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Zusammenfassung

Die Einleitung von Zelltod kann ein wichtiger Bestandteil einer Immunreaktion gegen
infizierte oder anderweitig beschadigte Zellen sein. FADD ist ein Adapterprotein,
welches verschiedene der Immunreaktion zugehdrige Signalwege mit der Einleitung
von apoptotischem Zelltod verbindet. FADD abhéangige Signalwege wurden
hauptsachlich in Immunzellen studiert, wahrend die in vivo Rolle von FADD in
epithelialem Gewebe, welches sich an der Grenze zu einer grof3en Anzahl von
Stressfaktoren von auf3erhalb des Organismus befindet, weitestgehend unbekannt
ist. Das einzellschichtige intestinale Epithel bildet eine Barriere, die die Bakterien im
Darmlumen von den Immunzellen in der Darmschleimhaut des Darmtraktes trennt.
Die Integritéat dieser Barriere ist von essentieller Bedeutung fir die intestinale
Homoostase, was die Regulierung des Zelltods von intestinalen Epithelzellen (IEZ)

zu einer wichtigen Angelegenheit macht.

In dieser Doktorarbeit wurde die Rolle von FADD im intestinalen Epithel untersucht.
Wir konnten zeigen, dass FADD essentiell fur die intestinale Homoostase ist, indem
RIP3 abhéngige Nekrose in IEZ verhindert wird. Mause, denen FADD speziell in den
IEZ fehlt (FADD'E“¥® Mause), entwickelten spontan eine schwere Kolitis sowie eine
Dinndarmentziindung. Die Nekrose von IEZ im Dickdarm von FADD'®*® Mausen
wurde unterbunden durch die Deletion von RIP3 oder durch die Expression von
mutiertem CYLD, welchem die Deubiquitinierungsaktivitéat fehlt. Wie im Dickdarm, so
war auch die Nekrose von IEZ im Dunndarm abhangig von RIP3. Wie auch immer,
die Deubiquitinierungsaktivitat von CYLD war nicht notwendig fur das Auftreten von
Nekrose in den IEZ im Dunndarm, was impliziert, dass verschiedene Signalwege die
Nekrose in den IEZ des Dickdarms und des Dinndarms vermitteln. Die Entwicklung
der Kolitis war abhangig von der Expression von TNF und MyD88 vermittelten
Signalen, die durch die Darmbakterien induziert wurden. Entgegengesetzt dazu war
die Entwicklung der Entziindung im Diinndarm der FADD'®*® Mause unabhangig
von TNF, den Darmbakterien und MyD88 abhéngigen Signalen. Folglich sind
verschiedene Mechanismen verantwortlich fur die Entwicklung der Entziindung des

Dickdarms und des Diinndarms von FADD'®4%° Mausen.

Die in dieser Doktorarbeit gezeigten Ergebnisse demonstrieren, dass FADD nicht nur
ein potentieller Mediator von apoptotischem Zelltod im intestinalen Epithel ist,
sondern dass es auch essentiell fir das Uberleben der IEZ unter homoostatischen

Bedingungen ist, indem RIP3 abhangige Nekrose verhindert wird.



Abstract

The initiation of cell death can be an integral part of the immune response to infected
or otherwise damaged cells. FADD is an adaptor protein connecting various immune
response related signalling pathways to the induction of apoptotic cell death. FADD
dependent signalling has mainly been studied in immune cells, while the in vivo role
of FADD in epithelial tissues, which are at the border to various stress factors from
outside the organism, is largely unknown. The intestinal epithelium is a single cell
layer that forms a barrier, separating the luminal microbiota from the mucosal
immune cells in the gastro-intestinal tract. The integrity of this barrier is essential for
intestinal homeostasis, making the regulation of intestinal epithelial cell (IEC) death in

response to infections or other stress-factors an important issue.

In this thesis, the role of FADD in the intestinal epithelium was studied. We found that
FADD is essential for intestinal homeostasis by preventing excessive RIP3
dependent IEC necrosis. Mice lacking FADD specifically in the intestinal epithelium
(FADD'®“™© mice) developed severe spontaneous colitis and enteritis. IEC necrosis
in the colon of FADD'®“*® mice was abrogated by deletion of RIP3 or by the
expression of a CYLD mutant lacking the deubiquitinase activity. Like in the colon,
necrosis of FADD deficient IECs in the small intestinal epithelium was also
depending on RIP3. However, the deubiquitinating activity of CYLD was not required
for small intestinal IEC necrosis to occur, suggesting different pathways to mediate

IEC necrosis in the colon and small intestine of FADD'=“"®

mice. Development of
colitis was partially depending on the expression of TNF and MyD88 mediated
signalling induced by the microbiota. On the contrary, enteritis development in
FADD'E“*® mice was independent of TNF, the commensal bacteria and MyD88
dependent signalling. Thus, different mechanisms are responsible for the

development of inflammation in the colon and small intestine of FADD'5*° mice.

The results presented in this thesis demonstrate that FADD is not only a potential
mediator of apoptotic cell death in the intestinal epithelium, but it is also essential for
IEC survival under homeostatic conditions by preventing RIP3 dependent IEC

necrosis.
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Introduction

1.Introduction

1.1. Regulated cell death

Regulated cell death (RCD) in multicellular organisms occurs on the one hand during
development and in the maintenance of tissue homeostasis and on the other hand as
a mechanism for the removal of stressed, damaged or infected cells as well as in the
termination of immune responses by inducing death of activated immune cells. While
RCD involved in developmental processes or in the regulation of turnover procedures
and tissue homeostasis, also commonly described as programmed cell death (PCD),
evolved in multicellular organisms, early stress induced RCD-like mechanisms

evolved already in unicellular organisms like bacteria (Ameisen, 2004).

Three main forms of cell death have been described and categorized, mainly
according to morphological criterias: cell death type | or apoptotic cell death, cell
death type Il or autophagic cell death and cell death type Ill or necrotic cell death,
which was for a long time being regarded as a solely non-regulated accidental form
of cell death. Recently, the Nomenclature Committee on cell death (NCCD) proposed
to use new definitions based on molecular features of the different RCD pathways
(Galluzzi et al., 2011), which will be referred to in this work. According to the NCCD,
regulated cell death is defined as a process initiated and executed by a “dedicated
molecular machinery and can therefore be inhibited by pharmacological and/or

genetic interventions”.

1.2. Immunity and cell death
In response to an infection the immune system reacts by activating pathways that
promote cell survival as well as pathways that promote cell death. The primary
response is focussed on the defence against the infection by activation of
proinflammatory pathways, the recruitment of immune cells and production of
antimicrobial factors. If the infection cannot be cleared, cell death can be induced to
remove the infected cells (Lamkanfi and Dixit, 2010). Such cell death can be
triggered extrinsically by certain cytokines, the death receptor ligands (DRLS), or as a
cell autonomous response induced by pattern recognition receptors (PRRs). Fas
(TNFRSF6)-associated via death domain (FADD) is a signal transducer involved in
both, extrinsically induced cell death and PRR triggered cell death. Therefore, FADD
9



Introduction
is an important mediator of cell death triggered by the immune response (Locksley et
al., 2001; Wilson et al., 2009).

1.2.1. FADD

FADD was discovered in 1995 by two groups (Boldin et al., 1995; Chinnaiyan et al.,
1995). The FADD protein contains two known domains: a Death Domain (DD), and a
Death Effector Domain (DED). The DD of FADD is necessary for binding to other DD
containing proteins, like the death receptors, receptor (TNFRSF)-interacting serine-
threonine kinase 1 (RIP1) or TNFRSF1A-associated via death domain (TRADD). The
DED is also involved in protein-protein interactions, for example in the recruitment of
procaspase 8 or in humans additionally procaspase 10 (Boldin et al., 1995;
Chaudhary et al., 1997; Chinnaiyan et al., 1995; Hsu et al., 1996; Muzio et al., 1996;
Schneider et al., 1997). By recruiting procaspase 8, FADD serves as a signalling
transducer which can connect various upstream signalling pathways to the induction
of cell death. Subsequent cleavage of the catalytically inactive procaspase 8 leads to
the active isoform of the cysteine aspartate specific protease Caspase 8, which can
induce apoptosis by activating downstream molecules involved in the execution of
cell death. Cell death pathways depending on FADD as well as those being regulated
by FADD are described in the following chapters.

Beside of its role as a signal transducer towards cell death as part of the immune
response, FADD has also been associated with other signalling pathways. FADD
deficient T cells die upon mitogenic activation, which led to the speculation that
FADD has a role in T cell proliferation and cell cycle progression (Newton et al.,
1998; Zhang et al., 2001). In addition, mitogen activated FADD deficient T cells have
a hyperautophagic appearance and FADD has been found to interact with an
autophagy-related 5 - autophagy-related 12 (Atg5-Atgl2) complex (Bell et al., 2008),
implicating FADD in the autophagic machinery. FADD has also been suggested to
interact with Atg5 in interferon-y stimulated HelLa cells (Pyo et al.,, 2005), further
promoting a potential role of FADD in autophagy.

An involvement of FADD in IL-18 induced signalling by binding to interleukin-1
receptor-associated kinase 1 (IRAK1) and myeloid differentiation primary response

gene 88 (MyD88) has been reported. This interaction was proposed to lead to the

10



Introduction
inhibition of further downstream signalling to NF-kB and expression of inflammatory

cytokines (Bannerman et al., 2002; Zhande et al., 2007).

FADD is not only located in the cytoplasm, but also in the nucleus (Gomez-Angelats
and Cidlowski, 2003). One potential nuclear role of FADD is the interaction with the
DNA mismatch repair machinery. FADD has been shown to interact with DNA
mismatch repair enzyme methyl-CpG binding domain protein 4 (MBD4) (Screaton et
al., 2003). The function of this interaction between FADD and MBD4 has not been
resolved yet, but DNA damage induced MBD4 dependent signalling can lead to
apoptosis, potentially involving FADD.

Additionally, FADD has been found in microvesicles after adenosine receptor
controlled secretion (Tourneur et al., 2008). However, the potential function of this

process has not been identified yet.

FADD deficiency in mice leads to embryonic lethality at embryonic day 11.5,
suggesting FADD dependent signalling to be important for development (Yeh et al.,
1998; Zhang et al., 1998). FADD deficient mice exhibit cardiac failure and abdominal
haemorrhage, implicating a role for FADD in those tissues. However, cell type

specific roles of FADD have not been studied into great detail yet.

Although loss of FADD expression has been linked to tumourigenesis in certain
cases (Tourneur et al., 2004; Tourneur et al., 2003), surprisingly little is known about
the potential involvement of FADD in human diseases. Mutations resulting in
decreased FADD protein levels were found to be linked to the autoimmune
lymphoproliferative syndrome (ALPS), hepatopathy, encephalopathy, and cardiac
malformations (Bolze et al., 2010). FADD mutations have only rarely been found in
colon or stomach cancers (Soung et al., 2004). Overexpression of FADD has been
reported to be involved in certain cancers (Gibcus et al., 2007), and the
phosphorylation status of FADD has been linked to prostate cancer (Matsumura et
al., 2009; Shimada et al., 2005). However, up to now, despite its important role in
cellular signalling, direct linkages between FADD and human diseases seem to be

rare.

11



Introduction
1.2.2. Immunity and extrinsically induced apoptosis

Apoptotic cell death can be induced extrinsically during an immune response by the
DRLs, which are cytokines of the tumour necrosis factor (TNF) ligand superfamily.
DRLs can be expressed by different types of immune- and non-immune cells and are
either secreted or presented at the surface of these cells. The DRLs act through their
cognate receptor of the TNF receptor (TNFR) superfamily. These receptors, the
death receptors (DRs), all contain a DD in their cytoplasmic part. DRLs binding to the
extracellular domain of DRs induce formation of a receptor-bound complex via the
intracellular DD, by recruiting certain DD containing signal transducers. Apoptosis
triggered by DRLs and their cognate DR is defined as “extrinsic apoptosis” (Galluzzi
et al., 2011). Beside of being able to induce death, DRs can trigger as diverse
functions as the expression of proinflammatory cytokines or prosurvival factors as

well as proliferative signals (Wilson et al., 2009).

DRL/DR signalling modules known to be able to induce extrinsic apoptosis are
tumour necrosis factor (TNF) and Lymphotoxin a (LTa) binding to Tnfrsf1a (tumour
necrosis factor receptor superfamily, member l1a) (TNFR1), FAS Ligand (TNF
superfamily, member 6) (FASL) binding to FAS (TNF receptor superfamily member 6)
as well as TNFSF10 (tumour necrosis factor (ligand) superfamily, member 10)
(TRAIL) binding to TNFRSF10A (tumour necrosis factor receptor superfamily,
member 10a) (TRAILR1) or TNFRSF10B (tumour necrosis factor receptor
superfamily, member 10b) (TRAILR2) (Schutze et al., 2008). The DRL/DR signalling
pathways are highly conserved between humans and mice, beside of the mouse
TRAILR, which is a single ortholog of the human TRAILR1 and TRAILR2.

1.2.2.1. TNF-induced extrinsic apoptosis

Upon activation by TNF or LTa, trimeric TNFR1 recruits the signalling adaptor
TRADD via its DD. TRADD serves as a signalling scaffold for the assembly of the
receptor bound complex | (Ermolaeva et al., 2008), which further contains RIP1, TNF
receptor-associated factor 2 (TRAF2) or TNF receptor-associated factor 5 (TRAF5)
(Tada et al., 2001) and the ubiquitin ligases clAP1 and clAP2 (Shu et al., 1996). The
receptor bound complex can activate signalling to nuclear factor kappa B (NF-kB)
through the IkB kinase (IKK) complex, to p38 mitogen-activated protein kinases
(MAPK) and to c-Jun N-terminal kinase (JNK). Different forms of ubiquitination on

several proteins within this receptor-bound complex | are important for the
12



Introduction
transduction of the signal (Walczak, 2011). Recently it has been shown, that clAP
dependent recruitment of the linear ubiquitin chain assembly complex (LUBAC),
consisting of SHANK-associated RH domain interacting protein (SHARPIN) and
heme-oxidized IRP2 ubiquitin ligase 1 homolog (HOIL-1) as well as HOIL-1-
interacting protein (HOIP), is essential for TNF mediated activation of NF-kB and JNK.
LUBAC catalyses linear ubiquitin onto RIP1 and NF-kappa-B essential modulator
(NEMO), an essential component of the IKK complex, which ultimately mediates NF-
KB activation. Linear ubiquitination of these proteins stabilises the receptor bound
complex and promotes NF-kB- and JNK activation. (Gerlach et al., 2011; Haas et al.,
2009; lkeda et al., 2011; Tokunaga et al., 2011; Tokunaga et al., 2009).

Activation of TNFR1 signalling can also lead to the formation of two secondary
cytoplasmic complexes after TNFR1 internalisation, complex lla and Ilb (Micheau
and Tschopp, 2003). Contrary to the outcome of complex | signalling, which is mainly
cell survival, the formation of these cytosolic complexes can lead to cell death.
Dissociation of TRAF2 and RIP1 from TRADD allows binding of FADD to TRADD
and subsequent recruitment of Caspase 8 through FADD to this cytosolic complex
lla. Alternatively, RIP1 can bind FADD and thereby recruit Caspase 8 to cytosolic
complex llIb. Another component of complex Il is Receptor (TNFRSF)-interacting
serine-threonine kinase 3 (RIP3), although it is not clear whether RIP3 is constantly
associated, directly or indirectly, to the FADD containing complex (Cho et al., 2009;
O'Donnell et al., 2011) or whether this association is transient (Oberst et al., 2011).
The apoptotic cell death effector of complex Il is Caspase-8. Formation of homotypic
procaspase-8 dimers, by recruitment of two single procaspase-8 molecules to FADD,
induces the activation of Caspase 8 by reciprocal cleavage of the procaspase 8
isoform. Once Caspase 8 is activated, signalling to apoptosis is mediated through the
activation of a caspase cascade (Medema et al., 1997). The caspase cascade is
activated through Caspase 8 by cleavage mediated activation of the executioner
caspases 3, 6 and 7 either directly (Type | cells) or via a mitochondrial amplification
loop (Type Il cells) (Barnhart et al., 2003; Wilson et al., 2009). Executioner caspases
mediate cell death by cleaving cytoskeletal and nuclear proteins critical for
maintenance of cell structure, as well as enzymes involved in metabolism and repair
(Alenzi et al., 2010).

TNFR1 dependent signalling to apoptosis can be regulated on different levels. On

one hand, signalling towards apoptosis can be inhibited by different targets of the
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transcription factor NF-kB. For example, different isoforms of cellular FLICE-like
inhibitory protein (c-FLIP), which is a Caspase 8 homologue lacking the caspase
activity, compete with procaspase 8 for binding to FADD. Heterodimers of c-FLIP and
procaspase 8 cannot induce procaspase 8 cleavage and therefore inhibit complex I
induced apoptosis (Irmler et al., 1997). Expression levels of c-FLIP can be increased
by survival signals like NF-kB and degradation of c-FLIP can be induced by stress
pathways through JNK signalling (Wilson et al., 2009). Other targets of NF-kB are the
clAPs, which negatively regulate complex Il formation by ubiquitin mediated
stabilisation of complex | (Micheau and Tschopp, 2003; Wang et al., 2008). On the
other hand, signalling to cell death can also be promoted, for example by the
deubiquitination of RIP1 by Cylindromatosis (CYLD). Deubiquitination of RIP1 is an
important event for the formation of the pro-death complex Il to occur (Wang et al.,
2008; Wertz et al., 2004; Wright et al., 2007). Therefore, the cell fate, survival or
death, in response to TNFR1 signalling depends on a very tight regulation of
signalling to complex | and complex Il.

1.2.2.2. FASL-induced apoptosis

In contrast to TNFRI, binding of FASL to FAS leads to the recruitment of FADD
instead of TRADD via the DD to the receptor (Schutze et al., 2008). Thus, FADD is
part of the receptor-bound complex, which is essential for FAS-dependent signalling
to cell death. In the absence of FADD signalling to cell death, triggered by
FASL/FAS, is completely blocked in vitro (Holler et al., 2000; Zhang et al., 1998).
After binding of FASL to FAS, higher order complexes of the receptor are formed
(Henkler et al., 2005), which promote the recruitment of FADD, procaspase-8,
different c-FLIP isoforms, RIP1 and the clAPs (Boldin et al., 1996; Budd et al., 2006;
Deveraux et al., 1998; Galluzzi et al., 2011; Holler et al., 2000; Irmler et al., 1997).
Internalisation of the receptor bound complex to the endosomal compartment is
followed by the full activation of the signalling complex, leading to the induction of
apoptosis (Algeciras-Schimnich et al., 2002; Lee et al., 2006). Also a secondary
cytosolic complex Il has been reported that might further enhance apoptosis (Lavrik
et al., 2008). FAS dependent signalling has also been implicated in cell proliferation
and tumourigenesis presumably through signalling to JNK and Jun (Chen et al.,
2010; Strasser et al., 2009).
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1.2.2.3. TRAIL-induced apoptosis

Like FAS mediated signalling, TRAIL induced signalling through TRAILR1 and
TRAILRZ2 in humans, or TRAILR in mice, also leads to the recruitment of FADD to the
receptor via the DD. Subsequently, FADD recruits procaspase-8 and c-FLIP to form
the receptor bound complex (Kuang et al., 2000; Wiley et al., 1995). Other than in
FAS dependent apoptosis, internalisation of the TRAILR complex is not necessary
for the induction of apoptosis in type | cells (Guicciardi and Gores, 2009). TRAIL
induced signalling can also lead to the activation of NF-kB, p38 MAPK and JNK via a
secondary cytosolic signalling complex containing RIP1, TRADD, TRAF2, FADD,

Caspase 8 and NEMO (Varfolomeev et al., 2005).
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Figure 1. Death receptor induced apoptosis

Upon binding to their cognate receptor the DR-ligands TNF, FASL and TRAIL are able to induce
several intracellular signalling pathways. TNF induced signalling leads to the assembly of a receptor-
bound complex I, which can either lead to the activation of prosurvival and proinflammatory signalling
through NF-kB, JNK and p38 or to pro-death signalling. Cell death signalling is induced by the
assembly of an either TRADD or deubiquitinated RIP1 dependent secondary cytoplasmic complex II.
In this complex || FADD serves as a central adaptor-protein, leading to the recruitment of procaspase-
8 homodimers or procaspase-8/c-FLIP heterodimers. In case of FASL and TRAIL induced signalling
FADD is directly recruited to the receptor, leading to the assembly of the death inducing complex at
the receptor. In procaspase-8 homodimers reciprocal cleavage leads to the formation of the
enzymatically active Caspase 8 that is able to induce apoptosis. Ub=ubiquitin
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1.2.3. Cell autonomous immunity and apoptosis
Extrinsically triggered cell death is not the only way how an immune response can
induce death of potentially harmful cells. Also cell autonomous immune mechanisms
can lead to apoptosis of the affected cell. Recognition of pathogen-associated
molecular pattern (PAMPS) by pattern recognition receptors (PRRs) can induce

signalling that can terminate in the death of the cell.

In response to viral infection, cells can induce their own death. The PRR Toll-like
receptor 3 (TLR3), located at the endosomal membrane, senses virus derived
double-stranded RNA or its synthetic homolog poly(l:C) (Kenny and O'Neill, 2008).
TLR3 signalling can induce the expression of cytokines through the activation of NF-
kB, MAPK or interferon regulatory factor 3 (IRF3) signalling (Takeuchi and Akira,
2010). TLR3 can also trigger apoptosis through the adaptor protein TIR domain-
containing adaptor inducing interferon-beta (TRIF) which recruits RIP1, Receptor
(TNFRSF)-interacting serine-threonine kinase 3 (RIP3), FADD, Caspase 8 and c-
FLIP (Kaiser and Offermann, 2005).

In addition to viral infections, infections with bacterial pathogens can also induce
PRR dependent cell death. Toll-like receptor 4 (TLR4), a PRR located at the
cytoplasmic membrane sensing lipopolysaccharides from the cell walls of gram-
negative bacteria as well as some antigens from gram positive bacteria (Park et al.,
2004), is also able to induce TRIF dependent apoptosis through the FADD, Caspase
8 signalling axis after internalisation to the endosome (De Trez et al., 2005; Ma et al.,
2005; Ruckdeschel et al., 2004). TLR4 signalling through the adaptor protein MyD88
can additionally induce the expression of cytokines by activating NF-kB and MAPK

signalling and exhibit cytoprotective effects (Takeuchi and Akira, 2010).

Thus, in TLR3 and TLR4 induced signalling TRIF functions as a signalling platform
combining sensing of pathogens to FADD dependent apoptosis.

1.2.4. Immunity and regulated necrosis

As described above, cytokine induced apoptosis can be an important part of the
immune response. Apoptosis leads to plasma membrane blebbing, to cell body
shrinkage (pyknosis), to nuclear condensation and fragmentation (karyorrhexis) as
well as formation of membrane-bound cell fragments (apoptotic bodies). Apoptotic

bodies get rapidly phagocytoced. Since the cytoplasmic content is retained in
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vesicles, release of intracellular danger-associated molecular pattern (DAMP) is
prevented. Thus, cells dying by apoptosis do normally not induce inflammation.
Necrosis, on the other hand, has long been considered an accidental, unregulated
form of cell death. Necrotic cell death appears less organized and ordered and differs
in many regards from apoptotic cell death. In contrary to apoptotic death, necrosis
leads to cell swelling, a rather disorganized hydrolysis of chromatin and rupture of the
cell membrane. Due to the loss of membrane integrity during necrosis, intracellular
DAMPs like DNA-binding protein high mobility group box 1 (HMGB1) or uric acid are
released, leading to proinflammatory responses and subsequently to increased

tissue damage (Lamkanfi and Dixit, 2010).

