered to play a crucial role in the 

NOD1/2 signaling pathway. At a molecular level, in response to the bacterial ligands 

L-Ala-γ-D-Glu-mDAP (Tri-DAP; recognized by NOD1) or MDP (recognized by NOD2), 

XIAP is recruited to the NOD1/2 signaling pathway where it polyubiquitinates the 

downstream receptor-interacting protein kinase- 2 (RIPK2).322 This event further leads 

to the recruitment of a trimeric protein complex called linear ubiquitin chain assembly 

complex (LUBAC) that consists of the catalytic subunits HOIP and two regulatory 

subunits called HOIL-1 and SHARPIN. The recruitment and ubiquitination of proteins 

in the LUBAC complex by XIAP subsequently enables NF-κB transcription that leads 

to the production of pro-inflammatory cytokines (Fig. 1.11).323,324  

 

 
 
Figure 1.11 XIAP-dependent control of the NOD1/2 signaling pathway 

Activation of NOD1/2 by its ligands leads to the recruitment of XIAP which binds to 
RIPK2 through its BIR2 domain to allow for RIPK2 ubiquitination. Ubiquitination of 
RIPK2 subsequently leads to the recruitment of the LUBAC complex. In addition, XIAP 
also ubiquitinates proteins in the LUBAC complex to promote NF-κB signaling, which 
induces inflammatory responses. Adapted from Damgaard et al., (2012).323 
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Numerous studies in mice and humans have demonstrated that loss of XIAP is directly 

associated with defective NOD1/2 signaling. For example, Xiap-/- mice show an 

increased bacterial burden, decreased survival and compromised NF-κB transcription, 

upon infection with pathogen Listeria monocytogenes.325 The infected mice also 

display defective expression of cytokines Il6 and Tnfα by macrophages, known to be 

secreted following the activation of the NOD2.176,325,326 Moreover, a subset of CD 

patients with XIAP mutations also have impaired NOD1/2 signaling.215,216,223 More 

specifically, studies performed by Zeissig et al., showed that peripheral blood 

mononuclear cells (PBMCs) from a subset of the patients with XIAP mutations were 

unable to bind to RIPK2 and demonstrated defective NF-κB signaling followed by 

diminished secretion of cytokine IL-8, only in response to NOD1/2 ligands but not in 

other TLR ligands.216 Hence, XIAP plays a central role in the NOD1/2 signaling to carry 

out efficient NF-κB transcription and production of pro-inflammatory cytokines. 

 

1.3.3.5 XIAP-dependent control of adaptive immunity 

Apart from its vital roles in innate immunity, XIAP was also shown to regulate adaptive 

immunity. Previous studies demonstrated that pulmonary macrophages isolated from 

Xiap-/- mice infected with Chlamydophila pneumoniae, undergo increased apoptosis 

and have low levels of NF-κB when compared to the WT mice after stimulation with 

LPS, TNF-α or IFN-g.327 In addition to these innate defects from macrophages, loss of 

XIAP in mice was associated with reduced proliferation of adaptive T cells and low 

numbers of CD8 positive cytotoxic T cells when compared to WT mice.327 These 

defects are likely mediated by increased effector caspase-mediated apoptosis of T 

cells as well as defective NF-kB signaling due to the absence of XIAP. 248,260,299,300,323 

Compromised adaptive immunity observed during XIAP deficiency, also affects anti-

viral responses. Previous studies in mice by Gentle et al., have demonstrated that XIAP 

cooperates with cIAP1 to regulate T cell loss during lymphocytic choriomeningitis virus 

(LCMV) infection. The loss of CD8 positive T cells during LCMV was shown to be due 

to the combined loss of XIAP and cIAP1 that induced TNF-dependent T cell death.287 

In accordance with this observation, in vitro studies showed that T cells from patients 

with XIAP deficiency have an increased susceptibility to apoptosis and this phenotype 

is rescued by the expression of WT XIAP.212 In addition to regulating T cell survival, 

loss of XIAP has also been associated with defects in innate-like T lymphocyte such 

as invariant NKT cells (iNKT cells) and Mucosal-associated invariant T (MAIT) cells.328 
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XIAP-deficient patients with HLH who present with EBV infection were shown to have 

low numbers of iNKT and MAIT cells.328 However, these alterations were observed 

only in certain patients with XIAP deficiency and can also occur in HLH patients with 

EBV infection who do not carry XIAP mutations.328,329 Therefore, low numbers of iNKT 

and MAIT cells accompanying EBV infection may occur due to increased apoptosis of 

these cells triggered as a consequence of excessive inflammation observed in HLH, 

but may not be due to XIAP deficiency.321 

 

1.4 Purpose of the current study 

The Zeissig group and others have recently described novel XIAP mutations in male 

children with early-onset Crohn’s disease (CD).215–218,220,223 While the only curative 

treatment regime currently available for CD patients with XIAP mutations is allogeneic 

hematopoietic stem cell transplantation, significant mortality associated with the 

outcome of this procedure calls for alternative therapies.330 Investigation of alternative 

therapies requires a better understanding of the mechanism of CD pathogenesis in 

patients with XIAP mutations. To provide insight into the pathways that link XIAP 

mutations to IBD, we have investigated the role of XIAP in intestinal homeostasis and 

pathogenesis of IBD, by studying mice with constitutive and cell-specific deletions of 

Xiap. 
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2. Materials and methods 
 

2.1 Materials 
 

2.1.1 List of antibodies 
 

Table 2.1 List of antibodies 

Antibody Host Company Concentration 
Catalog 

number 

4',6-diamidino-

2-phenylindole 

(DAPI) 

 
Sigma-Aldrich, 

Seelze, Germany 
1:1000 D9542-1MG 

Anti- 

chromogranin 

A (H-300) 

rabbit 
Santa Cruz, 

Heidelberg, Germany 
1:200 sc-13090 

Anti-cleaved 

Caspase-3 

(Asp175) 

rabbit 

Cell Signaling 

Technology®, 

Frankfurt, Germany 

1:300 9664S 

Alexa Fluor 

594 anti-goat 
donkey 

Life Technologies, 

Darmstadt, Germany 
1:1000 A11058 

Alexa Fluor 

488 anti-rabbit 
donkey 

Life Technologies, 

Darmstadt, Germany 
1:1000 A21206 

Anti- GFP 

(D5.1) XP® 
rabbit 

Cell Signaling 

Technology®, 

Frankfurt, Germany 

1:75 2956 

Anti- lysozyme 

C (C-19) 
goat 

Santa Cruz, 

Heidelberg, Germany  
1:100 sc-27958 

Anti- mucin 2 

(H-300) 
rabbit 

Santa Cruz, 

Heidelberg, Germany 
1:100 sc-15334 
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2.1.2 List of probes and primers 
 

Table 2.2 List of probes and primers 

Gene name Sense Antisense 

Cy3- 
Bact338 

5’-GCTGCCTCCCGTAGGAGT-
3’ 

 

Il1β 
5’-
GATGATAACCTGCTGGTGTGT
GA-3’ 

5’-TTTGTCGTTGCTTGGTTCTCC-
3’ 

Il6 
5’-
TAGTCCTTCCTACCCCAATTT
CC-3’ 

5’-TTGGTCCTTAGCCACTCCTTC-
3’ 

Tnfa 
5’-
CCACCACGCTCTTCTGTCTAC
TG-3’ 

5’-GCCATAGAACTGATGAGAGG-
3’ 

Il8 
5’-
CTGGGATTCACCTCAAGAACA
TC-3’ 

5’-CAGGGTCAAGGCAAGCCTC-3’ 

Ifnγ 
5’-
AGCAAGGCGAAAAAGGATGC-
3’ 

5’-TCATTGAATGCTTGGCGCTG-3’ 

Il22 
5’-
GTTGACACTTGTGCGATCTCT-
3’ 

5’-TTGCACCGGGTGTTGACG-3’ 

Il10 
5’-
GAGAGCTGCAGGGCCCTTTG
C-3’ 

5’-
CTCCCTGGTTTCTCTTCCCAAGA
CC-3’ 

Lyz1 
5’-
AATGGATGGCTACCGTGGTGT
-3’ 

5’-TAGTCGGTGCTTCGGTCTC-3’ 

Xiap  
5’-
TGCAAATACCTATTGGATGAG
AAGG-3’ 

5’-
AAAGATTCCTCAAGTGAATGGGT-
3’ 

Defa1 
5’-
AAGAGACTAAAACTGAGGAGC
AGC-3’ 

5’-CGACAGCAGAGCGTGTA-3’ 
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Defa3 
5’-
TCGCTGAACATGGAGACCAC-
3’ 

5’-CGAGGTAGTCATCAGGCACC-
3’ 

Defa5 
5’-
AGGCTGATCCTATCCACAAAA
CAG-3’ 

5’-
TGAAGAGCAGACCCTTCTTGGC-
3’ 

Reg3γ 
5’-
CTGTGGTACCCTGTCAAGAGC
-3’ 

5’-TTGGGATCTTGCTTGTGGCTA-
3’ 

Mmp7 
5’-
ACAAAGGACGACATTGCAGG-
3’ 

5’-AGTGAGTGCAGACCGTTTCT-3’ 

Ang4 
5’-
TAGACTCGTCCCCAGTTGGA-
3’ 

5’-AGGAATCACAACCAGACCCAG-
3’ 

bactin 
5’-
GCCATGTACGTAGCCATCCA-
3’ 

5’-CGGAGTCCATCACAATGCCT-3’ 

Total 
bacteria 
(Eub338) 

5’-
ACTCCTACGGGAGGCAGCAG-
3’ 

5’-ATTACCGCGGCTGCTGG-3’ 

Basophila 
wadsworthia 

5’-CCAACATGCACGGYTCCA-
3’ 

5’-
CGTCGAACTTGAACTTGAACTTG
TAGG-3’ 

Helicobacter 
hepaticus 

5’-
GCATTTGAAACTGTTACTCTG-
3’ 

5’-CTGTTTTCAAGCTCCCCGAAG-
3’ 

16S-V6-784 
(forward) 

5’-AGGATTAGATACCCTGGTA-
3’ 

  

16S-V6-
1061 
(reverse)  

  5’-CRRCACGAGCTGACGAC-3’ 
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2.1.3 Buffers, solutions and media 
 

Name Composition 

1,4-piperazinediethanesulfonic acid (PIPES) 

buffer  

10 mM PIPES 

150 mM Sodium Chloride (NaCl) 

pH 7.4 

  

Acid ethanol (EtOH) 99.75 % Absolute EtOH 

0.25 % 37% Hydrochloric acid 

  

Carnoy’s fixative 

 

46 % EtOH 

46 % Glacial acetic acid  

8 % Chloroform 

  

Coating Buffer for enzyme-linked 

immunosorbent assay (ELISA) 

0.1 M Sodium hydrogen carbonate 

(NaHCO3)  

0.03 M Sodium carbonate (Na2CO3) 

pH 9.5 

  

Citrate buffer 1.8 % 0.1 M Citric acid 

8.2 % 0.1 M Sodium citrate 

pH 6.0 

  

Eosin stain 8 g Eosin Y 

 5 ml Deionized water  

 940 ml 96% EtOH 

  

Flow cytometry buffer 1 % Fetal calf serum (FCS) in 

phosphate buffered saline (PBS) 

  

Helicobacter hepaticus growth media 39 g Columbia agar 

1000 ml Deionized water (sterile) 

4 mg Amphotericin B 
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2 Vials Skirrow Campylobacter 

selective supplement 

100 ml Lysed horse blood 

  

Hybridization buffer for fluorescence in situ 

hybridization staining 

18 % 5 M NaCl 

2 % 1 M Tris-hydrochloric acid (Tris-

HCl) 

0.5 % Sodium dodecyl sulfate (SDS) 

pH 7.4 

  

PBS (10X) 1.37 M NaCl 

27 mM Potassium chloride (KCl) 

100 mM Di-Sodium hydrogen 

phosphate (Na2HPO4) 

18 mM Potassium dihydrogen 

phosphate (KH2PO4) 

pH 7.4 

  

RPMI 1640 complete 50 500 ml RPMI 1640 

10 % FCS (v/v) 

