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Abstract

Viruses are present in the intestinal microflora and are currently discussed as a potential causative
mechanism for the development of inflammatory bowel disease. A number of viruses, such as
Human Herpesvirus-8, express homologs to cellular FLIPs, which are major contributors for the
regulation of epithelial cell death. In this study we analyzed the consequences of constitutive
expression of HHV8-viral FLIP in intestinal epithelial cells (IECs) in mice. Surprisingly,
expression of vF/ip disrupts tissue homeostasis and induces severe intestinal inflammation.
Moreover vF/jp’EC9 mice showed reduced Paneth cell numbers, associated with excessive
necrotic cell death. On a molecular level vF/ip expression altered classical and alternative NFxB
activation. Blocking of alternative NFxB signaling by deletion of /kka in vivo largely protected
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mice from inflammation and Paneth cell loss induced by vFLIP. Collectively, our data provide
functional evidence that expression of a single viral protein in IECs can be sufficient to disrupt
epithelial homeostasis and to initiate chronic intestinal inflammation.

INTRODUCTION

Intestinal immune homeostasis is maintained by a regulated balance of proliferation and cell
death in the intestinal epithelium.! Our previous studies have shown that a tight regulation of
the cysteine protease Caspase-8 in intestinal epithelial cells (IECs) is indispensable for
intestinal homeostasis: On the one hand, an uncontrolled activation of Caspase-8, such as by
genetic deletion of cellular FLICE like inhibitory protein (cFLIP), leads to massive apoptotic
death of IECs culminating in breakdown of the epithelial barrier and spontaneous mucosal
inflammation.2 On the other hand, genetic deletion of Caspase-8 itself in IECs of mice
(Casp8AIEC mice) promotes the development of spontaneous intestinal inflammation.3
Caspase-8 deficiency was associated with excessive caspase-independent Paneth cell death,
which was identified as necroptosis.®# Necroptosis shares morphological features with
necrosis, like organelle swelling and membrane breakdown, but in contrast to classical
necrosis, it is regulated by an intracellular pathway and signaling molecules partially
overlapping with apoptosis.>~8 Although necroptosis is not completely understood yet, it
depends on the RIP kinases 1 and 3 which trigger activation and translocation of MLKL to
the plasma membrane.%-11

Recent studies could further demonstrate that the NFxB signaling pathway plays an
important role for cell death control in the epithelium: abrogation of NFxB signaling results
in apoptosis and disruption of epithelial barrier integrity, associated with Paneth cell
dysfunction,12:13 whereas constitutive activation of NFxB signaling in IECs also induces
inflammation and Paneth cell dysfunction.141> Together these studies conclude that the
NFxB pathway plays an important role for maintenance of epithelial homeostasis in the
intestine.

Several studies have described that the intestinal microbiota and a microbial dysbiosis might
contribute to the development of inflammatory bowel diseases (IBD).16 Beside bacteria, also
viruses like Rotavirus, Norovirus, and Herpesviruses like Cytomegalovirus are known to
cause intestinal pathology and symptoms, including inflammation, abdominal pain, and
diarrhea.1’-19 Interestingly, a number of viruses express molecules that can directly interfere
with the host cell death machinery, suggesting that these viruses might have the potential to
disrupt the balance between cell death and proliferation in the gut.20-22 One such virus,
Human Herpesvirus-8 (HHV8), has been identified as the infectious cause of a number of
diseases which are most often seen in patients with acquired immunodeficiency.23 HHV8
has the ability to express several proteins to overcome host defense reactions within the
infected cell.2* Of note, one of these proteins shares structural homologies with the short
isoform of the Caspase-8 regulator cFLIP.25:26 This viral homolog, termed VFLIP, has been
suggested to negatively regulate Caspase-8 activity and to exert anti-apoptotic functions in
vitro.26-28 Moreover VFLIP is suggested to block apoptosis in an NFxB-dependent manner,
most likely due to direct interaction and activation of the NEMO protein complex.2%-34
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HHV8-VFLIP expression in B-cells triggered transdifferentiation and tumorigenesis,
indicating that vFLIP might play an important role in the development of HHV8-induced
lymphoproliferative disorders.35-37 Furthermore, mice with induced expression of HHV8-
VFLIP in endothelial cells developed a profound inflammatory phenotype and showed
remodeling of the myeloid lineage, demonstrating that HHV8-vFLIP expression caused
changes in the host microenvironment during infection.38 Given the abundance of viruses in
the intestinal microbiota, it can be reasoned that infection of IECs with viruses expressing
cell death regulating proteins such as VFLIP might trigger barrier disruption and intestinal
inflammation. In a proof-of-concept approach, we analyzed the consequences of HHV8-
VFIip expression in epithelial cells of the gut in vivo (mice termed vFA/jp/EC€19). We could
demonstrate that v~/jp expression spontaneously induced a severe and chronic intestinal
inflammation. vA/jp’E¢-19 mice were characterized by reduced Paneth cell numbers and
excessive non-apoptotic cell death, features which are also seen in patients suffering from
IBD. Furthermore we could show in vivo, that HHV8-vFLIP expression strongly activated
both canonical and alternative NFxB-signaling in IECs, leading to an upregulation of target
gene expression. Strikingly, impairment of the alternative NFxB pathway by crossing
VFTip"EC mice to 1kka?!EC mice reduced chronic inflammation and restored Paneth cell
numbers. Taken together these data demonstrate that expression of a single viral protein can
be sufficient to disrupt epithelial homeostasis and cause chronic intestinal inflammation.