Recent findings challenged the notion that necrosis is a merely accidental and
unregulated form of cell death. First reports about TNF being able to induce necrotic
cell death date back to the late 1980s and early 1990s (Fady et al., 1995; Laster et
al., 1988). Later on, caspase inhibitors like CrmA or z-VAD were shown to promote
necrotic cell death in L929 cells (Vercammen et al., 1998), suggesting that necrosis
is negatively regulated by caspases. Beside of TNF, also FAS and TRAIL were found
to be able to induce regulated necrosis in primary T-cells lacking Caspase 8 or FADD
and this form of necrosis was found to depend on RIP1 (Holler et al., 2000). DR
signalling induced regulated necrosis was termed necroptosis, after the RIP1 kinase
inhibitor Necrostatin-1 was discovered to block this pathway (Degterev et al., 2008;
Degterev et al., 2005). Necroptosis induced by FAS or TRAIL, but not TNF, also
depends on FADD (Holler et al., 2000; Zhang et al., 1998). Therefore, the inability to
activate caspases in FADD deficient cells only sensitized towards TNF mediated
necroptosis, while FAS or TRAIL induced necroptosis is blocked in those cells in
vitro. RIP1 was the only signalling transducer known to participate in the induction of
necroptosis until Cylindromatosis (CYLD) was found to be involved in necroptosis in
vitro (Hitomi et al., 2008). The deubiquitinase CYLD has been proposed to
deubiquitinate RIP1 and thereby to promote formation of the secondary cytosolic
death promoting complex in TNF induced signalling (Wang et al., 2008; Wright et al.,
2007). However, the detailed mechanism how CYLD is regulating necroptosis is not
known. One year after the discovery of CYLD as a regulator of necroptosis, three
groups identified RIP3 as the essential switch for TNF induced necroptosis. RIP3
deficiency completely blocks necroptosis. RIP3 was found to be part of complex Il
together with RIP1, FADD, Caspase 8 and c-FLIP (Cho et al., 2009; He et al., 2009;
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Zhang et al., 2009). Under normal conditions, RIP3 dependent necrosis seems to be
inhibited by a mechanism including c-FLIP, and Caspase 8 (Oberst et al., 2011). Not
much is known about the signalling events downstream of the RIP1, RIP3, FADD,
Caspase 8, c-FLIP complex towards necroptosis, but it has been suggested that
RIP3 activation regulates key metabolic enzymes leading to increased production of
reactive oxygen species (ROS) (Zhang et al., 2009). To summarise, DRLs can
induce necroptosis either through complex Il in TNFR1 signalling, or by the receptor-
bound death inducing complexes in FAS- and TRAIL signalling, when the activation
of Caspase 8 is blocked. Blockade of Caspase 8 releases the inhibition of RIP3
dependent signals, which lead to necrotic cell death, most likely by metabolic
changes that favour the production of ROS.

In addition to DRL induced necroptosis, also signalling induced by stimulation of
TLR3 and TLR4 has been shown to be able to induce regulated necrosis
(Feoktistova et al., 2011; He et al., 2011; Zhang et al., 2009). Induction of regulated
necrosis by TLR3 or TLR4 depends on TRIF, which can interact with RIP1 and RIP3
via the Receptor-Interacting Protein Homotypic Interaction Motif (RHIM) domain. Like
in DRL induced necroptosis, Caspase 8 activity inhibits TLR3 and TLR4 induced
regulated necrosis (Ma et al., 2005). Thus, Caspase 8 activation has to be blocked
for TLR induced regulated necrosis to occur. Both, DRL induced necroptosis as well
as TLR induced regulated necrosis depend on RIP3 as the central switch towards the

induction of necrotic cell death.

No direct marker for the detection of RIP3 dependent regulated necrosis exists up to
now, making it difficult, if not impossible, to unambiguously detect regulated necrosis
in vivo other than by genetic manipulation. Thus, not much is known about the
physiological roles of necroptosis in humans. However, several different human and
mouse cell types and cell lines, like epithelial colon cancer cells, Fibrosarcoma cells,
T lymphocytes, macrophages, or mouse embryonic fibroblasts (MEFs) have been
described to be able to undergo necroptosis or TLR induced regulated necrosis once
caspase activation is blocked (Degterev et al., 2005; He et al., 2011; He et al., 2009;
Holler et al., 2000; Zhang et al., 2009), indicating that RIP3 dependent regulated
necrosis can occur in a variety of different cell types in mice as well as in humans. In
mice, a physiological role for regulated necrosis has been reported in photoreceptor
detachment (Trichonas et al., 2010) and several ischemic models, like ischemic brain

injury (Degterev et al., 2005). Additionally, infection with Vaccinia Virus induces TNF
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mediated necroptosis, confirming a role for necroptotic cell death in the clearance of
virally infected cells (Cho et al., 2009). However, RIP3 deficient mice do not show
any developmental phenotype (Newton et al., 2004), therefore RIP3 dependent

necrotic death does not seem to play a role during mouse development.

Both, extrinsically induced necroptosis through DRLs as well as cell autonomously
induced regulated necrosis through TLR3 and TLR4 have an important function in
the removal of infected cells. Nowadays it becomes clear, that even more pathways
involved in the immune response to viral infections are able to induce RIP3
dependent necrosis. Cells infected with Cytomegalovirus (CMV) have been shown to
die by RIP3 dependent necrosis (Upton et al., 2008, 2010). CMV possesses the
inhibitor M45/VIRA, which blocks RHIM domain dependent signalling. Proteins like
RIP1, TRIF and RIP3 contain RHIM domains and interaction between RHIM domains
is essential for the induction of regulated necrosis by CMV (Upton et al., 2010).
Therefore, CMV can block RIP3 dependent regulated necrosis by the M45 inhibitor,
while infection with CMV containing a mutated RHIM inhibitor M45 leads to RIP3
dependent regulated necrosis of the infected cell. This RIP3 dependent form of
necrosis proceeds independent of RIP1, TRIF and TNF and is therefore different
from RIP1 dependent DR induced necroptosis and TRIF dependent TLR3 and TLR4
induced regulated necrosis (Upton et al., 2010). However, up to now it is neither
known how this RIP3 dependent necrosis is induced nor how it is molecularly

regulated.

Up to now, RIP3 dependent necrosis seems to be an alternative pathway to
overcome inhibition of Caspase 8 dependent cell death in various conditions.
Whether RIP1 or RIP3 dependent necrosis also occurs independent of Caspase 8

inhibition remains to be shown.
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Figure 2: Signalling pathways leading to RIP3 dependent regulated necrosis

TNFR, FAS and TRAILR1/2 as well as TLR3- and most likely also TLR4 induced signalling can lead to
RIP1 and RIP3 dependent regulated necrosis. Normally regulated necrosis is blocked by a not fully
understood mechanism involving procaspase-8 and c-FLIP. Thus, regulated necrosis takes place,
when activation of Caspase 8 is blocked, for example by the pancaspase inhibitor z-VADfmKk.

1.3. The gastrointestinal tract

The gastrointestinal tract consists of the small intestine and the large intestine or
colon. The small intestine can further be subdivided in the duodenum, the jejunum,
and the ileum, and is followed by the caecum. The colon is subdivided into the
ascending colon, the descending colon and the rectum. The main function of the
gastrointestinal tract is the digestion of food and absorption of nutrients and water,

the latter mainly taking place in the colon.

The outer part of the intestine contains two muscle layers, an outer longitudinal and
an inner circular muscle, the combined action of both being responsible for the
intestinal peristalsis leading to the directional transport of the luminal contents. Inside
of the two muscle layers lies the submucosa, which contains blood and lymphatic
vessels as well as nerves, which are embedded in an irregular connective tissue. The
submucosa is followed by the mucosa. The mucosa consists of three different parts:

the muscularis mucosa is a thin smooth muscle layer separating the mucosa from the
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submucosa, the lamina propria which contains the immune cells of the

gastrointestinal tract in a loose connective tissue, and the intestinal epithelium.

1.3.1. The intestinal epithelium

The intestinal epithelium is a single cell layer lining the intestinal lumen, thereby
forming a barrier separating luminal contents of the intestine, which contain the
commensal bacteria, from the lamina propia, which is home to the mucosal immune
cells. Impairments in this barrier may result in an inappropriate contact of bacterial
antigens and mucosal immune cells, which could lead to the activation of immune
cells and a subsequent inflammatory response in mice (Catalioto et al., 2011). Also
patients suffering from inflammatory bowel disease (IBD), like Ulcerative Colitis (UC)
or Crohn’s Disease (CD) exhibit impairments in the intestinal epithelial barrier
function (Roda et al., 2010). But the intestinal epithelium is not only a passive
physical barrier, it also has important active roles in the maintenance of intestinal
homeostasis. The intestinal epithelium is thought to actively establish an
immunosuppressive environment in the mucosa to prevent the intestinal immune
cells from overreacting to commensal bacterial antigens. Additionally, the intestinal
epithelium actively shapes the environment at the epithelial luminal boarder by
establishing layers of mucus and by the secretion of antimicrobial peptides (Wells et
al., 2011).

The architecture of the epithelium and the presence of specialised intestinal epithelial
cells (IECs) differ between the colon and the small intestine. While the mucosa of the
small intestine protrudes into the lumen with the villi and invaginates into crypts, the
colon only contains invaginating crypts but lacks protrusions (see Fig. 4). The crypts
and villi enlarge the surface area where the uptake of nutrients takes place. The
crypts of both, the colon and the small intestine, harbour the slowly proliferating stem
cells at the bottom followed by the more rapidly dividing transit amplifying cells further
up in the crypt, which together maintain the cells of the intestinal epithelium. The
intestinal epithelium is a highly proliferative tissue being completely renewed every 3
to 5 days (van der Flier and Clevers, 2009). New IECs derive from the stem cells,
which divide about once per day giving rise to the transit amplifying cells, which
divide a further 4 to 5 times before they lose their ability to divide by undergoing cell
cycle arrest. The IECs further differentiate while moving up the crypt until they get
shed off at the tip of the crypt or villus. Four different specialised intestinal epithelial
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cell types can be found: the absorptive enterocytes, the secretory goblet cells, the
enteroendocrine cells and the small intestinal specific Paneth cells (Radtke and
Clevers, 2005). Enterocytes are the most abundant cells of the intestinal epithelium.
They possess a brush border at the apical side and secrete hydrolases and absorb
nutrients. Goblet cells are the most common cells of the secretory cell types. They
secrete mucins, which constitute the protective mucus layer that prevents direct
contact of commensal bacteria with the epithelium (McGuckin et al., 2009). The
rather rare enteroendocrine cells secrete certain hormones, which regulate the
secretion of digestive fluids and contraction of the intestinal muscles. Paneth cells
are another type of highly secretory cells in the intestinal epithelium. They can be
found at the bottom of small intestinal crypts in between the stem cells. They secrete
antimicrobial peptides and proteins, like lysozyme or defensins, which contribute to
host defense against bacterial pathogens and also seem to have a role in shaping
the composition of the intestinal flora. Paneth cells also provide important factors for
the stem cell niche of the small intestine (Bevins and Salzman, 2011).

At the end of the life cycle of an IEC at the tip of the small intestinal villus or colonic
crypt, the cell gets shed off and expelled into the intestinal lumen. This homeostatic
cell death is thought to be induced by the loss of anchorage and is named anoikis.
Morphologically, cell detachment coincides with phenotypic alterations resembling
apoptotic cell death (Vereecke et al., 2011). To prevent barrier leakage while cells
get shed off, neighbouring cells have been reported to dynamically rearrange
cytoskeletal elements leading to the formation of a ring like structure of actin and
myosin around those cells that are about to be expelled. Contraction of these ring like
structures build by the neighbouring cells leads to extrusion of the cell in their middle,
while at the same time preventing the formation of holes in the epithelial barrier, at
the places where cells get shed off (Madara, 1990; Rosenblatt et al., 2001).
Additionally, an impermeable substance was found to plug epithelial discontinuities at
the villus tip as a response to cell shedding, further preventing the formation of
harmful gaps within the intestinal epithelium due to homeostatic cell shedding
(Watson et al., 2005).
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Figure 4: The intestinal epithelium at the mucosal luminal border of the gastrointestinal tract
(modified from Johansson and Hansson, 2011 ).

The intestinal epithelium forms a barrier separating the luminal microbiota from the mucosal immune
cells. IECs also establish the protective mucus layer to prevent a too close contact with the microbes.
On the other hand IECs also regulate mucosal immune cell behaviour by creating an
immunosuppressive environment. The crypts in the colon (right panel) are invaginations increasing the
epithelial surface. A thick mucus layer prevents direct contact between the epithelium and the
microbiota. The small intestine (left panel) consists of the crypts and the protruding villi. Paneth cells at
the bottom of the crypts express important antimicrobial peptides and are important for the
establishment of the stem cell niche.

1.3.2. Immunity, epithelial cell death and inflammation in the

intestinal tract
Homeostatic cell death in the intestinal epithelium is a tightly regulated process,
preventing the epithelial barrier to become leaky. Excessive IEC death could be
exceptionally harmful for the organism. Breakdown of the intestinal epithelial barrier
would enable microbes to invade the mucosa, where antigen sensing by the mucosal
immune cells could cause a severe inflammatory condition. On the other hand,
infected or damaged IECs could become harmful, when the infection cannot be
brought under control and thus spreads to other cells or otherwise harms the
organism. Thus, immune responses regulating survival or death of infected or

damaged IECs are a delicate process.

As described above, cytokines like the DRLs can regulate cell survival and cell death
as part of the immune response. Not much is known about FASL and TRAIL induced
signalling in the intestine, but TNF induced signalling has been shown to play an
important role in the regulation intestinal inflammation in IBD patients. TNF levels
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were found to be elevated in the mucosa of IBD patients, especially in regions where
epithelial apoptosis is increased (MacDonald et al., 1990). Additionally, an IBD
susceptibility locus encompassing the TNF gene has been identified, providing
additional evidence for a linkage between TNF and IBD. Anti-TNF agents have been
successfully used in the treatment of IBD patients (Peyrin-Biroulet, 2010), although
the mechanisms by which TNF treatment affects the development of IBD are not very
well understood. Mouse models have been used to study the role of TNF in intestinal
inflammation. It has been shown, that mice overexpressing TNF develop
inflammation in the distal small entestine (ileitis) (Kontoyiannis et al., 1999).
Activation of mesenchymal cells by TNF has been suggested to underlie the TNF
induced pathology in this mouse model (Armaka et al., 2008). Further on, it has been
reported that overexpression of TNF in IECs is sufficient to induce intestinal
inflammation, but that action of TNF on IECs is not enough to cause the disease
(Roulis et al., 2011). Thus, it seems that TNF does not cause intestinal inflammation
by acting on normal, healthy IECs, although other studies imply that high doses of
TNF can induce IEC death (Duprez et al., 2011; Marchiando et al., 2011). However,
these studies neither analysed the role of TNF induced signalling in infected or
otherwise damaged IECs nor did they dissect the potential roles of TNF induced cell
survival or cell death signalling in the intestinal epithelium.

IECs express DRs and are therefore generally able to conduct DR induced signalling
(Strater and Moller, 2000). TNF induced signalling can promote inflammation but also
cell survival by activating signalling to NF-kB. Interestingly, mice deficient for TAK1 or
NEMO, two molecules essential for TNF induced activation of NF-kB, specifically in
the intestinal epithelium showed increased IEC death and spontaneously developed
chronic colitis (Kajino-Sakamoto et al., 2008; Nenci et al., 2007). Importantly, TNFR1
deficiency prevented breakdown of the intestinal barrier and development of colitis in
those mice deficient for NEMO specifically in the IECs (NEMO'“™® mice) (Nenci et
al., 2007). These results indicate that TNFRI induced signalling might regulate IEC
survival by NEMO dependent signals.

Much less is known about the role of the DR induced pro-death signalling pathways
in the intestinal epithelium in vivo. However, in vitro studies in intestinal epithelial cell
lines have shown, that virus infection can render cells sensitive towards TRAIL
induced cell death (Strater et al., 2002), suggesting a role for DR induced cell death

in the clearance of infected epithelial cells.
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The intestinal epithelium is at the frontline to a huge variety of intestinal pathogens.
IECs express various PRRs, among them TLR3 and TLR4, with the latter one being
only expressed at low levels in the adult intestinal epithelium (Abreu, 2010). Although
TLR4 is expressed at rather low levels in adult IECs, in those cells that are TLR4
positive, the receptor is mainly found at the Golgi apparatus indicating that receptor

internalisation is required in IECs (Hornef et al., 2003).

TLR4 induced signalling has been shown to be protective in an experimental colitis
model that depends on the intestinal microbiota (Rakoff-Nahoum et al., 2004),
although other studies showed the contrary (Stevceva et al., 1999). Thus, bacteria
induced signalling through TLR4 seems to influence the inflammatory response,
although this TLR4 dependent regulatory mechanism is most likely independent of
TLR4 signalling in IECs.

Not much is known about TLR4 induced IEC death during infections. TLR4 deficient
mice are sensitive to infection with several enteric bacteria, like Salmonella
typhimorium and Escherichia coli (Vazquez-Torres et al., 2004; Weiss et al., 2004).
However, in both studies TLR4 mediated protection from infection has been allocated
to impaired cytokine production and other protective effects in non-epithelial cells. In
another enteric infection model TLR4 dependent signals were found to be
detrimental. A study analysing Citrobacter rodentium infection in mice found that
TLR4 induced signalling contributes to the development of colitis, potentially by
activating NF-kB signalling (Khan et al.,, 2006). Thus, while TLR4 signalling is
important in the response to enteric infections, the role of TLR4 mediated IEC death

remains largely unknown.

TLR4 is discussed to be implicated in necrotizing enterocolitis, a disease condition
connected to increased IEC death in premature infants. Activation of TLR4 signalling
in small intestinal IECs of new-borns has been suggested to lead to increased IEC
death and might thereby potentially cause necrotizing enterocolitis (Leaphart et al.,
2007). However, while linking TLR4 signalling to IEC death, this model requires

further analysis to detect the exact signalling mechanisms involved.

Not much is known about the role of TLR3 dependent signals in IECs. Some reports
suggest a role for TLR3 in the induction of IEC death in response to dsRNA
administration and Rotavirus infections (Sato et al., 2006; Zhou et al., 2007), while

another study challenges the TLR3 dependency of the immune response to
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Rotavirus (Broquet et al., 2011). Other pathogens that might induce TLR3 mediated
IEC death still need to be discovered.

In summary, although some reports link TLR3 and TLR4 to IEC death, the exact

conditions and signalling pathways involved require further analysis.

1.4. Cre/LoxP conditional gene targeting

Cre/LoxP mediated recombination enables conditional gene targeting that allows cell
type specific analysis of gene function in mice. Additionally, conditional gene
targeting offers the opportunity to investigate the function of genes that are essential
for mouse development as shown by embryonic or premature lethality of the
corresponding conventional full body knockout mice (Rajewsky et al., 1996). In order
to generate a cell type specific knockout of a certain allele, this allele is flanked by
LoxP sites, specific 34 bp sequences, in the same orientation leading to a so called
‘floxed’ allele. Mice carrying a floxed allele are crossed with mice expressing a
bacteriophage P1-derived Cre recombinase transgene (Sauer and Henderson, 1988)
under the control of a cell type specific promoter. The Cre recombinase binds to and
mediates recombination between the LoxP sites, resulting in the excision of the DNA
flanked by the LoxP sites specifically in the Cre producing cell type.

1.5. Project description

The integrity of the intestinal epithelium is central for intestinal immune homeostasis.
The intestinal epithelial barrier prevents invasion of the microbiota into the mucosa,
where activation of mucosal immune cells could lead to potentially harmful
inflammatory disorders. Therefore, homeostatic IEC death is a highly ordered and
regulated process, in order to prevent barrier leakage and subsequent development
of inflammation. On the other hand, immune responses might be able to trigger
excessive IEC death, which could lead to a loss of the intestinal barrier integrity and

thereby be extremely dangerous for intestinal homeostasis.

FADD is a central signalling transducer connecting cytokine inducible receptors, as
well as antigen sampling through certain PRRs, to signalling to cell death. The role of
FADD dependent cell death has mainly been studied in immune cells, while the role

of FADD dependent cell death in epithelial tissues is largely unknown.

26



Introduction
In this study, the role of FADD dependent signalling in the intestinal epithelium is
analysed in vivo. Cre/LoxP mediated recombination was applied, to generate mice
that were deficient for FADD specifically in the intestinal epithelium. In those mice
FADD dependent signals would only be blocked in intestinal epithelial cells, thereby
allowing the analysis of the epithelial specific role of FADD dependent signalling in

the intestine.
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Material and Methods

2.Material and Methods

2.1. Material
2.1.1. Chemicals

Chemicals and compounds were bought from AppliChem, Bayer, Dako, GE
Healthcare, Li-Cor Biosciences, Merck, MP, Ratiopharm, Roth, VWR, Sigma-Aldrich,

Thermo Scientific, Vector Laboratories.

2.1.2. Material for mouse work

High resolution mini-endoscope, Coloview with Xenon light source, Karl-Storz
(Tuttlingen, Germany)

Ketamin 10mg/ml, Ratiopharm

Rompun 2%, Bayer Healthcare

Syringes, Braun and injection needles, Terumo and Braun

Ampicillin, ICN Biomedicals

Neomycin, Sigma

Ciprofloxacin, Fluka

Meronem, AstraZeneca

Vancomycin, Eberth

2.1.3. Material for histology
Tissue Retriever 2100, PickCell

Tissue Processor, Leica TP1020

Rotary Microtome, Leica RM2255

Modular tissue embedding center, Leica EG1150 and Leica EG1150 C
Microscope, Leica DM5500 B

ABC Kit Vectastain Elite (Vector, PK 6100)

Avidin/Biotin Blocking Kit (Vector, no. SP-2001)

Liquid DAB Substrate Chromogen System (DakoCytomation, Code K3466)
Normal goat serum, Vector Laboratories

Entellan, Merck

Glass slides, Menzel
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2.1.4. Material for biochemistry

Homogenizer Precellys 24, PeglLab

2ml tubes for homogenisation, PeqlLab

1,4mm Zirconium oxide beads for tissue homogenisation, PeqlLab
Gel casting system and SDS-Page system, Biorad

Protease Inhibitor Cocktail complete mini EDTA free, Roche
PhosphoStop, phosphatase inhibitor, Roche

Bradford reagent, Biorad

Protein Marker PeqGold Protein Marker V, PegLab

PVDF membranes Immobilon-P, Millipore

Films Hyperfilm ECL, Amersham

2.1.5. Molecular biology reagents and equipment
Trizol reagent, Invitrogen

RNA extraction RNeasy mini kit, Qiagen

RNase-free DNase set, Qiagen

Super Scriptlll cDNA synthesis Kit, Invitrogen

RT Cycler ABI HT 7900 Cycler, Applied Biosystems

Power SYBR® Green PCR Master Mix, Applied Biosystems
TagMan® Gene Expression Master Mix, Applied Biosystems
MicroAmp® Optical Adhesive Film, Applied Biosystems
MicroAmp™ Optical 384-Well Reaction Plate, Applied Biosystems

2.1.6. Laboratory equipment

Centrifuges, Eppendorf and Haereus

Thermomixer, Eppendorf

PCR-cyclers, Biorad DNA Engine, Biometra and Eppendorf
DNA ladder, PegLab

Primers, Metabion and Invitrogen

Bio Photometer, Eppendorf

NanoDrop ND8100, PeqLab
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2.1.7. Cell culture

DMEM, Gibco

TrypLE™ Express, Gibco

100x Penicillin (10000 U/ml)/Streptomycin (10000ug/ml), Gibco
100x L-Glutamine (200mM), Gibco

100x Sodiumpyruvate (100mM), Gibco

Fetal Calf Serum, PAN Biotech

DPBS, Gibco

Plastic ware for cell culture from BD Falcon, Millipore, TPP, Corning Tubes
Eppendorf 1,5ml and 2ml reaction tubes

8 x 0,2ml tube stripes Biozym

zVAD-fmk, ENZO

Cycloheximide, Sigma

2.1.8. Software

Photoshop CS3, Leica microscopy Software Leica application suite, Prism Graph,
Microsoft Office, Endnote X4

2.1.9. Buffers and solutions
2.1.9.1. Washing buffers
PBS (1x) pH 7.3

NaCl 137mM

KClI 2,7mM
Na;HPO,-7H,0 4,3mM
KH,PO, 1,4mM

TBS (1X) pH 7.5
Tris-Base 24,29
NacCl 80g
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Buffers and solutions for immunostainings

Endogenous peroxidase blocking buffer (for IHC)

NaCitrate
Na;HPO4
NaN3
H20,

Citrate Buffer, pH 6.0
Citrate

Tween

0,04M
0,121M
0,03M
3% (V/v)

10mM
0,05% (v/v)

TEX Protease K Buffer pH 8.0 (for protease mediated antigen retrieval)

Tris-Base
EDTA
Triton X-100

2.1.9.3.

50mM
ImM
0,5% (v/v)

Preparation of protein extracts

High salt RIPA lysis buffer (for preparation of total cell extracts)

HEPES (pH 7.6)
NacCl

MgCl,

EDTA

EGTA

Glycerol

20mM
350mM
1ImM
0.5mM
0.1mM
20% (viv)

1% Nonident P-40, Protease inhibitor and Phosphatase inhibitors were added prior to

use.

2.1.9.4.

Buffers and solutions for Western Blot analysis

Tris-glycine electrophoresis buffer

Tris-Base
Glycine
SDS

25mM
250mM
0.1% (w/v)
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SDS-polyacrylamide gel
10% resolving gel (for 20ml):

H,O 7.9ml
30% acrylamide 6.7ml
1.5M Tris (pH 8.8) 5.0ml
10% (w/v) SDS 0.2ml
10% (w/v) APS 0.2ml
TEMED 0.012ml

5% stacking gel (for 10ml)

H>O 6.8ml
30% acrylamide 1.7ml
1M Tris (pH 8.8) 1.25ml
10% (w/v) SDS 0.1ml
10% (w/v) APS 0.1ml
TEMED 0.01ml

Transfer Buffer (for semidry transfer)

Tris-Base 25mM
Glycine 192mM
Methanol pH 8.3 20% (v/v)

Blocking Buffer

Tween-20 0.1% (v/v)
nonfat dry milk 5% (w/v)
in PBS

primary antibody dilution buffer

Tween-20 0.1% (v/v)
nonfat dry milk or BSA 5% (w/v)
in TBS
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5x Laemmli loading buffer

Tris-HCI (pH 6.8) 250mM
SDS 10% (wiv)
Glycerol 50% (v/v)
Bromphenolbue 0.01%
B-Mercaptoetanol 10%

Homemade ECL solution

Stock solutions:

Tris-HCI (pH 8.5) 100mM
Luminol 250mM
Paracoumaric acid (PCA) 90mM
H,O, 30% (Vv/v)
Solution A:

2.5mM Luminol 100pl
400uM PCA 44l

in 10ml 10mM Tris-HCI (pH 8.5)

Solution B:
30% H,0, 7ul
in 20ml 10mM Tris-HCI (pH 8.5)

Solution A and B were mixed prior to use and applied to the membrane.

