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Abstract

Intestinal epithelial cells (IECs) form an epithelial barrier which is covered and reinforced
with the mucus layer. The intestinal epithelium and the mucus layer play critical roles in
the regulation of intestinal immune homeostasis by establishing a stratified, protective
barrier against luminal microbiota. Dysregulated epithelial cell death and a bacteria-
permeable mucus layer were implicated in inflammatory bowel disease (IBD). While
environmental factors including gut microbiota are thought to contribute to the disease
pathology, the host’s genetic background is a significant determinant of predisposition to
IBD. Specifically, hypomorphic variants of X-box binding protein 1 (XBP1), a gene
encoding a critical transcription factor in response to endoplasmic reticulum (ER) stress,
were identified in IBD patients. Meanwhile, humans deficient in caspase-8, a protein
inhibiting necroptosis, were reported to develop intestinal inflammation. The polygenic risk
score is a critical tool for assessing the predisposition to IBD, however, the crosstalk of
multiple genetic variants and their pathways remains to be elucidated. In this study, we
investigated the interaction between XBP1 deletion-induced ER stress and necroptosis
triggered by the ablation of caspase-8 (Casp8) or Fas-associated with death domain
(FADD) in IECs. Our results revealed that colitis but not ileitis in mice lacking epithelial-
specific Casp8 or FADD was exaggerated by XBP1 deficiency. We showed that genetic
inhibition of IEC necroptosis rescued the severe colitis in mice lacking XBP1 and Casp8
or XBP1 and FADD. IEC-derived Tumor necrosis factor (TNF) did not play an important
role in the exacerbation of colitis, however, colitis was driven by epithelial-intrinsic TNF
receptor 1 (TNFR1) in mice lacking XBP1 and Casp8. Importantly, we found that MUCIN-
2 (MUC2), a gel-forming mucin crucially required for the formation of bacteria-
impermeable mucus layer in the colon, was strongly downregulated in the colons of XBP1
deficient mice. Mice lacking XBP1 in IECs showed an intact intestinal epithelium covered
by a dysfunctional mucus layer leading to increased contact between luminal bacteria and
the apical regions of colonic epithelial cells. Whereas XBP1 deficiency-induced mucus
barrier impairment did not culminate in spontaneous colon inflammation, it strongly
synergised with epithelial necroptosis and exaggerated the colitis in mice lacking Casp8
or FADD. Furthermore, we showed that the impairment of the mucus layer in XBP1
deficiency was independent of extrinsic apoptosis and necroptosis of IECs. Taken
together, this study revealed a hitherto unidentified link between ER stress, necroptosis
and mucus layer in intestinal inflammation, which could contribute to understanding the

pathogenesis of IBD.
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1. Introduction

1.1 Innate immune system and inflammation

The innate immune system had been believed to initiate its signalling cascades in a
nonspecific way such as the roles of Alum and Freund’s adjuvant in vaccines'. Charles
Janeway came up with a revolutionary hypothesis, in which innate immune cells are
capable of recognising non-host patterns by their receptors?. He coined the Pathogen-
associated molecular patterns (PAMPs) and Pattern-recognition receptors (PRRs) terms?.
After this, many PRRs including Toll-like Receptors (TLRs)*® and Nucleotide-binding
oligomerisation domain (NOD)-like receptors (NLRs)®® have been identified and

characterised.

TLRs can be found either on the cell surface or endosomes, where their corresponding
ligands are sensed by their Leucine-rich repeats (LRRs), and the downstream signalling
is mediated through their cytoplasmic Toll-interleukin (IL)-1 receptor (TIR) domains®. TIR
domains of activated TLRs interact with cytoplasmic adaptor proteins containing TIR
domains including Myeloid differentiation primary response 88 (MyD88)'® and TIR-domain
containing adaptor inducing interferon (IFN)- (TRIF or TIR containing adaptor molecule
(TICAM))". Adaptor proteins recruited to TLRs activate the signalling cascades, which
primarily lead to the production of inflammatory cytokines, chemokines, and type | IFNs'2.
In addition to the localisation, TLRs can be grouped based on which adaptor protein
mediates their signalling: MyD88 or TRIF®'2, However, TLR4 was found to be an
exception, utilizing both MyD88- and TRIF-mediated signalling'.

Among other ligands™'* TLR4-mediated inflammatory response is activated by
Lipopolysaccharide (LPS) as macrophages isolated from TLR4 deficient mice do not
produce and secrete Tumor necrosis factor (TNF) and Nitric oxide'®. Overexpression of
MyD88, (Interleukin-1 associated-receptor kinase) IRAK and TNF-associated factor 6
(TRAF6) was found to activate Nuclear Factor «-light-chain-enhancer of activated B cells
(NF-xB, p65/p50 heterodimers) as well as mitogen-activated protein kinase (MAPK)
pathway, suggesting TLR4 employs MyD88-IRAK-TRAF6 complex to induce inflammatory
cytokine production®. Indeed, mice lacking MyD88 are protected from lethality and cannot
produce inflammatory cytokines upon LPS injection'. Further characterizations of this
pathway reveal that the interaction between MyD88-IRAKs-TRAF6 and TLR4 is
established by TIR-domain containing adaptor protein (TIRAP)'2°.  While TRAF6



generates K63-linked polyubiquitin chains?', Linear ubiquitin chain assembly complex
(LUBAC) recruited upon K63-linked ubiquitination provides M1-linked linear ubiquitin

2224 which are crucial for the recruitment of NF-kB essential modulator (NEMO)?®

chains
and Growth factor-beta (or TGF-B) activating kinase-1 (TAK1) via TAK1 binding proteins
(TAB1/2)%. Inhibitor of NF-xB (IxB) kinase-1 and -2 (IKK1 and IKK2) are recruited with
NEMO and activated by TAK1-mediated phosphorylation, and active IKK1/2 complex
catalyses the phosphorylation of IkBa, targeting it to ubiquitin-mediated proteosome-
dependent degradation?”?8. As IxBa interacts with p65/p50 and restricts their activation
by preventing their nuclear translocation, degradation of IkBo allows p65/p50 to
translocate into the nucleus, inducing the expression of pro-inflammatory and pro-survival
genes?®. Meanwhile, TAK1 induces the activation of MAPKs in which a series of
phosphorylation events take place, culminating in the induction of inflammatory cytokines
by allowing the translocation of transcription factors including AP-1 and c-Jun into the

nucleus’?.

It was found that upon LPS challenge, activation of NF-xB lags in cells lacking MyD88,
and they can still express IFN-B, showing MyD88-independent pathway exists under
TLR4'73%31 Indeed, TRIF was found to be recruited to TLR4-TRAM on endosomes and
activate the TANK-binding protein kinase-1 (TBK1)/IKKe-IRF3 pathway, leading to the
induction of IFN-B32-%°. Meanwhile, TRAF6 recruited to TRIF activates MAPK and NF-xB
pathways®. Importantly, Receptor interacting-protein serine/threonine-kinase 1 (RIPK1)
can be recruited to TRIF via their RIP homotypic interaction motif (RHIM) domains and
contributes to the activation of NF-xB pathway*"*. Of note, TRIF-RIPK1 interaction is

critical for pathogen and PAMPs induced cell death pathways as well*.

TLR2/1-2/6-5-7-9 and TLR3 utilize similar proteins of the cascades to elicit responses
upon their corresponding ligand engagement, as described in MyD88- and TRIF-

dependent signalling cascades of TLR4, respectively'?.



1.2 DAMPs, cell death and inflammation

1.2.1 DAMPs and inflammation

It has been known that a flare-up of inflammation can still happen without an infection, and
this phenomenon is termed sterile inflammation®. After a series of discussions in the
field*®-2, the term Damage-associated molecular pattern (DAMPSs) is shaped to define the
host-derived molecules/ions that can initiate an immune response®’. The DAMP model
places the cellular and tissue level damage in the centre of immune induction, however,
this does not contradict Janeway’s model, rather PAMP and DAMP-based models coexist,
and the inflammation aroused from PAMPs/DAMPs is thought to be critical for the

pathogen clearance and tissue restoration*?.

DAMPs can be classified based on their molecular nature such as nucleic acids,

4445 as well as

metabolites, and proteins*®. For example, Heat shock proteins (HSPs)
histones*® in extracellular environment are found to be recognised by TLR4 and induce
the expression of inflammatory cytokines. As HSPs and histones can be found within
different cellular comportments, the loss of spatial confinement of host-derived molecules
is one route to achieve DAMP-mediated inflammation, and cell death plays a pivotal role

in the induction of immune responses by allowing DAMPs to be released®.

1.2.2 Cell death

It is accepted that cell death can happen accidentally or unregulated manner, however,
regulated cell death is the major focus of ongoing research?’. In this thesis, cell death term
refers to regulated cell death. Cell death is known to critically contribute to organogenesis,
maintenance of tissue homeostasis, immune system ripening and intracellular

communication by disposal of redundant, impaired, self-intolerant and infected cells*®.

Several different cell death modalities were identified, and they are broadly classified
based on whether plasma membrane permeabilization is involved in the process*.
Therefore, a superfluous number of cell death can lead to inflammation, as discussed in
section 1.2.1 self-derived molecules are capable of triggering the immune responses*.
Apoptosis is regarded to be a cell death type that does not mount aberrant activation of

the immune system as it is almost always non-lytic cell death*®. The apoptotic cascade



can be initiated by various signals and take different routes (discussed below, Section
1.2.2.1 and 1.2.2.2.). Cysteinyl proteases, caspases, that can cleave target proteins after
certain amino acid sequence, play vital roles in apoptosis®. Initiator caspases including
caspase-8 and -9 integrate upstream signalling cues into the apoptotic cascade leading
to cleave of executioner/effector caspases (caspase-3, -7)°". It is accepted that hundreds
of proteins in a cell committed to apoptosis are being cleaved by active effector caspases,
leading to characteristic morphological features of apoptosis including cell shrinkage,
pyknosis (nuclear condensation), karyorrhexis (DNA fragmentation) and membrane
blebbing*’8. In contrast to apoptosis, necroptosis is caspase-independent, lytic cell death,
leading to inflammation®?. RIPK1, RIPK3 and Mixed lineage kinase domain-like
pseudokinase (MLKL) are critical regulators and mediators of necroptosis*®. The roles of
RIPK1 and RIPKS in necroptosis are discussed below (Section 1.2.2.1). Phosphorylation
of MLKL by active RIPK3 is a critical event in the necroptosis pathway as phosphorylated
MLKL is translocated to the plasma membrane and oligomerises, leading to membrane
rupture*®°3%, Whereas a large body of evidence put forward two hypotheses*®4°, the

exact mechanism by which MLKL elicits membrane rupture is still under investigation®¢-°.

1.2.2.1 TNFR1-induced signalling, apoptosis and necroptosis

Extrinsic apoptosis and necroptosis can be triggered under death receptors (DRs), which
belong to the TNF superfamily®’. While DRs are activated at their extracellular regions,
they elicit intracellular signalling pathways via a critical domain at their cytoplasmic
regions: death domain (DD)%2. One of the most extensively studied DRs is TNF receptor-
1 (TNFR1), which trimerizes and recruits two cytoplasmic proteins containing DD, TNFR1-
associated DD (TRADD) and RIPK1, upon TNF engagement®*®. The recruitment of
TRADD is pivotal as it brings TNFR-associated factor 2/5 (TRAF2/5) which subsequently
recruits cellular inhibitors of apoptosis1/2 (clAP-1/2)%7:%8_ clAP-1 and -2, together, provide
lysine-63 polyubiquitination (K63) on certain proteins including itself and RIPK1%%7!. K63
ubiquitination is critical for the recruitment of LUBAC and TAB2/3. TAB2/3 recruits TAK1
to the complex. LUBAC catalyses methionine-1 (M1), linear, ubiquitin chains on K63-
linked ubiquitination chains of RIPK12%, on which IKK1/2 are recruited via NEMQ®%7275_|n
addition, TBK1 and IKKe are found to be recruited to these linear ubiquitin chains via
NEMO and their adaptor proteins’®. Similar to Myd88-dependent TLR signalling (section
1.1), TAK1 phosphorylates itself and IKK1/2. While TAK1 activates the MAPK pathway,



the phosphorylation of IKK1/2 leads to the induction of NF-xB*®"". Importantly, TAK178,
IKK1/2”° and TBK1/IKKe"® negatively regulate RIPK1 by phosphorylating it. This whole

complex upon TNF induction is called complex I°".
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Figure 1-1 The formation of complex | and complex Il under TNFR1.

Upon TNF engagement, complex | is assembled and leads to the induction of pro-survival proteins and
inflammatory genes through NF-kB and MAPK pathways. TRAF2, RIPK1 and TRADD dissociate from complex |
and form cytosolic complex 118, Dark grey circles represent K63-linked ubiquitination K63- and M1-linked
ubiquitination as well as phosphorylation of RIPK1 are critical for the inhibition of TNFR1-mediated cell death. Dark
grey arrows represent the catalysation of K63-linked ubiquitination. Orange circles represent M1-linked
ubiquitination. Orange arrows represent the catalysation of M1-linked ubiquitination. Light grey arrows represent
phosphorylation events, negatively regulating the activation of RIPK1. Green arrows represent phosphorylation
events, activating the proteins. Dark green circles represent K48-linked ubiquitination. Adapted from .

It was shown that after TNF engagement, TRADD, TRAF2 and RIPK1, dissociate from
complex | and form a cytosolic complex (complex Il) with a protein containing DD (FAS-
associated with death domain, FADD) and caspase-8%°. Several checkpoints on complex
I, as well as complex I, were identified and shown to regulate cell death under TNFR1
tightly®. Interestingly, the inhibition or relinquishment of the distinct checkpoints renders



TNFR1-induced cell death modalities different®. One checkpoint in complex Il is achieved
by NF-kB-induced pro-survival protein that has a short half-life and alters the activity of
caspase-8 via direct interaction: cellular FLICE-like inhibitory protein (cFLIP)®'83 TNF
stimulation in the presence of a protein translation inhibitor, cycloheximide, was shown to
induce caspase-8-mediated RIPK1-independent apoptosis, which was rescued upon
cFLIP-overexpression in cells, suggesting the modulation of caspase-8 activity by cFLIP
is critical in TNFR1-induced RIPK1-independent apoptosis®. This complex eliciting
RIPK1-independent, caspase-8-initiated caspase-3/7 dependent apoptosis is termed

complex lla*e.

Another vital checkpoint regulating TNFR1-induced cell death is post-translational
modifications on RIPK1 such as ubiquitination and phosphorylation®®. These post-
translational modifications on RIPK1 have been shown to regulate RIPK1 kinase-
dependent apoptosis and necroptosis which are mediated by complex llb and necrosome
complexes, respectively®®>8. Chemical degradation and knockdown of clAPs in cellular
systems were shown to reduce ubiquitination on RIPK1 and cause RIPK1-Casp8-
dependent apoptosis®®. Mice lacking clAP-1/2%" can only be born in the background of
ubiquitous TNF deficiency, demonstrating the essential role of non-linear ubiquitination
events on RIPK1 in the regulation of cell death pathways under TNFR1. The lethality of
clAP-1/2 deficient mice was further demonstrated to be dependent on caspase-8-
mediated apoptosis without profound RIPK3 activation, suggesting clAP-1/2 protects from
TNF-induced RIPK1-dependent apoptosis (complex 1Ib)®. Interestingly, knock-in mice
expressing RIPK1 that cannot be K63-ubiquitinated on a lysine residue (K376R; K377 in
human RIPK1) die in utero, which can be rescued by combined inhibition of apoptosis and
necroptosis® . In line with the critical role of K63-linked ubiquitination on RIPK1 in the
regulation of cell death pathways, M1-linked ubiquitination on RIPK1, which is catalysed
on K63-linked ubiquitination, is vital as indicated by the cell death-driven lethality and/or
pathologies in mice lacking components of LUBAC (HOIL-1L"*®", HOIL-1L interacting
protein (HOIP)??, SHANK-associated RH domain-interacting protein (SHARPIN)??%). For
example, TNFR1-induced, caspase-8- and the kinase activity of RIPK1-mediated

apoptosis was shown to drive skin pathology in Sharpin®®™ mice®-%.



K63 and M1 ubiquitination events are vital for the recruitment of the negative regulators
of RIPK1 including TAK178, IKK1/27°, TBK1/IKKe®. Serine 25 was identified to be a critical
phosphorylation site by IKK1/2, whose point mutation into aspartic acid in mice protects
from RIPK1 kinase-driven inflammatory pathologies®’. Serine 14, 15, 161, 166 and
threonine 169 residues were discovered to be the autophosphorylation sites on RIPK1%
% Importantly, there is no evidence showing RIPK1 can phosphorylate other proteins in
the cell death pathways®® although RIPK3 was shown to phosphorylate RIPK1 in vitro®.
Whereas it remains to be elucidated how the kinase activity of RIPK1 mediates apoptosis
and necroptosis under TNFR1, the conformational change of RIPK1 upon activation is
thought to mediate apoptosis and necroptosis by forming complexes with (Death domain-
dependent manner) FADD and (RHIM domain-dependent manner) RIPKS3,

respectively®? 107,
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Figure 1-2 TNFR1-induced apoptosis and necroptosis.

Complex Il can induce apoptosis and/or necroptosis under certain conditions. The concentration of cFLIP and
posttranslational modifications on RIPK1 are critical to inhibit apoptosis. The absence of Casp8 or FADD, which
interacts with Casp8 in complex Il, leads to RIPK3-MLKL-mediated necroptosis. The relinquishment of certain
checkpoints such as the complete loss of K63-linked ubiquitination on RIPK1 (Ripk1¥376R) can culminate in
apoptosis as well as necroptosis. Adapted from 8086,

Whereas the kinase activity of RIPK1 can mediate apoptosis and/or necroptosis, the

presence of caspase-8 or its catalytic activity can dictate the type of cell death as well*3:8°,



Mice ubiquitously lacking Casp8 or FADD which interacts with caspase-8 via the death-
effector domain(DED)-dependent manner is embryogenically lethal'>'% and can be born
in the absence of RIPK3 or MLKL'1%  demonstrating that RIPK3-MLKL-dependent
necroptosis is triggered when the interaction between Casp8-RIPK1 is broken. Upon
inhibition of caspase-8, autophosphorylated/active RIPK1 can engage RIPK3 through
RHIM-RHIM domain interaction forming an amyloid structure and activating it*8:190.109-111,
Then, RIPK3 phosphorylates itself as well as MLKL, which translocates to the plasma
membrane and leads to cell rupture®''213  RIPK1-RIPK3-MLKL complex inducing
necroptosis is termed necrosome®®. Importantly, mice expressing catalytically inactive
caspase-8 (C362S) die before birth, and immunostaining experiments showed the active
RIPK3 in the tissues of these mice''*"°. Whereas RIPK3 ablation in these mice rescued
the embryonic lethality, Casp8°%625/C362S Mkt~ mice die at birth''*""®, showing that the
catalytic activity of caspase-8 prevents multiple cell death pathways including necroptosis.
In line with this, knock-in mice expressing RIPK1 that cannot be cleaved by caspase-8 are
embryonically lethal, and the embryonic lethality in these mice is mediated by FADD- and
RIPK1-kinase-dependent cell death''®. Therefore, these extensive reports over the years
demonstrate that caspase-8 plays a vital role in the regulation of cell death pathways
under TNFR1.

1.2.2.2 Intrinsic apoptosis

The impaired integrin signalling"’

(further in 1.4.5.1 section, as anoikis), absence of
growth factors, mitochondrial and DNA damage are reported to induce apoptosis
independent of a death receptor participation, and this type of regulated cell death is
termed intrinsic apoptosis®'. Integration of these various insults into the intrinsic apoptosis
pathway and its regulation are mediated by the parity between groups of proteins
belonging to the B-cell lymphoma 2 (Bcl-2) protein family''®. Specifically, Bcl-2 homology
region 3 (BH-3)-only proteins counteract the Bcl-2 proteins, which inhibit the activation of
effector Bcl-2 proteins: Bcl-2 associated X (BAX) and Bcl-2 antagonist/killer-1 (BAK)'®.
While BAK predominantly stays at mitochondria under a steady state, upon activation BAX
localizes and precipitates on mitochondria with BAK'?122. BAK and BAX, redundantly,
form pores in the outer membrane of mitochondria and lead to mitochondrial outer

membrane permeabilization (MOMP), discharging proteins including cytochrome ¢'#31%°,



The release of cytochrome c is a critical step in intrinsic apoptosis as it binds to apoptotic
protein-activating factor-1 (APAF-1), allowing its heptameric structure to be formed in the
presence of ATP'?%'2"  QOligomerized APAF-1/apoptosome integrates the upstream
signalling pathway into caspase-9, which activates effector caspases: caspase-3/7'2%,
Besides cytochrome c, the second mitochondria-derived activator of caspase (SMAC) is
released upon MOMP, which prevents the activation of a caspase-3/7/9 inhibitor protein
(X-linked inhibitor of apoptosis protein, XIAP) and promotes intrinsic apoptosis'®®. |
addition to BAX and BAK, Bcl-2-related ovarian killer (BOK), whose regulation is

independent of Bcl-2 and BH-3-only proteins, was shown to participate in MOMP under

n

certain conditions™%°,

Importantly, mice lacking effector proteins of the Bcl-2 family, Bax”" Bak™ 3132 as well as
Bax™" Bak’~ Bok’'3', are born at a reduced rate compared to wild-type mice, and only
some of those mice can survive through adulthood with deformed development in the
central nervous system, female reproductive system, and abnormality in the immune
system. Therefore, intrinsic apoptosis critically contributes to mammalian development.
Of note, the Fas ligand-induced cell death pathway is intact in Bax”~ Bak’ mice'?
however, Fas- and TNF/cycloheximide-induced active caspase-8 can process a BH-3-
only protein: BH-3 interacting domain death agonist (BID) and culminate in the activation
of the intrinsic apoptosis pathway'®. Thus, the effector proteins of the intrinsic apoptosis
pathway are dispensable for extrinsic apoptosis while extrinsic apoptosis can the initiate

intrinsic apoptosis pathway.

Meanwhile, BAX and/or BAK were reported to establish growing pores on mitochondria
that can lead to mitochondrial DNA discharge, and the recognition of mitochondria-derived
DNA in the cytosol by cGAS-STING is proposed to contribute to inflammation in apoptosis,

arguing against the generally accepted immunologically silent notion of apoptosis3+ 1%,

1.3 Endoplasmic reticulum and Unfolded protein response

1.3.1 Structure and function of Endoplasmic reticulum

A study published in 1945 observed tissues from chicken embryos under the electron
microscope and reported the presence of a meshwork of reticular structure within the

cytoplasm™’. Further studies expanded the knowledge of this structure as well as the



presence of it in different types of cells’®13 In 1954, ‘Endoplasmic Reticulum’ (ER) was

coined to define the largest membranous organelle in eukaryotes'.

ER spans across the entire eukaryotic cell, nucleus to the plasma membrane. ER
possesses one single lumen, enclosed by an uninterrupted bilipid layer in monolayers, ER

membrane'#’

. Whereas ER is one single continuous organelle, structurally its domains
are divided into two major classes: nuclear and peripheral, and the latter is further
classified into ER sheets (cisternae) and ER tubules'?. Membrane curvature is the most
important difference between tubules and cisternae, the nomenclature based on structure
is more than a mere location-based classification, rather reflecting the functionality of

these dynamic domains™*3.

ER is an organelle with diverse tasks playing vital roles in several essential functions of
cells, such as protein synthesis, folding, quality control, degradation and navigation of
them to the final destinations, lipid biosynthesis, metabolism and controlling intracellular
Ca*" concentration'?. Furthermore, ER is the most prominent organelle involved in
membrane contact sites (MCS) where membranes of at least two organelles establish

144

intricate contacts without being fused and merged physically'**. The sites between tubules

of ER and mitochondria were shown to be critical for mitochondrial fission, demonstrating

the essential contribution of ER in the fundamental functions of eukaryotic cells'*.