RESULTS

Expression of vFlip in IECs triggers spontaneous development of inflammation

To generate mice expressing HHV8-vF/ip in IECs, Rosa26.vFLIP mice were crossed to mice
which express Cre Recombinase under the control of the IEC-specific Villin promoter (Fig.
1a). VFIip’EC9 mice were born at the expected mendelian ratio. To confirm that the
transgene is specifically expressed in IECs, GFP fluorescence was examined in the intestine
and other organs of these animals. Accordingly, GFP was only detected in IECs from both
small and large intestine of vA/jp/E€9 mice (Fig. 1b, ¢, Suppl. Fig. 1 A). vF/ip’EC9 mice
showed reduced body size and weight as compared to control littermates (Suppl. Fig. 1 B,
C), implicating gut pathology. To analyze the gut morphology in vivo, high resolution mini-
endoscopy was performed, which revealed signs of intestinal inflammation, including
erosions and crypt loss in the terminal ileum (Fig.1d). Endoscopy of the colon revealed
thickening of the bowel wall, reduced translucency and loss of regular blood vessel structure
in VA1ip’ES9 mice (Suppl. Fig. 1 D). Histological analysis of the intestinal architecture of
VATip"EC9 mice compared to controls revealed signs of inflammation including increased
cellularity and crypt loss in both small and large intestine (Fig. 1f, Suppl. Fig. 1 D, E). These
findings were supported by gene expression analyses showing a significant upregulation of
the proinflammatory markers 7nfaand S100a9in vF/ip’E€-9 mice as compared to controls
(Fig. e, Suppl. Fig. 1 F). Furthermore, immunohistochemical stainings showed a high
number of immune cells (macrophages (F4/80), CD4* T-cells and CD11c* dendritic cells)
accumulating in the lamina propria of vA/jp/E¢-9 animals (Fig. 1g). Taken together, these
data uncovered that expression of HHV8-vFlip in IECs is sufficient to cause spontaneous
intestinal inflammation. Of note, we further observed that HHV8 is able to efficiently infect
intestinal epithelial cells in vitro (Suppl. Fig. 2 A, B). To our knowledge, this is the first
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report demonstrating that a single viral molecule can drive gut inflammation with features
similar to IBD in humans.

Epithelial vFlip expression drives non-apoptotic Paneth cell loss

HHV8-VFLIP was described to inhibit Caspase-8 activity in vitro.28 Since we have
previously demonstrated that mice with deficiency for caspase-8 in IECs (Casp8/EC mice)
showed decreased Paneth cell numbers due to necroptotic cell death,3 we hypothesized that
VFIip"EC19 mice might also show Paneth cell defects. Indeed we could observe a marked
reduction of Paneth cells in the crypts of Lieberkiihn of vA/jp’ES-1 mice, as demonstrated by
H&E staining and further confirmed by immunohistochemistry for Lysozyme, an
antimicrobial peptide secreted by Paneth cells3® (Fig. 2a). In addition, gene expression
analysis of the antimicrobial markers Ang4 and Lyz showed significantly reduced expression
levels in vA1ip"EC1 animals as compared to controls (Fig. 2b).