2.1.9.5. Buffers and solution for DNA extraction, genotyping

PCRs and Southern Blot
Tail lysis buffer

Tris-HCI (pH 8.5) 100mM
EDTA 5mM

NacCl 200mM
SDS 0.2% (w/v)

0.1mg Proteinase K (10mg/ml in 50mM Tris, pH 8.0) per 500ul lysis buffer was added

prior to use.
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TE buffer
Tris-HCI (pH 8) 10mM
EDTA (pH 8) 1mM

10x TAG buffer
Tris-base (pH 8.5) 200mM
KCI 500mM

25x TAE buffer for 10L

Tris-base 1210g
EDTA (pH 8.0) 500ml of 0.5M solution
Acetic acid 285.5ml

DNA loading buffer
15% (w/v) Ficoll 400 was resolved in distilled water at 50°C. Orange G was added

until the colour turned red.

Hybridization buffer

NaCl M

Tris (pH 7.5) 50 mM

Dextran sulphate 10%

SDS 1%

Salmon sperm DNA 250 g/ml (sonicated)
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2.2. Methods
2.2.1. Animal handling and mouse experiments
2.2.1.1. Mouse maintenance

The mice were housed in individually ventilated cages in a specific pathogen free
(SPF) mouse facility and in a conventional animal facility in the Institute for Genetics
at the University of Cologne. The mice had permanent access to regular chow diet
(Teklad Global Rodent 2018, Harlan) and acidified water. The animals were kept at a
regular 12 hours light/dark cycle. Mice for breedings were set into one cage at a
minimum of 6 weeks of age. Litters were weaned by 3 weeks of age, marked by an
eartag and a tail biopsy was taken for the isolation of genomic DNA and following
genotyping. Care of all mice was within institutional animal care committee guidelines

and all protocols were approved by local government authorities.

Germ-free mice were generated by embryonic transfer into the gnotobiotic facility at
the University of UIm and were conventionalised by co-housing in one cage in case
of the females or by exchange of bedding in case of males.

2.2.1.2. Generation of conditional and knock-out mice

To generate mice that were specifically lacking FADD in the intestinal epithelium
(FADD'E“™© mice), FADD™ mice (Mc Guire et al., 2010) were crossed with villin Cre
transgenic mice (Madison et al., 2002). To generate FADD'E“*° mice that were
deficient for MyD88, TNF or RIP3, FADD'=“*° mice were crossed to Myd88-/- mice
(Adachi et al., 1998), Tnf-/- mice (Pasparakis et al., 1996) and Ripk3-/- mice (Newton
et al., 2004). To generate FADD'®“*° mice expressing the truncated deubiquitinase
deficient CYLDA932 in the intestinal epithelium (FADD'E“*°/CYLDA932"5¢ mice),

FADD'E“*® mice were crossed with CYLDA932™ mice as described in Fig. 12.

For all analysis littermates only carrying the loxP flanked alleles served as control

mice.

2.2.1.3. Endoscopy
Mice were anaesthetised by intraperitoneal injection of 100ul per 10g bodyweight

Ketanest/Rampun. A high resolution mouse mini-endoscope, denoted Coloview from
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Karl Storz, was employed to analyse the distal colon. The endoscope was gently
inserted into the anus and a constant airflow dilated the colon to prevent injuries and
allow a proper view on the colonic bowel wall. Disease index was determined as a
sum of 5 scoring parameters, each of them indicative for intestinal disease. Every
parameter was scored from 0 to 3, with O being healthy and 3 indicating severe
inflammation (Becker et al., 2005). The following parameters were included in the
murine endoscopic index of colitis severity (MEICS): stool consistency,
vascularisation pattern, fibrin abundance, thickening of the bowel wall and surface
appearance of the mucosa. The MEICS is the sum of the score of these parameters
and ranges between 0 and 15. Furthermore, tumours, ulceration and other intestinal

lesions could be assessed by endoscopic examination.

After endoscopy mice were allowed to recover or were immediately killed.

2.2.1.4. Antibiotic treatment, generation of germ-free mice and

conventionalisation
In order to deplete the intestinal microbiota, mice were treated with 1 g/l ampicillin,
19/l neomycin, 0.5g/l meronem and 0.5g/l ciprofloxacin in the drinking water
beginning at the second day after birth. At weaning, three weeks after birth,
ciprofloxacin was exchanged for 0.5 g/l vancomycin. Efficiency of the depletion of the
microbiota was tested by plating homogenized faeces in LB medium in different

concentrations on agar plates.

Germ-free FADD'®*® mice were generated at the gnotobiotic facility of the
University of Ulm. For conventionalisation female germ-free mice were either
cohoused with conventional FADD™ mice or FADD'®“*®/CYLDA932'5¢ mice. For the
conventionalisation of male germ-free mice, bedding from conventional FADD™ mice
and FADD'®“*9/Ripk3-/- mice was added into the cage. Mice were dissected after

one week of conventionalisation.

2.2.1.5. Sacrifice of mice

Mice were sacrificed by cervical dislocation.
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2.2.1.6. Tissue preparation

The abdominal cavity was cut open by a longitudinal incision. The intestine was
removed by one cut close to the anus and another one shortly behind the pylorus.
The intestine was washed in PBS and the mesentery and fat tissue removed. The
colon and the small intestine were separated and the luminal content removed
carefully. Either small pieces of about 5Smm were taken for histological examination or
RNA extraction or a bigger part of the tissue was cut open longitudinally and

afterwards rolled up to a “swiss roll”.

2.2.2. Histology

2.2.2.1. Preparation of intestinal tissue for histological
analysis

For histological analysis the tissue was transferred into cassettes and fixed overnight
at 4°C in 4% paraformaldehyde. In order to dehydrate the samples, they were
passed through increasing concentrations of ethanol for 2h each (in 30% (v/v), 50%
(viv), 70% (v/v), 96% (v/v) and 2x in 100% (v/v) ethanol). Afterwards they were
incubated in xylol for two times 2h and then transferred to paraffin, for the embedding
in paraffin blocks. The fixed intestinal tissue was sectioned by a microtome at 3-5um

thickness and transferred onto glass slides.

2.2.2.2. Haematoxylin and Eosin staining of intestinal tissue

sections
To de-wax the tissue sections, they were placed in xylol for 20min, and afterwards
rehydrated in decreasing concentrations of ethanol for 2min each (100% (v/v), 95%
(v/v), 75% (v/v) ethanol) and then washed in PBS for 5min and in tap water for 1min.
For the Haematoxylin and Eosin (H&E) staining the sections were first stained in
Mayer's Haematoxylin for 2min. The sections were washed for 20sec in tepid tap
water, 15min in tap water at room temperature and a few seconds in deionized water.
For staining with Eosin samples were placed in Eosin staining solution for 1min.
Afterwards the sections were washed in tap water up to 7 times. The sections were
dehydrated for 2min each in 75% (v/v), 96% (v/v) and 100% (v/v) ethanol and cleared

in xylol. Coverslips were mounted with Entellan.
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2.2.2.3. Immunostainings

For immunohistochemical (IHC) staining, sections were de-waxed and rehydrated as
described for the H&E staining. After the rehydration samples were washed twice in
tap water for 5min each. The endogenous peroxidase activity was blocked by
incubation in endogenous peroxidase blocking buffer for 15min at room temperature.
Afterwards slides were washed three times in tap water for 5 min each. For antigen
unmasking by heat induced epitope retrieval sections were either heated in citrate
buffer for 20min to 120°C in a pressure steam cooking device or overnight at 80°C.
For F4/80 immunostaining antigen unmasking was achieved by Proteinase K
digestion with 20pg/ml Proteinase K in TEX buffer for 20min at room temperature.
Sections were washed in PBS and unspecific background was blocked by treatment
with 10% (v/v) normal goat serum, 0.3% (v/v) Triton X-100 and Avidin in PBS.
Incubation with primary antibody diluted in PBS, 0.2% (v/v) cold fish gelatine and
Biotin was done overnight at 4°C. Samples were washed three times for 5min in PBS
with 0.05% (v/v) Tween-20. Sections were incubated with the secondary antibody
diluted in PBS with 10% (v/v) normal goat serum for 1h at room temperature.
Samples were again washed three times for 5min in PBS with 0.05% (v/v) Tween-20.
Sections were afterwards incubated with an Avidin-Biotin-HRP complex (ABC Kit) for
30min at room temperature. After washing in PBS the staining was developed by
incubation with DAB chromogen for up to 20 min. The formation of precipitate was
followed by microscopy and the reaction was stopped by washing in PBS in all
corresponding samples at the same time after reaching a level of adequate staining.
Nuclei were counterstained in Mayer's Haematoxylin for 2min. The sections were
either mounted with Kaisers’ gelatine or dehydrated in a descending series of ethanol

solution as described above and mounted with Entellan.
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Table 1: Primary antibodies and conditions for immunostaining

Antigen Company Clone Host Dilution
F4/80 home made A3-1 rat 1:100
Grl BD Pharmingen | 1A8 rat 1:500
CD3 Abcam Ab 5690 rabbit 1:200
B220 home made RA3 6B2 rat 1:1000
active Caspase 3 R&D systems AF835 rabbit 1:2000
Ki-67 Dako TEC-3 rat 1:1000
Lysozyme Dako EC 3.2.1.17 rabbit 1:1000

Table 2: Secondary antibodies and conditions for immunostaining

Antigen Company Clone Host Dilution
bioinylated rat | Dako E0468 rabbit 1:1000
[o]€]

biotinylated Perkin Elmer NEF813 goat 1:500
rabbit IgG

2.2.2.4. Electron microscopy

3-mm-long samples from distal, medial and proximal colon were taken for electron
microscopy and immediately fixed in 2.5% glutaraldehyde and 2% paraformaldehyde
in phosphate buffer pH 7.4 for 3 h at room temperature. Afterwards, the tissues were
post-fixed in 1% OsO4 and then embedded in Epon resin. The sections were cut at a
thickness of 70-90-nm and stained with uranyl acetate and lead citrate. Samples
were analysed with a Philips CM-10 transmission electron microscope.
Representative pictures were captured using an Orius SC200 CCD camera (Gatan

GmbH). Electron microscopy was carried out in collaboration with Vangelis Kondylis.

2.2.3. Biochemistry
2.2.3.1. I[EC isolation from colon and small intestine

Colon and small intestine were removed as described above and transferred into
cold PBS. Isolation of IECs was performed according to the published protocol
(Ukena et al., 2007). Colon and small intestine were cut open longitudinally and the

luminal content removed by washing in PBS. Colon or small intestine were
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transferred into 50ml Falcon tubes and incubated on a horizontal shaker at 180rpm at
37°C in pre-warmed PBS with ImM DTT for 10min in order to remove the mucus and
debris. After washing the tissue in PBS, it was transferred into a new Falcon 50mi
tube and incubated in HANKSs salt solution (HBSS) with 1.5mM EDTA for 15min at
37°C and 180rpm. To efficiently detach the IECs and crypts, tubes were vortexed for
1min at full speed. The remaining tissue was removed and IECs were pelleted by
centrifugation at 1200rpm for 10min. The supernatant was removed and the IEC
pellets were resuspended in 1-2ml PBS and transferred into eppendorf tubes. IECs
were centrifuged at 5000rpm for 5min and pellets were frozen in liquid nitrogen or

directly used for protein or RNA extraction.

2.2.3.2. Preparation of IEC protein extracts

For total extracts of IECs, cells were lysed in high salt RIPA lysis buffer containing
protease- and phosphatase inhibitors. During the lysis cells were kept on ice for
30min and inverted repetitively. Afterwards samples were centrifuged at full speed for
20min at 4°C to pellet the cell debris. The supernatant containing the extracted

proteins was used for further analysis.

2.2.3.3. Assessment of protein concentration by Bradford

assay
For the determination of protein concentration within a given sample, the sample was

diluted in lysis buffer 1:10. 2ul of this dilution were added to 1ml of Bradford solution.
A protein standard curve with 0.5ug, 1ug, 2 ug, 5ug and 10ug in of BSA in lysis buffer
was obtained by adding 2ul of the different BSA concentrations to 1ml of Bradford
dilution each. Protein concentration was measured with a spectrophotometer at an
absorbance of 595nm. The standard curve was used to obtain the protein

concentration in the sample.

2.2.3.4. Western Blot analysis

Samples were boiled in Laemmli loading buffer for 10min to reduce disulphide bonds
and denature proteins. Proteins were separated according to size by electrophoresis
in 10% SDS-polyacrylamid gels (SDS-PAGE) under denaturing conditions with Tris-
Glycine electrophoresis buffer. Transfer of Proteins to PVDF membranes was
achieved by semidry transfer. Therefore the PVDF membrane was activated by
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incubation in 100% (v/v) methanol for 2min and then placed in the transfer buffer.
3mm Whatman paper was soaked in semi dry transfer buffer. The setup for the
transfer was the following from bottom to top: one piece of whatman paper is
followed by the PVDF membrane, followed by the gel and another whatman paper on
top. For the transfer ImA current was applied per cm? membrane for 90min. After
blotting the membrane was washed in PBS and blocked under constant agitation with
blocking buffer to reduce unspecific binding of antibodies. Incubation with primary
antibodies diluted in primary antibody dilution buffer was performed overnight at 4°C.
The membrane was washed afterwards three times for 5min in PBS with 0.1% (v/v)
Tween-20, followed by 1h of incubation with the secondary HRP-conjugated
secondary antibody diluted in blocking buffer at room temperature under agitation.
Afterwards the membrane was washed again with three times for 5min in PBS with
0.1% (v/v) Tween-20. Proteins were detected by incubation of the membrane in
homemade ECL solution followed by exposition to chemiluminescent films for varying
times. The films were developed in AGFA developer solution and fixed in AGFA

fixation solution.

Table 3: Primary antibodies used for Western Blot analysis

Antigen Company Host Dilution

FADD gift from A. | rat 1:1000
Strasser

RIP3 Enzo rabbit 1:1000

CYLD gift from R. | rabbit 1:1000
Massoumi

a-Tubulin Sigma mouse 1:5000

Table 4: Secondary antibodies used for Western Blot analysis

Antigen Company Clone Host Dilution

Rat 1gG Jackson goat 1:3000
ImmunoResearch

Rabbit IgG Amersham NA934V donkey 1:3000
Pharmacia

Mouse IgG Amersham NA9310V sheep 1:3000
Pharmacia
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2.2.4. Molecular Biology
2.2.4.1. Preparation of genomic DNA

Tail biopsies or IECs were digested in 500ul of tail lysis buffer and Proteinase K
(10mg/ml) under agitation at 56°C overnight. Undigested material was pelleted by
centrifugation at full speed for 10min. The supernatant was transferred to a new tube,
500ul of isopropanol were added and the tube was inverted several times to
precipitate the DNA. After 5min of centrifugation at full speed the DNA was washed
with 200ul of 70% (v/v) ethanol. To obtain the genomic DNA, samples were
centrifuged at full speed for 5min, the supernatant was removed and the DNA pellet

dried for 20min and afterwards suspended in 100ul Tris-EDTA buffer.

2.2.4.2. Southern Blot

The genomic DNA was digested overnight with the restriction enzyme Spel in case of
the Cyld locus and with EcoRV in case of the Fadd locus. DNA fragments were
separated on a 0.8% agarose gel, and afterwards overnight transferred from the gel
onto a charged nylon membrane by capillary flow. After the transfer the membrane
was baked at 80°C for 1h and pre-incubated in hybridization buffer at 65°C for 2h.
Specific DNA probes labelled by random priming with **Pa-GTP were added to the
hybridization buffer and allowed to hybridize with the membrane overnight at 65°C.
The membrane was washed afterwards for 20 minutes with 2x SSC/1% SDS at
65°C, followed by more washing steps for 20min each with 1x SSC/0.5% SDS until
the background signal was low enough for detection of the specific signals. After
sufficient washing the membrane was first exposed to a Phosphorimager screen for
1-2 hours and afterwards a KODAK BioMax MR film was exposed to the membrane

for several days at -80°C.

Table 5: primers used for amplification of DNA probes by Southern Blot

locus | forward (5’->3’) reverse (5’->3’)
Fadd CGTGAGGAGCAGGGCAAGCAG | TGGTGAAGCCCTCCAGCCTGT
Cyld TCATGGCCAGCAGTCTCGAAG | TTTCTGTGGGCCTACATACGG
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2ul of genomic tail DNA was used for genotyping by Polymerase-chain-reaction
(PCR). The following PCR mix was used: 3ul of 10x TAG buffer, 3ul of 2mM dNTPs,
3pl of 3um primer mix, 1.8ul 25mM MgCl,, 1.8ul DNA loading dye, 0.5pul homemade

Tag-enzyme and 17ul of H,O in a final volume of 30ul. Annealing and elongation

times during the PCR depend on the individual primer set. 10ul of the PCR reaction

was separated on an agarose gel by electrophoresis.

Table 6: Primer sequences for genotyping PCRs and PCR-amplified fragment sizes

typing for Primer sequence bands
ACA GGC ACT AAG GGA GCC AAT G
N WT: 900bp
villin Cre AT TGCA GGT CAG AAAGAG GTCACAG Ta: 350b
GTT CTT GCG AAC CTC ATCACT C J P
TCACCGTTGCTCTTT GTC TAC
WT: 208bp
Fadd GTAATC TCT GTA GGG AGC CCT
FL: 280bp
CTA GCG CAT AGG ATG ATC AGA
CGC TTT AGA AGC CTT CAG GTT GAC
_ WT: 320bp
Ripk3 GCCTGC CCATCAGCAACTC
KO: 485bp
CCA GAG GCC ACT TGT GTA GCG
CCAAGC TCT AGG CCC TAA GGT WT: 729bp
CyldA932
ATG TCT AAG TCC TTC TGG CAT FL : 763bp
GAG CAG GCT GAG TGC AAACTT GGT CTG WT: 1000bp
Myd88 AGC CTCTACACCCTTCTCTTC TCC ACA KO: 1000bp
ATC GCC TTC TAT CGC CTT CTT GAC GAG (separate PCRs)
-y AAC CAG GCAGGT TCT GTC CC WT: 481bp
n
CTCTTGCTTATC CCCTCT TCC KO: 1200bp
Table 7: programmes for genotyping PCRs
typing for PCR programme cycles
94°C 3min
94°C 1min
villin Cre 67°C 1min 35
72°C 1min
72°C 5min
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Table 7 continued

94°C 3min
94°C 1 sec
Fadd 55°C 30 sec 34
72°C 30 sec
72°C 3 min
94°C 4min
94°C 1 min
Ripk3 60°C 30 sec 30
72°C 1 min
72°C 10 min
94°C 4min
94°C 1 min
CYLDA932 56°C 30 sec 30
72°C 1 min
72°C 4 min
94°C 3min
94°C 30sec
Myd88 67°C 1min 35
72°C Imin
72°C 5min
94°C 3min
94°C Imin
58°C 30sec 5
Tnf 72°C 90sec
94°C 15sec
58°C 40sec 25
72°C 90sec
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2.2.4.4. Agarose gel electrophoresis
DNA-fragments amplified by PCR were separated by gel electrophoresis according
to size. Therefore, depending on the fragment size, either 1% or 2% of Agarose in
TAE buffer were boiled and afterwards 0,5mg/ml Ethidiumbromide was added. After

polymerisation during the cooling process, gels were run in TAE buffer.

2.2.4.5. Extraction of RNA

For RNA extraction from whole intestinal tissue or IECs, samples were homogenised
in 1ml of Trizol (Invitrogen). To ensure the complete lysis of nuclei, samples were
incubated for 20 min at room temperature. Cell debris was afterwards pelleted by
centrifugation for 10min at full speed. The supernatant was transferred into a new
tube and incubated for another 5min. For the extraction of nucleic acids 200ul of
chloroform per 1ml of Trizol was added and the samples were thoroughly mixed for
15sec. After incubation for 5min at room temperature, the organic and the aqueous
phase was separated by centrifugation for 15min at full speed. The upper agueous
phase was transferred into a new tube and an equal volume of 70% (v/v) ethanol was
added. The samples was loaded on a Quiagen RNAeasy column and centrifuged for
1min at 9000g to bind the nucleic acids to the filter of the column. In a washing step
washing buffer, provided by the manufacturer, was added to the column and
removed by centrifugation for 15sec at 9000g. For DNA digestion the column was
incubated with RNase-free DNase in RDD buffer, also provided by the manufacturer.
After another two washing steps, the RNA was eluted in nuclease free water by

centrifugation for 2min at full speed.

The quality of the RNA was tested on an agarose gel and possible contamination
with genomic DNA was checked by a PCR for B-actin. Concentration and purity of

the RNA samples was assessed by photometric analysis with a NanoDrop.

2.2.4.6. cDNA synthesis

cDNA synthesis was performed with the Superscript Il kit (Invitrogen). In a total
reaction volume of 10ul 1pg of RNA was added to 1ul of 10mM dNTPs and 1pl
random hexamer primers (50ng/ul). Annealing of the primers to the RNA was
achieved by incubation at 65°C for 5min. Afterwards the sample was incubated on

ice for several minutes. 10pl of cDNA synthesis mix containing 2ul 10x RT-reaction
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buffer, 4ul 25mM MgCl,, 2ul 0.1M DTT, 1ul RNase OUT (40ul U/ul) and 1 pl of
SuperScript 1l polymerase (200U/ul) was then added to sample and following
reaction was carried out on a PCR cycler: 10min at 25°C, 50min at 50°C for cDNA
synthesis, 5min at 85°C for termination of the reaction. To digest the RNA the sample
was incubated with 1ul of RNase H for 20min at 37°C. Finally the reaction was

diluted 10-fold with nuclease free water.

2.2.4.7. Quantitative real time PCR

For quantitative real time PCR (gRT-PCR) each sample was run in duplicates. For
probe-based Tagman gRT-PCR 2pl of the cDNA dilution were mixed with 6ul of 2x
Mastermix (Applied Biosystems), 0.6pl of primer-probe mix (Applied Biosystems) and
3.4ul of water in 384-well plates. All Tagman probes were purchased from Applied
Biosystems. The following PCR programme was used: activation step for 10min at
95°C, for amplification 40 cycles of 10sec at 95°C and 1min at 60°C.

For SYBR-Green gRT-PCR 2pl of the cDNA dilution were mixed with1.2ul of 20uM
primer mix, 6l of 2x reaction buffer (Applied Biosystems) and 2.8ul of water. The
following PCR programme was used: 10min at 95°C, 40 cycles for 10sec at 95°C,
20sec at 60°C and 40sec at 72°C. After the 40 cycles the PCR-amplicons were
subjected to a dissociation stage. Primers for SYBR-Green gRT-PCR were
purchased from Invitrogen and primer sequences were obtained from

pga.mgh.harvard.edu/primerbank/.

The comparative AACT method was used to determine RNA expression levels.
Therefore, in order to generate the ACT value, Ct values (corresponding to the cycle
number when the amplification plot crosses the fixed threshold) for each gene were
subtracted from the Ct values of the endogenous reference gene TATA box binding

protein. Relative quantification was achieved by using the AACT value.