1.3.2 ER stress and Unfolded protein response

It is roughly estimated that 33% of the entire protein output is produced within the ER of
cells™®. Furthermore, the protein production process from a gene is relatively loosely
checked for errors compared to DNA replication, which can lead proteins to fold improperly
and/or aggregate at high rates’”'*°. In addition, dysregulated biochemical processes
controlling protein abundance such as ubiquitination and autophagy can cause an
increment in the unfolded, aggregated protein concentration'. The plethora of misfolded
proteins in the ER lumen is called ER Stress'®2. Persistent ER stress or inability to respond
to the ER stress constitutes potentially detrimental consequences for the cells as well as
the entire organism'"1531% 'ER harbours three different receptors that can sense the ER
stress: inositol requiring enzyme 1 (IRE1), eukaryotic translation initiation factor 2 alpha
kinase 3 (EIF2AK3) (also, Protein kinase-like RNA kinase, PERK) and activating

transcription factor 6 (ATF6)'°. The triggered receptors initiate a series of intricate
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cascades, and this collective reaction of cells is called unfolded protein response (UPR)"°.

Cells employ these signalling pathways to alleviate the deleterious consequences of ER

stress by increasing the abundance of certain transcription factors which induce UPR

target genes'?. UPR target proteins regulate the protein synthesis rate®'%7, folding'81%,

ER expansion', lipogenesis'®!, autophagy'®?

(ERAD)'62.

and ER-associated protein degradation

Two pioneering studies conducted in yeast identified Ire1p as an ER stress receptor'®41°,

A couple of years later mammalian homologue of Ire1lp was described: IRE1 or
Endoplasmic Reticulum to Nucleus signalling (ERN1)'%6%7 These studies predicted a
paralog of ERN1: ERN2 or IRE1pB, which was characterized and found to be expressed
only in lung and intestinal mucosal epithelial cells, in contrast to the ubiquitous expression
of ERN1'®_ Further investigations uncovered that metazoans do express additional ER
stress receptors: PERK™®'57 and ATF6'®, revealing that IRE1 is the archaic ER stress

receptor conserved from yeast to mammalians.

IRE1 is a protein spanning the ER membrane and possesses two important portions:
luminal and cytosolic, which accommodates serine/threonine kinase and endonuclease
domains'’®. The exact mechanism by which IRE1-mediated signalling is initiated at the
luminal domain is still under debate’"'"2, however, upon activation IRE1a. monomers
oligomerise, leading to transautophosphorylation at serine 724, serine 726 and serine
729" and proceeding with splicing of X-box binding protein 1 (XBP1) mRNA by
endonuclease domain in the cytoplasm'’4. IRE1-endonuclease domain-dependent XBP1
mMRNA splicing is a sequence-specific unconventional event in which two open reading
frames of XBP1 are merged after 26 nucleotides within an intron are excised'’”®. The
splicing event leads to a frameshift in XBP1 mRNA without altering its protein stability'”®
and generates a Spliced XBP1 (XBP1s) transcription factor participating in the induction

of certain sets of proteins such as chaperones and ERAD proteins '8,
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Figure 1-3 IRE1a-mediated Unfolded protein response.

The endonuclease domain of activated IRE1a processes Xbp7 mRNA by performing unconventional splicing via
its endonuclease domain, leading to the production of the XBP1s transcription factor. XBP1s induces the
expression of certain sets of genes that are critical to mount unfolded protein response. In addition, certain mMRNAs
can be degraded by a process called Regulated Ire1-dependent mRNA decay (RIDD) upon activation of IRE1a.
Under certain conditions, IRE1a can activate the JNK pathway. Grey circles represent the
transautophosphorylation of IRE1a. The red section in Xbp7 mRNA indicates the splicing site of Xbp7u. Adapted
fr0m152,155_

In addition to XBP1 splicing, it was reported that IRE1 is capable of degrading certain sets
of mRNAs, a process called Regulated Ire1-dependent mRNA decay (RIDD)'"6178,
Although the localization, sequence and stem-loop structure of mMRNAs are thought to be
critical for RIDD, it remains to be revealed further which mRNAs are targeted by
IRE1'70179 By utilising RIDD, IRE1 is thought to suppress mRNA-protein load during ER
stress'. Moreover, TRAF2 was shown to interact with IRE1 and can activate the JNK

pathway upon chemical induction of ER stress in certain types of cells'®.
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1.4 The mammalian intestine

1.4.1 Anatomy and physiology of the mammalian intestine

The mammalian intestine is a multifunctional organ performing essential tasks of the
gastrointestinal system such as digestion of foods, selective absorption and transportation
of nutrients as well as separation of the diverse luminal microbes from the rest of the
body'®'-'83 The intestine is categorized into two major parts: the small intestine and the
large intestine'®*. From the pyloric sphincter to the ileocecal valve, the small intestine
spans'®. The large intestine is the part between the ileocecal valve and the anus. There
are three segments of the small intestine: duodenum, jejunum and ileum. Meanwhile, the
large intestine is composed of caecum, colon and rectum'*. The colon can be further
divided into proximal and distal parts'®. Whereas the small intestine performs the
digestion and absorption, the large intestine is majorly responsible for the uptake of water

and electrolytes as well as defecation®®.

In addition to being a tubular hollow organ, the intestine is composed of transverse layers.
Monolayered squamous epithelial cells compose the outermost layer, the serosa. Above
the serosa layer, muscularis externa (or muscularis propria) is located, in which
longitudinal and circular layers of smooth muscles reside. The muscle layers are followed
by the submucosa, a connective tissue layer, containing nerve cells, blood and lymphatic
vessels. The area in between the submucosa and lumen is named mucosa. As a part of
the mucosa, the lamina propria is a connective tissue layer supported by mucosal immune
cells, lymph nodes™'. The lamina propria is covered by single-layered epithelial cells,

intestinal epithelial cells (IECs).

The intestinal epithelium does not cover the lamina propria as a straightforward line, but
rather, forms the folds on it, ‘crypts of Lieberkuhn’, named after Johann Nathanael
Lieberkiihn as he first described them''87 In addition, IECs of the small intestine
elongate into the lumen, forming villi. Importantly, villi are confined to the small intestine.
That is, the colon does not contain villi'®. Furthermore, organelles, proteins as well as the
orientation of the secretory pathway in IECs are not uniformly distributed but polarised®®.

At the apical part of IECs in the small intestine as well as the colon have microvilli'.

Villi and microvilli remarkably increase the area of the small intestinal surface, facing the
lumen. It is estimated that the surface area of the small intestine in humans ranges from

200 m? to 400 m? 183191192 The expansion of the surface area is thought to play a pivotal
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role in the digestion and absorption tasks'®®. However, increased mucosal surface area
elevates the contact region between the intestinal epithelium and microorganisms.
Whereas bacteria are the most abundant microorganisms in the gut lumen'®?, viruses,
fungi, archaea and yeast embody the rest of the diversity'®*'%°, The cumulative group of

83 On the one

these microorganisms in the lumen are defined as the luminal microbiota
hand, the microbiota is a critical contributor to the digestion in the intestine’®®, but on the
other hand, the high load of the microbiota with immense diversity poses a threat to the
host'. The mucosal immune system in the intestine is responsible for the surveillance of
microorganisms and the initiation of an immune response upon an invasion or the loss of
intestinal barrier homeostasis'®” %8, Thereby, the microorganisms breaching into the
lamina propria can be restricted to the intestinal tissue and prevented from spreading into

other tissues, leading to an aberrant systemic immune response'®,

1.4.2 Intestinal epithelial cells and intestinal epithelium

IECs restrict luminal microorganisms from the intestinal immune system by establishing
an immunological barrier and regulating the accessibility of their antigens by mucosal

immune cells'8

. In addition, IECs are in charge of digestion, and absorption tasks.
Performing these diverse and challenging functions is thought to be achieved by the
cellular heterogeneity of IECs'®®. IECs are composed of several different cell types. Crypt-
base columnar cells (CBCs) expressing leucine-rich repeat-containing G protein-coupled
receptor 5 (LGR5), whose location is strictly restricted to the bottom of crypts, are the stem
cells in the epithelium of the small intestine as well as colon'¥%2%, CBCs give rise to
secretory cells and transit-amplifying cells (TA)*°'. TAs differentiate into enterocytes,
which perform the essential function of the intestine, absorbing nutrients and water. Cells
with high secretory capacity are Paneth cells, Goblet cells, Tuft cells and enteroendocrine
cells. Paneth cells and Goblet cells provide chemical barriers by secreting antimicrobial

peptides and mucins?®?

. Meanwhile, Tuft cells are pivotal initiators of the immune response
in the course of helminth and protists infection?*>2%°. Enteroendocrine cells are vital
composers of the hormone regulation in the intestine?®. LGR5* CBCs also generate a
specialized cell type in the small intestine, Microfold cells (M cells)?°"-2%°_ Along with
enterocytes, M cells comprise the columnar epithelial barrier lining two components of gut-
associated lymphoid tissues (GALT), Peyer’s patches and isolated lymphoid follicles

(ILF)?'°. In addition to immune cells in the lamina propria as well as intraepithelial cells,
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Peyer’s patches and ILF, which are composed of T-cells, B-cells and dendritic cells, are
the major sites for the initiation and maturation of the immune responses against dense

luminal communities of microorganisms®'".

In contrast to other secondary lymphoid
organs such as lymph nodes or spleen, Peyer's patches and ILF do receive luminal
antigens necessary to initiate immune responses via M cells?'%2'3. For example, mice
lacking the receptor for binding antigens on M cells were shown to have less Salmonella
burden in Peyer's patches as well as mesenteric lymph nodes, demonstrating the

contribution of M cells to transcytosis of antigens?'*.
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Figure 1-4 Intestinal epithelial cells, the intestinal epithelium and the layers of the intestine in the small

intestine and colon.

Intestinal epithelial cells (IECs) establish a monolayered epithelium (left: the small intestine; right: the colon).
Intestinal epithelium covers the Lamina propria and segregates the mucosal immune system from luminal bacteria.
The intestinal epithelium folds into invaginations, crypts, invading through Lamina propria. Intestinal stem cells are
located at the bottom of the crypts in the intestinal epithelium and give rise to other IECs including enterocytes,
Paneth cells and Goblet cells. Enterocytes are critical for nutrient absorption. In contrast to other non-stem cell
types, Paneth cells are located at the small intestinal crypts and secrete antimicrobial proteins/peptides into the
lumen, which reinforce the intestinal barrier. Goblet cell is another type of secretory cell in the intestinal epithelium.
They produce and secrete glycosylated proteins, called mucins, into the lumen. Secreted mucins expand, leading
to the formation of a bacteria-impermeable layer in the colon. The intestinal epithelium and the mucus layer
establish a stratified barrier against luminal microbiota. Taken from 21",
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CBCs renew the entire intestinal epithelium every 3 to 5 days?'®. The rapid turnover of the
intestinal epithelium is thought to be essential for the maintenance of the barrier function,
which is under constant challenge by biological, chemical threats and substantial

mechanical forces'®®

. WNT, Notch, EGF and BMP signalling cascades, whose ligand
concentrations change from crypt to villus, firmly regulate the proliferation and the
differentiation of CBCs?'®. While CBCs proliferate and replenish their population within the
crypt, some of the generated daughter cells localise at the upper part of the crypt, named
border cells?'’. They are exposed to changing environment of WNT, Notch, EGF and BMP
ligands during this displacement, which is critical for the loss of stemness, and stochastic
lineage commitment, the differentiation as well as the maturation of IECs?'®2%°, |ECs shed
off at the tip of the villi in the small intestine or at the apex of the colonic crypt after 3-5

215

days of maturation<'>. As cells are dislodged into the lumen by the pushing force from cells

beneath, they lose integrin-mediated signalling and subsequently undergo a specific type

of regulated cell death, anoikis??1-223,

1.4.3 Paneth cells

Paneth cells, first discovered by Gustav Schwalbe and Josef Paneth, reside at the bottom
of the small intestinal crypts along with CBCs'®”. That is, Paneth cells are an exception in
terms of cellular localisation and migration as they are terminally differentiated cells®**.
Besides the unconventional localisation, studies identified the large granulae clustered at
the apical region of Paneth cells, which were further characterised to contain anti-microbial

peptides including lysozyme, defensins?2°#%

. It was elegantly demonstrated that Paneth
cells induce the expression of antimicrobial peptides Myd88-22 and NOD-2229230
dependent manner and secrete them in the presence of bacteria as well as components
of bacteria such as LPS?'. This constitutes a critical feature of Paneth cells: providing the
chemical barrier against microbiota and protecting CBCs in the crypt®*2. Furthermore, it
was reported that anti-microbial peptides of Paneth cells can shape the content of luminal
microbiota without altering their total numbers?®. Intestinal mesenchymal cells including
fibroblast and myofibroblast®** are critical reinforcers of the stemness in the intestine by
providing ligands of WTN%*° RSPO%**® and BMP?*’. In addition to the stroma, a key study
identified Paneth cells as another intestinal stem niche supporter as they secrete ligands
of WNT, EGF, and NOTCH?8. As Paneth cells govern critical roles in the maintenance of

intestinal homeostasis, dysregulation of cellular pathways including ER stress'®%23° and
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autophagy in Paneth cells are associated with inflammatory disorders of the

intestine. Paneth cells can live for up to 60 days®**, and intestine-resident macrophages

are thought to remove them by efferocytosis at the base of the crypts?'°.

1.4.4 Goblet cells, mucins and the mucus layer

The mammalian intestine harbours a mucus layer over the epithelium, reinforcing the
epithelial barrier against the tremendous loads of microbiota®**. Whereas the small
intestine and colon possess the mucus layer, their mucus layers do show distinction in
certain features: The colon has two layers of mucus, inner and outer layers, yet the mucus
layer in the small intestine is single-layered?®. While the outer mucus layer in the colon
sustains microbiota, the compact inner mucus layer attached to the epithelium is
impervious to bacteria®**. This difference is thought to originate from the stratification
intensities of the inner and outer mucus layers as well as unexplored host-and microbiota-
mediated regulations such as enzymatic degradation®*. In contrast, the monolayered
small intestinal mucus coat is uncondensed and motile, which can be pervaded by luminal
bacteria®*®. The underlying reason why the mucus layer in the small intestine is permeable

to bacteria remains elusive®*°.
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Figure 1-5 Discrepancy between the mucus layers in the small intestine and colon.

Goblet cells in the intestinal epithelium produce and secrete gel-forming proteins, called mucins. After being
secreted into the intestinal lumen, mucins form the mucus layer. Two layers of the mucus layer exist in the colon.
Luminal bacteria reside within the outer mucus layer in the colon. However, the inner mucus layer is stratified, and
bacteria cannot penetrate it in homeostasis. In contrast, the small intestine harbours a mucus layer, which does
not provide a clear separation of luminal bacteria from the small intestinal epithelium. Goblet cell (GC). Taken
from?243,

Goblet cells, vigorously provide the mucus layer by producing, storing and secreting

special proteins called mucins, which are the building blocks of the mucus layer®*’

. Mice
lacking a specific mucin, MUCIN-2 (MUCZ2), were shown to be devoid of the mucus layer
and have increased bacterial presence in the mucosa as well as spontaneous intestinal
inflammation, demonstrating that MUC2 is indispensable for the formation of mucus layer,
stratification of microbiota and regulation of mucosal inflammation?*+?48, |n addition to
MUC2, Goblet cells in the intestinal epithelium secrete mucus-associated proteins to
reinforce the functionality of the mucus layer such as calcium-activated chloride channel
regulator-1 (CLCA1)?*, IgGFc-binding protein (FCGBP)?°, Trefoil factor 3 (TFF3)%' and
Zymogen granule membrane protein (ZG16)%2. Interestingly, some mucins (MUCIN-
1323, MUCIN-17%%42%%) expressed by enterocytes are documented to contain
transmembrane domain and cover their surfaces by directly tethered to the plasma

membrane on the luminal side®*’.
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Apart from establishing the mucus layer, luminal antigens can be transported to dendritic
cells residing in the lamina propria via Goblet cells of small intestinal epithelium (and to a
lesser extent at the distal colonic epithelium)?®, demonstrating that Goblet cells not only
contribute to the separation of microbes but also actively promote mucosal immune

responses.

1.4.4.1 Mucins, ER and ER stress

Besides being a large protein (approximately 5200 amino acids), MUC2 is massively
subjected to O- and N-glycosylations of diverse glycans on one of its domains composed
of Proline-Threonine-Serine repetitions (PTS domain)?*’. MUC2 contains additional
domains including von Willebrand D and cystine-knot domains, which enable disulphide
bonds to form between two MUC2 monomers in ER?*’. While N-glycosylation of MUC2
occurs in ER, O-glycans are attached to MUC2 throughout the entire Golgi route 24°2%8
Interestingly, the presence of unfolded regions of the PTS domain is thought to be crucial
while glycosyltransferases perform O-linked glycosylations on MUC2, indicating folding
and glycosylation of MUC2 are continuous and entangled rather than discrete and
sequential events?*. Importantly, pH levels in Golgi as well as the storage granules were

found to be linked with the proper assembly of MUC22%°.

These findings at the molecular level indicate that ER as well as the entire secretory
pathway of Goblet cells play an essential role in the translation-folding-glycosylation-
dimerization-storage-secretion route of MUC2?*. Indeed, studies in transgenic mice
demonstrated that impaired ER or loss of one of ER stress receptors could lead to reduced
mucin production/secretion and defective mucus layer'68239.260-265 nroyiding evidence that

healthy functioning ER is critical for proper mucus layer establishment.

1.4.5 Inflammatory bowel disease

The intestine is remarkably an intricate organ in which stromal cells, IECs, the immune
system and microbiota are in constant interaction®®®. Yet, this interplay is precarious, and
the breakdown of it can culminate in inflammatory disorders of the intestine, including
Inflammatory bowel disease (IBD)?®. IBD is superficially grouped into two subsets:

Crohn’s disease (CD) and ulcerative colitis (UC)?®”. UC localizes throughout the entire
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colon with focal ulcer formation (complete loss of the epithelial barrier integrity) along with
bleeding®®. In contrast, CD can be observed within any part of the gastrointestinal tract,
which can be identified as focal abscesses, abrupt fistular inflammation coupled with

fibrosis%®.

Starting from the late 20™ century, reports based on IBD patients with their relatives
provided evidence that the host's genetic factor is a critical aspect of IBD?827°
Furthermore, genome-wide association studies (GWAS) revealed more than 200 risk
genes for IBD such as the most renowned linkage, NOD2?"®. However, ample evidence
also shows that the genetic susceptibility of the host fails to fully resolve the culprit of
IBD?%". For example, the severity spectrum of CD and UC cannot be attributed to the gene
associations up to 87% and 93%, respectively?’’. Critically, clinical studies recruiting
monozygotic and dizygotic IBD patients dismantled the genetic background as the only
culprit of IBD since the occurrence of UC and CD in those patients do not follow the ratio
of either %100 or 50%%'42%. Meanwhile, studies focusing on the linkage between I1BD
occurrence and socioeconomic parameters of the countries highlight the role of lifestyle
including diet in the incidence rate of the disease®®'. In parallel, the profound alteration in
the microbiota composition of the host is found in IBD?®22%* and suggested to contribute
to the disease pathology?®°. Taken together, the accumulation and stratification of genetic

as well as environmental factors are thought to be the basis of IBD?%.

1.4.5.1 Epithelial cell death in IBD

The regulatory role of epithelial cell death in the intestinal barrier had been enigmatic until
the identification of an IEC-specific type of cell death, anoikis?*'. Anoikis occurs at the
most apical regions of the intestinal layer®®®. As the monolayered integrity of epithelium
is not lost, and IEC-free gaps are not formed, this process is thought to be induced by the
direct physical forces applied by IECs beneath???. In line with this, a mechanistic study
performed by injecting TNF into mice revealed that shedding of IECs relies on

prejunctional as well as apical junctional complexes??®

. Whereas caspase-3 and caspase-
7 were thought to play roles in anoikis, a recent report demonstrated that intestinal
epithelium is capable of renewing itself independent of executionary caspases®’.

290-292

Moreover, other types of regulated cell death such as apoptosis?®®289, pyroptosis of

IECs play vital roles in the homeostasis and inflammation of the intestine.
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IBD patients and their relatives, showing no signs of complications, show elevated
permeability in the intestine, marking the importance of the genetic predisposition and the
barrier loss in the pathogenesis of IBD**3*2%_ |n parallel, clinical studies provided clear
evidence of increased epithelial death in the intestines of IBD patients?*°3%, Yet, it was
unknown whether increased death of IECs is a cause of the inflammation by disrupting
the intestinal barrier integrity or a mere result of the disease pathogenesis?®. Transgenic
mice models of intestinal inflammation show that dysregulated epithelial cell death can
lead to inflammatory pathologies in the intestine, linking the genetic background of the
host, increased IEC death and the loss of intestinal barrier in the pathogenesis of
|BD*8:288:289.304-306 - gpecifically, mice lacking caspase-8%°73%® or FADD®® in IECs develop
spontaneous intestinal inflammation, manifested by increased IEC death and loss of the
colonic epithelial barrier. Casp8-ablation-induced ileitis as well as colitis completely
depend on IEC-necroptosis, as additional ablation of RIPK3 or MLKL in these mice
rescues the intestinal inflammation°"21%31"_\Whereas mice lacking IEC-specific FADD do
develop necroptosis-dependent colitis, Casp8-mediated cell death contributes to ileitis in
these mice®’. Importantly, Casp83'? or FADD?® deficient mice treated with antibiotics or
raised under germ-free conditions or lacking Myd88 do not show inflammation signs in the
colon, demonstrating that luminal microbiota is a critical mediator of colitis but not ileitis.
Patients harbouring mutations in the genes encoding regulatory proteins of cell death
pathways such as RIPK13'*3'° and CASP83%**'® were identified and showed spontaneous
intestinal inflammation. Studies in mice and clinical reports provide evidence that

dysregulation of epithelial cell death contributes to the pathogenesis of IBD.

1.4.5.2 UPR and the mucus layer in IBD

Impaired protein homeostasis was found to be implicated in IBD*'7-3'°, Several different
genes encoding proteins of the UPR pathway are linked to CD and UC, including
ORMDL 339321 AGR2%?2 and XBP1%23. Mice lacking XBP1 specifically in IECs show
spontaneous small intestinal inflammation along with increased ER stress including IRE1a
activation, impaired Paneth cells and impaired Goblet cell phenotype®?. Although XBP1-
deficiency does not lead to spontaneous phenotype in the colon, DSS administration to
these mice culminates in microbiota-dependent severe colitis*>. The protective role of
XBP1-mediated UPR in the intestinal epithelium was further delineated by additional

studies, uncovering the role of selective autophagy in the clearance of activated IRE1a
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and suppressing intestinal inflammation'®22%. Surprisingly, Paneth cell-specific XBP1
ablation causes dysfunctional secretory granulae of Paneth cells and leads to
spontaneous ileitis, demonstrating the vital role of XBP1-mediated UPR in secretory cells

of the intestine and the pathogenesis of IBD'®2.