2 mM L-glutamine 

1 % Penicillin-streptomycin (v/v) 

  

Sodium phosphate buffer  31.6 % 1 M Sodium dihydrogen 

phosphate monohydrate 

(NaH2PO4 · H2O) 

68.4 % 1 M Di-Sodium hydrogen 

phosphate dihydrate 

(Na2HPO4 · 2H2O) 

pH 7.2 

  

Stop Solution for ELISA 2 N Sulfuric acid (H2SO4) 

  

Tryptic soy agar medium 40 g Tryptic soy agar 
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1000 ml Deionized water (sterile) 

  

Tryptic soy broth 30 g Tryptic soy broth 

1000 ml Deionized water (sterile) 

  

Wash Buffer for ELISA PBS (1X) 

0.05 % Tween-20 (v/v) 

  

Washing Buffer for fluorescence in situ 

hybridization staining 

900 mM NaCl 

2 % 1 M Tris-HCl 

0.06 % SDS 

pH 7.4 

 

2.1.4 Kits 
 

Kits Company 

Mouse IL-6 ELISA Kit BioLegend®, London, UK 

Mouse MCP-1 ELISA Kit BioLegend®, London, UK 

RNeasy Mini Kit QIAGEN, Hilden, Germany 

AllPrep DNA/RNA Mini Kit QIAGEN, Hilden, Germany 

DNeasy Blood & Tissue Kit QIAGEN, Hilden, Germany 

High-Capacity cDNA Reverse  

Transcription Kit 

Applied Biosystems™, Darmstadt, 

Germany 

Maxima SYBR Green/ROX qPCR  

Master Mix (2X) 

Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

MiSeq V3 sequencing kit  Illumina®, Inc., San Diego,  

California, (USA) 

 

2.1.5 Reagents and chemicals 
 

Reagents and chemicals Company 

2-Mercaptoethanol Carl Roth, Karlsruhe, Germany 

7-Amino-actinomycin D BD Biosciences, Heidelberg, Germany 

37 % Hydrochloric acid  VWR, Darmstadt, Germany 
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Absolute EtOH VWR, Darmstadt, Germany 

Amphotericin B Biochrom, Berlin, Germany 

Bovine serum albumin (BSA) Sigma-Aldrich, Seelze, Germany 

Chloroform  Merck, Darmstadt, Germany 

Columbia agar Oxoid Germany GmbH, Wesel, Germany 

Dextran sulfate sodium MP Biomedicals, Santa Ana, California, 

USA 

Di-Sodium hydrogen phosphate Merck, Darmstadt, Germany 

Di-Sodium hydrogen phosphate dihydrate Merck, Darmstadt, Germany 

DNase enzyme Sigma-Aldrich, Seelze, Germany 

EDTA 0.5 M solution pH 8.0 Applied Biosystems, Darmstadt, 

Germany 

Entellan® VWR, Darmstadt, Germany 

Eosin Y University clinic Dresden pharmacy, 

Dresden, Germany 

FCS Merck, Darmstadt, Germany 

FluorSave™ Reagent Merck, Darmstadt, Germany 

Formalin SAV Liquid Production GmbH, Flintsbach 

am Inn, Germany 

Glacial acetic acid Merck, Darmstadt, Germany 

Horse blood Oxoid Germany GmbH, Wesel, Germany 

L-Glutamine Merck, Darmstadt, Germany 

Mayer's hemalum solution VWR, Darmstadt, Germany 

Penicillin-Streptomycin (P/S) Merck, Darmstadt, Germany 

Potassium chloride Merck, Darmstadt, Germany 

Potassium dihydrogen phosphate Merck, Darmstadt, Germany 

RNAlater RNA Stabilization Reagent QIAGEN, Hilden, Germany 

RPMI 1640 medium Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

SDS AppliChem, Darmstadt, Germany 

SignalStain® Antibody Diluent Cell Signalling Technology®, Frankfurt, 

Germany 

Skirrow Campylobacter selective 

supplement 

Oxoid Germany GmbH, Wesel, Germany 
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Sodium carbonate Merck, Darmstadt, Germany 

Sodium chloride Sigma-Aldrich, Seelze, Germany 

Sodium dihydrogen phosphate 

monohydrate 

Merck, Darmstadt, Germany 

Sodium hydrogen carbonate  Merck, Darmstadt, Germany 

Sulfuric acid VWR, Darmstadt, Germany 

TrypLE™ Express Enzyme Life Technologies, Darmstadt, Germany 

Trypsin (10X)  Merck, Darmstadt, Germany 

Tris  Calbiochem (Merck), Darmstadt, 

Germany 

Tris base  Calbiochem (Merck), Darmstadt, 

Germany 

Tryptic soy broth (TBE) medium BD Biosciences, Heidelberg, Germany 

TBE agar BD Biosciences, Heidelberg, Germany 

Tween® 20 Serva, Heidelberg, Germany 

Xylene VWR, Darmstadt, Germany 

 

2.1.6 Instruments 
 

Instrument Company 

-80° C freezer  New Brunswick™, Eppendorf AG, 

Hamburg, Germany 

-20° C freezer  Liebherr, Bieberach an der Riß, 

Germany 

4° C refrigerator Liebherr, Bieberach an der Riß, 

Germany 

Anaerobic pot Oxoid Germany GmbH, Wesel, 

Germany 

BD 115 Incubator BINDER, Tuttlingen, Germany 

BDTM LSR II Flow Cytometer BD Biosciences, Franklin Lakes, New 

Jersey, USA 

FlexStation 3 Multi-Mode Microplate  

Reader 

Molecular Devices, Sunnyvale, 

California, USA 
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Heraeus™ Fresco™ 21 Microcentrifuge 

(rotor-75003424) 

Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

Heraeus™ Megafuge™ 16R Centrifuge 

(rotor-75003629, 75003181) 

Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

Illumina® MiSeq system  Illumina®, Inc., San Diego, California, 

(USA) 

NanoDrop™ 2000 Spectrophotometer Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

OD600 DiluPhotometer™ Implen, Munich, Germany 

QIAxcel Advanced System QIAGEN, Hilden, Germany 

Rocking platform Carl Roth, Karlsruhe, Germany 

Rotary Microtome HM 340 E Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

Stratagene Mx3005P QPCR System Agilent Technologies, Santa Clara, 

California, USA 

 

2.1.7 Consumables 
 

Consumables Company 

5 ml FACS tube Sarstedt, Nümbrecht, Germany 

Corning® 40 and 70 µm cell strainer  Sigma-Aldrich, Seelze, Germany 

96 well qPCR plate Agilent Technologies, Santa Clara, 

California, USA 

Corning® 96 Well Clear Polystyrene 

Microplate, round bottom with lid 

Sigma-Aldrich, Seelze, Germany 

Corning® 96 well EIA/RIA plate, flat bottom Sigma-Aldrich, Seelze, Germany 

Corning® serological pipette, 

5 ml/10 ml/25 ml/50 ml 

Sigma-Aldrich, Seelze, Germany 

Falcon™ Conical Centrifuge Tubes, 

15 ml/50 ml 

Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

Microtest Plate 96 Well, F Sarstedt, Nümbrecht, Germany 

PCR tubes 0.5 ml Sarstedt, Nümbrecht, Germany 

Pipet tips, 10 µl, 200 µl, 1000 µl, Sarstedt, Nümbrecht, Germany 
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Reaction tube 1.5 ml Engelbrecht GmbH, Edermünde, 

Hesse, Germany 

SafeSeal Micro Tube 1.5 ml and 2 ml Sarstedt, Nümbrecht, Germany 

Shredder QIAGEN, Hilden, Germany 

SuperFrost Plus™ slides Thermo Fisher Scientific, Waltham, 

Massachusetts, USA 

Syringe (10 ml) B. Braun Melsungen AG, Hessen 

Germany 

 

2.1.8 Software 
 

Software Company 

Fast Length Adjustment of Short reads 

(FLASH) 

Center for Computational Biology, 

Johns Hopkins University, Baltimore, 

Maryland, USA 

FlowJo software Tree Star Inc., Ashland, Oregon, 

USA 

FIJI software National Institutes of Health, 

Maryland, USA 

GraphPad Prism 6 GraphPad Software, San Diego, 

California, USA 

R Software R foundation, Vienna, Austria 
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2.2 Methods 
 

2.2.1 Mice 

All mice were handled and experiments were conducted with the approval and in 

compliance with the institutional guidelines and respective authorities at Kiel 

University, Technical University of Dresden and Hannover Medical School. The germ-

free (GF) C57BL/6J and GF Xiap-/- mice were generated and housed at the gnotobiotic 

facility at the Hannover Medical School. The Xiap-/- mice331 were crossed with Tnfr1-/-

332, the recombination activating gene 1 (Rag1-/-) 333, Nod2-/176-, or Lgr5-EGFP-IRES-

CreERT2 16  mice (all mice lines obtained from The Jackson Laboratory (Bar Harbor, 

Maine, USA) and Ripk3-/- mice334 (gift of Prof. Stefan Krautwald, University Hospital 

Schleswig-Holstein, Kiel, Germany) to obtain the respective double knockout mice. 

Furthermore, mice with a floxed Xiap allele (Xiapfl/fl) were generated as mentioned 

before335, by crossing with transgenic mice that express Flp recombinase.335 Xiapfl/fl 

mice were either crossed with Villin-Cre336 (The Jackson Laboratory), LysM-Cre337 

(The Jackson Laboratory) or Defa6-Cre238 (gift of Prof. Dr. Richard S. Blumberg, 

Harvard Medical School, Boston, Massachusetts, USA, and Prof. Dr. Arthur Kaser, 

University of Cambridge, United Kingdom), to generate IEC-specific, myeloid cell-

specific or PC-specific Xiap knockouts, respectively. All experiments were conducted 

with sex- and age-matched mice. All mice were weaned at three weeks of age and 

housed as per regulations of the specific institutes. Mice were maintained at specific 

pathogen-free (SPF) barrier facilities and were either from a C57BL/6J background (all 

single and double knockout mice) or a mixed background of C57BL/6J and C57BL/6N 

(all conditional knockout mice). 

 

2.2.2 Helicobacter hepaticus infection 

Helicobacter hepaticus was cultured and grown in the laboratory of Prof. André Bleich 

(Hannover Medical School, Germany). H. hepaticus was isolated from the caecum of 

a male mouse (BC-R4-Il10-/-) from The Jackson Laboratories, aged 24 weeks338 and 

plated on Columbia agar with supplements (refer to materials section for the 

composition). The agar plates were cultured under microaerophilic conditions and 

placed in an anaerobic pot at 37°C. To generate the microaerophilic conditions in the 

anaerobic pots, a gas mixture consisting of 10 % CO2, 10 % H2 and 80 % N2 was 

exchanged four times from -0.2 bar pressure to 0.2 bar pressure. The bacteria were 

re-inoculated and expanded onto a new plate every 3 to 4 days and cultured at the 
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same conditions until the amounts required for infecting mice were generated. For the 

infection, mice were gavaged with either PBS or 1 x 108 colony forming units (CFU) of 

H. hepaticus in 100 µl PBS. Following gavage, mice were sacrificed and tissues were 

collected for different downstream analysis either two or twelve weeks after infection 

as indicated in Fig. 2.1. 

 

 
Figure 2.1 Acute and chronic infection models of H. hepaticus infection 

Schematic representation of acute model (2 weeks) and chronic model (12 weeks) of 
H. hepaticus. 
 
2.2.3 Immunofluorescence staining 

Small and large intestinal ‘Swiss rolls’ were fixed overnight in formalin at 4°C and all 

samples were dehydrated and embedded in paraffin. Sections of four micrometer (µm) 

thickness were cut using a microtome and dehydrated as mentioned in the table 2.3. 