46



Table 8: Tagman probes used for quantitative RT-PCR analysis

Material and Methods

Gene Tagman probe

116 MmO00446190_m1
l11b MmO00434228 m1l
Ifng MmO00801778_m1
Tnf MmO00443258 m1l
Fasl MmO00438864_m1
Tnfsf10 MmO00437174 _m1
Ccl5 MmO01302428 m1l
1123, p19 MmO00518984 m1
1118 MmO00434225 m1l
l112a, p35 MmO00434165 m1l
1110 MmO00439616_m1
Tnfrl MmO01182929 m1l
Fas MmO00433237_m1
Defa20 MmO00842045 g1
Lyz1 MmO00657323 _m1
Defa-rs1 MmO00655850_m1
Ang4 MmO03647554 g1
Ccndl MmO00432359_m1
Thp MmO00446973_m1l

Table 9: primer sequences for SYBR-Green gRT-PCR

gene | forward (5’->3’)

reverse (5’->3’)

Ccl2 TTA AAA ACC TGG ATC GGA ACC
AA

T

GCATTAGCTTCAGATTTACGGG

Ripkl | GAAGACAGACCTAGACAGCGG

CCAGTAGCTTCACCACTCGAC

Ripk3 | TCTGTCAAGTTATGGCCTACTGG

GGAACACGACTCCGAACCC

Casp8 | TGCTTGGACTACATCCCACAC

TGCAGTCTAGGAAGTTGACCA

Tbp GCTCTGGAATTGTACCGCAG

CTGGCTCATAGCTCTTGGCTC
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Material and Methods
2.2.5. Cell Biology

2.2.5.1. Culture of mouse embryonic fibroblasts (MEFs)

Primary MEFs were isolated from wild-type and homozygous CYLDA932 mice. MEFs
were cultured in growth medium (DMEM supplemented with 10% (v/v) FCS,
Penicillin/Streptomycin, Pyruvate and Glutamine). Cells were grown to confluency in
15cm Petri dishes and incubated at 37°C and 5% (v/v) CO,. Once cells had grown to
confluence they were treated trypsinated in order to detach the cells from the dish.
Cells were incubated for 5min with trypsin solution at 37°C, afterwards trypsin activity
was blocked by additon of DMEM supplemented with 10% (v/v) FCS,
Penicillin/Streptomycin, Pyruvate and Glutamine. After centrifugation and removal of
the medium, cells were resuspended in fresh growth medium and either replated

after dilution on 15cm Petri dishes or used for the cell death assay.

2.2.5.2. Cell death assay with MEFs

For the cell death assay early passage MEFs were trypsinated as described above.
Concentration of cells was determined using a Neubauer chamber. After
resuspending, 10* cells per well were plated in 100pl of growth medium on a 96-well
plate and incubated overnight at 37°C and 5% (v/v) CO,. For the induction of
necroptosis cells were pretreated for one hour with 1ug/ml cycloheximide (CHX;
Sigma) and 20uM zVAD-fmk (ENZO) and subsequently stimulated with 1, 10 or
30ng/ml murine TNF for 12h. Cell survival was determined by spectrophotometric
measurement of crystal violet incorporation. All samples were tested in triplicates and

values are presented as per cent survival of triplicates compared to untreated cells.

2.2.6. Statistics

Results are presented as the mean +/- standard deviation (SD). Statistical
significance between experimental groups was determined by an unpaired two-tailed
Student’s t-test.
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3.Results

3.1. Deletion of FADD in IECs results in chronic spontaneous

colitis and enteritis

3.1.1. Generation of mice deficient for FADD only in the

intestinal epithelium
To investigate the role of FADD dependent signalling pathways in the intestinal
epithelium, a genetic mouse model was generated, in which FADD was deleted
specifically in intestinal epithelial cells (IECs). Mice carrying Fadd alleles with the
second exon of Fadd flanked by loxP sites (FADD™ mice) (Mc Guire et al., 2010)
were crossed with mice expressing the Cre recombinase under the control of the IEC
specific villin promoter (Madison et al., 2002). In FADD™ mice that express the Cre
recombinase under the control of the villin promoter, the Cre recombinase excises
the second exon of Fadd only in IECs. This results in mice expressing FADD in all
cells except for the FADD deficient intestinal epithelium (FADD'®“*® mice). FADD
was efficiently deleted in IECs on the genomic level as shown by Southern Blot
analysis and on the protein level as shown by Western Blot analysis from extracts of
isolated colonic IECs (Fig. 4a and 4b).

a IECs MEFs b IECs MEFs
IEC-KO _ FL /- FL__IECkO WT -/-

Del 12kb W - FADD
FL 8.5 kb

S S o -Tubulin

Figure 4 Conditional ablation of FADD in the intestinal epithelium of mice (FADD" ™ ° mice)

a. and b. Efficient deletion of the Fadd-allele in isolated IECs from FADD'“"° mice (IEC-KO)
compared to FADD™ mice (FL) was detected by Southern Blot (b) and Western Blot (c). Wildtype
(WT) and FADD-/- (-/-) MEFs served as controls. a-Tubulin served as loading control.

3.1.2. FADD'®“*° mice develop spontaneous chronic colitis

FADD'E“*® mice were born at mendelian ratios but grew slower and gained less
bodyweight than FADD™" littermates. About half of the FADD'“*° mice died within
the first three weeks after birth. Endoscopy of 10 week old animals revealed severe
colitis in FADD'E“X® mice as displayed by a thickened and less translucent mucosa,
ulceration, increased deposition of fibrin, an altered vascularization and severe

diarrhoea leading to a significantly increased murine endoscopic index of colitis
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severity (MEICS) compared to FADD™ mice (Fig. 5a). Colons from FADD'5“*° mice

were significantly shorter than those of FADD™ mice (Fig 5b).

d FADDF FADD'ECKO 15

SR

FL

-

O N B O O O

colon length [cm]

FL IEC-KO

Figure 5 Spontaneous development of colitis in FADD'“™° mice

a. Representative endoscopic images of 10 week old FADD™ control and FADD'®“™° mice and a
significantly increased MEICS (murine endoscopic index for colitis severity) showed colonic
inflammation. FADD'®“*° (n=31) and FADD™ (n=37) b. The colon of FADD®“™° mice was
significantly shorter than the colon of FADD™ mice. FADD'®“™° (n=4) and FADD™" littermates (n=5).
Scale bar, 1 cm

For histological analysis sections from colons of 2-, 3- and 10 week old mice were
stained with Haematoxylin, which indicates the nuclei, and Eosin (H&E), which
highlights the cytoplasm. Increased epithelial cell death was detected already in 2
week old FADD'®“*® mice, but not in FADD™ controls. Immune cell infiltrations into

the mucosa became visible in 2 week old FADD'E¢K®

mice and elongated crypts
were detectable in 3 week old mice throughout the whole colon, with increasing
intensity to the proximal part. Both, immune cell infiltration and crypt elongation
further increased in 10 week old FADD'®“™"° mice (Fig 6a), which is reflected in a
significantly increased Histological Colitis Score (HCS) for sections from 10 week old

FADD'5¢™° mice compared to FADD™ mice (Fig 6b).
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a FADD'EC'KO

2 weeks

3 weeks

10 weeks

FL  IEC-KO
IEC-KO
IEC-KO

Figure 6 Development of inflammation and tissue damage in FADD mice

a. H&E stained colonic sections from 2-, 3- and 10 week old FADD mice showed increased
infiltration of immune cells into the mucosa, hyperproliferation and increased cell death compared to
FADD™ mice. Arrows in insets indicate dying epithelial cells in 2- and 3-week-old mice. Scale bars:
100 ym.. b. Significantly increased HCS (Histologic Colitis Score) confirmed the colonic inflammation
in 10 week old FADD'®“™° mice. FADD™ (n=7) and FADD'"*“™° (n=7)

Quantitative real time PCR (qRT-PCR) on colonic extracts was employed to further
analyse the inflammatory response in the colon of FADD'®“*® animals, revealing
increased expression of several inflammatory cytokines and chemokines in FADD'E®
KO mice compared to FADD™ mice (Fig 7a). Ccl2 and Ccl5, chemokines that attract
different sets of immune cells like monocytes or dendritic cells in case of Ccl2 and T
cells as well as eosinophils and basophils in case of Ccl5, were expressed at
significantly higher levels in the FADD'“*® mice than in the control mice. Several
pro-inflammatory cytokines from the interleukin family like IL-18, IL-6 or IL-12a were

expressed at a much higher level in the FADD'E“*°

mice compared to the controls.
Beside of the pro-inflammatory interleukins also the anti-inflammatory IL-10 was
significantly upregulated, indicating that additionally to the pro-inflammatory response
mechanisms were activated to keep the inflammation under control. Additionally,
expression of the DR ligands TNF, FASL and TRAIL was upregulated in the

FADD'E“*® animals as well as Interferon-y.
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Figure 7 Increased expression of proinflammatory cytokines and chemokines of 10 week old
FADD'""“*° mice

a. qRT-PCR analysis revealed increased cytokine and chemokine expression in colons from 10-week-
old FADD"®“™"° and FADD™ mice (n=5-8 for each genotype). All graphs show mean values + standard
deviation (s.d.).

The nature of the immune response in the colon was further dissected by
immunohistochemical (IHC) stainings for the infiltrating immune cells on sections
from 2-, 3- and 10-week old mice. An increased amount of F4/80 positive
DIEC-KO

macrophages was detectable in the mucosa of two week old FAD mice

compared to FADD™ control mice. The number of F4/80 positive macrophages

increased even more in older FADD'®“*°

mice (Fig. 8a). A similar pattern could be
found for Grl positive granulocytes which were already abundant in 2-week old
FADD'¥¢° mice and further increased in 3- and 10-week old FADD'E“™® mice, while
they were hardly detectable in the control mice (Fig. 8a). Neither increased infiltration
of B220 positive B-cells nor of CD3 positive T-cells could be detected in 2-week old
FADD'®“*® animals compared to FADD™ control animals. Both cell types were

D'E¢XO mice compared to FADD™ control

moderately increased in 3-week old FAD
mice and further increased in the mucosa of 10-week old FADD'5™° mice compared
to FADD"" control mice (Fig. 8a). Therefore the primary immune response in young
FADD'E“¥® animals seems to rely on innate immune cells of the myeloid lineage,
while cells of the adaptive immune response contributed to the inflammation in the

colons of FADD'®“© animals only in later stages.
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Figure 8 Increased infiltration of immune cells into the mucosa of 10 week old FADD mice
a. Colonic cross-sections from FADD'E“™® and FADD™ mice were immunostained for F4/80, Gr-1,
B220, CD3 (brown) and counterstained with haematoxylin (blue). Macrophage (F4/80+) and
granulocyte (Gr-1+) infiltration into the colonic mucosa was detectable already in 2- and 3-week-old
FADD'®“*? mice, while large inflammatory infiltrates were detected at 10 weeks of age. Increased B-
(B220+) and T-cell (CD3+) infiltration was detectable in the mucosa of 10-week-old FADD'=“*° mice,
while small numbers of lymphocytes were observed in 2- and 3-week old animals. Scale bar: 10um.

D'ECKO animals

To investigate whether the elongation of the colonic crypts in FAD
(Fig 6a) was due to a hyper-proliferative response of the intestinal epithelium, IHC
staining for Ki-67 positive proliferating intestinal epithelial cells was performed (Fig.
9a). The number of proliferating IECs was slightly higher in colonic sections from 2-

week old FADD'®“*° mice compared to FADD"™" control mice and further increased in
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the colon of 3- and 10-week old mice. In line with the increased amount of
proliferative epithelial cells detected by IHC staining, gRT-PCR on isolated colonic
IECs showed a significant increase of Cyclin D1 mRNA expression in FADD'E¢*C
mice compared to FADD™ control mice (Fig. 9b). Taken together the data suggest

D'EKO animals is due to a hyper-proliferative

that elongation of colonic crypts in FAD
response of the intestinal epithelium, most likely as a response to the chronic

inflammation and tissue damage in FADD'®“"° animals.
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Figure 9 Increased proliferation of epithelial cells in the colon

a. Representative pictures from colonic cross-sections from 2-, 3- and 10-week-old FADD and
FADD™ mice immunostained with antibodies recognising Ki-67 (brown) and counterstained with
haematoxylin (blue). Elevated epithelial proliferation was detectable in FADD'®“*° mice already at 2
weeks of age, which was further increased at 3 and 10 weeks. Scale bar: 100um. b. Quantitative RT-
PCR ana}lysis on mMRNA isolated from primary colonic IECs showed increased Cyclin D1 expression in
FADD'®“™® compared to FADD™ animals (n=4).

IEC-KO

3.1.3. FADD'®“*° mice develop spontaneous chronic enteritis

and have reduced numbers of Paneth cells
Since FADD deficiency in the colonic epithelium causes spontaneous chronic colitis,
we wanted to analyse whether FADD deficiency also affects the small intestine.
Histological sections from the distal small intestine stained with H&E showed

DIEC-KO

increased infiltration of immune cells into the mucosa of FAD mice compared
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to FADD™ control mice (Fig. 10a). Increased epithelial death was detectable all over
the crypt and villus axis. Additionally, a severely reduced amount of eosin rich cells at
the bottom of the small intestinal crypts suggested a reduced amount of Paneth cells
in FADD'“*® mice. Like in the colon also small intestinal crypts were found to be
elongated in FADD'®“*® animals. These findings were also reflected by a
significantly increased Histological Score (HS) for FADD'®“*° mice compared to
FADD™™ control mice (Fig. 10b).

FAD DIEC-KO

R

IEC-KO
Figure 10 Development of enteritis in FADD'5“™° mice
a. Representative histological images from the small intestine of 10 week old FADD mice showed
increased cell death and a lack of Paneth cells compared to FADD™ mice. Green arrow indicates a
Paneth cell, black arrow indicates a dying epithelial cell b. SignificantIE/ increased histological score
(HS) indicated small intestinal inflammation in FADD'®“™*° mice. FADD™ (FL, n=11), FADD"-“*° (IEC-
KO, n=8)

IEC-KO

Paneth cells are important producers of antimicrobial peptides and proteins and
therefore have an important role in the regulation of the microbiota in the small
intestine. Thus we analysed the amount of Paneth cells by IHC staining for the
Paneth cell marker Lysozyme. The number of Lysozyme positive Paneth cells at the

bottom of the small intestinal crypts was severly reduced in FADD'E©

animals (Fig.
11a). To test whether reduced numbers of Paneth cells influenced the amount of
antimicrobial peptides and proteins in the small intestine of FADD'E“*° mice, qRT-
PCR analysis of small intestinal RNA extracts was applied. RNA expression of the
tested antimicrobial peptides and proteins Defa20, Lyzl, Defa-rs1 and Ang4 was
significantly decreased in FADD'®“*° mice compared to FADD"™ control mice (Fig.

11b).
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Figure 11 Reduced numbers of Paneth cells in FADD'®“*° mice

a. Small intestinal sections were immunostained for lysozyme gbrown) and counterstained with
haematoxylin (blue). Less Paneth cells were detectable in FADD'=“"° mice. b. Expression of the
Paneth-cell-specific genes Defa20, Lyz1, Defa-rs1 and Ang4 was significantly decreased in FADD'®“
° mice compared to FADD™ mice as measured by gqRT—PCR in small intestinal mMRNA samples.
FADD™ (n=6), FADD'®“*° (n=6)

As reported above, H&E stained small intestinal sections showed increased

DIEC-KO

infiltration of immune cells into the small intestinal mucosa of FAD mice, as

well as elongated crypts. IHC staining for Grl confirmed increased infiltration of Grl
positive granulocytes into the small intestinal mucosa of FADD'E“™"° mice compared

to FADD™" control mice (Fig. 12a). To test, whether increased proliferation of IECs

DIEC-KO

causes the elongation of small intestinal crypts in FAD animals, IHC staining

for Ki-67 was applied. An increased amount of Ki-67 positive proliferating epithelial

D'EO mice compared to FADD™ control

DIEC-KO

cells was detected within the crypts of FAD
mice (Fig. 12b), suggesting that the elongated crypts in FAD mice are indeed

due to an increase of epithelial proliferation.
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FADD!'EC-KO

Figure 12 Infiltration ofE%ranqucytes into the mucosa and epithelial hyperproliferation in the
small intestine of FADD'®“*° mice

a. and b. Small intestinal sections were immunostained against Grl (brown) (a) and Ki-67 (brown) (b)
and counterstained with haematoxylin. Increased infiltration of granulocytes into the small intestinal
mucosa and increased proliferation in the small intestinal epithelium was found in FADD'E“™° mice.
Scale bars: a=10pm and b=100um

3.2. FADD deficient IECs are sensitised towards cell death with

necrotic features

3.2.1. FADD'®“*° mice show increased colonic epithelial cell
death

Although FADD is an essential component of extrinsically induced apoptosis,
increased intestinal epithelial cell death was found already on H&E stained sections
from 2 week old FADD'E“™® animals, which further increased in older animals leading
to areas with a completely eroded epithelium (Fig. 6a). To dissect the nature of the

increased epithelial cell death in FADD'®“*©

mice, colonic sections from 3 week old
mice were IHC stained against active Caspase 3, a marker of apoptotic cell death.
Despite the presence of some active Caspase 3 positive dying or dead cells, many
active Caspase 3 negative dying or dead epithelial cells could be detected in
FADD'E“¥® animals (Fig. 13a). No active Caspase 3 negative epithelial cell death
was found in FADD™ control animals. The increased epithelial cell death of FADD
deficient IECs differed from the homeostatic IEC death at the tip of the crypts,
because epithelial cells were affected at any position within the crypt and the amount

of dying cells was by far higher than the amount of cell death involved in normal
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epithelial cell turnover. The incidence of a large amount of active Caspase 3 negative
dying cells suggested that FADD deficient IECs die by caspase independent necrotic
mechanisms. And indeed, electron microscopy on colon sections from 10 week old
FADD'E“*® mice revealed many dying epithelial cells with signs of necrosis, like low
electron density within the cytoplasm, disruption of the plasma membrane, swollen
organelles and lack of chromatin condensation (Fig. 13b). Necrosis therefore seemed
to be the major form of cell death in FADD-deficient IECs in the colon.

a active Caspase 3 b FADD/EC-KO
| Colon Lumen

FADD'EC-KO

Figure 13 Increased caspase independent cell death with necrotic features in FADD'®“*° mice

a. Colon sections from FADD'¥“*° and FADD™ mice were immunostained for active caspase 3
(brown) and counterstained with haematoxylin (blue). Black arrow indicates apoptotic, red arrow
shows early resident necrotic and green arrows show late detached necrotic epithelial cells. Necrotic
cells could only be detected in FADD'®“™° mice but not in FADD™ control mice. Scale bar: 10pm b.
Small intestinal sections from 10 week old FADD'®“*° and FADD™ mice were immunostained for
active caspase 3 (brown) and counterstained with haematoxylin (blue). Red arrow shows early
resident necrotic epithelial cells. Scale bar: 100um b. Representative electron microscopy picture of a
necrotic epithelial cell (arrow) in the colon of a FADD'®“*° mouse. GC: goblet cell; N: nucleus. Scale
bar: 2um.

3.2.2. FADD'“*° mice show increased epithelial cell death in

the small intestine

As described before, FADD deficiency leads to increased cell death of IECs in the
colon. In line with these observations on colonic sections, increased cell death was
also found on small intestinal sections from FADD'®“*® mice (Fig. 10a). IHC staining

D'EKO mice also revealed

for active Caspase 3 on small intestinal sections of FAD
many active Caspase 3 negative dying epithelial cells, which were absent in sections

from FADD™ control mice (Fig 14a). Like in the colon, increased cell death was

58



Results

observed throughout the whole crypt and villus length. Thus, increased and mainly

Caspase 3 negative cell death of colonic as well as small intestinal epithelial cells
DIEC-KO

was found to occur from very early on in the pathology of FAD mice.

a FADDF FADD!ECKO

- > . 4 - : . . - 3
Figure 14 Increased active Caspase 3 negative IEC death in the small intestine of FADD
mice

a. Small intestinal sections from FADD mice were stained for active caspase-3 (brown) and
counterstained with haematoxylin. Caspase 3 negative dying epithelial cells were detected in FADD'®“
O mice but not in FADD™ controls. Red arrows in inset mark active Caspase 3 negative dying IECs.
Scale bars, 100um

IEC-KO

IEC-KO

IEC-K
DCO

3.3. Development of colitis in FAD mice depends on RIP3-

dependent regulated necrosis

3.3.1. IEC death in the colon and development of colitis in
FADD'®“*° mice is RIP3 dependent

Recently an alternative regulated cell death pathway has been described in cells,
where activation of the extrinsic apoptotic pathway was blocked by the inhibition of
Caspases or by FADD deficiency. This alternative pathway depends on RIP1 and
RIP3 and results in necrotic cell death (Cho et al., 2009; He et al., 2009; Zhang et al.,
2009). Interestingly RIP3 was upregulated on mRNA- and protein-level in extracts
from isolated IECs of FADD'®“° mice compared to FADD™ control mice, as shown
by gRT-PCR and Western Blot (Fig. 15a and 15b).
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Figure 15 Increased expression of RIP3 in FADD deficient IECs

a. JRT-PCR showed increased expression of Tnfrl, Fas and Ripk3 in colonic IECs from FADD
mice (n=3) compared to FADD"™" (n=4) mice. b. Western Blot for RIP3 in colonic IECs from FADD
(IEC-KO), FADD™ (FL) and Ripk3-/- (-/-) mice. B-actin serves as loading control. Lanes represent
IECs from individual mice.

IEC-KO
IEC-KO

In order to assess the impact of RIP3 dependent cell death in FADD deficient IECs,
FADD'E“*® mice were crossed with Ripk3-/- mice (Newton et al., 2004). FADD'E®
O/Ripk3-/- mice, which lack FADD only in IECs and RIP3 in all cells, were born in
mendelian ratios and had a healthy appearance. Colon sections from FADD'®®
KO/Ripk3-/- mice stained with H&E did not show increased cell death, inflammation or
hyperproliferation of the intestinal epithelium (Fig. 16a). The sections from FADD'E®
O/Ripk3-/- mice were indistinguishable from those of FADD™/Ripk3-/- control mice
as also confirmed by the HCS (Fig. 16b).

DIEC-KO

Thus RIP3 is essential for the development of colitis in FAD mice. The

prevention of increased necrotic IEC death in RIP3 deficient FADD'®*° mice
strongly suggests that FADD deficiency sensitises IECs towards RIP3 dependent
necrotic cell death in the colon. This RIP3 dependent IEC death seems to be the

DIEC-KO

initial trigger causing colitis in FAD animals.
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Figure 16 Development of Colitis in FADD mice depends on RIP3
a. Representative histological images showing no differences between FADD'=“*°/Ripk3-/- mice and
FADD"™/Ripk3-/- mice. b. Quantification of HCS in colon sections confirmed that FADD'®“*°/Ripk3-/-
mice are comparably healthy like the FADDFL/Ripk3-/- control mice. FADD'EC'KO/Ripk3-/- (n=5),
FADD"™/Ripk3-/- (n=3) Scale bar: 100um
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3.3.2.  Cell death and inflammation in the colon of FADD'"“*®

mice depends on CYLD

CYLD is a deubiquitinase that has an important regulatory role in TNF induced cell
death. Its main proposed function during the induction of TNF induced cell death is
the deubiquitination of RIP1, which is important for the cytosolic death inducing
complex to form (Wang et al., 2008; Wright et al., 2007). CYLD has also been
implicated in TNF induced necrotic cell death in vitro, when apoptosis is inhibited
(Hitomi et al., 2008). Treatment with TNF induced necrotic cell death in primary
mouse embryonic Fibroblasts (MEFs) after blocking apoptosis via the caspase
inhibitor z-VAD-fmk and simultaneously blocking protein synthesis with the inhibitor
Cycloheximide. Primary MEFs expressing a mutated deubiquitinase deficient
CYLDA932 Protein were largely protected from this TNF induced necrotic death (Fig.
17a). In order to analyse whether CYLD, and more specifically its deubiquitinating
function, is also necessary for the necrosis that occurs in FADD deficient IECs,
FADD'E“*® mice were crossed with mice expressing the CYLDA932 mutant deficient
in its deubiquitinating activity only in IECs (CYLDA932'=¢ mice). In this mouse model
a stop cassette was placed behind the wildtype exon 17, both of which were flanked
with loxP sites. Additionally a mutated last exon (exon 17) of the Cyld gene,
containing a nonsense mutation at position 932, was introduced behind the wildtype
Cyld exon 17 (Fig. 17b). This mutation leads to a premature termination Codon at
position 932 of the Cyld gene resulting in a truncation of the last 20 amino acids of
the protein, which contain subdomain Il of the His box that is essential for the
catalytic activity of the deubiquitinating domain. In CYLDA932™ mice the stop
cassette prevents transcriptional read-through and expression of the mutated exon
17. In CYLDA932"¢ mice, the Cre recombinase under the control of the villin
promoter excises the loxP-flanked fragment containing the wild type exon 17 and the
stop cassette only in IECs, resulting in the replacement of wild type exon 17 with the
mutated exon 17 in these cells. After crossing CYLDA932™ mice to the FADD'E¢™®
mice, the resulting FADD'®“*°/CYLDA932'¥ mice expressed the catalytically
inactive truncated CYLDA932 protein in IECs while at the same time lacking FADD in
IECs, as shown by Southern Blot and Western Blot on isolated IECs (Fig. 17c and
17d).
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Figure 17 CYLDA932 protects from TNF induced necrotic cell death and generation of FADD'®®
“OICYLDA932'* mice

a. The catalytically inactive CYLDA932 protects from TNF induced necroptosis in MEFs after
pretreatment with cycloheximide and z-VAD (mean values of triplicates £ SD shown). b. A stop
cassette was inserted behind Exon 17 of CYLD and both Exon 17 and the stop cassette were flanked
with LoxP sites. A mutated Exon 17 was inserted behind the LoxP flanked region. Upon Cre mediated
recombination the wildtype Exon 17 was excised and catalytically inactive CYLD containing the
mutated Exon 17 got expressed (for details see text). c. Efficient recombination of the mutated CYLD
locus was detected by Southern Blot on DNA isolated from IECs of FADD'"“"°/CYLDA932'%¢ mice.
DNA from IECs of CYLDA932"¢ and CYLDA932™ mice served as controls. White arrowhead
indicates the floxed allele, black arrowhead indicates the mutated allele d. Efficient deletion of FADD
and efficient expression of mutated CYLD on protein level was shown by Western Blot. a-Tubulin
served as loading control. White arrowhead indicates the wildtype CYLD protein, black arrowhead
indicates the mutated, slightly smaller CYLDA932 protein