Proteomic analysis of the mucus isolated from UC patients demonstrated that mucins and
mucus-associated proteins were diminished compared to control individuals, and the
mucus layer of active UC patients showed increased permeability, suggesting defective
mucus layer contributes to the pathogenesis of UC3?*. However, interestingly no mutation
in MUC2 has been linked to IBD up to date, which is attributed to the sequence complexity
of MUC2 (discussed in section 1.3.4.1)*%. Nevertheless, mice lacking proteins playing
critical roles in the UPR pathway such as XBP13% ERN2264265 ATF62%3 and AGR23%63%7
show reduced mucin production and/or defective mucus layer, emphasising the tangled
interaction between UPR and mucin production/secretion in the context of intestinal

inflammation.
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1.5 Objective of the study

Intestinal epithelial cells establish a protective barrier against luminal microbiota by
forming the intestinal epithelium, and dysfunctional intestinal epithelium can culminate in
inflammatory disorders of the intestine including IBD'®". It is thought that the host’s genetic
background is critically linked to the pathogenesis of IBD*®. Whereas identification of
multiple genetic variants in individuals is an important tool for assessing the IBD risk32832°,
the impact of multiple genetic variants and their pathways on the pathogenesis of IBD
remains to be studied. The overarching aim of this study is to elucidate the interaction
between XBP1 ablation-induced ER stress and necroptosis triggered by Casp8 or FADD

deficiency in the intestinal epithelium.
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2. Results

2.1 IEC-specific XBP1 suppresses the colitis in Casp8'¢*° mice

2.1.1 Characterization of Xbp7'E¢-X° mice

To investigate the epithelial-specific role of XBP1 in intestinal inflammation induced by
epithelial cell death, the spatial-conditional gene targeting strategy®*° was employed. Exon
2 of Xbp1 is flanked by two loxP sites in Xbp 1" mice. Xbp1"" mice were crossed to mice
carrying P1 bacteriophage cyclization recombination (Cre) under a specific promoter,
Villin-123'. Villin-1 is prominently expressed in brush border cells of the intestinal
epithelium®®2, Therefore, transgenic CRE expression causes the excision of exon 2 in
Xbp1 and a frameshift mutation, leading to the formation of a stop codon at the third exon
of Xbp13%. Attempts to demonstrate ablation of XBP1 protein by utilising commercially
available antibodies failed. Nonetheless, XBP1 deficiency in IECs was shown to cause
increased activation of the upstream receptor, IRE1a, as indicated by phosphorylated-
IRE1a (pIRE10) at Ser724'%2. To show activated IRE1a in the intestines of Xbp7'EC-XO
mice and indirectly confirm deficiency of XBP1, the small intestinal as well as colon

sections from Xbp1'ECKO

and control mice were immunostained with antibodies specific
for pIRE1a. at Ser724. Results demonstrated that Xbp 1'5¢K° mice exhibited an increased

number of pIRE1a* IECs compared to Xbp 1" mice (Figure 2-1A).

After transgenic CRE expression, epithelial cells in Xbp1'E°K° mice still express mutant
Xbp1 mRNA containing IRE1-splicing site (unspliced Xbp1, Xbp1u) preceded by
premature translational stop codon®?. Therefore, activated IRE1a can splice mutant Xbp 1
mRNA and generate the spliced variant of Xbp1 (Xbp1s) in the epithelium of Xbp 1'ECKO
mice. As mice lacking XBP1 in IECs had increased IRE1a activation compared to control
mice (Figure 2-1A), it is expected to detect more Xbp71s compared to XbpTu in the

1IEC—KO

epithelial cells of Xbp mice®*?. To assess levels of Xbp7u and Xbp1s, Xbp1 splicing

175 1IEC—KO

assay'’> was performed. Colonic crypts were isolated from control and Xbp mice,
and colon organoids were established®*. Control and XBP1-deficient colonoids were
treated with either DMSO or an inhibitor (G03089668 or G’9668) that was previously found
in a screen and shown to inhibit the kinase activity of IRE1a as well as Xbp1 splicing®*“.
After total RNAs were isolated from organoids, PCR with reverse transcription (RT-PCR)

followed by Xbp1u/s-specific PCR was performed. Gel electroporation results
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demonstrated that organoids lacking XBP1 showed more Xbp1s compared to Xbp7u.
Inhibition of IRE1 led to reduced Xbp1 splicing in colon organoids lacking XBP1 as
indicated by a more prominent Xbp 1u-specific band compared to Xbp 7u band. In contrast,
control organoids showed bands only specific to Xbp1u (Figure 2-1B). These data indicate
that XBP1 is deleted in the intestinal epithelium of Xbp 1< mice.

25



Endoplasmic Reticulum
Lumen

IRE1a

Transgenic CRE Expression

Splici
Flanked by two loxP sites n, iaat:
Exon 2 0 4 st L’gallon
Tre E

“
2 ) %
é, rar al %)
: %
3
\’ %
Z
v
IRE1-SpIicingQ
Site
B C
Xbp1™  Xbp1” &

0 & O &
& & ¥
0@ c;)o.) 0’@ OQ) ,()é

lleum
Colon

200 bp
Xbp1u
Xbp1s

Xbp 1EC-KO
Xbp 1ECKO

100 bp

ey

Figure 2-1 Indirect confirmation of XBP1 deletion in the intestines of Xbp1'EC-X0 mice.

(A) Upon transgenic CRE expression in IECs, excision of Exon 2 in Xbp1"" mRNA leads to the generation of the
translational premature stop codon at the third exon. Activated IRE1a splices mutated Xbp7 (Xbp7™/m) mRNA
containing splicing site (unspliced Xbp1, Xbp1u™¥mut) |eading to the generation of spliced Xbp1 (Xbp1s™ ™), (B)
Representative pictures of ileal and colon sections from indicated mouse lines immunostained for Phospho-IRE1
alpha (pIRE1a, Ser724). (C) Gel electrophoresis results showing spliced and unspliced versions of Xbp1 in control
and Xbp1-deficient colon organoids treated with DMSO or IRE1 inhibitor (G'9668) for 16 hours. Scale bars, 100
pm.

It was reported that Xbp1'5°%° mice showed ER stress-mediated ileitis manifesting with
hypomorphic Paneth cells, increased crypt hyperplasia, IEC death leading to obvious
ulcerations and granulations, and crypt abscesses®?®. The histological analysis of
haematoxylin & eosin (H&E) stained intestinal sections from Xbp1'€K° mice, generated
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in this study, revealed that the deletion of XBP1 in IECs led to mild ileitis. Specifically,
these mice showed increased crypt length and the absence of Paneth cells’ dense
granules. Epithelial hyperplasia and Paneth cell impairment in the ilea of XBP1 deficient
mice were confirmed by performing immunostaining on the section slides with Ki-67 and
Lysozyme antibodies, respectively. The number of cells at the crypt that were positively
stained with Ki-67, which is expressed at a protein level during the S, G2 and M phases
of the cell cycle and thereby, is regularly utilised as a marker for the dividing cells 3*°, was
increased in the small intestinal sections from Xbp1'5¢*° mice compared to controls,
confirming the crypt hyperplasia in these mice (Figure 2-2). Meanwhile, Lysozyme
staining, which colocalises with the secretion granules of Paneth cells 3%, revealed that
IEC-specific XBP1 deletion severely affected the Paneth cells without complete loss'6%323,
Moreover, to check whether Xbp1'E¢K° mice had increased infiltration of immune cells in
the mucosa, small intestinal sections from Xbp1'E¢%° mice were stained against CD45
antibody, a pan immune cell marker. Immunohistochemistry (IHC) results demonstrated
that XBP1 deletion in IECs did not lead to an increased influx of immune cells in the small

intestine compared to control mice, in contrast to the previous report (Figure 2-2) 3.

lleum

Figure 2-2 Xbp1'E¢-KO mice show mild hyperplasia and impaired Paneth cells in the ileum.

Representative images of Swiss-roll ileal sections from 8-12 week-old mice with the indicated genotypes stained
with haematoxylin & eosin (H&E) or immunostained for Lysozyme, CD45, Ki67, Phospho-IRE1 alpha (pIRE1aq,
Ser724). Scale bars, 100 pm.
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In addition to the small intestines of Xbp1'¢K° mice, the colons of Xbp1'E¢*C mice were
analysed. Examination of H&E-stained colon sections did not reveal an observable
phenotype in these mice (Figure 2-3), which was confirmed by performing
immunostainings for Ki-67 and CD45 on colon sections from Xbp1'5°K° and control mice
(Figure 2-3). Collectively, these results show that XBP1 ablation in IECs leads to Paneth

cell impairment, and mild hyperplasia in the small intestine.

Control Xbp 1'EC-KO

Colon

CD45
{
\

Figure 2-3 Xbp1'E¢-KO mice do not show an observable pathology in the colon.

Representative images of Swiss-roll colon sections from 8-12 week-old mice with the indicated genotypes stained
with H&E or immunostained for Ki67, CD45 and pIRE1a.

2.1.2 Xbp1'ECKO Casp8'ECKO mice exhibit severe colitis compared to Casp8'EC-KO

mice

To study whether XBP1-deletion induced ER-stress and necroptosis pathways crosstalk
in the intestine, Xbp1Ec*° mice were crossed to Casp8" mice®’ carrying two loxP
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recombination sites flanking exon 3 of Casp8. leading to the generation of the mice lacking
XBP1 and Casp8 specifically in IECs (hereafter, Xbp1'ECKC Casp8ECKC). Strikingly, mice
lacking both XBP1 and Casp8 in IECs had reduced relative body weight between 5-12
weeks of age compared to control, Casp8E°K® and Xbp1" Villin-cre'¥™* Casp8""
(hereafter, Xbp1'ECKC Casp8ECHel) mice (Figure 2-4), indicating Xbp1'ECK° Casp8'ECKO

mice could have the severe intestinal phenotype.
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Figure 2-4 Xbp1'EC-KO Casp8'EC-XO mice have reduced body weight compared to Casp8'E¢-40,

Graph depicting relative body weight of indicated mouse lines at 5-12 weeks of age. Age and sex-matched Villin-
cre"™ mice, shown as control mice, were used as normalisation. ***p<0.005 ****p<0.0001 (Two-way ANOVA
multiple comparisons).

As the reduced body weight in Xbp1'E¢%° Casp8EKC mice could be a consequence of

severe colitis, the colon sections from 8-12 weeks old Casp8FCK® and Xbp1'ECKO

8'ECKO mice were examined. As previously shown 307:308310312 " the hjstological

8IEC—KO

Casp
assessment revealed that Casp mice developed spontaneous colitis which
manifested itself as hyperplastic epithelium, dying IECs leading to mild epithelial injury,
rarely leading to ulcerations, increased infiltration of immune cells which was largely
confined to the mucosa (Figure 2-5 and 2-6). Meanwhile, histological scoring based on
parameters such as hyperplasia, epithelial erosion, cell death and inflammation

8IEC—KO

demonstrated that the severity of the colitis in Casp mice varied between individuals

in the spectrum of mild to severe (Figure 2-7A).
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Figure 2-5 Deletion of XBP1 aggravates colitis in Casp8'E¢-K° mice.

Representative images of Swiss-roll ileal sections from 8-12 week-old mice with the indicated genotypes stained
with H&E.

Histological investigation of colon sections from Xbp1'5¢X° Casp8'E*C mice revealed that
mice lacking XBP1 and Casp8 developed severe colitis, characterized by a copious
number of dying IECs which led to severe colonic epithelial injury (Figure 2-5 and 2-6).
Importantly, the extent of the epithelial injury was leading to patchy epithelial erosions and
clear ulcerations, spanning throughout the entire colon in Xbp1'5¢¢° Casp8'E*° mice. In
contrast, ulcerations were only observed at the proximal colons of Casp8E¢*° mice
(Figure 2-5 and 2-6). Furthermore, Ki-67 and CD45 immunostainings confirmed that
Xbp1'ECKO Casp8ECKO mice exhibited extensive hyperplasia and increased immune cell
influx in the layers of the colon with the formation of crypt abscesses, respectively. (Figure
2-6).
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Figure 2-6 Xbp1'E¢-K0 Casp8'EC-XC mice develop more severe colitis compared to Casp8'E¢K° mice.

Representative images of Swiss-roll colon sections from 8-12 week-old mice with the indicated genotypes stained
with H&E or immunostained for CD45, Ki67. Scale bars, 100 pm.

Blind histological scoring of the colon sections from Casp8Ec® and Xbp1'E¢KC Casp8Ec
KO mice revealed that Xbp1ECKC Casp8ECKC mice developed more severe colitis
compared to Casp8'EC mice (Figure 2-7A). In line with this, almost all of Xbp1'ECKO
Casp8ECKC mice showed ulcer formation in the colon, as opposed to 27% of Casp8'ECKP
mice. To unbiasedly evaluate the colitis in Xbp1'E¢%° Casp8'ECX° mice, RNA sequencing
analysis of total RNAs isolated from distal colon tissues was performed. The result
revealed that RNA expression profile from the colons of Xbp1'E°K° Casp8ECXO mice
distinctly grouped compared to mouse lines from control, Xbp 1'5°K° and Casp8'E*° mice
(Figure 2-7B). Furthermore, expression of genes involved inflammatory pathways were
upregulated in the colons of Xbp1'EKC Casp8ECKC mice when it was compared to the
colons of Casp8ECK® mice (Figure 2-7C), confirming more severe colitis in Xbp1'E¢KC
Casp8FCK® mice compared to Casp8FCK® mice. Taken together, these results
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demonstrate that IEC-specific deletion of XBP1 exaggerates the severity of colitis in

Casp8'ECKO mice.
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Figure 2-7 Histopathological assessment and RNA sequencing analysis of colons from control, Xbp7'EC-KO,
Casp8'EC-KO and Xbp1'EC-KO Casp8'EC-KO mice.

(A) Graphs showing colon histology score (left), percent of the mice with colonic ulcers (right) from 8-12 weeks old
mice with indicated genotypes. Each dot represents one mouse. #p < 0.05, #+p < 0.01, **xp < 0.005, ****p <
0.0001. (B) Heatmap depicting RNA expression profile of distal colons from 8-12 weeks old mice with indicated
genotypes. (C) Emap plots showing enrichment of genes in gene ontology of Biological process in the colons of
Xbp1'ECKO Casp8'EC-XO mice compared to Casp8'EC-XC mice. 5 mice per mouse line were analysed.
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2.2 XBP1 deficiency aggravates colitis in Casp8'E°X° and Fadd'®¢°

mice necroptosis-dependent manner

2.2.1 Ubiquitous RIPK3 or MLKL deletion inhibits severe colitis in Xbp7'EC-KO

Casp8'EC-KO mice

Caspase-8 cleaves RIPK1 116:338340 gnd inhibits RIPK3-MLKL-mediated necroptosis'®*'°°,

Specifically, ubiquitous deletion of RIPK3 prevents spontaneous colon inflammation in

8IEC—KO 310

Casp mice, showing IEC necroptosis induces colitis in Casp8 deficient mice
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Figure 2-8 Ablation of RIPK3 or MLKL restores the body weight of Xbp1'E¢-X0 Casp8'ECKO mice.
Graph showing the relative body weight of 8-12 weeks old mice with indicated genotypes. Age and sex-matched

Villin-cre""™ mice, shown as control mice, were used as normalisation. Each dot represents one mouse. *p < 0.05,
**+p < 0.01, #*xp < 0.005, ***xp < 0.0001 (One-way ANOVA).

To study whether IEC-specific XBP1 deletion could increase the severity of colitis in
Casp8ECKC mice epithelial necroptosis-dependent manner, Xbp1E°X° Casp8ECHKC mice
were crossed to RIPK3 full-body knock-out mice (Ripk3" mice)**'. The generated mice
(Xbp1'ECKC Casp8'ECHKO Ripk3’") were devoid of RIPK3 protein ubiquitously whereas XBP1
and Casp8 were specifically absent in the intestines of these mice. Strikingly, ablation of
RIPK3 normalised the body weight of Xbp1'E¢C Casp8ECXC mice (Figure 2-8).
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Histopathological analysis of colon sections demonstrated that Xbp1'€¢K° Casp8Ec-X°
Ripk3" mice did not develop colitis (Figure 2-9 and 2-10).
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Figure 2-9 Inhibition of RIPK3-MLKL-
Xbp1'ECKO Casp8'ECKO mice.

Representative images of Swiss-roll colon sections from 8-12 week-old mice with the indicated genotypes stained
with H&E or immunostained for CD45, Ki67. Scale bars, 100 um.

It was previously demonstrated that RIPK3 expression in haemopoietic cells plays a role
in DSS-induced colitis®*?. To exclude the contribution of RIPK3 deletion in immune cells
while inhibiting IEC-necroptosis, Xbp1'E¢X° Casp8ECKC mice were crossed to mice with
MLKL full-body knock-out (MIkI"- mice)**3. MLKL is the executor of necroptosis''?344,
Ablation of MLKL restored the body weight of Xbp1'€K° Casp8EC*C mice (Figure 2-8).
Histopathological analysis revealed that Xbp1E¢%C Casp8ECX° MikI- mice did not
develop colitis, similar to Xbp 10 Casp8ECK® Ripk3’ mice (Figure 2-9 and 2-10A).
Furthermore, RNA-sequencing analysis confirmed that MLKL ablation prevented the
colitis in Xbp1'ECKO Casp8'ECHXC as indicated by similar RNA expression profile in the
colons of Xbp1'E¢KC and Xbp 1'E¢XC Casp8'ECKC MIkI- mice (Figure 2-10B). Collectively,
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these results show the severe colitis in Xbp1E¢%° Casp8ECK° mice completely depends

on RIPK3-MLKL-dependent epithelial necroptosis.
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Figure 2-10 The severe colitis in Xbp1'E¢-X0 Casp8'E¢-X° mice completely depends on epithelial necroptosis.

(A) Graphs showing colon histology score (left), percent of the mice with colonic ulcers (right) from 8-12 week-old
mice with indicated genotypes. Each dot represents one mouse. *p < 0.05, #*p < 0.01, #**p < 0.005, #**xp <
0.0001.(One-way ANOVA). (B) Heatmap depicting RNA expression profile of distal colons from 8-12 weeks old
mice with indicated genotypes. 5 mice per mouse line were analysed. RNA-sequencing was analysed by Ulrike
Goebel.

2.2.2 |EC-specific XBP1 deletion exaggerates the necroptosis-induced colitis

in Fadd't¢XC mice

The death receptors induce Caspase-8-mediated apoptosis through the adaptor protein
FADD3*34¢_Moreover, it was demonstrated that FADD has a critical function in preventing
necroptosis 309347348 Specifically, mice lacking FADD in IECs develop RIPK3-MLKL-
dependent spontaneous colitis®*”3%, To answer whether IEC-specific ablation of XBP1
could exaggerate colitis in Fadd'®¢%° mice, Xbp1'E°K° mice were crossed to mice carrying

I mice). As a result,

Fadd whose exon 2 are flanked by /loxP recombination sites (Fad.
mice lacking XBP1 and FADD in IECs were generated (Xbp1'E¢X0 FaddlECKO).

Observations based on the colon sections stained with H&E revealed that Xbp1'ECKC
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Fadd'®*° mice developed spontaneous colitis. Specifically, the colons of Xbp1'ECKC
Fadd'®cX° mice exhibited epithelial erosions with ulcerations, hyperplastic epithelium and

an elevated influx of immune cells into mucosa and submucosa with crypt abscesses
(Figure 2-11).
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Figure 2-11 IEC-specific XBP1 protects Fadd'®c-X° mice from severe colitis.

Xbp 11EC-KO
FaddECc-Ko

Representative images of Swiss-roll colon sections from 8-12 week-old mice with the indicated genotypes stained
with H&E or immunostained for CD45, Ki67. Scale bars, 100 um.

Immunostainings with antibodies against CD45 and Ki-67 confirmed the inflammation and
epithelial hyperplasia in the colons of Xbp1'E¢O Fadd®¢*® mice (Figure 2-11). The
severity of colitis in Fadd'®*° mice showed variability. However, Xbp1'E¢K® FaddEC-KO
mice did not show colitis severity spectrum, as all the observed Xbp 1'E¢%° Fadd'E<C mice
had severe colitis. The blind histopathological scoring demonstrated that XBP1 deletion
exaggerated the colitis in Fadd'®“X° mice (Figure 2-12). Counting the number of mice
possessing ulcers in the colon revealed that all the analysed Xbp1'EK® Fadd®C*° mice
showed ulcers, as opposed to only 60% of Fadd'=°K® mice, further demonstrating that

Xbp1'ECKO Fadd'®KO mice had exacerbated colitis compared to Fadd'®°K° mice (Figure
2-12).
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Figure 2-12 Xbp1'ECKO FaddE¢-KO mice have more severe colitis compared to Fadd'=¢*° mice.

Graphs showing colon histology score (left), percent of the mice with colonic ulcers (right) from 8-12 weeks old
mice with indicated genotypes. Each dot represents one mouse. *p < 0.05, *xp < 0.01, **xp < 0.005, **x*xxp <
0.0001.(One-way ANOVA).

Inhibition of IEC-necroptosis by RIPK3 full-body deletion completely inhibits the
development of colitis in Fadd'=c*° mice®*®. Moreover, the previous results in this thesis
showed that severe colitis in Xbp 1E¢%° Casp8'E¢*C mice completely depends on RIPK3-
MLKL-mediated necroptosis (Figure 2-9 and 2-10). To check whether XBP1 exaggerates
colitis in Fadd'®°K° mice IEC necroptosis-dependent manner, Xbp 1'E¢K° Fadd'®-° Ripk3
" mice were generated. Histopathological assessment of the colon sections from Xbp 1'E¢-
KO Fadd'®KC Ripk3'ECX° mice demonstrated that ablation of RIPK3 in Xbp 1'E¢KC Fadd'®®
KO mice completely prevented the development of colitis (Figure 2-13B and 2-13C). All in
all, these results demonstrate that XBP1 ablation exacerbates necroptosis-induced colitis

in Casp8EC Cand Fadd'=cK° mice.
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Figure 2-13 The severe colitis in Xbp1'EC-X0 Fadd'C-KO mice completely depends on epithelial necroptosis.

(A) Representative images of Swiss-roll colon sections from 8-12 week-old mice with the indicated genotypes
stained with haematoxylin & eosin (H&E) or immunostained for CD45, Ki67. Graphs showing colon histology score
(B), percent of the mice with colonic ulcers (C) from 8-12 weeks old mice with indicated genotypes. Each dot
represents one mouse. *p < 0.05, *xp < 0.01, ***p < 0.005, ***xp < 0.0001.(One-way ANOVA). Scale bars, 100
pm.
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2.3 IEC-specific XBP1 does not play an important role in

necroptosis-induced or -driven ileitis

2.3.1 Ablation of IEC-specific XBP1 does not increase the severity of ileitis in

Casp8'EC-KO mice

Xbp1'ECXO mice generated in this study showed mild crypt hyperplasia and reduced

Paneth cells in the ileum (Figure 2-2). Casp8'E¢-°

mice develop spontaneous ileitis, which
is characterised by alteration in crypt structures, almost complete absence of Paneth cells,
and increased presence of CD4"* T cells and granulocytes in the lamina propria °®. Having
found out that XBP1 exacerbates the colitis in Casp8E°*° and Fadd'®c*° mice, it was
asked whether deletion of XBP1 could increase the severity of ileitis in Casp8F°K° and
Fadd'®*° mice. Small intestinal sections from Casp8FC*® and Xbp1'ECKO Casp8ECKC
mice were analysed. As it was previously reported, H&E-stained ileal sections from
Casp8't*° mice showed increased IEC death and mild villi injury as observed by thinning
of epithelium without ulceration, lacking the dense granules that are associated with
Paneth cell'®, crypt hyperplasia, increased influx of cells in lamina propria, leading to
thickening of mucosa as well as Mucosa serosa, showing these mice developed
spontaneous ileitis (Figure 2-14A). Examination of H&E-stained ileal sections from
Xbp 1'ECKO Casp8'ECKO mice revealed that combined deletion of XBP1 and Casp8 led to
increased death of IECs causing blunted and thinned villi, crypt hyperplasia, near
complete loss of Paneth cells, an increased presence of immune cells in lamina propria
(Figure 2-14A), similar to the manifestation of ileitis in Casp8'E¢*° mice. Immunostaining
with Lysozyme, Ki-67 and CD45 antibodies showed that Casp8ECK° and Xbp1'EC-KO

Casp8IEC—KO

mice had strongly diminished numbers of Paneth cells, severe hyperplasia,
and inflammation (Figure 2-14A). quantitative PCR with reverse transcription (QRT-PCR)
analysis showed that mice lacking Casp8 or XBP1 and Casp8 had reduced expression of
Lyz as well as two important Paneth cell associated defensins®?’, Defa5 and Defa-rs10,
confirming the Paneth cell impairment in the ilea of Casp8'E°° and Xbp1'E¢KC Casp8'Ec
KO mice (Figure 2-14B). Side-by-side histopathological scoring and gRT-PCR analysis of
mMRNA expression of inflammatory genes such as //1b, Ccl2 and Cxcl1 revealed that
Casp8ECKO and Xbp 1'ECXO Casp8ECKC mice had similar level of ileal pathology (Figure 2-
14C and 2-14D). Taken together, these results show that additional deletion of XBP1 in

8IEC—KO

Casp mice did not exaggerate the severity of ileitis.
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Figure 2-14 Epithelial-specific XBP1 ablation does not exaggerate necroptosis-induced ileitis in Casp8'E¢

KO mice.