 

Table 2.3 Dehydration steps for staining 

 

Dehydration 

steps 
Reagent 

Duration 

(minutes) 

Number of times the washing 

step was carried out 

1 Xylene 5 3 

2 Absolute EtOH 3 2 

3 95% EtOH 3 2 

4 70% EtOH 3 2 

 

Thereafter, slides were washed 3 times in PBS for 5 minutes. Antigen retrieval was 

performed by boiling the slides for 20 minutes in citrate buffer. Following antigen 
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retrieval, slides were cooled down to 40-50°C, washed 3 times in PBS for 5 minutes 

each and blocked in 1 % BSA in PBS-Tween® 20 for 30 minutes at room temperature 

(RT). The slides were incubated with SignalStain Antibody Diluent containing the 

primary antibodies (see section 2.1.1 for antibody details and dilutions used) for one 

hour at RT. This was followed by washing the slides 3 times in PBS for 5 minutes each 

and incubating with respective fluorescence labeled secondary antibodies (see section 

2.1.1) and DAPI for 1 hour at RT. The slides were then washed 3 times in PBS for 5 

minutes each and embedded in FluorSave™ Reagent. 

 

2.2.4 Hematoxylin and eosin staining and histopathological evaluation 

Small and large intestinal ‘Swiss rolls’ were fixed overnight in formalin at 4°C and all 

samples were dehydrated and embedded in paraffin. Sections of four µm thickness 

were cut using a microtome and were dehydrated using a series of xylene and EtOH 

as described in section 2.2.3. The slides were washed thrice in PBS for 5 minutes 

each, incubated for 2 minutes in Mayer's hemalum solution (diluted 1:2 with PBS), and 

rinsed in deionized water. The slides were then incubated for 5 minutes in tap water 

after which they were dipped 10-12 times in acid EtOH solution (see section 2.1.3 for 

reagent composition). This was followed by staining the slides for 45 seconds in Eosin 

stain (see section 2.1.3 for reagent composition), washing twice for 10 seconds in 

absolute EtOH and twice for 10 seconds in xylene, and mounting in Entellan®. 

 

H. hepaticus infected mice were scored for granulomas on Hematoxylin and Eosin (H 

& E) stained ileal sections by the pathologist Prof. Dr. Michael Muders (University 

Hospital Bonn, Bonn, Germany) as described previously.172 Histopathological scoring 

for the colitis experiments was performed on H & E stained colonic Swiss rolls in a 

blinded manner.339 

 

2.2.5 Fluorescence in situ hybridization staining 

Fluorescence in situ hybridization (FISH) staining was performed on large intestinal 

‘Swiss rolls’ that were fixed overnight at 4°C in Carnoy’s fixative (see section 2.1.3 for 

reagent composition). Following fixation, samples were dehydrated and embedded in 

paraffin. Four µm paraffin sections were cut using a microtome and sections were then 

dehydrated by first washing the slides thrice in xylene for 5 minutes, then twice in 

absolute ethanol for 3 minutes. Slides were air dried at 50°C for 25 minutes followed 
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by incubation for 1 hour in hybridization buffer (see section 2.1.3 for reagent 

composition) containing 25 ng of Cy3-labeled universal bacterial probe Bact338 (see 

section 2.1.2 for the nucleotide sequence), pre-warmed to 50°C. Thereafter, slides 

were washed in washing buffer pre-warmed to 50°C (see section 2.1.3 for reagent 

composition) for 5 minutes, rinsed with distilled water, dried at 50°C for 5 minutes and 

incubated with DAPI in PBS (see section 2.1.1 for DAPI concentration) for 15 minutes 

at RT. This was followed by rinsing with distilled water and embedding the slides in 

FluorSave™ Reagent. 

 

2.2.6 RNA extraction and quantitative polymerase chain reaction 

Tissues were washed in PBS, incubated overnight at 4°C in RNAlater RNA 

Stabilization Reagent. The following day, RNAlater was removed and tissues were 

stored at -80 °C until RNA extraction was performed. To perform RNA extraction, 

tissues were crushed quickly using a mortar and pestle in RLT lysis buffer from the 

RNeasy Mini Kit containing 2-mercaptoethanol (10 µl 2-mercaptoethanol in 1000 µl 

RLT buffer). The lysed samples were homogenized by passing through shredder 

columns and spinning at 14,000 rpm for 3 minutes at RT. Further steps of RNA isolation 

were carried out according to the manufacturer’s instructions of the RNeasy Mini Kit. 

To perform quantitative polymerase chain reaction (qPCR), one µg of RNA was 

transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit from 

as per the manufacturer’s instructions. qPCR was carried out using Maxima SYBR 

Green/rox qPCR Master Mix (2x). The cycle threshold (Ct) values for all genes were 

acquired by the Stratagene Mx3005P qPCR System. The acquired Ct values for all 

genes were normalized to the Ct values of the ß-actin gene. Furthermore, the relative 

expression was calculated using the ∆∆Ct method.340 Primers used in the qPCR are 

mentioned in section 2.1.2. 

 

2.2.7 Bacterial killing assay 

Crypts were isolated as described previously.341,342 Ten centimeters of the distal end 

of the mouse small intestine was cut out, opened longitudinally and washed by gently 

shaking in PBS. The intestine was cut into approximately 1 cm pieces and was 

vortexed at 1200 rpm/min in 5 ml of ice-cold PBS containing 30 mM EDTA for 5 min. 

This step allowed the villi and crypts to be released from the tissues into the liquid 

containing PBS with 30 mM EDTA. The liquid fraction containing PBS with 30 mM 
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EDTA was stored on ice and the tissue pieces were transferred into new tubes 

containing fresh ice-cold PBS with EDTA at the same concentration. The pieces were 

further vortexed under the same conditions as mentioned in the previous step and the 

procedure was repeated ten times, during which ten fractions were collected. These 

fractions were then individually centrifuged at 1300 rpm for 5 min, after which the 

supernatant was discarded and the pellet was re-suspended in 5 ml ice-cold PBS. The 

fractions with the most number of crypts and least amounts of villi were pooled for the 

experiment. The pooled crypts were then centrifuged at 1200 rpm for 5 min and re-

suspended in 5 ml ice-cold PIPES buffer (see section 2.1.3 for the buffer composition), 

and the crypts were counted. Five thousand crypts were taken, spun down and re-

suspended in 50 µl of PIPES buffer, transferred to round bottom 96 well plate, and left 

unstimulated for 30 minutes whilst shaking at 37°C. Additionally, as a vehicle control, 

50 µl PIPES buffer without crypts were also added to the round bottom 96 well plate 

and left unstimulated for 30 minutes whilst shaking at 37°C. Following this incubation 

period, the plate was spun down at 1300 rpm for 5 min at 4°C and 30 µl of supernatants 

from all the samples and vehicle were carefully transferred to tubes without disturbing 

the crypts and frozen at -80°C until used in the bacterial killing assay. 

 

To test bacterial killing from crypts343, Escherichia coli (ATCC 35218) was cultured 

overnight at 37°C in TBE medium (see section 2.1.3 for broth preparation). The 

following day different volumes of the E. coli culture such as 5 µl, 10 µl, 20 µl and 50 µl 

were transferred into separate tubes containing 8 ml of fresh TBE medium. Two hours 

after incubation, the optical density was measured using a spectrophotometer and the 

tube with 0.2 OD was chosen for the next step. Thereafter, this culture was serially 

diluted (1:10, 1:100, 1:1000, 1:10000, 1:20000) in 2 % TBE, supplemented with 0.1 % 

BSA in sodium phosphate buffer (see section 2.1.3 for buffer composition). Further, 

5 µl of the frozen supernatants from the unstimulated crypts or 5 µl of PIPES buffer 

alone (vehicle) was mixed with 20 µl sodium phosphate buffer and incubated in 25 µl 

of the 1:20000 dilution of the previously serially diluted E. coli culture for 3 hours at 

37°C. Following incubation, 200 µl sodium phosphate buffer was added to make up a 

total volume of 250 µl and mixed thoroughly. Triplicates of 50 µl of this mixture were 

plated on tryptic soy broth agar (see section 2.1.3 for agar composition) and incubated 

overnight at 37°C. The following day, colonies on the agar plate were enumerated. 

Since the number of bacteria varied in the individual experiments, the groups were 
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normalized by expressing bacterial cell killing as a percentage (± standard deviation) 

relative to the bacteria incubated 3 hours at 37 °C in PIPES buffer alone (vehicle). 

 

2.2.8 Flow cytometry 

The small intestine was taken from WT and Xiap-/- mice and flushed with 10 ml ice-

cold PBS using a 10 ml syringe. The intestine was cut open longitudinally and the villi 

along with the luminal contents were scraped off by gently sliding the corner of a cover 

slip along the inner surface of the small intestine. The intestine was then cut into small 

pieces (2-4 mm). The tissue pieces were transferred to a 50 ml tube containing 10 ml 

ice-cold PBS and pipetted up and down few times using a 10 ml pipet. Once the tissue 

pieces sank to the bottom of the tube, the supernatant was removed and 10 ml of fresh 

ice-cold PBS was added. The above step was repeated 10-20 times until the 

supernatant was almost clear. The tissues were then incubated with 2 mM EDTA in 

PBS and incubated on a rocking platform at 4°C for 30 minutes. Following incubation, 

the tissue pieces were allowed to settle down and the supernatant was discarded. To 

the tissues, 10 ml of 10 % FCS in PBS was added and pipetted up and down for three 

to five times. Once tissue pieces settled down, the supernatant was again discarded. 

The above step was repeated three more times but the supernatant was collected and 

pooled from these steps into a 50 ml tube after passing through a 70 µm cell strainer. 

The pooled supernatants were spun down at 800 rpm for 5 minutes at 4°C and the 

pelleted crypts were washed once with 10 ml ice-cold PBS. The crypts were further 

pelleted by spinning at 800 rpm for 5 minutes at 4°C. 

 

To check for the eGFP+ stem cells, small intestinal crypts from Lgr5-EGFP-IRES-

creERT2 mice crossed into WT and Xiap-/- mice were isolated as described above and 

dissociated in 3 ml TrypLE™ Express Enzyme reagent containing 2,000 U/ml DNase 

enzyme (Sigma) for 30 minutes at 37°C and passed through a 40 µm cell strainer. The 

cells were pelleted by spinning at 1200 rpm for 5 minutes 4°C and re-suspended in 

200 µl flow cytometry buffer (section 2.1.3 for buffer composition). Thereafter, the dead 

cells were excluded using cell viability solution 7-Amino-actinomycin D and flow 

cytometry data were collected using BDTM LSR II Flow Cytometer. Samples were 

analyzed using FlowJo software. 
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2.2.9 16S rRNA sequencing for detection of bacteria in tissues 

16S rRNA amplicon sequencing of small intestinal mucosa adherent bacteria was 

performed in the laboratory of Prof. John Baines (University Hospital Schleswig-

Holstein, Kiel, Germany). The AllPrep DNA/RNA Mini Kit was used for performing RNA 

extraction from the tissues that were snap frozen in liquid nitrogen. The 27F and 338R 

primer pairs with flanking multiplex identifier (MID)-adaptors were used in the PCR for 

amplifying the V1–V2 regions of 16S rRNA gene.344 The MiSeq V3 sequencing kit was 

used for sequencing on the Illumina® MiSeq system and FLASH software was used 

for merging the paired-end FASTQ sequences.345 The merged reads were filtered such 

that over 90 % of nucleotides have a quality score of 30 or higher per read. The 

UCHIME utility of the USEARCH v6.0.307 tool was used to remove potential chimeras 

and samples were normalized to 20,000 random reads per sample.346 Sequences were 

classified into the new higher-order taxonomy by the Ribosomal Database Project 

(RDP) classifier, and the USEARCH v6.0.307 tool was used to cluster the species-

level operational taxonomic units (OTUs).347,348 Perl scripts were used for plotting the 

data, and statistical analysis was performed using the Vegan92 package in R 

software.349 

 

2.2.10 Dextran sulfate sodium-induced colitis 

Mice were given 2.5 % DSS in autoclaved water for five days, followed by replacement 

with normal autoclaved water. For the acute colitis model, mice were sacrificed at day 

five following replacement with autoclaved water. In the chronic colitis model, mice 

were administered 2.5 % DSS for two or more discontinuous cycles between which 

they were given autoclaved water. The schematic representation of the experimental 

layout is outlined in Fig. 2.2.  