FADD'E“*®/CYLDA932' mice were born at mendelian ratios and endoscopic
analysis (Fig 18a) as well as H&E stained colonic sections (Fig. 18b) revealed that 10
week old FADD'E“*/CYLDA932"%¢ mice did not show increased cell death nor did
they develop colitis and were therefore indistinguishable from FADD™/CYLDA932™
control mice. Although the exact molecular mechanism by which CYLD regulates
necrosis in vivo is not known, these observations suggest that the deubiquitinating
activity of CYLD is important for RIP3-dependent necrotic cell death to occur in

FADD deficient colonic IECs. Beyond that, prevention of necrotic IEC death by
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inhibition of CYLD specifically in IECs proves, that an IEC intrinsic mechanism

DIEC-KO

causes the development of colitis in FAD mice.
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Figure 18 Cell death and colitis development in FADD™“™° mice depends on the
deubiquitinating activity of CYLD

a. Representative endoscopic images and quantification of MEICS in colons from FADD
“O/ICYLDA932"° and FADD™/CYLDA932™ mice did not show significant differences. FADD'®®
KO/CYLDA932'E¢ (n=11), FADD™/CYLDA932™ (n=7) b. No inflammation or increased cell death can
be detected on representative histological images and by quantification of HCS in colon sections from
10 week old FADD'™“*°/CYLDD932"*° and FADD™/CYLDA932™ mice. FADD'®“*°/CYLDD932""
(n=10), FADD™/CYLDA932™ (n=6)

IEC-

3.3.3. Cell death and inflammation in the colon of FADD'®“*©

mice depends partially on TNF
TNF has been shown to induce necrotic cell death in FADD deficient T-cells (Holler
et al., 2000). To investigate whether necrosis of FADD deficient IECs in the colon is
induced by TNF, FADD'E“X° mice were crossed to TNF deficient mice (Pasparakis et
al., 1996) resulting in mice deficient for FADD in IECs while lacking TNF in the whole
organism (FADD'E“™ ®/Tnf-/- mice). FADD'“*®/Tnf-/- mice developed significantly
less severe colitis compared to FADD'®“*° mice as shown by endoscopic analysis
and the corresponding MEICS score (Fig. 19a). However, FADD'E“*°/Tnf-/- mice still
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developed significantly more colitis than FADD™/Tnf-/- control mice (Fig. 19a). H&E
stained colonic sections of FADD'E¢X°/Tnf-/- animals showed less overall infiltration

of immune cells into the mucosa compared to FADD'E¢*°

mice, but some patchy
areas with increased cell death and local infiltration of immune cells were detectable
(Fig. 19b). Therefore, it seems that TNF either has a role in the induction of colonic
IEC necrosis or in the development of inflammation in FADD'=“*® mice or maybe in
both. On the other hand TNF can neither be the only inducer of death in FADD

deficient colonic IECs nor the only cytokine responsible for the induction of the
DIEC-KO

inflammatory response in the colon of FAD mice.
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Figure 19 TNF deficiency ameliorates colitis development in FADD"™™° mice

a. The catalytically inactive CYLDA932 protects from TNF induced necroptosis in MEFs after
pretreatment with cycloheximide and z-VAD (mean values of triplicates £ SD shown). b.
Representative endoschlc images and quantification of MEICS showing only mild inflammation in

colons from FADD'E“™°/Tnf-/- mice compared to FADD"™/Tnf-/- mice. FADD'“*°/Tnf-I- (n=6),
FADD"™/Tnf-/- én =6) c. Representative histological images and quantification of HCS in colon sections
from FADD'E“*°/Tnf-/- mice show only patch¥ areas with mild infiltration of immune cells compared to
healthy FADD"™/Tnf-/- control mice. FADD'*“*°/Tnf-/- (n=5), FADD™/Tnf-/- (n=6)

3.4. Role of the microbiota in the development of colitis in FADD'®
° mice
3.4.1. The development of chronic colitis but not the increased
cell death in FADD'®“*° mice depends on MyD88

Recognition of bacteria by Toll-like Receptors (TLR) on immune cells can lead to the
induction of intestinal inflammation. MyD88 is an essential adaptor molecule for most
TLRs and signalling through MyD88 has been shown to be important for the
development of inflammatory responses in several mouse models of colitis (Nenci et
al., 2007; Rakoff-Nahoum et al., 2006). To analyse the role of MyD88 dependent
signalling in the development of colitis in FADD'E¢™©
(Myd88-/- mice) were crossed to FADD'E“*° mice (FADD'E“*°/Myd88-/- mice). The

colon of FADD'E¢*°/Myd88-/- mice had an overall healthy appearance comparable to

mice, MyD88 deficient mice

FADD™/Myd88-/- control mice, as shown by endoscopy (Fig. 20a). H&E stained
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sections from FADD'®“*°/Myd88-/- mice did not show increased infiltration of
immune cells into the colonic mucosa compared to FADD™/Myd88-/- control mice
(Fig. 20b). However, IHC staining for active Caspase 3 revealed a slight increase of
Caspase 3 negative and positive epithelial cell death in the colon of FADD'®
XO/Myd88-/- mice compared to FADD™/Myd88-/- control mice (Fig. 20c), although the
level of cell death was by far lower than in FADD'®“*° animals. Therefore, MyD88
dependent signalling seems to be important for the initiation of the immune response
in the colon, but not for the initial cell death of colonic IECs. Furthermore, colonic

DIEC-KO

inflammation in FAD mice seems to substantially increase the amount of dying

epithelial cells.
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Figure 20 MyD88 is necessary for colitis development but not for increased cell death in
FADD'®“"° mice

a. Representative endoscopic images and quantification of MEICS in colons from FADD'®*?'Myd88-/-
and FADD™/Myd88-/- mice showed no differences between the two genotypes. FADD'®*?'Myd88-/-
(n=9), FADDFL/Myd88-/- (n=6) b. No inflammation was detectable on representative histological
images from FADD'"“"°/Myd88-/- mice and quantification of HCS on colon sections from FADD'E
*O/Myd88-/- and FADD™/Myd88-/- mice did not show any differences between the two genotypes.
FADD™/Myd88-/- (n=6), FADD'*“*°/Myd88-/- (n=9) c. Colon sections from FADD'=“"°/Myd88-/- and
FADDFL/Myd88-/- mice were immunostained for active caspase 3 (brown) and counterstained with
haematoxylin (blue). Slightly increased epithelial cell death was detectable in FADD' ™ °/Myd88-/-
mice. Red arrow shows apoptotic and green arrow indicates early resident necrotic epithelial cells.
Necrotic epithelial cells were found in FADD'®“™°/Myd88-/- mice, but not in FADD™/Myd88-/- control
mice. Scale bar: 10um
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3.4.2. The development of chronic colitis in FAD mice

depends on microbiota induced signals
To further dissect, whether the effect of MyD88 dependent signalling on the
development of inflammation in the colon of FADD'®“*° mice depends on bacterial
induced signalling, FADD'®“*° mice were treated with a cocktail of broad-spectrum
antibiotics to diminish the bacterial burden in the intestinal tract. Antibiotics were
administered in the drinking water, starting from the second day after birth.
Endoscopic analysis and H&E staining of colon sections from FADD'®“*° mice
treated with antibiotics revealed a significantly diminished pathology compared to
untreated FADD'®“™® mice, as shown by endoscopy and H&E stained histological
sections (Fig. 21a and 21b). Inflammation in the colon of FADD'®“*° mice treated
with antibiotics was strongly attenuated, which suggests that indeed bacterial
induced MyD88 dependent signalling, most likely in mucosal immune cells, is

important for the development of colitis.
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Figure 21 Antibiotic treatment reduces the development of colitis in FADD'5“™° mice

a. RePresentative endoscopic images and quantification of MEICS showed that antibiotic treated
FADD®“*® mice have a largely normal colonic mucosa compared to the severe colitis seen in
untreated animals. FADD™ untreated, n=37; FADD'®“*® untreated, n=31; FADD"" treated, n=7;
FADD'"“*® treated, n=8.

b. Representative histological images of colonic sections showed that antibiotic treated FADD'"=“"?
mice have a largely normal colonic mucosa comparable to FADD™ control mice, in contrast to the
severe inflammatory lesions seen in the colon of untreated FADD'®“*° animals. Scale bar, 100um.
Quantification by HCS indicated significantly increased inflammation and tissue damage in untreated
FADD'®“*° mice compared to treated FADD'®“*° mice. FADD™ untreated, n=7; FADD'""“* untreated,
n=7; FADD"" treated, n=7; FADD'®“*° treated, n=8. Scale bar, 100pm.

In order to unambiguously asses the role of bacterial induced signalling in the colon
of FADD'¥“*° mice, germfree FADD'®“*® mice were generated in the gnotobiotic
facility at the University of Ulm. Endoscopic analysis revealed no differences between
germ-free FADD™ control mice and germ-free FADD'E“™"° mice (Fig. 22a). H&E
stained sections from germfree FADD'E“™° mice did not show increased infiltration of

immune cells into the colonic mucosa compared to germfree FADD™ control mice
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(Fig. 22b). On the other hand, when germfree FADD®“*° mice were
conventionalized either by cohousing the females with conventionally housed

FADD™ or FADD'E“*°/CYLDA932"¢ mice or by exposing the male mice to the

DIEC-KO

bedding from conventionally housed mice, the former germfree FAD mice

developed severe colitis within less than a week, as shown by endoscopic analysis
and H&E staining (Fig. 22c and 22d). 4 out of 12 mice died within one week of
conventionalization, probably due to massive intestinal inflammation. gRT-PCR

revealed significantly increased expression of the proinflammatory cytokines TNF

DIEC-KO

and IL-1B in the colon of conventionalized FAD animals compared to germfree

FADD'E“¥® animals (Fig. 22e). Taken together, development of the inflammatory

IEC-KO
D

response in the colon of FAD mice depends on bacterial induced and MyD88

dependent signalling. Since colitis can be induced by cohousing germ-free FADD'E©
O mice with healthy control mice harbouring a normal composition of the microbiota,

DIEC-KO

the development of colitis in FAD mice cannot be caused by a possibly altered

composition of the microbiota in FADD'5*° mice.
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Figure 22 Colitis development in FADD'¥“*° mice depends on the presence of the microbiota

a. Representative endoscopic colon images of germ-free FADD'¥“*° mice do not show signs of
inflammation. b. Representative histological images showed no signs of inflammation in germfree
FADD'®“*° mice. Scale bars, 100um c. Representative endoscopic colon images of conventionalised
FADD'®“*® mice show signs of severe colitis, like diarrhoea, ulceration and reduced translucency of
the bowel wall. d. Representative histological images showed severe infiltration of immune cells into
the mucosa and epithelial erosion in conventionalised FADD'®“*° mice. Quantification b;?/ HCS
revealed significantly increased inflammation and tissue damage in conventionalized FADD'®“*° mice
compared to conventionalised FADD™ control mice. FADD'" (gn:S), germ-free FADD'®“*° (n=7),
conventionalized FADD™ (n=8) and conventionalized FADD'*“"° (n=8) Scale bars, 100pm e. gRT-
PCR analysis demonstrated increased expression of TNF, IL-1b and IL-6 in colons of conventionalized
(conv.) FADD'“*° mice compared to germfree FADD'E“™° mice. n.d.= not detectable.
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3.5. Development of enteritis in FAD mice depends on RIP3-

dependent regulated necrosis

3.5.1. IEC death in the small intestine and development of

enteritis in FADD'®“*° mice is RIP3 dependent

As shown above, IEC necrosis in the colon and development of spontaneous chronic

colitis was prevented in RIP3 deficient FADD'=“"®

mice. Thus we wanted to analyse
whether RIP3 is also essential for the small intestinal epithelial cell death and the
development of enteritis. Neither increased cell death, nor infiltration of immune cells,
Paneth cell loss or elongation of the crypts could be found on H&E stained sections
from FADD'E“"°/Ripk3-/- mice (Fig. 23a). The healthy appearance of the small
intestinal sections from FADD'®“*°/Ripk3-/- mice was also reflected in the low HS,
which was comparable to the HS of the FADD™/Ripk3-/- control mice (Fig. 23a). IHC
staining against Lysozyme on small intestinal sections revealed a normal amount and
distribution of Paneth cells in FADD'®“*°/Ripk3-/- mice comparable to FADD™/Ripk3-
/- control mice (Fig. 23b). Accordingly, also the mRNA-level of the antimicrobial
peptides Defa20, Lyz1, Defa-rs1 and Ang4 was not significantly altered in FADD'E®
KO/Ripk3-/- mice compared to FADD™/Ripk3-/- control mice, as shown by gRT-PCR
(Fig. 23c). IHC staining against active Caspase 3 revealed no increased cell death in
the small intestine of FADD'E“™°/Ripk3-/- animals (Fig. 23d).
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Figure 23 Development of enteritis, increased cell death and Paneth cell loss in FADD'®*°

mice is RIP3 dependent

a. Representative histological images of FADD'®“*°/Ripk3-/- mice showed a completely healthy small
intestine. The histological score (HS) of FADD'EC'KOIRipk3-/- and FADDFL/Rika-/- mice was
comparable. FADDFL/Rika-/- (n=6), FADD'EC'KOIRipk3-/- (n=4); Scale bars: 10um b. Small intestinal
sections were immunostained for lysozyme (brown) and counterstained with haematoxylin (blue).
FADD'®“*°/Ripk3-/- mice had normal numbers of Paneth cells. Scale bars: 100pm c. Expression
levels of the Paneth-cell-specific genes Defa20, Lyz1, Defa-rs1 and Ang4 measured by gRT-PCR
were not significantly altered in the small intestine of FADD'EC'KOIRipkB-/- mice. FADDFL/Rika-/- (n=3),
FADD'®“*°/Ripk3-/- (n=5) d. No increased cell death was detectable in small intestinal sections of
FADD'®“*°/Ripk3-/- mice immunostained for active Caspase 3 (brown), counterstained with
haematoxylin (blue). Scale bars: 100um

IHC staining against Grl showed no increased infiltration of granulocytes into the
small intestinal mucosa of FADD'®“°/Ripk3-/- animals compared to FADD™/Ripk3-/-
control mice (Fig 24a). The small intestinal epithelium of FADD'®“*°/Ripk3-/- mice
also didn’t show any signs of hyper proliferation, as demonstrated by IHC staining
against Ki-67 (Fig. 24b).

Therefore, like in the colon, RIP3 dependent regulated necrosis of FADD deficient
small intestinal IECs seems to cause the spontaneous development of chronic
enteritis and Paneth cell loss.

70



Results

FADDFY/

FADD'ECKO]

Figure 24 No increased infiltration of granulocytes or hyperproliferation in FADD'"®“*° mice

a. and b. Small intestinal sections were immunostained against Grl (brown) (a) and Ki-67 (brown) (b)
and counterstained with haematoxylin. Neither increased infiltration of granulocytes into the small
intestinal mucosa or increased proliferation in the small intestinal epithelium was found in FADD'E
“O/Ripk3-/- mice. Scale bars: e=10pm and f=100pum

3.5.2. Cell death and inflammation in the small intestine of

FADD'®“*°mice is independent of CYLD

To investigate whether the inhibition of the deubiquitinating activity in the CYLDA932
mutant is also able to abrogate the small intestinal cell death, the Paneth cell loss
and the inflammatory response in FADD'®“*®
FADD'E“¥®/CYLDA932'5¢ mice were analysed. Surprisingly H&E stained sections
from 10 week old FADD'®“*°/CYLDA932'¢ mice still showed increased cell death,
Paneth cell loss, an increased infiltration of immune cells into the mucosa and
elongated crypts compared to FADD™/CYLDA932" control mice (Fig. 25a). The loss
of Paneth Cells in FADD'®¢°/CYLDA932'5¢ animals was confirmed by IHC staining

for Lysozyme on small intestinal sections (Fig. 25b). Dying small intestinal epithelial

mice, small intestinal sections from

cells in FADD'®“*®/CYLDA932'¥¢ mice were largely, but not exclusively, active

Caspase 3 negative, as shown by IHC staining (Fig. 25c).

71



Results

Q

FADDFY/
CYLDA932

FADDIEC-KO/
CYLDA932

FADDFL  FADDIECKO
CYLDA932" CYLDA932/EC

IEC-KO mice

Figure 25 Increased cell death. Paneth cell loss and development of enteritis in FADD
is independent of the deubiquitinating activity of CYLD

a. Representative histological images of small intestinal sections from 10 week old FADD
O/CYLDA932'E mice showed decreased numbers of Paneth cells, dying enterocytes an increased
infiltration of immune cells into the mucosa. The histological score (HS) of FADD"®“*°/CYLDA932"*¢
mice was significantly increased compared to FADD™/CYLDA932™ mice. FADD™/CYLDA932™ (n=3),
FADD'®“*°/CYLDA932"¢ (n=3); Scale bars: 100pym b. Small intestinal sections were immunostained
for lysozyme (brown) and counterstained with haematoxylin (blue). FADD'®“*°/CYLDA932"* mice had
decreased numbers of Paneth cells. Scale bars: 100um c. Increased cell death was detected in small
intestinal sections of FADD'®“*°/CYLDA932"% mice immunostained for active Caspase 3 (brown) and
counterstained with haematoxylin (blue) compared to FADD™/CYLDA932™ mice. Red arrow indicates
active caspase-3 negative dying enterocyte. Scale bars: 100um

IEC-

Increased infiltration of Grl positive granulocytes into the small intestinal mucosa of
FADD'ES*°/CYLDA932'¥¢ mice compared to FADDT-/CYLDA9327- control mice,
shown by IHC staining for Gr1, further highlighted the inflammatory response in those
mice (Fig. 26a). Increased numbers of proliferating Ki-67 positive IECs confirmed the
hyper proliferative response of the epithelium as detected by IHC staining for Ki-67
(Fig. 26b).

The deubiquitinating activity of CYLD therefore doesn’t seem to be involved in the
regulation of necrosis in FADD deficient small intestinal IECs and the subsequent
development of enteritis.
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Figure 26 Infiltration of granulocytes into the mucosa and epithelial hyperproliferation in
FADD'®“*°mice is independent of the deubiquitinating activity of CYLD

a. and b. Small intestinal sections were immunostained against Grl (brown) (e) and Ki-67 (brown) (e)
and counterstained with haematoxylin. Increased infiltration of granulocytes into the small intestinal
mucosa and increased proliferation in the small intestinal epithelium was found in FADD'®®
KO/CYLDA932'® mice. Scale bars: d=10um and e=100um

3.5.3. Cell death and inflammation in the small intestine of
FADD'®“*°mice is not induced by TNF

TNF induced signalling is at least partially involved in the induction of colitis in
FADD'E“*® mice. To check whether TNF induced signalling also plays a role in the
necrosis of FADD deficient small intestinal IECs and the development of enteritis,
small intestinal sections from TNF deficient FADD'®“™ ° mice were analysed. H&E
stained small intestinal sections from 10 week old TNF deficient FADD'E*° mice
showed increased cell death and Paneth cell loss as well as massive infiltration of
immune cells into the mucosa and elongated crypts compared to FADD™/Tnf-/-
control mice (Fig. 27a). IHC staining for Lysozyme confirmed the pronounced Paneth
cell loss (Fig. 27b) and also in the FADD'®“™*/Tnf-/- mice the epithelial cell death was

mainly active Caspase 3 negative, as shown by IHC staining (Fig. 27c).
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Figure 27 Increased cell death. Paneth cell loss and development of enteritis in FADD
is independent of TNF

a. Representative histological images of small intestinal sections from 10 week old FADD'®“*°/Tnf-/-
mice showed decreased numbers of Paneth cells, dying enterocg/tes an increased infiltration of
immune cells into the mucosa. The histological score (HS) of FADD'®“™*°/Tnf-/- mice was significantly
increased compared to FADD"™/Tnf-/- mice. FADD ™ /Tnf-/- (n=6), FADD'"*“*°/Tnf-/- (n=4); Scale bars:
100um b. Small intestinal sections were immunostained for lysozyme (brown) and counterstained with
haematoxylin (blue). FADD'E“™°/Tnf-/- mice had decreased numbers of Paneth cells. Scale bars:
100um c. Increased cell death was detected in small intestinal sections of FADD'“"°/Tnf-/- mice
immunostained for active Caspase 3 (brown) and counterstained with haematoxylin (blue) compared
to FADD™/Tnf-/- mice. Red arrow indicates active caspase-3 negative dying enterocytes. Scale bars:

100um
A massive infiltration of granulocytes into the mucosa of FADD'E¢™®/Tnf-/- mice was
detected on IHC stained sections for Grl (Fig. 28a), indicating that the inflammatory

response in FADD'®“*©

mice might even be elevated in the absence of TNF. IHC
staining for Ki-67 revealed a strongly increased amount of proliferating epithelial cells

in FADD'E“*°/Tnf-/- mice compared to FADD™/Tnf-/- control mice (Fig. 28b).