(A) Representative images of Swiss-roll ileal sections from 8-12 week-old mice with the indicated genotypes
stained with H&E or immunostained for Lysozyme, CD45, Ki67. Scale bars, 100 um. (B) Graphs showing relative
mRNA expression of Lyz1, Defa5, Defa-rs10 in the colons of 8-12 week-old mice with the indicated genotypes. (C)
Graph depicting ileitis histology scores from 8-12 weeks old mice with indicated genotypes. (D) Graphs depicting
gRT-PCR analysis results for /[1b, Ccl2, Cxcl1. Each dot represents one mouse. *p < 0.05, **p < 0.01, #*xp <
0.005, ****p < 0.0001.(One-way ANOVA).
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2.3.2 Epithelial XBP1 does not protect from severe ileitis in Fadd'®¢-X° mice

IEC-specific deletion of FADD leads to spontaneous ileitis®®. As the Xbp 1'5¢C Fadd'Ec-
KO mouse line was already established, it was asked whether IEC-specific ablation of
XBP1 could increase the severity of ileitis in Fadd'=°X° mice. To study this, ileal sections
from Fadd®c*° and Xbp1"ECX° Fadd®c*C mice were assessed. Examination of H&E-
stained sections revealed that Fadd®°X° and Xbp1'ECK® Fadd®®*° mice developed
spontaneous ileitis which was characterised by the absence of Paneth cell-associated
granules, hyperplastic epithelium, increased influx of immune cells into lamina propria,
and increased IEC death which leads to epithelial injury with blunted villi (Figure 2-15A).
These observations were confirmed by immunostaining the ileal sections with antibodies
raised against Lysozyme, Ki-67 and CD45 (Figure 2-15A). Histological ileitis scoring
revealed that Fadd'®*° and Xbp 1'E¢KC Fadd'®*° mice had similar levels of ileitis scores
(Figure 2-15B). Altogether, these results show that deletion of IEC-specific XBP1 does not

aggravate ileitis in Casp8E°*° and Fadd'®°*° mice.
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Figure 2-15 Epithelial XBP1 does not play an important role in ileitis in Fadd'=¢*° mice.

(A) Representative images of Swiss-roll ileal sections from 8-12 week-old mice with the indicated genotypes
stained with H&E or immunostained for Lysozyme, CD45, Ki67. (B) Graphs showing ileum histology score from 8-
12 weeks old mice with indicated genotypes. Each dot represents one mouse. *p < 0.05, *xp < 0.01, **xp < 0.005,
sxkkxp < 0.0001.(One-way ANOVA). Scale bars, 100 ym.

2.3.3 IEC-specific XBP1 deficiency leads to Paneth cell impairment and crypt

hyperplasia independent of extrinsic apoptosis and necroptosis

Small intestinal sections from Xbp 1'5¢° mice were found to have increased numbers of
IECs that were positively stained with active caspase-3 (or cleaved caspase-3) and TdT-
mediated dUTP nick end labelling (TUNEL, demonstrating the DNA fragmentation*°).
Moreover, Tamoxifen-induced acute XBP1 deletion in IECs leads to increased number of
TUNEL* IECs®?, suggesting epithelial apoptosis contributes to intestinal pathology
including Paneth cell impairment in XBP1 deficiency. Meanwhile, the spontaneous ileitis
as well as Paneth cell loss in Casp8E°K° mice is prevented by ablating RIPK3 or
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MLKL3%73" " demonstrating that IEC-specific deletion of Casp8 leads to necroptosis-
induced ileitis. To address genetically whether extrinsic apoptosis and/or necroptosis
plays a role in Paneth cell impairment and crypt hyperplasia in XBP1 deficiency, ileal
sections from Xbp 1'"E¢¥C Casp8ECKC Ripk3’ and Xbp1'ECKC Casp8'ECKC MikI- mice were
examined. Ablation of RIPK3 or MLKL prevented death of IECs and suppressed the
severity of ileitis in Xbp 1'E¢KC Casp8ECKO mice to ileitis levels in Xbp 1'"ECKC (Figure 2-14A,
2-14C-D). Immunostaining for Lysozyme and Ki67 as well as qRT-PCR gene expression
analysis revealed that combined deficiency of Casp8 and RIPK3 or Casp8 and MLKL did
not rescue Paneth cell impairment and hyperplastic ilea in Xbp1'€¢*° Casp8E*C mice
(Figure 2-14A-B).

309 as well as IEC-specific RIPK3 deletion 3°7 restores Paneth cell loss and

Ubiquitous
strongly suppresses ileitis in Fadd'=“*° mice. To answer whether combined deletion of
FADD and RIPK3 could restore impairment of Paneth cell in Xbp 1'% mice, distal ileal
sections from Xbp 1'E¢X° Fadd'®¢KC Ripk3’ mice were examined. Histological assessment
of H&E-stained sections revealed that RIPK3 deletion strongly suppressed epithelial cell
death and inflammation in the small intestines of Xbp1'€¢X° Fadd'®¢X° mice (Figure 2-15).
However, Fadd'®cX° Ripk3" background failed to rescue the Paneth cell impairment as
well as crypt hyperplasia in XBP1 deficiency (Figure 2-15). Taken together, FADD-Casp8-
mediated apoptosis and RIPK3-MLKL-dependent necroptosis do not play a role in the

1IEC—KO

Paneth cell impairment and crypt hyperplasia in Xbp mice.

To check whether impairment in Paneth cells and ileal hyperplasia in Xbp1E¢*° mice
could be mediated by type of cell death independent of FADD-Casp8 and RIPK3-MLKL,
ileal sections from Xbp1'ECKO Xbp1'ECKO Casp8'ECHKO Rjpk3 ", Xbp 1'ECC Casp8ECKC Mikr
Fand Xbp1'EcK0 FaddECKC Ripk3’" mice were immunostained with antibodies against
cleaved-Caspase-3 and stained for TUNEL. Strikingly, Xbp1'E¢%° mice did not exhibit
increased numbers of cleaved-Caspase-3* or TUNEL" IECs in the ileum compared to
control mice (Figure 2-16). Moreover, Xbp1'E¢€0 Casp8ECKC Ripk3’" and Xbp1'ECKC
Casp8'Ec*° MikF- mice did not show increased numbers of IECs positively stained with
cleaved-Caspase-3 or TUNEL in the ileum compared to conrol mice (Figure 2-16).
Importantly, IEC-specific RIPK3 ablation strongly suppresses but does not completely
prevent IEC death in Fadd'®c*° mice 3%7. In line with this, Xbp1'E¢*C Fadd'EKC Rjpk3"
mice showed an increased number of CC3* and TUNEL" IECs compared to control mice

(Figure 2-16). Taken together, these results show that IEC-specific XBP1 ablation-induced
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Paneth cell impairment and ileal hyperplasia are independent of FADD-Casp8-mediated

apoptosis and RIPK3-MLKL-dependent necroptosis.
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Figure 2-16 Chronic deficiency of XBP1 does not cause an increased number of CC3- and TUNEL-positive

IECs in the ileum.

Representative images of Swiss-roll ileal sections from 8-12 week-old mice with the indicated genotypes
immunostained for cleaved-Caspase-3 (CC3) or stained for TUNEL. Scale bars, 100 pm.

2.4 The contribution of IEC-specific TNF and TNFR1 to necroptosis-

induced intestinal inflammation in Xbp1'E¢-XC Casp8'EC-X0 mice

2.4.1 Epithelial TNFR1 drives the exacerbated colitis in Xbp7'E¢-KO Casp8'EC-KO

mice

XBP1 deficient IECs were shown to have increased p65 and IkBo phosphorylation,
indicating NF-xB activation in the ilea of Xbp 1'5¢° mice. Thus, increased TNF production
from IECs could be the culprit of exaggerated colitis in Xbp1'E¢*° Casp8'EC° mice. To
address this, IEC-specific TNF was deleted by crossing Xbp1'E¢K° Casp8ECKC mice to
mice carrying transgenic Tnf flanked by two LoxP sites®**. Histopathological assessment
of the colon sections from mice lacking XBP1, Casp8 and TNF specifically in IECs

(Xbp1'ECKO Casp8ECKO TnfECKO) revealed that these mice developed colitis which
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manifested itself by hyperplastic epithelium, increased immune cell infiltration into mucosa
and submucosa as well as increased epithelial cell death leading to severe epithelial injury
with extensive ulcerations (Figure 2-17). The sections immunostained with Ki-67 and
CD45 antibodies confirmed crypt hyperplasia and an influx of immune cells into colon
layers, respectively (Figure 2-17). The histopathological scoring revealed that Xbp 1'E¢-K°
Casp8ECKC and Xbp1ECKO Casp8ECKO TnfECKO mice had similar levels of colitis.
Furthermore, around 85% of Xbp1'ECXO Casp8'ECKO TnfECKO mice exhibited ulcers
scattered throughout the entire colon, similar to Xbp1'E¢*° Casp8EC*C mice (Figure 2-
18A-B). Hence, TNF produced by epithelial cells does not play an important role in severe

colitis in Xbp1'ECKO Casp8'ECO mice.
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Figure 2-17 IEC-specific TNFR1 but not TNF drives the exacerbation of colitis in Xbp7'EC-KO Casp8!EC-KO

Representative images of Swiss-roll ileal sections from 8-12 week-old mice with the indicated genotypes stained
with H&E or immunostained for CD45, Ki67. Scale bars, 100 um.

The ablation of epithelial-intrinsic TNFR1 completely prevents ulcer formation and strongly
diminishes colitis in Casp8'E°*C as well as in Fadd'=“*° mice, showing TNFR1 in IECs is
one of the major drivers of necroptosis-induced colon inflammation®®’. To address whether
XBP1 ablation exaggerates the necroptosis-induced colitis in a TNFR1-driven manner,
Xbp1'ECKO Casp8'ECXO mice were crossed to mice possessing two /oxP sites spanning
exon 2 to exon 5 in Tnfr1*®*'. Upon IEC-specific transgenic CRE expression, frameshift
mutation occurs at Tnfr1 leading to XBP1, Casp8 and TNFR1 deficiency in IECs
(hereafter, Xbp1'ECKC Casp8ECKC Tnfr1'EC-KO) H&E-stained colon sections from Xbp1'E¢
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KO Casp8ECKO Tnfr1'ECKO mice revealed that mice lacking XBP1, Casp8 and TFNR1 in
intestinal epithelium developed mild colitis which manifested itself by IEC death leading to
minimal epithelial erosion and rare ulcerations found between transverse and proximal
regions, mild crypt hyperplasia and mild influx of immune cells, infiltrating in mucosa
without leading to abundant crypt abscesses (Figure 2-17). Immunostaining for CD45 and
Ki-67 confirmed the mucosal inflammation and mild hyperplasia in the colons of Xbp1'E¢-
KO Casp8ECKO Tnfr1'ECKO mice, respectively (Figure 2-17). Histopathological assessment
and RNA sequencing demonstrated that ablation of epithelial-specific TNFR1 strongly
suppressed the colitis in Xbp1E¢KC Casp8ECXC mice (Figure 2-18). Taken together,
epithelial-specific TNFR1, independent of TNF produced by IECs, drives the exacerbation
of colitis in Xbp 1'E¢KC Casp8ECKO mice.
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Figure 2-18 Histopathological assessment and RNA sequencing analysis of colons from Xbp7'EC-KO
Casp8'EC-KO TnfECKO and Xbp1'EC-KO Casp8ECKO Tnfr1'EC-KO mice.

Graphs showing colon histology score (left), percent of the mice with colonic ulcers (right) from 8-12 weeks old
mice with indicated genotypes. Each dot represents one mouse. *p < 0.05, *xp < 0.01, **xp < 0.005, ***xxp <
0.0001.(One-way ANOVA).
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2.4.2 Epithelial cell-intrinsic TNF and TNFR1 do not drive necroptosis-induced
ileitis in Xbp1'EC-KO Casp8'ECKO mice

A report demonstrated that small intestinal organoids isolated from Casp8Ec*° mice
showed increased cell death 24 hours after TNF treatment. Moreover, the observed cell
death in organoids was blocked when organoids were pre-treated with an inhibitor
targeting the kinase activity of RIPK1, claiming TNF induces necroptosis in caspase-8

deficient IECs 398,

However, the genetic evidence was provided by another study that IEC-specific ablation

of TNFR1 did not alleviate the severity of ileitis in Casp8Ec*°

mice, showing epithelial-
specific TNFR1-signalling does not contribute to the ileitis in mice lacking Casp8. Whereas
XBP1 does not play an important role in necroptosis-induced ileitis in Casp8'5*° (Figure
2-14), the contribution of IEC-specific TNF and TNFR1 to ileitis in Xbp 1'E¢%C Casp8'EC-XO
mice could be demonstrated as Xbp1'E°X° Casp8'EC-KC TnfECKO and Xbp 1'ECKC Casp8'EC-
KO Thfr1'"BcKC mice lines were already established. Examination of H&E-stained ileal
sections from Xbp 1'ECKO Casp8ECKO ThECKO and Xbp 1'ECKO Casp8'ECHKC Tnfr1'EC-KO mice
showed that these mice exhibited IEC death without leading to ulceration, absence of
Paneth cell-associated granules, crypt hyperplasia and increased immune cell presence
in lamina propria, similar to Casp8E°K® and Xbp1'E°K° Casp8ECKC mice (Figure 2-19A).
These observations were confirmed by immunostaining the ileal sections with Lysozyme,
Ki-67 and CD45 antibodies (Figure 2-19A). Side-by-side and blind histopathological
scoring demonstrated that Casp8'EC*C, Xbp1'ECX0 Casp8ECKC, Xbp1'ECKO Casp8ECKO
TnfECKO and Xbp1'ECKO Casp8'ECHKC Tnfr1'ECKO mice have similar levels of ileitis (Figure
2-19B). All in all, these genetic results show TNF and TNFR1 in IECs do not play a role in

small intestinal inflammation of Xbp 1'E¢*C Casp8'E*C mice.
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Figure 2-19 IEC-Specific TNF and TNFR1 do not contribute to ileitis in Xbp7'EC-X0 Casp8'EC-KC mice.

(A) Representative images of Swiss-roll ileal sections from 8-12 week-old mice with the indicated genotypes
stained with H&E or immunostained for Lysozyme, CD45, Ki67. (B) Graphs showing ileum histology score from 8-
12 weeks old mice with indicated genotypes. Each dot represents one mouse. *p < 0.05, *xp < 0.01, **xp < 0.005,
sxkkxp < 0.0001.(One-way ANOVA). Scale bars, 100 ym.

2.5 Epithelial-specific XBP1 is required for the formation of the

functional mucus layer in the colon

2.5.1 MUC?2 is strongly reduced in the colons of Xbp7'E¢-KO mice

The results of the genetic mouse model in this thesis prompted a consideration that
physiological and/or anatomical features of the large intestine could be the culprit of
exaggerated necroptosis-induced colitis upon XBP1 deletion in Casp8E°K° and Fadd'®®

KO mice. Examination of RNA sequencing analysis revealed that Mucin-2 (Muc2) was the
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only robustly downregulated gene in the colons of Xbp1'E¢*° mice compared to controls
(Figure 2-20A). gRT-PCR analysis confirmed that Muc2 expression was reduced in the
colons of Xbp1'E°K° mice (Figure 2-20B).

MUC?2 is the most abundantly secreted mucin in the intestine®*2*%. Muc2’- mice lack the
mucus layer and fail to separate luminal bacteria from the colonocytes, showing that
MUC?2 is the indispensable backbone of the mucus layer in the colon®*. Furthermore,

MUC2-deficient mice develop spontaneous colitis 243

as well as age-progressive colorectal
cancer®®. It was demonstrated that the mucus layer exists in the small intestine, however,
it is not stratified and does not provide a clear separation of luminal bacteria from small
intestinal epithelium 2462%°_ |t was postulated that diminished Muc2 expression could lead
to a complete or partial loss of mucus layer in the colons of Xbp1'€¢° mice, causing
luminal bacteria to come in contact with colonic IECs and contributing tod the deterioration

of colitis in Casp8E°X° and Fadd'®c*° mice.
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Figure 2-20 Ablation of XBP1 in IECs causes diminished Muc2 expression in the colon.

(A) Volcano plot showing 3'mRNA sequencing analysis differentially regulated genes in the colons of Xbp1'Ec-K0
mice compared to control mice. Grey circles: genes are not significant; light green circles: genes with Log2 Fold
Change 21.5 or £1.5; light blue circles: genes with p value of <0.05; light red circles: genes with Log2 Fold Change
21.5 or £1.5 and p value of £0.05. 5 mice per mouse line were analysed. (B) Violin box graph depicting qRT-PCR
analysis of Mucin2 gene expression in the colons of Xbp1'E¢-K0 and control mice. Tbp was used as a housekeeping
gene to calculate the relative expression of Muc2. 2-*°T method was performed. Each dot represents one mouse.
ns: not significant, *p < 0.01.

The Production of MUC2 is regulated at different stages of its synthesis. Therefore, RNA

and protein expression of the Mucin2 gene could show alterations 2°2. To check whether
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MUC2 production is reduced upon IEC-specific XBP1 ablation, colon sections from
Xbp1'E¢KO and control mice were immunostained with antibodies that are specific to
MUC2. Consistent with the downregulation of Muc2 mRNA expression,
immunohistochemistry results revealed that MUC2 expression was strongly diminished in
the distal colons of Xbp1'E°K° mice compared to control mice (Figure 2-21). To further
validate this result, Alcian Blue followed by PAS staining (Alcian Blue-PAS) was employed.
Alcian Blue-PAS stains mucin-filled Goblet cell-associated granulae, thereby visualising
mucin production?*4. Performing Alcian Blue-PAS staining on colon sections from Xbp1'5¢-
KO and control mice demonstrated that XBP1 ablation led to a robust reduction in mucin
production. Taken together, these results demonstrate that IEC-intrinsic XBP1 is
indispensable for MUC2 and mucin production in the colon.
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Figure 2-21 Epithelial XBP1 regulates the production of MUC2 in the colon.

Representative images of Swiss-roll colon sections from 8-12 week-old mice with the indicated genotypes
immunostained for Mucin-2 or stained with Alcian Blue-PAS. Scale bar, 100um.

51



2.5.2 XBP1 deficiency impairs the inner mucus layer in the colon

Mucins are hydrophilic, rendering the mucus layer to shrink upon utilization of fixatives
dissolved in water such as PFA. Therefore, the mucus layer in the colon that are fixed in
water-based fixatives cannot be properly visualised®®. To visualise the mucus layers, a
non-water-based fixative (Carnoy’s fixative) was employed. Moreover, the mucus layer
can only be visualised when part of a colon containing faecal material is fixed and
processed ¢, To investigate whether Xbp 1'5¢*° mice have disrupted mucus layers, distal
colon segments containing faecal material from Xbp1'5¢K° and WT mice were collected,
fixed in Carnoy’s fixative and stained with Alcian Blue-PAS. Results revealed that
epithelium and faecal material were separated by, a light purple-coloured, thick mucus
layer in the colons of control mice (Figure 2-22A). However, the thicknesses of the mucus
layer in the colons of Xbp 1'5¢*C mice were severely reduced (Figure 2-22A, middle) and
in certain areas, the mucus layers do not exist at all (Figure 2-22A, right). To uniformly
assess the mucus barrier impairment in Xbp1'5K° mice, the mucus area of each mouse
was calculated and divided by the periphery of its lumen. Indeed, calculations revealed
that robust reduction in the overall thickness of the mucus layer in the colons of Xbp1'E¢-
KO mice (Figure 2-22B).
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Figure 2-22 Xbp1'E°%° mice have impaired inner mucus layer in the colon.

(A) Representative images of Alcian Blue-PAS stained distal colon tissues fixed in Carnoy’s fixed from 11-week-
old mice with indicated genotypes. The representative images stated as Xbp7'E¢-X0 (middle and right) are from the
same mouse. (B) Quantification of mucus layers is shown in (A). The inner mucus layers were labelled with green
dashed lines. Each dot represents one mouse. *+p < 0.0001. Each corresponding scale bar is indicated in the
pictures.

The inner mucus layer forms a barrier between luminal bacteria and colonic epithelium?*,

Thus, an improperly formed colonic mucus layer in Xbp1'5¢%° mice is expected to show
the failed separation of luminal bacteria from the epithelium. To uncover this, fluorescence
in situ hybridization (FISH) by using a DNA probe, which is specific for 16s ribosomal RNA
of eubacteria (EUB338)?**, was performed. To visualise the mucus layer, FISH staining
was followed by immunofluorescence (IF) using lectin from Ulex europaeus (UEA-I),
specifically binds to a-linked fucose residues on glycoproteins®’. Therefore, combining
FISH and IF allowed the visualization of luminal bacteria and mucus layer, respectively.
Results showed the existence of thick mucus layers, which separated the luminal bacteria
from the epithelium in the colons of control mice. In contrast, luminal bacteria permeated
into the compromised mucus layer and came in contact with the apical regions of colonic
epithelium in Xbp1'5K° mice (Figure 2-23).
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Figure 2-23 Luminal bacteria are not separated from the colonic epithelial cells with XBP1 deficiency.

Representative images of Carnoy’s-fixed colon sections from 11-week-old mice with indicated genotypes stained
with bacterial 16S rRNA in situ hybridization probe EUB338 (yellow) or non-specific control hybridization probe.
Mucus was stained with UEA-I (purple), and nuclei were stained with DAPI (Aqua). Scale bars are indicated on
pictures.

Whereas MUC2 is the major gel-forming mucin in the intestinal tract, other mucins, or
mucus-associated proteins such as MUC123%8, 7G16°%° and TFF3%°! are produced and
secreted by Goblet cells as well. To investigate whether deletion of XBP1 in IECs could
lead to a reduction in the expression of other mucins and mucus-associated genes, Zg16
and Tff3 mRNA expression were analysed from colon tissues of Xbp1'¢%° and control
mice. The results revealed that neither Zg76 nor Tff3 expression was reduced in the
colons of Xbp1'E¢*C mice compared to control mice (Figure 2-24A). In contrast,
immunostaining the colon sections from Xbp1'5¢© and control mice with the antibodies
recognizing ZG16 protein demonstrated that the production of ZG16 was robustly reduced
in the colons of Xbp1'5°X° mice compared to control mice (Figure 2-24B). Taken together,
these results demonstrate that IEC-specific XBP1 is essential for the mucus layer

formation and separation of luminal bacteria from the colonic epithelium.
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Figure 2-24 ZG16 production is reduced in the colons of Xbp1'E¢-X0 mice.