 

 
Figure 2.2 Acute and chronic infection models of DSS-induced colitis 

Schematic representation of acute and chronic models of colitis. 
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2.2.11 Colon explant culture and enzyme-linked immunosorbent assay 

To make colon explant cultures, a small piece of the mouse colon was weighed, 

washed several times in PBS and incubated for 24 hours at 37°C with 5 % CO2 in 96 

well round bottom plates containing 200 µL of RPMI 1640 medium supplemented with 

10 % FCS (v/v), 2 mM L-glutamine and 1 % penicillin-streptomycin (v/v). After the 

incubation period, the plate was centrifuged at 1300 rpm for 5 minutes at 4°C, 100 µl 

of the supernatant was carefully removed without disturbing the pieces and transferred 

to a new 96 well plate and stored at -20°C until used for the enzyme-linked 

immunosorbent assay (ELISA). ELISA kits from BioLegend® for detecting secreted IL-

6 and MCP-1 cytokines in the supernatants of colon explants were used as per 

manufacturer’s instruction. The protein concentrations from the ELISA experiments 

were measured at 450 nm using a FlexStation 3 Multi-Mode Microplate Reader and 

data were presented as picogram per milliliter (pg/ml). 

 

2.2.12 Image capture and analysis 

All images were captured using ZEISS Axiovert 200M Microscope and analyzed using 

FIJI software. 

 

2.2.13 Statistical analysis 

The D'Agostino-Pearson omnibus normality test was used to determine the normality 

of the datasets. For datasets following Gaussian distribution, statistical significance 

was calculated using the parametric two-tailed Student’s t-test. Further, for data 

following skewed distributions, the non-parametric Mann-Whitney U test was used. For 

the survival analysis, the log-rank test was used. All P values lower than 0.05 were 

considered statistically significant. Prism version 6 from GraphPad Software was used 

for performing the D'Agostino-Pearson omnibus normality test as well as calculating 

the P values. 
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3. Results 
 

3.1 XIAP regulates Paneth cell homeostasis 

Previous studies have demonstrated that CD patients harboring XIAP mutations show 

severe defects in NOD2 signaling.216 Since patients with NOD2 polymorphisms and 

mice with Nod2 deficiency exhibit reduced expression of PC a-defensins176,226, we 

investigated whether Xiap-/- mice331 also show similar alterations in a-defensin 

expression. While the ileum of Xiap-/- mice, compared to that of wild-type (WT) mice, 

indeed exhibited decreased expression of the a-defensin Defa5, defects in the 

expression of PC genes were not limited to a-defensins but observed across the entire 

PC signature (Fig. 3.1a). Given the broad defect in the expression of PC-derived 

genes, we analyzed PCs by immunofluorescence using antibodies directed against the 

PC marker lysozyme C (LyzC). These experiments revealed an intact morphology of 

PCs in the small intestine of Xiap-/- mice but reduced numbers of PCs compared to WT 

littermates (Fig. 3.1b). In contrast, other secretory cell types such as goblet cells (Fig. 

3.2a) and enteroendocrine cells (Fig. 3.2b) were present in unaltered numbers in Xiap-

/- mice.  
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Figure 3.1 XIAP regulates PC homeostasis 

(a) qPCR analysis of expression of different PC genes in the ileum of Xiap-/- mice (n = 
5) plotted as % of WT mice (n = 8). (b) Quantification of average numbers of lysozyme 
C positive (LyzC+) cells per crypt (left) and representative images for LyzC (red) and 
DAPI (blue) staining (right) in the ileum of WT (n = 7) and Xiap-/- (n = 9) mice. Scale 
bar represents 100 µm. In (a) the bar plot indicates the mean ± s.e.m for Defa1, Defa3, 
Defa5 and Lyz1, and median for Mmp7, Reg3g and Ang4. In (b) dots represent 
individual mice and the bar indicates the mean. P values were calculated using the 
Student’s t-test for (b) and Defa1, Defa3, Defa5 and Lyz1 in (a). For Mmp7, Reg3g and 
Ang4, P values were calculated using the Mann-Whitney U-test. In (a) * indicates P < 
0.05. 
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Figure 3.2 Unaltered numbers of goblet cells and enteroendocrine cells in Xiap-

/- mice 

(a) Quantification of Mucin 2-positive (Muc2+) cells (left) and representative 
immunofluorescence images for Muc2 (green) and DAPI (blue) staining (right) in the 
ileum of WT (n = 9) and Xiap-/- (n = 10) littermates. (b) Quantification of Chromogranin 
A-positive (CgA+) cells (left) and representative immunofluorescence images (right) for 
CgA (green) indicated by white arrows, and DAPI staining (blue) in the ileum of WT (n 
= 10) and Xiap-/- (n = 10) littermates. Scale bar for all images represents 100 µm. In all 
graphs, dots represent individual mice and the bar indicates the mean. P values were 
calculated using the Student’s t-test. 
 

Since PCs secrete various factors that support the homeostasis of ISCs130, we also 

directly investigated ISCs by crossing Xiap-/- mice with Lgr5-EGFP-IRES-CreERT2 

mice, which express EGFP under the control of Lgr5 promoter.16 There were no 

differences in the number of stem cells in the ileum of Xiap-/- mice when compared to 

WT littermates by immunofluorescence (Fig. 3.3a) or flow cytometry (Fig. 3.3b). 

Unaltered stem cell numbers in vivo in Xiap-/- mice are in line with recent reports which 

demonstrated that PC-derived factors are critical for the support of ISCs in isolated 
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epithelial organoid cultures in vitro but dispensable for ISC maintenance in 

vivo.133,134,350,351 In conclusion, these results demonstrate that XIAP plays a central role 

in regulating the homeostasis of PCs but not of other secretory cells or ISCs in the gut. 

 
Figure 3.3 Unaltered stem cell numbers in in Xiap-/- mice 

(a) Quantification of Lgr5-eGFP+ cells per crypt (left) and representative 
immunofluorescence images (right) for Lgr5-eGFP (green) using an anti-GFP antibody 
and DAPI (blue) staining in the ileum of WT (n = 7) and Xiap-/- (n = 9) mice on the Lgr5-
EGFP-IRES-CreERT2 background. (b) Flow cytometry analysis depicting relative 
numbers of eGFP+ cells (left) and the geometric mean (right) of GFP expression gated 
on live eGFP+ ISCs of WT (n = 3) and Xiap-/- (n = 2) mice on the Lgr5-EGFP-IRES-
CreERT2 background. Scale bar for all images represents 100 µm. In all graphs, dots 
represent individual mice and the bar indicates the median. P values were calculated 
using the Mann-Whitney U-test. 
 

3.2 Microbial-dependent TNF signaling mediates PC death in Xiap-/- mice 

Based on previous findings which have demonstrated that XIAP directly acts on 

effector caspase such as caspase-3, -7 and -9 to inhibit cell apoptosis,259–

261,299,300,352,353 we next addressed whether loss of PCs may occur due to increased 

cell apoptosis in the absence of XIAP. For these reasons, we investigated apoptosis 

of ileal PCs by immunofluorescence staining using antibodies directed against active 

cleaved caspase-3. We observed an increase in the number of cleaved caspase-3-

positive PCs in Xiap-/- mice compared to WT littermates (Fig. 3.4), thus confirming that 

deletion of Xiap is associated with apoptotic loss of PCs.  
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Figure 3.4 Increased PC apoptosis in in Xiap-/- mice 

Quantification of LyzC cleaved caspase 3 (cCasp-3) double-positive cells in the ileum 
(left) of WT (n = 10) and Xiap-/- (n = 5) mice and representative immunofluorescence 
image (right) depicting LyzC (red), cCasp-3 (green) double-positive cells indicated by 
a white arrow along with DAPI (blue) staining in the ileum of Xiap-/- mice. Scale bar 
indicates 100 µm. All dots represent individual mice and the bar indicates the median. 
P value was calculated using the Mann-Whitney U-test. 
 

Since XIAP is known to inhibit TNFR1-dependent cell death signaling273, we next 

examined whether abolishing TNFR1 signaling prevents PC death in Xiap-/- mice. For 

these reasons, we obtained mice with deletion of Tnfr1 (Tnfr1-/- mice)332 and crossed 

them with WT and Xiap-/- mice. Upon examination, the Xiap-/-; Tnfr1-/- mice depicted 

increased PC numbers when compared to XiapWT; Tnfr1-/- mice (Fig. 3.5a). 

Accordingly, there was also increased expression of some of the PC-AMPs (Fig. 3.5b) 

in Xiap-/-; Tnfr1-/- mice when compared to the XiapWT; Tnfr1-/- mice. Since XIAP also 

regulates RIPK3-dependent cell death by inhibiting the ripoptosome downstream of 

TNFR1 signaling,273,282,289 we next addressed whether PC death may be mediated 

through ripoptosome formation in the absence of XIAP. To this end, we generated 

Xiap-/- and WT mice on a Ripk3-deficient background by crossing Xiap-/- and WT mice 

with Ripk3-/- mice.334 Indeed, we observed no differences in the average number of 

PCs per crypt (Fig. 3.6a) or expression of different PC-derived genes (Fig. 3.6b) 

between XiapWT; Ripk3-/- and Xiap-/-; Ripk3-/- mice. Together, these results demonstrate 

that XIAP plays a critical role in mediating PC survival downstream of TNFR1 signaling. 
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Figure 3.5 PC death in in Xiap-/- mice is abrogated by the deletion of Tnfr1 

(a) Quantification of numbers of LyzC+ cells per crypt (left) and representative images 
for LyzC (red) and DAPI (blue) staining (right) in the ileum of XiapWT; Tnfr1-/- (n = 10) 
and Xiap-/-; Tnfr1-/- (n = 9) mice. (b) qPCR analysis of expression of different PC genes 
in the ileum of XiapWT; Tnfr1-/- (n = 8) and Xiap-/-; Tnfr1-/- mice (n = 8). Scale bar 
indicates 100 µm. In all graphs, dots represent individual mice and the bar indicates 
the mean. P values were calculated using the Student’s t-test. 
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Figure 3.6 PC defects in in Xiap-/- mice are mediated by RIPK3 signaling pathway 

(a) Quantification of average numbers of LyzC+ cells per crypt (left) and representative 
images for LyzC (red) and DAPI (blue) staining (right) in the ileum of XiapWT; Ripk3-/- 
(n = 9) and Xiap-/-; Ripk3-/- (n = 9) mice. Scale bar represents 100 µm. (b) qPCR 
analysis of expression of different PC genes in the ileum of XiapWT; Ripk3-/- (n = 8) and 
Xiap-/-; Ripk3-/- (n = 16) mice. In all graphs, dots represent individual mice and bar 
indicates either mean (for Reg3γ in b) or median (for a and rest of the indicated genes 
except Reg3γ in b). P values were calculated using the Student’s t-test (for Reg3γ in 
b) or Mann-Whitney U-test (for a and rest of the indicated genes except Reg3γ in b). 
 

Since XIAP regulates cell death downstream of TNFR1 in response to TLR 

stimulation,273,275,354 we next assessed if PC death in mice lacking XIAP is driven by 

the commensal microbiota. Therefore, we investigated PCs in germ-free Xiap-/- (GF 

Xiap-/-) mice and germ-free WT (GF WT) mice. We observed a mild reduction in the 

number of PCs per crypt in all germ-free compared to SPF mice (data not shown). 