Due to the facts that HHV8-vFLIP was described to inhibit Caspase-8 activity28 and that
Casp8MEC and vFIip'EC19 mice showed a strikingly similar phenotype regarding
inflammation and Paneth cell reduction,3 we further investigated if lack of Paneth cells in
VATip"EC mice resulted from augmented cell death. Indeed, vA/jp’E€9 animals showed
increased epithelial cell death in the crypt area as compared to controls, which was indicated
by TUNEL staining (Fig. 2c, d). Interestingly, transfection of human HT29 cells with two
different vF/jp expressing plasmids also induced augmented cell death after 48 h and 72 h as
compared to cells transfected with control plasmids or untransfected cells (Suppl. Fig. 3).
Moreover, vFA/ip’ES-1 animals showed increased cell death along the crypt villus axis. Of
note, most of these dying cells were negative for cleaved Caspase-3 (Fig. 2c, d). Moreover
western blot analysis of cleaved Caspase-3 showed no differences in IEC isolates of
VFIip"EC9 mice as compared to controls, suggesting a caspase-independent type of cell
death, similar to cell death observed in Casp8E€ mice (Fig. 2f). To investigate whether
VvFLIP-triggered cell death and inflammation might occur due to necroptosis, we first
investigated the contribution of RIP3, an essential molecule for the canonical necroptosis
pathway, to vFLIP-induced intestinal alterations. In fact, gene expression and protein levels
of Rip3were augmented in vA/jp’EC-9 mice as compared to controls (Fig. 2e, f) RIP3
protein levels were also increased and in HHV8-infected HT29 cells as compared to non-
infected cells (Suppl. Fig. 2 C, D). However, crossing of vA/jp/EC9 mice to Rip3 '~ mice
did not protect the animals from intestinal inflammation, which was demonstrated by
colonoscopy and H&E staining of the small and large intestine of indicated mice (Suppl.
Fig. 4). Moreover Rijp3'~ x vFIjp/EC9 mice were also characterized by loss of Paneth cells
in the crypts of the small intestine, which was shown by immunohistochemical staining of
lysozyme (Suppl. Fig. 4).Beside RIP3, also MLKL is known to be an important molecule for
canonical necroptosis. MLKL was recently described to be an important mediator of a non-
canonical, RIP3-independent type of programmed necrotic cell death.40 Interestingly, in
VFIip’EC19 mice, gene expression and protein levels of MLKL were highly upregulated as
compared to controls (Fig. 2e, f). In addition HHV8-infected HT29 cells were characterized
by increased MLKL protein levels as compared to non-infected control cells (Suppl. Fig. 2
C, D). Moreover, by using a quantitative proteomics approach, we could identify that
epithelial protein levels of STAT1, as well as protein levels of known and putative STAT1

Mucosal Immunol. Author manuscript; available in PMC 2021 April 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ruder et al.

Page 5

target genes were significantly upregulated in vA/jp’E€-9 mice as compared to controls (Fig.
2g). These data were in line with previous publications, showing increased vFLIP-induced
STAT1 activation.*142 The STAT1 pathway not only plays an important role during viral
infection but it also represents an important mediator of RIP3-independent non-canonical
programmed necrosis.*° Our data imply that vFLIP induces a RIP3-independent
programmed cell death in the intestinal epithelium. Taken together, these data surprisingly
show that excessive epithelial cell death in the intestine can be induced by expression of a
viral FLIP protein.