Thus TNF, while contributing to colitis development in FADD'E“*® mice, does not
have a role in the development of enteritis in FADD'=“®
results obtained for the contribution of CYLD and TNF to the pathology of FADD'E¢K®

mice indicate, that the mechanisms inducing and regulating RIP3 dependent necrosis

mice. Taken together, the

of FADD deficient IECs differ between colonic and small intestinal IECs.
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Figure 28 Infiltration of granulocytes into the mucosa and epithelial hyperproliferation in
FADD'®“*°mice is independent of TNF
a. and b. Small intestinal sections were immunostained against Grl (brown) (d) and Ki-67 (brown) (e)
and counterstained with haematoxylin. Increased infiltration of granulocytes into the small intestinal
mucosa and increased proliferation in the small intestinal epithelium was found in FADD'®“™*°/Tnf-/-
mice. Scale bars: d=10um and e=100um

3.6. Role of the microbiota in the development of enteritis in
FADD'""““® mice

3.6.1. Enteritis and IEC death in FADD'®“*° mice does not
depend on MyD88

As shown before, bacterial induced and MyD88 dependent signalling is necessary for
the development of colitis in FADD'®“*° mice. To investigate whether MyD88
dependent signalling is also involved in the development of enteritis in FADD'E¢<®
mice, small intestinal sections of FADD'®“ °/Myd88-/- mice were stained with H&E.
Analysis of those sections revealed, that neither the increased epithelial cell death,
nor Paneth cell loss or inflammation was diminished in the small intestine of FADD'E®
KO/Myd88-/- mice compared to FADD™/Myd88-/- control mice (Fig. 29a). IHC staining
for Lysozyme confirmed decreased numbers of Paneth cells (Fig. 29b). In addition,
the increased epithelial cell death in FADD'®“"°/Myd88-/- mice compared to
FADD/Myd88-/- control mice was mainly active Caspase 3 negative as shown by

IHC staining for active Caspase 3 (Fig. 29c).
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Figure 29 Increased cell death, Paneth cell loss and development of enteritis in FADD
is independent of MyD88

a. Representative histological images of small intestinal sections from 10 week old FADD'®“*°/Myd88-
/- mice showed decreased numbers of Paneth cells, dying enterocytes an increased infiltration of
immune cells into the mucosa. The histological score (HS) of FADD'“*°/Myd88-/- mice was
significantly increased compared to FADD™/Myd88-/- mice. FADD™/Myd88-/- (n=5), FADD'®“
KO/Myd88-/- (n=7); Scale bars: 100um b. Small intestinal sections were immunostained for lysozyme
(brown) and counterstained with haematoxylin (blue). FADD'®“"°/Myd88-/- mice had decreased
numbers of Paneth cells. Scale bars: 100um c. Increased cell death was detected in small intestinal
sections of FADD"™“"°/Myd88-/- mice immunostained for active Caspase 3 (brown) and
counterstained with haematoxylin (blue) compared to FADDFL/Myd88-/- mice. Red arrow indicates

active caspase-3 negative dying enterocytes. Scale bars: 100um

IHC staining for Grl demonstrated strongly increased numbers of Granulocytes (Fig.
30a) in FADD'®“*°/Myd88-/- mice compared to FADD™/Myd88-/- control mice,
further verifying the inflammatory response in the small intestine of FADD'®
KO/Myd88-/- mice. An increased amount of proliferating cells leading to a hyper
proliferative response of the small intestinal epithelium in FADD'®“*®/Myd8s-/-
animals compared to FADD"/Myd88-/- control animals was revealed by IHC staining
for Ki-67 (Fig. 30b). MyD88 dependent signalling thus is neither essential for the
initial cell death in FADD deficient small intestinal IECs, nor for the development of

DIEC-KO

small intestinal inflammation in FAD mice.
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Figure 30 Infiltration of granulocytes into the mucosa and epithelial hyperproliferation in
FADD'®“*°mice is independent of MyD88

a. and b. Small intestinal sections were immunostained against Grl (brown) (d) and Ki-67 (brown) (e)
and counterstained with haematoxylin. Increased infiltration of granulocytes into the small intestinal
mucosa and increased proliferation in the small intestinal epithelium was found in FADD'“"*°/Myd88-/-
mice. Scale bars: d=10um and e=100um

3.6.2. Enteritis and IEC death does not depend on the presence

of the microbiota

In line with the finding that MyD88 dependent signalling did not affect enteritis
development in the FADD'®“*° mice, also H&E stained small intestinal sections from

DIEC-KO

germfree FAD mice showed increased epithelial cell death compared to

germfree FADD™ control mice, Paneth cell loss and some inflammatory infiltrates in

the small intestine of germfree FADD'®“"®

mice (Fig. 31a). Paneth cell loss was
visualized by IHC staining for Lysozyme (Fig. 31b). Loss of Paneth cells coincided
with decreased expression of antimicrobial peptides in the small intestine of germfree
FADD'E“*® animals compared to germfree FADD™ control animals as revealed by
gRT-PCR analysis on small intestinal mMRNA (Fig. 31c). The increased epithelial cell
death in germfree FADD'®“*° mice was confirmed to be mainly active Caspase 3

negative by IHC staining for active Caspase 3 (Fig. 31d).
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Figure 31 Increased cell death. Paneth cell loss and development of enteritis in FADD'"=“™° mice

is independent of microbiota

a. Representative histological images of small intestinal sections from 10 week old germ-free FADD
O mice showed decreased numbers of Paneth cells, dying enterocytes an increased infiltration of
immune cells into the mucosa. The histological score (HS) of germ-free FADD'E“*° mice was
significantly increased, compared to germ-free FADD™ mice. germ-free FADD™ (n=5), germ-free
FADD'™“™® (n=7); The green arrow indicates a Paneth cell, the black arrow shows a dying epithelial
cell. Scale bars: 100um b. Small intestinal sections were immunostained for lysozyme (brown) and
counterstained with haematoxylin (blue). Germ-free FADD'®“*° mice had decreased numbers of
Paneth cells. Scale bars: 100um c. Expression of the Paneth-cell-specific genes Defa20, Lyz1, Defa-
rs1 and Ang4 was significantly decreased in germ-free FADD'=“*® mice compared to germ-free
FADD™ mice as measured by qRT-PCR in small intestinal mMRNA samples. germ-free FADD"™" (n=3),
germ-free FADD'®“™° (n=3) d. Increased cell death was detected in small intestinal sections of germ-
free FADD™“*° mice immunostained for active Caspase 3 (brown) and counterstained with
haematoxylin (blue) compared to germ-free FADD™ mice. Red arrow indicates active caspase-3
negative dying enterocytes. Scale bars: 100um

IEC-

The inflammatory response was confirmed by detection of some granulocyte

infiltrates in the small intestinal mucosa of germfree FADD'ECKO

mice by IHC staining
for Grl (Fig. 32a). IHC staining for Ki-67 revealed some hyper proliferative areas in
the small intestinal epithelium of germfree FADD'®“*° mice with increased numbers
of proliferative epithelial cells (Fig. 32b). Taken together, unlike in the colon of
FADD'E“*® mice where bacterial induced signalling is necessary for the development
of an inflammatory response, bacterial induced and MyD88 mediated signalling is not

D'ECKO mice.

important for the initiation of inflammation in the small intestine of FAD
This implies that not only the initial cell death is differentially regulated in the colon
compared to the small intestine of FADD'E™*° animals, but apparently also different
mechanisms are involved in the development of inflammation in both parts of the

intestine of FADD'E™° mice.
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Figure 32 Infiltration of granulocytes into the mucosa and epithelial hyperproliferation in
FADD'®“*°mice is independent of the microbiota

a. and b. Small intestinal sections were immunostained against Grl (brown) (e) and Ki-67 (brown) (f)
and counterstained with haematoxylin. Increased infiltration of granulocytes into the small intestinal
mucosa and increased proliferation in the small intestinal epithelium was found in germ-free FADD'®“
O mice. Scale bars: d=10um and e=100um

3.6.3. Differential regulation of cell death and inflammation in

DIEC-KO mice

the colon and small intestine of FAD
The results described above strongly suggest a different regulation for the initial cell
death and the subsequent inflammation occurring in FADD'®“*° animals. RIP3 is
essential in both, the colon and the small intestine, for necrosis to occur in FADD
deficient IECs. However, the initial triggers inducing the cell death probably differ

D'E¢XO mice. While TNF seems to be at

between colon and small intestine of FAD
least partially involved in inducing necrosis in the colon of FADD'=“*® mice, TNF
deficiency did not have a beneficial effect in the small intestine of those mice. The
regulation of this necrotic pathway also appears to be different between colon and
small intestine since the deubiquitinating activity of CYLD only affects the cell death

of FADD deficient IECs in the colon but not in the small intestine.

The inflammatory response, but not the epithelial cell death, in the colon depends on
the microbiota and MyD88 dependent signalling. Thus, it seems that necrosis of
FADD deficient IECs results in an inflammatory response, which is probably triggered
by microbiota induced signalling in the mucosal immune cells. Contrary to the colon,
neither Myd88 deficiency nor depletion of the microbiota prevented inflammation in

DIEC—KO

the small intestine of FAD animals (Fig. 33a and 33b). The triggers inducing

D'ECKO animals have not been identified

inflammation in the small intestine of FAD
yet.
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Figure 33 Model for colitis and enteritis development in FADD

[EC-KO

mice

a. TNF-signalling and other mechanisms induce excessive RIP3 dependent necrosis of FADD
deficient colonic IECs, thereby compromising epithelial barrier integrity. Commensal bacteria are able
to breach the epithelial barrier and invade into the mucosa. MyD88 dependent sensing of bacteria by
mucosal immune cells provokes an proinflammatory response. Secretion of cytokines like TNF
accelerates IEC necrosis and stimulates development of chronic colitis.
b. Unknown triggers induce RIP3 dependent IEC necrosis of FADD deficient small intestinal IECs. The
reduced amount of Paneth cells leads to decreased levels of antimicrobial peptides in the small
© mice is currently not understood. For details

intestine. How chronic enteritis develops in FADD'®

see text.
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4.Discussion

4.1. FADD protects IECs from RIP3 dependent necrosis

The incidence and relevance of regulated necrosis in vivo started to unfold only very
recently. While it was known since many years that caspase inhibition can lead to DR
dependent necroptosis in vitro in different cell types (Holler et al., 2000; Vercammen
et al., 1998), the first evidence of regulated necrosis to occur in vivo was only
reported much later in ischemic brain injury (Degterev et al., 2005), an acute
pancreatitis model (He et al., 2009), during Vaccinia Virus infection (Cho et al., 2009)
and in photoreceptor detachment (Trichonas et al., 2010). Lately, the implications of
regulated necrosis during embryonic development have been unravelled. Full body
deficiency for Caspase 8 or FADD is embryonically lethal around embryonic day
E11.5 (Varfolomeev et al., 1998; Yeh et al., 1998), implying a role for these two
molecules during embryonic development. Now it has been shown that the lethality of
Caspase 8 deficiency depends on RIP3 (Kaiser et al., 2011; Oberst et al., 2011) and
the defects in the embryonic development of FADD deficient mice depend on RIP1
(Zzhang et al., 2011). Thus embryonic development depends on the inhibition of
RIP3/RIP1 regulated necrosis by Caspase 8 and FADD. These findings confirm that
also in vivo inhibition of FADD and Caspase 8 dependent apoptosis can lead to
increased RIP3 dependent regulated necrosis.

The results presented in this work show for the first time a role for RIP3 dependent
regulated necrosis in epithelial cells in vivo and highlight the impact of FADD
mediated inhibition of regulated necrosis for intestinal homeostasis. Meanwhile,
another report has shown that Caspase 8 deficiency in the intestinal epithelium also
sensitises IECs towards regulated necrosis (Gunther et al., 2011), further supporting
the results obtained with the FADD'®“® mice. Furthermore, it was shown that FADD
also inhibits RIP3 dependent regulated necrosis in the epidermis of the skin (Bonnet
et al.,, 2011) and in T cells (Lu et al., 2011), while another report suggested that
Caspase 8 deficiency can lead to regulated necrosis of Hepatocytes (Liedtke et al.,
2011).

In summary, FADD and Caspase 8 have a central role in the regulation of cell
survival and cell death in vivo by on one hand inducing apoptosis and on the other

hand by the inhibition of RIP3 dependent regulated necrosis in several tissues. It
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seems that, at least in the intestinal epithelium, regulation of cell death and survival

by inhibition of RIP3 mediated regulated necrosis is the dominant role of FADD.

4.2. Regulation of RIP3 dependent IEC necrosis by FADD and

CYLD

FADD deficient IECs are sensitised towards RIP3 dependent IEC necrosis (Fig. 16
and 23), showing that in IECs signalling to FADD inhibits RIP3 dependent necrosis.
How FADD inhibits RIP3 dependent necrosis is not completely understood, but most
likely it acts through the recruitment of Caspase 8 and c-FLIP,, which together have
been shown to regulate RIP3 dependent necrosis (Oberst et al., 2011; Pop et al.,
2011). Although binding of c-FLIP_ to procaspase 8 inhibits cleavage-mediated
maturation of procaspase 8 to active Caspase 8, the procaspase 8 - c-FLIP_
interaction has been shown to inhibit regulated necrosis by proaspase 8 mediated
RIP1 and RIP3 cleavage (Cho et al.,, 2009; Feng et al., 2007; Feoktistova et al.,
2011; Oberst et al., 2011; Rebe et al., 2007). Thus, Caspase 8 dependent apoptosis
and regulated necrosis can be inhibited simultaneously by c-FLIP dependent

mechanisms.

Whether FADD has any direct function in the inhibition of RIP3 dependent necrosis,
independent of procaspase 8 mediated cleavage of RIP1 and RIP3, is not known.
FADD has been shown to be constantly associated, directly or indirectly, to RIP3 in
MEFs and Jurkat T-cells (Cho et al., 2009; O'Donnell et al., 2011). Therefore, FADD
might be able to regulate RIP3 dependent necrosis by directly acting on RIP3 and its

positioning within the complex.

Since FADD has been reported to be necessary for FAS and TRAIL induced
necroptosis (Holler et al., 2000; Zhang et al., 1998), it is likely that FADD even has a
pronecrotic function in some signalling pathways, most likely by recruiting RIP1. And
indeed, overexpression and artificial dimerization of FADD has been shown to induce
RIP1 dependent necrosis even when caspase activation is not inhibited (Kawahara et
al., 1998; Vanden Berghe et al., 2004). Thus, FADD might directly influence, and
under certain conditions even promote, regulated necrosis. However, IECs obviously

do not depend on FADD for the induction of RIP3 dependent regulated necrosis.

The deubiquitination deficient CYLDA932 mutant prevented sensitisation of FADD

deficient IECs to necrosis in the colon (Fig. 18). The deubiquitinating activity of CYLD
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is therefore necessary for RIP3 dependent necrosis to occur in FADD deficient
colonic IECs. Deubiquitination of RIP1 by CYLD is an important precondition in order
to signal towards cell death (Wang et al., 2008; Wright et al., 2007). CYLD deficiency
prevents RIP1 recruitment to FADD in response to stimulation with TNF (O'Donnell et
al., 2011), preventing the formation of the death inducing complex llb consisting of
RIP1, FADD, RIP3, Caspase 8 and c-FLIP. Furthermore, without the deubiquitinating
activity of CYLD ubiquitinated RIP1 remains bound to NEMO, thereby supporting
prosurvival signalling (O'Donnell et al., 2011). Thus, the deubiquitination deficient
CYLDA932 mutant might prevent RIP3 dependent necrosis of FADD deficient IECs
by preventing deubiquitination of RIP1 and subsequent formation of the death

inducing protein complex.

Recently, TNF was also shown to induce Caspase 8 mediated cleavage of CYLD.
Inhibition of this cleavage, in cells expressing CYLD mutants lacking the cleavage
site, switches cell death towards necroptosis even in the presence of Caspase 8 and
c-FLIP. (O'Donnell et al., 2011). Thus, CYLD might not only promote formation of the
death inducing complex llb by deubiquitination of RIP1, but also have an active role
in specifically supporting necroptosis. The exact mechanism, how CYLD might

specifically support necroptosis is not known.

The deubiquitination deficient CYLDA932 mutant prevented cell death in the colon
but not in the small intestine (Fig. 18 and Fig. 25), raising the question why necrosis
of colonic IECs is depending on the deubiquitinating activity of CYLD, while necrosis
in the small intestinal IECs is not. So far, CYLD has only been implicated in the
regulation of apoptotic and necroptotic cell death induced by TNF (O'Donnell et al.,
2011; Wang et al., 2008). Whether CYLD is also regulating RIP3 dependent necrosis
induced by other stimuli is currently not known. TNF mediated necroptosis apparently
only plays a role in the induction of IEC necrosis in the colon (Fig. 19), but not in the
small intestine (Fig. 27). Thus, small intestinal IEC necrosis might involve signalling

pathways that are not regulated by CYLD.

4.3. Possible inducers of RIP3 dependent regulated necrosis in
IECs and their physiological impact

FADD deficient IECs are sensitised towards cell death, because FADD dependent

mechanisms can no longer inhibit RIP3 dependent necrosis. The sensitisation of
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FADD deficient IECs to regulated necrosis seems to be independent of infections
and the corresponding immune responses, since in the small intestine FADD
deficient IECs even die under germfree conditions. Thus, triggers that can potentially
induce RIP3 dependent IEC necrosis have to be constantly abundant, independent of
acute immune responses to infections. Identification of these triggers is important in
order to be able to understand the role of FADD dependent regulation of cell death in
IECs.

However, while in the FADD'®“*® mouse model RIP3 dependent necrosis is
generally not inhibited by FADD dependent mechanisms, RIP3 dependent necrosis is
normally inhibited under physiological conditions in healthy IECs. Thus, while triggers
of IEC necrosis in FADD'®“*° mice have the potential to constantly induce death,
under physiological conditions they will only be able to induce cell death in certain

situations, which still need to be identified.

In the following chapters potential triggers of RIP3 dependent necrosis in the
FADD'E“*® mouse model as well as their possible physiological impact will be

discussed.

4.3.1. Extrinsically induced necroptosis in IECs
Signalling to FADD can be extrinsically induced by cytokines. TNF, FASL and TRAIL

have been shown to be able to induce apoptosis as well as necroptosis (Holler et al.,
2000). TNF deficiency ameliorates development of colitis but not small intestinal
enteritis in FADD'®“™® mice (Fig. 19 and Fig. 27), suggesting different triggers to be
responsible for inducing regulated necrosis in FADD deficient colonic and small
intestinal IECs. TNF is thus a likely inducer of necroptosis in FADD deficient colonic
IECs, although it remains to be shown, whether TNF directly affects the induction of
IEC necroptosis or whether it rather has a proinflammatory role in the colon of
FADD'®“© mice.

TNF induces signalling to cell death through TNFR1. Beside of TNF also

Lymphotoxin-a (LTa) has been shown to be able to activate TNFR1 signalling. LTa is

therefore another potential inducer of RIP3 dependent IEC necrosis in FADD'E¢*C

DE-KO

mice. In mice, deficient for FADD in the skin epidermis (FAD mice),

keratinocytes are sensitised to RIP3 dependent necrosis, leading to severe skin

inflammation and premature death at about one week after birth. Like in FADD'E¢™©
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mice, TNF deficiency ameliorated the disease, but did not completely prevent it.

E-KO
D

Interestingly, while TNF deficient FAD mice developed skin lesions at two to

three weeks after birth, TNFR1 deficient FADD®° mice developed skin lesions even

DEXC mice

later. This discrepancy between TNF and TNFR1 signalling in FAD
suggests that LTa is involved in the induction of regulated necrosis in the skin
epithelium (Bonnet et al., 2011). Further investigation will have to reveal the impact of
LTa dependent signalling on regulated necrosis in epithelial cells, in IECs as well as

in Keratinocytes.

Also FASL and TRAIL are potential inducers of IEC necroptosis in FADD'E“™*® mice.
However, at least in vitro FASL and TRAIL induced necroptosis has been shown to
depend on FADD (Holler et al., 2000; Zhang et al., 1998). Therefore, while both FAS
and TRAIL might be possible inducers of IEC necrosis in conditions where caspase
activation is blocked by other means than by FADD deletion, it is rather unlikely that

they induce necroptosis in FADD deficient IECs.

Under physiological conditions, TNF induced necroptosis of IECs might be employed
as a control mechanism for the removal of cells that are blocked in their ability to
undergo caspase dependent apoptosis. Vaccinia Virus, for example, possesses a
viral caspase inhibitor (Spi2) which blocks DR induced apoptosis but sensitises
several cell types towards necroptosis (Li and Beg, 2000). Infection with Vacinia
Virus leads to increased TNF expression and RIP3 dependent regulated necrosis
(Cho et al., 2009). It has not been reported, whether infection with Vaccinia Virus
also induces regulated necrosis of IECs. However, in this infection model TNF
induced signalling kills virally infected cells despite the inhibition of caspase
dependent apoptosis. The TNF induced removal of virally infected cells by RIP3

dependent necrosis might also occur in the intestinal epithelium.

Caspase inhibition seemed to be a necessary precondition for regulated necrosis to
occur until recently, when RIP3 dependent cell death was found to be involved in two
sepsis models, even when caspase signalling was not blocked. In a TNF-injection
induced sepsis model, as well as in the model of cecal puncture and ligation, RIP3
deficiency was shown to protect from cell death and the lethal aftermath (Duprez et
al., 2011). It was suggested that IEC necrosis only plays a minor role in the TNF-
injection induced sepsis model. In the cecal puncture and ligation model puncture of

the cecum leads to a bacterial infection followed by sepsis. The role of IEC necrosis
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in the cecal puncture and ligation model was not analysed and the triggers that might
cause RIP3 dependent necrosis in this model remain unknown. Nevertheless, this
study indicates, that RIP3 dependent necrosis might also be induced independent of
caspase inhibition, implying that RIP3 dependent necrosis might also have an
important role in physiological conditions where caspase activation is not blocked.
However, if such situations occur in the intestinal epithelium and under which
physiological conditions such induction of RIP3 dependent necrosis might play a role,

has to be evaluated.

4.3.2. Cell autonomous immunity as a possible trigger for RIP3

dependent IEC necrosis

Viral and bacterial PAMPs can activate the PRRs TLR3 and TLR4, which have been
shown to be able to signal to protein complexes that can induce cell death depending
on FADD (Kaiser and Offermann, 2005; Ma et al., 2005). The same triggers have
also been shown to be able to induce RIP3 dependent regulated necrosis, when
caspase activation is inhibited (He et al., 2011). Thus, FADD deficient IECs might be
sensitised to bacteria or virus induced regulated necrosis through TLR3 or TLR4. At
least in the colon, bacterial induced signalling depending on MyD88 protects from the
development of inflammation (Fig. 20-22). However, TLR3/TLR4 induced signalling
towards cell death depends on the adaptor protein TRIF, but not on the adaptor
protein MyD88 (Kaiser and Offermann, 2005) and the initial induction of cell death in
the colon of FADD®“*° mice seems to be independent of MyD88 (Fig. 20c).
Therefore, the results obtained so far, do not suggest that signalling induced by the
normal microbiota is involved in the induction of RIP3 dependent IEC necrosis in
FADD'E“® animals. However, whether TRIF mediated signalling in IECs, induced by
sampling of PAMPs through TLR3 or TLR4, has any impact on IEC necrosis in

FADD'E¢*© mice, remains to be shown.

Although IEC necrosis in FADD'E“*° animals is apparently not directly affected by
the normal microbiota, infections with certain viral or even bacterial pathogens might
still be able to induce RIP3 dependent IEC necrosis in the host animal. As discussed
above, pathogens containing caspase inhibitors could be potential inducers of RIP3
dependent IEC necrosis. Cytomegalovirus, for example, contains a caspase inhibitor
and an inhibitor of regulated necrosis. Inactivation of this necrosis inhibitor directly

induces RIP3 dependent necrosis (Upton et al, 2010). Infections with
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Cytomegalovirus have been reported to cause colitis and ileitis in immunocompetent
patients in some rather rare cases (Tejedor Cerdena et al., 2011) and to exacerbate
inflammation in immunodeficient patients (Goodgame, 1993). However, these
patients have not been tested for the potential involvement of RIP3 dependent

regulated necrosis of IECs.

Up to date, no bacterial infection has been described to cause RIP3 dependent
regulated necrosis. Thus, it remains to be shown, whether bacterial IEC infections
can be cleared by inducing RIP3 dependent regulated necrosis and which pathogens

might be involved.

4.3.3. Paneth cell death and endoplasmic reticulum (ER) stress
While it seems that RIP3 dependent necrosis of FADD deficient IECs at least partially
depends on TNF, so far no trigger was identified to be involved in small intestinal IEC
necrosis. Small intestinal IECs necrosis was detected all over the crypt and villus
area, suggesting that probably all the different intestinal epithelial cell types are
sensitised to RIP3 dependent necrosis. However, the striking loss of Paneth cells in

the small intestine of FADD'®“*©

mice potentially has a considerable impact on the
development of enteritis, due to the important role of Paneth cells in the antimicrobial

defence as well as in the establishment of the stem cell niche.

D'ESKO mice, a decrease in the number of Paneth

Interestingly, similar to the FAD
cells by increased active Caspase 3 negative cell death was found in mice lacking X-
box-binding protein 1 (XBP1) in the intestinal epithelium (Kaser et al., 2008). XBP1 is
part of the Inositol-requiring enzyme-1 (IRE1) dependent signalling pathway, which is
one of the three pathways involved in the endoplasmic reticulum (ER) stress
response, also called unfolded protein response (UPR). XBP1 is a transcription factor
that promotes cell survival and helps the cell to cope with ER-stress. How XBP1
deficiency might induce cell death is not very well understood, but increased
signalling through JNK has been linked to IRE1 induced cell death (Tabas and Ron,
2011). Indeed, JNK signalling was increased in the XBP1 deficient small intestinal
epithelium, leading to increased expression of proinflammatory cytokines and maybe
also contributing to increased cell death (Kaser et al., 2008). It is noteworthy that
TNF induced JNK signalling can inhibit c-FLIP through the ubiquitin ligase itchy, E3

ubiquitin protein ligase (ITCH). ITCH ligates K48-linked ubiquitin to c-FLIP leading to
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proteasomal degradation of c-FLIP (Chang et al., 2006), providing a possible link
between JNK signalling and FADD dependent apoptosis. However, whether there is
any linkage between ER-stress and RIP3 dependent necrosis in FADD deficient

Paneth cells remains to be shown.

XBP1 has been linked to the development of IBD (Kaser et al., 2008). If ER-stress
induced loss of Paneth cells indeed depends on RIP3 mediated necrosis, RIP3
dependent regulated necrosis could be linked to the development of IBD.
Interestingly, a recent study implicated regulated necrosis in dying Paneth cells of
IBD patients (Gunther et al., 2011). RIP3 is highly expressed in Paneth cells of the
human intestine, which could render them sensitive towards regulated necrosis.
Dying Paneth cells showing necrotic features were detected in IBD patients by an
electron microscopic analysis. Additionally, treatment with the RIP1 kinase inhibitor
Necrostatin-1 protected from Paneth cell death induced by TNF treatment in biopsies
from IBD patients (Gunther et al., 2011), suggesting that Paneth cells are highly
sensitive towards RIP1 kinase dependent regulated necrosis and that regulated
necrosis of Paneth cells might be implicated in the pathogenesis of IBD. The
physiological trigger of Paneth cell necrosis in those IBD patients still has to be

identified, but ER-stress is one possible candidate.

4.3.4. Other possible inducers of RIP3 dependent regulated

necrosis
FADD has been reported to interact with the DNA mismatch repair machinery
through MBD4 (Screaton et al., 2003). Although the role of FADD in DNA damage
repair is not completely understood yet, these findings suggest that cell death
induced by genotoxic stress might involve FADD. Whether the interaction of FADD
with the DNA mismatch repair induces cell death and if this cell death could also lead

to regulated necrosis is not known.

Interestingly, a FADD containing protein complex, called the Ripoptosome, has been
found to be involved in signalling to cell death induced by genotoxic stress in cancer
cells (Tenev et al., 2011). The ripoptosome is a protein complex consisting of RIP1,
FADD, Caspase 8 and c-FLIP. Etoposide, an inhibitor of topoisomerases, can induce
cell death in cancer cells through the ripoptosome. This cell death appears to be

apoptotic unless caspase activation is blocked, which leads to RIP3 dependent
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regulated necrosis. Although it is rather unlikely that genotoxic stress is a primary
inducer of regulated necrosis in FADD deficient IECs, it might be possible that
genotoxic stress triggers RIP3 dependent necrosis of IECs in certain physiological

conditions.