Importantly, however, GF Xiap-/- and WT mice, in contrast to their SPF counterparts, 

did not exhibit XIAP-dependent differences in the number of PCs (Fig. 3.7a) or the 

expression of PC-derived genes (Fig. 3.7b). Thus, PC death in mice lacking XIAP is 

driven by the commensal microbiota. 

a

0

1

2

3

4

5

XiapWT;
Ripk3-/-

P = 0.171

Av
er

ag
e 

nu
m

be
r o

f
Ly

zC
+  c

el
ls

 p
er

 c
ry

pt

Xiap-/-;
Ripk3-/-

0

1

2

3

4
P = 0.902

R
N

A 
ex

pr
es

si
on

(fo
ld

 o
f X

ia
pW

T ; R
ip

k3
-/-

)

0.0

0.5

1.0

1.5

2.0

2.5

Defa5 Mmp7Reg3γ

0.0

0.5

1.0

1.5

2.0

Ang4

0

1

2

3

Lyz1

P = 0.976 P = 0.728 P = 0.610 P = 0.408 P = 0.783

XiapWT; Ripk3-/- Xiap-/-; Ripk3-/-

Defa1

XiapWT; Ripk3-/- Xiap-/-; Ripk3-/-b



 64 

 
Figure 3.7 PC death in Xiap-/- mice is mediated by the commensal microbiota 

(a) Quantification of LyzC+ cells per crypt (left) and representative images for LyzC 
(red) and DAPI (blue) staining (right) in the ileum of GF WT (n = 6) and GF Xiap-/- (n = 
8) mice. Scale bar represents 100 µm. (b) qPCR analysis of expression of different 
PC-AMP genes in the ileum of GF WT (n = 7) and GF Xiap-/- (n = 10) mice. In all graphs, 
dots represent individual mice. The bar indicates mean (a) or median (b). P values 
were calculated using the Student’s t-test (a) or Mann-Whitney U-test (b). 
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crypts unstimulated for 30 minutes whilst shaking at 37°C, incubated crypt secretions 

from the Xiap-/- and WT mice with Escherichia coli and assessed E. coli survival after 
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16S rDNA PCR using total bacteria (Eub338) primers (see table 2.2 for primer 

sequences). We noted an increase in ileal mucosa-adherent bacteria (Fig. 3.8b) and 

a similar but non-significant trend in the colon (Fig. 3.8c) of Xiap-/- mice when 

compared to WT mice. FISH staining using the Cy3-labeled DNA probe Bact338 (that 

detects all bacteria, see table 2.2 for probe sequence) further revealed that bacteria 

colonized the intestinal crypts of Xiap-/- but not WT mice (Fig. 3.8d), in line with a defect 

in antimicrobial peptide secretion and impaired bacterial compartmentalization or 

stratification. 

 

 
Figure 3.8 XIAP-dependent regulation of microbial abundance in the gut 

(a) Bacterial killing assay using unstimulated crypt supernatants from WT (n = 4) and 
Xiap-/- (n = 4) mice, co-incubated with E.coli. The data represents bacterial cell killing 
expressed as percentage (± standard deviation) relative to the bacteria incubated 3 
hours at 37 °C in PIPES buffer alone (vehicle) in each group. (b,c) qPCR of bacterial 
DNA in the ileum-adherent (b) and colon-adherent (c) microbiota (using Eub338 
primers, see table 2.2) in WT (n = 15) and Xiap-/- (n = 11) mice. (d) Quantification of 
bacteria in crypts, averaged from 10 high-power fields (plotted as % of colonized 
crypts) in the colon of WT (n = 7) and Xiap-/- (n = 9) mice (left). Representative FISH 
staining in the colon of WT and Xiap-/- mice for total bacteria using Cy3-labeled DNA 
probe Bact338 (pink) and DAPI (blue) are shown on the right. White arrows indicate 
bacteria at the bottom of crypts in Xiap-/- mice. Scale bar represents 100 µm. In all 
graphs, dots represent individual mice and the bar indicates either mean (a) or median 
(b-d). P values were calculated using the Student’s t-test (a) or Mann-Whitney U-test 
(b-d). 
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PC also profoundly influence the microbial composition in the gut as highlighted by 

studies performed on Mmp7-/- mice that lack mature a-defensins and present with 

altered microbial communities in the small intestine.74 We therefore investigated 

whether loss of XIAP and resulting defects in PC-AMP expression lead to an altered 

composition of mucosa-adherent microbial populations in the intestine of Xiap-/- mice. 

16S rRNA sequencing revealed changes in microbial communities in Xiap-/- compared 

to WT mice (Fig. 3.9a). Moreover, the ileum of Xiap-/- mice exhibited increased 

abundance of Bacteroidetes and Deltaproteobacteria phyla, as well as reduced 

abundance of Firmicutes phylum compared to WT mice (Fig. 3.9b). This included, in 

accordance with distal effects of PC-AMPs in the colon58, an increased abundance of 

Bilophila wadsworthia in the colon of Xiap-/- mice, a Deltaproteobacterium and 

pathobiont previously shown to be associated with intestinal inflammation in Il10-/- mice 

(Fig. 3.9c).169 In conclusion, Xiap-/- mice exhibit an altered compartmentalization and 

composition of the commensal microbiota. 
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Figure 3.9 XIAP-dependent regulation of intestinal microbial composition 

(a) Constrained analysis of principle coordinates (‘capscale’; CAP) based on Bray-
Curtis distances for WT (n = 10) and Xiap-/-(n = 6) mice. CAP1 separates ileal tissue-
associated microbial communities between WT mice (purple) and Xiap-/- mice (green). 
MDS1 represents first non-constrained axis after controlling the effect of tissues. P < 
0.05 in analysis of dissimilarity, ‘adonis’. (b) Bar plot depicting relative abundance of 
microbial genera and their respective phylum in the ileum of WT (n > 10) and Xiap-/- (n 
> 10) mice. (c) qPCR analysis of expression of colon-adherent B. wadsworthia DNA in 
WT (n = 9) and Xiap-/- (n = 5) mice. In graph (c), dots represent individual mice and 
bars indicates the median. P values were calculated using the Mann-Whitney U-test. 
 
3.4 Absence of spontaneous intestinal inflammation in Xiap-/- mice 

Since CD patients with XIAP mutations develop intestinal inflammation with a 

penetrance of 5-30%, we asked whether Xiap-/- mice also display intestinal 

inflammation. As observed histologically, there was no inflammation in the small 

intestine (Fig. 3.10) and the colon (Fig. 3.11) of the Xiap-/- mice when compared to the 

WT mice.  
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Figure 3.10 Absence of spontaneous inflammation in the ileum of Xiap-/- mice 

H&E stained sections of the ileum of WT and Xiap-/- mice (20x magnification). Scale 
bars represent 100 µm. 

 

 
Figure 3.11 Absence of spontaneous inflammation in the colon of Xiap-/- mice 

H&E stained sections of the colon of WT and Xiap-/- mice (20x magnification). Scale 
bars represent 100 µm. 

 

We also investigated the expression of different cytokines in the ileum of Xiap-/- and 

WT mice by qPCR. Under the SPF housing conditions of our animal facility, we 

observed no changes in the expression of cytokines between WT and Xiap-/- mice in 

the small intestine (Fig. 3.12). Therefore, PC defects and subsequent dysbiosis 

observed in Xiap-/- mice is not sufficient to elicit spontaneous intestinal inflammation. 

The absence of intestinal inflammation in Xiap-/- mice is thereby in line with incomplete 

penetrance of CD in patients who carry loss-of-function mutations in XIAP and 
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suggests a requirement for additional environmental and potentially microbial factors 

to induce intestinal inflammation in a XIAP-deficient context.206 

 
Figure 3.12 No evidence of small intestinal inflammation in Xiap-/- mice 

qPCR analysis of the expression of the indicated genes in the ileum of WT (n = 5) and 
Xiap-/- (n = 6) mice. In all graphs, dots represent individual mice and bars indicate the 
median. P values were calculated using the Mann-Whitney U-test. 
 

3.5 Deficiency in Xiap is associated with susceptibility to microbiota-induced 

intestinal inflammation 

The observation that patients with XIAP mutations show incomplete CD penetrance 

suggests that environmental factors play pivotal roles in inducing inflammation in 

genetically susceptible hosts.215–218,220 Since XLP-2, a disease that is also associated 

with XIAP mutations, is often induced by Epstein Barr virus infection, we hypothesized 

that intestinal inflammation may similarly be elicited by microbial triggers. Previous 

studies have demonstrated that Nod2-/- mice but not WT mice develop granulomatous 

ileitis upon infection with the opportunistic bacterium H. hepaticus.172 We therefore 

examined whether XIAP deficiency is similarly associated with susceptibility to H. 

hepaticus. To this end, we infected WT (represented as H.h WT) and 

Xiap-/- (represented as H.h Xiap-/-) mice, both of which were free of H. hepaticus at 

baseline, with H. hepaticus and investigated mice at early (2 weeks) and subsequent 

(12 weeks) time points after infection (p.i) (Fig. 2.1). At both time points, H. hepaticus-
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patches compared to WT mice (Fig. 3.13a). Since Xiap-/- mice exhibit a loss of PCs, 

we next investigated whether Xiap-/- mice can efficiently control H. hepaticus 

colonization in the intestine. Interestingly, two weeks after infection, Xiap-/- mice 

showed increased amounts of ileum-adherent H. hepaticus when compared to the WT 

mice (Fig. 3.13b). Investigation of chronic stages of infection demonstrated that 

Xiap-/- mice had an increased size of Peyer’s patches in the small intestine (Fig. 3.13c). 

Most importantly, Xiap-/- but not WT mice showed non-necrotizing granuloma in the 

lamina propria of the ileum (Fig. 3.13d), a hallmark of intestinal inflammation observed 

in patients with CD. As such, the loss of PCs and PC-derived AMPs in Xiap-/- mice is 

associated with defects in the control of the pathobiont H. hepaticus leading to 

granulomatous ileitis in these mice. Together, these results demonstrate how a genetic 

defect in the host provides the basis for impaired host-microbial interactions and 

susceptibility to microbiota-induced intestinal inflammation. 
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Figure 3.13 Granulomatous ileitis in Xiap-/- mice but not WT mice exposed to H. 
hepaticus 

(a) Quantification of macroscopically visible Peyer’s patches in WT (n = 8) and Xiap-/- 
(n = 8) mice, 2 weeks (left) and 12 weeks (right) after infection with H. hepaticus. (b) 
qPCR analysis of ileum-adherent H. hepaticus DNA in WT (n = 8) and Xiap-/- (n = 8) 
mice, 2 weeks p.i. (c) Image showing the size of Peyer’s patches, indicated using black 
circles, in WT (left) and Xiap-/- (right) mice analyzed 12 weeks p.i.(d) Granuloma scores 
(left) in the ileum of WT (n = 8) and Xiap-/- (n = 8) mice 12 weeks p.i. Representative 
H&E stained sections are shown of ileum of WT (left – 20x magnification) and Xiap-/- 
mice (20x magnification (center) and 40x magnification (right)). White arrows indicate 
non-necrotizing granulomas. Scale bars represent 100 µm. In all graphs, dots 
represent individual mice. Bar indicate the mean (a) or median (b and d). P values 
were calculated using the Student’s t-test (a) or the Mann-Whitney U-test (b and d). 
 

3.6 Increased susceptibility to chemically-induced colitis in Xiap-/- mice 

Previous studies have demonstrated that mice with deletion of Nod2 or Mmp7 that 

have PC defects, develop no spontaneous inflammation under SPF conditions but 

show increased susceptibility to inflammation when compared to the WT mice upon 

environmental disturbances, induced by the treatment of DSS.355,356 DSS is a sulfated 

polysaccharide that binds to medium-chain-length fatty acids present in the colon to 

form nanometer-sized vesicles that damage colonocytes.357 This process allows for 

disruption of the epithelial barrier in the colon which leads to the dissemination of 

microbes and their products into the host to initiate excessive immune responses. 
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DSS-induced colitis is associated with weight loss, rectal bleeding, diarrhea, colonic 

shortening and mortality.358 Since Xiap-/- mice bear PC defects similar to Nod2-/- mice 

and Mmp7-/- mice, we hypothesized that XIAP deficiency may also be associated with 

increased susceptibility to DSS-induced colitis. To test this hypothesis, we 

administered 2.5% DSS (acute and chronic DSS model, see Fig. 2.2) to WT and 

Xiap-/- mice. Xiap-/- mice, compared to WT mice showed increased susceptibility to 

colitis as indicated by increased weight loss (Fig. 3.14a), higher colonic mucosal levels 

of pro-inflammatory cytokines such as Il-6 (Fig. 3.14b), monocyte chemoattractant 

protein 1 (Mcp-1) (3.14c), and Il1β (Fig. 3.14d) and reduced colon lengths (Fig. 3.14e). 

Histopathological examination revealed that Xiap-/- mice had severe transmural 

inflammation, distorted crypt structures and an increased loss of goblet cells indicating 

increased histopathological damage when compared to the WT mice (Fig. 3.14f). 