(A) Graphs showing relative mRNA expression of Zg16 and Tff3 in the colons of Xbp7'E¢X° and control mice. Thp
was used as a housekeeping gene to calculate the relative expression of genes of interest. 2T method was
performed. (B) Representative images of Carnoy’s-fixed colon sections from 11-week-old mice with indicated
genotypes immunostained for ZG16. Scale bars, 100um. Each dot represents one mouse. ns: not significant.

2.5.3 Epithelial-specific XBP1 but not Casp8 regulates mucin levels in the colon

The reduction in MUC2 expression was reported in the colons of mice with IEC-specific
ablation of Casp8 2. Therefore, this could challenge the hypothesis above explaining
how additional deletion of XBP1 exaggerated the severity of colitis in Casp8Ec*° mice.
To check whether Casp8'T*° mice had reduced MUC?2, total RNA isolated from distal
colons of Casp8F°*°® mice were analysed for Muc2 expression. qRT-PCR analysis
revealed that the colons from Casp8'E¢*° mice did not have reduced expression of Muc2
compared to control mice. In stark contrast, Xbp1'E°K° Casp8Ec*C mice had strongly

downregulated Muc2 expression in the colon (Figure 2-25A).
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Figure 2-25 Deficiency of XBP1 but not caspase-8 reduces MUC2 expressmn in the colonic eplthellum.

(A) Violin graph showing relative mRNA expression of Muc2 measured by qRT-PCR analysis in the colons of
Xbp1'ECKO and control mice. Thp was used as a housekeeping gene to calculate the relative expression of genes
of interest. 2*CT method was performed. (B) Representative images of Swiss-roll colon sections from 8-12 week-
old mice with the indicated genotypes immunostained for Mucin-2 or stained with Alcian Blue-PAS. Each dot
represents one mouse. ns: not significant, *p < 0.05, ~p < 0.01. Scale bar, 100um.

To assess whether MUC2 expression in the colon could be impaired by deletion of Casp8
in IECs, colon sections from control, Xbp1'E¢X° Casp8'ECKC, Xbp1'ECKO Casp8ECKC and

Xbp1ECKO Casp8ECHet were stained with Alcian blue-PAS and immunostained with
antibodies raised against MUC2. Results demonstrated that Xbp1'E¢KC  Xpp1'ECKO
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Casp8ECKO Xpp1ECKO Casp8'EC-et put not Casp8'EC*C mice showed diminished mucin
and MUC2 expression compared to control mice (Figure 2-25B). Therefore, these data
show that the absence of XBP1 but not caspase-8 in IECs leads to reduced mucin

expression in the colons of Xbp1'E¢X° Casp8ECKO mice.

2.5.4 XBP1 suppresses the translocation of luminal bacteria into colonic

sublayers and prevents systemic inflammation in Casp8'E¢-X° mice

It was postulated that XBP1-deficiency-induced impaired mucus layer accompanied by
the loss of intestinal epithelial integrity, caused by caspase-8 ablation, could allow
penetration of bacteria into the layers of the colonic epithelium in Xbp1'E¢X° Casp8'ECKO
mice. To show the translocation of bacteria from the lumen into the colon layers in mice
with XBP1 and caspase-8 deficiency, colon sections from Xbp1'E¢%°  Casp8'Ec*° and
Xbp1ECKO Casp8ECHKC mice were incubated with fluorophore-conjugated DNA probes
specific to bacterial ribosomal RNA (16s rRNA). Whereas Xbp 1'€¢%° mice had impaired
mucus layer (Figures 2-23 and 2-24), FISH results did not reveal the presence of bacteria
within the colonic sublayers of Xbp1'E°K° mice (Figure 2-26A). Importantly, FISH
performed on the colon sections from Casp8EcK° mice revealed that some mice showed
the presence of bacteria in the sublayers of the colon, in line with the expected
consequence of necroptosis-induced epithelial barrier dysfunction (Figure 2-26A).
Strikingly, almost all Xbp 1'E¢C Casp8'ECKC mice showed translocation of luminal bacteria
into sublayers of the colon (Figure 2-26A). To objectively assess the degree of bacterial
translocation into the colon layers and compare it between mouse lines, the numbers of
mice with bacterial presence in the submucosa were counted. Whereas 37.5% of
Casp8ECKC mice (9 out of 24) exhibited bacterial presence in the submucosa, 10 out of
11 Xbp1ECKO Casp8ECKC mice (x91%) harboured bacteria in their submucosa layer
(Figure 2-26B), providing critical evidence that XBP1 alleviates penetration of luminal

bacteria into the sublayers of the colon.
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(A) Representative images of Swiss-roll colon sections from 8-12 week-old mice with the indicated genotypes
stained with 16S rRNA in situ hybridization probe EUB338 (Yellow). Nuclei were stained with DAPI (Aqua). White
arrows indicate bacteria. Each colonic structure and layer were labelled with white dashed lines. C: Crypt, L.P:
Lamina propria, M.m: Muscularis mucosae, S.M: Submucosa, M.e: Muscularis externa. (B) Bar graph depicting
the percentage of Xbp1'ECKO, Casp8'EC-KO and Xbp1'EC-XO Casp8'EC-XO mice with EUB338 signal in Submucosa.
Scale bars are indicated in the pictures.

Increased bacterial translocation into the subepithelial layers of the colon could prompt an
immune response at the systemic level. Therefore, it is sought to check the indicators of
systemic inflammation in Xbp1'5¢KC Casp8ECKC mice. Xbp1'ECKC Casp8EC*C mice had
elevated spleen weight compared to Casp8E°K° (Figure 2-27). Importantly, Xbp 1840,
Casp8'Ec*C and Xbp1'ECKC Casp8ECHet mice did not have significantly increased spleen
weight compared to controls. Consistently, peripheral blood analysis revealed that
Xbp1'ECKO Casp8ECKC mice showed increased numbers of circulating granulocytes and
monocytes compared to Casp8'ECKC, Xbp 1'ECKO Casp8ECHet. Xbp1'EC-KO and control mice

(Figure 2-27). Taken together, these data show that XBP1 suppresses the translocation
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of luminal bacteria into sublayers of the colon and prevents systemic inflammation in

Casp8'ECKO mice.
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Figure 2-27 Xbp1'EC-K0 Caps8'EC-XO mice exhibit markers of systemic inflammation.

Violin graphs showing spleen to body weight ratio and peripheral blood analysis of 8-12 week-old mice with

indicated genotypes. Each dot represents one mouse. ns: not significant, *p < 0.05, *p < 0.01, =+p < 0.005, **p <
0.0001.

2.6 XBP1 deficiency leads to the dysfunctional mucus layer

independent of extrinsic apoptosis, necroptosis and TNFR1
signalling in IECs

2.6.1 Combined inhibition of extrinsic apoptosis and necroptosis do not
restore the mucus barrier impairment

Goblet cells are the only source of mucin production and secretion in the colon 202352353,
Therefore, it was hypothesized that the absence of XBP1 in IECs could induce Goblet cell
death, indirectly causing the compromised mucus layer in the colon. To check the
presence of caspase-3-mediated cell death, colon sections from Xbp1'E¢*° and control
mice were immunostained for active/cleaved-caspase-3 (CC3). Interestingly, results did
not reveal an increased number of CC3* IECs in Xbp 1'5¢*C mice compared to control mice
(Figure 2-28). Chromosomal DNA can be fragmented in various cell death modalities, and
the presence of DNA fragmentation can be used as a broad marker for cell death''®. To

this end, TUNEL staining was performed on the colon sections from WT and Xbp 1'E¢-0
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mice. Consistently, Xbp1'E°X° mice did not have increased numbers of TUNEL* IECs in
the colon compared to controls (Figure 2-28), suggesting that chronic XBP1 deficiency

does not lead to Goblet cell apoptosis.
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Figure 2-28 XBP1 deficiency does not lead to increased caspase-3- and TUNEL-positive IECs in the colon

compared to control mice.

Representative images of Swiss-roll colon sections from 8-12 week-old mice with the indicated genotypes stained
with Alcian Blue-Pas or immunostained for MUC2, cleaved-caspase-3 and TUNEL. Scale bars, 100um.

To uncover whether XBP1 deficiency induces caspase-8-mediated death and/or RIPK3-
MLKL-dependent necroptosis of Goblet cells, colon sections from Xbp1'E€-X0 Casp8EC-KO
Ripk3" and Xbp1'ECKC Casp8'ECXC MikI'- mice were stained with Alcian blue-PAS and
immunostained for MUC2. Interestingly, results revealed that Xbp1'E¢0 Casp8ECKO
Ripk3" as well as Xbp1'"E¢XC Casp8ECKC MikI- mice had reduced mucin expression in the
colon (Figure 2-29A). Consistent with this, staining colon segments containing faecal
material with Alcian blue-PAS demonstrated that Xbp1'E¢*C Casp8ECK° Rjpk3’ and
Xbp 1'ECKO Casp8'ECKO Mikl- had impaired mucus layer (Figure 2-29B), similar to Xbp 7'E¢-
KO mice (Figure 2-29C).

Of note, it was reported that the content of the microbiota, which varies between different
mouse colonies fed with the same food within the same facility, could alter the permeability
as well as the thickness of the mucus layer*®®. However, neither Xbp1'E¢C Casp8EC-KO
Ripk3" nor Xbp1EC*O Casp8ECKC Mkl mice from different cages had immense

variability in mucus layer thicknesses. Nonetheless, representative pictures of Alcian Blue-
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PAS and bacterial FISH staining were selected from cohoused littermates of each

corresponding experimental mouse line (Figure 2-29B).
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Figure 2-29 Extrinsic apoptosis and necroptosis do not contribute to the formation of the impaired mucus
barrier in the colons of Xbp7'EC-KO mice.

(A) Representative images of Swiss-roll colon sections from 8-12 week-old mice with the indicated genotypes
immunostained for Mucin-2 or stained with Alcian Blue-PAS. (B) Representative images of Carnoy’s-fixed colon
sections from 11-week-old mice with indicated genotypes stained with Alcian Blue-PAS or bacterial 16S rRNA in
situ hybridization probe EUB338 (yellow) followed by immunostaining with UEA-I (purple). (C) Violin graph showing
the quantification of mucus layers in (B). The inner mucus layers were labelled with green dashed lines. Each dot
represents one mouse. ns: not significant, **p < 0.01, =+p < 0.005. Scale bars in (A), 100um. Scale bars in (B) are
indicated on the pictures.
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To uncover whether IEC-specific XBP1 deletion could induce death of Goblet cells
independent of FADD-caspase-8 and RIPK3-MLKL, colon sections from Xbp1'ECKO
Casp8ECKC Ripk3" and Xbp1'ECKC Casp8ECX° Mkl mice were analysed for the
presence of IEC death. Immunostaining with antibodies raised against cleaved-caspase-
3 and performing TUNEL staining revealed that Xbp1'EK°® Casp8Ec*° Ripk3’ and
Xbp1'ECKO Casp8'ECXO MikI mice did not have increased numbers of CC3* and TUNEL*
IECs (Figure 2-30). Taken together, these results show that XBP1 deficiency causes the

dysfunctional mucus layer in the colon independent of extrinsic apoptosis and necroptosis.
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Figure 2-30 Xbp1'EC-KO Casp8'EC-XO Ripk3’- and Xbp1'EC-KO Casp8'EC-XO MikI’- mice do not show increased

numbers of cleaved caspase-3- and TUNEL-positive colonic IECs compared to control mice.

Representative images of Swiss-roll colon sections from 8-12 week-old mice with the indicated genotypes
immunostained for DNA fragmentation (TUNEL) or cleaved-Caspase-3 (cC3). Scale bars, 100 ym.

2.6.2 IEC-specific TNFR1 does not contribute to the impairment of the mucus

layer in Xbp1'E¢-KO mice

Ablation of TNFR1 specifically in IECs strongly suppresses the severity of colitis and the
epithelial barrier impairment in Xbp1'E¢K° Casp8ECKC mice (Figure 2-17). Moreover, it

was suggested that mice show TNFR1-dependent Goblet cell dysfunction upon TNF
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injection®'. Therefore, these could raise the question of whether epithelial-intrinsic TNFR1
deletion suppresses colitis in Xbp1'ECK° Casp8'E-C by normalizing mucin production and
recovering the impaired mucus layer caused by IEC-specific XBP1 ablation. To this end,
mice deficient in epithelial-specific XBP1 and TNFR1 (hereafter, Xbp 1'ECKC Thfr1'EC-KO)
were generated. Colon sections from control, Xbp1'E¢K® and Xbp 1'"E¢KC Thfr1'EC-0 mice
were immunostained with MUC2 antibodies. Interestingly, results demonstrated that the
colons of Xbp1ECHKO Tnfr1'ECKO mice showed strongly reduced MUC2 production
compared to control mice, similar to Xbp1'€¢*° mice (Figure 2-31). Diminished mucin
expression in the colons of Xbp1'E¢K0 Tnfr1'ECKO mice was further confirmed by Alcian
Blue-PAS staining (Figure 2-31). Similar to Xbp 1'"5¢K° mice which showed reduced ZG16
production in the colon (Figure 2-24B), epithelial-specific TNFR1 deletion did not restore
the diminished ZG16 production in the colons of Xbp1'€°K° mice (Figure 2-31).
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Figure 2-31 TNFR1 signalling in epithelium does not play an important role in reduced mucin production
in the colons of Xbp1'E¢-X0 mice.

Representative images of Carnoy’s-fixed colon sections from 11-week-old mice with indicated genotypes stained
with Alcian Blue-PAS or immunostained for Mucin-2 and ZG16. Scale bar, 100um.

To uncover whether ablation of TNFR1 in IECs could restore improperly formed mucus
layer in Xbp1'E¢K° mice, distal colon tissues containing faecal material from Xbp 1'E¢-K°
Tnfr1'E¢KC mice were collected and fixed in Carnoy’s fixative. Mucus layers in the colons
of control, Xbp 1'E¢K° and Xbp 1'ESKO Tnfr1'ECKO mice were visualised by performing Alcian
Blue-PAS staining. Consistent with the diminished mucin production, histological
assessment and quantification of the mucus layer demonstrated that Xbp1'5¢K° Thfr1'EC-

KO mice had the impaired mucus layer (Figure 2-32). All in all, these results demonstrate
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that the ablation of TNFR1 in epithelium suppresses necroptosis-induced colitis in Xbp 1'E¢-

KO Casp8'ECKC mice without improving the mucus layer impairment.
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Figure 2-32 Xbp1'ECKO Tnfr1'EC-KO mice show an impaired mucus layer in the colon.

Representative images of Carnoy’s-fixed colon sections from 11-week-old mice with indicated genotypes stained
with Alcian Blue-PAS. Violin graph showing the quantification of mucus layers. The inner mucus layers were
labelled with green dashed lines. Each dot represents one mouse. ns: not significant, **p < 0.01, *»*p < 0.005. Scale
bars are indicated in the pictures.

2.6.3 Glycosylation reactions are not completely lost in the colons of mice
lacking XBP1

Diverse glycosylation modifications on mucins are taught to be critical for their

functionality®*’

, as the enzymes catalysing glycosylation reactions were shown to regulate
mucin production®®2*%3_The majority of the carbohydrates are incorporated into proteins
in cis-, medial- and trans-Golgi, however, the reactions commence in ER?*’. Therefore, it
was asked whether the deficiency of XBP1-mediated UPR could lead to a complete defect
in one of the glycosylation reactions in Goblet cells, indirectly causing the reduction in
MUC?2 expression. To address this, lectins were employed. Plants, animals as well as
microorganisms synthesize a family of proteins, called lectins. They can recognize specific
glycan(s) without possessing an enzymatic activity. Thus, some lectins purified from plant
species have been utilised in glycobiology®®*. Colon sections from Xbp1'E¢K° and WT
mice were incubated with biotin-conjugated lectins from different plant species,
recognizing various types of glycosylation (Figure 2-33). Visualizing biotinylated lectins by

incubating them with chromogen 3,3'Diaminobenzidine (DAB) demonstrated that none of
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the stained glycoproteins was absent in Goblet cells (Figure 2-33), arguing against the
hypothesis that XBP1 deletion could render specific steps in MUC2 glycosylation

completely impaired.
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WGA N-Acetylglucosamine

ConA Mannose

MALII Sialic acid

SNA Sialic acid linked to N-Acetylgalactosamine

Sialic acid linked to galactose

RCA,5 Galactose,
N-Acetylgalactosamine
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Figure 2-33 XBP1 deficiency does not lead to complete loss of certain glycosylation reactions in Goblet

cells.

(A) Table showing the employed lectins and their corresponding sugar specificity. The information was taken from
the manual provided by the manufacturer. (B) Representative images of Carnoy’s-fixed colon sections from 11-
week-old mice with indicated genotypes stained with WGA, ConA, MAL II, SNA, RCA120, UEA-I lectins.

2.6.3.1 XBP1 regulates Muc2 expression independent of cell-extrinsic factors

Presence®®, |EC-specific Myd88-dependent sensing®®, and composition of colonic
microbiota®®° play critical roles in MUC2 production and regulation of the mucus layer in
the colon. In an attempt to study whether IEC-extrinsic factors such as intestinal microbiota
could lead to impaired mucin production in XBP1 deficiency, colon organoids from control
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and Xbp 1'5¢€C mice were established>®3. Similar to the controls, crypts lacking XBP1 were
capable of forming colon organoids, that were in spheroid morphology (stem cell state)
and did not show any growth defect as they could be passaged (Figure 2-34A). Notch
signalling is a critical regulator of the self-renewal of the intestinal epithelium3®’.
Importantly, inhibition of Notch signalling was shown to induce Goblet cell
differentiation®®®. To differentiate colon organoids into Goblet cells, control and XBP1-
deficient colonoids were incubated with N-[N-(3,5-Difluorphenacetyl)-L-alanyl]-S-
phenylglycin-tert-butylester (DAPT)3°, which inhibits the activation of the Notch signalling
pathway®’%3"1 After 6 days of DAPT incubation, control and XBP1-deficient organoids
showed loss of spheroid morphology, which was maintained in DMSO treatment,
indicating conversion into Goblet cells upon DAPT treatment (Figure 2-34A). Investigation
of mMRNA expression by performing qRT-PCR analysis showed that DAPT treatment led
to robust Muc2 expression in control colonoids. Consistent with in vivo results (Figure 2-
21), XBP1-deficient organoids treated with DAPT had strongly diminished Muc2

expression compared to control organoids treated with DAPT (Figure 2-34B).
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Figure 2-34 XBP1-deficient colon organoids have strongly reduced Muc2 expression upon differentiation

into Goblet cells.

(A) Representative images of mouse colon organoids from control and Xbp1'5¢-X° mice treated with DMSO or
DAPT for 6 days. (B) Graphs showing relative mRNA expression of Muc2, Atoh1, Kif4 and Spdef measured by
gRT-PCR analysis from colon organoids with indicated genotypes and treatments.
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It was asked whether deficiency of XBP1 could impair Goblet cell differentiation, indirectly
leading to reduced Muc2 expression. To study this, we assessed the expression of early,
Atoh1 (Math1)3"%373 and terminal, KIf4*"*, Spdef?”® transcriptional factors that are critical
for the lineage fate determination of intestinal secretory cells. Consistent with RNA
sequencing results obtained from in vivo (Figure 2-21), gqRT-PCR analysis revealed that
control and Xbp1”- organoids treated with DAPT had similar Atoh1, KIf4 and Spdef mRNA
expression (Figure 2-34B), showing Goblet cell differentiation were intact and did not
contribute to reduced Muc2 expression in the colons of Xbp1'€¢K° mice. Taken together,
XBP1 deficiency in intestinal epithelium does not affect Goblet cell differentiation and

causes reduced Muc?2 expression independent of intestinal microbiota.

2.7 Increased bacterial translocation and systemic inflammation in

Xbp1'EC-KO Casp8'EC-XO mice depends on IEC necroptosis

Considering Casp8't*° and Xbp1'E¢KC Casp8'ECXC but not Xbp1'ECKC mice show the
presence of bacteria in the subepithelial layers of the colon (Figure 2-26), it was
hypothesized that the dysfunctional mucus layer in mice lacking XBP1 could amplify
penetration of luminal bacteria into colonic sublayers in Casp85°X° mice during ongoing
IEC-necroptosis. Therefore, blocking IEC necroptosis by deleting of RIPK3 or MLKL in
Xbp1'ECKO Casp8ECKO mice were expected to prevent bacterial translocation into the
sublayers of colon. To address this, FISH specifically targeting bacterial 16s rRNA was
performed on the colon sections from Xbp1'E¢KO Casp8ECKC Rjpk3" and Xbp1'ECKO
Casp8ECKO MikI- mice. Fluorescence microscopy analysis revealed that Xbp7'ECKO
Casp8ECKO Ripk3" and Xbp1'ECKC Casp8ECHKC Mk~ mice did not show bacterial

presence within the sublayers of the colon (Figure 2-35A).
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Figure 2-35 Inhibition of IEC necroptosis prevents bacterial translocation into the colonic sublayers and
systemic inflammation in Xbp1'E¢-K° Casp8'ECKO mice.

(A) Representative images of PFA-fixed Swiss rolled colon tissues from mice with indicated genotypes stained with
16S rRNA in situ hybridization probe EUB338 (Yellow). Nuclei were stained with DAPI (Aqua). White arrows
indicate bacteria. Each colonic structure and layer were labelled with white dashed lines. C: Crypt, L.P: Lamina
propria, M.m: Muscularis mucosae, S.M: Submucosa, M.e: Muscularis externa. Scale bars are indicated on the
pictures. (B) Violin graphs showing spleen to body weight ration and analysed circulating blood of 8-12 weeks old

mice with indicated genotypes. Each dot represents one mouse. ns: not significant, *p < 0.05, =p < 0.01, *=p <
0.005, =++p < 0.0001.

As the inhibition of epithelial necroptosis prevented the translocation of luminal bacteria
into the submucosa, RIPK3 or MLKL deletion in Xbp 1'E¢%C Casp8'E°X° mice was expected
to inhibit systemic inflammation. Indeed, Xbp1'E¢K° Casp8ECKC Ripk3’ and Xbp1'EC-KO
Casp8'Ec*C MIkI- mice did not show markers of systemic inflammation (Figure 2-35B).
Collectively, these results show that epithelial cell-intrinsic XBP1 restricts luminal bacterial
translocation into the subepithelial layers of the colon and prevents systemic inflammation
in the loss of epithelial barrier integrity triggered by IEC necroptosis.
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2.8 Epithelial XBP1 deficiency causes reduced mucin production in

the ileum independent of extrinsic apoptosis and necroptosis

IEC-specific XBP1 deficiency leads to diminished mucin production in the colon (Figure 2-
21-24). In addition to the colon, Goblet cells exist in the small intestine and produce
mucins®®2. Therefore, it was asked whether the ablation of XBP1 in IECs could lead to
diminished mucin production in the small intestine. To investigate this, ileal sections from
control and Xbp 1'5¢“C mice were stained with Alcian Blue-PAS. The results revealed that
Gobilet cells in the ilea of control mice show dark-purple stained vacuoles. In stark contrast,
XBP1 ablation caused a reduction in the sizes of vacuoles positively stained for Alcian
Blue-PAS, showing that mucin production was diminished in the ilea of Xbp1'E¢%° mice
(Figure 2-36A). Indeed, gRT-PCR results confirmed that Muc2 expression was strongly
reduced in the small intestines of Xbp1'E¢“C mice compared to control mice (Figure 2-
36B). Consistent with the findings in the colon, the combined deletion of Casp8 and RIP3
or Casp8 and MLKL did not normalise the mucin expression in the small intestines of
Xbp1'ES-KO mice (Figure 2-36).
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Figure 2-36 XBP1 deficiency results in impaired mucin production in the ileum independent of extrinsic

apoptosis and necroptosis.