Since VATip'EC9 mice are characterized by the dramatic loss of Paneth cells in the small
intestine, we investigated if lack of Paneth cells and reduced expression of antimicrobial
peptides induced changes in the microbial composition when compared to controls.
Therefore we performed 16 S rRNA analyses of fecal samples of vA/jp’EC9 mice and
controls. Interestingly, although the mice were co-housed, the microbiome of vA/jp/EC
mice was characterized by slightly reduced species diversity as compared to controls based
on the Shannon Index (Suppl. Fig. 5A). Moreover, the microbiota of vA/jp/EC-9 mice
clustered separately from control mice as shown by Bray Curtis dissimilarity (Suppl. Fig. 5
B) and heat map illustration of relative abundances of different bacterial genera (Suppl. Fig.
5 D), indicating differences in bacterial colonization in these mice. Interestingly, expression
of vFlipin IECs promote an expansion of the phylum Proteobacteria, a condition previously
linked to intestinal inflammation (Suppl. Fig. 5C).43 Taken together our data provide
evidence that expression of a single viral protein in IECs can be sufficient to alter IEC
homeostasis and drive intestinal dysbiosis that might trigger intestinal inflammation.

Gut inflammation and Paneth cell loss are triggered by vFLIP-induced activation of the
NFxB pathway

HHV8-VFLIP has been shown to interact with NEMO and to activate the NFxB pathway.
29.44 However, the relevance of these observations in vivo in the gut has not been
demonstrated so far. Indeed, vF/ip expression was associated with a strong activation of the
classical NFxB signaling pathway in IECs, which was shown by immunohistochemical
staining, demonstrating a translocation of P65 from the cytoplasm to the nucleus of IECs
(Fig. 3a). Moreover western blot analysis revealed abundant phosphorylation of P65 and the
NF«xB inhibitor 1xBa, as well as increased protein levels of the NFxB target gene iNOS in
VFIip"EC1 animals, but not in controls (Fig. 3b). Of note, we also observed a strong VFLIP-
induced activation of the alternative NFxB pathway in IECs, as indicated by western blot
analysis of P100/P52 (Fig. 3c). These observations are in accordance with previous studies,
showing that under certain experimental conditions, vFLIP can directly bind to IKKa and
induce cleavage of P100.4546 Taken together, our analyses showed that HHV/8-vFLIP
expression is able to constitutively activate both classical and alternative NFxB signaling in
vivo and that vFLIP via its interaction with the IKK complex might bridge both pathways to
drive the inflammatory phenotype observed in vA/jp/E¢9 animals.

Little is known about the role of IKKa in driving vFLIP-induced pathologies. As our data
implicated a role for alternative NFxB signaling, we hypothesized that IKKa activation by
VFLIP could be instrumental in mediating intestinal inflammation. In order to investigate if
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the inflammatory phenotype of vF/jp’EC9 animals functionally depends on alternative
NF«xB signaling, we impaired alternative NFxB signaling by additional deletion of /kka
(Suppl. Fig. 6A). As expected, these animals showed reduced alternative NFxB signaling as
compared to vFA/jp’EC1 animals (Fig. 3c). Interestingly, further analysis revealed reduced
phosphorylation of P65 and 1xBa in /kkal/EC x vEIip’EC1 animals as compared to
VFIip"EC1 animals (Fig. 3b). Moreover protein levels of the NFxB target gene iNos were
decreased in /kkaA'EC x vFIjp’EC9 animals as compared to VA/ipECY animals (Fig. 3b). In
addition, immunohistochemical staining showed that /kka deficiency in vA/ip’EC9 animals
attenuated nuclear P65 translocation (Fig. 3a), collectively demonstrating reduced activation
of classical NFxB signaling in /kka/EC x vFIjp/EC9 mice.