Furthermore, there was a tendency towards reduced survival in Xiap-/- mice (Fig. 

3.14g). In addition, Xiap-/- mice showed increased dissemination of bacteria to 

mesenteric lymph nodes compared to WT mice (Fig. 3.14h). 
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Figure 3.14 Increased susceptibility to DSS-induced colitis in Xiap-/- mice 

Acute DSS colitis model (panel f) and chronic DSS colitis model (panels a-e, g and h) 
(a) Body weight curves of WT (n = 24) and Xiap-/- (n = 14) mice presented as mean ± 
s.e.m, % of initial weights (day 0). (b) Il-6 secretion and (c) Mcp-1 secretion from 
supernatants of colon explant cultures of WT (n = 18) and Xiap-/- (n = 11) mice as 
evaluated by ELISA. (d) qPCR analysis of Il1β expression in the colon of WT (n = 19) 
and Xiap-/- (n = 18) mice. (e) Colon length of WT (n = 24) and Xiap-/- (n = 14) mice in 
centimeters (cm). (f) Histopathological scores of colonic inflammation in WT (n = 20) 
and Xiap-/- (n = 19) mice after 5 days of treatment with 2.5% DSS, followed by 5 days 
of water (left) and representative H&E stained images of colon (right). Scale bar 
represents 100 µm (g) Kaplan-Meier analysis of the survival (death from DSS 
treatment) in WT (n = 24) and Xiap-/- (n = 14) mice. (h) qPCR analysis of expression of 
bacterial 16S rDNA in the mesenteric lymph nodes of WT (n = 10) and Xiap-/- (n = 7) 
mice. In all graphs, dots represent individual mice. The bar indicates either the mean 
(b, e and f) or median (a, c, d and h). The P values were calculated using the Student’s 
t-test (b, e and f), Mann-Whitney U-test (a, c, d and h) or log-rank test (g). 
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3.6.1 Increased colitis susceptibility in Xiap-/- mice is maintained in the absence 

of the adaptive immune system 

The increased susceptibility to colitis in Xiap-/- mice was observed during acute stages 

of colitis (Fig 3.14a), which are largely independent of adaptive immunity359, thus 

suggesting that differences in innate immunity are responsible for increased disease 

susceptibility. To further address this question, we investigated WT and Xiap-/- mice on 

Rag1 deficient background, in the absence of mature adaptive immune T and B cells, 

by crossing WT and Xiap-/- mice with Rag1-/- mice.334 Upon DSS administration, Xiap-/-; 

Rag1-/- mice showed increased histopathological inflammation (Fig. 3.15a), cytokine 

expression (Fig. 3.15b), and colonic shortening (Fig. 3.15c) compared to XiapWT; 

Rag1-/- mice. These results confirm that increased susceptibility to intestinal 

inflammation in Xiap-/- mice is driven by innate immunity. 

 
Figure 3.15 XIAP-dependent susceptibility to DSS-induced colitis is mediated by 
the innate immune system 

Chronic colitis model (a-c). (a) Histopathological scores (left) of colonic inflammation 
in XiapWT; Rag1-/- (n = 7) and Xiap-/-; Rag1-/- (n = 8) mice, and representative H&E-
stained images of colon (right). Scale bar represents 100 µm. (b) qPCR analysis of 
expression of the indicated genes in the colon of XiapWT; Rag1-/- (n = 7) and Xiap-/-; 
Rag1-/- (n = 4) mice. (c) Colon length of XiapWT; Rag1-/- (n = 7) and Xiap-/-; Rag1-/- (n = 
8) mice measured in cm. In all graphs, dots represent individual mice and the bar 
indicates the median. The P values were calculated using the Mann-Whitney U-test. 
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3.7 Intestinal epithelial- or myeloid-specific deletion of Xiap is not sufficient to 

elicit PC death or susceptibility to intestinal inflammation 

To understand the cellular origin of PC defects and intestinal inflammation observed in 

the absence of XIAP, we crossed conditional ready mice which carry loxP-flanked 

alleles of Xiap (Xiapfl/flmice)335 with mice expressing Cre recombinase under control of 

different promoters to generate cell-specific deletion of Xiap in individual cellular 

compartments. Because XIAP is important for PC survival (Fig. 3.1b), we generated 

and investigated mice with loss of Xiap in IECs by crossing Xiapfl/fl mice with villin-Cre 

mice336 (villin-Cre; Xiapfl/fl, hereafter referred to as XiapΔIEC ) or loss of Xiap in PCs by 

crossing Xiapfl/fl mice with Defa6-Cre mice238 (Defa6-Cre; Xiapfl/fl hereafter referred to 

as XiapΔPC) and compared them with their Cre negative littermates (XiapWT). Firstly, 

deletion of the Xiap gene was verified in crypt IECs isolated from XiapΔIEC mice and 

XiapWT mice by qPCR (Fig. 3.16a). Next, upon investigation of PC numbers in the 

conditional knockouts by immunofluorescence, no differences were detected between 

XiapΔIEC and XiapWT (Fig. 3.16b) and between XiapΔPC and XiapWT mice (Fig. 3.16c). 

Since the absence of XIAP in myeloid cells has previously been shown to lead to 

increased inflammasome-dependent IL-1β secretion and subsequent cell death, we 

hypothesized that loss of XIAP in myeloid cells may indirectly promote PC loss through 

increased IL-1β secretion and activation of the inflammasome pathway.273,354 For these 

reasons we generated mice which have a myeloid-specific deletion of Xiap using 

Xiapfl/fl mice and mice expressing Cre recombinase under the control of the Lysozyme 

M (Lyz2) promoter337 (LysM-Cre; Xiapfl/fl hereafter referred to as XiapΔMYE). However, 

no differences were detected in the number of PCs between XiapΔMYE and their XiapWT 

littermates (Fig. 3.16d). 
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Figure 3.16 Absence of PC loss in mice with PC-, IEC- and myeloid cell-specific 
deletion of Xiap 

(a) qPCR analysis of expression of Xiap in crypt IECs of XiapWT (n = 4) and XiapΔIEC (n 
= 4) littermates. (b) Quantification of average numbers of LyzC+ cells per crypt in the 
ileum of XiapWT (n = 7) and XiapΔIEC (n = 5) littermates. (c) Quantification of average 
numbers of LyzC+ cells per crypt in the ileum of XiapWT (n = 8) and XiapΔPC (n = 7) 
littermates. (d) Quantification of average numbers of LyzC+ cells per crypt in the ileum 
of XiapWT (n = 6) and XiapΔMYE (n = 4) littermates. In all graphs, dots represent individual 
mice. The bar indicates either the median (a) or mean (b-d). The P values were 
calculated using either the Mann-Whitney U-test (a) or the Student’s t-test (b-d). 
 

We next addressed the cellular origin of susceptibility to intestinal inflammation by 

studying mice with conditional Xiap deletion in the DSS model of colitis. Upon DSS 

administration, no differences in the severity of colitis were detected in XiapΔIEC (Fig. 

3.17), XiapΔPC mice (Fig. 3.18) or XiapΔMYE mice (Fig. 3.19) when compared to their 

respective XiapWT littermates. 
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Figure 3.17 No increase in susceptibility to DSS colitis in XiapΔIEC mice 

Chronic colitis model (a-e). (a) Body weight curves of XiapWT (n = 18) and XiapΔIEC (n 
= 18) mice presented as mean ± s.e.m, % of initial weight (day 0). (b) qPCR analysis 
of expression of indicated genes in the colon of XiapWT (n = 9) and XiapΔIEC (n = 9) 
mice. (c) Kaplan-Meier analysis of the survival (death from DSS treatment) of XiapWT 
(n = 18) and XiapΔIEC (n = 18) mice. (d) Histopathological scores (left) of colonic 
inflammation in XiapWT (n = 17) and XiapΔIEC (n = 16) mice and representative H&E-
stained images of colon (right). Scale bar represents 100 µm. (e) Colon length of 
XiapWT (n = 17) and XiapΔIEC (n = 16) mice measured in cm. In all graphs, dots 
represent individual mice. The bar indicates either the mean (e) or median (a, b and 
d). P values were calculated using the Student’s t-test (e) or Mann-Whitney U-test (a, 
b and d) or log-rank test (c). 
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Figure 3.18 No increase in susceptibility to DSS colitis in XiapΔPC mice 

Chronic colitis model, body weight curves of XiapWT (n = 19) and XiapΔPC (n = 17) mice 
presented as mean ± s.e.m, % of initial weights (day 0). 
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Figure 3.19 No increase in susceptibility to DSS colitis in XiapΔMYE mice 

Acute colitis model (a-e). (a) Body weight curves of XiapWT (n = 16) and XiapΔMYE (n = 
11) mice presented as the mean ± s.e.m, % of initial weights (day 0). (b) qPCR analysis 
of expression of the indicated genes in the colon of XiapWT (n = 15) and XiapΔMYE (n = 
8) mice. (c) Kaplan-Meier analysis of the survival (death from DSS treatment) in XiapWT 
(n = 16) and XiapΔMYE (n = 11) mice. (d) Colon length of XiapWT (n = 15) and XiapΔMYE 
(n = 8) mice in cm. (e) Histopathological scores (left) of colonic inflammation in XiapWT 
(n = 16) and XiapΔMYE (n = 11) mice and representative H&E-stained images of colon 
(right). Scale bar represents 100 µm. In all graphs, dots represent individual mice. The 
bar indicates either the mean (d) or median (a, b and e). P values were calculated 
using the Student’s t-test (d) or Mann-Whitney U-test (a, b, and e) or log-rank test (c). 
 

In conclusion, individual deletion of Xiap in IECs, PCs or myeloid cells is not associated 

with apoptotic loss of PCs and susceptibility to DSS colitis suggesting synergistic 

actions of Xiap loss in different cellular compartments in promoting the phenotype of 

Xiap-/- mice.  
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4. Discussion and outlook 

The investigation of rare Mendelian forms of IBD has provided critical insight into the 

pathogenesis of intestinal inflammation. The Zeissig group and others recently 

described that XIAP mutations are associated with early-onset CD and demonstrated 

that up to four percent of males with early-onset CD carry mutations in 

XIAP.215,216,218,220,311 With the aim of understanding the mechanisms through which 

loss of XIAP provides susceptibility to CD, we performed studies on mice that have 

constitutive and conditional deletions of Xiap. These studies have demonstrated a 

novel role of XIAP in the survival of PCs. Moreover, we have described how in the 

absence of XIAP, loss of PCs and subsequent improper control of the microbiota in the 

gut, may promote intestinal inflammation in response to environmental triggers (Fig. 

4.1). 