(A) Representative images of ileal sections from 8-12 week-old mice with indicated genotypes stained with Alcian
Blue-PAS. (B) Graph showing gRT-PCR analysis of Mucin2 gene expression in ilea of 8-12 old weeks mice with
indicated genotypes. Thp was used as a housekeeping gene to calculate the relative expression of Muc2. 24CT
method was performed. Each dot represents one mouse. Scale bar, 100um.
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Of note, studies demonstrated that Paneth cells express mucins as indicated by Alcian
Blue*, PAS* and MUC2* cells in ileal crypts 3"®3""_ In line with this, small intestinal sections
stained with Alcian blue-PAS showed the presence of a magenta-purple colour at the
bottom of the crypts in control mice, demonstrating the existence of Paneth cells (Figure
2-36A). In contrast, small intestinal sections from mice lacking XBP1 in IECs showed
profoundly reduced numbers of Alcian blue-PAS-positive cells in the crypts, which was
not restored upon combined inhibition of extrinsic apoptosis and necroptosis (Figure 2-
19). All in all, these results show that epithelial XBP1 regulates the expression of mucins
in the small intestine independent of FADD-caspase-8-mediated apoptosis and RIPK3-
MLKL-dependent necroptosis.
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3. Discussion

3.1 XBP1 suppresses necroptosis-induced colitis by regulating the

formation of bacteria-impermeable mucus barrier

3.1.1 XBP1-deletion-induced impaired mucus barrier per se aggravates

necroptosis-induced colitis

IBD is a complex disease which is thought to be rooted in the combination of multiple
factors including the host’s genetic background?62'7:281-283  Agsessment of an individual's
multiple variants is considered a critical identification of genetic predisposition to IBD3%°.
However, the impact of crosstalk between multiple genes and their pathways on the
pathogenesis of IBD is largely unknown. In this study, we revealed a previously
unidentified link between ER stress and necroptosis in the intestinal epithelium. Our
results showed that epithelial XBP1 deficiency exaggerated TNFR1-driven necroptosis-
induced colitis in Casp8ECK® or Fadd'®*° mice. Critically, the strong synergistic effect of
the loss of XBP1-mediated UPR and intestinal epithelial necroptosis is confined to the
colon as necroptosis-induced or -mediated ileitis is not exacerbated upon XBP1 ablation

in mice with Casp8 or FADD deficiency.

We found that MUC2, the major constituent of the mucus layer?®?, was strongly
downregulated in the colons of Xbp1'"5¢*° mice. Consistent with MUC2 being the major
backbone of the mucus layer, mice with XBP1 deficiency show an impaired colonic mucus
layer and the failed separation of luminal bacteria from colonic epithelium, similar to a
recent report®®*. This constitutes the main mechanism of action that we propose to explain
how deletion of XBP1 aggravates colitis in mice with epithelial caspase-8 or FADD
deficiency (Figure 3-1). Previous studies demonstrated that the mucus layer in the colon
provides an essential barrier regulating the intestinal inflammatory responses against
microbiota?46:248:354.378 "\While caspase-8 or FADD ablation drives IEC necroptosis and
causes the epithelial barrier breach manifested by ulcerations in the colon, XBP1
deficiency, through impairing the colonic mucus layer, causes the failure of the separation
of luminal bacteria, leading to increased contact between luminal bacteria and necroptotic
epithelial cells which could worsen the severity of necroptosis-induced colitis in Casp8 or
FADD deficient mice (Figure 3-1). In line with this proposed mechanism, the development
of colitis in Casp8F°K° and Fadd®=°K° mice depends on the presence of luminal

microbiota®®®3'2 and Xbp1'E¢*° mice show microbiota-driven severe colitis upon DSS
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administration, supporting the role of luminal microbiota in our proposed model. In
contrast, the tightly layered, bacteria-impermeable mucus layer does not exist in the small
intestine, and the contact between luminal bacteria and small intestinal IECs is not clearly
prevented?°237°_ Critically, luminal microbiota does not drive ileitis in mice with caspase-8
or FADD deficiency3%9312,

PAMPs can be sensed by the host’s cells via TLR4- and TLR3-induced TRIF-mediated
pathway'?. TRIF contains the RHIM domain and was shown to induce (RIPK1-)RIPK3-
MLKL-dependent necroptosis upon caspase inhibition®¥°-382_ Therefore, increased contact
between luminal bacteria and colonic epithelial cells caused by XBP1 deletion might be
increasing the severity of necroptosis in Casp8F°K° and Fadd'®°X° mice by promoting the
induction of TRIF-(RIPK1)-RIPK3-MLKL-mediated necroptosis. To address this, mice
lacking epithelial-specific XBP1, Casp8 and TRIF (also known as TICAM) could be
generated, and the severity of colitis in Xbp 15K Casp8'EC*C and Xbp 1'E€-XC Casp8ECHKC

Ticam'®C-K0

can be assessed side-by-side. Whereas Myd88-dependent signalling
contributes to mucin secretion and mucus layer formation®®, the role of TRIF reinforcing
the mucus barrier is not known. Therefore, TRIF ablation in IECs might not interfere with
the interpretation of results from Xbp1'E¢*C Casp8ECKO Ticam'™®C*C mice. Of note, the

1IEC—KO

colons of Xbp mice show upregulation of IFN-inducible genes®® including /Ifi44,

Oasl2 and Rtp4 (Figure 2-20). Pathogen sensing via TLR3 and TLR4 induce TRIF-

mediated type | IFN responses®?3°

, and the colonic epithelium with XBP1 deficiency has
increased contact with luminal bacteria. Therefore, IFN-inducible genes might be
upregulated by TRIF-mediated sensing of luminal bacteria by colonic IECs in Xbp1'E¢-K°

mice.

It is critical to emphasise that Xbp1E¢*° mice do not develop colon inflammation. In

contrast, Muc2” mice are completely devoid of the mucus layer and show spontaneous

248 8IEC—KO

colitis?*8, and Casp as well as Fadd'®°K° mice develop colitis, demonstrating that
either the complete loss of bacteria-impermeable mucus layer or the failure in the epithelial
barrier integrity is required to initiate colitis. Our results suggest that the combined failure
of the mucus layer and epithelial barrier synergizes and leads to severe colitis. All in all,
here we propose a mechanism (Figure 3-1) by which XBP1 suppresses IEC-necroptosis-
dependent colitis but does not play a role in necroptosis-induced ileitis in mice models of

intestinal inflammation.
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Figure 3-1 The main proposed mechanism by which epithelial-specific XBP1 protects from severe

necroptosis-induced colitis in mice with IEC-Specific Casp8 or FADD deficiency.

IEC-Specific XBP1 ablation leads to a dysfunctional bacteria-impermeable mucus layer as indicated by increased
contact between luminal bacteria and colonic epithelium. Epithelial Casp8 or FADD deficiency leads to necroptosis-
induced colitis. XBP1-deletion-induced impaired mucus layer causes luminal bacteria to come in contact with IEC
lacking Casp8 or FADD and aggravates the necroptosis-induced colitis. Inhibition of epithelial necroptosis
completely prevents severe colitis in mice lacking XBP1 and Casp8 or XBP1 and FADD, however, the impaired
mucus barrier is independent of FADD-Casp8-mediated apoptosis and RIPK3-MLKL-dependent necroptosis in
XBP1 deficient mice.

76



In this proposed mechanism (Figure 3-1), luminal bacteria play an essential role in the
exacerbation of colitis in mice lacking XBP1 and Casp8 or XBP1 and FADD. However, the
results in this thesis do not provide direct evidence demonstrating IEC-specific XBP1
deficiency exaggerated colitis in Casp8F°*° and Fadd'®°K° mice microbiota-mediated
manner. To show this, broad-spectrum antibiotics can be administrated to Casp8'¢4°,
Xbp1'ECKO Casp8'EC40C and control mice (or Fadd'®cC, Xbp 1'ECK0 Fadd'®c0), followed
by histopathological analysis of the colons. After the antibiotic regimen, Casp8t¢*° and
Xbp1'ECKO Casp8'ECHKO (or Fadd'®C*C and Xbp1'ECKO Fadd'®*C) mice are expected to
have similar levels of colitis. Similar to antibiotic treatment, raising these mice under germ-
free conditions and assessing the colon sections would provide direct evidence that
microbiota drives the exacerbation of the phenotype in this model. Employing colon
organoids from control, Casp8EC*C and Xbp1'EK® Casp8ECKC mice would provide
another approach. Specifically, culturing isolated colonic crypts from Casp8'E¢*° and
Xbp1ECKO Casp8ECKO mice are expected to form organoids as they are devoid of
microbiota. Moreover, colon organoids do not have a mucus layer even though Goblet
cells exist and secrete mucins in these cultures®*. Thus, organoids from Casp8t°*° and
Xbp1'ECKO Casp8ECKO mice are hypothesized to die at similar levels upon coculturing

them with bacteria species such as Lactobacillus 3°.

Providing unambiguous evidence demonstrating that XBP1 deficiency-induced impaired
mucus barrier is the culprit of exacerbated colitis in Xbp1'E¢K° Casp8'ECHKO or Xbp 1'ECKO
Fadd'®cX° mice might be more difficult. Generating mice with Goblet cell overexpressing
Muc2, and crossing these mice to Xbp1'E¢K® Casp8'EC*C mice would be the most direct
approach showing XBP1-deletion induced impaired mucus layer exaggerates colitis in

Casp8IEC—KO

mice. To perform this, knock-in mice carrying Muc?2 preceded with Stop codon
flanked by two Frt sites can be generated®®®. Since we have already employed the CRE-
loxP system to delete XBP1 and Casp8 or XBP1 and FADD in IECs, the utilization of
FLPo-FRT system®’ is critical to avoid the Muc2 induction in non-Goblet cells in the
intestinal epithelium. However, the generation of mice expressing Muc2 might not be
straightforward. One drawback is that MUC2 is a big protein (roughly 5200 amino acids)
containing many repeats®’. Therefore, usual cloning strategies would not suffice to
generate mice with inducible MUC2. In addition, ablation of XBP1 perturbates ER'®?, the
overexpression of MUC2 might not be achieved at all. Nevertheless, one feasible

approach could be mucus transfer. A recent report claimed that delivering the mucus
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isolated from wild-type mice to the mice with thinner mucus layer alleviated the DSS-
induced colitis*®®. However, it is quite vague how the complex three-dimensional structure
of mucus can still be preserved after the isolation procedure and the route of
administration (the gastrointestinal tract) having an immensely dynamic environment in
terms of pH and salt concentration®®3%°_|n line with this, it was reported that native mucus
structure cannot be established upon the introduction of water to commercially available
mucus®®. Therefore, simple isolation and transfer of mucus raises a question of validity.
Meanwhile, there has been ongoing research on developing mucus mimetics, which are
synthetic hydrogels or nanoparticles to reinforce mucosal barriers by acting as native
mucus®'. This might be the most feasible way to provide direct evidence that the XBP1-

deletion-induced dysfunctional mucus layer exacerbates necroptosis-induced colitis.

3.1.2 Epithelial XBP1 deficiency might alter the composition of colonic
microbiota driving the exaggeration of necroptosis-induced Colitis

Mucins are heavily glycosylated, and it was reported that some bacteria species exploit
this carbohydrate-rich environment as an energy source®**?*’. The reduction in MUC2
expression and the impaired mucus layer upon XBP1 ablation might lead to dysbiosis in
the colon. Studies also showed that alteration of microbiota by faecal transplantation could
worsen colitis in mouse models®®?3%. Therefore, XBP1-deficiency might lead to the
exaggeration of necroptosis-induced colitis by altering the composition of gut microbiota
in Casp8E°K° mice. To address this, the first 16S rRNA sequencing can be performed
from bacteria isolated from Xbp1'5¢K° and Xbp 1" littermates that are cohoused and
raised in the same cages. In case of substantial microbiota alteration in Xbp1'5K° mice
compared to Xbp1"" mice, microbiota isolated from faeces of Xbp1E¢*° mice can be
transplanted to Casp8'° mice received antibiotics or raised under germ-free conditions.
Transferring microbiota from Casp8E°X° to Casp8ECK° mice should be included in this
experimental set-up as an important control. If the altered composition of microbiota
contributes to the severity of colitis in Xbp 1'E¢*C Casp8'ECX° mice, Casp8'EC*C mice that
received microbiota transfer from Xbp71'E¢%° mice are expected to show more severe

colitis compared to Casp8E°K° mice transplanted with microbiota from Casp8't¢*° mice.
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3.2 The possible mechanisms by which XBP1 deficiency impairs the

mucus layer

3.2.1 Death of Goblet cells and mucus layer

Ubiquitous RIPK3 or MLKL deletion in Xbp1E¢%0 Casp8'ECK° mice revealed that severe
colitis in mice lacking XBP1 and Casp8 depends on IEC-necroptosis. Having generated
these mouse lines, we found that the impaired mucus layer in XBP1 deficiency is
independent of FADD-caspase-8-mediated apoptosis and RIPK3-MLKL-dependent

necroptosis.

Chemically controllable prolonged activation of IRE1a (bearing 1642G mutation) shows a
protective effect on cell viability in response to thapsigargin/tunicamycin-induced ER
stress conditions®®. However, cell death upon ER stress induction is well-
documented®®®2%"_ Specifically, the endonuclease domain of IRE1 is suggested to
contribute to ER stress-induced cell death®®® by altering mMRNA expression death receptor
5 (DR5)%%3% Moreover, under certain conditions, it was shown that ER stress can induce
intrinsic apoptosis*®
and DNA fragmentation in the colons of Xbp1'ECXO Xpp1'EC-KO Casp8ECKC Ripk3 ™",

Xbp1ECKO Casp8ECKO MIkI- mice, suggesting defective mucus layer in Xbp 1'5¢C mice

. We failed to detect the increased presence of activated caspase-3

is independent of Goblet cell death. However, it could be possible that we could not detect
the regulated death of Goblet cells in our model as the intestinal sections represent
snapshots of certain moments of mice with chronic XBP1 deficiency. In addition, it was

shown that induction of ER stress in cells could undergo caspase-2-dependent

401 402

apoptosis or Gasdermin-E-dependent pyroptosis or increased cytosolic Ca*%-
mediated apoptosis*®® or caspase-1-mediated pyroptosis*®*4%. |t is unclear whether these
results can be translated to our model. Nevertheless, performing immunoblot analysis for
Gasdermin-E, cleaved caspase-1/2 cleavage from proteins isolated from IECs could
reveal whether the XBP1 deficiency indirectly leads to impairment in the mucus layer by

inducing Goblet cell death.

Colon organoids lacking XBP1 are capable of differentiating into Goblet cells without
showing the reduced expression of early and late differentiation markers, demonstrating
that epithelial-specific XBP1 deficiency does not interfere with the Goblet cell
differentiation. Considering this, protein expression of early (ATOH1372373) or terminal

(SPDEF?") Goblet cell differentiation markers could be quantified from the protein extracts
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of colonic IECs isolated from control and XBP1-deficient mice. Since our data suggest that
chronic XBP1 deficiency does not lead to the death of Goblet cells, immunoblot or flow-
cytometry-based protein analysis of control and XBP1 deficient IECs is expected to show
similar ATOH1 and SPDEF levels.

3.2.2 Contribution of the cell death-independent pathways to the impaired
mucus layer in XBP1 deficiency

3.2.2.1 XBP1 regulates Muc2 expression in a cell-intrinsic manner

Goblet cells express TLRs (TLR1,2,3,4 and 5) as well as NLRP6 and were shown to
drastically induce production as well as secretion of mucins upon PRR-ligand
engagement??’4%°_ Moreover, the mucus layer is known to be fine-tuned by the
composition of the luminal microbiota®*°3%°3%¢_Therefore, it is plausible to ask whether
microbiota mediates the impairment of the mucus layer in XBP1-deficient mice. We found
that colonoids lacking XBP1 exhibit reduced Muc2 expression, showing that XBP1
deficiency leads to diminished Muc?2 independent of luminal microbiota. Importantly, our
organoid experiments also show the IEC-intrinsic effect of XBP1 ablation on MUC2 as
organoids lack immune and stromal cells*'%*'2, Furthermore, our results demonstrate that
organoids deficient in XBP1 do differentiate into Goblet cells, showing that XBP1 is not
required for the differentiation of Goblet cells. Recently, a group reported that organoids
lacking ERN2 (IRE1B), a paralog of IRE1a'%%'%" is expressed in epithelial cells of the

intestine'®®, capable of splicing Xbp14'*4'® and protects mice from severe DSS-induced

168 264

colitis . Our results contradict their claim that
is IRE1pB controls MUC2 production through XBP12%4, Whereas they included Xbp 1'E¢-K°

mice in their study, they did not provide organoid experiments from mice lacking XBP1 in

, show impaired Goblet cell differentiation

IECs. Another important point lies within the experimental set-up of the colonoid
differentiation. Organoids lacking ERN2 were differentiated with DAPT incubation for 24
hours®*. However, in our study, we incubated XBP1-deficient organoids with the same
Notch inhibitor for 6 days. The fundamental reason why we prolonged the differentiation
duration is that the Goblet cell abundance percentage rate was found to be 90 only after
4 days of differentiation*'®. Therefore, we interpret that XBP1 and IRE1p regulate MUC2

expression and Goblet cell physiology thorough different mechanisms.
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3.2.2.2 The potential role of IRE1- and XBP1s-mediated UPR pathways in the
regulation of MUC2

Previous reports as well as results in this thesis show that deficiency of XBP1 leads to
IRE1a activation as indicated by the increased number of pIRE1a* IECs and the strong
Xbp1u splicing activity'®?23°, Dramatic activation of IRE1a might mediate the formation of
the dysfunctional mucus barrier in XBP1 deficiency by possibly initiating Muc2 mRNA
decay via its Rnase domain (Figure 3-2A). To answer this, IRE1a can be deleted in colon
organoids lacking XBP1. Of note, mice with IEC-specific IRE1a deficiency do not show
reduced mucin production®®. After generating organoids deficient in IRE1o. and XBP1,
they can be differentiated into Goblet cells, and their Muc2 expression can be analysed.
It is critical to draw attention that the colon organoid culture would not be an optimal
platform to perform the series of these experiments as they show immense variability in
transfection efficiency upon laborious and expensive techniques*'’#'8, Nevertheless, the
DAPT-induced Goblet cell differentiation experiment can be performed with the colonoids
isolated from Ire1'"5CKC Xpp1'ESKO mice as this mouse line was already generated by
another group?*®41°. Whereas inhibition of IRE1a. endonuclease domain can be achieved
by chemical compounds, those inhibitors might be interfering with the RIDD activity of

IRE1B. For example, a chemical compound, 4u8c*®

, was thought to inhibit the
endonuclease activity of IRE1a. A recent study employed domain-swap experiments and
showed that the RIDD activities of IRE1a as well as IRE1 were inhibited upon 4u8c
incubation*?'. Nevertheless, incubating Goblet cell differentiated colon organoids with
4u8c in the presence/absence of transcription inhibitors, and assessment of Muc2
expression would be a critical experiment, addressing the potential contribution of RIDD
to the reduction of Muc2 in XBP1 deficiency. Including IRE1 kinase inhibitors would be an
important control in this experimental setup. In the case of MucZ2 upregulation upon 4u8c
as well as IRE1a kinase inhibitor (Endonuclease activity of IRE1 preceded by the kinase
activity of it), it could be concluded that XBP1 deletion-induced increased endonuclease
activity of IRE1a drives the degradation of Muc2 mRNA. However, it could be that IRE1a
kinase inhibitors but not 4u8c rescues the Muc2 phenotype of organoids lacking XBP1,

showing IRE1 reduces Muc?2 expression independent of its endonuclease activity (Figure
3-2B).

Importantly, a previous report put forward that IRE1pB, possibly via its endonuclease

domain, play a critical role in the Muc2 expression?®®. Therefore, RIDD activity of ERN1
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as well as ERN2 together may contribute to reduced mucin production in XBP1 deficiency.
Considering organoids lacking ERN2 cannot differentiate into Goblet cells, knock-out
constructs targeting Ern2 would not be an option for the organoid platform. Yet, utilization
of inhibitors of IRE1, known to inhibit both ERN1 and ERN2, can be the way to answer
whether IRE1a coupled with IRE1p impairs mucin production upon XBP1 ablation.
Moreover, ERN2-targeted knock-down studies followed by MUC2 expression assessment
can be performed in human Goblet-like cell lines, which will be discussed below. Critically,
XBP1 deletion activates the Rnase domain of IRE1a and to a lesser extent Rnase domain
of IRE1B, as indicated by different levels of Xbp1u and Xbp1s in the epithelial cells of
Ern1'8C¢K0 Xpp1'EC-KO and Ern2'ECKO Xpp 1'ECKO mice?®. Therefore, IRE1a-mediated RIDD

could be the main regulator of Muc2 expression in XBP1 deficiency.

While the RIDD activity provides a solid explanation of the mechanism by which Muc2 is
downregulated in the absence of XBP1, it is critical to consider that we found ZG16 is
downregulated in the colons of Xbp1E¢*° mice, showing XBP1-mediated UPR is critical
for the production of other mucus-associated proteins as well(discussed also in section
3.2.3). However, we were unable to check the protein levels of other mucins and mucus-
associated proteins due to a lack of commercially available antibodies. Endonuclease
domains of IRE1a and IRE1p perform RIDD after a certain base sequence of mRNAs
possessing two stem-loop tertiary structures as well as other physical properties, which
potentially contribute to translational stalling’”®176178 |t remains to be elucidated whether
Muc2 and Zg16 (as well as other mucins and mucus-associated mRNAs) can be targets
of RIDD activity upon XBP1 deletion. Importantly, the mucus-associated proteins including
ZG16 are stored in Goblet cell granulae and secreted into the lumen together with
MUC2%02245 |t could be possible that reduced MUC2 production-storage-secretion
culminates in diminished production of ZG16 via a feedback mechanism, indirectly leading

to the decline of mucus-associated proteins in XBP1 deficiency.
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Figure 3-2 The possible mechanisms by which XBP1 deletion in IECs could lead to reduced MUC2

production.

(A) XBP1-deletion-induced activated IRE1a (and/or IRE1B) decaying the Muc2 mRNA by RIDD. (B) Activated
IRE1a (and/or IRE1B), independent of its endonuclease activity and XBP1s, could lead to a reduction in MUC2
production by leading to dysregulated ER such as impaired glycosylation reactions or other posttranslational
modifications. (C) Upon ablation of XBP1, the XBP1s transcription factor could not bind to the promoter of Muc2
and promote its expression. (D) In XBP1 deficient cells, the target genes of XBP1 including chaperones, protein
disulphide isomerase and ER-associated protein degradation (ERAD) proteins could not be expressed. The
absence of these critical proteins could cause an impairment in the MUC2 protein production process and lead to
diminished levels of it.