Importantly, deletion of /kkain vFlijp-expressing animals diminished the inflammatory
phenotype. In contrast to vA/jp/EC9 mice, 1kka®EC x vFIip’EC-9 mice showed similar body
size at 5 weeks compared to controls (data not shown). High resolution endoscopy of the
colon of /kka®'EC x vFIjp’EC-99 mice showed reduced bowel wall thickening and increased
translucency as compared to vA/ip/EC mice (Suppl. Fig. 6C). H&E staining revealed
significantly reduced structural damage and decreased cellularity as compared to vF/jp/EC9
mice, which was further shown by a significantly decreased histology score of /kkaA/EC x
VFIip"EC1 animals as compared to vA/jp/EC9 animals (Fig. 4a, b, Suppl. Fig. 6C). In
addition, double mutant mice showed reduced amounts of infiltrating immune cells in the
lamina propria, which was demonstrated by immunohistochemical stainings of the immune
cell markers CD4 and F4/80 (Fig. 4a). Moreover, expression of the proinflammatory marker
Tnfa was significantly diminished when compared to vA/jp’E€-9 mice and were comparable
to levels determined in wildtype controls (Fig. 4c). Interestingly, immunohistochemical
staining of lysozyme further revealed increased Paneth cell numbers in /kkaA/EC x
VFIip"EC19 mice compared to vA/p'EC1 animals (Fig. 4d). Moreover the relative mRNA
and protein levels of the antimicrobial peptide Lysozyme were upregulated in /kka?/EC x
VFTip"EC1 animals compared to vA/jp/EC9 mice (Fig. 4e, Suppl. Fig. 6 B). Of note,
1kkaA'EC animals in general showed slightly reduced lysozyme staining as compared to
controls (Fig. 4d), confirming earlier reports that loss of /kka in IECs drives Paneth cell
dysfunction.?” In summary these data demonstrate that vFLIP-induced NFxB activation in
IECs contributes to intestinal inflammation and Paneth cell reduction in vA/jp’E€-9 mice and
that IKKa might play a major role in vFLIP-induced pathologies.

DISCUSSION

In this study, we investigated the effect of HHV8- vF/jp expression in IECs on gut tissue
homeostasis. One important regulator of cell death and homeostasis in the gut is Caspase-8.
Our recent studies indicate that a tight regulation of Caspase-8 activity within certain limits
is critical for gut immune homeostasis.2:3 The Caspase-8 gene so far has not been described
as a risk locus for development of IBD, however caspase-8 activity is regulated by multiple
cellular and pathogenic mechanisms. Along this line, it is highly interesting, that certain
viruses, e.g., Herpesviridae, Poxviridae or Adenoviridea, which were found to be part of the
enteric virome under non-pathogenic conditions*® encode molecules that can interfere with
Caspase-8 activation and host cell death regulation.?1:49 Whether or not such interactions
might cause breakdown of gut immune homeostasis has not been shown. However it has
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already been described that Herpesviruses, like Cytomegalovirus (CMV) or Herpes Simplex
virus (HSV), which express Caspase-8 inhibitors, may contribute to intestinal inflammation,
like colitis or proctitis.18:50-52

On a molecular level, Caspase-8 activity can be regulated by cellular FLIP (cFLIP) proteins.
25,53 |nterestingly, several Herpesviruses like HHV8, Equine Herpesvirus-2, Bovine
Herpesvirus-4, Herpesvirus Saimiri, as well as Molluscum Contagiosum Poxvirus express
proteins which are characterized by two Death Effector Domains and therefore share
structural homologies with the short isoform of cFLIP. These proteins are termed vFLIPs
and have been suggested to regulate the host cell death machinery.28:54 Indeed our findings
provide a proof-of-concept that expression of a single viral molecule can be sufficient to
reprogram host cell death and survival pathways and to drive inflammation in susceptible
tissues like the gut.

While there are several viruses expressing VFLIP and viruses interfering with caspase-8
activation by other mechanisms, 9 there is little information in the literature linking HHV8
with gut pathology. However in vitro and in vivo studies have demonstrated that HHV8 has a
broad cellular tropism and beside e.g. endothelial cells, fibroblasts or immune cells, also
epithelial cells can be successfully infected by HHV8.55-61 Furthermore it was shown that
proteins and molecules, which are important for HHV8 infection and entry into target cells,
such as ephrin receptor tyrosine kinase A2 and heparan sulfate, are localized in the
gastrointestinal tract.52-65 Being in line with these previous studies, our data provide
evidence that HHV8 is also able to efficiently infect human intestinal epithelial cells.
Moreover under pathogenic conditions there might be a direct connection between HHV8
infection and gut inflammation, since several case reports showed IBD patients suffering
from HHV8-induced diseases.®6-70 While our study was not intended to provide evidence
for a role of HHV8 in IBD, we for the first time show, that expression of a single protein
from a Human herpesvirus is able to disrupt intestinal homeostasis and to drive chronic
inflammation in the gut.