In summary, TNF seems to be one, but not the only, inducer of RIP3 dependent
necrosis in the FADD deficient colonic intestinal epithelium but not in the small
intestine. Thus, different stimuli apparently trigger IEC necrosis in the colon and small
intestine. While additional triggers of necrosis in FADD deficient IECs still need to be
identified, it becomes more and more apparent, that FADD dependent apoptosis as
well as RIP3 dependent regulated necrosis seem to play a role in a great variety of
stress conditions. Therefore, FADD dependent apoptosis and RIP3 dependent IEC
necrosis might not only be involved in immune responses to infection, but maybe
also in responses to genotoxic stress or in responses to ER-stress. Discovery of the
triggers of regulated necrosis in FADD deficient IECs might help to understand the

role of RIP3 dependent necrosis of IECs under physiological conditions.

However, the results obtained in this work clearly show that the homeostatic
programmed cell death involved in the turnover of the intestinal epithelial cells,
termed anoikis, does neither involve FADD nor RIP3 dependent necrosis, because
RIP3 deficient FADD'®“*® mice develop normally without showing any obvious

alterations in the intestinal epithelium.

4.4. RIP3 dependent IEC necrosis and inflammation

FADD deficiency sensitises IECs towards RIP3 dependent regulated necrosis,
resulting in increased IEC death and subsequent development of colitis and enteritis.
However, not only the initial triggers for IEC necrosis in colon and small intestine
seem to differ, but also the mechanisms leading to inflammation in the colon and the
small intestine are apparently different.

4.4.1. Development of colitis in FADD'E“"° mice
FADD deficient colonic IECs are sensitised towards RIP3 and CYLD dependent
necrosis. Increased IEC necrosis leads to colitis development in FADD'E*° mice,

which depends on MyD88 dependent signalling and the commensal bacteria (Fig.
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20-22). Since MyD88 deficient FADD'E“™° mice, despite not developing colitis, still
show slightly increased IEC death, it is unlikely that epithelial MyD88 directly
influences RIP3 dependent necrosis in FADD deficient IECs. Overexpression studies
have shown that only TRIF dependent signalling can lead to cell death, while
overexpression of MyD88 did not result in increased cell death (Kaiser and
Offermann, 2005) further supporting a role for MyD88 dependent signalling in
FADD'®“*® mice that is independent of signalling to cell death. Hence, mucosal
MyD88 dependent signalling probably contributes to the induction of inflammation.
MyD88 is a central adaptor of several TLRs. These pattern recognition receptors

IEC-KO
D

recognise a variety of PAMPs. In case of the FAD mouse model, excessive

IEC necrosis presumably leads to barrier leakage and most likely to subsequent
invasion of the microbiota into the mucosa. Antigen recognition by TLRs on mucosal

immune cells probably induces proinflammatory signalling, which would also explain

DIEC-KO

the dependency on the microbiota for the development of colitis in FAD mice.

Increased expression of proinflammatory cytokines like TNF presumably leads to
even more IEC necrosis, resulting in a vicious cycle (for a model of the development
of colitis in FADD'E“*® mice see Fig. 33a). Since MyD88 deficient FADD'E“™° mice,

which do not develop colitis, show much lower levels of epithelial cell death

DIEC-KO

compared to FAD mice expressing MyD88, inflammation seems to be

necessary to reach the devastating levels of epithelial cell death that lead to epithelial

DIEC—KO

erosion seen in FAD animals.

In a mouse model where NEMO is specifically deleted in IECs (NEMO'=*®

mice),
increased cell death also leads to colitis development (Nenci et al., 2007), similarly to
FADD'ES® mice. It has been shown, that in NEMO'"®“*® mice the increased IEC
death leads to invasion of bacteria into the mucosa (Nenci et al., 2007) and to MyD88
dependent development of colitis. Thus, in both models excessive IEC death is the

DIEC-KO mice

causative event in the development of colitis. Colitis development in FAD
at least partially depends on TNF induced signalling, while colitis development in
NEMO'E“™° mice completely depends on TNFR1 induced signalling. Therefore,
TNF/TNFR1 mediated regulation of cell survival and cell death in IECs seems to be
important for intestinal homeostasis in the colon, although the cell types targeted by

TNF still have to be clarified.

8AIEC

Casp mice do not spontaneously develop colitis (Gunther et al., 2011). It seems

8%'EC mice are sensitised towards cell death, because
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Casp8LIEC

mice are highly sensitive to the development of colitis after administration
of the IEC irritant dextran sodium sulphate (DSS). Differences in the amount of IEC
death as well as in the constitution of the microbiota might explain the different

8AIEC DIEC-KO

phenotype in the colon of Casp mice compared to FAD mice.

4.4.2. Development of enteritis in FADD'®“*° mice

FADD deficiency in the small intestine also leads to increased RIP3 dependent IEC
necrosis, decreased numbers of Paneth cells and decreased expression of
antimicrobial peptides (Fig. 10, 11 and 23). In contrary to the colon, the development
of enteritis is independent of MyD88 or commensal bacteria (Fig. 29-32). Whether
also the small intestinal epithelial barrier is breached in FADD'®“*® mice, remains to
be shown. But regardless of whether the small intestinal barrier in FADD'E“*° mice is
still intact or not, bacterial induced signalling is not the main cause of the
development of spontaneous chronic enteritis in FADD'®“*® mice (for a model
including what is known about enteritis development in FADD'®“"° mice see Fig.
33b).

D'ECKO mice are

The stimuli that might trigger small intestinal inflammation in FAD
currently not known. One possible trigger is necrotic cell death itself, which can elicit
an inflammatory response by the release of danger associated molecular patterns
(DAMPs). Since one of the main characteristics of necrotic cell death is the loss of
plasma membrane integrity, intracellular material can escape from necrotic cells and
act as DAMP (Chen and Nunez, 2010). DAMPs released by necrotic cells comprise
uric acid (Kono et al., 2010), high-mobility group protein B1 (HMGB1) (Scaffidi et al.,
2002), heat shock proteins (Quintana and Cohen, 2005), RNA (Cavassani et al.,
2008), DNA and adenosine triphosphate (ATP) (Bours et al.,, 2006). DAMPs are
recognised by several PRRs and induce a sterile inflammatory response (Chen and
Nunez, 2010). Interestingly, IL-1B3, one of the main mediators of sterile inflammation

(Chen and Nunez, 2010), is highly upregulated in the colon of FADD'="®

mice (Fig.
7a). In addition, intracellular stores of proinflammatory cytokines can be released

from necrotic cells, leading to an inflammatory response (Moussion et al., 2008).

Keratinocytes, epithelial cells of the skin, die by RIP3 dependent necrosis in a mouse
model deficient for FADD in the epidermis. Released HMGB1 has been found in the
epidermis of those FADDF ® mice, while HMGB1 was not detectable in FADDE*®
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mice deficient for RIP3 (Bonnet et al., 2011). Sterile inflammation might therefore
play a role in the development of skin inflammation. Whether sterile inflammation is

IEC-KO
D

an inducer of small intestinal enteritis in FAD mice has to be dissected in

future research.
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5.Concluding Remarks

The data presented within this thesis show that FADD mediated inhibition of RIP3
dependent regulated necrosis in the intestinal epithelium is essential for intestinal
homeostasis. Thus, FADD probably does not only mediate signalling to apoptotic cell
death in response to various stress-factors, but it is also essential for IEC survival

under homeostatic conditions.

The finding that IECs can undergo regulated necrosis might have far reaching
implications. Regulated necrosis might have a role in the development of IBD, as
suggested by the necrotic features of dying Paneth cells in IBD patients. Successful
treatment of IBD patients with anti-TNF was mainly discussed to benefit from the
anti-inflammatory role of these drugs, while the data obtained in this thesis indicate
that also the role of TNF in IEC death should be considered to contribute to IBD.
Additionally, regulated necrosis in the intestinal epithelium might be involved in
several other disease conditions, including intestinal infections and genotoxic stress.
Thus, drugs specifically targeting the necrotic pathway might prove useful in the

treatment of certain disease conditions.
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FADD prevents RIP3-mediated epithelial cell
necrosis and chronic intestinal inflammation
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Intestinal immune homeostasis depends on a tightly regulated
cross talk between commensal bacteria, mucosal immune cells
and intestinal epithelial cells (IECs)'"*. Epithelial barrier disrup-
tion is considered to be a potential cause of inflammatory bowel
disease; however, the mechanisms regulating intestinal epithelial
integrity are poorly understood™’. Here we show that mice with
IEC-specific knockout of FADD (FADD'“*9), an adaptor protein
required for death-receptor-induced apoptosis®, spontaneously
developed epithelial cell necrosis, loss of Paneth cells, enteritis
and severe erosive colitis. Genetic deficiency in RIP3, a critical regu-
lator of programmed necrosis’”, prevented the development of
spontaneous pathology in both the small intestine and colon of
FADD'F¢ KO mice, demonstrating that intestinal inflammation is
triggered by RIP3-dependent death of FADD-deficient IECs.
Epithelial-specific inhibition of CYLD, a deubiquitinase that regu-
lates cellular necrosis'®, prevented colitis development in
FADD"™¥° butnot in NEMO™ ¥ mice’, showing that different
mechanisms mediated death of colonic epithelial cells in these two
models. In FADD'FCKO mice, TNF deficiency ameliorated colon
inflammation, whereas MYD88 deficiency and also elimination of
the microbiota prevented colon inflammation, indicating that
bacteria-mediated Toll-like-receptor signalling drives colitis by
inducing the expression of TNF and other cytokines. However,
neither CYLD, TNF or MYD&88 deficiency nor elimination of the
microbiota could prevent Paneth cell loss and enteritis in
FADD'FCKO mice, showing that different mechanisms drive
RIP3-dependent necrosis of FADD-deficient IECs in the small
and large bowel. Therefore, by inhibiting RIP3-mediated IEC nec-
rosis, FADD preserves epithelial barrier integrity and antibacterial
defence, maintains homeostasis and prevents chronic intestinal
inflammation. Collectively, these results show that mechanisms
preventing RIP3-mediated epithelial cell death are critical for the
maintenance of intestinal homeostasis and indicate that pro-
grammed necrosis of IECs might be implicated in the pathogenesis
of inflammatory bowel disease, in which Paneth cell and barrier
defects are thought to contribute to intestinal inflammation.

To study the role of FADD in the intestinal epithelium we crossed
mice carrying loxP-flanked Faddalleles (FADD™) with villin- Cre trans-
genics (Fig. 1a, b). FADD™ ¥ mice were born normally but developed
a spontaneous phenotype resulting in the death of about 50% of these
animals before weaning. Surviving FADD'™ ™ mice showed reduced
body weight and diarrhoea, indicating that they suffered from intestinal
disease. High-resolution mini-endoscopy revealed mucosal thickening,
ulceration and altered vascularisation in the colon of FADD™*© mice
(Fig. 1¢). Macroscopically, colons from FADD™“¥ mice were shorter
and thicker compared to controls (Fig, 1d). Histological analysis of colon
sections from 10-week-old FADD"™“*° mice revealed severe trans-
mural inflaimmation affecting the entire colon with large areas of

epithelial erosion accompanied by crypt abscesses (Fig. 1e, f). Whereas
FADD™ %" mice developed spontaneous colitis with 100% penetrance,
none of their FADD™ littermates housed in the same cages showed any
signs of colon inflammation, showing that colitis development was
determined by FADD deficiency in IECs and was not transferable
horizontally to co-housed wild-type littermates. Dying epithelial cells
and early signs of inflammation were detectable in 2-week-old
FADD™“*© mjce, and crypt abscesses together with increased immune
cell infiltration and epithelial hyperproliferation were observed in
3-week-old animals (Fig. le). Increased cytokine and chemokine
expression (Fig. 1g) and infiltration of F4/80 " and Gr-1" myeloid cells
initially, but also T and B lymphocytes in older animals, were detected in
the colons of FADD®“X® mice (Supplementary Fig. 1). However,
FADD™“*%/Ragl ™'~ mice developed colitis, showing that T and B
cells are not essential for colon inflammation in this model (data not
shown). Thus, epithelial-specific FADD ablation caused the spontan-
eous development of severe colon inflammation driven primarily by an
innate immune response. Immunostaining for Ki67 and cyclin D1
mRNA expression analysis revealed ongoing epithelial regeneration
with increased epithelial cell proliferation in the colon of FADD™<¥©
mice (Supplementary Fig. 2). In some cases, d;rsplastic crypts were
detected in colons from 10-week-old FADD®C KO mice, indicating that
the chronic inflammatory and regenerative lesions occasionally resulted
in epithelial dysplasia (data not shown).

Histological analysis of colon sections from FAD mice
revealed increased death of crypt epithelial cells in 2- to 3-week-old
mice (Fig. le), indicating that epithelial cell death occurs early on
during lesion development. Consistent with the well-established role
of FADD as a mediator of apoptosis®'**?, many of the dead cells
observed in crypt abscesses and early dying cells in the crypt epithe-
lium did not stain with antibodies recognizing active caspase 3
(Fig. 2a), indicating that these cells did not die by apoptosis.
Electron microscopy revealed epithelial cells showing signs of cellular
necrosis such as disruption of the plasma membrane, swollen orga-
nelles, lack of chromatic condensation in the nucleus and a cytoplasm
with lower electron density (Fig. 2b and Supplementary Fig, 3), indi-
cating that FADD-deficient IECs mainly undergo necrotic cell death.
Caspase inhibition and lack of FADD or caspase 8 were previously
shown to sensitize certain cell types to a particular type of necrotic
death, termed programmed necrosis or necroptosis, which is induced
by death receptors such as TNFR1 and requires the kinases RIP1 and
RIP3 (refs 7-9, 14-16). We therefore reasoned that programmed
necrosis of FADD-deficient IECs could be a critical early event trigger-
ing colitis in FADD"™*® mice. Primary IECs lacking FADD
expressed increased levels of RIP3, an essential mediator of pro-
grammed necrosis” *'*", indicating that FADD deficiency might
sensitize colonic epithelial cells to RIP3-dependent necrosis (Fig. 2,
d). To assess unambiguously the role of RIP3 in epithelial cell death

IEC-KO
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Figure 1 | Mice with IEC-specific ablation of FADD spontaneously develop
severe colitis. a, b, Southern blot of EcoRV-digested genomic DNA (a) and
immunoblot of protein extracts (b) from colonic IECs from FADD™ and
FADD'"™“*© mice and from wild-type (WT) and Fadd™'~ (—/—) MEFs. Del,
deleted; FL, loxP flanked. - Tubulin serves as loading control. ¢, Representative
endoscopic images and quantification of murine endoscopic index of colitis
severity (MEICS) in FADD™ X (5 = 31) and FADD"" littermates (1 = 37).
d, Representative colon pictures and quantification of colon length in
FADD'™ O (4 = 4) and FADD™ littermates (1 = 5). Scale bar, 1 cm.

e, Representative histological images from haematoxylin & eosin stained colon
sections from FADD'" and FADD"™ " mice. Arrows in insets indicate dying
epithelial cells in 2- and 3-week-old mice. Scale bars, 100 pm. f, Histological
colitis score (HCS) measuring severity of inflammation and tissue damage in
colons from FADD'™ (n = 7) and FADD™“X® (4 = 7) mice. g, Quantitative
polymerase chain reaction with reverse transcription (QRT-PCR) analysis of
cytokine and chemokine expression in colons from 10-week-old FADD'F<*©
and FADD'™ littermates (1 = 5-8 for each genotype). All graphs show mean
values + standard deviation (s.d.). *P = 0.05; ***P = 0.005.

and colitis development, we crossed FADD"™“®® mice with RIP3-
deficient mice®. FADD'™ " °/Ripk3™/~ mice developed normally
and did not show macroscopic signs of disease and the early lethality
associated with epithelial FADD deficiency. Moreover, colon sections
from double-deficient FADD™ *°/Ripk3™'~ mice showed a normal
histology without signs of epithelial cell death or inflammation (Fig. 2e),
demonstrating that RIP3 is essential for the spontaneous death of
epithelial cells and the development of colitis in FADD'®X mice.
The deubiquitinating enzyme CYLD was identified as an important
mediator of TNFR1-induced necrosis, presumably acting by deubiqui-
tinating RIP1 to facilitate the formation of the RIP1/RIP3-containing
‘necrosome’ complex'®'*. To assess whether CYLD catalytic activity
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Figure Z(J,RIPS»- and CYLD-dependent necrosis of IECs triggers colitis in
FADD'™X? mice. a, Colon sections from FADD™“*® and FADD™ mice
were immunostained for active caspase 3 (brown) and counterstained with
haematoxylin (blue). Black arrow indicates apoptotic, red arrow shows early
resident necrotic and green arrows show late detached necrotic epithelial cells.
b, Representative electron microscopy picture showing a necrotic epithelial cell
(arrow) in the proximal colon of a FADD'™X© mouse. GC, goblet cell; N,
nucleus. Scale bar, 2 um. ¢, gRT-PCR showed increased ’Il.:gfrl , Fas and Ripk3
messenger RNA expression in colonic IECs from FADD'®“X© (n = 3)
compared to FADD™ (n =4) mice. d, Immunoblotting for RIP3 and B-actin
(loading control) in colonic IECs from FADD™ ¥ (IEC-KO), FADD™" (FL)
and Ripk3_/_ (—/—) mice. Lanes represent IECs from individual mice.

e, Representative histological images and quantification of HCS in colon
sections from FADD"™“*®/Ripk3™/~ (n = 5) and FADD"™/Ripk3™'~ (n=3)
littermates. f, Representative endoscopic images and quantification of MEICS
in colons from FADD'"“*®/CYLDA932"* (n = 11) and FADD""/
CYLDA932"™" (n = 7) littermates. g, Representative histological images and
quantification of HCS in colon sections from FADD'™“*®/CYLDA932'*

(n =10) and FADD™/CYLDA932™ (1 = 6) littermates. h, Representative
endoscopic images and quantification of MEICS in colons from FADDF&K9/
Tnf~ '~ (n=6) and FADD""/ Tnf~ '~ (n= 6) littermates. i, Representative
histological images and quantification of HCS in colon sections from
FADD"™ X/ Tuf '~ (n =5) and FADD™/Tnf '~ (n = 6) littermates. All
graphs show mean values * s.d. *P = 0.05; **P = 0.01. Scale bars: a, 10 pm;
b,2 um, e, gandi, 100 pm.

was required for spontaneous Ero}grammed necrosis of FADD-
deficient IECs, we crossed FADD'™“*© mice with mice carrying con-
ditional CYLDA932" alleles, which upon Cre recombination produce
truncated CYLDA932 protein lacking the last 20 amino acids that are
essential for its deubiquitinase activity'® (Supplementary Fig. 4a).
Mouse embryonic fibroblasts (MEFs) homozygously expressing
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truncated CYLDA932 were protected from TNF-induced death in the
presence of the pan-caspase inhibitor zVAD-fmk, demonstrating that
CYLD deubiquitinase activity is important for necroptosis (Sup-
plementary Fig. 4d). FADD'EC X9/ CYIDA932™FC mice, which lack
FADD and at the same time express catalytically inactive
CYLDA932 specifically in IECs (Supplementary Fig. 4b, ¢), did not
show any macroscopic signs of disease such as reduced weight or
diarrhoea. In addition, endoscopic (Fig. 2f) and histological analysis
(Fig. 2g) did not reveal si%_ns: of inflammation or epithelial destruction
in the colons of FADD'™®“¥%/CYLDA 9325 mice. Therefore, CYLD
catalytic activity is required for colonocyte death and colitis develop-
ment in FADD™¥© mice. CYLD was also shown to contribute to
TNE-induced apoptosis in the presence of Smac-mimetic compounds
inducing the degradation of cIAP1/2 (ref. 20). We therefore investi-
gated whether CYLD catalytic activity is also required for epithelial cell
death and colitis development in NEMO™SX® mice, which show
increased IEC apoptosis and spontaneously develop severe chronic
colon inflammation’. In contrast to FADD™“*°/CYLDA932"%
mice, NEMO™“*°/CYLDA932™€ animals developed severe colitis
similarly to single NEMO'™<X® mice as assessed by endoscopic and
histological analysis (Supplementary Fig. 5). Theretore, inhibition of
CYLD catalytic activity Egrf;vented epithelial cell death and colitis
development in FADD'“¥° but not in NEMO'F“¥C mice, indi-
cating that the IECs in these two models die by different mechanisms.

TNEF is a potent inducer of necroptosis and has an important patho-
genic role in the development of intestinal inflammation in both
humans and animal models®®. We therefore crossed FADD'™<*¢
mice with TNF-deficient mice to investigate whether TNF is impli-
cated in colitis development in this model. Endoscopic and histological
analysis of FADD™*°/Tnf '~ mice showed areas of mild focal epi-
thelial lesions in the colonic mucosa characterized by crypt elongation
and the presence of inflammatory infiltrates (Fig. 2h, i). However,
endoscopic and histological inflammation scores in FADD™<¥%/
Tnf '~ mice were significantly lower compared to FADD'" ™ animals,
showing that TNF deficiency strongly ameliorated but could not com-
pletely prevent colon inflammation. Thus, TNF has an important role
but TNF-independent mechanisms also contribute to the pathogenesis
of colitis in FADD"™ mice.

Epithelial cell death could trigger colitis by disrupting the epithelial
barrier thus allowing commensal bacteria to invade the mucosa, where
they could induce inflammation by activating Toll-like-receptor (TLR)
signalling on mucosal immune cells. To address the potential role of
TLR signalling in colitis development, we crossed FADD™ ¥ mice
with mice lacking MYDB88, an essential adaptor molecule for signalling
downstream of most TLRs. FADD"™*%/Myd88~'~ mice did not
show macroscopic, endoscopic or histological signs of colon inflam-
mation (Fig. 3a,b) demonstrating that MY D88-dependent signalling is
essential for colitis development and suggesting that inflammation
could be driven by commensal bacteria. Indeed, treatment with
broad—sgecn‘u.m antibiotics strongly attenuated colon inflammation in
FADD™“X0 mice (Supplementary Fig. 6). Furthermore, FADDECKO
mice raised in germ-free conditions did not show any endoscopic or
histological signs of colon inflammation (Fig. 3¢, d). When youngadult
germ-free FADD'"“ ™ mice were conventionalized by exposure to the
microbiota of SPF mice they rapidly developed severe intestinal disease
leading to the death of 4 out of 12 animals within 7 days (Supplemen-
tary Table 1). Endoscopic and histological analysis of colons from
conventionalized FADD™ ™ mice 7 days after co-housing revealed
severe colitis with mucosal thickening, epithelial erosion and trans-
mural inflammation (Fig. 3c, d). Collectively, these results show that
commensal bacteria induce colitis in FADD'"“*® mice by activating
MYD88-dependent TLR signalling. Although the cellular targets of
bacteria-induced TLR signalling in this model remain unclear at pre-
sent, it is likely that the microbiota induces colitis development by
activating the expression of TNF and other proinflammatory cytokines
in mucosal immune cells. Indeed, conventionalization induced
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Figure 3 | Spontaneous colitis development in FADD™“¥® mice requires

MYD88-dependent signalling and the presence of the microbiota.

a, Representative endoscopic images and quantification of MEICS in colons
from FADD™“"°/Myd88 ™'~ (n=9) and FADD"/Myd88 '~ (n=6)
littermates. b, Representative histological images and quantification of HCS in
colon sections from FADD'™ ™/ Myd88~'~ (n = 9) and FADD"/Myd88~'~
(n = 6) littermates. ¢, Representative histological images and quantification of
HCS in colon sections from germ-free FADD™ (n=75), germ-free
FADD™“X? (1 = 7), conventionalized FADD™ (1 = 8) and conventionalized
FADD®CRO (n = 8) mice. n.s., not signiﬁcant. d, Representative endoscc;g:)ic
colon images of germ-free and conventionalized FADD" and FADD'™™*°
mice. e, qQRT-PCR analysis of TNF, IL-1p and IL-6 expression in colons of
conventionalized (conv.) FADD™ and FADD'™X° mice compared to germ-
free animals. n.d., not detectable. Graphs show mean values + s.d. *P= 0.05;
P = 0.01; ***P = 0.005. Scale bars, 100 pm.

increased expression of TNF, IL-1p and IL-6 in the colons of both
control FADD™ and FADD"™*® mice (Fig. 3e), supporting the
notion that bacteria trigger colitis by inducing cytokine expression in
the colonic mucosa.