Another possible mechanism by which XBP1 regulates the expression of MUC2 is the
deficiency of XBP1s per se could reduce the Muc2 expression. XBP1s is a transcription
factor, which might bind the Muc2 promoter and contribute to the expression of Muc2
(Figure 3-2C). To study this, XBP1s-specific chromatin immunoprecipitation followed by
DNA sequencing (ChIP-seq) can be performed on colonic IECs isolated from control and
Xbp1'ECKO mice. If XBP1s is capable of binding the promoter region of Muc2, sequencing
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analysis of immunoprecipitated DNA from control but not XBP1 deficient IECs is expected
to show 5’ regions of Muc2. Of note, the critical promoter regions of Muc?2 that are required
to induce its expression differ between ileal and colonic Goblet cells*??. Therefore, this
disparity should be considered during the analysis of ChlP-seq data. In addition to the
direct role of XBP1s in the regulation of the Muc2 expression, upon activation of IRE1a,
and to a lesser extent ERN2423, spliced XBP1 protein induces transcription of UPR genes,
which are critical for protein synthesis and secretion*?*. Specifically, XBP1s protein
induces the expression of ER resident chaperones, proteins involved in ER-associated
protein degradation (ERAD) and a protein playing a role in disulphide bond formation

(protein disulphide isomerase, PDI)™® As MUC2 containing repetitive domains?*’ is
202

produced in copious amounts®®?, and its structure is maintained by disulphide bonds*?®, it
might be possible that XBP1 deficient Goblet cells might not provide the adequate
amounts of ER-resident chaperones, PDI and ERAD proteins. Healthy functioning ER in
IECs was demonstrated to play an essential role in providing adequate levels of MUC2
and its assembly 68260263 Therefore, target genes of XBP1s might be required to perform
at least one of the routes that MUC2 takes such as protein folding, post-translational
modifications, and secretion (Figure 3-2D). A series of in vitro over-expression studies
could be conducted to test this hypothesis. As it was discussed above, intestinal organoid
culture may not be a feasible approach to perform these. Nevertheless, colorectal cancer
cell lines can be employed in this context such as HT-29 or LS174T cells. Incubating HT-
29 cell lines with methotrexate (MTX) differentiates them into mucin-secreting Goblet-like
cells (HT-29-MTX-E12), capable of establishing tight junctions between each other, and
provides a mucus layer in the culture*?®4?’_ However, it was reported that Muc2 expression
in LS174T cells is higher compared to HT-29 cells*?®42°. Whereas LS174T cells do not
form the mucus layer in contrast to HT-29-MTX-E12 cells, utilization of LS174T cells would
be a better option for a Goblet cell-like model to investigate. After performing the
knockdown of XBP1 in these cells, qRT-PCR analysis for MucZ2 and Alcian Blue-PAS can
be performed. Upon XBP1 deletion, mucus production is expected to be reduced in these
cells as well. To show chaperons, ERAD proteins and PDI are essential for mucin
production, cells can be transfected with the plasmids containing six genes (and different
combinations of them) whose expression is critically induced by XBP1s'®. Then, qRT-
PCR analysis and Alcian blue-PAS staining can be performed on these cells to check
whether MUC2 and mucin production is normalized. Of note, in this experimental set-up,

ERDJ5, one of the XBP1-induced ER chaperone'®, should not be included in the
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overexpression plasmids, as mice lacking ERDJ5 do not have reduced MUC2 production,

even though they have increased sensitivity to DSS-induced colitis*3.

3.2.2.3 The potential contribution of impaired glycosylation reactions to MUC2

reduction

MUCINZ2 is subjected to extensive glycosylation reactions including N- and O-
glycosylations, and the glycosylations on MUC2 are thought to be critical for its structure

and functionality. O-glycosylation of sugar moieties?*’

could alter the net electrical charge
of the proteins**'32, Alcian Blue is a basic dye that stains mucins with carboxyl groups
(acidic) which appear light blue while PAS stains mucins with hydroxyl groups (both acidic
and neutral glycoproteins) appearing as magenta*®. In our study, Goblet cells of Xbp1'E¢
KO mice exhibited reduced dark-blue stained granules while red-magenta-coloured
vacuoles were prominent in XBP1 deficient Goblet cells (Figure 2-21 and 2-22), especially

434)

in the upper parts of colonic crypts (intercryptic Goblet cells*"), implicating XBP1-deletion

could lead to the impaired decoration of MUC2 with acidic moieties. Sialic acid is one of

the most prominent acidic modifications on mucins®’

. We checked the presence of
various glycosylations including sialic acid in the colons by performing lectin-based
staining and found that mice with XBP1 ablation showed diminished levels of
glycosylations without leading to a complete absence of these modifications. Moreover,
RNA-sequencing results did not show altered expression of enzymes involved in these
pathways. Even though our experiments reveal certain glycosylations are not perished by
XBP1 ablation in the colon, we did not conduct the experiments, providing a quantitative
assessment of the glycosylations on mucins. To study this, mucus can be isolated from
Xbp1'ESKO mice and analyzed by mass-spectroscopy?®. It is important to note that the

264 showed differential

recent report studied Xbp1'E¢*C and Ern2’ mice side by side
staining patterns of Alcian Blue-PAS on the colon sections. Specifically, Ern2" mice had
a dramatic reduction in the number of Goblet cell vacuoles positively stained with Alcian
blue-PAS compared to wild-type mice. Meanwhile, their results showed a staining pattern
in Xbp 1'5¢%C mice, similar to our observations (less dark blue staining, prominent magenta
colour). Therefore, XBP1 in Goblet cells might play a role in the glycosylation pathways of
secreted proteins. These further implicate that XBP1 and ERN2 act differentially on Goblet

cell physiology and MUC2 regulation.
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3.2.3 The regulatory role of epithelial XBP1 in other mucins and mucus-
associated proteins

In addition to secreted mucins, there are several mucins anchored on the apical regions
of IECs (MUCIN-13%%3, MUCIN-17%°42%%) and it might be interesting to check whether
protein expression of transmembrane mucins in the colon could be diminished upon IEC-

specific XBP1 deficiency.

Interestingly, our results also showed that colons of Xbp 1'5¢K°

mice had reduced protein
but not mMRNA expression of ZG16. ZG16 plays a critical role in defence against gram-
positive bacteria®®?. ZG16 and MUC2 might have different feedback pathways at
transcriptional as well as translational levels, and this could be a potential explanation for

why we detected a discrepancy in the mRNA expression levels of Zg76 and Muc2.

3.3 Differential effects of epithelial TNFR1 and TNF on necroptosis-

induced colitis

It was previously demonstrated that chemical induction of ER stress in cells leads to
IRE1a-TRAF2-axis-mediated autocrine-TNF production which contributes to ER-stress-
induced cell death**®. In addition, IECs with XBP1 deficiency showed increased NF-xB
activation®?
Xbp 1'ECKO Casp8'ECKO mice. We found that IEC-derived TNF does not play an important

role in colitis in Xbp 1'E¢KC Casp8ECKC mice. Of note, it is not shown whether IEC-specific

, suggesting TNF derived from IECs could contribute to the severe colitis in

8IEC—KO

TNF drives colitis in Casp mice. The generation of mice with combined caspase-8

and TNF ablation in IECs would answer this question. However, it was shown that full-

a0 mice®®. The effect of knocking out TNF

body TNF deletion alleviates colitis in Fad
ubiquitously however could be different than ablating it only in IECs as immune cell-

derived TNF could contribute to colitis as well.

It was reported that roughly one-third of IBD patients receiving anti-TNF are irresponsive
to the therapy, and the alleviating effect of anti-TNF wears off in some IBD patients,
ranging between 23-46%, in the course of the therapy***4%. It was suggested that the
genetic background of the host could contribute to the resistance against anti-TNF
theraphy**’. Therefore, it would be interesting to investigate whether IBD patients with

hypomorphic mutations in XBP1 show resistance against anti-TNF therapy.
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It was previously shown that IEC-specific TNFR1 deletion profoundly suppresses colitis
and completely rescues the epithelial barrier breach in Casp8E¢*° and Fadd'®c° mice®.
Consistent with this, in this study we revealed that epithelial-specific TNFR1 drives severe
colitis in mice lacking XBP1 and Casp8 in IECs. In addition, we showed that epithelial-
specific TNFR1 signalling does not contribute to the impaired mucus layer in XBP1
deficiency, arguing against the role of TNFR1-mediated Goblet cell dysfunction®®'. These
results show that ablation of TNFR1 in IECs alleviates the severity of colitis in mice with
combined XBP1 and caspase-8 deficiency by suppressing epithelial necroptosis without

improving the dysfunctional mucus layer caused by XBP1 deficiency.

Homotrimers of Lymphotoxin-a, a member TNF superfamily, were shown to bind TNFR1
and induce its signalling*®®. Furthermore, another report showed that Lymphotoxin-o. and
TNF can induce TNFR1-dependent necroptosis at a similar level**°. Therefore, it remains
to be addressed whether Lymphotoxin-a produced from IECs could contribute to the
pathology of colitis in Xbp1'E¢KO Casp8'ECHKO TnfECKO mice. This can be achieved in two
different ways. Administration of neutralizing antibodies against Lymphotoxin-a**>*4! into
Xbp 1'ECKO Casp8'ECKO ThfEC-KO mice might be one approach to address this. In addition,
crossing Lta™ mice to Xbp1'E¢C Casp8ECKC TnfECKO mice would be a genetic approach.
However, mice lacking Lymphotoxin-a. have impaired Peyer’s patches as well as lymph
nodes**2, which could potentially interfere with the interpretation of results from this
experimental system. Neutralizing or deleting Lymphotoxin-a leads to another drawback
as both methods target Lymphotoxin-a. derived from immune cells as well***#44, Thus,
even if these methods would show that Lymphotoxin-a plays a critical role in this model,
a blunted immune system by blocking LTA derived from immune cells would raise

\ihil

questions. Generation of Lta™ mice and crossing this mouse line to Xbp1'E¢° Casp8'Ec

KO ThfEC-XO mice would be the best yet challenging solution.

One report demonstrated that L929 cells are capable of undergoing chemically induced
ER-stress-mediated necroptosis**®>. Whereas depleting TNFR1 by siRNA-mediated
knock-down strategy in L929 cells strongly suppressed necroptosis, neither knock-down
of TNF nor Lymphotoxin-a in L929 cells reduced cell death levels, suggesting ER-stress
induces TNFR1-dependent but ligand-independent necroptosis. Whereas brefeldin-A was
utilized to induce ER stress in cells, which is a compound leading to the accumulation of
1446

proteins in ER by preventing them from being transported to Golgi
stress by deleting XBP1, inducing ER-Stress by inhibition of XBP1s-mediated UPR.

, we achieved ER
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Therefore, it is unclear whether their interpretation and hypothesis could be translated into

our study.

3.4 Effect of epithelial-specific XBP1 on ileitis in Casp8'¢*° and

Fadd'C-X° mice

In our study, we did not observe a profound ileitis in mice lacking XBP1 in IECs, in contrast
to the first paper which revealed the critical role of XBP1 in the intestinal inflammation323,
A further study by the same group reported that the extent of ileal pathology in these mice
showed variability when they were raised in different animal facilities, showing the effect
of microbiota on the development of ileal pathology in the XBP1 model'®2. Therefore, the
differential composition of microbiota could explain why Xbp1'€¢%° mice generated in our
animal facility do not develop extensive enteritis. In addition, it has been known that the
same genetic alteration in mice with different genetic backgrounds can result in disparate
phenotypes*7448. Whereas in our study Xbp1'5¢*C mice are C57BL/6N, the first report
defining the role of XBP1 in enteritis and IBD utilized mice with 129;C57BL/6N;balb/c
backgrounds®®. Therefore, the difference in genetic background could also explain why
Xbp 1'E€XO mice generated in our study do not show profound inflammation in the intestine.
Meanwhile, a study showed that mice with IEC-specific XBP1 deficiency have an
increased number of Immunoglobulin A-positive (IgA*) Plasma cells in Lamina propria and

elevated levels of total IgA in ilea**®

. As we assessed intestinal inflammation by performing
blind histopathological scoring and immunostaining for CD45-positive cells, we might have
missed the surge in IgA-positive B-cells in the mucosa. To comprehensively investigate
inflammation depth in the ilea of Xbp1'E¢%° mice, immune cells from lamina propria could

be isolated and analysed by flow cytometry.

Mice lacking caspase-8 or FADD do develop necroptosis-induced ileitis independent of
microbiota®*®3'2_ In our study, we detected spontaneous terminal ileitis with an increased
number of dying IECs and severe Paneth cell loss. Importantly, combined deficiency of
XBP1 and Casp8 or XBP1 and FADD did not lead to more severe ileitis compared to their
respective single knockouts. These results show that XBP1 deletion-induced ER stress
and necroptosis pathways do not interact in the ileum as we discussed our proposed

mechanism above (Section 3.1).
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Immunostaining with antibodies raised against Lysozyme and Pro-cryptdin revealed that
mice lacking XBP1 in IECs have almost no Paneth Cells®?3. Electron microscopy was
employed in the same study, and results showed the presence of a few Paneth cells with
perturbated ER and store granules. In a follow-up study, the same groups generated mice
(C57BL/6N background) lacking XBP1 specifically in Paneth cells (Xbp1""x D6-Cre), and
these mice showed severe structural defects in Paneth cells including the reduction in
number and density of the secretory granules'®. In line with these, immunostaining as
well as RNA expression analysis in our study demonstrated that Paneth cells were
severely affected without complete loss. Importantly, Paneth cell impairment was not
rescued by combined inhibition of extrinsic apoptosis and necroptosis. Furthermore, we
failed to detect increased numbers of IECs positively stained for cleaved caspase-3 and
TUNEL in small intestines of Xbp1'E¢*° mice, Xbp1'E¢KC Casp8'ECKC Ripk3’ and Xbp 1'EC
KO Casp8ECKO MiIkI'- mice. Therefore, it is plausible to suggest that XBP1-deletion causes

structural defects in Paneth cells without inducing cell death.

Xbp1ECXO mice show hyperplasia in the small intestine'62:323419449 |t \was shown that
hyperplastic small intestinal epithelium in Xbp1'¢*° mice is independent of IRE1a and
JNK pathway*'®. Paneth cells play a critical role in the replenishment of intestinal
epithelium by secreting WNT, EGF and NOTCH ligands including WNT11%8, XBP1
ablation leads to increased Wnt11 expression in the ileum, and it was suggested to drive

10 mice*'?. In our study, we provide evidence

epithelial regenerative responses in Xbp
that FADD-caspase-8-mediated apoptosis and RIPK3-MLKL-dependent necroptosis do

not contribute to small intestinal hyperplasia in mice lacking XBP1.

Here we revealed that neither TNF nor TNFR1 in IECs plays a critical role in small
intestinal pathology in mice lacking both XBP1 and caspase-8. These results are
consistent with the previous publication, demonstrating TNFR1 does not contribute to ileal

8IEC—KO

pathology in Casp mice3%".
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4. Concluding Remarks

This study reveals the previously unidentified role of XBP1-mediated UPR in intestinal
epithelium suppressing necroptosis-induced colon inflammation. Genetic susceptibility
including the interaction of multiple genes is thought to be an important contributor to the
predisposition to IBD3?8. Hypomorphic mutations in XBP1 gene®?® are identified in IBD
patients, and the humans deficient in CASP8%® show intestinal inflammation. In the case
of identification of patients harbouring mutations in both XBP1 and CASPS8 (or other
proteins regulating the cell death pathways) genes, our data could be an important to
understand and untangle the intricate cross-talk between UPR and cell death in intestinal
inflammatory diseases. Moreover, the data in this thesis suggest that the defective mucus
layer is the culprit of exacerbated colitis upon XBP1 deficiency. In the translational aspect,
this work can provide pivotal insights into the mucus layer regulating the inflammation in
the intestine as the mucus layer is found to be perturbated in ulcerative colitis patients®’.
Further investigations on how precisely XBP1 deficiency dampens mucin production
would be critical for the development and utilization of new therapies reinforcing mucus

layer in IBD patients.
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5. Materials and Methods

5.1 Materials

5.1.1 Antibodies, chemicals, commercial kits and equipment

The following materials were employed in this study:

REAGENT SOURCE Catalog Number/IDENTIFIER
Antibodies
Anti-CD45 Thermo Fisher Scientific | Cat# 14-0451-82, RRID: AB 467251

Anti-cleaved-Caspase- | Cell Signaling Technology | Cat# 9661, RRID: AB 2341188
3

Anti-Lysozyme Dako Cat# F0372

Anti-Ki67 Abcam Cat# ab15580, RRID: AB 443209
Anti-MUC2 Abcam Cat# ab272692, RRID: AB 2888616
Anti-ZG16 Abcam Cat# ab185483

Anti-IRE1 (pS724) Abcam Cat# ab48187, RRID:AB_873899

Anti-Rabbit-IgG (H+L), | Thermo Fisher Scientific | Cat# B-2770, RRID: AB_ 2536431
Biotin-XX

Anti-Rat IgG (H+L), | Thermo Fisher Scientific
DSB-X Biotin Cat# D-20697, RRID: AB 2536518
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Chemicals, proteins,
Oligonucleotides

Ulex Europaeus
Agglutinin | (UEA 1),
Biotinylated

Vector Laboratories

Cat# B-1065, RRID: AB_ 2336766

Streptavidin, Alexa | Thermo Fisher Scientific | Cat# S11223
Fluor™ 488

ReadyProbes™ In Situ | Thermo Fisher Scientific | Cat# R37620
Hybridization (ISH)

Blocking Solution (5x)

3dGRO® Whnt3a | Sigma-Aldrich Cat# SCM112
Conditioned Media

Supplement

Matrigel® Growth | Corning Cat# 354230
Factor Reduced (GFR)

Basement Membrane

Matrix

DMEM/F-12 with 15| StemCell Cat# 36254
mM HEPES

Y-27632 StemCell Cat# 72304
(Dihydrochloride)

DAPT StemCell Cat# 72082
Trypsin-EDTA (0.05%), | Thermo Fisher Scientific | Cat# 25300054

phenol red
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SuperBlock™ T20 | Thermo Fisher Scientific | Cat# 37536
(TBS) Blocking-Buffer

ProLong™  Diamond | Thermo Fisher Scientific | Cat# P36962
Antifade Mountant with

DAPI

Methanol, 99.9%, Extra | Thermo Fisher Scientific | Cat# 326950010
Dry

Chloroform 99.0-99.4% | AnalaR NORMAPUR ACS | Cat# 22711290
Acetic acid, glacial | Thermo Fisher Scientific | Cat# 36289.AP
99.7+%

EUB338: IDT

5TexRd-

XN/GCTGCCTCCCGT

AGGAGT

Non-EUB338: IDT

5TexRd-

XN/ACTCCTACGGGA

GGCAGC

Hochst 3342 Invitrogen H3570

TaqMan Probes

Muc?2

Thermo Fisher Scientific

Assay ID: Mm01276696_m1

Defars10

Thermo Fisher Scientific

Assay ID: Mm00833275_g1
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Defas

Thermo Fisher Scientific

Assay ID: Mm00651548_g1

Lyz1 Thermo Fisher Scientific | Assay ID: Mm00657323_m1
Zg16 Thermo Fisher Scientific | Assay ID: Mm00459035_m1
Tff3 Thermo Fisher Scientific | Assay ID: Mm00495590 _m1
Ccl2 Thermo Fisher Scientific | Assay ID: Mm00441242_mA1
Cxclt Thermo Fisher Scientific | Assay ID: Mm00445235 m1
I11b Thermo Fisher Scientific | Assay ID: Mm00434228 m1
Atoh1 Thermo Fisher Scientific | Assay ID: Mm00476035_s1
Kif4 Thermo Fisher Scientific | Assay ID: Mm00516104_mA1
Spdef Thermo Fisher Scientific | Assay ID: Mm00600221_mA1
Tbp Thermo Fisher Scientific | Assay ID: Mm00446973_m1

Commercial kits

Streptavidin/Biotin
Blocking Kit

Vector Laboratories

Cat# SP-2002

Lectin Kit I, Biotinylated

Vector Laboratories

Cat# BK-1000
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ABC-HRP Kit,
Peroxidase (Standard)

Vector Laboratories

Cat# PK-6100

DAB Substrate Kit

Abcam

Cat# ab64238

TrueVIEW®
Autofluorescence
Quenching Kit

Vector Laboratories

Cat# SP-8500-15

Alcian Blue PAS Stain | Abcam Cat# ab245876
Kit

TUNEL Assay Kit Abcam Cat# ab206386
IntestiCult™ Organoid | StemCell Cat#06005
Growth Medium

Direct-zol RNA | Zymo research R2050
Miniprep Kit

Equipment

Tissue retriever 2100 | PickCell

Tissue processor Leica TP1020

Rotary Microtome Leica RM2255
Modular tissue | Leica EG1150C

embedding centre
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LSM980 Airyscan 2 Carl Zeiss

Table 5-1. Antibodies, chemicals, commercial kits, and equipment used in this thesis.

5.1.2 Buffers and solutions

Tail Lysis Buffer: Tris-HCI (pH 8.5) [100 mM], EDTA [5 mM], NaCl [200 mM], SDS 0.2%
(W/v)

TE Buffer: Tris-HCI (pH 8) 10 mM, EDTA (pH 8) 1 mM
10X TBS: 200 mM Tris and 1500 mM NacCl, pH 7.6 at room temperature.
TBS-T: 1X TBS supplemented with 0.05% Tween-20

Carnoy'’s fixative: 60% (v/v) Extra Dry Methanol, 30% (v/v) Chloroform, 10% (v/v) Glacial
Acetic Acid

Peroxidase blocking buffer: 0.04 M Sodium Citrate, 0.121 M Na;HPO_, 0.03M NaNs3, 3%
H202

TEX-buffer: 50 mM Tris, 1 mM EDTA, 0.5 % Triton X-100, pH 8.0

FISH hybridization solution: 20 mM Tris-HCI, pH 7.4; 0.9 M NaCl; 0.1% (w/v); Sodium

Dodecylsulfate (SDS) in nuclease-free water
FISH washing buffer: 20 mM Tris-HCI, pH 7.4; 0.9 M NaCl; 0.1% (w/v)

Colonic crypt isolation Buffer: Na;HPO4 [5.6 mM], KH2PO4 [8mM], NaCl [96 mM], KCI [1.6
mM], Sucrose [44 mM], D-sorbitol [54.8 mM], DL-dithiothreitol [0.5 mM], EDTA [5 mM]

5.1.3 Software

Endnote 20.6 was employed to cite the previous studies that provided scientific

information. Microsoft Office programs including Word, Excel and Power Point were
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utilized for writing and arrangement of acquired experimental data. OMERO was used to
prepare histological figures. Prism GraphPad was utilized to construct graphs and perform

statistical analysis.

5.2 Methods

5.2.1 Animal Experiments

All mice lines were kept in pathogen-specific-free (SPF) conditions, which were regularly
screened by the CECAD animal facility, Institute for Genetics, University of Cologne. Mice
were kept 1-5 mice per cage, which were individually ventilated. Depending on the cage
space availability, female mice were pooled in the same cages without any other
parameter. All mice lived at 22-24°C under 12 hours of light and dark conditions with water

and food, ad libitum.

All mice breedings and sacrificing were approved by local federal authorities (Landesamt
fur Natur, Umwelt und Verbrauchschutz, NRW, Germany). All of the performed animal
experiments followed the rules and instructions of European, national and local guidelines.
Except for the animals in need of medical examination, no mice were excluded from the

study.

The generation of the following mice was already described: Casp8"13%7 Fadd™ 4%, Villin-
cre 331, Tnfr1"M 351 Tnf 350 Miki7-343 and Ripk3™'~341. Xbp1m1aEUCOMMWS mice were crossed
to mice carrying FLPe-Deleter*®!, leading to the generation of Xbp1"™ mice without FRT-
flanking cassette. To generate Xbp1'E¢*° mice, Xbp1" mice were crossed to mice

carrying P1 bacteriophage cyclization recombination (Cre) under Villin-133' promoter.

5.2.1.1 Tissue preparation

After the mice were euthanised by cervical dislocation, mice weights were assessed and
opened longitudinally. The intestinal fragments were excised and placed into ice-cold PBS
until the histology was performed. For mucus layer-associated studies, the pieces were

not put into PBS, and the subsequent steps were directly performed.
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2-3 mm pieces of intestine from each mouse were excised before performing histological
analysis. The pieces were directly frozen by liquid nitrogen and kept at -80°C until RNA

extractions were performed.
5.2.1.2 Blood Analysis

After the euthanasia, mice were quickly opened longitudinally. 100 ul peripheral blood was
collected from the left ventricle and directly put into tubes containing EDTA. The collected
peripheral blood was analysed by the Abacus Junior Vet Analyser machine according to

the manufacturer’s guidelines.