The regulation of host cell death pathways by herpesviruses seems to be very complex and
virus- and cell type-dependent.’? Beside regulation of Caspase-8 and apoptosis by
expression of the herpesviral proteins vFLIP, vICA and UL39, herpesvirus infections can
also trigger necrotic cell death: CMV and HSV1 infection can induce necrotic host cell
death due to direct activation of the RIP3-MLKL axis by viral proteins or viral RNA.72-75 In
accordance with these findings, we could identify an increased Rip3and M/lkl mRNA
expression in vF/jp expressing animals, as well as increased RIP3 and MLKL protein levels.
Surprisingly, genetic deletion of Rip3in vAlip’EC9 mice did not protect the animals from
intestinal inflammation and Paneth cell loss. However, in line with previous studies,*1:42 we
could determine increased STAT1 signaling in vF/jp’EC9 mice as compared to controls.
STAT1 not only plays an important role during viral infection, it was also recently shown to
be a key mediator of non-canonical, RIP3-independent programmed cell death,*0 suggesting
that STAT1/MLKL-mediated non-apoptotic cell death might be a triggering factor for Paneth
cell loss and inflammation in vA/ip’EC9 mice. Of note, VFLIP was previously described to
inhibit apoptosis in vitro in certain cell lines.26-28.30.32.33 Belanger et al.26 showed that
HHV8-VFLIP physically interacts with Caspase-8 in the cytoplasm in vitro and that vFLIP-
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binding to Caspase-8 blocked full activation of Caspase-8, a critical step for initiating the
apoptosis cascade. Our data suggest that vFLIP expression in vivo might not only block
apoptotic cell death, but also induce necrotic cell death, due to blocking of Caspase-8
activation, which is in line with excessive cell death observed in Casp8YEC mice.3

Another important pathway critically involved in maintaining intestinal homeostasis and
developing IBD is the NFxB signaling pathway.”® We and others have demonstrated that
impaired NFxB signaling in IECs drives Paneth cell dysfunction and intestinal
inflammation.12-15 Interestingly, HHV8-VFLIP also activates the NFxB pathway, as it was
shown in vitro, that HHV8-VFLIP directly binds to the IKKy-NEMO complex.2931 We
could show that expression of HHV8-vFLIP in IECs strongly induced both classical and
alternative NF«xB signaling. In accordance with our data, other studies also showed a vFLIP-
induced activation of the alternative NFxB pathway and IKKa was suggested to play a
major role for the activation of vFLIP-induced classical NFxB signaling.37:45:46
Interestingly, IEC-specific /kka knockout in vA/jp’E€-9 mice not only reduced the vFLIP-
induced activation of both the classical and alternative NFxB pathway, it also led to
decreased development of inflammation and largely restored Paneth cell numbers in the
terminal ileum. Taken together these observations suggest that IKKa plays a fundamental
role in vFLIP-induced pathologies and that both classical and alternative NFxB signaling
contributed to the induction of inflammation and cell death in vFA/jp/E¢-%9 mice. However, we
cannot exclude that impairment of the alternative NFxB pathway in vA/jp/EC9 mice
influenced classical NFxB signaling in an indirect manner, due to reduced levels of
inflammation and proinflammatory cytokine expression. Previous studies indeed
demonstrated that persistent NFxB activation in IECs promotes the development of
intestinal inflammation: whereas Guma et al.14 could not observe epithelial changes and
ulcerations under steady state conditions, Vlantis et al.1> showed reduction of Paneth cells
and spontaneous tumor development in aged mice with constitutive NFxB activation in
IECs. However, in contrast to our data, increased epithelial cell death was not observed.

Collectively, our data demonstrate that expression of a single viral protein can be sufficient
to disrupt epithelial homeostasis and cause chronic intestinal inflammation. Investigating the
effect of viral protein expression in epithelial cells is important, since mucosal barriers are
the main entry point of viruses in the human body and might be a target point for antiviral
therapy.