In addition to colitis, FADD™“ ¥ mice also developed enteritis
characterized by altered intestinal architecture with blunted and fused
villi, mucosal oedema and increased cellularity of the lamina propria
(Fig. 4a). Consistent with inflammatory changes, increased numbers of
granulocytes and increased epithelial cell proliferation were detected in
the small intestine of FADD'®“ ¥ mice (SuPEplementary Fig. 7). In
addition, small intestinal crypts in FADD ©KO mice contained
strongly reduced numbers of Paneth cells, as identified by their char-
acteristic morphology with a large cytoplasm filled with eosinophilic
granules (Fig. 4a). Immunostaining for lysozyme, an early marker of
Paneth cells, confirmed the strongly reduced Paneth cell numbers in
FADD'ECXC mijce (Fig. 4b). Paneth cells are believed to contribute to
the intestinal antibacterial defence by releasing antimicrobial factors
stored in cytoplasmatic granules. Consistent with the reduced Paneth
cell numbers, we detected impaired expression of antimicrobial factors
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Figure 4 Sgontaneous development of enteritis and loss of Paneth cells in
FADD"™“X® mice requires RIP3-mediated necrosis of IECs but does not
depend on the microbiota. a, Representative histological images and
quantification of histological score (HS) in small intestinal sections from mice
with the indicated genotypes. FADD"™ ™ mice show death of small intestinal
IECs, enteritis and loss of Paneth cells. This pathology was prevented by RIP3
deficiency but persisted in germ-free FADD™“*® mice. Green arrows indicate
Paneth cells, black arrows indicate dying crypt epithelial cells in insets. FADD™
(n=11), FADD"™ ¥ (5 = 8), FADD""/Ripk3™"~ (n = 6), FADD'®“ %/
Ripk3_f_ (n=4), germ-free FADD™ (n=5), germ-free FADD'EKO ( = 7).,
b, Small intestinal sections were immunostained for lysozyme (brown) and
counterstained with haematoxylin (blue). Paneth cell loss was prevented by
RIP3 deficiency but persisted in germ-free FADD™ " mice. ¢, Expression of
the Paneth-cell-specific genes Defa20, Lyzl, Defa-rsI and Ang4 was measured
by qRT-PCR in small intestinal mRNA samples from mice with the indicated
genotypes. FADD™ (n = 6), FADD'"™ ¥ (n = 6), FADD™/Ripk3~'~ (n = 3),
FADD'™ ™ O/Ripk3™" (n = 5), germ-free FADD"™" (n = 3), germ-free
FADD'™HO (4, = 3, Graphs show mean values * s.d. ¥*P = 0.05; **P = 0.01.
Scale bars: a, 10 pm; b, 100 pm.

including lysozyme (Lyz1), a-defensin 20 (Defa20), u-defensin-related
sequence 1 (Defa-rsI) and angiogenin 4 (Ang4) in the ileum of
FADD™ " mice (Fig. 4c). Increased numbers of dying epithelial
cells that did not stain with antibodies recognizing active caspase 3
were detected in small intestinal crypts from FADD®“*C mice

4 | NATURE | VOL 000 | 00 MONTH 2011

(Supplementary Fig, 8), suggesting that caspase-independent death of
FADD-deficient IECs could contribute to the development of enteritis.
Indeed, RIP3 deﬁcienq{r Eprn:!\n::ntn:-:d epithelial cell death, Paneth cell loss
and enteritis in FADD™™*° mice (Fig. 4 and Supplementary Fig. 8),
demonstrating that, similarly to the colitis, the small intestinal lesions
are caused by RIP3-dependent programmed necrosis of FADD-
deficient IECs. However, in contrast to our findings in the colon, neither
the absence of the microbiota nor genetic deficiency in MYD88, TNF or
CYLD could prevent Paneth cell loss and enteritis in FADD™ % mice
(Fig. 4 and Supplementary Figs 7-9). These results indicate that differ-
ent, perhaps cell-intrinsic mechanisms induce RIP3-dependent pro-
grammed necrosis of small intestinal IECs. Interestingly, mice with
epithelial-specific ablation of the transcription factor XBP1, a critical
regulator of the endoplasmic reticulum stress response, developed
spontaneous enteritis and Paneth cell loss*, and mutations affecting
autophagy also caused Paneth cell abnormalities™. These findings indi-
cated that owing to their highly secretory activity Paneth cells are
particularly sensitive to endoplasmic reticulum stress and autophagy
defects'. Although the mechanisms inducing RIP3-dependent necrosis
of small intestinal IECs in FADD"™*° mice remain unclear at pre-
sent, it is tempting to speculate that pathways linked to endoplasmic
reticulum stress or autophagy might be implicated in triggering pro-
grammed necrosis of epithelial cells, Paneth cell loss and enteritis in
these animals. Paneth cell loss might also be important for the develop-
ment of colitis in FADD™ ¥ mice, as reduced expression of Paneth-
cell-derived antimicrobial factors could induce alterations in the
microbiota, which might contribute to the bacteria-driven mechan-
isms triggering programmed necrosis of colonic epithelial cells and
inflammation.

Our in vivo genetic mouse model studies indicate that mechanisms
regulating programmed necrosis in IECs might be relevant for the
pathogenesis of chronic intestinal inflammation in humans. Paneth cell
defectsleading to impaired antimicrobial peptide expression have been
suggested to contribute to the pathogenesis of inflammatory bowel
disease’. Interestingly, epithelial patchy necrosis has been detected in
the colon of Crohn’s disease patients, indicating that necrotic death of
IECs might be implicated in human colon inflammation®. In this con-
text, the potential capacity of enteropathogenic bacteria or viruses to
induce TNF expression in the intestinal mucosa and at the same time to
modulate epithelial responses to TNF signalling, for example by expres-
sing inhibitors of apoptosis or programmed necrosis'”, might be critical
for triggering acute episodes of intestinal inflammation or precipitating
chronic inflammatory bowel disease in genetically susceptible indivi-
duals. Moreover, our results indicate that anti-TNF therapy, shown to
be highly effective in a subset of inflammatory bowel disease patients™,
might in part function by preventing TNF-mediated necrosis of epi-
thelial cells. Taken together, our findings revealed a previously un-
recognized essential physiological function of FADD in protecting
epithelial cells from RIP3-dependent necrosis and preventing
intestinal inflammation in vivo. This function of FADD seems to be
cell specific, as conditional FADD ablation did not sensitize hepato-
cytes™ or oligodendrocytes® to spontaneous programmed necrosis but
on the contrary protected these cells from TNF- or autoimmune-
inflammation-induced cytotoxicity, respectively. In addition to recent
studies showing that regulation of RIP-kinase-mediated necrosis is
important for embryonic development™ *°, our findings provide a
paradigm demonstrating that sensitization of epithelial cells to pro-
grammed necrosis triggers chronic inflammation in vive, highlighting
the significance of the mechanisms regulating programmed necrosis
for the maintenance of physiological immune homeostasis and the
prevention of inflammation in epithelial surfaces.

METHODS SUMMARY

Mice were maintained at the SPF animal facility of the Institute for Genetics,
University of Cologne. Mice were either generated using gene targeting in
C57BL/6 embryonic stem cells (Bruced) or backcrossed for at least 10 generations
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into the C57BL/6 genetic background. Germ-free mice were produced at the
gnotobiotic facility of the University of Ulm and were conventionalized as
described in detail in Supplementary Table 1. Endoscopic analysis was performed
using a high-resolution mini-endoscope, Coloview (Karl-Storz). IECs were iso-
lated by sequential incubation of intestinal tissue in 1 mM dithiothreitol (DTT)
and 1.5mM EDTA solutions. RNA preparation and RT-PCR analysis, protein
extraction and immunoblotting, tissue preparation and immunohistological ana-
lysis were performed using standard protocols. Haematoxylin & eosin stained
sections were scored in a blinded fashion for the amount of inflammation and
tissue damage on separate scales from 0 to 3, which were added to a total score of 0
to 6.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Mice. FADD™ mice were generated as described previously” and the
CYLDA932" mice were generated as described in Supplementary Fig. 4, using
gene targeting in C57BL/6 embryonic stem cells (Bruce 4). Villin-Cre (ref. 31);
Tnj"f_ (ref. 32),Myd.88_“’_ (ref. 33) a.ndRika_“’_ (ref. 18) mice were backcrossed
for at least 10 generations into the C57BL/6 genetic background. Mice were
maintained at the SPF animal facility of the Institute for Genetics, University of
Cologne, kept under a 12 hlight cycle, and given a regular chow diet (Harlan, diet
no. 2918) ad libitum. All animal procedures were conducted in accordance with
European, national and institutional guidelines and protocols and were approved
by local government authorities. For antibiotic treatment 1 gl ' ampicillin (ICN
Biomedicals), 1 gl neomycin (Sigma), 0.5g1 ' meronem (AstraZeneca) and
0.5g1 ™" ciprofloxacin (Fluka) were added to the drinking water starting from
the second day after birth. At weaning, ciprofloxacin was substituted by 0.5g1™"
vancomycin (Eberth). Germ-free mice were produced at the gnotobiotic facility of
the University of Ulm. Germ-free mice were conventionalized as described in
detail in Supplementary Table 1. Sex-matched littermates not carrying the
villin-Cre transgene were used as controls in all experiments. Unless otherwise
indicated, mice were analysed between 6-12 weeks of age.

High-resolution mini-endoscopy. Mice were anaesthetized using intraperitoneal
injection of ketamine (Ratiopharm)/rompun (Bayer) and a high-resolution mini-
endoscope, Coloview (Karl-Storz), was used to determine the murine endoscopic
index of colitis severity (MEICS), as described previously™.

IEC isolation and immunoblotting. IECs were isolated by sequential incubation
of intestinal tissue in 1 mM dithiothreitol (DTT) and 1.5mM EDTA solutions as
described previously™. Protein extracts were prepared from IECs as described™.
Protease and phosphatase inhibitor tablets (Roche) were added to the lysis buffer.
Protein extracts were separated by 10% SDS-PAGE gels and transferred to
Immobilon-P PVDF membranes (Millipore). Membranes were probed with primary
antibodies anti-FADD, anti-o-tubulin (Sigma), anti-B-actin (Santa Cruz), anti-
mouse RIP3 (Enzo), anti-CYLD (provided by R. Masoumi). Membranes were
incubated with secondary HRP-coupled antibodies (GE Healthcare and Jackson
ImmuneResearch) and developed with chemiluminescent detection substrate
(GE Healthcare and Thermo Scientific).

Histology. Tissues were fixed overnight in 4% paraformaldehyde, embedded in
paraffin and cut in 4-um sections. Paraffin sections were rehydrated and heat-
induced antigen retrieval was performed either in 10 mM sodium citrate, 0.05%
Tween-20 pH 6 or in TEX (50mM Tris, 1 mM EDTA, 0.5% Triton X-100; pH 8)
with 20pgml™" protease K. Primary antibodies used for IHC were anti-Ki67
(Dako), anti-Gr-1 (Pharmingen), anti-F4/80, anti-B220 (homemade), anti-CD3
(Abcam), anti-active caspase 3 (R&D systems), anti-human lysozyme (Dako).
Biotinylated secondary antibodies were purchased from Perkin Elmer and
Dako. Stainings were visualized with ABC Kit Vectastain Elite (Vector) and
DAB substrate (DAKQ). Incubation times with the DAB substrate were equal
for all samples. Haematoxylin & eosin stained sections were scored in a blinded
fashion for the amount of inflammationand tissue damage on separate scales from
0 to 3, which were added to obtain a total histological colitis score of 0 to 6. For
inflammation the scoring was defined as follows: 0, no inflammatory infiltrate in
the lamina propria; 1, increased presence of inflammatory cells in the mucosa; 2,
inflammatory infiltrate extending into the submucosa; 3, transmural extension of
inflammatory infiltrate. For tissue damage, the scoring was defined as follows:
0, no mucosal damage; 1, discrete epithelial lesions; 2, extended epithelial
damage associated with areas containing elongated crypts, crypt abscesses or focal

ulceration; 3, extensive ulceration of the bowel wall. For scoring the amount of
inflammation and tissue damage in the small intestine similar scales from 0 to 3
were used, which were added to obtain a total histological score of 0 to 6. For small
intestinal inflammation the scoring was defined as follows: 0, no inflammatory
infiltrate in the lamina propria; 1, increased presence of inflammatory cells
between the crypts; 2, inflammatory infiltrate extending into the villi; 3, extension
of inflammatory infiltrate throughout the lamina propria. For tissue damage, the
scoring was based on the percentage of small intestinal crypts affected by IEC
death and Paneth cell loss as follows: 0, 0-10% of crypts affected; 1, 10-40% of
crypts affected; 2, 40-70% of crypts affected; 3, more than 70% of crypts affected.
For electron microscopy 3-mm-long samples from distal, medial and proximal
colon were exdsed from FADD™ and FADD™ % mice and immediately fixed in
2.5% glutaraldehyde/2% paraformaldehyde in phosphate buffer pH 7.4 for 3h at
room temperature (20 “C). The tissues were post-fixed in 1% OsO, and embedded
in Epon resin. 70-90-nm sections were cut, stained with uranyl acetate and lead
citrate and viewed under a Philips CM-10 transmission electron microscope.
Representative pictures were captured using an Orius SC200 CCD camera
(Gatan GmbH). Evaluation of cell death on histological sections was performed
by an experienced pathologist (A.S.-K.).

Cell death assays. Primary MEFs were isolated from wild-type and homozygous
CYLDA932 mice. For the induction of necroptosis, cells were pre-treated for one
hour with 1 pgml™ ! cycloheximide (CHX; Sigma) and 20 pM zVAD-fmk (ENZQO)
and subsequently stimulated with 1, 10 or 30 ngml~" murine TNF for 12h. Cell
survival was determined by spectrophotometric measurement of crystal violet
incorporation. Values are presented as per cent survival of triplicates compared
to untreated cells.

Quantitative RT-PCR. Total RNA was extracted with Trizol Reagent
(Invitrogen) and RNeasy Columns (Qiagen) and ¢DNA was prepared with
Superscript III cDNA-synthesis Kit (Invitrogen). RT-PCR was performed with
SyBrGreen or TagMan analysis (Applied Biosystems). TATA-box-binding
protein was used as a reference gene.

Southern blotting. Genomic DNA extraction, digestion and Southern blotting
were performed according to standard protocols. The probe used for Southern blot
analysis of the Fadd locus was amplified using primers: sense 5 -CGTGAGGA
GCAGGGCAAGCAG-3' and antisense 5'-TGGTGAAGCCCTCCAGCCTGT-3".
Statistics. All data shown represent the mean = s.d. Statistical analyses were
performed with unpaired Student’s f-tests with unequal variance. *P=0.05;
**p = 0.01; ***P = 0.005.
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Supplementary table I. Detailed description of the mice used for the conventionalization
experiment in figure 4e-h. Germ free mice were transferred from the gnotobiotic facility of
the University of Ulm to the animal facility of the Institute for Genetics in Cologne in special
containers ensuring maintenance of germ free status. For conventionalisation, 8-12 week old
germ free mice were exposed to the microbiota of FADD™™, FADD™“®°/CYLDA932"™¢ or
FADDIEC'KDf"Ripk.?"L mice as described in detail in the table below. In the case of female mice,
they were co-housed in the same cage with the designated mouse, while male mice were
exposed to bedding from a cage housing the designated mouse. All mice described in this
experiment were conventionalised at the same time (March 1, 2011) and were followed for
one week. Due to the fact that all conventionalized FADD™“*° mice showed signs of severe
colitis and 4 out of 12 died within a week (date of death indicated in the table), all surviving
mice were sacrificed for sample collection and histological analysis 7 days after the
conventionalization. The histological colitis scores for each individual mouse are shown in the
right columm. The bar graph in figure 4g includes the histological colitis scores from all
surviving FADD™ ™ mice (n=8) and all FADD"" mice (n=8). The cytokine expression
analysis shown in Figure 3e was performed on RNA isolated from 4 FADD'" (F23, F25. F36.
M37) and 4 FADD®®° mice (F41, F26, F35, F43).

Germ free mouse Mouse used for conventionalization | Death | HCS
number/genotype (number/genotype)
F24, FADD™" ] Co-housed with mouse - 0
F33. FADDECRO 828322 - 45
F34. FADDECEO FADDE“®0/CYL.DAO32EC day4 |-
F40, FADD™®“*0 - 3.5
F23, FADD'™ Co-housed with mouse - 0
F36. FADD" 795717 - 0
F41, FADD™“*? FADD™ - 4
F42, FADD™F° day7 |-
F25. FADD™" ] Co-housed with mouse - 0,5
F26, FADDECR0 795719 - 3
F35, FADD™ECR0 FADD"™" - 4
F43, FADD"™*° - 4
M28, FADD™“*° , day7 |-
M20. FADD'™ E.xposedl’ro bqldlng from a cage . 0
N30, TADD 1011%11501;1;11% - o
M31, FADD'™" IEC-KO . 7. 2-/- - 0.5
2 ECED FADD /Ripk3 :
M32. FADD day 7 |-
M37. FADD™ Exposed to bedding from a cage | - 1
M38, FADDECRO housing mouse - 6
M39, FADD™“*¢ 848098 - 2.5
FADD™“*%/Ripk3"
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Supplementary Figure 1. Inflammatory infiltrates in the colon of FADD'" “X° mice.
Colonic cross-sections from FADD" ™ and FADD"" mice were immunostained for F4/80,
Gr-1, B220, CD3 (brown) and counterstained with haematoxylin (blue). Macrophage
(F4/80+) and granulocyte (Gr-1+) infiltration into the colonic mucosa was detectable already
in 2- and 3-week-old FADD"™ " mice, while large inflammatory infiltrates were detected at
10 weeks of age. Increased B- (B220+) and T-cell (CD3+) infiltration was detectable in the
mucosa of 10-week-old FADD™ ™ mice, while small numbers of lymphocytes were
observed in 2- and 3-week old animals. Scale bars, 10pum.
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Supplementary Figure 2. Increased proliferation of epithelial cells in the colon of
FADD ™" mice.

a. Representative pictures from colonic cross-sections from 2-, 3- and 10-week-old FADD™
KO and FADD™ mice immunostained with antibodies recognising Ki-67 (brown) and
counterstained with haematoxylin (blue). Elevated epithelial proliferation was detectable in
FADD™“®® mice already at 2 weeks of age. which was further increased at 3 and 10 weeks.
Scale bars. 100um. b. Quantitative RT-PCR analysis on mRNA isolated from primary colonic
IECs showed increased Cyclin D1 expression in FADD™“*° compared to FADD'™ animals
(n=4).
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Supplementary Figure 3. Electron microscopy reveals dying epithelial cells in the colon
of FADD™“*° mice showing signs of necrosis.

a. Low magnification of an area of distal colon from a FADD™“*¥° mouse. Note the
disruption of the intestinal epithelium at several points. b-e. Higher magnification of IECs
displaying necrotic features. These IECs show reduced cytoplasmic electron density
compared to neighboring cells. swollen endoplasmic reticulum and mitochondria (arrowheads
in b, ¢). as well as extensive disruption of the plasma membrane (including the apical brush
border: b. e) and their cell-cell contacts (arrows). No apoptotic bodies or chromatin
condensation in their nuclei (N) (b. e) are obvious in these cells. er., endoplasmic reticulum:
m, mitochondria: GC. Goblet cell. Bars: (a) 2pum. (b-e) 1um.
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Supplementary Figure 4. Generation of CYLDA932™ mice allowing conditional expression of
truncated catalytically inactive CYLDA932 protein.

a. Schematic depiction of the targeting strategy used for the generation of the CYLDA932F" mice. A stop
cassette as well as a neomycin resistance (neo) cassette flanked with FRT sites were introduced after the last
exon (exon 17) of the Cvid gene. Exon 17. the stop cassefte and the neo cassette are flanked with loxP sites.
At the 3° of the loxP flanked region we introduced a mutated exon 17 containing a nonsense mutation at
position 932. This mutation introduces a premature termination codon at position 932 truncating the last 20
amino acids of the protein. which include subdomain IIT of the His box that is essential for catalytic activity.
In CYLDA932™ mice the neo cassette has been removed by FLP-mediated recombination, while the stop
cassette prevents potential transcriptional read-through and expression of the mutated Exon 17. Cre-mediated
recombination excises the loxP-flanked fragment containing the wild type exon 17 and the stop cassette,
facilitating the replacement of wild type exon 17 with the mutated exon 17, resulting in expression of the
catalytically inactive truncated CYLDA932 protein. b. Southern blot analysis of genomic DNA isolated from
primary IECs from CYLDA932™", CYLDA932™¢ and FADD®*®/CYLDA932™" mice showing efficient
deletion of the loxP-flanked genomic Cyld fragment. DNA was digested with Spel and the probe used was
amplified using primers: sense: 5’TCA TGG CCA GCA GTC TCG AAG3’; anti-sense: 5’TTT CTG TGG
GCC TAC ATA CGG3’. FL. loxP-flanked allele; A932, deleted allele. c. Western blot analysis of protein
extracts from primary IECs of CYLDA932™, CYLDA932™ and FADD®?/CYLDA932" mice showing
the expression of the lower molecular weight truncated CYLDA932 protein (filled black arrowhead) as well
as efficient FADD deletion in the double mutant IECs. White arrowhead indicates the wild type full length
CYLD protein. d. CYLDA932™" MEFs were protected from necrotic cell death induced by the combined
treatment with cycloheximide, z-VAD and TNFa. (mean values of triplicates = SD shown)
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Supplementary Figure 5: Colitis in NEMO™“¥° mice develops independently of CYLD
catalytic activity in IECs.

a, b. Representative endoscopic images (a) and quantification of MEICS (b) show that double
NEMO™E“®?/CYLDA932™ mice develop severe colitis similarly to NEMO™*® animals.
NEMO™ (n=5). NEMOF“¥® (1=5), NEMO™/CYLDA932™ (1=9). NEMO™“
KO/CYLDA932™C ( n=4). Mean values + SD shown. ¢. Representative histological images of
colonic cross sections show severe colitis with crypt abscesses and strong inflammation in
double NEMO™“®%/CcYLDA932™ mice similarly to NEMO™“®® animals. Scale bar,
100pm.
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Supplementary Figure 6. Antibiotic treatment ameliorates colitis in FADD™® mice

a, b. Representative endoscopic images (a) and quantification of MEICS (b) showing that
antibiotic treated FADD™“®® mice have a largely normal colonic mucosa compared to the
severe colitis seen in untreated animals. FADD' untreated, n=37; FADD®“*® untreated.
n=31; FADD™ treated. n=7; FADD™®° treated. n=8. Mean values + SD shown. c.
Representative histological images of colonic sections showing that antibiotic treated
FADD™* mice have a largely normal colonic mucosa comparable to FADD'™" control mice.
in contrast to the severe inflammatory lesions seen in the colon of untreated FADD® X
animals. Scale bar. 100um. d. Histological colitis score (HCS) measuring severity of
inflammation and tissue damage in untreated FADD™ (n=7) and FADDESX (n=7). and in
antibiotic treated FADD™™ (n=7) and FADD™®® (n=8) mice. Mean values + SD shown.
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Supplementary Figure 7. Increased inflammation and epithelial cell proliferation in the
small intestine of FADD™“™® mice depends on RIP3 but is independent of CYLD
catalytic activity, TNF, Myd88 or the presence of the microbiota.

a. Small intestinal sections were immunostained with anti-Gr-1 antibodies (brown) and were
counterstained with haematoxylin (blue). Representative images from mice with the indicated
genotypes are shown. Scale bars. 10um. b. Small intestinal sections were immunostained
with anti-Ki-67 antibodies (brown) and were counterstained with haematoxylin (blue).
Representative images from mice with the indicated genotypes are shown. Scale bars. 100um.
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Supplementary Figure 8. Caspase-independent death of small intestinal IECs in
FADD™“™° mice.

Small intestinal sections from mice with the indicated genotypes were immunostained with
antibodies recognising active caspase-3 (brown) and counterstained with haematoxylin.
Dying epithelial cells that did not stain for active caspase-3 were detected in crypts from
FADD™“®® but not in FADD™" littermate controls. RIP3 deficiency prevented epithelial cell
death in FADDEC'KO/Rl'ka'/' animals. However, deficiency in TNF, MyD88. CYLD or the
absence of the microbiota did not prevent epithelial cell death in FADD™“®® mice. Red
arrows indicate caspase-3 negative dying enterocytes. Scale bars, 100um
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Supplementary Figure 9. Enteritis, loss of Paneth cells and death of IECs in the small intestine of
FADD™ ™ mice occurs independently of TNF, Myd88 or CYLD catalytic activity.

a. Representative histological images of small intestinal sections showing strongly decreased numbers of
Paneth cells. dying enterocytes as well as infiltrating immune cells into the mucosa of FADD™“ /T f &
FADD™“®%/CcYLDA932™C as well as FADD™*/A3:d88” mice compared to their respective littermate
controls lacking the villinCre transgene. Scale bars, 100um. b. Histological score (HS) measuring severity
of inflammation and tissue damage in small intestines of mice with the indicated genotypes. FADD™/Tnf i
(n=6). FADDTE“XY/Tnf” (n=4), FADD™/CYLDA932™ (n=3). FADDE*®/CYLDA932EC (1n=3).
FADDFL/M1~d88'/' (n=5). FADDIEC'KO/M1~{188'/' (n=7). Mean values £ SD shown. c¢. Immunostaining of
small intestinal sections with antibodies recognising Lysozyme revealed strongly decreased Paneth cell
numbers in FADDE®/ Ty ~ FADD™“¥°/CYLDA932™ and also in FADDEC'KO/M\'d88‘/" mice compared
to their respective VillinCre negative littermate controls. Scale bars, 100um
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