5.2.2 Histology
5.2.2.1 Intestinal Swiss roll and histology assessment

The intestinal pieces were cleared from surrounding fat tissues. They were opened
longitudinally, and luminal content was cleaned by PBS. By using needles, the intestines
were Swiss rolled and then rolled pieces were put into histology cassettes to fix in 4%
paraformaldehyde at 4°C for 18-20 hours. The histology cassettes were subjected to
gradually increasing ethanol concentrations (30-50-70-96-100% (v/v)) for 2 hours each,
followed by incubation in xylol for 2 hours. Then, cassettes were put into liquified paraffin,

followed by the embedding procedure.

The sections with 3 ym thickness were hydrated: in Xylol for 20 minutes, in 100-96-75%
(v/v) ethanol gradient for 2 minutes for each, followed by incubation in water for 5 min.
The slides were visualised by Haematoxylin staining for 1 minute, followed by incubation
in tap water for 15-20 minutes. Then, the slides were further stained with Eosin for 1
minute. Then, the sections were dehydrated by increasing the ethanol gradient 75-96-
100% (v/v) for 1 minute for each and 1 minute in Xylol incubation. Then, coverslips were

mounted by utilizing Entellan.

H&E-stained sections were assessed blindly. The assessment was based on four main
parameters: crypt hyperplasia, epithelial injury, IEC death and intestinal inflammation.
Each section was divided into 4 areas. These areas were random and had a score
spectrum between 0 and 4. Thus, for each parameter, one section can get 16 points,

hypothetically. In total, the maximum hypothetical score for a section was 64. Hyperplasia
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was assessed based on the ratio of crypt to villi in the small intestine, and length of the
crypt region in the colon. The severity of the epithelial injury was decided based on the
integrity of the intestinal barrier where the highest damage was ulcer formation. Based on
the amount of dying cells in the crypt region, IEC death was assessed. The severity of
inflammation was based on the amount of the infiltrated immune cells as well as their

localization (mucosa-submucosa-serosa).

5.2.2.2 Immunohistochemistry and Immunofluorescence

3 um thick intestinal sections were rehydrated: Xylol for 20 minutes, in 100-96-75% (v/v)
ethanol gradient for 2 minutes for each, followed by incubation in TBS for 5 minutes
(Section 5.1.2). To block endogenous peroxidase, sections were incubated with 1X
Peroxidase Blocking Buffer (Section 5.1.2) for 10 minutes. After washing with TBS 3 times
for 5 minutes, Antigen retrieval was performed. Depending on different antibodies,
different buffer was employed. (CD45 IHC: Proteinase K in TEX Buffer (Section 5.1.2);
Ki67, ZG16, cleaved caspase-3 IHC: Citrate Buffer (Section 5.1.2); MUC2 IHC: Tris-EDTA
Buffer (Section 5.1.2).). Except for proteinase K-mediated antigen retrieval, antigen
retrieval was performed with the corresponding buffers in the pressure cooker for 20
minutes. The sections were allowed to cool down and washed with TBS-T (Section 5.1.2).
To block endogenous proteins and biotin, sections were incubated with commercial
blocking Buffer supplemented with 0.3% Triton-X and 1:100 diluted avidin from
Avidin/Biotin blocking kit (Vector labs) for 1 hour. After the blocking, the sections were
briefly washed with the TBS-T and incubated with primary antibodies (All antibodies
except MUC2 were diluted 1:1000 in Commercial blocking Buffer (Thermo Scientific); the
dilution of MUC2 was 1:5000) for 16-18 hours at 4°C. Excess primary antibodies were
washed away by TBS-T washing step 3 times for 5 minutes each. Then, the sections were
incubated with secondary antibodies diluted in commercial blocking buffer (Thermo
Scientific) for 1 hour (Secondary antibodies were diluted 1:1000. Secondary antibody for
CD45: Anti-Rat 1gG (H+L), DSB-X Biotin; for other stainings: Anti-Rabbit IgG (H+L), DSB-
X Biotin were used (Table 5-1).). After washing with TBS-T, the sections were incubated
with Avidin-Biotin-HRP complex (Vector Labs) for 1 hour at room temperature. The
sections were washed and visualized by the DAB substrate kit (Abcam). The visualizations
were examined under a microscope and were halted upon the sufficient signal intensity

was reached. To stop the DAB reaction, the sections were washed in tap water. To
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perform the counterstaining, nuclei were stained with Haematoxylin for 5-30 seconds.
After 15 minutes of water incubation, the sections were dehydrated and mounted with

Entellan.

To detect bacterial translocation into the sublayers of colon, the sections with 3 ym
thickness were employed. After the rehydration, the sections were incubated with 0.5 ng
EUB338 or non-specific probes (Table 5-1), dissolved in FISH hybridization solution
(Section 5.1.2) at 50°C for 3 hours. After washing with FISH washing solution, the sections
were quenched for the non-specific signal by using commercial kit TrueVIEW®
Autofluorescence Quenching Kit (Vector Labs), (Table 5-1). After washing with TBS, the
nuclei staining was enhanced by using Hochst 3342 (Invitrogen, H3570) in TBS. Then,
the sections were mounted with ProLong™ Diamond Antifade Mountant (Invitrogen).

Representative images were taken using LSM980 Airyscan 2 (Carl Zeiss).

5.2.2.3 Mucus Layer staining and FISH

The most distal colon pieces containing faecal material were carefully excised from the
rest of the colon and directly fixed in Carnoy’s fixative (Section 5.1.2). After 1 week of
fixation at 4°C, the pieces were put into the histology cassettes and washed with dry
methanol (Table 5-1) 2 times for 30 minutes each. Then, tissues were incubated in
absolute ethanol two times for 20 minutes each. Tissues were cleared by xylene
incubation two times for 15 minutes each. After tissues were exposed to paraffin for 15
minutes, they were embedded. The sections were cut for 5 ym thickness. Alcian Blue-
PAS, lectin stainings and FISH. Note that Alcian Blue-PAS staining was also performed

on the 3 um thick sections with the exact protocol described below.

The sections were rehydrated as described above. To perform Alcian Blue-PAS staining,
the commercially available kit was employed (Table 5-1). The sections were incubated
with 3% Acetic acid for 2 minutes. Excess Acetic Acid was removed, and sections were
incubated with Alcian Blue for 3-5 minutes. The sections were washed with tap water 2
times for 5 minutes and incubated with Periodic acid for 5 minutes. After washing with tap
water, Schiff's solution was applied on the sections for 2-5 minutes. To get rid of excess
staining, the sections were washed under the running tap water, followed by Haematoxylin
staining for 5-30 seconds. Sections were dehydrated and mounted with Entellan as

described above.
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To perform FISH, the sections were deparaffinized by pre-warmed Xylene (60°C) for 10
minutes. The slides were incubated in absolute ethanol for 5 min. The sections were
incubated with either 0.5 ug EUB338 or non-specific probes (Table 5-1) prepared in FISH
hybridization solution (Section 5.1.2) at 50°C for 3 hours. After hybridization, the excess
oligomers were washed with FISH washing solution (Section 5.1.2) at 50°C for 5 minutes.
Then, the sections were incubated with Biotinylated Ulex europaeus agglutinin | (UEA-I)
(Vector Labs) (1:1000 dilution in TBS (Section 5.1.2) at room temperature for 1 hour. The
excess UEA-lI was washed with TBS, followed by the secondary antibody incubation,
Streptavidin-Alexa Fluor™ 488 conjugate (Invitrogen) at room temperature for 1 hour. The
sections were washed and mounted with ProLong™ Diamond Antifade Mountant
(Invitrogen). The mouting step was at room temperature in the dark for 16-18 hours.
Analysis and representative picture acquisition were performed by utilization of LSM980

Airyscan 2 (Carl Zeiss).

5.2.3 Molecular Biology
5.2.3.1 Isolation of Genomic DNA and genotyping PCR

Tail biopsies from 2-3 weeks old mice were first lysed in 100-200pl lysis buffer (Section
5.1.2) supplemented with proteinase K at 54°C (10mg/ml for 16 hours or 50mg/ml for 1-2
hours.). To precipitate the genomic DNA, 100-200ul of isopropanol was added, and
samples were centrifuged at the highest speed for 1 minutes. Supernatants were carefully
discarded, and pellets were washed with 70% ethanol (v/v), followed by the highest speed
for 1 minutes. After ethanol was discarded, pellets were incubated at room temperate until

they were dry. Genomic DNAs were suspended in TE buffer (Section 5.1.2).

Each PCR is composed of 12.5ul Master Mix (VWR), 2ul (3uM) of primer mix (Table 5-2),
10ul of molecular grade water. The PCRs were performed depending on the conditions of
each primer sets (Table 5-2). After PCRs were complete, the products were resolved in
agarose gels. Agarose gels were made by adding 2% agarose (w/v) in 1X TAE buffer
(section 5.1.2) and boiling them. To visualize DNAs, 0.5mg/ml Ethidium bromide was
added before pouring gels. Gels were run for 1-2 hours at 120-140 mV.
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PCR

Primer Sequences (5’-3’)

Expected Band
sizes

Villin Cre P1: ACAGGCACTAAGGGAGCCAATG Transgenic: 350
base pairs
P2: ATTGCAGGTCAGAAAGAGGTCACAG
WT: 900 base
P3: GTTCTTGCGAACCTCATCACTC pairs
Xbp1 P1: CGGATATCGCTCTAGCAAGG FIx: 950 base pairs
P2: TACAGAGGGTGGGAGGATTG WT: 740 base
pairs
Deletion: 316 base
pairs
Casp8 P1: TCCTGTACCATATCTGCCTGAACGCT FIx: 656 base pairs
P2: ATAATTCCCCCAAATCCTCGCATC WT: 750 base
pairs
Deletion: 200 base
pairs
Fadd P1: CACCGTTGCTCTTTGTCTAC Fix: 206 base pairs
P2: GTAATCTCTGTAGGGAGCCCT WT: 280 base
P3: AAGGCATCAGCAAGAGCAGT pairs
Deletion: 380 base
pairs
Ripk3 P1: CGCTTTAGAAGCCTTCAGGTTGAC WT: 485 base
P2: GCCTGCCCATCAGCAACTC pairs
P3: CCAGAGGCCACTTGTGTAGCG Deletion: 320 base
pairs
Miki P1:. CATCAAGTTAGGCCAGCTCA WT: 204 Dbase
P2: TCTGCTGGTTAGCCTCCTTC pairs
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Deletion: 173 base
pairs

Tnfr1 P1: CAAGTGCTTGGGGTTCAGGG FiIx: 195 base pairs

P2: CGTCCTGGAGAAAGGGAAAG WT: 134 base

pairs
Tnf P1: TGAGTCTGTCTTAACTAACC Fix: 400 base pairs
P2: GAAATCTTACCTACGACGTG WT: 350 base

pairs

P3: CTCTTAAGACCCACTTGCTC
Deletion: 450 base
pairs

Table 5-2 Genotyping PCR primers and the expected band sizes of the genotyping
PCRs.

The following PCR programs were used:

Villin Cre: Initiation 94°C for 3 minutes; denaturing 94°C for 60 seconds; annealing 67°C
for 60 seconds; elongation 72°C for 60 seconds for 35 cycles. Final elongation at 72°C for

5 minutes.

Xbp1: Initiation 95°C for 10 minutes; denaturing 94°C for 30 seconds; annealing 60°C for
30 seconds; elongation 72°C for 40 seconds for 40 cycles. Final elongation at 72°C for 5

minutes.

Casp8: Initiation 95°C for 3 minutes; denaturing 94°C for 30 seconds; annealing 62°C for
30 seconds; elongation 72°C for 30 seconds for 30 cycles. Final elongation at 72°C for 5

minutes.

Fadd: Initiation 94°C for 3 minutes; denaturing 94°C for 30 seconds; annealing 60°C for
45 seconds; elongation 72°C for 30 seconds for 35 cycles. Final elongation at 72°C for 3

minutes.
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Ripk3: Initiation 94°C for 4 minutes; denaturing 94°C for 60 seconds; annealing 60°C for
30 seconds; elongation 72°C for 60 seconds for 30 cycles. Final elongation at 72°C for 10

minutes.

MIKI: Initiation 94°C for 3 minutes; denaturing 94°C for 30 seconds; annealing 58°C for 30
seconds; elongation 72°C for 60 seconds for 35 cycles. Final elongation at 72°C for 3

minutes.

Tnfr1: Initiation 94°C for 3 minutes; denaturing 94°C for 30 seconds; annealing 60°C for
60 seconds; elongation 72°C for 60 seconds for 29 cycles. Final elongation at 72°C for 5

minutes.

Tnf: Initiation 94°C for 3 minutes; denaturing 94°C for 30 seconds; annealing 60°C for 45
seconds; elongation 72°C for 45 seconds for 35 cycles. Final elongation at 72°C for 5

minutes.

5.2.3.2 mRNA expression experiments

5.2.3.2.1 RNA isolation, cDNA synthesis and gene expression analysis by
quantitative RT-PCR

Pieces from small intestine or colon were snap frozen in liquid nitrogen and stored at -
80°C until they were used. Tissues were first homogenized by employing Precellys24
system. After samples were lysed in RNAzol® RT (Sigma-Aldrich, R4533), RNAs were
purified with Direct-zol RNA Miniprep Kit (Zymo research, R2050) according to
manufacturer’s guidelines. cDNAs were synthesized from 1 ug of template RNA in 20yl

volume of reaction by using LunaScript® RT SuperMix Kit (New England Biolabs, E3010).

After cDONAs were diluted 4 times with Nuclease free water, quantitative RT-PCR were
done by using TagMan probes and Luna Universal Probe gPCR Master Mix (New England
Biolabs, M3004X) in a QuantStudio 5 Real-Time PCR System (ABI). Each reaction

composed of 8

TagMan probes in this study were purchased from Thermo Fisher Scientific: Muc2
(Mm01276696_m1), Defars10 (Mm00833275 g1), Defa5 (Mm00651548 g1), Lyz1
(Mm00657323_m1), Zg16 (MmO00459035 m1), Tff3 (MmO00495590 _m1), Ccl2
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(Mm00441242_m1), Cxcll  (Mm00445235 m1), I1b (Mm00434228 m1), Tbp
(Mm00446973_m1).

5.2.3.2.2 3’'mRNA sequencing

After total RNA was extracted as described above, 2ug total RNAs that met the following
parameters were used for 3’mRNA sequencing: OD260/280 = 1.8-2.1, OD260/230 > 1.5
and RIN > 7.

As Ulrike Gobel performed the rest of the procedure, it was described by Ulrike Gobel:

“The library preparation was performed using the QuantSeq 3' mRNA-Seq Library Prep Kit
FWD for lllumina (Lexogen). Single-end RNA-seq reads were produced by the Lexogen
QuantSeq FWD protocol and sequenced on a NovaSeq 6000 instrument. Reads of the same
sample sequenced on different lanes of the instrument were merged without correction for a
batch effect. The lllumina TruSeq adapter and poly-A runs of length * 18 were removed from
the sequenced reads using cutadapt version 3.2. Reads were aligned against Mus_musculus
GRCm38 (Ensembl v100) plus the ERCC92 spike-in sequences. The subread suite of
programs “*2 version 2.0.1 was used to produce a table of read counts per gene, with Ensembl
Mus_musculus.GRCm38.100.gtf as the genome annotation. Parameters for subread-align
were -t 0 --multiMapping -B 5 —sortReadsByCoordinates. Parameters for featureCounts were
-F "GTF" -t "exon" -g "gene_id" --minOverlap 20 -M --primary -O --fraction -J -Q 30. Differential
gene expression and Gene Ontology over-representation analyses were performed within the
R programming environment version 4.0.0, using packages of the Bioconductor system 45
version 3.11. The initial set of 55579 genes was reduced to 15458 genes by the filter function
of the Bioconductor package edgeR “** version 3.30.3, with default parameters. DESeq2 *°°
version 1.28.1 was subsequently run on the filtered count table. The raw log2 fold changes
from this analysis were “shrunken” using the apeglm method “*® provided with the DESeq2
package. (Shrinkage pushes the log2 fold changes of highly variable genes towards zero.)
Normalized read counts were generated by DESeq2’s “counts” function with the parameter
“‘normalized=TRUE”. This function divides the raw counts by sample-specific size factors,
thereby correcting for sample-specific library sizes. Variance stabilized counts on the log scale
for use in heatmaps were generated by the “rlog” function of DESeq2 with parameter
blind=FALSE. For Gene Ontology over-representation analysis (ORA), genes with a DESeq2
adjusted p-value < 0.05 and an absolute value of the shrunken log2 fold change > log2(1.5)
were selected and divided into an up-regulated and a down-regulated set. Both sets were
separately used to query the Biological Process, Molecular Function, and Cellular Component

sections of the Gene Ontology database, as provided by the Bioconductor annotation package
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org.Mm.eg.db version 3.12.0 The enrichGO function of the clusterProfiler **” version 3.16.1,
which is provided with Bioconductor, was used for the queries. All visualizations (heatmaps,
volcano plots and Gene Ontology concept networks (“emapplots”)) were prepared in R-4.1.0,
using Bioconductor version 3.14, for reasons of better graphics quality. Heatmaps of z-score-
normalized rlog values were drawn using the Bioconductor package ComplexHeatmap %
version 2.10.0. All heatmaps were restricted to genes with a DESeq2 adjusted p-value < 0.05
and an absolute value of the shrunken log2 fold change > log2(1.5) in the contrast Xbp1'€¢°
Casp8'E*° versus control. Note that rlog values were computed on the full matrix, before
extracting the sub-matrix containing the genes of interest. ORA results were visualized as
concept networks (“emapplots”), using the enrichplot package version 1.14.1, which is part of

clusterProfiler.”

5.2.3.3 XBP1 splicing Assay

After total RNAs were extracted and cDNA synthesis was performed from colon organoids,
1ul of undiluted cDNA was used for the reaction. Each PCR is composed of 12.5ul Master
Mix (VWR), 2ul (3uM) of XBP1 splicing primer mix: (Primer 1:
ACACGCTTGGGAATGGACAC; Primer 2: CCATGGGAAGATGTTCTGGG; 5’ to 3’), 10l
of molecular grade water. Then, the following PCR program was used: Initiation 94°C for
2 minutes; denaturing 94°C for 30 seconds; annealing 60°C for 30 seconds; elongation
72°C for 30 seconds. The cycle was done for 35 times, followed by final elongation at
72°C for 2 minutes. PCR products were resolved on 2% (v/w) agarose gel. Expected band

sizes were: XBP1 unspliced: 171 base pairs, XBP1 spliced:145 base pairs.
5.2.4 Cell Culture
5.2.4.1 Isolation of Colonic Crypts and Colon organoid culture

Mice were sacrificed, and their colon tissues were harvested carefully. The colon tissues
were opened longitudinally, and the luminal content was cleaned in ice-cold dPBS two
times. Then, samples were cut into small pieces (2-5 mm), which were collected in ice-
cold dPBS in 50 ml tubes. The rest of the steps were performed in cell culture. Colon
pieces were allowed to settle down and the dPBS as supernatants were disposed by
serological pipets. Then, fresh 10ml ice-cold dPBS was put into the tubes containing

pieces. Pieces were washed gently by performing ‘up-down’ with serological pipets 5
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times. After the pieces settled down, supernatant dPBS were discarded. This step was
performed 15-20 times depending on the samples until the supernatant looked clear. To
isolate crypts, colon pieces were put into 20 ml of ice-cold colonic isolation buffer (Section
5.1.2) and incubated on a rocker at 4°C for 1 hour. After the incubation, the colon pieces
were allowed to settle down, and the supernatants were discarded. Pieces were
suspended in 10 ml ice-cold dBPS containing 10% FCS. After the colon pieces in solution
were pipetted up and down 3-4 times with a serological pipet, the pieces were allowed to
settle down and supernatants were collected and filtered by 70uM filter into 50ml falcon.
This first collection was labelled as ‘Fraction-1" and put on ice. Then, the colon pieces
were suspended in 10ml of dBPS with 10% FCS again, and the whole step was repeated
3-5 times, depending on the amount of the crypts recovered (visually assessed by the
cloudiness of the solution). The collected fractions were centrifuged at 150 x g for 5
minutes at 4°C. Supernatants were discarded and resuspended in 5 ml DMEM/F-12 with
15 mM HEPES. From each fraction, 1 ml was put into 6-well plates and assessed under
the microscope. The fractions of the same mouse containing less than 50 crypts were
pooled. Then the fractions were transferred into 15 ml falcons and centrifuged at 100 x g
for 5 minutes at 4°C. After centrifugation, the isolated crypts were resuspended in room
temperature IntestiCult™ Organoid Growth Medium (StemCell) which was supplemented
with Wnt3a conditioned medium (Sigma-Aldrich) (For each 10 ml of IntestiCult™ Organoid
Growth Medium, 2.4 ml Wnt3a conditioned medium was added). Then, crypts were mixed
with ice-cold Matrigel (Corning) at a 1:1.5 ratio and directly seeded on 48 well or 6-well
plates (Each drop consisted of 20ul of crypt. Each well from 48-well had one drop, while
6-well had 10-12 drops). Then, to form domes and prevent crypts from sedimenting to the
bottom of the plates, the plates were inverted and incubated within the sterile hood for 2-
5 minutes. After the incubation, the plates were incubated inside the incubators for 30
minutes at 37°C. For 48-well 250l for 6-well plate 20ml of IntestiCult™ Organoid Growth
Medium was put. To prevent anoikis, the media were supplemented with 10uM Y-27632-
Dihydrochloride (StemCell) for the first and second days of incubation after the isolation.
Every two to three days, the media was replenished without Y-27632. Depending on the
colonoids conditions (7-11 days), passaging was performed. Briefly, the media was
discarded and 1 ml of ice-cold DMEM/F-12 with 15 mM HEPES (2 ml for the 6-well plate)
was put on the top of the domes. Then, plates were put on the ice and incubated for 5-10
minutes. Then, the domes were scraped from plates by micropipette while performing up-
down for DMEM. Organoids were collected in 15 ml tubes and centrifuged at 100 x g for

5 min. The supernatants were discarded carefully, and the pellets were resuspended in 2
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ml of Trypsin-EDTA (0.05%), phenol red (Thermo Fisher Scientific). The tubes were
incubated at 37°C for 10 minutes. After the incubation, suspensions were mixed
thoroughly with a micropipette. To the stop dissociation reaction by Trypsin-EDTA, 5 ml of
ice-cold dBPS containing 10% FCS was added. The tubes were centrifuged at 100 x g for
5 min at 4°C. The supernatants were discarded, and the pellets were dissolved in
IntestiCult™ Organoid Growth Medium. The rest of the procedure was similar to that

described above.

5.2.4.2 Differentiation of Colon Organoids into Goblet cells and RNA isolation

To perform the differentiation of colon organoids into Goblet cells, the organoid culture
was expanded. Therefore, the following procedure was performed in colonoids after the
second or third passages. After 24 hours of passaging, the media of colonoids were
replaced by media containing DMSO (1:1000) or DAPT (10uM) or G03089668 (10uM,
Genentech, this compound was only used for XBP1 splicing assay in this thesis.). Every
2-3 days, the media was replenished. On the 6" day of differentiation, the media were
discarded, and domes were lysed directly by putting RNAzol® RT (Sigma-Aldrich, 250ul
for the 48-well plate, 500ul for the 6-well plate.). The plates were incubated at -80°C until
the rest of the procedure was performed. To carry on with the RNA isolation, plates were
incubated at room temperature until they were completely liquefied. The solutions were
put into 1.5 ml tubes, and proteins were separated by adding molecular-grade water
(200ul per 1 ml of RNAzol® RT), followed by centrifugation at 12,000 x g for 15 minutes.
The supernatants containing total RNAs were collected, and the rest of the procedure was

performed as it was described in total RNA isolation (Section 5.2.3.2.1).
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