MATERIAL AND METHODS

Mice

The generation of mice carrying a FLAG-tagged HHV8-vFLIP flanked by a loxP-flanked
neoR-STOP cassette and a frt-flanked IRES-EGFP sequence in an ubiquitously expressed
ROSAZ26 locus (Rosa26.vFLIP mice) was described earlier,36 as well as the generation of
VillinCre, Rijp3™7~and /kka™F mice.”’=7° Transgenic mice expressing vA/jp in intestinal
epithelial cells were generated by breeding Rosa26.vFLIP mice to VillinCre mice
(VFIip’EC9). To generate /kka'EC mice, Ikka™F mice were crossed to VillinCre mice.47 In
all experiments, mice between 3-16 weeks were used. Mouse endoscopy was performed as
previously described.8% Mice were routinely screened for pathogens according to FELASA
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guidelines. Animal protocols were approved by the Institutional Animal Care and Use
Committee of the Regierung von Unterfranken.

Histology and Immunohistochemistry

Histopathological examinations were performed after Mayer’s H&E staining.
Immunofluorescence staining was performed on formalin-fixed paraffin-embedded tissue or
cryosections by using the Tyramide Signal Amplification (TSA) Cy3 system
(Perkin&Elmer), according to the manufacturer’s protocol. The following primary
antibodies were used: Anti-F4/80 (eBioscience), anti-CD11c (BD-Pharmingen), anti-CD4
(BD-Pharmingen), anti-Lysozyme (Dako), anti-P65 and anti-Cleaved Caspase-3 (both Cell
Signaling). The following biotinylated secondary antibodies were used: anti-rabbit and anti-
hamster (both Dianova), anti-rat (BD Biosciences). In experiments with murine samples,
nuclei were counterstained with Hoechst 33342 (Invitrogen), in human cells, nuclei were
stained with DAPI (Life technologies). For cell death analysis the In Situ Cell Death
Detection Kit (Fluorescein) for TUNEL (TdT-mediated dUTP nick end labeling) from
Roche was used. Bright-field and fluorescence pictures were taken by using the DMI14000 B
microscope (Leica) together with the LEICA DFC360 FX or LEICA DFC420C camera. For
confocal images the confocal fluorescence microscope Leica TCS SP5 Il was used.

GFP fluorescence staining

For detection of GFP fluorescence ex vivo, fresh tissue was immediately fixed in 4 %
Paraformaldehyde for 8 h (4 °C), transferred into 2% sucrose solution (8 h, 4 °C), embedded
in Tissue-Tek OCT-compound (Sakura), cut at a Cryostat (Leica) and counterstained with
Hoechst 33342 (Invitrogen).

Immunoblotting

Proteins were isolated from intestinal epithelial cells as previously described,81 separated by
using a MiniProtean Precast gel (4-15 % polyacrylamide, Bio-Rad) and transferred to a
nitrocellulose membrane (Millipore). For murine protein detection, the following primary
antibodies were used: anti-P65 and anti-phospho-P65, anti-P100/P52, anti-IKKa, anti-
IKKB, anti-Caspase-3, anti-phospho-1xBa (all Cell Signaling), anti-GFP and anti-iNOS
(both Abcam), anti-MLKL (Biorbyt) and a directly-labeled anti-Actin antibody (Abcam).
For protein detection in human cells, an anti-MLKL and an anti-RIP3 antibody from Cell
Signaling, as well as an anti-GAPDH antibody from Millipore were used. As a secondary
antibody, an HRP-linked anti-rabbit antibody from Cell signaling was used.

Gene expression

Total RNA was isolated from the gut tissue by using the Peggold Total RNA Kit (C-Line)
from Peglab. cDNA was synthesized by using the Script cDNA Synthesis Kit (Jena
Bioscience) and analyzed by quantitative real time PCR with SYBRgreen reagent from
Roche and QuantiTect primer assays from Qiagen. The results were normalized to the
expression levels of the housekeeping gene hypoxanthine guanine phosphoribosy!
transferase (Hpri).
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Statistical analysis was performed using the two-tailed student #test, *p < 0.05, **p < 0.01,
***n<0.001.
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Fig. 1.