 

 
 

Figure 4.1 Model of XIAP-dependent regulation of PC homeostasis and the 
commensal microbiota 

Intestinal homeostasis in WT mice (left) with functional PCs and normal levels of PC-
AMPs that allows for regulation of the commensal microbiota in the intestine. XIAP 
deficiency (right) leads to increased PC loss and defective production of PC-AMPs that 
causes increased microbial abundance, impaired microbial stratification and dysbiosis 
in the gut – defects that can promote intestinal inflammation in response to microbial 
and environmental triggers. 
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Previous studies performed by Zeissig et al., demonstrated that XIAP mutations are 

associated with severely impaired NOD1/2 signaling.216 More specifically, PBMCs from 

a subset of patients with XIAP mutations were unable to bind to RIPK2 (downstream 

signal transducer of the NOD1/2 pathway) and had reduced expression and activation 

of NF-κB. These defects were observed in response to the NOD1 and NOD2 ligands 

Tri-DAP and MDP respectively but not to other TLR ligands, which led to diminished 

secretion of IL-8 from the PBMCs, confirming that XIAP mutations selectively impair 

NOD1/2 signaling.216 Keeping in mind that loss of XIAP leads to dysfunctional NOD2 

signaling216,324, and that patients with NOD2 polymorphisms and mice with Nod2 

deletion show defective expression of PC a-defensins176,226, we investigated the 

expression of genes associated with the PC signature in the Xiap-/- mice. We found 

that the Xiap-/- mice showed broad defects in the expression of PC genes, which were 

not specific to a-defensins. This raised the question of general defects in PCs in 

Xiap-/- mice. Indeed, PC numbers were found to be reduced in the ileum of the 

Xiap-/- mice when compared to WT mice. The observation that Xiap-/- mice have defects 

in the production of PC-AMP in the ileum is of much interest since PC defects are a 

hallmark of CD. As such, morphological changes in PCs and PC dysfunction have 

been consistently described in CD109,178,227,236, with some studies describing a 

reduction of PC numbers in CD patients.360,361 However, whether PC loss is a primary 

or secondary event in IBD is unclear. Studies have shown that PCs loss may occur as 

a consequence of intestinal inflammation. For example, studies by Simms et al., 

showed that tissue damages in CD patients lead to PC loss.361 Similarly, mice that 

have a deletion of the TNF adenosine-uracil (AU)-rich elements (ARE) show TNF-

driven spontaneous chronic inflammation in the small intestine that leads to PC loss 

and dysfunction.362,363 On the other hand, IEC- or PC-specific deletion of Xbp1 in mice 

is associated with PC loss due to ER stress in these cells that causes spontaneous 

intestinal inflammation suggesting that primary PC loss itself can promote intestinal 

inflammation.236,238 Here we show that Mendelian defects associated with IBD can give 

rise to a primary loss of PCs and susceptibility to microbiota- or environmentally-

induced intestinal inflammation. As such, our studies support the concept of PC defects 

as the origin of intestinal inflammation in a subset of patients with CD.238 

 

Individuals with XIAP mutations as well as those harboring NOD2 polymorphisms show 

incomplete penetrance of CD, which suggests that other genetic or environmental 
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factors are required to elicit intestinal inflammation.206 The penetrance of CD in patients 

with NOD2 polymorphisms (1%), however, is considerably lower than that observed in 

individuals harboring XIAP mutations (5-30%).206 Moreover, NOD2 polymorphisms 

completely abrogate NOD2 signaling364, which suggests that XIAP mutations also 

affect pathways independent of NOD2 signaling that are critical for intestinal 

homeostasis. In line with the role of XIAP to act on effector caspases to inhibit 

apoptosis253,259,261,299, we asked whether the loss of PCs was due to increased 

caspase-mediated apoptosis in the absence of XIAP. Indeed, we found increased 

numbers of cleaved caspase-3 positive PCs, indicating elevated PC apoptosis in 

Xiap-/- mice compared to WT mice. XIAP inhibits caspase-dependent cell death 

downstream of TNFR1 signaling, a process that is dependent on RIPK3.273,274,289,365 

Interestingly, we also observed that upon deletion of Tnfr1 or Ripk3, the PC defect in 

Xiap-/- mice is absent, leading us to conclude that XIAP-dependent regulation of PCs 

is indeed dependent on RIPK3, downstream to TNFR1 signaling. While these results 

are in accordance with the finding that XIAP deficiency is associated with ripoptosome 

formation and that RIPK3 controls both apoptotic and necroptotic forms of cell death, 

it is still unclear whether necroptosis contributes to PC loss in Xiap-/- mice. However, 

investigating Xiap-/- mice in the absence of the necrosome-associated molecule MLKL 

may provide insights as to whether the PCs undergo necroptosis.285 Moreover, we 

have also shown that the PC defects in Xiap-/- mice are absent under GF conditions 

further highlighting the central role of the commensal microbiota in mediating PC death. 

Since XIAP inhibits TNF production downstream of TLR stimulation 273,275,354, it is likely 

that XIAP deficiency leads to increased microbial-induced production of TNF which 

induces TNF-TNFR1 cell death signaling, that drives the PC loss in vivo. As such, XIAP 

deficiency is associated with a self-reinforcing pathway of PC loss, impaired microbial 

control and further microbiota-dependent stimulation of PC death. 

 

Through the provision of chemical barriers in the gut, PC-AMPs tightly regulate 

microbial abundance in the intestine. The importance of PC-AMPs in regulating 

microbial abundance has been demonstrated in mice with deletion of Nod2 which 

present with defective expression of PC a-defensins and increased microbial load in 

the ileum when compared to WT mice.109 Similarly, we have observed that Xiap-/- mice 

that have defective expression of PC-derived genes, present with increased 

abundance of tissue-adherent bacteria in the ileum. Moreover, PC-AMPs regulate the 
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microbial composition in the gut and accordingly, mice that have a deletion of Mmp7, 

which lack mature a-defensins, present with dysbiosis.74 Likewise, Xiap-/- mice also 

exhibit dysbiosis with higher abundance of Bacteroidetes and Deltaproteobacteria 

when compared to WT mice. Interestingly, members belonging to the Bacteroidetes 

phylum such as Bacteroides vulgatus, Bacteroides thetaiotaomicron and Bacteroides 

unifirmatis, as well as the Deltaproteobacteria phylum such as Enterobacteriaceae, 

and Helicobacter spp., are capable of initiating intestinal inflammation in genetically 

susceptible hosts.155,156,366–368 In line with the long-range effects of PC-AMPs in the 

colon58, the colon of Xiap-/- mice has increased abundance of B. wadsworthia, a 

Deltaproteobacterium capable of inducing intestinal inflammation in Il10-/- mice.169–171 

Furthermore, Xiap-/- mice also have reduced abundance of the Firmicutes phylum 

which represents microbes that are associated with protective roles in intestinal 

inflammation.157,158 Thus, XIAP deficiency leads to improper control of commensal 

abundance and microbial composition in the gut. Furthermore, Xiap-/- mice also show 

altered microbial stratification in the gut with dense bacterial colonization of crypts that 

is not observed in WT mice. This observation is in line with the role of PC-AMP in the 

segregation of bacteria in the gut. Mice that have a deletion of the antimicrobial lectin 

Reg3γ and therefore have increased mucosa-associated microbiota, also display 

impaired microbial stratification in the gut.100 Despite the PC loss and subsequent 

microbial dysbiosis and stratification, the genetic deletion of Xiap in mice does not elicit 

spontaneous intestinal inflammation in the context of an SPF microbiota. This finding 

is similar to several other mouse models such as Nod2-/- and Mmp7-/- mice that have 

defects in PCs but display no spontaneous intestinal inflammation.73,74,109,172 Thus, 

while spontaneous inflammation is absent, dysbiosis and impaired stratification due to 

dysfunctional PCs provides susceptibility to pathobionts and microbiota-induced 

intestinal inflammation.  

 

CD patients carrying XIAP mutations can develop XLP2, partially in response to 

microbial triggers such as Epstein-Barr virus.212,213 While both CD and XLP2 display 

incomplete penetrance in patients with XIAP mutations, the involvement of microbial 

triggers in XLP2 indicates that such triggers may also play vital roles in eliciting CD in 

patients with XIAP mutations. We therefore investigated whether exposure to 

opportunistic microbes can elicit intestinal inflammation in mice with Xiap deficiency. 

Indeed, we could show that Xiap-/- mice display susceptibility to the opportunistic 



 84 

microbe H. hepaticus. The inability to clear H. hepaticus at acute stages of infection 

likely arises due to the PC-defects in the Xiap-/- mice. Moreover, the failure to eliminate 

H. hepaticus eventually contributes to the development of non-necrotizing granulomas 

in the ileum of Xiap-/- mice at chronic stages of infection.136 Non-necrotizing 

granulomas are a hallmark of CD, suggesting a potential relevance of our findings in 

mice to the pathogenesis of intestinal inflammation in human CD. Moreover, these 

observations are in line with other IBD-associated mouse models which also require 

such microbial triggers to initiate inflammation. For example, MNV infection of 

Atg16l1HM mice, leads to changes in PC morphology and gene expression. 

Furthermore, exposure of MNV-positive Atg16l1HM mice to DSS is associated with 

pathology in the ileum resembling CD that is not observed in WT mice or MNV-negative 

Atg16l1HM mice.179 Likewise, Nod2-/- mice which carry defects in PC a-defensins 

develop granulomatous ileitis when infected with the opportunistic microbe 

H.hepaticus.172 Thus, loss of XIAP also serves as a model that supports the finding 

that PC dysfunction in genetically susceptible hosts can cause susceptibility to 

microbiota-induced intestinal inflammation. 

 

Since patients with XIAP mutations may also present with inflammation in the colon, 

we examined the responses of Xiap-/- mice to the colitis-inducing agent DSS. While 

DSS colitis is a colonic inflammation model, previous studies have indeed 

demonstrated antimicrobial activity of PC a-defensins in the large intestine of mice.57,58 

Additionally, we have described how defects in PC-AMPs cause perturbations in the 

microbiota as well as altered microbial stratification in the large intestine of Xiap-/- mice. 

Further, several mouse models such as Nod2-/- mice, Mmp7-/- mice or IEC-specific 

deletion of Xbp1 in mice that are associated with dysfunctional PCs, present with 

increased susceptibility to DSS-induced colitis when compared to their WT 

counterparts.179,355,369 Upon DSS treatment, Xiap-/- mice also showed increased 

susceptibility to colitis that was accompanied by upregulated secretion of various 

cytokines including IL-6. IL-6 is a multi-functional pro-inflammatory cytokine which 

upon binding to the IL-6 receptor complex, activates signal transducer and activator of 

transcription 3, a transcription factor known to have central effector roles in IBD.370 

Studies on colitis models in WT mice revealed that anti-IL-6 treatment reduced the 

expression of cytokines such as Tnfα and Ifnγ, and blocked the recruitment of 

leukocytes thereby abrogating colitis.371 Intriguingly, high levels of IL-6 are present in 
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lesions of pediatric patients with IBD, which may be critical in the context of XIAP, given 

that patients with XIAP mutations most often present with pediatric-onset CD.372 

Furthermore, upregulation of the chemokine MCP-1 was also observed in the inflamed 

mucosa of Xiap-/- mice, in line with increased MCP-1 levels observed in IBD patients 

and in accordance with the observation that deletion of Mcp1 in mice is associated with 

decreased susceptibility to colitis.373,374 Lastly, DSS treatment also upregulated the 

expression of Il1β in the colon of Xiap-/- mice, in accordance with the role of XIAP in 

regulating inflammasome activation and the production of IL-1β in response to TLR 

stimulation.273,275,354 Thus, these findings suggest that XIAP deficiency is associated 

with increased sensitivity to DSS-induced colitis which is accompanied by increased 

expression of pro-inflammatory cytokines and chemokines. 

 

Interestingly, tissue-specific loss of Xiap in PCs, the intestinal epithelium or the myeloid 

compartment was not associated with PC loss or increased susceptibility to DSS-

induced intestinal inflammation, which was observed upon the systemic loss of Xiap. 

This suggests that XIAP deficiency is likely required in several cellular compartments 

of the gut to synergistically promote PC death and susceptibility to intestinal 

inflammation. A possible hypothesis for these observations is that XIAP deficiency in 

the myeloid system likely promotes an increased inflammatory tone associated with 

inflammasome activation273, which then acts on PCs that, in the additional loss of XIAP 

in PCs (or IECs), respond with increased PC death. Mice with individual deletion of 

Xiap in PCs/IECs or the myeloid compartment do not show these defects because, 

neither mice with IEC-specific deletion of Xiap have increased IL-1β production, nor 

mice with myeloid-specific Xiap deletion are susceptible to PC death. As such, humans 

with XIAP mutations carry germline mutations and thus, similar to Xiap-/- mice, exhibit 

constitutive XIAP deficiency.216,218–220,375 The Xiap-/- mice therefore best reflect the 

human situation. In line with the absence of intestinal inflammation in the conditional 

knockout mice, restoration of XIAP expression in one compartment (myeloid 

compartment) by allogenic hematopoietic stem cell transplantation is sufficient to 

abrogate intestinal inflammation in CD patients with XIAP mutations.213,216,376,217–

219,222,223,311,312,321 Thus, PC death and susceptibility to intestinal inflammation in the 

context of XIAP deficiency require loss of XIAP in several cellular compartments of the 

gut. 
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5. Conclusion 

The data presented in this thesis demonstrate an unanticipated, critical role of XIAP in 

PC homeostasis. In the absence of XIAP, as modeled in Xiap-/- mice, PCs undergo 

apoptotic cell death in response to microbial signaling and TNF release. PC loss in turn 

is associated with decreased secretion of PC-AMPs, which leads to impaired microbial 

stratification/compartmentalization and dysbiosis. Most importantly, deficiency in XIAP 

and associated PC defects promote susceptibility to environmental-induced intestinal 

inflammation. Together, this work demonstrates how genetic defects in the host can 

disrupt host-microbial interactions through alterations in PC biology and can promote 

intestinal inflammation in response to microbial triggers. These results provide novel 

insights into the mechanisms that contribute to the development of IBD in patients with 

XIAP mutations and raise the question of whether targeting of the microbiota could be 

efficacious for the prevention and/or treatment of intestinal inflammation in these 

individuals. 