V/g//p’Ec"g mice spontaneously develop severe intestinal inflammation. a Strategy for
generating vA/ip’EC9 mice. Rosa26.vFLIP knockin mice were crossed to VillinCre mice to
generate mice constitutively expressing vF/ipin IECs. b Western Blot analysis of GFP using
small intestinal IEC lysates from indicated mice. Actin was used as a loading control. ¢
Representative pictures of GFP fluorescence staining of small intestinal cross sections from
indicated mice. Scale bar 75 um. d Representative endoscopic pictures from the small
intestine of indicated mice. e Transcriptional analysis of 7nfa (n= 10) and S100a9(n= 8) in
the small intestine of control and vA/jp/E¢-%9 mice. Values are shown + SD and were
calculated relative to control mice. Hprtwas used as internal standard. Data were pooled
from 4 individual experiments, **p < 0.01. f Representative pictures of H&E stained small
intestinal cross sections from indicated mice. Scale bar upper panel 500 um, lower panel 100
um. g Representative pictures of immunohistochemical stainings of small intestinal cross
sections from indicated mice using antibodies against F4/80, CD11c and CD4. Scale bar 75
pm
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Fig. 2

VFIip’EC-19 mice are characterized by reduced Paneth cell numbers and increased cell death.
a Representative pictures of H&E and immunohistochemical Lysozyme staining of small
intestinal cross sections of indicated mice. Scale bar 50 um. b Transcriptional analysis of
Ang4 (n=11) and Lyz(n=11) in the small intestine of indicated mice. Values are shown +
SD and were calculated relative to control mice. Hprtwas used as internal standard. Data
were pooled from 4 individual experiments, **p < 0.01, ***p < 0.001. c Representative
pictures of TUNEL/Cleaved Caspase-3 doublestaining of small intestinal cross sections from
indicated mice. Scale bar upper panel: 75 um, lower panel: 50 um. d Quantification of cell
death of IECs located at the villus or the crypt area. Villi: m(control) = 5, m(vFIip’EC19) = 10,
crypts: m(control) = 8, MvFIjp/EC9) = 13, ***p< 0.001. e Transcriptional analysis of Rjp3
(n=9) and MIk/(n=9) in the small intestine of indicated mice. Values are shown + SD and
were calculated relative to control mice. Hprtwas used as internal standard. Data were
pooled from 3 individual experiments, ***p < 0,001. f Western Blot analyses of small
intestinal IEC lysates from indicated mice using antibodies against RIP3, Caspase-3, its
cleaved forms and MLKL. Actin was used as a loading control. g Quantitative proteome
analysis of known and putative STAT1 target genes in small intestinal epithelial lysates of
control and vA/jp/EC-9 mice (n= 3). Values are shown + SD and were calculated relative to
control mice, p< 0.05 for all target genes between both groups
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Fig. 3.

v/g//p expression activates the NFxB pathway in IECs. a Representative pictures of an
immunohistochemical P65 staining of small intestinal cross sections from indicated mice.
Left panel: microscopic pictures, scale bar 50 um. Right panel: confocal images of nuclear
P65 translocation. Scale bar 7.5 um. b Western Blot analyses of P65, phospho-P65,
phospho-1xBa and iNOS using proteins isolated from small intestinal IECs of indicated
mice. Actin was used as a loading control. ¢ Western Blot analyses of P100 and P52 using
proteins from small intestinal IECs of indicated mice. Actin was used as a loading control
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Fig. 4.

vFgLIP-induced inflammation and Paneth cell loss depends on NFxB signaling. a
Representative staining of H&E and immunohistochemical F4/80 and CD4 staining on small
intestinal cross sections from indicated mice. Scale bar 100 pm. b Histology score of H&E
stained small intestinal cross sections of control (7= 18), /kka®EC (n= 10), vFIip’EC9 (n=
17) and /kka®EC x vFIjp’EC9 (n = 14) animals, *p < 0.05, **p < 0.01, ***p< 0.001. b
Transcriptional analysis of 77772 (1= 9) in the small intestine of control and vA/jp/EC mice.
Values are shown + SD and were calculated relative to control mice. Hprtwas used as
internal standard. Data were pooled from 3 individual experiments, ***p < 0.001. c
Representative pictures of an immunohistochemical lysozyme staining of small intestinal
cross sections from indicated mice. Scale bar upper panel: 500 um, lower panel: 100 um. d
Transcriptional analysis of Lyz (72 9) in the small intestine of control and vA/jp/EC9 mice.
Values are shown + SD and were calculated relative to control mice. Hprtwas used as
internal standard. Data were pooled from 3 individual experiments, **p < 0.01, ***p <
0.001
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