  



 87 

Summary 
 

Intestinal homeostasis requires dynamic crosstalk between the host and the 

commensal microbiota. These interactions are not just crucial for maintaining 

homeostasis but also play an important role in mounting protective immunity to 

invading pathogens. Moreover, disruption of this physiological cross-talk may 

contribute to chronic intestinal damage as observed in inflammatory bowel disease 

(IBD). 

 

IBD, a group of disorders characterized by chronic intestinal inflammation, is believed 

to arise in genetically susceptible hosts through dysregulated host-environmental 

responses. Genome-wide association studies have documented common 

polymorphisms in over 200 genetic loci which regulate the risk to develop IBD. While 

common genetic variants are associated with low to moderate disease risk and have 

thus provided limited insight into disease pathogenesis, exome sequencing studies 

recently revealed rare genetic variants that give rise to mono- and oligogenic forms of 

IBD. These Mendelian forms of IBD have provided substantial new insight into the 

mechanisms underlying chronic intestinal inflammation and damage in IBD and 

revealed new targets for the treatment of IBD.  

 

We and others recently described a monogenic form of IBD caused by mutations in 

the gene encoding X chromosome-linked inhibitor of apoptosis protein (XIAP) and 

have described XIAP mutations in approximately 4% of male children with early-onset 

Crohn’s disease (CD). While the only curative treatment regime currently available for 

CD patients with XIAP mutations is allogeneic hematopoietic stem cell transplantation, 

significant mortality associated with the outcome of this procedure calls for alternative 

therapies. Investigation of alternative therapies requires a better understanding of the 

CD pathogenesis in patients with XIAP mutations. 

 

To provide insight into the pathways that link XIAP mutations to IBD, we investigated 

the role of XIAP in intestinal homeostasis and inflammation through the study of mice 

with constitutive and cell-specific deletion of Xiap. In these studies, we discovered a 

novel function of XIAP in the regulation of survival of antimicrobial peptide producing 

cells called Paneth cells. Specifically, we could demonstrate that the commensal 

microbiota elicits tumor necrosis factor (TNF) production under constitutive conditions, 
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which promotes Paneth cell death and XIAP serves as a critical inhibitor of this 

pathway. In the absence of XIAP, microbiota-induced TNF release leads to apoptotic 

loss of Paneth cells, which is associated with decreased Paneth cell-antimicrobial 

peptides production, impaired control of the intestinal microbiota and dysbiosis as well 

as altered bacterial stratification. These alterations are insufficient to elicit spontaneous 

intestinal inflammation in the presence of a pathogen-free microbiota but provide 

susceptibility to microbial and chemical triggers of intestinal inflammation. As such, 

exposure to the bacterial pathobiont Helicobacter hepaticus leads to the development 

of granulomatous ileitis in the Xiap-/- but not in wild type mice. Non-necrotizing 

granulomas are a hallmark of CD, suggesting a potential relevance of our findings in 

mice to the pathogenesis of human CD. Moreover, administration of dextran sulfate 

sodium was also associated with increased severity of colitis in Xiap-/- mice when 

compared to the wild type mice. 

 

Together, these findings demonstrate how genetic defects associated with CD can 

provide susceptibility to environmentally-induced chronic intestinal inflammation. 

Furthermore, these results raise the question of whether targeting of the microbiota 

can be efficacious in the treatment and prevention of intestinal inflammation in patients 

harboring mutations in XIAP. 
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Zusammenfassung 
 

Die intestinale Homöostase erfordert eine dynamische Interaktion zwischen dem Wirt 

und der Mikrobiota. Diese Wechselwirkungen sind nicht nur entscheidend für den 

Erhalt der intestinalen Homöostase sondern spielen auch eine wichtige Rolle im 

Aufbau der protektiven Immunität gegenüber eindringenden Pathogenen. Störungen 

der physiologischen Interaktionen zwischen Wirt und Mikrobiota hingegen können zu 

intestinaler Schädigung, wie in chronisch-entzündlichen Darmerkrankungen (CED) 

beobachtet, beitragen.  

 

CED sind eine Gruppe von Erkrankungen, die charakterisiert sind durch die 

Entwicklung chronischer intestinaler Entzündung. Das Risiko an CED zu erkranken ist 

zumindest partiell genetisch determiniert und genomweite Assoziationsstudien 

konnten CED-Risiko-Polymorphismen in mehr als 200 genetischen Loci 

dokumentieren. Während diese auch in der gesunden Population häufigen 

genetischen Varianten nur mit einem geringen bis moderaten Erkrankungsrisiko 

verbunden sind und somit nur bedingt Einsicht in die Pathogenese der Erkrankung 

lieferten, konnten in den letzten Jahren eine Vielzahl seltener genetischer Defekte 

beschrieben werden, die in mono- oder oligogener Weise zur Entstehung einer CED 

führen. Diese Mendelschen CED-Formen lieferten entscheidende neue Einblicke in 

die Mechanismen die der chronischen intestinalen Entzündung bei CED zu Grunde 

liegen und deckten neue potentielle Zielstrukturen für die individualisierte Behandlung 

von CED auf.  

 

Unsere Arbeitsgruppe sowie mehrere andere Arbeitsgruppen konnten vor wenigen 

Jahren eine neue monogene CED-Form beschreiben, die durch Mutationen im X-

chromosomalen Inhibitor der Apoptose (Englisch: X-linked inhibitor of apoptosis, XIAP) 

verursacht wird. Wir konnten dabei zeigen, dass XIAP-Mutationen eine der häufigsten 

monogenen Formen der CED darstellen und in bis zu 4 % der männlichen Kinder mit 

CED zu finden sind. Monogene CED-Formen, auch die mit XIAP-Mutationen 

assoziierten, zeigen häufig schwere und therapierefraktäre Verläufe. Die einzige 

kausale Therapieoption für Patienten mit CED auf dem Boden von XIAP-Mutationen 

stellt die allogene Stammzelltransplantation dar. Da diese Therapie jedoch mit einer 

signifikanten Sterblichkeit einhergeht ist, werden alternative Therapien dringend 
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benötigt. Notwendig hierfür ist ein besseres Verständnis der Pathogenese der CED in 

Patienten mit XIAP-Mutationen.  

 

Um Einblick in die Mechanismen der Entwicklung intestinaler Entzündung in Patienten 

mit XIAP Mutationen zu erhalten, untersuchten wir Mäuse mit konstitutiver oder 

zellspezifischer Deletion von Xiap. Xiap-/- Mäuse wiesen einen selektiven Verlust von 

Paneth-Zellen auf, einer Gruppe von epithelialen Zellen, die am Boden intestinaler 

Krypten lokalisiert sind und durch Sekretion antimikrobieller Peptide die intestinale 

Mikrobiota regulieren. Weiterführende Studien konnten zeigen, dass der Verlust des 

Zelltod-Inhibitors XIAP zu einer gesteigerten Apoptose von Paneth-Zellen führt, wobei 

mikrobielle Signale in Tumornekrosefaktor (TNF)-abhängiger Weise den Zelltod von 

Paneth-Zellen stimulierten. Der Verlust von Paneth-Zellen in Xiap-/- Mäusen war 

verbunden mit einer reduzierten Sekretion von AMPs, was zu einer gestörten 

Kompartmentalisierung der Mikrobiota und Veränderungen in der Komposition der 

intestinalen Mikrobiota führte. Während diese Veränderungen in einer Pathogen-freien 

Tierhaltung nicht mit spontaner intestinaler Entzündung in Xiap-/- Mäusen assoziiert 

waren, führte die Exposition mit dem Pathobionten Helicobacter hepaticus in Xiap-/- 

Mäusen, aber nicht in WT-Mäusen, zu einer granulomatösen Ileitis und somit zu 

Crohn-typischen histologischen Läsionen. Auch zeigten Xiap-/- Mäuse eine gesteigerte 

Suszeptibilität gegenüber einer chemisch induzierten Colitis.  

 

Zusammenfassend zeigen diese Daten, wie genetische Defekte im Wirt und die damit 

verbundene Störung von Wirt-Mikrobiota-Interaktionen zu mikrobiell induzierter 

intestinaler Entzündung führen können. Diese Daten sind von zentraler Relevanz für 

das Verständnis der Pathogenese von CED. 
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Appendix 
 

List of Abbreviations  
 

ADAM a disintegrin and metalloproteinase 

AMP antimicrobial peptide 

Ang4 angiogenin 4 

APC  antigen presenting cell 

BIR baculovirus inhibitor of apoptosis protein repeat 

CBC crypt base columnar cells 

CD Crohn’s disease 

CEACAM6 carcinoembryonic antigen-related cell adhesion molecule 6 

cIAP cellular inhibitor of apoptosis protein 

CRAMP cathelicidin-related antimicrobial peptide 

DC dendritic cells 

DCV dense core vesicles 

Defa a-defensin 

Dll4 delta-like canonical notch ligand 4 

DNA deoxyribonucleic acid 

DSS dextran sulfate sodium 

EBV Epstein-Barr virus 

EEC enteroendocrine cells 

EGF epidermal growth factor 

ER endoplasmic reticulum 

FAE follicle-associated epithelium 

FISH fluorescence in situ hybridization 

FOXP3 forkhead box P3 

GALT gut-associated lymphoid tissue 

GIT gastrointestinal tract 

GF germ-free 

GWAS genome wide association study 

HD human alpha defensin 

IAP inhibitor of apoptosis protein 

IBD Inflammatory bowel disease 

IEC intestinal epithelial cell 
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IL- interleukin  

ILC innate lymphoid cell 

iNKT invariant natural killer T 

ISC intestinal stem cell 

Itf intestinal trefoil factor 

Lgr leucine-rich repeat-containing G-protein coupled receptors  

LPS lipopolysaccharide 

LUBAC linear ubiquitin chain assembly complex 

LyzC lysozyme C 

Lyz1 lysozyme C-1 

MAMPs microbe-associated molecular patterns 

MAPK mitogen-activated protein kinase 

MATH1 atonal bHLH transcription factor 1 

MCP-1 monocyte chemoattractant protein 1 

MDP muramyl dipeptide 

MSC mesenchymal cells 

MMP7 matrix metalloproteinase-7 

MNV Murine norovirus 

MUC mucin 

MyD88 myeloid differentiation primary response gene 88 

NGS next-generation sequencing  

NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells 

NKT cell natural killer T cell 

NLRs nucleotide-binding and oligomerization domain (NOD)-like receptors 

NOD1/2 nucleotide-binding oligomerization domain-containing protein 1/2 

PC Paneth cell 

PRRs pattern recognition receptors  

RA retinoic acid 

RAG1 recombination activating gene 1 

REG3γ regenerating islet-derived protein 3 γ  

RING really interesting new gene 

RIPK receptor-interacting serine/threonine-protein kinase 1 

RNA ribonucleic acid 

SFB segmented filamentous bacteria 
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SMAC second mitochondria-derived activator of caspase 

STAT3 signal transducer and activator of transcription 3 

TAB1 TAK-binding protein 1 

TAK1 transforming growth factor beta-activated kinase 1 

TGFa transforming growth factor beta 

TJ tight junction 

TLRs toll-like receptors 

TNF tumor necrosis factor 

TNFR tumor necrosis factor receptor 

TRAF2 tumor necrosis factor receptor-associated factor-2 

Tregs regulatory T cells 

UBA ubiquitin-associated 

UC ulcerative colitis 

WNT Wingless/Int 

Xbp1 X-box binding protein 1 

XIAP X-linked inhibitor of apoptosis protein 

XLP-2 X-linked lymphoproliferative syndrome 2 
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